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Abstract: An in situ study was conducted to examine the mode of action of a 0.454% stannous
fluoride (SnF2)-containing dentifrice in controlling the composition and properties of oral biofilm.
Thirteen generally healthy individuals participated in the study. Each participant wore an intra-oral
appliance over a 48-h period to measure differences in the resulting biofilm’s architecture, mechanical
properties, and bacterial composition after using two different toothpaste products. In addition,
metatranscriptomics analysis of supragingival plaque was conducted to identify the gene pathways
influenced. The thickness and volume of the microcolonies formed when brushing with the SnF2

dentifrice were dramatically reduced compared to the control 0.76% sodium monofluorophosphate
(MFP)-containing toothpaste. Similarly, the biophysical and nanomechanical properties measured by
atomic force microscopy (AFM) demonstrated a significant reduction in biofilm adhesive properties.
Metatranscriptomic analysis identified pathways associated with biofilm formation, cell adhesion,
quorum sensing, and N-glycosylation that are significantly downregulated with SnF2. This study
provides a clinically relevant snapshot of how the use of a stabilized, SnF2 toothpaste formulation
can change the spatial organization, nanomechanical, and gene expression properties of bacterial
communities.

Keywords: oral biofilm; stannous fluoride; dental plaque; oral health; oral microbiome; toothpaste

1. Introduction

Currently, the Centers for Disease Control has reported that close to 50% of all US
adults of 30 years or older has some form of gum disease, with the percentage of incidents
increasing to 70% among adults 65 years or older [1]. The early stage of the disease is
called gingivitis, where bacterial infection and host response leads to swollen and bleeding
gums. If left untreated, the disease progresses to a more serious and irreversible form
called periodontitis, where gum recession and bone detachment lead to tooth loss [2].
Periodontal disease has been associated with cardiovascular disease, diabetes mellitus, and
adverse pregnancy outcomes, implicating oral health as an important factor in systemic
health [3]. The primary factor contributing to gum disease and tooth decay is plaque
accumulation on teeth [4]. Dental plaque or the oral biofilm is formed by the three-
dimensional organization of microorganisms on the oral surfaces. The microorganisms
are embedded in the exo-polysaccharide matrix secreted by its inhabitants [5]. The exo-
polysaccharide matrix is comprised of sugars, proteins, lipids, and extracellular nucleotides.
The matrix provides architecture, strength, and protection to the embedded microbial
cells, making them resistant to antimicrobial agents [6]. An oral cavity serves as a perfect
environment for biofilm formation due to its optimum temperature, pH, and nutrient
supply. The accumulation and maturation of plaque over time can result in caries, gingivitis,
and periodontitis [7].

Currently, the best method to maintain good oral health and prevent gingivitis and
caries is a consistent oral hygiene habit that consists of brushing one’s teeth twice per
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day with a fluoride-containing toothpaste. Fluoride inhibits enamel demineralization
and promotes remineralization by incorporating into apatite crystals, preventing caries
formation [8]. Further improvements in plaque and gingivitis reduction can be achieved by
brushing with oral hygiene products containing metal actives or quaternary ammonium
compounds [9–11]. These compounds control the growth and accumulation of bacteria
along various oral niches (i.e., teeth, gums, cheeks, and tongue) [12].

Stannous fluoride (SnF2) is one such antibacterial agent that has a long history of
inclusion in toothpaste and mouthrinse formulations for anti-caries, erosion protection,
hypersensitivity relief, and plaque and gingivitis control [13–17]. Formulations containing
SnF2 have been around since the 1950s. The stability of the formulation has been signif-
icantly increased by the addition of 1% zinc phosphate [18]. Publications have reported
the means by which SnF2 interrupts molecular processes, leading to gum inflammation
and protecting enamel against acid erosion challenges [19,20]. There have been limited
publications, however, on the effect of SnF2 on the composition, structure, and mechanical
properties of the oral biofilm [21]. With the advent of advanced imaging systems and
multi-omics approaches [22,23], researchers can better observe biological changes and gain
new insights into the mode of action of the anti-bacterial agent. The application of atomic
force microscopy (AFM) to study the biomechanical properties of multi-species biofilm
have been reported previously [24–26]; however, few articles have provided information
on the biomechanical properties of in situ-formed biofilm as a function of oral hygiene
treatment. Similarly, confocal laser scanning microscopy provides a high-resolution view of
biofilm architecture, thickness, and volume; moreover, when combined with Fluorescence
In situ Hybridization (FISH), additional information can be acquired regarding the bacteria
geographical distribution within plaque [27,28]. The FISH technique is limited, however,
to the probes available. The 16S rRNA gene and metagenomic sequencing have similarly
been developed to provide information on the composition of the microbiome down to
species and, in some cases, strain level resolution [29,30]. Metatranscriptomic analysis
further provides information regarding the gene expression of microbial species in a given
environment. The objective of this study is to explore the impact of brushing with an
SnF2-containing toothpaste on the biology and nanomechanical properties of oral biofilms.
In order to achieve this goal, imaging and sequencing-based techniques have been used.

In this publication, we demonstrate the mode of action by which brushing with
an SnF2-containing toothpaste controls the accumulation and growth of biofilm on oral
surfaces. The results demonstrate why brushing with stable SnF2 formulations improves
one’s oral health benefits beyond that which is obtained from traditional mechanical plaque
removal via tooth brushing with a regular fluoride toothpaste.

2. Materials and Methods

A sequential monadic clinical study was conducted at the Colgate Technology Campus
in Piscataway, NJ, USA. This study was approved by the US Institutional Review Board, Inc.,
Miami, FL, USA (IRB#-U.S.IRB2020CP/02). All participants provided written informed
consent before participating in the study.

2.1. Inclusion Criteria

Participants were included in the study if they met the following criteria: male or
female, 18–65 years of age that were in good general health and available for the duration
of the study; willing to sign the consent form and provide information on their medical
history; willing to wear an intra-oral appliance, and had at least 20 natural teeth (excluding
third molars and crowns).

2.2. Exclusion Criteria

Participants were excluded if they met the following criteria: were participating in
another oral clinical study, exhibited an oral pathology, chronic disease, or had a history
of allergy to oral or personal care products or their ingredients; used anticonvulsants,
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antihistamines, antidepressants, sedatives, tranquilizers, anti-inflammatory medication,
or daily analgesics within one month prior to the start of the study or were scheduled to
starting such intake during the course of the study; were pregnant or breastfeeding; used
antibiotics or therapeutic mouthwash any time during or three months prior to entry into
the study; ongoing use of medications known to affect the gingival tissues (i.e., calcium
channel blockers, phenytoin, cyclosporine); evidence of periodontal disease (i.e., purulent
exudate or tooth mobility); had periodontal treatment 12 months before the beginning of
the study; were current smokers or had a history of alcohol or drug abuse; had 5 or more
decayed untreated dental sites at screening; had a known salivary function impairment.

2.3. Study Visits and Clinical Procedures

Participants were first screened to assess whether they met the inclusion/exclusion
criteria. At the screening, participants’ demographics and medical history were recorded,
and an oral soft tissue examination was conducted. After signing an informed consent form,
being provided a privacy notice, and meeting all inclusion requirements, participants were
enrolled in the study. Thirteen participants were enrolled in the study. The participants
were blinded to the products provided.

2.4. In Situ Model (Retainer with HAP Discs) Preparation and Design

Maxillary impressions of each participant were taken by the dental hygienist. The
impressions were poured with dental hard stone. The entire upper jaw’s retainer was fabri-
cated with mouthguard material (Benco Dental, Pittston, PA, USA), of 0.040”X5”X5”clear
thickness, using a heat/vacuum machine (Vacuum formers, Machine III, Keystone indus-
tries GmbH, Singen, Germany) and molded onto an impression where separate niches were
created to fit hydroxyapatite (HAP) discs. Holes were made on the retainer at these sites to
allow saliva flow and biofilm formation on the buccal side. Eight sterile hydroxyapatite
(HAP) discs (5 mm in diameter, 2 mm thickness, HiMED Inc., Old Bethpage, NY, USA)
were fitted (using sticky wax to secure placement) into the niches within the intra-oral
retainer. Four HAP discs were seated at positions over the upper right premolars and
molars and 4 over the upper left premolars and molars (Figure 1). A complete description
of the device can be found in [29].
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2.5. Intra-Oral Appliance Wear Instructions

Participants were instructed to wear the intra-oral appliance (Figure 1) for 48 h, only
removing it during tooth brushing, eating, and drinking. Participants were told to insert
the retainer immediately after tooth brushing and 30 min after eating and drinking.

2.6. Clinical Study Design

The overview of the clinical study design is provided in Figure 2. After signing the
informed consent form, participants were given a regular fluoride-containing toothpaste
(Colgate Dental Cream (sodium monofluorophosphate (0.76%; 0.15% w/v fluoride ion),
Colgate Palmolive Co, New York, NY, USA) and a commercial, soft-bristled manual tooth-
brush to use for 7 days prior to the start of the study. They were instructed to brush for two
minutes, 2 times a day. They were asked not to use any oral rinse or oral hygiene product
during this time period. Prior to the Baseline visit, they were told to refrain from any oral
hygiene procedures for twelve hours prior to the examination and refrain from eating or
drinking, except water, for four hours prior to the examination.
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After 7 days, the participants returned to the clinical facility for their Baseline visit.
During this visit, the soft and hard palatal mucosa, gingival mucosa, buccal mucosa,
mucogingival fold areas, tongue, sublingual area, submandibular area, salivary glands,
tonsil, and tonsillar and pharyngeal areas were examined and the results recorded.

Participants were then given another tube of the same regular F-containing toothpaste
and were instructed to begin brushing for 2 min, 2 times a day with this product for the
next 14 days. Prior to all subsequent visits to the clinic, participants were told to refrain
from all oral hygiene procedures twelve hours prior to the examination and from eating or
drinking (except water) for four hours prior to the examination.

After the 2-week period, participants returned to the dental clinic and received an
oral soft tissue exam. They were then given the intra-oral device fitted with 8 HAP discs.
They were asked to continue to brush with the regular F-containing toothpaste. After
48 h, participants dropped off their retainers at the clinical site. They received a soft tissue
assessment, and plaque was collected from the mandibular arch and stored at −80 ◦C for
future microbiome analysis. Confocal and AFM measurements were initiated immediately
for 2 of the 8 HAP discs present in the intra-oral device. One disc was used for confocal and
another for AFM. The same disc position was used for the respective microscopy method
across panelists for consistency. The remaining HAP discs were stored at −80 ◦C for future
analysis.

