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Streptococcus mutans Extracellular DNA Is Upregulated during
Growth in Biofilms, Actively Released via Membrane Vesicles, and
Influenced by Components of the Protein Secretion Machinery
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Streptococcus mutans, a major etiological agent of human dental caries, lives primarily on the tooth surface in biofilms. Limited
information is available concerning the extracellular DNA (eDNA) as a scaffolding matrix in S. mutans biofilms. This study
demonstrates that S. mutans produces eDNA by multiple avenues, including lysis-independent membrane vesicles. Unlike
eDNAs from cell lysis that were abundant and mainly concentrated around broken cells or cell debris with floating open ends,
eDNAs produced via the lysis-independent pathway appeared scattered but in a structured network under scanning electron
microscopy. Compared to eDNA production of planktonic cultures, eDNA production in 5- and 24-h biofilms was increased by
>3- and >1.6-fold, respectively. The addition of DNase I to growth medium significantly reduced biofilm formation. In an in
vitro adherence assay, added chromosomal DNA alone had a limited effect on S. mutans adherence to saliva-coated hydroxy-
lapatite beads, but in conjunction with glucans synthesized using purified glucosyltransferase B, the adherence was significantly
enhanced. Deletion of sortase A, the transpeptidase that covalently couples multiple surface-associated proteins to the cell wall
peptidoglycan, significantly reduced eDNA in both planktonic and biofilm cultures. Sortase A deficiency did not have a signifi-
cant effect on membrane vesicle production; however, the protein profile of the mutant membrane vesicles was significantly al-
tered, including reduction of adhesin P1 and glucan-binding proteins B and C. Relative to the wild type, deficiency of protein
secretion and membrane protein insertion machinery components, including Fth, YidC1, and YidC2, also caused significant re-

ductions in eDNA.

S treptococcus mutans, a major etiological agent of human dental
caries, lives primarily on the tooth surface in biofilms. The
ability of S. mutans to bind to and colonize the tooth surface is the
result of many cell surface-localized and secreted factors and is
significantly influenced by the availability of dietary sucrose. The
multifunction adhesin P1 (also called antigen I/II, PAc, or SpaP)
mediates sucrose-independent bacterial adherence to the tooth
surface via interactions with agglutinin and other glycoproteins in
the salivary pellicles (1, 2). Recently, it has been shown that P1, as
well as other extracellular proteins, can also form amyloid and that
amyloid is present in human dental plaque and in S. mutans bio-
films (3). Sortase A (SrtA) is a membrane-localized transpeptidase
that cleaves and covalently anchors cell surface-associated pro-
teins containing an LPXTG motif to the peptidoglycan (4). SrtA
deficiency in S. mutans results in defects in localization and activ-
ity of P1 and other proteins, and it significantly impairs biofilm
formation (3, 5-7). In addition, sucrose-dependent adhesion is
also integral to the ability of S. mutans to colonize a surface and
form biofilms. The organism produces at least three glucosyl-
transferases (Gtfs; GtfB, GtfC, and GtfD; also known as Gtf-I,
Gtf-S1, and Gtf-S) that utilize sucrose to generate adhesive glucose
polymers known as glucans or mutans (8—10). These extracellular
polymers function as a scaffold to facilitate bacterial adhesion to
the tooth surface, promote bacterial cell-cell interactions and
community behavior, help to create acidic microenvironments,
and maintain integrity and stability of S. mutans biofilms (10-16).
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All of the Gtfs exhibit some degree of glucan-binding activity.
Several additional cell surface-localized, nonenzymatic proteins
also bind glucans with high affinity. There are at least four such
glucan-binding proteins produced by S. mutans, GbpABCD (12).
GbpC contains an LPXTG SrtA anchor motif, and similar to a
deficiency in SrtA, a deficiency of GbpC results in impaired bio-
film formation (17).

In addition to proteins and polysaccharides, extracellular DNA
(eDNA) has also been demonstrated to be a major component of
the extracellular matrix of bacterial biofilms (18). In Pseudomonas
aeruginosa and several other bacteria, inclusion of DNase I in
growth medium or pretreatment of bacterial inocula with DNase
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I resulted in drastic reduction, even loss of biofilm formation,
compared to controls that received the heat-inactivated enzyme
(18-20). Treatment of mature biofilms with DNase I also caused a
reduction of biovolume/biomass and loss of 3-dimensional struc-
ture and mechanical stability of the biofilms (18, 19, 21-24). In
Neisseria meningitidis, frequently carried pathogenic strains
termed “settlers” were shown to depend on eDNA for biofilm
formation, whereas biofilm formation by clonal complexes with
low prevalence, termed “spreaders,” was eDNA independent (19).

While programmed cell death and lysis is widely considered the
major source of eDNA (25-29), there is evidence that eDNA can
also be actively released/secreted independently of cell lysis (18,
30, 31). In Enterococcus faecalis, growth in biofilms triggered
eDNA release, resulting in increases of eDNA by more than 3 logs
compared to the planktonic counterparts (30). Cell lysis-indepen-
dent eDNA release is also well documented in Streptococcus gor-
donii, and such a release was recently shown to be triggered by
hydrogen peroxide (21, 22). However, the molecular mechanisms
that underlie eDNA release/secretion and eDNA-cellular interac-
tions remain unknown.

