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Abstract

:

By age 17, almost 80% of US children have dental caries resulting from cariogenic bacteria that could be reduced with tooth brushing. This cross-sectional, correlational pilot study aims to understand the association between tooth brushing and oral microbiota in children. Oral specimens and survey data were collected from a convenience sample of 16 children, aged 7–12, and attending a community dental clinic. Descriptive statistics were used to analyze sample characteristics and tooth brushing behavior. Biospecimens were analyzed using Polymerase Chain Reaction (PCR) amplification and 16S ribosomal RNA (rRNA) gene sequencing. Beta diversity measures were compared across tooth brushing groups using Permutational Analysis of Variance (PERMANOVA) and Analysis of Similarities (ANOSIM) tests in R. The frequency of tooth brushing in this sample was once a day (brush1; 43.8%), twice a day (brush2; 43.8%), or more than twice a day (12.6%). Major phyla found in the subjects’ upper and lower teeth were the following: Proteobacteria, Fusobacteria, Firmicutes, Bacteroidetes, and Actinobacteria. The relative abundance of Actinobacteria was significantly lower in brush2 as compared to brush1 (p = 0.001), whereas the relative abundance of Proteobacteria was significantly higher (p = 0.025). The association between tooth brushing frequency and microbiome beta diversity was significant (p = 0.005 by PERMANOVA and p = 0.002 by ANOSIM). This study demonstrates that tooth brushing frequency could affect the proportional composition of the oral microflora. Additional research on the implication of these changes is warranted.
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1. Introduction


Dental caries remains as one of the most prevalent childhood diseases, and it causes problems well beyond the teeth: it is associated with cardiovascular disease, obesity, and lifelong systemic diseases such as Type II Diabetes Mellitus [1]. Despite prevention efforts, 17.4% of children under 9 years old have at least one cavity or filling in their primary teeth [2], and by age 17 the rate rises to 78% [3]. Yearly, thousands of children of different ages have dental procedures in surgical suites due to dental problems [3]. Dental treatment and procedures cost industrialized countries billions of dollars [4]. Previous researchers have provided important insights into the influence of oral health behavior, especially the lack of tooth brushing by children and the association of not only caries but other chronic conditions such as Type II Diabetes Mellitus. One of the most inexpensive prevention measures is tooth brushing, which prevents caries and common chronic conditions in adulthood. Tooth brushing frequency in children offers benefits towards preventing caries and decreasing the expended costs and resources in countries around the world [5].



While recent studies have suggested the beneficial roles of the human microbiome in overall health, the role of the oral microbiome in promoting oral health and decreasing systemic inflammation is understudied [6]. Recently, associations among oral health, the oral microbiota, and systemic diseases have been postulated [7]. Both biological and environmental factors shape the profile of the oral microbiome in children: they acquire their oral microbiomes at birth from their mothers, and interaction with their environment results in commensal bacteria of more than 1000 taxa [7]. The role of different commensal bacteria in causing caries remains unclear, and although the oral health behaviors of tooth brushing—using fluoride toothpaste, dental flossing, and using mouthwash—are known to improve oral health, little is known about the influence of the frequency of tooth brushing on the oral microbiome. A low pH level may create an acidic environment too low for some caries-producing bacteria such as Streptococcus mutans [8]. Reducing the biofilm produced by the bacteria, which demineralizes the tooth enamel, results in a decrease of caries risk. Moreover, tooth brushing may reduce the abundance of caries-related bacterial phyla [9,10]. The purpose of this pilot study was to understand the association between the frequency of tooth brushing and the oral microbiota in children.




2. Materials and Methods


A pilot study using a cross-sectional, correlational design was conducted to observe the associations between oral health behaviors, in particular tooth brushing, and oral microbiota. A convenience sample of sixteen children aged 7–12 years old, from diverse socioeconomic levels and ethnic backgrounds, was recruited from a Midwest community dental clinic. The inclusion criteria were children (a) 7–12 years old, (b) with a parent/guardian who was able to provide consent and child assent, and (c) who were able to communicate in oral and written English. Children who had been on antibiotics, oral inhalers, steroids, or Non-steroidal anti-inflammatory drugs (NSAIDs) in the previous 3 months were excluded. The recruitment protocol focused on children not taking oral medication for acute or chronic conditions at that time in order to avoid disturbance in the ecological environment of the oral microbiome. Based on audits in pertinent literature, the sample size was calculated using moderate effect size, statistical power of 80%, and an alpha of 0.05, with sample size n = 10 [11]. This study was approved by the Illinois State University Institutional Review Board (IRB-2018-45).



