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ABSTRACT ARTICLE HISTORY
Streptococcus mutans-derived exopolysaccharides are virulence determinants in the matrix of Received 26 January 2017
biofilms that cause caries. Extracellular DNA (eDNA) and lipoteichoic acid (LTA) are found in Accepted 25 July 2017
cariogenic biofilms, but their functions are unclear. Therefore, strains of S. mutans carrying single KEYWORDS

deletions that would modulate matrix components were used: eDNA — AlytS and AlytT; LTA — AdItA
and AdItD; and insoluble exopolysaccharide — AgtfB. Single-species (parental strain S. mutans UA159
or individual mutant strains) and mixed-species (UA159 or mutant strain, Actinomyces naeslundii
and Streptococcus gordonii) biofilms were evaluated. Distinct amounts of matrix components
were detected, depending on the inactivated gene. eDNA was found to be cooperative with
exopolysaccharide in early phases, while LTA played a larger role in the later phases of biofilm
development. The architecture of mutant strains biofilms was distinct (vs UA159), demonstrating
that eDNA and LTA influence exopolysaccharide distribution and microcolony organization.
Thus, eDNA and LTA may shape exopolysaccharide structure, affecting strategies for controlling
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mutans; extracellular matrix;
exopolysaccharides; eDNA;
lipoteichoic acids

pathogenic biofilms.

Introduction

Dental caries is a public health problem worldwide and a
diet- and biofilm-dependent disease (Selwitz et al. 2007;
Kassebaum et al. 2015; Bowen 2016). Biofilms are dynamic
microbial communities enmeshed by a three-dimensional
(3-D) extracellular matrix (ECM) (Branda et al. 2005;
Flemming and Wingender 2010). Exopolysaccharides
(EPS) are essential components in the assembly of the
ECM of cariogenic biofilms (Paes Leme et al. 2006; Bowen
and Koo 2011), and are also a virulence determinant (Koo
et al. 2013). The ECM rich in EPS acts as a barrier that
provides acidic niches where acidogenic and aciduric
microorganisms thrive (Xiao et al. 2012), leading to the
acid dissolution of enamel. In addition, extracellular DNA
(eDNA) and lipoteichoic acids (LTA) are detected in high
amounts in cariogenic biofilms in the presence of sucrose
and starch (as reviewed by Klein et al. 2015). However,
the roles of eDNA and LTA in the construction of the
extracellular matrix are not yet well understood.

EPS are synthesized by glycosyltransferase enzymes
(Gtfs) and fructosyltransferases (Ftfs) when dietary
sucrose is present (Vacca-Smith et al. 1996; Bowen and
Koo 2011). Furthermore, starch hydrolysates affect the

glycosyl linkages of glucans and the 3-D distribution of
glucans within biofilms (Klein et al. 2009). The Gtf exo-
enzymes produced by Streptococcus mutans synthesize
water-insoluble and -soluble glucans; S. mutans produces
at least three distinct enzymes (encoded by gtfB, gtfC and
gtfD genes; as reviewed by Bowen and Koo 2011) that coor-
dinate the assembly of an EPS-rich ECM (Xiao et al. 2012).

eDNA and LTA could help in the construction of the
ECM by increasing the synthesis of glucan (Kuramitsu
et al. 1980; Ciardi et al. 1981; Chiu and Baker 1994), and
promoting microbial adhesion to surfaces (Ciardi et al.
1977; Gross et al. 2001; Das et al. 2010). eDNA from S.
mutans is a byproduct of autolysis and can also be actively
secreted via microvesicles (Perry et al. 2009; Liao et al.
2014), while LTA could be released to the ECM during
cell lysis and cell wall remodeling. Both eDNA and LTA
biomolecules can confer a negative charge to the ECM,
which could influence its diffusion properties (Melvaer
et al. 1972, 1974; Melsen et al. 1979; Pratten et al. 1998),
and thereby affect the activity of cationic antimicrobial or
anti-biofilm agents (Xiao et al. 2012).

The presence of dietary sucrose and starch may
increase the release of eDNA in the ECM, due to elevated
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expression of [ytST and ccpA during biofilm formation by
S. mutans (Klein et al. 2010). The two-component system
LytST is required to activate the expression of IrgAB, which
are part of the S. mutans arsenal that control biofilm for-
mation and autolysis (Ahn et al. 2010). The expression of
IytST and IrgAB is regulated by the availability of carbohy-
drates via CcpA (catabolite control protein A) (Ahn et al.
2010); thus, the abundance of available dietary sucrose
and starch could elicit this mechanism. The expression
of gtfB (which synthesizes water-insoluble EPS) was also
induced in biofilms formed in the presence of sucrose and
starch (Klein et al. 2009, 2010). In addition, eDNA inter-
acting with GtfB influences EPS production, colonization
by S. mutans and possibly the construction of the ECM
(Klein et al. 2010, 2015; Liao et al. 2014).

The mechanism by which LTA is synthesized has
been described for some species, but not for S. mutans
(Reichmann and Griindling 2011; Denapaite et al. 2012).
However, it is known that the ditABCD operon is required
for the addition of D-alanine residues (Neuhaus and
Baddiley 2003) during the formation of LTA; these resi-
dues affect the adhesion processes and biofilm formation
(Spatafora et al. 1999; Gross et al. 2001). Furthermore, S.
mutans proteins encoded by the ditA and ditD genes are
abundant while the ECM is being actively built during
the early stages of cariogenic biofilm formation (Klein et
al. 2012).

Understanding how eDNA, LTA and EPS matrix com-
ponents interact and influence the construction of bio-
films may help the development of targeted therapies to
prevent and remove cariogenic biofilms. Therefore, the
aim of this study was to investigate how eDNA and LTA,
in conjunction with EPS, impact the structural and func-
tional properties of the cariogenic biofilm matrix.

Material and methods
Experimental design

An in vitro study was conducted using single- and
mixed-species biofilm models based on a batch cul-
ture approach with saliva-coated hydroxyapatite (HA)
disks as the substratum. The mixed-species system was

Table 1. S. mutans strains used in the study.

Putative mod-

Streptococcal Locustagof  ulation of ECM

strains targeted gene  components References

UA159 - All Ajdi¢ et al. 2002

AgtfB SMU_1004 Insoluble EPS Dr .Robert A.
Burne

AlytT SMU_576 eDNA Chatfield et al.

AlytS SMU_577 2005

AdltA SMU_1691 LTA Quivey et al. 2015

AditD SMU_1688
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designed to mimic the formation of biofilms accord-
ing to the ‘ecological plaque-biofilm’ concept (Marsh
2003), using S. gordonii instead of Streptococcus oralis (as
detailed by Koo et al. 2010; Xiao et al. 2012). The study was
approved by the Institutional Ethical Committee (CAAE:
31717914.3.0000.5416), because human saliva was used
to perform in vitro experiments.

The factors to be examined were matrix component
modulation by S. mutans strains (parental strain and
single gene deletion strains; Table 1), and biofilm devel-
opmental phase in two types of biofilm cultures (single-
and mixed-species), generating 12 experimental groups
in which to assay biomass, population, and biochemical
characteristics: (1) S. mutans UA159 (parental strain) at
67 h, (2) AgtfBat 67 h, (3) AlytSat 67 h, (4) AlytT at 67 h,
(5) AdItA at 67 h, (6) AditD at 67 h, (7) S. mutans UA159
at 115 h, (8) AgtfBat 115 h, (9) AlytSat 115 h, (10) AlytT
at 115 h, (11) AdltA at 115 h, and (12) AdItD at 115 h
(n = 6 for single-species biofilms at 67 and 115 h, and for
mixed-species biofilms at 115 h from three independent
cultures; n = 10 for mixed-species biofilms at 67 h). In
addition, distinct time points were evaluated to determine
the microbial population of mixed-species over time (at
29, 43, 53, 67, 77, 91, 101, and 115 h; n = 6 for all time
points except for 67 h, where n = 10). Three or five inde-
pendent experiments were carried out in duplicate and the
data were statistically analyzed according to the factorial
design of this study, considering each HA disk as a sta-
tistical block (n = 6 or n = 10). The disks were randomly
assigned for each experimental group. Biochemical anal-
yses of the ECM were performed to verify how inactiva-
tion of specific genes influenced biofilm development, and
consequent pathogenic potential. The authors’ hypothesis
was that eDNA and LTA would cooperate with EPS in the
extracellular matrix of S. mutans biofilms, increasing the
structural and functional complexity of those biofilms.