Recent studies in S. mutans have shown that eDNA can result
from cell death induced by the competence-stimulating/inducing
peptides CSP/XIP and significantly influences biofilm formation
(20, 32, 33). Several genes of the autolytic pathways, such as IrgAB
and cidAB for the bacterial phage holin- and anti-holin-like pro-
teins, respectively, and IytST for a two-component signal trans-
duction system that regulates murein hydrolyase and holin ex-
pression, are regulated in response to environmental conditions
(28, 34, 35), suggestive of regulation of eDNA release from cell
lysis in response to environmental conditions. In an in vitro study
using atomic force microscopy (AFM), Das et al. showed that
eDNA enhanced S. mutans’ adherence to a substratum, with a
more significant impact on a hydrophobic surface than on a hy-
drophilic one (36). Klein et al. (37) also demonstrated that eDNA
may be important for the formation and stability of S. mutans
biofilms formed in the presence of sucrose and starch. In our
current study, high-resolution field emission-scanning electron
microscopy (FE-SEM) and functional assays were used to charac-
terize eDNA production and its role in S. mutans adherence and
biofilm formation. Our results revealed thatin S. mutans, multiple
routes exist for eDNA release, including cell lysis, membrane ves-
icles, and pathways of protein secretion and membrane insertion.
In addition, the results further demonstrated that as an integral
component of the biofilm matrices, eDNA in S. mutans plays an
important role in biofilm formation and maturation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. mutans UA159, NG8, and
their derivatives (Table 1) (38, 39) were maintained in brain heart infu-
sion (BHI; Difco Laboratories). For glucan-binding assays, S. mutans
UA159 was grown to mid-exponential phase in ultrafiltered (10-kDa-
molecular-mass-cutoff membrane) tryptone-yeast extract broth (UFTYE;
pH 7.0) containing 1% (wt/vol) glucose (14). Streptococcus anginosus
KSB8, harboring g#fB encoding S. mutans glucosyltransferase B, was
grown in Trypticase soy broth (Difco Laboratories) (15). Solid media were
prepared similarly, but agar (Difco Laboratories) was added at a concen-
tration of 1.5% (wt/vol). When needed, kanamycin (1 mg/ml), spectino-
mycin (1 mg/ml), and/or erythromycin (10 pg/ml) were added to the
growth medium. Unless stated otherwise, all cultures were grown aerobi-
cally in a 37°C chamber containing 5% CO, under static conditions. For
eDNA quantitation during growth under defined conditions, bacteria
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TABLE 1 Bacterial strains used in this study

Strain Major property(ies)” Reference
S. mutans UA159 Wild-type, serotype ¢ 38
S. mutans NG8 Wild-type, serotype ¢ 39
S. mutans SAB102 UA159 derivative, srtA, Kan" 5
S. mutans 630NP UA159 derivative, atlA, Kan" 67
S. mutans PC339 NGS8 derivative, srtA, Erm" 3
S. mutans SJ271 SAB102/pDL278::srtA, Kan', Spe” 5
S. mutans AH374 NG8 derivative, yidC1, Erm" 70
S. mutans AH378 NG8 derivative, yidC2, Kan* 70
S. mutans AH329 NG8 derivative, ffh, Erm" 70
S. mutans AH312 NGS8 derivative, scRNA, Kan® 70
S. mutans AH307 NG8 derivative, ftsY, Kan® 70
S. anginosus KSB8 S. anginosus harboring gtfB of S. mutans 15

“Kan", Spe”, and Erm" indicate kanamycin, spectinomycin, and erythromycin
resistance, respectively.

were grown in the chemically defined medium FMC (40). For biofilm
formation, FMC containing glucose (20 mM) (FMCG), sucrose (10 mM)
(FMCS), or glucose (18 mM) plus sucrose (2 mM) (FMCGS) was em-
ployed. In some cases, semidefined biofilm medium (BM) supplemented
with glucose (BMG), sucrose (BMS), or glucose plus sucrose (BMGS) as
indicated above was also used (41-43).

Biofilm formation and microscopic analysis. Bacterial biofilms were
grown in FMC or BM on 96-well plates or hydroxylapatite (HA) discs
vertically deposited in 24-well plates (Corning, NY) (42, 44, 45). Biofilm
mass on 96-well plates was measured spectrophotometrically following
crystal violet staining (42). For analysis using FE-SEM, biofilm samples on
HA discs were fixed in 2.5% glutaraldehyde (EM grade) in pH 7.2 phos-
phate buffer overnight at 4°C, rinsed in sodium phosphate-buffered saline
(PBS; 20 mM potassium phosphate buffer, pH 7.2, 0.9% [wt/vol] sodium
chloride), dehydrated with increasing concentrations of ethanol at 25%,
50%, 75% twice, 90% twice, and 100% twice, and then subjected to critical
point drying in a carbon dioxide critical point drier (Electron Microscopy
Sciences, PA). The dried specimens were mounted on an aluminum stub
and coated with 10-nm-thick carbon using a Carbon Coater 208C (Cress-
ington Scientific Instruments, Watford, United Kingdom) and analyzed
using a Hitachi 480 FE-SEM (Hitachi Ltd., Tokyo, Japan) under an accel-
eration voltage of 3 kV. Analysis by confocal laser scanning microscopy
(CLSM) was carried out similarly to previously described protocols
(46, 47).

Measurement of eDNA and extraction of chromosomal DNA. eDNA
in planktonic cultures, and in biofilms in some cases, was measured by
spectrofluorometry (30) and spectrophotometry (48, 49). Brief sonica-
tion (10 s, twice at 10% energy level, with 2 min on ice between treat-
ments) was used to dechain streptococcal cells or disperse biofilms using a
Branson digital sonifier (model S-250D; Branson Ultrasonics Co, CT)
(47). Aliquots of sonicated cultures were used to enumerate bacteria by
plating in triplicate on BHI agar plates. The remaining cells were spun
down by centrifugation at 3,250 X gat 4°C for 15 min and removed using
0.22-pm syringe filters. For fluorometry, cell-free supernatants were
treated with Sytox green (Invitrogen), a cell-impermanent dye that stains
extracellular nucleic acids with green fluorescence (30). In addition, an
AccuBlue high-sensitivity double-stranded DNA (dsDNA) quantitation
kit (Biotium, Hayward, CA), which reliably detects dsDNA ranging from
0.2 to 100 ng, was also used by following the manufacturer’s instructions.
All samples were excited at 485 nm with emission at 535 nm measured
using a Synergy HT multiple-mode microplate reader (BioTek). For spec-
trophotometry, cell-free supernatants were mixed with 2 volumes of
absolute ethanol and a 1/10 volume of sodium acetate (3 M, pH 5.2)
containing 1 mM EDTA (final concentration) (48, 49). Following precip-
itation at —80°C overnight, eDNA was collected by centrifugation at
21,130 X gat 4°C for 20 min, washed once with ice-cold 70% ethanol, air
dried, and then dissolved in sterile deionized water. The DNA concentra-
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tion was then analyzed using a NanoDrop 2000 spectrophotometer
(Thermo Scientific). The eDNA data were further normalized to colony-
forming units (CFU). For chromosomal DNA extraction, S. mutans
UA159 was grown in UFTYE (pH 7.0) plus 1% glucose to mid-exponen-
tial phase. The cell culture was centrifuged at 5,500 X g, 4°C, for 10 min,
and the pellets were used to isolate chromosomal DNA with the Master-
Pure DNA purification kit (Epicenter Technologies, Madison, WT) as rec-
ommended by the manufacturer.