2.1. Data Collection


We administered two types of surveys. A demographic questionnaire, filled out by the parent and the child, collected information on age, race, ethnicity, gender, if living with parents or others, education, and parent’s employment. An oral health behavior questionnaire, written in language suitable for children, was used to collect data directly from the children about their tooth brushing frequency, dental flossing, and use of mouth wash and fluoride toothpaste. The survey had a Cronbach’s α = 0.70, moderate internal consistency. The children completed the oral health questionnaire prior to having their saliva sampled. We also surveyed dental records for variables on history of caries, history of prior disease, and history of prior medications.



Before their dental examination, we collected samples of their oral microbiota using sterile swabs from the upper and lower teeth, the right and left cheeks, the upper palate, and the tongue. This study used specimens from the upper and lower teeth, collected from the following specific surface sites: posterior, anterior, molars, incisors, and premolars. We used the aseptic technique to collect the specimens, following the manufacturer’s instructions (sample collection quick protocol, Zymo Research). We began by wearing gloves and opening the package containing the swab and collection tube. We instructed the participant to open their mouth, swabbed each sample site with an individual package, swabbing several times with a back-and-forth motion before inserting the swab in the collection tube. After acquiring each individual sample, we inserted the swab in the collection tube, broke off the tip, closed the collection tube, and inverted it several times to mix the prefilled Zymo Research DNA/RNA shield. Each oral sample was collected and deposited separately using a Zymo Research DNA/RNA shield collection tube with swab, according to the manufacturer’s instructions. Each collection tube was prefilled with 1 mL of DNA/RNA shield to preserve the nucleic acid content of the samples. The oral samples were collected from all children at the same time, the same day of the week, and only once. Oral samples were deidentified and labeled with a serial number designation to coordinate with the oral health questionnaire. The oral samples were stored at −20 °C, following the manufacturer’s instructions until analysis. From the 96 total oral samples collected, the 32 samples from upper and lower teeth were used for analysis.




2.2. Data Analyses


Descriptive statistics were used to analyze sample characteristics and oral health behavior, particularly tooth brushing frequency, using IBM SSPS statistics 24 version. Polymerase Chain Reaction (PCR) amplification and 16S rRNA gene sequencing were used to analyze oral specimens. Differences in oral microbial composition across tooth brushing groups were tested using Permutational Analysis of Variance (PERMANOVA) and Analysis of similarities (ANOSIM) in R.




2.3. Microbiome Analysis and Sequence Data Processing


DNA extraction and 16S rRNA Next generation sequencing. DNA extraction and isolation were completed following the ZymoBIOMICS DNA Microprep Kit manufacturer’s instructions. Extracted DNA samples were submitted to the Functional Genomics Unit and the High-Performance Biological Computing Unit at the University of Illinois for amplification using universal V4 Primer TACGGTAGCAGAGACTTGGTCTGACTACHVGGGTATCTAATCC. PCR-amplified products and labels for 16S rRNA were then sequenced using Fluidigm and Illumina MiSeq sequencing technology, following standard protocols.



The oral microbiomes of participants were analyzed in depth using 16S rRNA gene sequencing. This approach allowed us to identify bacteria to the level of phylum in little time and with low cost [12,13].



Workflow. Raw FASTQ data from the samples were processed using a Nextflow-based workflow wrapping dada2, release 1.6.0 [14] and R v3.4.2 [15]; the workflow was configured and deployed on the Biocluster HPC cluster at the University of Illinois (http://biocluster.igb.illinois.edu (accessed on 25 November 2018)). The workflow was configured with the use of dada2 to trim, dereplicate, and denoise amplicon sequence data; Silva to generate a count table of amplicon sequence variants (ASV’s) and a taxonomic assignment of the resulting ASV’s [16]; DECIPHER 2.6.0 to align the ASV sequences in multiple sequences [17]; and FastTree v2.1.10 to analyze the maximum likelihood phylogeny [18]. We focused on the V4 region analysis for the samples and executed the dada2 pipeline.



Assigning taxonomy. The Silva v32 database was utilized for taxonomic assignment within dada2 using their implementation of the RDP Classifier [19]. Taxonomic rank assignment was additionally performed on the V4 data set. The snapshot of the workflow used for this analysis can be found here: https://github.com/HPCBio/16S-rDNA-dada2-pipeline/releases/tag/2018-calderon (accessed on 25 November 2018). All data analyses were performed using R v.3.5.1, and the packages phyloseq v. 1.26 [20] and vegan v2.5 [14].