At this visit, the participants received an SnF2-containing toothpaste (Colgate Total®,
Colgate Palmolive Co, New York, NY, USA) and were instructed to brush for 2 min 2 times
a day for the next 14 days. The toothpaste contained 0.454% SnF2 (0.15% w/v fluoride
ion). The participants were instructed not to use any other oral hygiene product during
this time period. They returned to the clinic after 14 days, a soft tissue assessment was
conducted, and they received their intra-oral device. The participants were given the same
instructions, i.e., to wear the intraoral device for the next 48 h except while eating, drinking,
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and brushing their teeth. After the two day period, they returned their intra-oral device,
and the clinical assessments, plaque collections, confocal microscope imaging, and AFM
measurements were repeated. The study concluded at this visit.

2.7. Confocal Laser-Scanning Microscopy (LSM)

The in situ biofilms formed on the HAP discs were stained with 2.5 µM Syto 9 Green
Fluorescent Nucleic Acid Stain (Invitrogen) for 15 min in dark as per manufacturer’s
instructions. The discs were transferred to clean PBS in a glass-bottom plate, with biofilm
facing towards the objective. Three-dimensional image stacks were collected from 5–6 fields
of view selected randomly, with an inverted Nikon C2 inverted confocal microscope under
63X magnification. The data were quantified using Imaris 3D image processing software
(Version 8.4, Bitplane, Oxford instruments, Zurich, Switzerland). Paired Student’s t-test
was conducted using Minitab v.20, State College, PA USA, to compare the volume and
thickness of the biofilms.

2.8. Atomic Force Microscopy (AFM)

All topography measurements were performed in tapping mode at room temperature
(25 ◦C) using a MultiMode 8 AFM with a NanoScope V controller (Bruker, Billerica, MA,
USA). PeakForce QNM in contact mode was utilized for capturing high-speed data capture
files. The AFM probe utilized in all imaging was the POINTPROBE-PLUS Silicon-SPM
Sensor by Nanosensors. The characteristics of the implored force modulation probe include
a resonant frequency of 45–115 kHz, a spring constant of 0.5–9.5 N/m, and a nominal
radius of <10 nm. For each sample, three to five 25 µm × 25 µm regions on the HAP
surface were randomly chosen for obtaining images, from which roughness values were
extrapolated. High-speed data capture data were extracted at 5 µm × 5 µm scan sizes.
Prior to imaging and analysis, the deflection sensitivity was calibrated on a sapphire
substrate as well as on (polydimethylsiloxane) PDMS to validate the calibration. Although
the spring constant of the probe was known, k was calibrated using the thermal tune
method (Lorentzian air) and fit to achieve a value within 10% of the given value. Images
were acquired with an aspect ratio of 1.00 and either 256 or 512 data points/line. Once
images were obtained, processing was performed using the NanoScope Analysis Software
v. 1.5 (Bruker, Billerica, MA, USA). All plane-fitting and image processing were consistent
through all images analyzed (Plane-Fit and second order flatten) for obtaining roughness
parameters, reporting the root mean square deviation from the mean (Rrms) parameter
for all data shown herein. For data extraction, force curves were taken per pixel and fit
using Nanoscope Analysis Software v. 1.5, whereby the baseline for each force curve
was corrected and the retract curve (which shows both peak force (maximum force) and
adhesion force (minimum force) was fit using the Hertzian method Young’s modulus (GPa)
and adhesion (nN) were obtained from pixel by pixel force curves, using Nanoscope v.
1.5 (Bruker Corporation). The Young’s modulus values were extracted using the Hertzian
model for a spherical indenter, where force is related to the indentation depth from three
equations [31]. The adhesion values were obtained from the minimum force and were also
extracted through Nanoscope. The Hertz model is used as it has been extensively applied
to biofilm mechanical analysis using AFM [25,26,32]. The raw data were assessed visually
by making individual value box plots. Responses that exhibited skewness were given a log
transformation to better approximate normality. Within subject product means, variances,
and replicate sample sizes were computed. The replicate numbers varied for subjects. A
weight factor for the ensuing ANOVA analysis was computed as the ratio of sample size
to variance. Product differences were assessed by two-way weighted analysis of variance
(ANOVA) with Subject and Treatment as main effect factors. A Treatment p value of 0.05
or less was used to indicate statistical significance. The statistical analysis was carried out
using Minitab v.20.
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2.9. DNA Extraction and 16S Amplicon Sequencing

Genomic DNA was extracted from the biofilm samples using Qiagen DNeasy Power
Biofilm Kit as per manufacturer’s instructions. DNA was eluted in a 25 µL elution buffer.
PCR amplification of the 16S rRNA gene was carried out using the FastStart High Fidelity
PCR system, Roche, Basel, Switzerland. The V3–V4 region was amplified using the 347F
(5′-GGAGGCAGCAGTRRGGAAT-3′) and 803R primers (5′-CTACCRGGGTATCTAATCC-
3′). The following PCR amplification conditions on the thermocycler were used: 1 cycle of
95 ◦C for 3 min; 25–30 cycles of 95 ◦C for 30 s, 60 ◦C for 45 s and 72 ◦C for 45 s; and 1 cycle
at 72 ◦C for 5 min; final PCR product was held at 4 ◦C. Next, 2 µL of a mock community
sample containing known bacterial composition was used as a positive control, and 2 µL of
PCR-grade water was used as a negative control. The resulting PCR products were quality
checked by gel electrophoresis (Agilent 7500 Kit, Agilent Technologies, Santa Clara, CA,
USA) with expected DNA amplicons of approximately 540 bp. The sequencing libraries
were prepared with dual indices using the Nextera XT kit (Illumina, San Diego, CA, USA)
as per the manufacturer’s protocol. The DNA libraries were quantified using a PGloMax
instrument (Promega, Madison, WI, USA) and Quant-iT dsDNA Assay High Sensitivity Kit
(Invitrogen, Life Technologies, Carlsbad, CA, USA) following the manufacturer’s protocol.
DNA samples were diluted down to a concentration of 4 nM with 10 mM Tris (pH 8.5).
Prior to the sequencing run, DNA (5 uL) from each library, along with the 10% PhiX control,
was pooled, mixed, and denatured. The 251 bp paired-end sequencing reactions were
performed on Illumina MiSeq v3 Illumina, San Diego, CA, USA). Libraries were sequenced
at the Hill’s Science and Technology Center (Topeka, KS, USA) using a MiSeq Reagent Kit
v3 (Illumina, San Diego, CA, USA) (paired end, 250 cycles) on a MiSeq System (Illumina,
San Diego, CA, USA).

2.10. Bioinformatic Analysis for 16S rRNA Gene Amplicon Sequencing

The 16S rRNA gene sequencing data were analyzed with R (R Core Team 2021) in
RStudio [33]. Primers were removed using CutAdapt v3.5 [34] and quality statistics were
analyzed using FastQC v0.11.9 [35]. The data analysis was conducted using dada2 v1.20.0
pipeline [36]. Briefly, the sequencing reads were quality filtered and trimmed, dereplicated,
denoised, merged, and filtered for chimeras; then, amplicon sequence variants (ASVs)
were annotated against the expanded Human Oral Microbiome Database [37]. Decontam
v1.12.0 [38] was used to remove contaminating reads identified in the negative water
controls. Phyloseq v1.38.0 [39] functions were used for downstream analysis. Alpha
diversity estimates, Shannon–Weaver and Simpson’s (1-D) Diversity Indices, and a number
of observed ASVs were calculated with estimate_richness and vegan v2.5-7 [40]. The
Shapiro–Wilk test was used to test for normalcy. Kruskal–Wallis Rank Sum Test statistic
was calculated between treatments. Ordinations were constructed using PCoA with Bray–
Curtis dissimilarity, Euclidean distance, and unweighted Unifrac distance measures to
assess beta diversity. Analysis of variance was conducted using adonis2 in vegan on
all three matrices. Alpha diversity, beta diversity, and taxonomy plots were built using
phyloseq, ggplot2 v3.3.5 [41], color palettes from wesanderson v0.3.6 [42], and cowplot
v1.1.1 [43]. Differential abundance was calculated using DESeq2 v1.32.0 [44] with poscounts
estimation, local fit type, Wald significance test, and all other default options. Differential
abundance was plotted with ggplot2 v3.3.5 [41].

2.11. Metatranscriptomics

Raw reads were quality checked using fastx-toolkit v0.0.14 [45]. Ribosomal RNA
was removed using SortMeRNA v4.3.2 [46] against the ARB [45], Silva [47] databases for
16S bacteria, 16S archaea, 18S eukarya, 23S bacteria, 23S archaea and 28S eukarya, and
RFAM 5S and 5.8S databases. Host reads were removed using Bowtie2 v2.4.2 [48], Samtools
v1.11 [49], and BEDTools v2.30.0 [50] to align the reads to the human genome (GRCh38
RefSeq: GCF_000001405.39). Filtered reads were assembled using Trinity v2.1.1 [51], in-
corporating Trimmomatic v0.39 [52] and read normalization. Raw reads were aligned
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back to the assembled transcripts using Trinity’s built-in tool with bowtie2 and RNA-Seq
by using the Expectation Maximization (RSEM) count estimates [53] estimation method.
Transcripts were annotated using the Trinotate v3.2.1 [54] pipeline. Coding regions within
transcripts were identified using TransDecoder v5.5.0 [55]. Transcript nucleotides and
peptide sequences were annotated with blastx v2.11.0+ and blastp v2.11.0+ [56], respec-
tively, against the UniProtKB Swiss-Prot database (downloaded on 21 April 2021; The
UniProt Consortium, 2021) with an e-value cutoff of 0.001 Peptide sequences were searched
for homology using HMMER v3.3.2 [57,58]. The location of transmembrane helices in
the peptide sequences were predicted using TMHMM v2.0 [59]. Cross annotations were
assigned using UniProtKB for KEGG [60], eggNOG [61], and Gene Ontology [62].

Transcript counts of the matrix and annotations were imported into R v4.1.0 [63]
via RStudio v1.4.1106 [33] for analysis. Differential expression analysis was completed
with NOISeq v2.36.0 [64] for treatments (noiseqbio function) and for individuals (noiseq
function) with tmm normalization and gene length correction and default parameters for
the remaining arguments and implemented functions from DESeq2 v1.32.0 [44] and edgeR
v3.34.1 [65]. Statistical analyses were performed using R packages stats v4.1.0 [63], cor-
rplot v0.92 [66], Hmisc v4.6-0 [67], FactoMineR v2.4 [68], and vegan 2.5-7 [40]. Interactive
volcano plots were constructed with manhattanly v0.3.0 [69], and standard volcano plots
were constructed with EnhancedVolcano v1.10.0 [70]. Additional plots were constructed
using ggplot2 v3.3.5 [41] with functions from ggrepel v0.9.1 [71], ggpubr v0.4.0 [72], ggtern
v3.3.5 [73], ggfortify v0.4.14 [74,75], and wesanderson v0.3.6 [42]. Housekeeping tools in-
cluded the tidyverse v1.3.1 suite [76], tidyr v1.1.4 [77], reshape v0.8.8 [78], dplyr v1.0.7 [77],
plyr v1.8.6 [79], and data.table v1.14.2 [80].