DNase, RNase, proteinase K, dextranase, and formic acid treatment.
Biofilms grown for 24 h on HA discs were treated with proteinase K
(Sigma) at 2.5 mg/ml at 37°C for 1 h, DNase I (Promega) at 2 U/l at 37°C
for 1 h, RNase H (Invitrogen) at 2 U/l at 37°C for 1 h, dextranase (also
glucanase, Sigma) at 0.1 mg/ml, pH 6.5, at 4°C overnight, or 88% formic
acid at room temperature for 1 h (50). Negative controls received buffer
only (for proteinase K and dextranase) or heat-inactivated enzyme (for
DNase I and RNase H). To evaluate the impact of eDNA on biofilm for-
mation, DNase I (100 g/ml; Sigma) was included in the biofilm culture
medium for the entire 24-h incubation period or for the initial 5 h only. To
remove the DNase, the plates/discs were washed with basal medium, and
biofilms were allowed to continue to grow in fresh medium. Controls
received heat-inactivated enzyme. To assess the role of the eDNA matrix
on biofilm stability, 24-h biofilms grown in FMCGS on 24-well plates
were treated with DNase I (100 pg/ml) for 30 min and then washed in PBS
containing 0.2% SDS for 20 min or sonicated using a Branson digital
sonifier at 10% power level for 5 and 10 s, respectively. The loosened cells
were discarded, and the remaining biofilms were stained using crystal
violet and quantitated as described above (42).

Adherence assays. The impact of eDNA on S. mutans’ adherence was
examined by evaluating its binding to experimental salivary pellicle (sHA)
or to glucans in the pellicle (gsHA) formed on the HA surface (9). Mid-
exponential-phase S. mutans cells grown in UFTYE-glucose were washed
three times in ice-cold adsorption buffer (50 mM KCI, 1.0 mM KPO,, 1.0
mM CaCl,, and 0.1 mM MgCl,, pH 6.5). The resulting cell suspension was
briefly sonicated to dechain the cells and adjusted to an optical density at
600 nm (ODygy,) of ~1.0 % 0.05, with cell numbers counted on a Petroff-
Hausser cell-counting chamber (Hausser Scientific Partnership, Hor-
sham, PA). GtfB was prepared from culture supernatants of S. anginosus
KSB8 and purified to near homogeneity by using HA column chromatog-
raphy as described by Wunder et al. (51). GtfB activity was measured by
the incorporation of [14C]glucose from labeled sucrose (NEN Research
Products, MA) into glucans (9).

To study the impact of eDNA on S. mutans adherence to an apatitic
surface, HA beads (Bio-Rad) were incubated with clarified and filter ster-
ilized whole saliva to form an experimental salivary pellicle, with and
without inclusion of S. mutans chromosomal DNA (at 0.2 and 2 g, re-
spectively). For bacterial adherence to gsHA, the sHA beads were exposed
to saturating amounts of GtfB and incubated with sucrose (100 mM) and
eDNA (0.2 and 2 pg) at 37°C for 4 h to allow glucan formation on the
surface (9). The radiolabeled bacterial cells were obtained from UFTYE
containing 10 wCi/ml [*H]thymidine (Perkin-Elmer Life and Analytical
Sciences, Boston, MA). Bacterial cells (9 X 10° S. mutans cells/ml) were
incubated with sHA or gsHA (formed with or without eDNA). After 60
min, the beads were washed using adsorption buffer to remove unbound
cells, and the number of adherent cells was determined by liquid scintil-
lation counting (9).

Preparation of MVs. Membrane vesicles (MVs) were prepared by fol-
lowing the protocol of Rivera et al. (52, 53). Briefly, two sets of 100-ml S.
mutans cultures were grown in FMC medium with glucose, one to early
exponential phase (ODg, of ~0.3) and the other overnight. Following
centrifugation at 6,000 X g at 4°C for 10 min, the cell-free culture super-
natants were filtered first through 0.45-pum syringe filters (Pall Life Sci-
ence) followed by filtration through 0.22-pm filters (Millipore) to remove
residual cells. MVs in the cell-free supernatants were collected and washed
once with sterile PBS after centrifugation at 100,000 X g at 4°C for 1 h.
After washing, the pellets were resuspended in 200 w1 PBS. The MV yield
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was quantitated by measuring protein concentration using a micro-bicin-
choninic (BCA) assay (Pierce) and the protein profile by SDS-PAGE and
Western blot analysis as described previously (43, 54). For eDNA estima-
tion in MVs, the vesicles were first hydrolyzed using GES reagent (5 M
guanidinium thiocyanate, 100 mM EDTA, and 0.5% [vol/vol] Sarkosyl)
(55) prior to fluorometric assay as described above. For morphological
analysis, aliquots of MV preparations were stained negatively using 1%
uranyl acetate and analyzed using transmission EM (TEM) and cryo-EM.
In addition, aliquots were streaked onto BHI agar to verify the absence of
viable cells in the preparations.