Decontaminating data. Four replicate samples were removed. Data were further filtered to remove potential contaminants with the R decontam v1.2 package [21], using the water sample as a control; further filtering removed ASVs likely originating from mitochondria (eukaryotic origin). After these steps, samples with zero counts remaining were removed. 16S rRNA sequencing results were obtained from all 32 oral samples. Following quality control filtering for contaminating sequences and read number, two samples were eliminated, leaving 30 for further analysis.




2.4. Statistical Analysis


Alpha and beta diversity analysis. Operational Taxonomic Units (OTUs) were identified from sequencing data using phyloseq [20], and the abundance of identified phyla. Alpha diversity analyses were performed using phyloseq; a mixed-model analysis was performed using linear and nonlinear mixed effect model RPackage v3.4 [22] to correct for potential group effects (repeated measures). Beta diversity was assessed using phyloseq and vegan package in R; sample data was initially prevalence-filtered to remove any ASV’s not found in at least two samples with a minimal CPM (count per million) of one. Counts were agglomerated to the genus level, retaining ASV’s where the genus was not assigned as ‘NA’. Three Samples were removed as outliers based on low overall counts, beta diversity analysis, and anomalous microbiome frequency. Beta diversity measures were compared across tooth brushing groups using PERMANOVA and ANOSIM tests.





3. Results


3.1. Descriptive Data


Of the 16 children aged 7–12 years who participated in the study, a little less than a third were Hispanic (28.6%), followed by Caucasian and African American (21.4% each), and Asian and Bi-racial (14.3% each). Two participants opted out from reporting race. More than half of the participants were male (62.5%). The average age was 9 years old; half of the children were in 6th grade and the other half in 2nd or 4th (25% each). Seventy-five percent of the participants had parents who were both working and earning an income, and 75% of the household inhabitants had four people in their home (see Table 1). All participants had a history of caries in the past, 31.3% of the participants had a history of chronic disease (e.g., asthma), and 43.7% of the participants had taken oral medication in the previous year. Participants reported a high frequency of tooth brushing: 87% brushed either once or twice a day, and 6% brushed more than twice a day (see Table 2). The majority of participants (81.3%) never flossed. More than half of the participants (56.3%) used mouth wash once or twice daily, and the rest either never used mouthwash or used it once a week.




3.2. Microbiome Analysis


Six hundred and sixty taxa were identified in 30 oral specimens following the decontamination and quality control process. All of these taxa were identifiable at the level of phyla. The major phyla found in the upper and lower teeth of the subjects in the tooth brushing groups (brush1: once a day; brush2: twice a day) were the following: Proteobacteria, Fusobacteria, Firmicutes, Bacteroidetes, and Actinobacteria (Figure 1a). Five hundred and ninety-one taxa were identified to the genera level (Figure 1b).



Alpha diversity statistics were used to further characterize the samples. Alpha rarefaction curves were plotted for each subject in each tooth brushing group. The curves reached a plateau for each subject, suggesting that most of the diversity in the samples had been captured (Figure 2a). Four distinct alpha diversity measures (Observed ASV richness, Chao1 richness, Shannon index, and inverse Simpson index) were calculated to estimate within sample species richness. These measures revealed that there is variation between subjects, but that alpha diversity measures are not significantly impacted by tooth brushing status (Figure 2b).



Beta diversity statistics were used to characterize differences between samples. Graphing the first two axes of a principal coordinates analysis (PCoA) of the weighted unifrac distances between subjects revealed a clustering of subjects into the two brushing groups, although there is some mixing of the two groups (Figure 3a). Hierarchical clustering by Ward’s method 2 was used to further characterize the relationship between subjects. The resulting dendrogram agrees with the PCoA ordination plot; there is a split between the brushing groups, with a few of the brush2 group subjects found in the brush1 cluster (Figure 3b).




3.3. Correlation between Tooth Brushing Frequency and Microbiota


Tooth brushing frequency was significantly associated with microbiome beta diversity, a measure of the difference in microbial community composition between samples. The dissimilarity between samples was calculated using the weighted UniFrac distance method and tested using PERMANOVA. The distance between brushing conditions was highly significant (F = 4.49, R2 = 0.152, p = 0.005, 999 permutations). This result was further tested using the analysis of similarities (ANOSIM) non-parametric approach, which also revealed a significant difference in beta diversity between brushing frequencies (R2 = 0.281, p = 0.002, 999 permutations). More specifically, children brushing twice daily had significantly decreased prevalence of Actinobacteria (p = 0.001) and significantly increased prevalence of Proteobacteria (p = 0.025) compared to children brushing once daily, as shown in Figure 1a. The other main phyla were not affected by the tooth brushing frequency.