Gene set enrichment analysis was performed using GSEA v4.2.3 [81,82]. TMM normal-
ized RSEM estimated gene expression aggregated by UniProt Entry ID and was profiled
by treatment against a manually curated gene set database of Gene Ontology (GO) terms
for each UniProt entry present in the dataset. Default parameters were used for GSEA
without collapsing gene symbols. Parameters also included meandiv normalization mode,
weighted enrichment statistics, and Signal2Noise ranking metric. Heatmaps were con-
structed using pheatmap v1.0.12 [83] for normalized expression data scaled by gene and
ranked with GSEA. Detailed analytical methods can be found on GITHUB.

3. Results and Discussion
3.1. SnF2 Toothpaste Affects Biofilm Growth and Morphology

All 13 participants successfully completed the study, and there were no adverse events
reported. The differences in biofilm architecture after 14 days of brushing with the regular
sodium fluoride-containing control toothpaste and the SnF2-containing test product are
illustrated in Figure 3A,B. These example images are representative of what was observed
for all of the study participants. There was consistently less biofilm observed after brushing
with the SnF2 toothpaste. In addition, the biofilm was sparse, and bacterial microcolonies
were clearly discernible. The volume and thickness of the biofilm were also calculated,
and both measurements were significantly smaller for the biofilm formed after brushing
with the SnF2-containing toothpaste (Figure 3C,D). The average values of biofilm volume
decreased from 5.6 × 105 µm3 to 1 × 104 µm3 and that of thickness from 23.2 µm to 8.0 µm.
These qualitative and quantitative findings illustrate that brushing with an SnF2-containing
toothpaste stabilized with zinc phosphate, reduced biofilm growth, and modulated the
architecture of the oral biofilm. The changes observed are due to the residual effects of the
toothpastes retained on the oral surfaces, as the biofilms were not directly brushed with the
toothpaste but were worn right after brushing the teeth with the toothpaste. This reflects
the substantive nature of the toothpastes that protect teeth for prolonged hours. Alteration
in the biofilm architecture is relevant for the penetration of antibacterial agents to reduce
further biofilm growth. SnF2 has shown antibacterial properties previously in various
types of in vitro and clinical studies [12,84,85]. The reduction in biofilm formation is likely
due to decreased bioadhesion, and the anti-bacterial nature of the toothpaste A prior short
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duration (8 h) in situ study with SnF2 solution rinse has shown reduced adhesion and the
initial colonization of oral bacteria on bovine enamel blocks [86]. Reduced adhesion to
the dental surface and interference with initial colonization likely does not let the biofilm
reach the maturation stage due to changes in gene expression profile. This impedes EPS
formation, making biofilms less pathogenic [87]. The reduction in biofilm growth on HAP
discs observed in the current study is due to the residual effect of the SnF2 toothpaste
brushing of dental surfaces every 12 h and is suggestive of the effect on biofilm growth and
morphology in a clinically relevant timeframe.
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Figure 3. Confocal imaging and quantification of in situ biofilms: (A,B) 3D volume views of 2-day in
situ biofilms formed with sodium mnofluorophosphate (MFP) and SnF2-containing toothpaste use
for 14 days. (C,D) Plots of biofilm volume and thickness formed with MFP and Colgate Total SnF2

use. Three to four data points were collected for each panelist for each condition. The squares/points
represent average value for each panelist per condition and bars represent average value of the data
set per condition. The error bars represent standard deviation. The average volume and thickness
values are significantly lower in the SnF2 group compared to that of MFP (* p < 0.00001, paired
Student t-test).

3.2. SnF2 Toothpaste Alters Nanostructure and Biomechanical Properties of the Biofilm

Using atomic force microscopy, or AFM, changes in surface roughness (Rrms), Young’s
modulus and adhesion (minimum force) properties of the biofilm were determined (Figure 4).
The appearance of the HAP disc with and without biofilm formation is shown in Figure 4A,B.
A significant increase in the overall Young’s modulus was observed for the biofilm gener-
ated after brushing with the SnF2 toothpaste compared to that of the fluoride toothpaste
(Figure 4C,D). There was a directional increase in roughness for the SnF2 biofilm (Figure 4E),
seemingly caused by a shift in biofilm architecture and growth tendencies from an overall
more uniform biofilm coating to that dominated by the presence of discrete bacterial micro-
colonies. The maximum adhesion point (pull-off, minimum force) after brushing with the
SnF2 dentifrice was significantly lower (Figure 4C,F), an indication that brushing with this
product has an effect on the local nanomechanical properties. The observed changes in the
biomechanical properties of the biofilm are generally attributed to the overall morphology
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and distribution of biofilm, as well as to changes in the biochemical composition of the
biofilm matrix and cell wall [88,89]. Changes in the composition and distribution of the
EPS matrix have been previously associated with reduced adhesion with the application
of other oral care products [24]. EPS formation is a complex process that is controlled by
a large number of genes [90,91]. The observation in changes in biophysical properties is
likely an outcome of the effect of SnF2 on bacterial gene expression associated with biofilm
formation. To the authors’ knowledge, this is the first report demonstrating anti-adhesion
properties of SnF2-containing toothpaste. The decrease in adhesion properties is highly
relevant for oral biofilms. Less adhesive and stiffer biofilms imply that they can more
easily be removed by brushing compared to the more adhesive biofilms. Additionally, less
adhesive biofilms have been shown to be less virulent because of their inability to form
robust biofilms [88].

3.3. SnF2 Toothpaste Maintains the Natural Healthy Oral Microflora

To examine the effects of fluoride and SnF2-containing toothpastes on oral microbial
taxonomic diversity, three HAP discs with in situ formed biofilms were pooled for each of
the 13 individuals for 16S rRNA gene amplicon sequencing. A summary of the amplicon
data can be found in Table 1 and counts of amplicon sequence variants (ASVs) identified in
each sample, along with taxonomic annotation, are provided in Supplementary Materials
Table S1. A total of eight phyla were identified in 26 samples. The top phyla observed in
each category are Fir-micutes, Proteobacteria, Bacteroidetes, and Actinobacteria (Figure 5A).
Relative abundances of top genera detected are Streptococcus (MFP 34.4%, SnF2 39.2%),
Haemophilus (MFP 17.6%, SnF2 18.8%), Porphyromonas (MFP13.5%, SnF2 9.3%), Neisseria
(MFP 7.8%, SnF2 4.5%), and Prevotella (MFP 5.8%, SnF2 3.7%) (Figure 5B). Of the 85 total
genera observed in this study, only a few contained species that were significantly different
in their abundance between the two treatment groups. There is a ~64-fold reduction in the
abundance of species within the disease-associated genera, Haemophilus sp. and Prevotella
sp. (Figure 5D, Table 2, Supplementary Materials Table S2) in the SnF2 group compared to
that of the control toothpaste, and a 10.5-fold reduction in Veillonella sp.

Table 1. Summary statistics of the 16S rRNA gene amplicon data.

Group Sodium
Monofluorophosphate SnF2

No. of reads (mean) 199,766 214,510
No. filtered reads (mean) 146,682 155,574

Total ASVs 1034 1026
Unique ASVs 450 442

ASVs ≥ 10 692 712
Mean ASVs 186 185
±sd ±54.6 ±59.9

Shannon diversity index 2.91 2.97
±sd ±0.548 ±0.437

Simpson’s diversity index 0.842 0.861
±sd ±0.107 ±0.069
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Figure 4. AFM images and quantification. PeakForce Error Images (25 µm × 25 µm) showing the
surface of the hydroxyapatite (HAP) disc before (A) and after (B) biofilm growth. (C) HAP disc
and biofilm height (left), qualitative modulus map (center) and qualitative adhesion map (right)
for sodiummonofluorophosphate (MFP) (top) and SnF2 (bottom) biofilms. (D–F) Barplots showing
quantitative comparison of Young’s modulus, root mean square height (roughness), and adhesion
of MFP and SnF2 biofilms. All grouping information was calculated using Tukey method and 95%
confidence interval, with asterisks indicating statistical significance with p < 0.05.
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Figure 5. Oral bacterial community composition with the use of sodium monofluorophosphaste
(MFP) and SnF2-containing toothpastes. Stacked bar plots showing relative abundance of taxa at
phylum (A), genus (top 10) (B), and species (top 25) (C) levels in biofilms formed with MFP and
SnF2-containing toothpaste use. (D) Plot showing differential abundance of taxa at the genus level.
The genera represented higher in MFP and SnF2 biofilms, which are shown on the left and right side
of the central line, respectively. Only genera with p < 0.1 are plotted and significantly different genera
(p < 0.05) are denoted as asterisks (Wald significance Test).

Table 2. List of differentially abundant taxa observed in SnF2 vs. sodium monofluorophosphate
(MFP) populations.

Taxa ID Phylum Genus Species log2 FC p-Value

ASV11 Firmicutes Veillonella parvula 1.427 0.039 *

ASV13 Proteobacteria Neisseria flavescens −1.976 0.054

ASV45 Absconditabacteria (SR1) Absconditabacteria (SR1) [G-1] −3.471 0.060

ASV50 Firmicutes Streptococcus sanguinis 1.267 0.097

ASV73 Firmicutes Streptococcus sp. 1.296 0.093

ASV98 Firmicutes Veillonella sp. −3.435 0.048 *

ASV106 Proteobacteria Haemophilus sp. −5.845 0.047 *

ASV118 Bacteroidetes Prevotella sp. −5.882 0.046 *

ASV122 Firmicutes Gemella sp. −5.538 0.060

ASV125 Bacteroidetes Alloprevotella sp. HMT914 −5.755 0.051

ASV126 Bacteroidetes Prevotella aurantiaca −5.472 0.063

ASV128 Firmicutes Parvimonas sp. −3.147 0.073

ASV185 Firmicutes Gemella sp. −4.961 0.092

ASV190 Firmicutes Veillonella sp. 4.944 0.093

ASV204 Bacteroidetes Bergeyella sp. 5.039 0.087

ASV235 Bacteroidetes Prevotella sp. −5.760 0.050

ASV242 Actinobacteria Actinomyces sp. 5.742 0.051
ASV325 Fusobacteria Leptotrichia sp. −5.749 0.051