Furthermore, glycosyl linkage analysis of the water-sol-
uble and -insoluble exopolysaccharides in the ECM of
mixed-species biofilms were performed using a pool of
12 biofilm samples formed by each S. mutans strain to ver-
ify whether the modulation of specific ECM components
affected EPS biochemical structure. Moreover, during
biofilm growth, the culture medium was changed twice
daily and the pH values of spent medium were measured.
Confocal laser scanning microscopy (CLSM) was used to
visualize and quantify the structural components (EPS
and bacteria) of the biofilms.

Bacterial strains

Streptococcus mutans UA159, serotype c (ATCC 700610),
a proven cariogenic organism, was the parental strain used
in this study, from which deletion strains were created.
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S. mutans UA159 (parental strain) and mutant strains car-
rying deletionsin lytS, Iyt T, dltA and ditD were used to mod-
ulate the presence of eDNA or LTA in the matrix (Table 1).
The deletion strains for lytS, lytT (Chatfield et al. 2005),
dltA and dltD came from the collection of mutant strains
created in the Quivey laboratory (Quivey et al. 2015). In
addition, a strain defective in g¢fB was used as control,
because it has impaired biofilm formation in vitro (Koo
et al. 2010; Xiao et al. 2012), and reduced pathogenic-
ity in vivo (Yamashita et al. 1993). The gtfB mutant was
kindly provided by Dr Robert A. Burne (Department of
Oral Biology, University of Florida, Gainesville, Florida).
Actinomyces naeslundii ATCC 12104 and Streptococcus
gordonii DL-1 were also used in experiments examin-
ing mixed-species biofilm formation. S. gordonii and A.
naeslundii are early colonizers, while S. mutans is a proven
virulent (cariogenic) oral pathogen. Further, S. gordonii
strain DL-1 and A. naeslundii strain ATCC 12104 are also
acidogenic and produce EPS, glucans or fructans, respec-
tively (Haisman and Jenkinson 1991; Bergeron et al. 2000),
thus contributing to ECM assembly and acidogenesis. In
the mixed-species model, S. mutans is the cariogenic
organism, S. gordonii is a representative of a commensal,
early colonizer, non-mutans streptococci that binds sali-
vary a-amylase, and A. naeslundii is a representative of an
early colonizer non-streptococci (Takahashi and Nyvad
2011). Strains were stored at —80°C in tryptic soy broth
containing 20% glycerol, and were plated on blood agar
plates or BHI agar plates with appropriate antibiotics (see
Table 1).

Biofilm preparation

The single- and mixed-species biofilms were formed on
HA disks (1.25 cm diameter, Clarkson Chromatography
Products, Inc., South Williamsport, PA, USA) coated with
filter-sterilized, clarified human whole saliva (sHA). Saliva
and pellicle preparation were performed as described
by Lemos et al. (2010). Four volunteers were chosen to
donate saliva who had not used antimicrobial treatments
in the last three months (two males and two females,
20-38 years old). Each volunteer was asked to rinse their
mouth with 5 ml of ultra-pure water, then masticate a
piece of parafilm, collecting 5 ml saliva into a collection
tube, which was then discarded. Next, the volunteers con-
tinued masticating the parafilm and collected saliva into
an ice-chilled tube. The saliva samples from all volunteers
were pooled and diluted 1:1 with adsorption buffer (AB
buffer: 50 mM KCI, 1 mM KPO p 1 mM CaClz, 1 mM
MgCl,, 0.1 mM PMSE in dd-H,O, pH 6.5). Saliva was
centrifuged (5,000 x g/ 10 min) and the clarified portion
was filtered sterilized (0.22 pm low protein binding pol-
yethersulfone membrane filter). Saliva was used fresh for

pellicle formation and medium preparation at the start of
the experiment, and any remaining saliva was aliquoted
and stored at —80°C until use for culture medium dilution.
Alpha amylase activity was measured using the Salivary
Alpha-Amylase Assay Kit (Salimetrics, State College, PA,
USA), with both fresh and thawed samples having activ-
ity ~ 24 units ml™". Saliva-coated HA disks were placed
in a vertical position in a 24-well microtiter dish using a
custom-made disk holder (Koo et al. 2010; Figure S1).

S. mutans parental strain (UA159) or deletion strains,
A. naeslundii ATCC 12104 and S. gordonii DL-1 cells
were grown in tryptone-yeast extract broth (TY; 2.5%
tryptone, 1.5% yeast extract) containing 1% glucose at
37°Cin a 5% CO,/95% air atmosphere to late-exponen-
tial phase (OD,,, 1.0 for streptococci and OD,
1.5 for A. naeslundii). For mixed-species biofilms, each
bacterial suspension was mixed to provide an inoculum
with a defined microbial population of S. mutans, A.
naeslundii, and S. gordonii of 10° colony-forming units
(CFU ml™). Single-species biofilms consisted of only S.
mutans (10° CFU ml™) strains. The mixed population of S.
mutans, A. naeslundii plus S. gordonii and the single-spe-
cies (S. mutans only) were inoculated in 2.8 ml of TY
with 0.1% sucrose and 25% saliva, and incubated at 37°C
in a 5% CO,/95% air atmosphere. The concentration of
sucrose and starch was based on previous experiments
with S. mutans single-species biofilms (Klein et al. 2010).

During the first 19 h, the organisms were grown
undisturbed to allow initial biofilm formation. At 19 h,
the culture medium was replaced by transferring the
custom-made disk holder with nascent biofilms to wells
containing fresh medium (TY + 0.1% sucrose and 25%
saliva) using forceps. After 29 h of biofilm growth, both
mixed-species and S. mutans biofilms were transferred
to TY containing 0.5% sucrose, 1% starch and 25% saliva
to increase the amount of carbohydrate to serve as sub-
strate for microbial metabolism and matrix build-up.
The culture medium was then changed twice daily (8
am and 6 pm) until the end of the experimental period
(Figure S1). Thus, the biofilms were kept immersed in
0.1% sucrose/25% saliva for 10 h, and in 0.5% sucrose/1%
starch/25% saliva for 14 h. This scenario mimics what may
be observed in dental niches that retain food after eating.
After each medium change, the pH of the spent medium
was measured. The TY medium + 0.1% sucrose/25% saliva
was prepared by diluting 1.25x TY with saliva in a 1:4
ratio, resulting in 1x TY, to which an appropriate volume
of sucrose was added to achieve a final concentration of
0.1%. TY containing 0.5% sucrose/1% starch/25% saliva
was prepared by diluting 1.25x TY containing 1.25% starch
with saliva in a 1:4 ratio, resulting in 1x TY containing
1% starch, to which an appropriate volume of sucrose was
added to achieve a final concentration of 0.5%. Addition of



saliva to the culture medium was performed immediately
before use to a final concentration of 25% [based on a pre-
vious study (Rogers et al. 2001)], and served two purposes:
to provide starch hydrolysates to the culture medium via
hydrolyzation by salivary amylase and to supply substrates
(urea and arginine) for alkali production by S. gordonii
and A. naeslundii (Jakubovics et al. 2008; Liu et al. 2012;
Nascimento et al. 2013).

Biofilm analyses

Determination of microbial population, biomass and
the biochemical characteristics of biofilm ECM

The sHA disks containing biofilm cultures were removed
and processed for population, biomass, and biochemi-
cal assays at distinct phases of development to provide
an overall characterization of biofilms formed by the
mutant strains of S. mutans. For microbial population
evaluation, the mixed-species biofilms were processed at
distinct time points (Figure S1). S. mutans single-species
biofilms were evaluated at 67 and 115 h. Biomass quan-
tification and biochemical assays were performed using
67 and 115 h-old mixed- and single-species biofilms to
determine the content of eDNA (Rice et al. 2007), LTA
(described below), soluble and insoluble EPS (Lemos et al.
2010), and proteins (in the soluble and insoluble portion
of biofilm suspensions).

At the selected ages, biofilms were dip-washed into
wells containing sterile 0.89% NaCl solution (saline solu-
tion). Each biofilm (disk) was transferred to a glass tube
containing 1 ml of saline solution. Next, 1 ml of saline
solution was used to wash the walls of each tube. The glass
tubes with biofilms/disks were placed in a beaker and sub-
jected to water-bath sonication for 10 min. A sterile metal
spatula was used to scrape off any remaining biofilm from
each disk surface, and the 2 ml of each biofilm suspension
were transferred to a new 15 ml tube. Next, each glass
tube was washed with 3 ml of saline solution, which was
transferred to the tube containing the initial 2 ml, yielding
5 ml of total biofilm suspension per biofilm/disk. Each
biofilm suspension (5 ml) was sonicated using a probe at
7 W for 30 s.