4. Discussion


Findings from this study supported the hypothesis that children’s tooth brushing frequency is associated with oral microbiota composition. In our study, the relative abundance of the oral microbiota community changed when tooth brushing frequency increased from once to twice a day (Figure 1b), and children brushing twice a day have a greater relative abundance of Proteobacteria (greater than 35%) in comparison to Actinobacteria (greater than 10%). Interestingly, the difference in oral microbiome in people living in a different place had similarities to our findings in urban areas. A study in Myanmar with supragingival plate samples collected from children aged 9–13 years old living in remote mountains areas found that Proteobacteria (58.1%) account for the highest abundance, followed by Firmicutes (21.5%), and Bacteroidetes (14.8%) [23]. Jiang and colleagues reported similar findings, suggesting that children with abundant Proteobacteria (greater than 50%) and Actinobacteria (greater than 25%) developed fewer caries [24]. A recent literature review points out that in North America, a multitude of Proteobacteria and Fusobacteria is observed in children with no caries belonging to the indigenous population [25]. While the mechanism underlying this association remains unexplained, the lower relative abundance of Actinobacteria in children brushing twice a day compared to those brushing once a day may be a reflection of the lower abundance of the genus Actinomyces, which is commonly known as an opportunistic pathogen in the oral cavity. Similarly, while the increased relative abundance of Proteobacteria in children brushing twice a day could be related to the relative decrease in the abundance of Actinobacteria, it would be worth asking if the relative proportions illustrated in the group brushing twice a day might represent a “healthier” composition and abundance in which the commensal microbes keep the cariogenic bacteria at bay.



Contrary to our findings, a study of Irish children who provided saliva samples reported finding Proteobacteria as the dominating caries-active salivary microbiota (median abundance value 38.2%) [26]. Jiang and colleagues reported non-significant differences for the alpha and beta diversity in aging adults with or without caries [27]. Similarly, Xu and colleagues studied the oral microbiota in samples of supragingival plaque and saliva collected from caries and caries-free groups of Chinese children aged 6–8. An analysis of the 16S hypervariable region of V1–V3 showed that the overall abundance and diversity of the top 18 phyla varied between the caries and caries-free groups [28]. A study that looked into oral microbiota and caries in monozygotic twins (MZ) and dizygotic twins (DZ) used a methodology with sequencing in the same 16S V3–V4 region, but with bioinformatics analysis different from our study [29]. Although we cannot confirm the same results, we do see a microbial similarity with the top five phyla, which corresponds with 97.3% of the bacteria abundance in their study sample [29].



While the increased relative abundance of Proteobacteria may reflect a pathogenic environment, and the decreased relative abundance of Actinobacteria may indicate microbial imbalances, it is important to note that there is a variation in sampling techniques, population-age group, gene-sequencing platforms, or bioinformatics analysis across studies. In general, our study notes that the diversity and abundance of the oral microbiota affected by tooth brushing once or twice daily may help explain the mechanisms by which tooth brushing helps prevent caries in children. Further analyses using tooth brushing and lower taxonomic levels are warranted.



Our results suggest that each participant’s oral microbiota was unique, demonstrating agreement with the idea of commensal diversity within a person that is characterized by tooth brushing frequency. The samples collected from the upper and lower teeth revealed a unique microbial profile in the oral cavity according to the participants’ oral health behavior. Each individual has a unique oral microbiome from birth, which resides in an open cavity exposed to the external environment [30]. This external exposure allows the oral microbiota to diversify and adapt to the different environments [30]. Tooth brushing frequency may affect the environmental balance in which the commensal bacteria could thrive. It is worth noting that the presence of specific phyla alone may not predict the development of dental caries, and that other risk factors affecting caries development should be considered in combination with microbiota composition.



The current understanding of dental caries involves multiple risk factors, including sugar intake and socioeconomic status. Some studies have found that children’s ethnicity may be associated with changes in oral microbiota composition over time due to environmental exposures in lower socioeconomic and disadvantaged communities [31]. While a breakdown of the microbial profile by ethnicity or socioeconomic status and environmental exposures was not the focus of our study, future studies investigating the influences of sugar intake, acculturalization, as well as parents’ oral health behavior and oral microbiome on children’s microbial profiles may be helpful when designing interventions to optimize oral microbial composition.