Statistical methods. Quantitative data were analyzed using the Stu-
dent ¢ test. A P value of 0.05 or less is considered statistically significant.

RESULTS

S. mutans produces DNase I-sensitive extracellular nanofibers.
During growth in biofilms, S. mutans was shown to produce a
fibrous substance of ~15 nm in diameter and various lengths, as
shown under FE-SEM (Fig. 1). The nanofibers in mature, older
biofilms were plentiful and often concentrated around broken
cells or cell debris with floating open ends (Fig. 1C to F). In con-
trast, the nanofibers in early biofilms appeared as a more scattered,
but still structured, network with ends of the fibers connected to
cells and to the substratum (Fig. 1A and B). To investigate the
chemical nature of the nanofibers, biofilms grown on HA discs
were treated with DNase I, RNase H, proteinase K, formic acid,
and dextranase (also glucanase). The nanofibrous materials com-
pletely disappeared following DNase I treatment and were signif-
icantly reduced in abundance by dextranase and formic acid (see
Fig. S1 in the supplemental material). In contrast, little difference
was observed when samples were treated with RNase H or protei-
nase K (see Fig. S1), suggesting that the nanofibers were primarily
comprised of extracellular DNA.

Destruction of eDNA significantly reduces biofilm forma-
tion. To examine the effects of eDNA on biofilm formation, S. mu-
tans biofilms were grown in FMC medium that included DNase I.
It was first carried out using 96-well culture plates. Relative to
controls that received the heat-inactivated enzyme, biofilm for-
mation by S. mutans grown in the presence of DNase I was re-
duced significantly, as estimated by spectrophotometry following
crystal violet staining (data not shown). This effect was further
analyzed using HA discs, a commonly used in vitro tooth model
(44, 56), which were vertically deposited in 24-well plates with S.
mutans grown in FMC containing glucose (18 mM) and sucrose (2
mM). In comparison, biofilm formation during growth in the
presence of DNase I was reduced by more than 1 log in CFU (P <
0.001) compared to the controls that received the heat-inactivated
enzyme (Fig. 2).

eDNA enhances glucan-mediated adherence by S. mutans.
Following growth in biofilm medium containing sucrose, the
eDNA nanofibers visualized by SEM appeared to be highly inter-
woven within the extracellular glucans (see Fig. S2 in the supple-
mental material). This suggests an interaction that is also consis-
tent with the observation that eDNA nanofibers were reduced
significantly following dextranase treatment (see Fig. S1) and a
role for eDNA in S. mutans biofilm formation as evidenced by the
inhibitory effect of treatment with DNase I under these growth
conditions (Fig. 2). To assess the impact of eDNA on S. mutans
adherence, chromosomal DNA was included in adherence assays,
and the ability of the bacterium to bind to saliva-coated hydroxy-
apatite (sHA) or sHA with surface-formed glucans (gsHA) was
compared to controls prepared without eDNA. The S. mutans-
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FIG 1 FE-SEM analysis of the eDNA nanofibers. S. mutans UA159 was grown in BM-glucose on hydroxylapatite (A and C to F) and silicon (B) discs for 4 (A and
B) and 24 (C to F) h. Panels A to D show a network of eDNA nanofibers connecting cells to substratum (A and B) and cells to cells (C and D); panels E and F show
eDNA from cell lysis that was concentrated around broken cells (indicated by asterisks) and often floating with open ends. The inset in panel A shows a close-up
of the area indicated by an arrow. Images in panels A and B were taken at 10,000X, C and E at 20,000%, and D and F at 50,000 X magnification.

derived Gtfs are known to be incorporated into the salivary pellicle
in an enzymatically active form, rapidly producing glucans in situ
when sucrose is available (9). In turn, S. mutans binds avidly to
glucans synthesized by Gtfs on sHA, which is a key step for the

1l

DNase-5 DNase-24 iDNase-5 iDNase-24
DNase | treatment, hours

Biofilm formation
(CFU in log scale)

o =2 N W M OO N ©
I

FIG 2 Effect of DNase I on biofilm formation. S. mutans biofilms were grown
in FMC with glucose (18 mM) and sucrose (2 mM) as the carbohydrate sources
on hydroxylapatite discs vertically deposited in 24-well plates with inclusion of
DNase I (DNase) for 5 and 24 h, respectively. Controls received the heat-
inactivated enzyme (iDNase). Data presented here represent the averages (*+
standard deviations) from more than three independent sets of experiments,
with an asterisk indicating statistical difference at P < 0.001 compared to the
controls.
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sucrose-mediated biofilm initiation and accumulation on tooth
surfaces (16). As shown in Fig. 3, glucans formed on sHA (gsHA)
significantly increased S. mutans adherence to the apatite surface
compared to sHA without glucans (sHA only), which is in agree-

1.40E+09 *
- 1.20E+09
o
£ 4.00E+09
©
(0]
£ 8.00E+08
@
(8]
‘G 6.00E+08
9]
€  4.00E+08
z
2.00E+08
0.00E+00 -
noeDNA| 0.2 ug 2pug |noeDNA| 0.2 ug 2 pg
eDNA | eDNA eDNA | eDNA
sHA gsHA

FIG 3 S. mutans adhesion to apatitic surfaces in presence and absence of
eDNA. sHA, saliva-coated hydroxyapatite; gsHA, glucan formed on saliva-
coated hydroxyapatite. An asterisk indicates that there is a statistical difference
for the samples with eDNA compared to controls without eDNA (P < 0.05).
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FIG 4 eDNA production by S. mutans. S. mutans UA159 was grown plank-
tonically in biofilm medium plus glucose (20 mM) in 5-ml Falcon tubes (solid
bars) or in biofilms on hydroxylapatite discs vertically deposited in 24-well
plates (hatched bars) for 5 and 24 h. Data presented here represent the averages
(£ standard deviations) from more than 3 independent experiments, with
statistic differences at P < 0.01 (#) and P < 0.05 (*) compared to the plank-
tonic counterparts.