An aliquot of each suspension (0.1 ml) was used for a
10-fold serial dilution to determine the number of colony
forming units (CFU) by plating onto blood agar plates
(incubated ina 5% CO,/95% air atmosphere, 37°C, 48 h).
The colony morphology of each species was visually dif-
ferentiated (Figure S1). The remaining volume (4.8 ml)
was centrifuged (5,500 x g/10 min/4°C). The supernatant
(with soluble ECM components) was transferred to a new
tube and the pellet (precipitate with the microbial cells
and insoluble ECM components) was washed twice with
2.6 ml of sterile Milli-Q water (5,500 x g/10 min/4°C). The
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supernatants generated during the two washes were com-
bined with the first supernatant obtained, totaling 10 ml,
which was used to isolate and quantify water-soluble pol-
ysaccharides (WSP; Dubois et al. 1956), eDNA (Rice et al.
2007), LTA (described below), and protein (Bradford,
1976). The pellet was suspended in 2.55 ml of Milli-Q
water, of which 0.5 ml was used for quantification of insol-
uble dry-weight (biomass), 0.05 ml for the quantification
of total protein (Bradford 1976) and 1 ml for the isolation
and quantitation of water-insoluble polysaccharides (or
alkali soluble polysaccharide - ASP; Dubois et al. 1956).

Isolation and quantification of LTA. The isolation of LTA
from S. mutans UA159 for standard curve construction
was performed following the methodology described by
Sutcliffe and Hogg (1993). To isolate LTA from ECM, a
3 ml aliquot of supernatant (soluble portion) recovered
during biofilm processing (above) was mixed with 150 ul
of trichloroacetic acid (TCA, Sigma-Aldrich, St. Louis,
MO, USA) to a final concentration of 5%. These samples
were incubated with agitation at 22°C for 18 h. Next, sam-
ples were centrifuged (6,500 x g/30 min), the supernatant
was collected (saved) and an aliquot of 6 ml of ethyl ether
(Sigma-Aldrich) was used to suspend the pellet, followed
by centrifugation (6,500 x g/30 min). The resulting super-
natant was mixed with the initial supernatant, to which
three volumes of acetone were added, followed by incu-
bation at 4°C. After 24 h, the samples were centrifuged
(6,500 x g / 30 min), and the pellet washed three times
with 5 ml of acetone. The pellets were air-dried, and sus-
pended in 100 pl of MilliQ water. These samples were
stored at —80°C, until quantification via indirect ELISA.

Briefly, the antigens (LTA samples from either the
standard curve or derived from the biofilm matrix) were
used to coat microplates (at 4°C for 24 h). Uncoated LTA
was removed with three washes of 200 pl 1x PBS (137 mM
NaCl, 2.7 mM KCl, 8 mM Na,HPO,, and 2 mM KH,PO,,
pH 7) containing 0.2% Tween 20 (PBST) per well, and
wells were blocked with 200 pl of 2% bovine serum albu-
min (BSA). Plates were incubated for 2 h at room temper-
ature. The plates were washed twice with PBST, and 100 pl
of primary antibody (Gram positive bacteria LTA anti-
body, Thermo Fisher Scientific, Rockford, IL, USA; diluted
1:200) were added, followed by incubation at 4°C for 18 h.
The plates were then washed four times with PBST. Next,
100 pl of conjugated secondary antibody [goat anti-mouse
IgG (H+L), HRP conjugate, Invitrogen; diluted 1:2,000]
were added to each well, with incubation for 2 h at room
temperature. Subsequently, the plates were washed four
times with PBST. Finally, 100 pl of 30% hydrogen peroxide
were added to each well, the plates were incubated at room
temperature for 4 h, and the absorbance was measured at
405 nm on an ELISA plate reader (Biochrom Ez read 400,
Cambourne, UK).
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Glycosyl linkage analysis of the water-soluble and -insol-
uble exopolysaccharides in the ECM of mixed-species bio-
films. The structure of the extracellular water-soluble and
-insoluble polysaccharides was determined by linkage
analysis using the partially methylated alditol acetates
(PMAA) derivatization method for gas chromatography
mass spectrometry (GC-MS). Briefly, mixed-species bio-
films comprised of S. mutans UA159 parental and mutant
strains were grown as described earlier, and subjected to
WSP and ASP separation. Mixed-species biofilms of each S.
mutans strain were prepared for three distinct experiments
(four replicates per experiment) and pooled together, per
strain, to obtain a minimum of 3 mg per sample. Samples
(3 mg) were dissolved in 500 pl of dimethyl sulfoxide
(DMSO) to which 200 pl of n-butyl lithium were added,
and tubes were incubated for 40 min at room temperature.
Methyl iodide (300 ul) was added and stirred for 1 h. The
resulting mixtures were partitioned with deionized water
and chloroform. The chloroform layer was separated and
dried under a stream of nitrogen. Samples were hydrolyzed
with 2 M trifluoroacetic acid for 1 h at 121°C containing
1 mg ml™ of inositol as an internal standard. The samples
were then dried under a stream of nitrogen. Dry samples
were reduced with 100 pl of 1 M ammonium hydroxide
with 20 mg ml™! of sodium borodeuteride in DMSO for
90 min at 40°C. The reaction was quenched with glacial
acetic acid. Samples were O-acetylated with 100 pl of
1-methylimidazole and 500 pl of acetic anhydride. The
resulting partially methylated alditol acetates were parti-
tioned with deionized water and methylene chloride. The
methylene chloride layer was separated and dried under a
stream of nitrogen. Samples were dissolved in 1 ml of ace-
tone and analyzed by GC-MS (GC: Agilent 7890A (Santa
Clara, CA, USA) equipped with FID detector, MS: Agilent
5975C, column SP-2330). Linkage points were identified
by comparing peak mass fragmentation with the known
mass fragmentation in the library.

Laser scanning confocal fluorescence microscopy

imaging of biofilms and computational analyses

The 3-D morphology and structural organization of the
single- and mixed-species biofilms were examined by
simultaneous in situ labeling of EPS and bacterial cells,
as previously described (Klein et al. 2009). Briefly, 1 uM
Alexa Fluor 647-labeled dextran conjugate (absorbance/
fluorescence emission maxima of 647/668 nm; Molecular
Probes, Carlsbad, CA, USA) was added to the culture
medium at the beginning of, and during, development of
the biofilms. Bacteria in the biofilms were labeled using
SYTO' 9 green fluorescent nucleic acid stain (485/498 nm;
Molecular Probes) using standard protocols (Klein et al.
2009). The imaging was performed using a Zeiss LSM
780 microscope (Zeiss, Jena, Germany) equipped with a

20 x objective lens. Each biofilm was scanned at four ran-
domly selected positions, and a series of confocal images
were generated by optical sectioning at each of these posi-
tions. The confocal images were analyzed using Amira
6.0.1 (Mercury Computer Systems Inc., Chelmsford, MS,
USA) to create three-dimensional renderings of each
structural component (EPS and bacteria) of the biofilms
for visualization of the morphology and 3-D architecture
as detailed previously (Xiao et al. 2012). Moreover, quan-
tification of total bacterial content and EPS matrix was
performed using COMSTAT version 2 (Heydorn et al.
2000; https://www.comstat.dk).

Statistical analyses

The data were analyzed to examine whether there were
differences between the biofilms formed by each mutant
strain and the parental strain of S. mutans in single- and
mixed-species biofilms, at distinct developmental phases
using Prism 7 software (GraphPad Software, Inc., La Jolla,
CA, USA). The pH values of the spent media were evalu-
ated by two-way ANOVA using as factors biofilm type (sin-
gle- vs mixed-species) and biofilm developmental phase
(time), followed by Tukey’s test; p < 0.05). Data from pop-
ulation, biomass and biochemical analyses were evaluated
by two-way ANOVA using as factors matrix component
modulation by S. mutans strains (parental strain and dele-
tion strains), and biofilm developmental phase (67 h- and
115 h-old biofilms) in two types of biofilms, followed by
either Tukey’s multiple comparison test or Sidak’s multiple
comparison test (a« = 0.05). Moreover, Pearson’s correlation
analyses were performed between S. mutans (or total) pop-
ulation, biomass, protein, and matrix components (eDNA,
LTA, WSP, ASP and proteins) for each S. mutans strain
(parental strain and deletion strains). Biovolume quan-
tification of the bacteria and EPS in single- and mixed
species biofilms from confocal microscopy were evaluated
by two-way ANOVA using as factors distinct strains and
type of biofilm component (bacteria vs EPS).

Results

The eDNA, LTA, soluble and insoluble EPS, and proteins
of the extracellular matrix derived from single-species bio-
films (S. mutans UA159 (parental strain) or the deletion
strains) and mixed-species biofilms (S. mutans UA159 or
mutant strains, A. naeslundii and S. gordonii) were eval-
uated. The glycosyl linkages of soluble and insoluble EPS
were determined for mixed-species biofilms. In addition,
the pH of the spent culture medium, the microbial pop-
ulation and the biomass of biofilms were assessed. Lastly,
the 3-D structure of the biofilms, including the matrix
and microbial content, were examined. Overall, distinct
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features were observed depending on the gene that was
inactivated and on the type of biofilm culture.