A chief limitation in our pilot study was under-representation of female participants, which precluded us from having an accurate representation of the US population. Additionally, a larger sample in which the oral microbiome could be correlated with oral symptoms would be very helpful. With our limited funding, we focused on analyzing microbial composition; expanding the oral microbiome analysis using a combination of metagenomic, metatrascriptomic, and metabolomic analysis is warranted to help us better understand the metabolic profile and activity of the bacteria. In future studies, collecting more information such as types of toothpaste used, dietary patterns such as regular consumption of sugary drinks or processed food, and the oral pH level would be helpful in determining the moderating role of the oral environment on the microbial profile.




5. Conclusions


Tooth brushing frequency can affect the proportional composition of oral microbiota, the composition of which becomes a risk factor for dental caries if not in a “healthy balance.” The ultimate goal is to use tooth brushing frequency to change the composition of the oral microbiome for a beneficial balance toward a healthy mouth and beyond. For oral research, this study offers preliminary baseline data showing the association between relative abundance of oral microbiota and tooth brushing frequency. The interdisciplinary approach used in this study, combining clinical practice and basic science research, will help translate research findings to clinical practices that can positively impact children by keeping them healthy in our communities. The development of innovative tooth brushing interventions aimed at promoting tooth brushing behavior in children to optimize the oral microbiota may decrease the risk of both oral and systemic diseases.
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Figure 1. Overview of identified bacterial taxa: (a) Bacteria phyla by tooth brushing groups: brush1: once a day; brush2: twice a day. Relative abundance of the top five phyla, with an “other” group, in each participant sample within each tooth brushing group. (b) Bacterial genera by tooth brushing groups: brush1: once a day; brush2: twice a day. Relative abundance of the top 10 genera, with “other” and unknown groups, in each participant sample within each tooth brushing group. 
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Figure 2. Sample alpha diversity: (a) Alpha Rarefaction by brushing group. Rarefaction curve for each subject. (b) Alpha diversity measures by brushing group. Abbreviations: Observed = Observed ASV; InvSimpson = inverse Simpson. Tooth brushing groups: brush1: once a day (red); brush2: twice a day (blue). 
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Figure 3. Beta diversity: (a) Ordination of the first two axes from principal coordinates analysis (PCoA) of subjects by brushing group. (b) Dendrogram of hierarchical clustering of subjects in each brushing group. Brushing groups: brush1: once a day (red); brush2: twice a day (blue). 






Figure 3. Beta diversity: (a) Ordination of the first two axes from principal coordinates analysis (PCoA) of subjects by brushing group. (b) Dendrogram of hierarchical clustering of subjects in each brushing group. Brushing groups: brush1: once a day (red); brush2: twice a day (blue).
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Table 1. Sample Demographics.






Table 1. Sample Demographics.





	
Characteristics (N = 16)

	
Percentage/Mean (Range)






	
Gender

	
Male

	
62.5%




	
Female

	
37.5%




	
Age

	

	
9.1 years (7–12 years)




	
Grade

	
Second

	
25%




	
Fourth

	
25%




	
Sixth

	
50%




	
Race

	
Caucasian

	
21.4%




	
African American

	
21.4%




	
Hispanic

	
28.6%




	
Asian

	
14.3%




	
Bi-racial

	
14.3%




	
Household Occupancy

	
Up to Four

	
75%




	
Four to Eight

	
25%




	
Parent working in the household

	
Mother and Father

	
75%




	
Grandmother

	
25%




	
and/or Grandfather

	




	
History of Caries

	
Yes

	
100%




	
No




	
Chronic disease

	
Yes

	
31.3%




	
No

	
68.7%




	
Oral Medication

	
Yes

	
43.7%




	
No

	
56.3%
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Table 2. Children Tooth brushing Behavior.






Table 2. Children Tooth brushing Behavior.





	
Oral Health Behavior

	
Frequency

	
Percentage






	
Tooth brushing

	
Never

	
6.3%




	
Once a day

	
43.8%




	
Twice a day

	
43.8%




	
More than twice a day

	
6.3%




	
Flossing

	
Never

	
81.3%




	
Once a day

	
6.3%




	
Twice a day

	
6.3%




	
More than twice a day

	
6.1%




	
Mouth Wash

	
Never

	
37.0%




	
Once a day

	
37.0%




	
Twice a day

	
19.3%




	
More than twice a day

	
6.7%
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