ment with previous studies (9, 10, 16, 51). More importantly, the
addition of eDNA significantly increased bacterial adherence to
gsHA but not to sHA.

eDNA deficiency affects mechanical stability of S. mutans
biofilms. To test the effect of eDNA on the mechanical stability of
biofilms, 24-h biofilms were grown in FMC containing glucose
and sucrose on 24-well plates and then treated with DNase I fol-
lowed by SDS washes and sonication for 5 or 10 s. Biofilms that
were treated with DNase [ were more easily disrupted and washed
away, particularly after brief sonication, than were control bio-
films that received the heat-inactivated enzyme (see Fig. S3 in the
supplemental material). These results confirm that S. mutans
eDNA acts as a functional component of the biofilm matrix, in-
fluencing mechanical stability, consistent with findings for several
other bacterial species (18, 19, 57).

Growth in biofilms increases eDNA production. To assess
whether growth in biofilms influences eDNA production, S. mu-
tans cultures were grown either in planktonic culture or in sessile
form on HA discs that were vertically oriented in 24-well plates.
Growth in biofilms yielded a significantly larger amount of eDNA
per CFU (Fig. 4). This was particularly evident in the early biofilm,
with an increase of approximately 3-fold compared to the plank-
tonic counterpart. Due to nutrient limitation and toxic metabolite
accumulation, overnight cultures are known to have significantly
more dead, broken cells. While the 24-h cultures demonstrated
more total eDNA than the earlier 5-h cultures, the younger cul-
tures contained significantly more eDNA when normalized for
CFU, especially during growth in biofilms. An effort was also
made to examine the effects of carbohydrate source and availabil-
ity, aeration, and dATP on eDNA production. However, no sig-
nificant differences were observed between the groups under the
conditions studied, except growth under anaerobic conditions
(see Fig. S4 in the supplemental material). Relative to aerobic con-
ditions with 5% CO,, growth under anaerobic conditions led to a
significant reduction of eDNA (P < 0.05) (see Fig. S4).

Iron limitation influences growth and causes alterations in
cell morphology. Iron is a micronutrient known to be required
for DNA synthesis and many other metabolic processes (58). To
examine the effect of iron limitation on S. mutans eDNA produc-
tion and biofilm formation, S. mutans was grown in modified
BMG (mBMG) medium in which ferric chloride was omitted.
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Relative to complete BMG, omission of ferric chloride in mBMG
had little impact on the bacterial growth rate (data not shown),
but it did significantly reduce the final optical densities (ODg,) of
the cultures. In addition, cultures grown in mBMG ceased growth
3.5 h earlier than cells growing in complete BMG. Similar results
were also observed during growth in mBMGS and mBGS (data
not shown). Measurable eDNA in 5-h cultures grown in mBMG
was slightly reduced compared to levels of cultures grown in reg-
ular BMG, but the differences were not statistically significant
(P > 0.05) (data not shown). Similar results were observed with
mFMC, which contained no added iron (see Fig. S4 in the supple-
mental material). Unlike cells grown in regular BM in which
nanofibers were apparent when viewed by FE-SEM, no eDNA
nanofibers were visualized in 24-h biofilms grown in mBMG (see
Fig. S5). In addition, the cells grown under these conditions ap-
peared to be elongated and rod-like (see Fig. S5). As a semidefined
medium, BM contains 2 g liter ' of Casamino Acids (Bacto
223050; BD), which is an acid hydrolysate of casein with low but
unspecified concentrations of iron. S. mutans requires only nano-
moles of iron to grow (59). It appears that endogenous iron de-
rived from the Casamino Acids was sufficient to meet S. mutans’
initial requirement for growth but ultimately became depleted as
the cultures continued to grow, affecting bacterial growth and
eDNA production.

S. mutans produces membrane vesicles that contain eDNA.
In Gram-negative bacteria, MVs have long been considered a
source of eDNA (18, 30, 60). Recently, the Gram-positive organ-
isms Staphylococcus aureus and Bacillus anthracis have also been
reported to produce membrane-derived vesicles (61, 62) which
play a role in delivery of bacterial effector molecules to the host
cells (52, 63). In our initial experiments, we tested whether S.
mutans produces MVs. Such vesicles were identified by electron
microscopy following ultracentrifugation of cell-free superna-
tants from overnight cultures (Fig. 5). Electron microscopy of S.
mutans also demonstrated the presence of small blebs associated
with the cells (Fig. 5A), some of which appeared to be pinching off
(Fig. 5B). Under TEM, when negatively stained with uranyl ace-
tate, cell-free supernatants were shown to possess vesicular struc-
tures typical of membrane vesicles (Fig. 5C and D). When mea-
sured using a micro-BCA assay, the early-exponential-phase
cultures had 2.87-fold more MVs than the overnight cultures (P <
0.05).

To assess whether M Vs can serve as a vehicle for eDNA release
in S. mutans, MVs derived from early-exponential-phase and
overnight cultures were hydrolyzed and tested for the presence of
eDNA. Results showed that M Vs of both early-exponential-phase
and overnight cultures contained eDNA. In comparison, MVs
from the early-exponential-phase cultures contained 2.82-fold
more eDNA than those prepared from the overnight cultures (P <
0.05).