Overall features of single- and mixed-species
biofilms

pH of the spent culture medium

The pH values of spent culture medium from single- and
mixed-species biofilms were evaluated during the devel-
opment of these biofilms at 19, 29, 43, 53, 67, 77,91, 101,
and 115 h (Figure 1A and B, respectively). The pH val-
ues at 43, 67, 91 and 115 h were significantly lower when
compared to the pH values found at 19 h for single- and
mixed-species biofilms. At those four times, the pH values
were, on average, below 5.5. The presence of the dietary
carbohydrates (0.5% sucrose and 1% starch) in the culture
medium mimicked a cariogenic challenge, as these carbo-
hydrates would be metabolized into acids (and exopoly-
saccharides). Further, the lowest pH values for the spent
medium were detected in all single-species biofilms at 29,
53 and 77 h (vs mixed-species biofilms, p < 0.05).

Population dynamics at different developmental
phases of mixed-species biofilm

A longitudinal analysis was performed to examine how
the three species, S. mutans (either parent strain or a dele-
tion strain), S. gordonii, and A. naeslundii, grew as the
mixed-biofilms developed, and to determine whether the
absence of a specific gene affected the population dynam-
ics. The three species were detected at all ages of biofilms
formed with the S. mutans parental strain or the dele-
tion strains, except at 115 h, when A. naeslundii was not
detected (Figure 2A-F). The population dynamics show
that S. gordonii was the most prevalent species at the early
stages (29-53 h) of biofilm formation, consistent with its
role as an early colonizer. However, after 67 h there was a
steady increase in the numbers of S. mutans, regardless of
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the gene deletions tested in this study, with a concomitant
reduction in S. gordonii and a substantial decrease in A.
naeslundii (Figure 2). Thus, in the in vitro model used
here, 67 h could be considered a transitional phase, key
to biofilm development and maturation.

Bacterial population of mixed- and single-species
biofilmsat 67 and 115 h
At 67 h, mixed-species biofilms formed with any of the
deletion strains showed a similar behavior compared to the
parental strain UA159 (Figure 3A): there was a small, not
statistically significant, increase in S. gordonii. At this stage,
S. mutans was not predominant, but with time it become
the predominant species in the population, as seen in
115 h-old mixed-species biofilms (Figure 3B). For 115 h-old
mixed-species biofilms, there was a significant increase in S.
mutans species for all five mutant strains (AgtfB, AlytT, AlytS,
AdltA and AditD) and the parental strain, with the largest
CFU/biofilm detected for the AgtfB strain (p < 0.05). Of note,
A. naeslundii was not detected at 115 h (see also Figure 2).
In single-species biofilms, a greater population of AgtfB
was found at 67 and 115 h (Figure 3C). In addition, there
was a significant difference in the CFU values detected
for AgtfB compared to all other strains, except AditD,
in 115 h-old S. mutans single-species biofilms (p < 0.05;
Figure 3C). Nevertheless, the Ag#fB strain was more abun-
dant when compared to the other strains at 115 h. In addi-
tion, there was a significant decrease in the CFU recovered
from mixed-species biofilms containing the AlytT strain
at 115 h, compared to 67 h (Figure 3C).

Biomass and protein content in the insoluble portion
of biofilms

The insoluble biomass data for 67 and 115 h-old biofilms
are shown in Figure 4A and B, respectively. No differences
were found in the biomass in single- (Figure 4A) and
mixed-species (Figure 4B) biofilms at both ages between
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Figure 1. pH measurements from single- and mixed-species biofilm cultures.

Notes: pH values for (A) single- and (B) mixed-species biofilms. Biofilms were evaluated at 19, 29, 43, 53,67,77,91, 101 and 115 h by measuring the pH values of the
spent medium. Statistically significant differences in pH were observed at 43, 67,91 and 115 h for the S. mutans parental strain and all mutant strains of S. mutans,
tested in both single- and mixed-species biofilms (* two-way ANOVA using as factors biofilm type (single- vs mixed-species) and biofilm developmental phase
(time), followed by Tukey’s test; p < 0.05). The data shown are averages and error bars indicate the SDs (n = 6 for all time points except for 67 h, where n = 10).
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Figure 2. Population dynamics of S. mutans, S. gordonii and A. naeslundii species during the formation of mixed-species biofilms.

Notes: The data shown are average proportions of all species at 29, 43, 53,67,77,91, 101, and 115 h post-inoculation of the biofilm cultures. Data are represented
as the percentage total population for each strain: S. mutans (blue line), S. gordonii (orange line), and A. naeslundii (gray line), where in each panel the S. mutans
strain is: (A) UA159 parental strain; (B) AgtfB; (C) AlytT; (D) AlytS; (E) AdItA; and (F) AdItD. The data shown are averages (n = 6 for all time points, except for 67 h,

where n=10).

different strains of S. mutans. However, there was a progres-
sive increase in the biomass of all biofilms from 67 to 115 h,
and this increase may be related to the increase in specific
components of the ECM over time, further discussed below.

The protein content in the insoluble portion of single-
and mixed-species biofilms at 67 h did not differ between
S. mutans mutant strains and the parental strain (Figure
4C and D). Single-species biofilms formed by AgtfB con-
tained a lower amount of total protein compared to sin-
gle-species biofilms formed by the AlytT, AdltA and AdltD
strains at 115 h (Figure 4C). Further, mixed-species bio-
films containing the AgtfB strain possessed a lower protein
content than biofilms formed by the strains AdltA and
AdItD at age 115 h (p < 0.05) (Figure 4D).

The extracellular matrix components in single- and
mixed-species biofilms

eDNA

The amount of eDNA recovered from the soluble ECM
portion of single- and mixed-species biofilms is depicted
in Figure 5A and B, respectively. Comparisons of the
amounts of eDNA detected at 67 and 115 h demonstrated
a decrease for the parental strain UA159 and an increase
for AgtfB in single-species biofilms (Figure 5A), while for
mixed-species biofilms only those formed with the AlytS
and AlytT strains showed a significant increase over time
(p < 0.05) (Figure 5B).

In single-species biofilms, at 67 h, the parental strain, S.
mutans UA159, yielded similar amounts of eEDNA as were
observed with the AlytS and AlytT strains (p > 0.05), while
at 115 h, AlytS and AlytT biofilms contained a greater
amount of eDNA. For mixed-species biofilms at 67 h there
were no statistical differences in the amount of eDNA
recovered (p > 0.05), although eDNA was proportional
to the total number of bacteria [except in the case of the
AgtfB strain, as correlation analysis of eDNA quantity and
total population were negatively correlated in this strain
(r=-0.8471; p=0.0701)]. The similarity in the amount of
eDNA detected in mixed-species biofilms may be due to
the contribution of eDNA from the other species (S. gor-
donii and A. naeslundii). However, at 115 h, a significantly
higher amount of eDNA was measured in mixed-species
biofilms containing AlytS and AlytT, compared to all other
deletion strains tested in mixed-species biofilms (p < 0.05)
(Figure 5B), but correlation analysis demonstrated that the
eDNA was not proportional to the total number of bacte-
ria for UA159 (r = 0.8419; p = 0.0099); AgtfB (r = —0.6588;
p = 0.1548); AlytT (r = —0.9447; p = 0.0045).

Extracellular lipoteichoic acids

LTA were detected in the matrix of all single- and mixed-spe-
cies biofilms, using the methodology developed in this
study (Figure 5C and D, respectively). Overall, the amount
of LTA measured at 67 and 115 h increased as the bio-
films aged; however, the values were statistically significant
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Figure 3. Bacterial population in single- and mixed-species biofilms at 67 h and 115 h development.