* Statistically significant with p < 0.05.
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The diversity of the organisms detected within a sample was measured for richness and
evenness using Shannon and Simpson’s diversity indices. The mean number of recovered
amplicon sequence variants (ASVs) decreased after the use of SnF2, though the distribution
was highly variable (Figure 6A). The differences between group diversity matrices are non-
significant (Kruskal–Wallis rank sum test, p = 0.7004 for observed, p = 0.9387 for Shannon,
and p = 0.9387 for Simpson). The comparison of diversity across treatment groups was
carried out using Bray–Curtis, Euclidean, and unweighted-Unifrac beta diversity matrices.
The regular fluoride and SnF2 samples are fairly well-distributed in space and do not form
any separate clusters (Figure 6B–D). Combining observations from alpha and beta diversity
matrices, the use of SnF2 toothpaste did not cause significant changes in the diversity
of the natural microbiome. There were some changes in relative abundances of certain
taxa; however, none were completely eliminated. This is mainly because only healthy
individuals with healthy oral microflora were included in this study. Changes in microbial
community composition are, however, expected in diseased populations, as SnF2 is known
to affect the growth of disease-associated bacteria [92]. The ability of SnF2 to maintain the
natural balance of oral bacteria in healthy individuals indicates that it has broad-range
antibacterial properties that impact all bacteria and control the overall growth of biofilm in
healthy individuals. Similar results were obtained for the salivary microbiome after the
long-term use of SnF2 in two separate clinical studies [93,94]. Hence, the healthy natural
microbiome remains stable with the use of SnF2 products.
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Figure 6. Diversity measurements of oral bacterial community with the use of sodium monofluo-
rophosphate (MFP) and SnF2-containing toothpastes: (A) Boxplots showing alpha diversity of bacterial
communities by observed ASVs and measured Shannon and Simpson indices. Each point in the plot is
one sample, top and bottom of the box represent upper and lower quartiles, the line is at median, and
bars show 95% confidence interval. (B–D) Beta diversity Principal Component Analysis (PCoA) plots
showing distances of microbial communities in MFP and SnF2 samples measured using Bray–Curtis,
Euclidean, and unweighted-unifrac distance matrices. Each dot represents a sample. R2 and p values
calculated by Adonis test for permutational multivariate analysis of variance using distance matrices are
shown on the top right of each beta diversity plot.
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3.4. Gene Expression of Supragingival Plaque

The effect of SnF2 on bacterial gene expression was detected with metatranscriptomics.
RNA was sequenced from supragingival plaque samples of six panelists after MFP and
SnF2 use for 14 days. A total of 398,245,418 paired-end reads (796 million total) were
sequenced with a mean read length of 117 bp. The mean number of sequences per sample
was 33,187,118 pairs, ranging from 22,893,645 to 47,615,860 reads. After rRNA removal
(mean 48.04% of reads removed), host read removal (mean 2.17% removed), and quality
trimming (mean 23.02% removed), the average reads remaining per sample for downstream
analysis was 11,684,318 or 34.04%. The remaining reads were co-assembled into 2,685,947
transcripts (minimum length 150 bp), and 652,963 were removed with no reads aligned to
them. Of the raw reads, 176,850,832 were aligned to transcripts, 151,816,649 were assigned
67,482 UniProt Entry IDs, and 105,811,801 were assigned 7734 KEGG Orthologies (KO).

Samples were compared using non-metric multidimensional scaling (NMDS) on
normalized RSEM count estimates (Figure 7). Functional genes were aggregated by KO
for each sample and compared with NMDS (Supplementary Materials Figure S1). At
the transcript level, variation decreased in the SnF2 group, with coordinates becoming
closer together; however, variation remained high enough that the MFP and SnF2 groups
remained statistically indistinguishable (F-statistic: 0.213, p-value: 0.654). Examining the
data at the KO level shows reduced overall variation; however, generally, the same trend
of higher variation in the MFP group makes comparison between groups statistically
insignificant (F-statistic: 0.201, p-value: 0.664). There are changes in gene expression at
the individual level (shown by arrows in Figure 7 and Supplementary Materials Figure
S2); however, similar to the bacterial community structure (Figure 6C,D), gene expression
profiles for an individual are more similar to themselves before and after treatment than to
a treatment group. High variability in amplicon and gene expression data can be attributed
to a large number of factors, such as diet, smoking habit, lifestyle, health, and genetics,
and can be challenging to control in clinical studies. Smaller sample size and a lack of
biological replicates are other reasons for higher variability that can be dealt to some extent
by recruiting more participants and collecting multiple samples from the same participant
in the future studies.

Differential gene expression of KOs between control and SnF2 groups and for indi-
vidual panelists is visualized in volcano plots (Figure 8 and Supplementary Materials
Figure S2, respectively). Of the 7734 KOs, 71 were significantly differentially expressed
with a probability cutoff of 0.8 without biological replicates; 68 were higher in control, and
3 were higher in the SnF2 group (Figure 8). Further analysis of the gene expression revealed
pathway and gene level patterns which reflected the reaction of the microbiome to SnF2.

In order to identify pathways impacted by the use of SnF2 toothpaste, the differentially
expressed gene sets were mapped to KEGG pathways. Interestingly, pathways associ-
ated with biofilm formation, cell adhesion, quorum sensing, and N-glycosylation had
significantly lower expression in the SnF2 group compared to the control group (Figure 9
and Supplementary Materials Table S3). Pathway level analysis of the gene expression
is consistent with the microscopy observations (Figures 3 and 4). Confocal microscopy
findings revealed greatly reduced biofilm formation for the treatment group, and AFM
microscopy findings illustrated a reduction in biofilm adhesion.
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Figure 8. Volcano plot for differential expression of SnF2 vs. sodium monofluorophosphate (MFP)
treatment: points are labeled with KEGG Orthology (n = 7734), grey pointd are not significant, blue
have a log2 fold change greater than 3, yellow have a 1-prob < 0.2, and red have both a high fold
change and significant probability; fold change and probability cutoffs are marked with dotted lines.
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Plots are up to the 30 most significant KOs in each pathway (A) Biofilm formation including KEGG 
pathways map02025, map02026, and map05111; (B) Cell adhesion molecules pathway map04514; 
(C) Quorum sensing pathway map02024; (D) Bacterial chemotaxis pathway map02030; and (E) 
N-glycosylation by oligosaccharyltransferase module M00072.  

Correlations between individual genes and the two toothpastes used in the study 
were further explored using GSEA [81]. The entire dataset comprised 53,290 genes. Out 
of these, 20,902 (39.2%) correlated with SnF2, while 32,388 (60.8%) correlated with the 
control (Figure 10). The full list of genes with Uniprot IDs along with their rank metric 
score is provided in Supplementary Materials Table S4. Expression levels of top genes 
correlated with SnF2 are shown in Figure 11. A large number of genes are involved in 
basic cellular processes, such as, carbohydrate, protein, and nucleotide metabolism (Fig-
ure 11). Interestingly, cell wall-associated proteins were found to be highly correlated 
with the SnF2 group. This includes MraZ, a highly conserved DNA-binding transcription 
regulator [95]. It is a negative regulator of the bacterial cell division and cell wall (dcw) 
cluster [96]. In this cluster, peptidoglycan biosynthesis genes are located towards the 5′ 
end, and important cell division factors such as ftsz are located towards the 3′ end. 
Studies in E. coli and Bacillus subtilis have shown that overexpression of MraZ is lethal 
due to the inhibition of cell division [95,96]. This points towards a possible novel function 
of SnF2 for biofilm control by the inhibition of cell wall formation and cell division. 

Figure 9. KEGG pathway analysis for the identification of differentially expressed KEGG orthologs.
Plots are up to the 30 most significant KOs in each pathway (A) Biofilm formation including KEGG
pathways map02025, map02026, and map05111; (B) Cell adhesion molecules pathway map04514;
(C) Quorum sensing pathway map02024; (D) Bacterial chemotaxis pathway map02030; and (E) N-
glycosylation by oligosaccharyltransferase module M00072.

Correlations between individual genes and the two toothpastes used in the study
were further explored using GSEA [81]. The entire dataset comprised 53,290 genes. Out
of these, 20,902 (39.2%) correlated with SnF2, while 32,388 (60.8%) correlated with the
control (Figure 10). The full list of genes with Uniprot IDs along with their rank metric
score is provided in Supplementary Materials Table S4. Expression levels of top genes
correlated with SnF2 are shown in Figure 11. A large number of genes are involved in basic
cellular processes, such as, carbohydrate, protein, and nucleotide metabolism (Figure 11).
Interestingly, cell wall-associated proteins were found to be highly correlated with the SnF2
group. This includes MraZ, a highly conserved DNA-binding transcription regulator [95].
It is a negative regulator of the bacterial cell division and cell wall (dcw) cluster [96]. In this
cluster, peptidoglycan biosynthesis genes are located towards the 5′ end, and important
cell division factors such as ftsz are located towards the 3′ end. Studies in E. coli and
Bacillus subtilis have shown that overexpression of MraZ is lethal due to the inhibition
of cell division [95,96]. This points towards a possible novel function of SnF2 for biofilm
control by the inhibition of cell wall formation and cell division.
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Another group of genes identified to be highly correlated with the SnF2 group were
part of the ATP-binding cassette (ABC) transporter system [97]. These are multi-protein
complexes present in the cell membranes for the import and export of molecules from the cell.
These transporters import hydrophilic molecules and export lipids, steroids, metabolites, and
toxins [97]. ABC transporters are a large group of proteins with multiple functions. In Listeria
monocytogenes, these are negative regulators of biofilm formation, likely working through the
release of anti-biofilm formation signaling molecules [98]. Intriguingly, other functions of
ABC transporters include their role in cell wall biosynthesis. In Bacillus subtilis, overexpression
of the YtrBCDEF ABC transporter leads to the production of a thicker peptidoglycan layer.
This has negative physiological implications, such as the loss of genetic competence for the
uptake of foreign DNA and biofilm formation defects [99]. The biofilms formed have altered
morphology, likely due to increased thickness of the cell wall. This could be the reason for
the changes in nanomechanical properties observed by AFM in the current study. AFM is an
excellent tool for studying cell surface topographies and has been extensively used for studying
changes in cell wall architecture in response to antimicrobials [100]. Further exploration of
the cell wall at the biochemical and molecular levels will expand our understanding of
biomechanical changes observed in response to SnF2.

Next, genes correlated with the control toothpaste group were explored. These are the
genes which are over-expressed in control biofilms and under-expressed in the SnF2 group.
Expression levels of top genes correlated with the control biofilm are shown in Figure 12.
These include several genes associated with biofilm formation and maintenance. Proteins
associated with DNA replication, transcription, and translation were upregulated, suggesting
bacterial growth. A large number of carbohydrate metabolism proteins were observed that
support cell wall formation and bacterial growth. One such protein is Pectate Lyase (EC 4.2.2.),
a glycan metabolism protein [101]. It is known to have a commensal effect of degrading pectin
from ingested plant-based food to provide a source of carbon for bacterial growth [102]. It is a
well-studied enzyme in gut microflora and is of special importance to vegetarians who depend
on their microflora for the digestion of pectin [102]. The identification and upregulation of
this protein in oral biofilm suggests a similar function in the oral cavity for digesting food
bound to the dental surface to support bacterial growth in dental plaque.

Microorganisms 2022, 10, x FOR PEER REVIEW 19 of 25 
 

 

biofilm, while reduced quorum sensing in the SnF2 group explains the obstruction in the 
biofilm formation, as observed through confocal microscopy (Figure 3). 