SrtA deficiency affects membrane vesicle formation. Bacte-
rial adherence and biofilm formation by S. mutans is known to be
severely impaired in the absence of SrtA (3, 5-7), an enzyme
known for anchoring cell surface proteins bearing an LPXTG mo-
tif to the cell wall peptidoglycan in this bacterium (6, 64, 65). To
assess whether S. mutans eDNA release is influenced by SrtA, an
srtA-deficient mutant, SAB102 (5), was analyzed by both spectro-
fluorometry and FE-SEM. Compared to levels for its parental
strain, UA159, significant reductions in the amount of eDNA in
cell-free supernatants were measured from SAB102 in early-expo-
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FIG 5 EM analysis of S. mutans membrane vesicles. S. mutans UA159 (A) and NG8 (B to D) were grown in BHI broth (B to D) and in biofilm medium on
hydroxylapatite discs (A) overnight. FE-SEM (A) and TEM (B) analysis show small blebs on the cell surfaces. Panels C and D show EM images of vesicular
structures in cell-free supernatants of NG8 following negative staining with 1% uranyl acetate. Similar vesicles were also seen with UA159 (not shown). Images
were taken at magnifications of 50,000X (A), 30,000 (B), 50,000X (C), and 25,000X (D).

nential-phase cultures and especially in overnight cultures and
biofilms (Fig. 6A). When viewed by FE-SEM (Fig. 6B), the SrtA-
deficient mutant had notably lower levels of biofilm formation
than its parent strain, consistent with previous findings (3, 5-7).
Relative to the UA159 parental strain, which displayed substantial
eDNA, no eDNA nanofibers were visualized in the biofilms of the
SrtA-deficient mutant (Fig. 6B). Similar results were also observed
with S. mutans NG8 (data not shown), another commonly used
laboratory strain (Table 1).

Efforts were also made to determine whether SrtA affects MV
formation. No significant differences were identified in total pro-
tein or eDNA levels between MV preparations of the wild type and
the SrtA-deficient mutant (data not shown). When viewed under
TEM following negative staining with 1% uranyl acetate, no sig-
nificant differences in quantity and morphology of the MVs be-
tween the SrtA mutant and the wild type were identified (data not
shown). Interestingly, SDS-PAGE analysis revealed a significant
reduction in the overall protein content of the purified MVs of the
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SrtA-deficient mutant compared to the wild type (Fig. 7A). SDS-
PAGE separates proteins by molecular weight and small proteins
and peptides easily run off the gel, while BCA is a quantitative
assay that measures proteins of all sizes, including peptides. One
possible explanation for the discrepancy between the SDS-PAGE
data and the BCA results is that low-molecular-weight proteins/
peptides cannot be detected by SDS-PAGE but were measured by
BCA. A difference in MV protein content was not observed by
SDS-PAGE when a mutant devoid of AtlA, an autolysin known to
affect cell wall turnover and cell surface properties (66, 67), was
evaluated (Fig. 7A and B). As a control, a set of cells was heat killed
by incubating at 60°C for 45 min, and samples were prepared as
described for live cells. No MVs were produced by the heat-killed
cells (Fig. 7), suggesting that this is an active process in S. mutans
and not the result of lysis of dead cells. Western blotting was used
to further analyze specific proteins, and the anchoring of some
proteins to the cell surface is known to be associated with SrtA (7,
68). The SrtA-deficient mutant consistently displayed less P1, glu-
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FIG 6 Sortase A deficiency on eDNA production. (A) For quantitative analysis, S. mutans UA159, the sortase A-deficient mutant SAB102, and its complement
strain, SJ271, which carries a wild-type copy of srtA in a multicopy shuttle vector, pDL271, were grown in the chemically defined medium FMC with glucose (20
mM) for 5-h cultures (—5) or in FMC with glucose (18 mM) plus sucrose (2 mM) for 24-h (—24) and for biofilm (—B) cultures. Biofilms were grown on HA discs
that were vertically deposited in wells of 24-well plates. The eDNA in the cell-free supernatant was further normalized and expressed relative to levels for wild-type
UA159. Data presented represent averages (% standard deviations) from more than 3 independent experiments, with * and ** indicating statistical difference at
P < 0.01 and P < 0.001, respectively, compared to UA159 under the same conditions. Similar results were also obtained during growth in BM. (B) FE-SEM
analysis of wild-type S. mutans (UA159) and the SrtA-deficient mutant (SAB102) biofilms on HA discs during growth in BM-glucose. Compared to the wild type,
the SrtA-deficient mutant SAB102 consistently displayed few or no eDNA nanofibers in biofilms grown for 24 h. Images were taken at a magnification of 20,000 X.

can-binding proteins B and C, and glucosyltransferases than the
wild type (Fig. 7B). No differences in amounts of the selected
proteins were observed when the AtlA-deficient mutant and its
parental strain, UA159, were evaluated (Fig. 7A and B). Taken
together, these results further suggest that SrtA in S. mutans does
not have a significant effect on the production of MVs but does
influence their composition.

Deficiency in protein secretion pathway components affects
the amount of eDNA. Given that a deficiency in SrtA, a mem-
brane-localized protein, influenced the detection of S. mutans
eDNA, especially during growth in biofilms, we further investi-
gated whether known elements of the protein secretion/transloca-
tion or membrane protein insertion machinery affected eDNA
production. Mutants deficient in ffh (54-kDa homolog of the bac-
terial signal recognition particle [SRP]), ftsY (the bacterial SRP
receptor), scRNA (the small cytoplasmic RNA component of the
SRP), and yidC1 and yidC2 (paralogs of the YidC/Oxal/Alb3 fam-
ily of membrane protein insertases/chaperones) (69-71) were an-
alyzed. Compared to levels for the wild type, significantly less
eDNA was measured for mutants lacking yidCI and, in particular,
yidC2 and ffh (Fig. 8). In contrast, the mutant deficient in sScRNA
demonstrated little difference in the amount of eDNA measured
compared to that of the wild type.