Notes: CFU detected in mixed-species biofilms after incubation for 67 h (Panel A) and 115 h (Panel B). No statistical differences in CFU values between strains were
detected in the 67 h biofilm cultures (Panel A) (p > 0.05; two-way ANOVA using bacterial species and S. mutans strains as factors, followed by Tukey’s test). In Panel
B, aged 115 h, CFU values are shown for the S. mutans strains and S. gordonii from mixed-species biofilms, as A. naeslundii was not detected. S. mutans was
statistically the major inhabitant at 115 h in all mixed biofilms tested (p > 0.05; two-way ANOVA using bacteria species and S. mutans strains as factors, followed
by Tukey’s test). The S. mutans strain AgtfB was detected in significantly higher quantity, compared to the other strains tested (p < 0.05). All biofilms contained
significantly increased CFU values for S. mutans at 115 h, compared to biofilms at 67 h (Panel B vs Panel A) (p < 0.05; two-way ANOVA using developmental phase
and S. mutans strains as factors, followed by Sidak’s test). Elevated numbers of S. gordonii were observed only in biofilms formed with the S. mutans strains
UA159, AlytS and AlytT (* p < 0.05; two-way ANOVA with developmental phase and S. mutans strains as factors, followed by Sidak’s test). (Panel C) S. mutans
CFU values from single-species biofilm cultures, where the symbols indicate significantly different CFU values in pairwise comparisons (p < 0.05). The AlytT strain
was the only S. mutans strain tested in single-species biofilms that differed in CFU recovered at 115 h, compared to 67 h (p = 0.0205; two-way ANOVA using
developmental phase and S. mutans strains as factors, followed by Tukey’s test). The data shown are averages and error bars indicate the SD (n = 6 for single-

species biofilms at 67 and 115 h, and for mixed-species biofilms at 115 h; n = 10 for mixed-species biofilms at 67 h).

only in single-species biofilms of S. mutans UA159 (Figure
5C), and in mixed-species biofilms containing UA159, or
the deletion strains AlytT and AdItA (Figure 5D). In sin-
gle-species biofilms, LTA levels were significantly different
between the AlytT and AdItD strains at 67 h (Figure 5C);
while at 115 h, AdItA contained elevated levels of LTA, com-
pared to the AlytS and AlytT strains (p < 0.05) (Figure 5D).
The increased extracellular LTA in the ECM of biofilms
formed by AdltA and AdltD was unexpected because the
genes dltA and ditD are involved with LTA metabolism and
their deletion was anticipated to reduce the amount of LTA
in the ECM (see Discussion section).

Water-soluble and -insoluble exopolysaccharides in
the ECM

The amounts of water-soluble (WSP; recovered from
the soluble portion of biofilms during processing) and
water-insoluble (ASP; extracted from the insoluble

portion of biofilms) exopolysaccharides are shown in
Figure 6. For both single- and mixed-species biofilms,
there was a sharp and significant increase in the amount
of WSP and ASP recovered from the ECM between 67 to
115 h (p < 0.05). Lesser amounts of WSP were detected
in single-species biofilms formed by AgtfB at both 67
and 115 h, as compared to all other strains, except AlytT,
at 67 h (Figure 6A). Moreover, the WSP content in the
ECM of single-species biofilms formed by the AlytT strain
was reduced at both 67 h (vs strains AdIltA and AdltD;
p<0.0278),and at 115 h, compared to the parental strain
(Figure 6A). The amount of WSP in mixed-species bio-
films did not vary significantly between the strains of S.
mutans tested in this study at either time period evaluated
(Figure 6B).

Measurement of the ASP content of the ECM from
single-species biofilms of all S. mutans strains were not
statistically different at the 67 h time point (Figure 6C).
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Figure 4. Insoluble biomass (dry-weight) and proteins from single- and mixed-species biofilms.

Notes: Insoluble biomass was measured from single- (Panel A) and mixed-species biofilms (Panel B) aged 67 h (black bars) and 115 h (white bars). A significant
increase in insoluble biomass was observed for all strains between 67 and 115 h for both single- and mixed-species biofilms (p < 0.05; two-way ANOVA using
developmental phase and S. mutans strains as factors, followed by Sidak’s test). Total protein was determined from single- (Panel C) and mixed-species biofilms
(Panel D) at 67 (black bars) and 115 h (white bars). At 67 h, the protein content for both single- and mixed-species biofilms was not significantly different between
tested strains. However, at 115 h, AgtfB displayed a lower amount of protein in single- (vs AlytT, AdItD and AdItA) and mixed-species biofilms (vs Ad/tD and AdItA)
(p < 0.05, two-way ANOVA using developmental phase and S. mutans strains as factors, followed by Tukey’s test). Moreover, there was a significant increase in
protein content from 67 to 115 h for AdItD and AdItA in single-species biofilms (p < 0.05; two-way ANOVA using developmental phase and S. mutans strains as
factors, followed by Sidak’s test). The plotted data are averages, and error bars indicate SDs (n = 6 for single-species biofilms at 67 and 115 h, and for mixed-species

biofilms at 115 h; n = 10 for mixed-species biofilms at 67 h).

At the 115 h time point, there was significantly less ASP
measured in the Ag#fB strain, compared to the AlytT and
AlytS strains (Figure 6C). In addition, the amounts of ASP
measured in mixed-species biofilms was similar among
all tested strains at 67 h; however, at 115 h, a reduced
amount of ASP was detected in biofilms formed by the
AgtfB strain, compared to the parental strain UA159, or
AdItA and AditD (Figure 6D). Similarly, AlytT yielded
lower amounts of ASP, compared to the UA159 parental
strain, in mixed-species biofilms at 115 h.

Overall, there was a significant increase from 67 to
115h in ASP and WSP in biofilms from all strains tested,
in both single- and mixed-species cultures. The increase
in the amounts of insoluble EPS can be directly related
to the increase in total biomass for all S. mutans strains
in single- and mixed-species biofilms, with the excep-
tions of AgtfB in single-species and AlytT and AlytS in
mixed-species biofilms. Therefore, it is hypothesized that

the lack of a functional lytST system may affect the syn-
thesis of exopolysaccharides, especially in mixed-species
biofilms.

In addition to measuring the amount of WSP and ASP,
the glycosyl linkages by GC-MS were also examined. The
type of linkages in ASP and WSP in mixed-species biofilms
formed by the S. mutans strains are shown in Table 2. The
glycosyl linkage of WSP from all biofilms were somewhat
similar, except for AdltD. In the ASP, there was a lower
percentage of 1,3-linked glucose in all mutant strains,
compared to the parental strain, UA159. Moreover, the
AdItA strain only displayed 1,4-linked glucose. The ASP
in the ECM of mixed-species formed by S. mutans UA159,
AgtfB and AdItD contained branched chains of glucose.

Soluble proteins in the ECM
The amounts of soluble proteins in the ECM of single-
and mixed-species biofilms are shown in Figure S2. A
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Figure 5. eDNA and LTA in the ECM of single- and mixed-species biofilms.

Notes: Total amounts of eDNA were measured from single- (panel A) and mixed-species (panel B) biofilms at 67 h (black bars) and 115 h (white bars). In single-
species biofilms, at 67 h, the parental strain UA159 yielded similar amounts of eDNA to those observed from the AlytT and AlytS strains (Yp > 0.05), and quantities
were greater than those measured from the other strains tested; while at 115 h, AlytT and AlytS biofilms contained a greater amount of eDNA. Significant statistical
differences are shown in comparisons of like symbols (*p < 0.0001; 5p < 0.0001; ¥p < 0.0141; *p < 0.0001; two-way ANOVA using developmental phase and S.
mutans strains as factors, followed by Tukey’s test). For mixed-species biofilms (Panel B), the amount of eDNA detected at 67 h was similar for all strains (p > 0.05),
while at 115 h, a significantly higher amount of eDNA was measured in biofilms with AlytT and AlytS compared to all other strains (*p < 0.05; two-way ANOVA
using developmental phase and S. mutans strains as factors, followed by Tukey’s test). In addition, total amounts of extracellular LTA were measured from single-
(panel C) and mixed-species (panel D) biofilms at 67 h (black bars) and 115 h (white bars). Overall, the amount of LTA measured at 67 and 115 h increased as
the biofilms aged; however, the values were statistically significant only in single-species biofilms of S. mutans UA159 (Panel C), and in mixed-species biofilms
containing UA159, or the deletion strains AlytT and AdItA (Panel D) (*p < 0.05; two-way ANOVA using developmental phase and S. mutans strains as factors,
followed by Sidak’s test). In mixed-species biofilms, the amounts of LTA (Panel D) were significantly different between the AlytT and Ad/tD strains at 67 h (#); while
at 115 h, AdItA contained more LTA than the AlytT and AlytS strains (5p < 0.05; two-way ANOVA using developmental phase and S. mutans strains as factors,
followed by Tukey's test). The plotted data are averages, and error bars indicate the SDs (n = 6 for single-species biofilms at 67 and 115 h, and for mixed-species
biofilms at 115 h; n = 10 for mixed-species biofilms at 67 h).

significant increase in soluble proteins was observed
for AlytT, AdltA and AdItD strains from 67 to 115 h
for single-species biofilms (Figure S2A). However, as
mixed-species biofilms aged, no statistically significant
changes were measured in protein content of the ECM
(Figure S2B). The amount of soluble proteins in the
ECM did not vary significantly at 67 h between the six
strains evaluated in single-species biofilms. At 115 h,
the AgtfB strain contained the least amount of protein,
compared to four of the other strains tested, except
AlytS (Figure S2A). Also, there were no differences
in the amount of proteins recovered from the ECM
of mixed-species biofilms at 67 h, but at 115 h, AgtfB
biofilms were reduced in protein content, compared to
UA159 and AdItA.