 
Figure 12. Heat map showing gene expression values of top genes correlated with sodium mono-
fluorophosphate (MFP). Range of colors (red, pink, light blue, dark blue) shows the range of ex-
pression values (high, moderate, low, lowest). 

In addition to biofilm establishment and quorum sensing, biofilm protection is also 
critical for biofilm maintenance. Such genes were found to be under-expressed in SnF2 
compared to control biofilms. Alpha-2-macroglobulin proteins are known to counteract 
the anti-biofilm properties of host proteases [107]. They protect the bacterial cell by 
trapping a broad range of proteases through a covalent interaction with an activated 
thioester. This acts as the innate immune response of eukaryotes for protecting cellular 
integrity [107]. Another interesting protein overexpressed in the control biofilms is HrcA, 
a heat inducible transcription repressor which negatively regulates class I heat shock 
operons (grpE-dnaK-dnaJ and groELS) [108]. HrcA is also a regulon which regulates the 
expression of several other cellular functions unrelated to heat shock response, such as 
bacterial adhesion, motility, survival, and virulence [109]. Studies in Helicobacter pylori, a 
gastric human pathogen, have revealed that HrcA is upregulated in biofilms and influ-
ences biofilm formation and motility [110]. Similar observations have been regarding 
Listeria monocytogenes, wherein HrcA, along with DnaK are shown to be important for 
biofilm formation as well as for protection against benzalkonium chloride and peracetic 
acid antibiofilm agents [111]. The reduced expression of these genes in the SnF2 group is 
indicative of biofilms being more vulnerable to host defense mechanisms and the altered 
biofilm properties of adhesion and motility. 

Besides biofilm-associated genes, toxins and toxin-secretion proteins were also neg-
atively correlated with SnF2 biofilms. An interesting finding is the reduced expression of 
the lipopolysaccharide (LPS) core region biosynthetic process gene, Phosphoethanola-
mine transferase. LPS is a component of the outer membrane of gram-negative bacteria 
and is a well-known endotoxin responsible for a large number of inflammatory diseases 
[112]. This protein and the associated pathway are not enriched in SnF2 samples, sug-

Figure 12. Heat map showing gene expression values of top genes correlated with sodium monofluo-
rophosphate (MFP). Range of colors (red, pink, light blue, dark blue) shows the range of expression
values (high, moderate, low, lowest).



Microorganisms 2022, 10, 1691 18 of 24

Another protein associated with biofilm establishment and maintenance identified to
be under-expressed in SnF2 was LrgB, an Antiholin-like protein [103]. It is a programmed
cell death pathway protein. In Staphylococcus aureus, lrg and cid operons work in an
antagonistic manner to regulate cell death and lysis [103]. These two operons play an
important role in biofilm formation by controlled cell lysis for the release of genomic DNA.
The released DNA is integrated into the biofilm matrix as extracellular DNA and provides
structural stability to the biofilm matrix. The eDNA is essential for the establishment,
maintenance, and perpetuation of biofilms. It also protects the biofilm from cationic
antimicrobials by chelation because of its anionic nature [104]. Reduced expression of the
LrgB gene in the SnF2 group provides reasoning for diminished biofilm establishment at
the early stages and reduced structural stability in the established biofilms.

In addition to the availability of resources, communication between bacteria is also cru-
cial for successful biofilm formation. In this study, the expression pattern of 5′-methylthio
adenosine/S-adenosylhomocysteine nucleosidase (MTAN) was high and positively cor-
related with the control group. MTANs are bacterial enzymes that are part of the S-
adenosylmethionine-related quorum sensing pathways. MTANs are directly involved
in the biosynthesis of two classes of auto-inducers, AI-1 and AI-2 [105]. These signal-
ing molecules are produced by the bacteria for communication with each other and for
coordinating gene expression for a given environment. This induces biofilm formation
and increases virulence factor production. Quenching of these quorum-sensing molecules
disrupts microbial communication and prevents biofilm formation [106]. Much higher
expression of quorum sensing-genes in the control group explains robust biofilm, while re-
duced quorum sensing in the SnF2 group explains the obstruction in the biofilm formation,
as observed through confocal microscopy (Figure 3).

In addition to biofilm establishment and quorum sensing, biofilm protection is also
critical for biofilm maintenance. Such genes were found to be under-expressed in SnF2
compared to control biofilms. Alpha-2-macroglobulin proteins are known to counteract the
anti-biofilm properties of host proteases [107]. They protect the bacterial cell by trapping a
broad range of proteases through a covalent interaction with an activated thioester. This
acts as the innate immune response of eukaryotes for protecting cellular integrity [107].
Another interesting protein overexpressed in the control biofilms is HrcA, a heat inducible
transcription repressor which negatively regulates class I heat shock operons (grpE-dnaK-
dnaJ and groELS) [108]. HrcA is also a regulon which regulates the expression of several
other cellular functions unrelated to heat shock response, such as bacterial adhesion, motil-
ity, survival, and virulence [109]. Studies in Helicobacter pylori, a gastric human pathogen,
have revealed that HrcA is upregulated in biofilms and influences biofilm formation and
motility [110]. Similar observations have been regarding Listeria monocytogenes, wherein
HrcA, along with DnaK are shown to be important for biofilm formation as well as for
protection against benzalkonium chloride and peracetic acid antibiofilm agents [111]. The
reduced expression of these genes in the SnF2 group is indicative of biofilms being more
vulnerable to host defense mechanisms and the altered biofilm properties of adhesion and
motility.

Besides biofilm-associated genes, toxins and toxin-secretion proteins were also nega-
tively correlated with SnF2 biofilms. An interesting finding is the reduced expression of
the lipopolysaccharide (LPS) core region biosynthetic process gene, Phosphoethanolamine
transferase. LPS is a component of the outer membrane of gram-negative bacteria and is a
well-known endotoxin responsible for a large number of inflammatory diseases [112]. This
protein and the associated pathway are not enriched in SnF2 samples, suggesting that SnF2
reduces the production of endotoxins in biofilms. This is crucial for host soft tissue health
and supports previous findings from in vitro and clinical studies [113,114].

A related protein, SecA, of the Sec secretion pathway, was also found to be negatively
correlated with SnF2. The Sec secretion pathway is a highly conserved mechanism of
protein export found in all classes of bacteria and comprises multiple Sec proteins [115].
SecA is an ATPase in the protein translocation machinery that plays a vital role in the
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secretion of proteins, toxins, and other virulence factors. It is essential for bacterial survival
and enhances the attachment of bacteria to eukaryotic cells. In addition, it promotes the
virulence of bacterial pathogens [115]. Negative correlation of this pathway with SnF2
suggests that use of SnF2 reduces the production as well as release of virulence factors.

In summary, metatranscriptomics has provided a comprehensive view of the effect of
SnF2 on gene expression in oral biofilms. A large number of genes associated with biofilm
establishment, maintenance, propagation, and virulence were downregulated with the use
of SnF2. This is a novel finding for this product and provides insights into the mode of
action of SnF2 for biofilm control.

4. Conclusions

This clinical study has explored the anti-biofilm benefits of brushing with an SnF2-
containing toothpaste. We have provided microscopy, biomechanical, and gene expression-
based findings illustrating the mechanisms by which SnF2 controls biofilm accumulation.
The multiple approaches used in this study complement each other and strengthen the
evidence the anti-biofilm properties of SnF2. Control of biofilm growth is an important
first step towards maintaining eubiosis and a healthy mouth. SnF2-containing toothpaste
changes the biofilm architecture and gene expression, making the biofilm less adhesive
and non-virulent. This creates a less pathogenic environment for teeth and gums. Since
poor oral health can lead to systemic bacteria exposure and inflammation, maintaining
a healthy oral microbiome is critical to minimize poor overall health outcomes [116–118].
The findings reported in this manuscript describe how stabilized SnF2 formulations are
effective in helping people maintain a healthy oral flora.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10091691/s1, Figure S1: Non-metric multidi-
mensional scaling (NMDS) plot showing distribution of panelists based on Bray–Curtis dissimilarity
matrix calculated from TMM normalized aggregated KEGG Orthologies. Sodium monofluorophos-
phate (MFP) and SnF2 samples from the same panelist are connected by an arrow; Figure S2: Volcano
plots for differential expression (SnF2 vs. MFP) of each panelist before and after treatment for samples
(A) 1 vs. 14, (B) 4 vs. 17, (C) 8 vs. 21, (D) 10 vs. 23, (E) 11 vs. 24, and (F) 12 vs. 25; points are labeled
with KEGG Orthology, grey are not significant, blue have a log2 fold change greater than 3, yellow
have a 1-prob < 0.05, and red have both a high fold change and significant probability; fold change
and probability cutoffs are marked with dotted lines. Note—probability is not based on replication.
Table S1: Identified ASVs with counts for each sample and taxonomic annotations. Table S2: Differ-
ential abundance of ASVs in SnF2 vs. Sodium monofluorophosphate (MFP) populations. Table S3:
Differential expression of KEGG pathways. Table S4: Rank ordered list of all genes.

Author Contributions: Conceptualization, L.K.-L. and T.S.; Methodology, T.S., K.I.F., H.K.G., A.S.L.,
R.P., K.M. and L.K.-L.; Data collection, T.S., K.I.F., H.K.G. and K.M.; Data analysis, T.S., K.I.F., H.K.G.,
A.S.L. and R.P.; Validation, H.K.G., K.I.F., A.S.L. and L.K.-L.; Investigation, T.S. and H.K.G.; Resources,
T.S. and L.K.-L.; Data Curation, H.K.G. and A.S.L.; Writing—Original draft preparation, H.K.G.,
A.S.L., L.K.-L. and K.I.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Colgate-Palmolive Co., New York, NY, USA, Grant award
number: none.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki, and approved by the US Institutional Review Board, Miami, FL, USA (IRB#-
U.S.IRB2020CP/02, approved on 6 March 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The raw sequence data presented in this study are available on NCBI
with BioProject id PRJNA855131. The code for metatranscriptomic analysis is available at https:
//github.com/alouyakis/snf2.

https://www.mdpi.com/article/10.3390/microorganisms10091691/s1
https://www.mdpi.com/article/10.3390/microorganisms10091691/s1
https://github.com/alouyakis/snf2
https://github.com/alouyakis/snf2


Microorganisms 2022, 10, 1691 20 of 24

Acknowledgments: We thank Elizabeth Gittins and Pamela Monty for their help with conducting
the clinical study and making the intra-oral appliances. We thank Robert D’Ambrogio for providing
the toothpaste products used in the clinical study. We thank Mark Vandeven for performing the
statistical analysis of the microscopy data. We thank Richard J. Sullivan, Venda P. Maloney, Dandan
Chen and Carlo A. Daep for reviewing the manuscript and providing valuable feedback. We thank
Zoe Scoullos for engaging key decision makers and so efficiently coordinating the internal review
process.