DISCUSSION

This study has demonstrated that eDNA is a functional compo-
nent of S. mutans biofilms, contributes to S. mutans biofilm for-
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mation, and influences structural integrity and stability of bio-
films, consistent with previous studies conducted with this
bacterium (20, 37), as well as multiple other species (19, 21, 30, 72,
73). Like E. faecalis, S. mutans demonstrated increased eDNA dur-
ing growth in biofilms compared to that in planktonic cultures,
albeit to a lesser degree than E. faecalis. Like S. gordonii, whose
hydrogen peroxide-induced eDNA release is most pronounced in
actively growing cells (21), S. mutans demonstrated the most sig-
nificant increases in eDNA during growth in early biofilms when
cell lysis is not yet considered significant. However, what triggers
eDNA release in S. mutans and why growth in biofilm enhances
eDNA production await further investigation.

Membrane vesicles are nanovesicular structures originally
found to bleb from the outer membrane of Gram-negative bacte-
ria (55,74). More recently, studies have shown that Gram-positive
bacteria also naturally produce MVs that share some common
features with MVs of Gram-negative organisms (52, 53, 62, 75).
Our results suggest that S. mutans produces MVs during growth.
This is the third Gram-positive bacterium thus far, in addition to
B. subtilis and S. aureus, known to produce MVs (52, 61, 62). S.
mutans MVs can serve as a means for protein as well as DNA
release, properties demonstrated in Gram-negative bacteria (18,
74) but as yet undescribed in Gram-positive bacteria. To deter-
mine whether a specific region(s) of the chromosomal DNA was
preferentially released, quantitative PCR was used to assess ampli-
fication of genes located in defined regions of the chromosome.
MVs were analyzed using chromosomal DNA as a control and
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FIG 7 SDS-PAGE (A) and Western blot (B) analysis. S. mutans UA159, its AtlA-deficient mutant (630NP), NGS8, and its SrtA-deficient mutant (PC339) were
grown in FMC broth overnight, and membrane vesicles were prepared from cell-free supernatants by ultracentrifugation. For controls, a set of overnight cultures
was killed by incubating at 60°C for 45 min, washed in sterile PBS, resuspended in FMC, and then allowed to incubate at 37°C overnight. For SDS-PAGE analysis,
a 10% gel was used. For Western blotting, antibodies against P1, glucan-binding proteins GbpB and GbpC, and pooled glucosyltransferases (Gtf) were used as
probes. Relative to the wild type, NGS8, the SrtA-deficient mutant had significantly less P1, GbpB, GbpC, and Gtf, which are known to be surface-associated
proteins. Equal volumes of membrane vesicle preparations were loaded on the gel.

basis for comparison. Results showed no major differences be-
tween the eDNA samples and the chromosomal DNA, suggesting
that eDNA release is nonselective in S. mutans, consistent with
findings in some other bacteria (76, 77). Our results also demon-
strate that the formation of S. mutans MVs is an active process,
since none were observed when overnight cultures were heat killed
and prepared in a manner similar to that of live cells. In a recent
study by the Whitchurch group using high-resolution phase-con-
trast microscope and fluorescence microscope imaging, P. aerugi-
nosa was shown to release DNA in bursts that were concomitant
with cellular explosion (60). This “explosive lysis” was credited
with providing large amounts of MVs and with eDNA production.
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FIG 8 eDNA production by S. mutans mutants. S. mutans wild-type NG8 and
its derivatives, AH374 (yidC1), AH329 (ffh), AH307 (ftsY), AH378 (yidC2),
and AH312 (scRNA), which are deficient in genes (as specified) that encode
components of the protein translocation system, during growth in regular
FMC with glucose for 5 h. All data presented here are averages (* standard
deviations) from three independent experiments and were further normalized
to the wild type, with * and ** indicating differences at significance levels of P <
0.05 and P < 0.01, respectively.
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It is currently unknown whether such explosive lysis exists in S.
mutans or other bacterial species and, if so, whether it contributes
to MV or eDNA production. We also evaluated whether the AtIA
autolysin contributes to protein release by MVs in S. mutans but
did not observe any difference between an at/A-deficient mutant
and the parent strain under the conditions studied.

S. mutans is known for its copious production of exopolysac-
charides during growth in the presence of sucrose (16). We have
also recently shown that like several other bacteria, S. mutans
forms formic acid-sensitive/protease-resistant amyloid-like mate-
rials in biofilms (3). The results presented here indicate that the
nanofibers observed in S. mutans biofilms are comprised of DNA
based on their sensitivity to DNase I. However, the reduction of
the fibrous matrices following treatment with dextranase and for-
mic acid also suggests that the eDNA nanofibers interact with the
glucans and possibly with amyloid fibrils, which are sensitive to
formic acid dissolution. Extracellular DNA nanofibers consis-
tently appeared to be interwoven/integrated with glucans under
FE-SEM when S. mutans biofilms were grown in the presence of
sucrose. In support of this interpretation, an in vitro adherence
assay also demonstrated that eDNA significantly enhanced glu-
can-mediated adherence to saliva-coated hydroxylapatite, while
no such effect was observed in the absence of glucans. A recent
report on Myxococcus xanthus also showed that eDNA was re-
cruited by extracellular polysaccharides and integrated into the
extracellular matrix (57). However, an eDNA-glucan interaction
and its role in S. mutans adherence has not been reported thus far.
The lack of significant effects of eDNA alone on S. mutans adher-
ence in the current study differs from a recent report by Das et al.
(36). Unlike the glass surface used by the Das group, we used an
apatitic surface that was coated with saliva to mimic pellicle-cov-
ered teeth in the mouth. The presence of salivary constituents is
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known to drastically influence S. mutans binding and biofilm for-
mation (5). Therefore, the presence of a salivary pellicle on the
apatitic surface could have masked or diminished the effects of
eDNA and likely contributed to such a discrepancy in binding
efficiency. Nevertheless, our results clearly show that eDNA-glu-
can interactions play a crucial role in sucrose-dependent S. mutans
adherence.