Correlation data between S. mutans population,
biomass, protein, and matrix components (eDNA, LTA,
WSP, ASP and proteins) for each S. mutans strain in
single- and mixed-species biofilms

EPS, represented as WSP and ASP quantities, correlated
positively and significantly in both single- and mixed-spe-
cies biofilms of all strains as the biofilms aged (r > 0.7974;
p < 0.004; Tables S1-S6). For the UA159 parental strain,
the S. mutans population did not show significant cor-
relation with other biofilm parameters in single-species
biofilms, while in mixed-species biofilms strong positive
correlations were found for biomass, biofilm proteins,
LTA, WSP and ASP, meaning that as these biofilms aged
and the S. mutans population increased, the quantity of
these components also augmented (Table S1). Biomass
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Figure 6. Water-soluble and -insoluble exopolysaccharides in the ECM of single- and mixed- species biofilms.

Notes: Total amounts of extracellular water-soluble exopolysaccharides (WSP) were measured from single- (Panel A) and mixed-species (Panel B) biofilms at 67 h
(black bars) and 115 h (white bars). Total amounts of extracellular water-insoluble exopolysaccharides (ASP) were measured from single- (Panel C) and mixed-
species (Panel D) biofilms at 67 h (black bars) and 115 h (white bars). For both single- and mixed-species biofilms, there was a significant increase in the amount of
WSP and ASP in the ECM between 67 to 115 h (p < 0.05; two-way ANOVA using developmental phase and S. mutans strains as factors, followed by Sidak’s test —
symbols representing statistical analysis outcome are not depicted in the graphs). In single-species biofilms (Panel A), AgtfB contained less WSP in the ECM at both
67 and 115 h, compared to all other strains tested, except AlytT, at 67 h (*p < 0.03; two-way ANOVA using developmental phase and S. mutans strains as factors,
followed by Tukey’s test). The biofilm derived from the AlytT strain was composed of less WSP at the 67 h time point (vs strains Ad/tA and AdItD; #p < 0.0278), and
at 115 h (vs parental strain; op = 0.0099; two-way ANOVA, followed by Tukey’s test). In mixed-species biofilms (Panel B), there was no significant variation in WSP
between strains at 67 h or at 115 h (p > 0.05). ASP measurements were similar for all strains at 67 h in single-species biofilms (Panel C); while at 115 h, the AgtfB
strain contained less ASP (vs AlytT and AlytS strains; Sp < 0.02; two-way ANOVA using developmental phase and S. mutans strains as factors, followed by Tukey’s
test). In mixed-species biofilms, there were no differences between strains for ASP at 67 h (Panel D); however, at 115 h, there was less ASP for the AgtfB strain (vs
parental strain UA159, AdItA and AdItD; Yp < 0.02; two-way ANOVA using developmental phase and S. mutans strains as factors, followed by Tukey’s test). The
plotted data are averages, and error bars indicate the SDs (n = 6 for single-species biofilms at 67 and 115 h, and for mixed-species biofilms at 115 h; n = 10 for
mixed-species biofilms at 67 h).

Table 2. Glycosyl linkage data of the water-soluble and -insoluble  amounts correlated positively and significantly with LTA,

exopolysaccharides from the ECM of mixed-species biofilms. WSP and ASP while there was a negative correlation with
Water-soluble exopolysaccha-  Water-insoluble exopol- eDNA in both single and mixed species biofilm cultures

rides ysaccharides containing UA159. Moreover, eDNA correlated negatively
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Note: Data shown are average + SD of the percentage for each type of linkage. films there was a positive correlation between S. mutans



population and EPS (WSP and ASP) and biomass (Table
S2). Biomass correlated positively with eDNA, LTA, WSP
and ASP, being statistically significant for eDNA and WSP in
single-species AgtfB; but biomass correlated positively only
with WSP and ASP in mixed-species AgtfB. For the AgtfB
strain, eDNA amounts correlated strongly and positively
with LTA, WSP and ASP in single-species, while there were
no significant correlations of eDNA with any component in
mixed-species biofilms. For LTA, there were no strong cor-
relations with biofilms components in single- or mixed-spe-
cies biofilms by AgtfB (except eDNA in single-species).

The S. mutans population of the AlytT strain showed
no significant correlation with any of the biofilm com-
ponents in single-species biofilms, but it had significant
strong positive correlations with biomass, eDNA, LTA,
WSP and ASP in mixed-species biofilms (Table S3). In bio-
films with AlytT strain, the biomass correlated positively
with WSP, ASP and proteins in the ECM in single-spe-
cies biofilms (r = —0.748; p = 0.0051); while biomass only
correlated positively and significantly with LTA and WSP
in mixed-species biofilms. Interestingly, eDNA correla-
tion with biofilm components was different in single- vs
mixed-species biofilms of AlytT strain. In single-species
biofilms of AlytT, eDNA showed strong and negative sig-
nificant correlation with EPS (WSP and ASP) and proteins
in the ECM; while in mixed-species biofilms the strong
correlations of eDNA with WSP and ASP were positive.
LTA showed significant positive correlation only with
WSP in the ECM (r = 0.6893; p = 0.0190).

The S. mutans population of AlytS strain showed signif-
icant negative correlation with biomass, LTA and WSP in
single-species biofilms, while in mixed-species biofilms it
correlated positively with biomass, eDNA, WSP and ASP
(Table S4). Biomass of AlytS biofilms showed significant
positive correlation with WSP and ASP in a single-species
setting, but not correlated with eDNA and ASP in the
mixed-species model. eDNA content in the ECM of AlytS
strain biofilms showed a significant strong positive corre-
lation with ASP in single-species setting, and with WSP
and ASP in the mixed-species model as biofilms aged.
In addition, LTA did not show strong correlations with
components of both single- and mixed-species biofilms
formed by the AlytS strain.

For the AdItA strain, the S. mutans population only
showed significant positive correlation with WSP and ASP
in mixed-species biofilms (Table S5). Biomass yielded a
significant positive correlation with WSP and ASP in both
biofilm types, and also with proteins only in a single-spe-
cies setting of AdItA strain. eDNA did not correlate with
any parameters evaluated in both biofilm types of AditA,
except with proteins in mixed-species biofilms. LTA only
showed significant positive correlation with ASP and pro-
teins in the ECM of AdItA mixed-species biofilms.
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The S. mutans population of AdItD strain showed no
significant correlation with any of the biofilm components
in single-species biofilms, while in mixed-species biofilms
it correlated positively with biomass, proteins in biofilm,
WSP and ASP (Table S6). The biomass of AdItD biofilms
showed significant positive correlation with proteins in
biofilm, WSP and ASP in both biofilm types, while it
also correlated with LTA and proteins in the ECM in sin-
gle-species setting, and eDNA only presented significant
negative correlation with WSP in mixed-biofilms of AditD.
In addition, LTA showed a significant positive correlation
with ASP in both biofilm types of AdltD, and with WSP
in a single-species biofilm.

3-D architecture, quantity of bacteria, and EPS
content in the single- and mixed-species biofilms

The 3-D architectural organization was evaluated in
115 h-old single- and mixed-species biofilms, and rep-
resentative images are depicted in Figure 7. As expected,
single-species biofilms formed by the parental strain,
UA159, presented well-defined bacterial microcolonies
enmeshed with an ESP matrix, while biofilms created by
the AgtfB strain lacked defined microcolonies (Koo et al.
2010; Xiao et al. 2012). While the AgtfB strain does not
have a functional GtfB enzyme for ASP production on
bacterial surfaces, the intact GtfC enzyme has affinity for
the sHA surface, forming a carpet-like EPS matrix on it
(Koo et al. 2010; Xiao et al. 2012). The 3-D structures
of single-species biofilms of the AlytT, AlytS and AdItA
strains were similar, and displayed larger, more defined
microcolonies, compared to UA159, though biofilms of
AdItD contained areas devoid of microcolonies. Therefore,
inactivation of ditD appeared to have a greater influence
on the 3-D assembly of S. mutans single-species biofilms
(Figure 7, top panels).

The 3-D structure of mixed-species biofilms was strik-
ingly different from that of single-species biofilms, which
was also evident in measurements of the biovolume (bio-
mass), EPS content (Figure 8), and the profile of the dis-
tribution of bacteria and EPS (Figures 9 and 10). In the
mixed-species biofilms, well-defined microcolonies were
essentially absent in all biofilms containing the S. mutans
mutant strains, and sparsely observed in biofilms with the
S. mutans parental strain, UA159.