Conflicts of Interest: H.K.G., A.S.L., K.I.F., K.M. and L.K.-L. are current employees of Colgate-
Palmolive. T.S. and R.P. were Colgate-Palmolive employees at the time the study was conducted.

References
1. Eke, P.I.; Thornton-Evans, G.O.; Wei, L.; Borgnakke, W.S.; Dye, B.A.; Genco, R.J. Periodontitis in US Adults: National Health and

Nutrition Examination Survey 2009–2014. J. Am. Dent. Assoc. 2018, 149, 576–588. [CrossRef]
2. Könönen, E.; Gursoy, M.; Gursoy, U.K. Periodontitis: A Multifaceted Disease of Tooth-Supporting Tissues. J. Clin. Med. 2019, 8,

1135. [CrossRef] [PubMed]
3. Beck, J.D.; Papapanou, P.N.; Philips, K.H.; Offenbacher, S. Periodontal Medicine: 100 Years of Progress. J. Dent. Res. 2019, 98,

1053–1062. [CrossRef] [PubMed]
4. Schoen, M.H.; Freed, J.R. Prevention of dental disease: Caries and periodontal disease. Annu. Rev. Public Health 1981, 2, 71–92.

[CrossRef]
5. Koo, H.; Yamada, K.M. Dynamic cell-matrix interactions modulate microbial biofilm and tissue 3D microenvironments. Curr.

Opin Cell. Biol. 2016, 42, 102–112. [CrossRef] [PubMed]
6. Karygianni, L.; Ren, Z.; Koo, H.; Thurnheer, T. Biofilm Matrixome: Extracellular Components in Structured Microbial Communi-

ties. Trends Microbiol. 2020, 28, 668–681. [CrossRef] [PubMed]
7. Abebe, G.M. Oral Biofilm and Its Impact on Oral Health, Psychological and Social Interaction. Int. J. Oral Dent. Health 2021, 7,

127–137.
8. Ten Cate, J.M.; Buzalaf, M.A.R. Fluoride Mode of Action: Once There Was an Observant Dentist. J. Dent. Res. 2019, 98, 725–730.

[CrossRef]
9. Sanz, M.; Serrano, J.; Iniesta, M.; Santa Cruz, I.; Herrera, D. Antiplaque and antigingivitis toothpastes. Monogr. Oral Sci. 2013, 23,

27–44.
10. Serrano, J.; Escribano, M.; Roldán, S.; Martín, C.; Herrera, D. Efficacy of adjunctive anti-plaque chemical agents in managing

gingivitis: A systematic review and meta-analysis. J. Clin. Periodontol. 2015, 42 (Suppl. 16), S106–S138. [CrossRef]
11. Rajendiran, M.; Trivedi, H.M.; Chen, D.; Gajendrareddy, P.; Chen, L. Recent Development of Active Ingredients in Mouthwashes

and Toothpastes for Periodontal Diseases. Molecules 2021, 26, 2001. [CrossRef] [PubMed]
12. Haraszthy, V.I.; Raylae, C.C.; Sreenivasan, P.K. Antimicrobial effects of a stannous fluoride toothpaste in distinct oral microenvi-

ronments. J. Am. Dent. Assoc. 2019, 150, S14–S24. [CrossRef] [PubMed]
13. Konradsson, K.; Lingström, P.E.; Emilson, C.G.; Johannsen, G.; Ramberg, P.; Johannsen, A. Stabilized stannous fluoride dentifrice

in relation to dental caries, dental erosion and dentin hypersensitivity: A systematic review. Am. J. Dent. 2020, 33, 95–105.
[PubMed]

14. Trentin, G.A.; Mendes, L.T.; Silva, B.S.D.; Casagrande, L.; Araujo, F.B.D.; Lenzi, T.L. Reduction in erosive tooth wear using
stannous fluoride-containing dentifrices: A meta-analysis. Braz. Oral Res. 2021, 35, 1–12. [CrossRef]

15. Seriwatanachai, D.; Triratana, T.; Kraivaphan, P.; Amaornchat, C.; Mateo, L.R.; Sabharwal, A.; Delgado, E.; Szewczyk, G.; Ryan,
M.; Zhang, Y.-P. Effect of stannous fluoride and zinc phosphate dentifrice on dental plaque and gingivitis: A randomized clinical
trial with 6-month follow-up. J. Am. Dent. Assoc. 2019, 150, S25–S231. [CrossRef] [PubMed]

16. Hu, D.; Li, X.; Liu, H.; Mateo, L.R.; Sabharwal, A.; Xu, G.; Szewczyk, G.; Ryan, M.; Zhang, Y.-P. Evaluation of a stabilized stannous
fluoride dentifrice on dental plaque and gingivitis in a randomized controlled trial with 6-month follow-up. J. Am. Dent. Assoc.
2019, 150, S32–S37. [CrossRef]

17. Hines, D.; Xu, S.; Stranick, M.; Lavender, S.; Pilch, S.; Zhang, Y.; Sullivan, R.; Montesani, L.; Montesani, L.; Mateo, L.; et al. Effect
of a stannous fluoride toothpaste on dentinal hypersensitivity: In vitro and clinical evaluation. J. Am. Dent. Assoc. 2019, 150,
S47–S59. [CrossRef]

18. Myers, C.P.; Pappas, I.; Makwana, E.; Begum-Gafur, R.; Utgikar, N.; Alsina, M.A.; Fitzgerald, M.; Trivedi, H.M.; Gaillard, J.F.;
Masters, J.G.; et al. Solving the problem with stannous fluoride: Formulation, stabilization, and antimicrobial action. J. Am. Dent.
Assoc. 2019, 150, S5–S13. [CrossRef]

19. Cvikl, B.; Lussi, A.; Carvalho, T.S.; Moritz, A.; Gruber, R. Stannous chloride and stannous fluoride are inhibitors of matrix
metalloproteinases. J. Dent. 2018, 78, 51–58. [CrossRef]

20. Lussi, A.; Carvalho, T.S. The future of fluorides and other protective agents in erosion prevention. Caries Res. 2015, 49, 18–29.
[CrossRef]

21. Cheng, X.; Liu, J.; Li, J.; Zhou, X.; Wang, L.; Liu, J.; Xu, X. Comparative effect of a stannous fluoride toothpaste and a sodium
fluoride toothpaste on a multispecies biofilm. Arch. Oral Biol. 2017, 74, 5–11. [CrossRef] [PubMed]

http://doi.org/10.1016/j.adaj.2018.04.023
http://doi.org/10.3390/jcm8081135
http://www.ncbi.nlm.nih.gov/pubmed/31370168
http://doi.org/10.1177/0022034519846113
http://www.ncbi.nlm.nih.gov/pubmed/31429666
http://doi.org/10.1146/annurev.pu.02.050181.000443
http://doi.org/10.1016/j.ceb.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27257751
http://doi.org/10.1016/j.tim.2020.03.016
http://www.ncbi.nlm.nih.gov/pubmed/32663461
http://doi.org/10.1177/0022034519831604
http://doi.org/10.1111/jcpe.12331
http://doi.org/10.3390/molecules26072001
http://www.ncbi.nlm.nih.gov/pubmed/33916013
http://doi.org/10.1016/j.adaj.2019.01.007
http://www.ncbi.nlm.nih.gov/pubmed/30797255
http://www.ncbi.nlm.nih.gov/pubmed/32259415
http://doi.org/10.1590/1807-3107bor-2021.vol35.0114
http://doi.org/10.1016/j.adaj.2019.01.003
http://www.ncbi.nlm.nih.gov/pubmed/30797256
http://doi.org/10.1016/j.adaj.2019.01.005
http://doi.org/10.1016/j.adaj.2019.01.006
http://doi.org/10.1016/j.adaj.2019.01.004
http://doi.org/10.1016/j.jdent.2018.08.002
http://doi.org/10.1159/000380886
http://doi.org/10.1016/j.archoralbio.2016.10.030
http://www.ncbi.nlm.nih.gov/pubmed/27838508


Microorganisms 2022, 10, 1691 21 of 24

22. Duran-Pinedo, A.E. Metatranscriptomic analyses of the oral microbiome. Periodontology 2000, 85, 28–45. [CrossRef] [PubMed]
23. Nguyen, T.; Sedghi, L.; Ganther, S.; Malone, E.; Kamarajan, P.; Kapila, Y.L. Host-microbe interactions: Profiles in the transcriptome,

the proteome, and the metabolome. Periodontology 2020, 82, 115–128. [CrossRef] [PubMed]
24. Sharma, S.; Lavender, S.; Woo, J.; Guo, L.; Shi, W.; Kilpatrick-Liverman, L.; Gimzewski, J. Nanoscale characterization of effect of

L-arginine on streptococcus mutans biofilm adhesion by atomic force microscopy. Microbiology 2014, 160, 1466–1473. [CrossRef]
[PubMed]

25. Kundukad, B.; Seviour, T.; Liang, Y.; Rice, S.A.; Kjelleberg, S.; Doyle, P.S. Mechanical properties of the superficial biofilm layer
determine the architecture of biofilms. Soft Matter 2016, 12, 5718–5726. [CrossRef]

26. Baniasadi, M.; Xu, Z.; Gandee, L.; Du, Y.; Zimmern, P.; Minary-Jolandan, M. Nanoindentation of Pseudomonas aeruginosa
bacterial biofilm using atomic force microscopy. Mater. Res. Express 2014, 1, 045411. [CrossRef]

27. Zhu, B.; Macleod, L.C.; Newsome, E.; Liu, J.; Xu, P. Aggregatibacter actinomycetemcomitans mediates protection of Porphyromonas
gingivalis from Streptococcus sanguinis hydrogen peroxide production in multi-species biofilms. Sci. Rep. 2019, 9, 4944. [CrossRef]

28. Al-Ahmad, A.; Roth, D.; Wolkewitz, M.; Wiedmann-Al-Ahmad, M.; Follo, M.; Ratka-Krüger, P.; Deimling, D.; Hellwig, E.; Hannig,
C. Change in diet and oral hygiene over an 8-week period: Effects on oral health and oral biofilm. Clin. Oral Investig. 2010, 14,
391–396. [CrossRef]

29. Wake, N.; Asahi, Y.; Noiri, Y.; Hayashi, M.; Motooka, D.; Nakamura, S.; Gotoh, K.; Miura, J.; Machi, H.; Iida, T.; et al. Temporal
dynamics of bacterial microbiota in the human oral cavity determined using an in situ model of dental biofilms. npj Biofilms
Microbiomes 2016, 2, 16018. [CrossRef]

30. Krishnan, K.; Chen, T.; Paster, B.J. A practical guide to the oral microbiome and its relation to health and disease. Oral Dis. 2017,
23, 276–286. [CrossRef]

31. Thomas, G.; Burnham, N.A.; Camesano, T.A.; Wen, Q. Measuring the mechanical properties of living cells using atomic force
microscopy. J. Vis. Exp. 2013, 76, 50497. [CrossRef] [PubMed]

32. Asally, M.; Kittisopikul, M.; Rué, P.; Du, Y.; Hu, Z.; Cagatay, T.; Robinson, A.B.; Lu, H.; García-Ojalvo, J.; Süel, G.M. Localized cell
death focuses mechanical forces during 3D patterning in a biofilm. Proc. Natl. Acad. Sci. USA 2012, 109, 18891–18896. [CrossRef]
[PubMed]

33. R Studio Team. RStudio: Integrated Development Environment for R. RStudio; PBC: Boston, MA, USA, 2021; Available online:
http://www.rstudio.com/ (accessed on 4 July 2022).

34. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet 2011, 17, 10–12. [CrossRef]
35. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online: http://www.

bioinformatics.babraham.ac.uk/projects/fastqcFastQC (accessed on 4 July 2022).
36. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.-A.; Holmes, S.P. DADA2: High-resolution sample inference

from Illumina amplicon data. Nat. Methods 2016, 33, 581–583. [CrossRef]
37. Escapa, I.F.; Huang, Y.; Chen, T.; Lin, M.; Kokaras, A.; Dewhirst, F.E.; Lemon, K.P. Construction of habitat-specific training sets to

achieve species-level assignment in 16S rRNA gene datasets. Microbiome 2020, 15, 65. [CrossRef]
38. Davis, N.M.; Proctor, D.; Holmes, S.P.; Relman, D.A.; Callahan, B.J. Simple statistical identification and removal of contaminant

sequences in marker-gene and metagenomics data. Microbiome 2018, 6, 226. [CrossRef]
39. McMurdie, P.J.; Holmes, S. Phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.

PLoS ONE 2013, 8, e61217. [CrossRef]
40. Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.; Simpson, G.L.; Solymos,

P.; et al. Vegan: Community Ecology Package. R Package Version 2.5-7. 2020. Available online: https://CRAN.R-project.org/
package=vegan (accessed on 4 July 2022).

41. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis, 2nd ed.; Springer: New York, NY, USA, 2016; Available online:
https://ggplot2.tidyverse.org (accessed on 4 July 2022).

42. Ram, K.; Wickham, H. Wesanderson: A Wes Anderson Palette Generator. R Package Version 0.3.6. 2018. Available online:
https://CRAN.R-project.org/package=wesanderson (accessed on 4 July 2022).

43. Wilke, C.O. Cowplot: Streamlined Plot Theme and Plot Annotations for ‘Ggplot2’. R Package Version 1.1.1. 2020. Available
online: https://CRAN.R-project.org/package=cowplot (accessed on 4 July 2022).

44. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

45. Ludwig, W.; Strunk, O.; Westram, R.; Richter, L.; Meier, H.; Yadhukumar, B.A.; Lai, T.; Steppi, S.; Jobb, G.; Förster, W.; et al. ARB:
A software environment for sequence data. Nucleic Acids Res. 2004, 32, 1363–1371. [CrossRef]

46. Kopylova, E.; Noé, L.; Touzet, H. SortMeRNA: Fast and accurate filtering of ribosomal RNAs in metatranscriptomic data.
Bioinformatics 2012, 28, 3211–3217. [CrossRef]

47. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]

48. Langmead, B.; Salzberg, S. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
49. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. 1000 Genome Project Data

Processing Subgroup, The Sequence alignment/map (SAM) format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
[PubMed]

http://doi.org/10.1111/prd.12350
http://www.ncbi.nlm.nih.gov/pubmed/33226688
http://doi.org/10.1111/prd.12316
http://www.ncbi.nlm.nih.gov/pubmed/31850641
http://doi.org/10.1099/mic.0.075267-0
http://www.ncbi.nlm.nih.gov/pubmed/24763427
http://doi.org/10.1039/C6SM00687F
http://doi.org/10.1088/2053-1591/1/4/045411
http://doi.org/10.1038/s41598-019-41467-9
http://doi.org/10.1007/s00784-009-0318-9
http://doi.org/10.1038/npjbiofilms.2016.18
http://doi.org/10.1111/odi.12509
http://doi.org/10.3791/50497
http://www.ncbi.nlm.nih.gov/pubmed/23851674
http://doi.org/10.1073/pnas.1212429109
http://www.ncbi.nlm.nih.gov/pubmed/23012477
http://www.rstudio.com/
http://doi.org/10.14806/ej.17.1.200
http://www.bioinformatics.babraham.ac.uk/projects/fastqcFastQC
http://www.bioinformatics.babraham.ac.uk/projects/fastqcFastQC
http://doi.org/10.1038/nmeth.3869
http://doi.org/10.1186/s40168-020-00841-w
http://doi.org/10.1186/s40168-018-0605-2
http://doi.org/10.1371/journal.pone.0061217
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://ggplot2.tidyverse.org
https://CRAN.R-project.org/package=wesanderson
https://CRAN.R-project.org/package=cowplot
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1093/nar/gkh293
http://doi.org/10.1093/bioinformatics/bts611
http://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
http://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943


Microorganisms 2022, 10, 1691 22 of 24

50. Quinlan, A.R.; Hall, I.M. BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics 2010, 26, 841–842.
[CrossRef]

51. Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, Q.;
et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644–652.
[CrossRef]

52. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina Sequence Data. Bioinformatics 2014, 30,
2114–2120. [CrossRef]

53. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinform. 2011, 12, 323. [CrossRef]

54. Bryant, D.M.; Johnson, K.; DiTommaso, T.; Tickle, T.; Couger, M.B.; Payzin-Dogru, D.; Lee, T.J.; Leigh, N.D.; Kuo, T.H.; Davis,
F.G.; et al. A tissue-mapped axolotl de novo transcriptome enables identification of limb regeneration factors. Cell Rep. 2017, 18,
762–776. [CrossRef]

55. Haas, B.; Papanicolaou, A. TransDecoder (Find Coding Regions within Transcripts) 2016. Available online: https://github.com/
TransDecoder/TransDecoder (accessed on 4 July 2022).

56. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

57. Finn, R.D.; Clements, J.; Eddy, S.R. HMMER web server: Interactive sequence similarity searching. Nucleic Acids Res. 2011, 39,
W29–W37. [CrossRef]

58. Potter, S.C.; Luciani, A.; Eddy, S.R.; Park, Y.; Lopez, R.; Finn, R.D. HMMER web server: 2018 update. Nucleic Acids Res. 2018, 46,
W200–W204. [CrossRef] [PubMed]

59. Krogh, A.; Larsson, B.; Von Heijne, G.; Sonnhammer, E.L. Predicting transmembrane protein topology with a hidden Markov
model: Application to complete genomes. J. Mol. Biol. 2001, 305, 567–580. [CrossRef] [PubMed]

60. Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef] [PubMed]
61. Huerta-Cepas, J.; Szklarczyk, D.; Forslund, K.; Cook, H.; Heller, D.; Walter, M.C.; Rattei, T.; Mende, D.R.; Sunagawa, S.; Kuhn, M.;

et al. EggNOG 4.5: A hierarchical orthology framework with improved functional annotations for eukaryotic, prokaryotic and
viral sequences. Nucleic Acids Res. 2016, 44, D286–D293. [CrossRef]

62. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al.
Gene ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25–29. [CrossRef] [PubMed]

63. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021; Available online: https://www.R-project.org/ (accessed on 4 July 2022).

64. Tarazona, S.; García, F.; Ferrer, A.; Dopazo, J.; Conesa, A. NOIseq: A RNA-seq differential expression method robust for
sequencing depth biases. EMBnet 2012, 17, 18–19. [CrossRef]

65. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139–140. [CrossRef]

66. Wei, T.; Simko, V. Corrplot: Visualization of a Correlation Matrix. 2021. (Version 0.92). Available online: https://github.com/
taiyun/corrplot (accessed on 4 July 2022).

67. Harrell, F., Jr. Hmisc: Harrell Miscellaneous_.R Package Version 4.6-0. 2021. Available online: https://CRAN.R-project.org/
package=Hmisc (accessed on 4 July 2022).

68. Le, S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Analysis. J. Stat. Softw. 2008, 25, 1–18. [CrossRef]
69. Bhatnagar, S. Interactive Q–Q and Manhattan plots using Plotly. Js. R Package Version 0.3.0. 2016. Available online: https:

//cran.r-project.org/web/packages/manhattanly (accessed on 4 July 2022).
70. Blighe, K.; Rana, S.; Lewis, M. EnhancedVolcano: Publication-ready volcano plots with enhanced colouring and labeling. R

Package Version 1.10.0. 2021. Available online: https://github.com/kevinblighe/EnhancedVolcano (accessed on 4 July 2022).
71. Slowikowski, K. Ggrepel: Automatically Position Non-Overlapping Text Labels with ‘ggplot2’. R package version 0.9.1. 2021.

Available online: https://CRAN.R-project.org/package=ggrepel (accessed on 4 July 2022).
72. Kassambara, A. Ggpubr: ‘ggplot2’ Based Publication Ready Plots. R Package Version 0.4.0. 2020. Available online: https:

//CRAN.R-project.org/package=ggpubr (accessed on 4 July 2022).
73. Hamilton, N.E.; Ferry, M. Ggtern: Ternary Diagrams Using ggplot2. J. Stat. Softw. 2018, 87, 1–17. [CrossRef]
74. Tang, Y.; Horikoshi, M.; Li, W. Ggfortify: Unified Interface to Visualize Statistical Result of Popular R Packages. R J. 2016, 8,

474–485. [CrossRef]
75. Horikoshi, M.; Tang, Y. Ggfortify: Data Visualization Tools for Statistical Analysis Results. 2018. Available online: https:

//CRAN.R-project.org/package=ggfortify (accessed on 4 July 2022).
76. Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; D’Agostino McGowan, L.; François, R.; Grolemund, G.; Hayes, A.; Henry, L.;