In P. aeruginosa as well as several enteric bacteria, peptidogly-
can-associated outer membrane proteins that tether the outer
membrane to the underlying peptidoglycan have been shown to
significantly affect the formation of outer membrane vesicles (53).
In evaluation of the nature of the nanofibers, we employed mutant
strains lacking srtA, which encodes sortase A, the membrane-lo-
calized transpeptidase known for its role in anchoring of a number
of surface-associated proteins to the peptidoglycan (6, 64, 65).
Our data indicate that a deficiency of SrtA in S. mutans signifi-
cantly reduced eDNA detection, especially during growth in bio-
films. To the best of our knowledge, a role for SrtA in eDNA
production has not yet been reported in other Gram-positive bac-
teria. Interestingly, no major differences were observed between
the mutant deficient in SrtA and the parent strain in MV produc-
tion, but many proteins observed by SDS-PAGE, including P1,
GbpB, GbpC, and Gtfs, were notably less abundant in the MVs
derived from the SrtA-deficient mutant than from the parent
strain. In S. mutans, P1, GbpC, and several other surface-associ-
ated proteins are known to be SrtA substrates (7, 68). Therefore, it
is not a surprise that SrtA deficiency in S. mutans caused a pro-
nounced alteration in multiple surface-associated proteins. In ad-
dition, SrtA has been reported to affect gene expression (7, 68);
therefore, both direct and indirect effects may contribute to the
altered protein profiles of SrtA-deficient mutant cells. We specu-
late that surface-associated proteins contribute to the structure
and function of eDNA in biofilms and to biofilm formation. As a
result of SrtA deficiency, a protein(s) involved in eDNA-cell inter-
actions would not be properly anchored on the surface and would
result in the loss of eDNA nanofibers observed by FE-SEM, as well
as a reduction in biofilm formation. Studies are ongoing to exam-
ine whether surface-associated proteins interact directly with S.
mutans eDNA. Besides its role in anchoring surface-associated
proteins, S. mutans and S. gordonii SrtA proteins influence the
expression of genes, including those encoding adhesin WapA and
fructanase FruA in S. mutans and adhesins SspA/B, CshA/B,
AbpA/B, and Has in S. gordonii (7, 68). The reduced eDNA ob-
served in SrtA-deficient S. mutans, especially within biofilms as
visualized by FE-SEM, suggests that SrtA’s contribution to S. mu-
tans biology includes effects downstream of protein anchoring
and cell surface biogenesis that influence eDNA and nanofiber
formation.

Active export of chromosomal DNA by the type IV secretion
system has recently been described in Neisseria gonorrhoeae (31).
Mutations constructed in seven putative type IV secretion genes
greatly reduced or completely eliminated DNA secretion. Al-
though S. mutans does not have a type IV secretion system, we
analyzed S. mutans strains deficient in highly conserved elements
of protein secretion and translocation pathways for their respec-
tive impacts on eDNA production. Ffh (for SRP54) and scRNA are
core elements of the bacterial signal recognition particle (SRP)
cotranslational protein translocation pathway, and FtsY is the
membrane-bound SRP receptor (70). YidC1 and YidC2 are par-
alogues of the ubiquitous YidC/Oxal/Alb3 family of membrane-
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integral chaperones and insertases (71, 78). Loss of any of the S.
mutans SRP pathway components Ffh, scRNA, and FtsY, as well as
YidC2, results in severe acid, osmotic, and oxidative stress sensi-
tivity with decreased membrane-associated F-ATPase activity by
the mutant strains (70). In contrast, loss of YidCl1 is less severe and
does not result in obvious stress sensitivity. Losses of Ffh, YidC2,
and YidCl1 all impede biofilm formation, although with different
manifestations (79). The respective substrates of the SRP pathway
and YidC2 and YidC1 are largely unknown in S. mutans, although
these systems likely overlap and appear to work in concert (72).
The integral membrane proteins YidC1 and YidC2 would be ex-
pected to mediate membrane protein insertion, but they have also
been found to influence the amount and functional maturation of
cell surface-localized proteins, including adhesin P1 (71). In the
current study, S. mutans mutants lacking Fth, YidC2, and, to a
lesser extent, YidC1 all demonstrated less eDNA than the parental
strain. This may partially explain their previously observed defects
in biofilm formation (77) and again points to potential down-
stream effects and a level of complexity in the machinery respon-
sible for membrane biogenesis, since the same proteins also influ-
ence cell surface-localized molecules. Our results further suggest
that generation of a cell envelope with the correct protein compo-
sition is required for eDNA release and subsequent eDNA-cell
interactions.

As an organism with an obligate biofilm lifestyle, S. mutans
possesses multiple mechanisms to colonize the tooth surface (2,
16, 80, 81). Our results provide evidence that eDNA is a functional
component within S. mutans biofilms, and that it too plays a sub-
stantial role in bacterial adherence and biofilm initiation. While
the underlying mechanisms await further investigation, active re-
lease of eDNA is triggered in response to cell-surface interaction.
The highly structured eDNA network interacts with the substra-
tum, as well as with close and distant cells, contributing to surface
and intercellular adhesion. During growth in sucrose, eDNA and
the adhesive glucan products of the Gtf enzymes also interact,
further strengthening the extracellular matrix scaffold. Such a
polymeric scaffold would facilitate inter- and intracellular inter-
actions and biofilm accumulation, as well as provide greater sta-
bility and resistance to mechanical stress (18, 19, 57).

In summary, our results demonstrate that previously unrecog-
nized factors contribute to the presence and quantity of S. mutans
eDNA. These include MVs, components of protein secretion and
translocation pathways, and the SrtA enzyme essential for the lo-
calization of multiple cell surface-localized proteins. The amount
of eDNA measured also appeared to be responsive to changes in
environmental conditions and growth mode in particular. As a
functional component of the extracellular matrix, eDNA likely
interacts with exopolysaccharides and possibly amyloid, enhanc-
ing cell-surface and cell-cell interactions, facilitating biofilm for-
mation, and contributing to structural integrity and stability of
biofilms. Current effort is directed to further investigate the mech-
anisms that underlie eDNA production, transport, and eDNA-cell
interactions.
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