Discussion

All biological events occurring in the construction of a
biofilm are germane, especially those involved in ECM
formation, to the development of effective approaches for
the prevention and treatment of pathogenic biofilms. Thus,
the present study evaluated the biochemical composition
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Single-species biofilms

Mixed-species biofilms
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Figure 7. 3D architecture of the single- and mixed species biofilms.

Notes: Representative 3-D renderings of single- (upper panel) and mixed-species (lower panel) biofilms formed by S. mutans parental (UA159) and mutant strains
(AgtfB, AlytT, AlytS, AdItA, and AdItD) at 115 h. Biofilms were labeled as described in Materials and methods. Nucleic acids were stained green with SYTO" 9 green
fluorescent nucleic acid stain and the extracellular polysaccharides are stained red with Alexa Fluor® 647-labeled dextran conjugate. The imaging was performed
using a Zeiss LSM 780 microscope equipped with a 20x objective lens. The larger image in each set represents the overlaid images of the red and green channels.
The lower image is a cross-section of the biofilm with overlaid images. Scale bar: 25 pm.
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Figure 8. Biovolume of bacteria and EPS in single- and mixed species biofilms.

Notes: Biovolume is represented as biomass (um? pm~2) of bacteria (black bars) and EPS (white bars) for single- (Panel A) and mixed-species (Panel B) biofilms
at 115 h. (Panel A) For single-species biofilms, two-way ANOVA demonstrated no interaction between distinct strains and biofilm component (bacteria vs EPS).
Sidak’s multiple comparison test demonstrated significant differences for all mutants compared to parental strains (p < 0.05), except for AlytT. Moreover, no
differences were found by comparing all mutants against each other for both bacteria and EPS biomass. The plotted data are averages, and error bars indicate
the SDs (n = 4). (Panel B) For mixed-species biofilms, two-way ANOVA demonstrated no interaction between distinct strains and biofilm component, but distinct
strains factor and biofilm component factor (bacteria vs EPS) were significant (p < 0.0001). The Tukey’s multiple comparison test demonstrated that bacteria and
EPS biomass of biofilm with parental strain UA159 was significantly different (higher) than all deletion strains tested (p < 0.05). The plotted data are averages, and
error bars indicate the SDs (n = 4 for single-species biofilms; n = 8 for mixed-species biofilms).

of the ECM, detecting the presence and content of eDNA,
LTA, water-soluble and -insoluble exopolysaccharides,

the components were more abundant in 115 h-old bio-
films, although there was a relatively greater amount of

and soluble proteins at various stages of biofilm develop-
ment, as eDNA interacts with EPS in the early phases of
biofilm development, while LTA participates in the mat-
uration of matrix and biofilm. In general, as expected,

these components in single-species biofilms, compared
to mixed-species biofilms. This phenomenon can be
explained by the presence of other non-mutans species
in mixed-species biofilms, that may interfere with, or
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Figure 9. Profile of the distribution of bacteria and EPS in each of the single-species biofilms.
Note: The data shown are the mean percentage coverage per area from the interface substratum/biofilm (HA disk) to the top (outer layer) of each biofilmat 115 h

(n =12 images per biofilm).
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Figure 10. Profile of the distribution of bacteria and EPS in each of the mixed-species biofilms.
Note: The data shown are the mean percentage coverage per area from the interface substratum/biofilm (HA disk) to the top (outer layer) of each biofilmat 115 h

(n =15 images per biofilm).

stimulate, specific components in the ECM of S. mutans.
Furthermore, the deletion of specific S. mutans genes not
only affected ECM composition, but also the population
dynamics and 3-D architecture of biofilms.

The relationship between the abundance of carbohy-
drates (sucrose and starch), and incubation time, could

help increase adhesion of microorganisms to the HA sur-
face and build-up of matrix. In the modern diet, sucrose
and starch are ingested simultaneously or interleaved,
and starch can increase the cariogenic power of sucrose
(Ribeiro et al. 2005; Duarte et al. 2008; Klein et al. 2009,
2010). Moreover, the presence of both sucrose and starch



736 M. C. CASTILLO PEDRAZA ET AL.

in biofilm cultures and the presence of other species (in a
mixed-species setting) have been shown to enhance the
expression of gene products in S. mutans (including eDNA
and LTA) that are involved with ECM assembly in cario-
genic biofilms (Klein et al. 2010, 2012).

In mixed-species biofilms, S. mutans and S. gordonii
were present throughout the developmental process, while
A. naeslundii was not observed at 115 h. S. mutans has
been shown to be the cariogenic species that increases in
population over time, under appropriate conditions, but
is not always the most abundant organism in the early
colonizer community on the tooth surface (Takahashi and
Nyvad 2011; Mattos-Graner et al. 2014). Thus, favorable
conditions, such as an abundance of fermentable car-
bohydrates to produce acids and to serve as a substrate
(sucrose) for enzymes that synthesize soluble and insol-
uble EPS, can promote the growth of S. mutans (Bowen
and Koo 2011).

S. gordonii and A. naeslundii can produce alkali using
salivary substrates such as arginine, via the arginine
deiminase system (S. gordonii ADS) and urea, via the ure-
ase enzyme (A. naeslundii) (Liu et al. 2012; Nascimento
etal. 2013). Presumably, alkali-producing bacteria protect
against the acidification of the biofilm and prevent the
growth or dominance of cariogenic microorganisms that
thrive under acidic conditions, while also helping to pre-
vent the deleterious effects of demineralization. However,
in the current model, the presence of both S. gordonii and
A. naeslundii did not hinder acidification and predomi-
nance by the S. mutans population at later stages of biofilm
development. Alkali production by A. naeslundii and S.
gordonii may not overcome the acid produced by S. mutans
during biofilm growth. Of note, S. gordonii was the most
prevalent species in the early stages (29-53 h) of biofilm
formation, consistent with its role as an early colonizer.
This observation could be explained by the production
of hydrogen peroxide by the organism, thereby estab-
lishing a niche during the adhesion process (Kreth et al.
2008); or, because this species has more affinity to the sal-
ivary pellicle (Nobbs et al. 2009). Thus, those two species
did not outcompete S. mutans in the present model, and
may have benefited from the EPS matrix assembled by S.
mutans, even in the biofilms formed by deletion strains.

The increased arginine metabolism associated with a
dentifrice containing arginine may exert an inhibitory
effect on caries (Nascimento et al. 2014). However, species
that encode ADS and urease are also capable of acidogen-
esis and aciduricity. But, whether the use of arginine and
urea would serve to neutralize the acidic environment in
biofilms, or whether these systems would enable compe-
tition against other aciduric species, affecting the con-
struction of the ECM, needs to be further elucidated.
A recent study used topical application of arginine in a

biofilm model similar to the one used in this study (how-
ever, without saliva in the culture medium or alternating
carbohydrate concentrations). The results of that study
demonstrated that high concentrations of arginine have
a negative influence on the amount of EPS in the matrix
of mixed-species biofilms (He et al. 2016). Therefore,
understanding population dynamics is important for the
application of strategies to control pathogenic biofilm for-
mation (ie inactivation of specific species or the metabolic
pathways of such species).

Clearly, all components of the ECM evaluated were
present in the biofilms. The three species used in the
mixed-species model could be producing eDNA and
LTA and protein (Neuhaus and Baddiley 2003; Kreth
et al. 2009), although S. mutans appears to be the main
pathogen under the cariogenic conditions mimicked here.
In the transition phase between 67 h and 115 h (mature
biofilm), both eDNA and LTA are released in the ECM
while soluble and insoluble EPS are being synthetized,
resulting in an increased amount of these components in
the mature biofilm in both single- and mixed-species bio-
films. The gtfB gene product has been shown to influence
the formation of cariogenic biofilms and the composition
of the matrix components (Xiao et al. 2012). Fewer ASP
measured in biofilms formed by the AgtfB strain was antic-
ipated, as the enzyme encoded by this gene (GtfB) is one
of the glucosyltransferases responsible for the synthesis of
ASP (Bowen and Koo 2011; Xiao et al. 2012).