Hester, J.; et al. Welcome to the tidyverse. J. Open Source Softw. 2019, 4, 1686. [CrossRef]
77. Wickham, H. Tidyr: Tidy Messy Data. R Package Version 1.1.4. 2021. Available online: https://CRAN.R-project.org/package=

tidyr (accessed on 4 July 2022).
78. Wickham, H. Reshaping data with the reshape package. J. Stat. Softw. 2007, 21, 1–20. [CrossRef]
79. Wickham, H. The Split-Apply-Combine Strategy for Data Analysis. J. Stat. Softw. 2011, 40, 1–29. [CrossRef]

http://doi.org/10.1093/bioinformatics/btq033
http://doi.org/10.1038/nbt.1883
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1186/1471-2105-12-323
http://doi.org/10.1016/j.celrep.2016.12.063
https://github.com/TransDecoder/TransDecoder
https://github.com/TransDecoder/TransDecoder
http://doi.org/10.1016/S0022-2836(05)80360-2
http://doi.org/10.1093/nar/gkr367
http://doi.org/10.1093/nar/gky448
http://www.ncbi.nlm.nih.gov/pubmed/29905871
http://doi.org/10.1006/jmbi.2000.4315
http://www.ncbi.nlm.nih.gov/pubmed/11152613
http://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://doi.org/10.1093/nar/gkv1248
http://doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
https://www.R-project.org/
http://doi.org/10.14806/ej.17.B.265
http://doi.org/10.1093/bioinformatics/btp616
https://github.com/taiyun/corrplot
https://github.com/taiyun/corrplot
https://CRAN.R-project.org/package=Hmisc
https://CRAN.R-project.org/package=Hmisc
http://doi.org/10.18637/jss.v025.i01
https://cran.r-project.org/web/packages/manhattanly
https://cran.r-project.org/web/packages/manhattanly
https://github.com/kevinblighe/EnhancedVolcano
https://CRAN.R-project.org/package=ggrepel
https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=ggpubr
http://doi.org/10.18637/jss.v087.c03
http://doi.org/10.32614/RJ-2016-060
https://CRAN.R-project.org/package=ggfortify
https://CRAN.R-project.org/package=ggfortify
http://doi.org/10.21105/joss.01686
https://CRAN.R-project.org/package=tidyr
https://CRAN.R-project.org/package=tidyr
http://doi.org/10.18637/jss.v021.i12
http://doi.org/10.18637/jss.v040.i01


Microorganisms 2022, 10, 1691 23 of 24

80. Dowle, M.; Srinivasan, A. Data.Table: Extension of ‘Data.Frame’. R Package Version 1.14.2. 2021. Available online: https:
//CRAN.R-project.org/package=data.table (accessed on 4 July 2022).

81. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

82. Mootha, V.K.; Lindgren, C.M.; Eriksson, K.F.; Subramanian, A.; Sihag, S.; Lehar, J.; Puigserver, P.; Carlsson, E.; Ridderstråle, M.;
Laurila, E.; et al. PGC-1alpha-responsive genes involved in oxidative phosphorylation are coordinately downregulated in human
diabetes. Nat. Genet. 2003, 34, 267–273. [CrossRef]

83. Kolde, R. Pheatmap: Pretty Heatmaps; R Package Version 1.0. 12; CRAN. R-Project: 2019. Available online: https://rdrr.io/cran/
pheatmap/ (accessed on 4 July 2022).

84. Khosravi, Y.; Palmer, S.; Daep, C.A.; Sambanthamoorthy, K.; Kumar, P.; Dusane, D.H.; Stoodley, P.A. Commercial SnF2 toothpaste
formulation reduces simulated human plaque biofilm in a dynamic typodont model. J. Appl. Microbiol. 2022, 1–12. [CrossRef]

85. Otten, M.P.T.; Busscher, H.J.; van der Mei, H.C.; van Hoogmoed, C.G.; Abbas, F. Acute and substantive action of antimicrobial
toothpastes and mouthrinses on oral biofilm in vitro. Eur. J. Oral Sci. 2011, 119, 151–155. [CrossRef]

86. Kirsch, J.; Hannig, M.; Winkel, P.; Basche, S.; Leis, B.; Pütz, N.; Kensche, A.; Hannig, C. Influence of pure fluorides and stannous
ions on the initial bacterial colonization in situ. Sci. Rep. 2019, 9, 18499–18512. [CrossRef]

87. Al Safadi, R.; Abu-Ali, G.S.; Sloup, R.E.; Rudrik, J.T.; Waters, C.M.; Eaton, K.A.; Manning, S.D. Correlation between in vivo
biofilm formation and virulence gene expression in Escherichia coli O104:H4. PLoS ONE 2012, 7, e41628. [CrossRef]

88. Cross, S.E.; Kreth, J.; Zhu, L.; Qi, F.; Pelling, A.E.; Shi, W.; Gimzewski, J.K. Atomic force microscopy study of the structure-function
relationships of the biofilm-forming bacterium Streptococcus mutans. Nanotechnology 2006, 17, S1–S7. [CrossRef]

89. Zhu, L.; Kreth, J.; Cross, S.E.; Gimzewski, J.K.; Shi, W.; Qi, F. Functional characterization of cell-wall-associated protein WapA in
Streptococcus mutans. Microbiology 2006, 152, 2395–2404. [CrossRef] [PubMed]

90. Lebeer, S.; Verhoeven, T.L.; Francius, G.; Schoofs, G.; Lambrichts, I.; Dufrêne, Y.; Vanderleyden, J.; De Keersmaecker, S.C.
Identification of a gene cluster for the biosynthesis of a long, galactose-rich exopolysaccharide in Lactobacillus rhamnosus GG and
functional analysis of the priming glycosyltransferase. Appl. Environ. Microbiol. 2009, 75, 3554–3563. [CrossRef] [PubMed]

91. Lebellenger, L.; Verrez-Bagnis, V.; Passerini, D.; Delbarre-Ladrat, C. Comparative genomics reveals a widespread distribution of
an exopolysaccharide biosynthesis gene cluster among Vibrionaceae. BMC Res. Notes 2018, 11, 102–108. [CrossRef] [PubMed]

92. Benjasupattananan, S.; Lai, C.S.; Persson, G.R.; Pjetursson, B.E.; Lang, N.P. Effect of a stannous fluoride dentifrice on the sulcular
microbiota: A prospective cohort study in subjects with various levels of periodontal inflammation. Oral Health Prev. Dent. 2005,
3, 263–272.

93. Anderson, A.C.; Al-Ahmad, A.; Schlueter, N.; Frese, C.; Hellwig, E.; Binder, N. Influence of the Long-Term Use of Oral Hygiene
Products Containing Stannous Ions on the Salivary Microbiome—A Randomized Controlled Trial. Sci. Rep. 2020, 10, 9546–9553.
[CrossRef]

94. Kruse, A.B.; Schlueter, N.; Kortmann, V.K.; Frese, C.; Anderson, A.; Wittmer, A.; Hellwig, E.; Vach, K.; Al-Ahmad, A. Long-Term
Use of Oral Hygiene Products Containing Stannous and Fluoride Ions: Effect on Viable Salivary Bacteria. Antibiotics 2021, 10, 481.
[CrossRef]

95. Eraso, J.M.; Markillie, L.M.; Mitchell, H.D.; Taylor, R.C.; Orr, G.; Margolin, W. The highly conserved MraZ protein is a transcrip-
tional regulator in Escherichia coli. J. Bacteriol. 2014, 196, 2053–2066. [CrossRef]

96. White, M.; Hough-Neidig, A.; Khan, S.; Eswara, P. MraZ is a transcriptional inhibitor of cell division in Bacillus subtilis. bioRxiv
2022. [CrossRef]

97. Rismondo, J.; Schulz, L.M. Not Just Transporters: Alternative Functions of ABC Transporters in Bacillus subtilis and Listeria
monocytogenes. Microorganisms 2021, 9, 163. [CrossRef]

98. Zhu, X.; Long, F.; Chen, Y.; Knøchel, S.; She, Q.; Shi, X. A putative ABC transporter is involved in negative regulation of biofilm
formation by Listeria monocytogenes. Appl. Environ. Microbiol. 2008, 74, 7675–7683. [CrossRef]

99. Benda, M.; Schulz, L.M.; Stülke, J.; Rismondo, J. Influence of the ABC Transporter YtrBCDEF of Bacillus subtilis on competence,
biofilm formation and cell wall thickness. Front. Microbiol. 2021, 12, 587035. [CrossRef]

100. Turner, R.D.; Hobbs, J.K.; Foster, S.J. Atomic Force Microscopy Analysis of Bacterial Cell Wall Peptidoglycan Architecture. Methods
Mol. Biol. 2016, 1440, 3–9.

101. Hugouvieux-Cotte-Pattat, N.; Condemine, G.; Shevchik, V.E. Bacterial pectate lyases. Environ. Microbiol. Rep. 2014, 6, 427–440.
[CrossRef]

102. Yamazaki, A.; Li, J.; Hutchins, W.C.; Wang, L.; Ma, J.; Ibekwe, A.M.; Yang, C.H. Commensal effect of pectate lyases secreted
from Dickeya dadantii on proliferation of Escherichia coli O157:H7 EDL933 on lettuce leaves. Appl. Environ. Microbiol. 2011, 77,
156–162. [CrossRef]

103. Rice, K.C.; Bayles, K.W. Molecular control of bacterial death and lysis. Microbiol. Mol. Biol. Rev. 2008, 72, 85–109. [CrossRef]
104. Campoccia, D.; Montanaro, L.; Arciola, C.R. Extracellular DNA (eDNA). A Major Ubiquitous Element of the Bacterial Biofilm

Architecture. Int. J. Mol. Sci. 2021, 22, 9100. [CrossRef]
105. Gutierrez, J.A.; Crowder, T.; Rinaldo-Matthis, A.; Ho, M.C.; Almo, S.C.; Schramm, V.L. Transition state analogs of 5’-

methylthioadenosine nucleosidase disrupt quorum sensing. Nat. Chem. Biol. 2009, 5, 251–257. [CrossRef]

https://CRAN.R-project.org/package=data.table
https://CRAN.R-project.org/package=data.table
http://doi.org/10.1073/pnas.0506580102
http://doi.org/10.1038/ng1180
https://rdrr.io/cran/pheatmap/
https://rdrr.io/cran/pheatmap/
http://doi.org/10.1111/jam.15634
http://doi.org/10.1111/j.1600-0722.2011.00812.x
http://doi.org/10.1038/s41598-019-55083-0
http://doi.org/10.1371/journal.pone.0041628
http://doi.org/10.1088/0957-4484/17/4/001
http://doi.org/10.1099/mic.0.28883-0
http://www.ncbi.nlm.nih.gov/pubmed/16849803
http://doi.org/10.1128/AEM.02919-08
http://www.ncbi.nlm.nih.gov/pubmed/19346339
http://doi.org/10.1186/s13104-018-3214-z
http://www.ncbi.nlm.nih.gov/pubmed/29409541
http://doi.org/10.1038/s41598-020-66412-z
http://doi.org/10.3390/antibiotics10050481
http://doi.org/10.1128/JB.01370-13
http://doi.org/10.1101/2022.02.09.479790
http://doi.org/10.3390/microorganisms9010163
http://doi.org/10.1128/AEM.01229-08
http://doi.org/10.3389/fmicb.2021.587035
http://doi.org/10.1111/1758-2229.12166
http://doi.org/10.1128/AEM.01079-10
http://doi.org/10.1128/MMBR.00030-07
http://doi.org/10.3390/ijms22169100
http://doi.org/10.1038/nchembio.153


Microorganisms 2022, 10, 1691 24 of 24
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