The initial hypothesis was that eDNA release could be
due to expression of lytST (Klein et al. 2010); thus, using
strains deleted for these genes should negatively affect
the presence of eDNA in the ECM. However, the mutant
strains AlytT and AlytS generally had the highest amounts
of eDNA, when compared to all strains tested in single-
and mixed- species biofilms, reinforcing that both IytT
and [ytS genes participate in eDNA modulation of the
extracellular matrix, as previously demonstrated (Ahn et
al. 2010; Liao et al. 2014). However, it was expected that
the amount of eDNA would be lower when compared to
the S. mutans parental strain. Therefore, it is postulated
that the discrepancy observed may be because the lack of
a functional IlytST TCS could increase cell wall turnover,
thereby increasing the secretion of microvesicles contain-
ing eDNA, or trigger additional pathways that culminate
in augmented release of DNA to the matrix. Thus, the
lack of AlytT or AlytS could help the formation of a highly
cohesive matrix that would increase the production of
exopolysaccharides and eDNA, which provides a nega-
tive charge to the ECM. The encounter of a negatively
charged net of extracellular polymeric substances by a
positively charged agent (that should penetrate or diffuse
into it) can reduce the concentration and speed of this
agent to reach microbial cells hindering its effects on the



cells (Flemming and Wingender 2010). Thus, the higher
amounts of eDNA detected in biofilms containing AlytT
or AlytS could influence the action of preventive agents or
cationic therapeutics (eg chlorhexidine; Xiao et al. 2012).

Clearly, other factors must be influencing the amount
of eDNA. It is possible that the presence of IytT or IytS in
the AlytS and AlytT strain, respectively, enables S. mutans
to effectively release eDNA. Additional studies using a
IytST double mutant may elucidate the exact extent of this
system in eDNA release. The absence of [ytT did result in
an increase in soluble EPS content from 67 to 115 h in
single-species biofilms. However, when both AlytT and
AlytS were first grown as single-species biofilms on sHA
disks and evaluated (Chatfield et al. 2005), it was found
that there were no marked differences from the paren-
tal strain biofilm for biomass, and soluble and insoluble
EPS after five days of growth. Previously, both AditA and
AditD were shown to have poor acid survival in plank-
tonic cultures and single-species biofilm formation defi-
ciencies on polystyrene surface in the presence of sucrose
or glucose (Quivey et al. 2015), which were not observed
here. The differences could be explained as the result of
distinct parameters, including cycling low concentrations
of sucrose and a combination of sucrose and starch instead
ot high sucrose only, the presence of 25% saliva in the cul-
ture medium and the biofilm substratum. Consequently,
perhaps IytT would be a candidate for further research.
In some bacterial species, such as Enterococcus faecalis
and Pseudomonas aeruginosa, part of the biofilm popula-
tion sacrifices itself for the community, via cell lysis, and
releases eDNA into the biofilm milieu (Thomas et al. 2009;
Turnbull et al. 2016). However, it is currently unknown
whether S. mutans may behave similarly.

The negative correlation of eDNA amount with bio-
mass and other ECM components as UA159 single- and
mixed-species biofilms aged points to eDNA having a role
in the early stages of ECM and biofilm development, as
suggested previously (Liao et al. 2014). The role of eDNA
in the early stages is corroborated by the data found for
the AgtfB strain in single-species biofilms where less
EPS (both ASP and WSP) was detected and EPS corre-
lated positively with the amount of eDNA, because ECM
accumulation is slower over time, maintaining AgtfB
biofilms in a ‘younger’ state compared to the biofilms
of the parental strain that present a massive build-up as
they aged. The absence of IytS (sensor kinase) and IytT
(response regulator) augmented the amount of eDNA in
the ECM. Furthermore, eDNA presented a strong positive
correlation with EPS as biofilms aged for single- (ASP)
and mixed-species (WSP and ASP) for AlytS, while in
AlytT biofilms, eDNA correlated negatively with EPS in
a single-species setting, but positively in a mixed-species
model. There is no clear explanation for the contradictory
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behavior of eDNA and EPS in the matrix of both the AlytT
and AlytS strains. Possible explanations are (1) that there is
an overlap of controlling mechanisms to augment eDNA
in the ECM at later stages of biofilm development for AlytS
and (2) that in a mixed-species model, other species con-
tribute to the amount of eDNA in the ECM.

The gene products of the operon dlitABCD are asso-
ciated with LTA metabolism (Neuhaus and Baddiley
2003). The increase in extracellular LTA in the ECM of
biofilms formed by AditA and AdltD was unexpected,
thus, the absence of either dItA or dItD in the dlitABCD
operon may trigger an unknown compensatory pathway,
causing an increase in LTA release to the matrix by these
strains. Therefore, it is postulated that there could be an
increase in the remodeling of the cell wall, making these
genes relevant as targets in future anti-biofilm therapies,
as previously suggested (Qiu et al. 2015). Moreover, the
D-alanization process mediated by a functional dlt operon
has been shown to confer resistance to cationic antimi-
crobial agents in Streptococcus pneumoniae (Kovacs et al.
2006), but how it would affect strategies against cariogenic
biofilms warrants further studies. Moreover, it was demon-
strated here that the loss of dltA and ditD influenced the
production of all components of the extracellular matrix,
particularly an elevated ASP content in single-species bio-
films (at 67 h) and increased protein content in the ECM
(at 115 h). High levels of LTA have been measured in in
vivo plaque biofilms induced by sucrose (Rolla et al. 1980),
and the presence of LTA in the ECM was confirmed in the
experiments described here, showing an association with
increased amounts of EPS.

As EPS are a virulence determinant in cariogenic bio-
films (Koo et al. 2013), LTA metabolism should be taken
into account to prevent the development of these biofilms,
especially since LTA was positively correlated with WSP,
ASP and proteins in the ECM, indicating that it may play
arole in all stages of biofilm development, different from
eDNA for UA159. The lack of strong and significant cor-
relations between LTA and other components (except with
eDNA in single-species biofilms) in AgtfB biofilms rein-
forces the theory that LTA is needed for ECM assembly
and bulky accumulation over time. In addition, eDNA
and LTA showed significantly strong negative correla-
tions in UA159 single- and mixed-species biofilms and
positive correlations for AgtfB in single-species biofilms.
Furthermore, eDNA and LTA did not show significant
correlation in the AlytS, AlytT, AdItA and AdItD strains,
although in mixed-species biofilms of AlytS and AlytT
there was moderate positive correlation as the biofilm
aged because the other two species also contributed to
the eDNA in the ECM.

Furthermore, the 3-D architecture, the EPS and bac-
terial biovolume of single- and mixed-species biofilms
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were strikingly distinct. In single-species biofilms,
well-defined microcolonies were detected for all strains,
except for AgtfB. The presence of both S. gordonii and
A. naeslundii negatively influenced (1) the assembly of
well-defined microcolonies in all biofilms (although the
UA159 parental strain had some sparsely distributed), and
(2) biofilm accumulation, leading to lower EPS and bac-
terial biovolume. Both factors can influence the diffusion
of metabolites and how antimicrobial agents reach the
microorganisms. In previous studies, it was demonstrated
that inside large microcolonies, acidic niches can be cre-
ated that could promote tooth demineralization (Xiao et al.
2012; Hwang et al. 2016). The lack of distinct microcol-
onies could be due to the influence of S. gordonii and A.
naeslundii on the construction and assembly of the 3-D
structure of microcolonies, such that the EPS is spread
across the biofilm and not concentrated at specific areas,
appearing as a carpet-like morphology rather than the
‘peaks and valleys’ observed in single-species biofilms.
It is hypothesized that this may be occurring because of
localized alkali production by S. gordonii and A. naeslun-
dii that can interfere with the activity of Gtfs and glucan
binding proteins (Gbps), possibly hindering the synthesis
of glucans and/or the cross-linking of the glucans being
produced, thereby affecting the 3-D structure.

No in vitro model can mimic perfectly the diversity of
the microorganisms that the mouth harbors, and none
of them contain or reproduce all the factors that drive
the composition of the oral microbiota and biofilm archi-
tecture. Nevertheless, it is critical to use mixed-species
biofilms to evaluate the extent of potential virulence traits
of a pathogen naturally living in a polymicrobial envi-
ronment (such as the oral cavity). This is supported by
the data from this study demonstrating that single- and
mixed-species biofilms were not significantly different in
terms of their biochemical composition/quantification of
ECM components; however, the 3-D structure, and its
quantitative features, showed a distinct scenario that must
be considered when interpreting research data.

In summary, the current work provides evidence that
both eDNA and LTA are present concomitantly with sol-
uble and insoluble EPS in the biofilm matrix, contributing
to the 3-D structure. Specifically, eDNA and LTA inter-
act with EPS in the extracellular matrix of cariogenic S.
mutans biofilms at distinct developmental phases, with
eDNA being an important factor in the early stages and
LTA in the later stages. Therefore, preventative and/or
therapeutic interventions affecting the development of
biofilms, specifically ECM components, could minimize
the pathogenicity of virulent biofilms. Future studies
should determine the best genetic targets to prevent the
accumulation of those biofilms and to reduce the burden
of dental caries.
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