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Abstract: Although in vivo studies have explored the relationship between oral environment and mi-
crobial communities, a precise analysis of the effects of environmental pH on oral microbiota remains
challenging owing to their complexity and external influences. This study aimed to investigate the
effect of environmental pH on the structure and diversity of oral microbiota in vitro. Tongue coating
samples from ten participants were cultured anaerobically at six pH levels (5.5–8.0) using adjusted
media. After DNA extraction, high-throughput sequencing of the 16s rRNA V3–V4 region was
performed. Microbial diversity was analyzed using alpha and beta diversity indices, and differential
taxa were identified using linear discriminant analysis effect size (LEfSe). Alpha diversity analysis
revealed reduced diversity at pH 5.5 and 8.0. Beta diversity revealed that microbial communities at
pH 5.5, 7.5, and 8.0 were separated from those at pH 7.0. LEfSe identified bacterial species that were
significantly altered at pH 5.5 and 8.0. Environmental pH significantly influences the diversity and
composition of microbial communities, with substantial changes occurring under acidic or alkaline
conditions. These findings provide deeper insight into how oral biofilms respond to pH variations,
underscoring the critical role of pH in oral microbiota dynamics.
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1. Introduction

The oral microbiome is one of the most diverse microbial communities inhabiting
the human body [1]. It forms biofilms on various hard and soft tissue surfaces, such as
the supragingival and subgingival areas, tongue, and buccal mucosa. To date, more than
700 bacterial taxa have been identified [2], highlighting the diversity and complexity of
the oral microbiota. This microbial community plays a crucial role in maintaining oral
health and influencing systemic health [3]. Healthy individuals host an established oral
microbiome, maintaining a stable community [4]. However, environmental changes can
lead to dysbiosis, a microbial imbalance that transforms biofilms into etiological agents of
oral diseases such as dental caries and periodontitis. Regarding the tongue coating, it has
been reported that a specific balance of the microbial community is associated with the
development of aspiration pneumonia [5,6].

Key factors that influence the composition and functional expression of the oral
microbiome include nutrient availability, oxygen levels, and environmental pH [7]. Salivary
bicarbonate and phosphate provide a strong buffering capacity, maintaining salivary pH
fluctuations within the normal range [8]. In contrast, oral acidity (salivary pH) has been
reported to be closely associated with circadian rhythm and sleep, similar to the salivary
flow rate [9]. Recent studies using intraoral devices equipped with pH probes have revealed
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that oral pH exhibits distinct diurnal rhythms [10]. The average pH was reported to be 7.27,
with a maximum of 7.73 and a minimum of 6.6, separated by a 12 h interval.

Furthermore, oral biofilms can experience pH levels outside the normal range, drop-
ping below 6.6 or rising above 7.7. Examples of acidic conditions include gastroesophageal
reflux disease and dental caries [11,12]. In dental carious lesions, the pH levels in the
biofilm can drop below 5 because of the production of organic acids, such as acetic, lac-
tic, and propionic acids, as fermentation by-products [12]. This leads to a dysbiotic state
characterized by an increased proportion of acid-tolerant and acid-producing oral microor-
ganisms. Conversely, on the alkaline side, the use of alkaline toothpaste [13] or alkaline
electrolyzed or ionized water [14,15] can temporarily shift the oral environment toward
alkalinity. In vivo studies have elucidated the relationship between the oral environment
and the microbial community [16]. However, owing to the complexity of microbial commu-
nities and the environmental factors influencing them, the precise analysis of changes in
the oral microbiome remains challenging.

In this study, we aimed to investigate how environmental pH influences the structure
and diversity of oral microbiota by culturing it under different pH conditions in vitro. To
evaluate the impact of pH on the tongue-coating microbiome, tongue-coating samples were
collected from 10 volunteers with informed consent and cultured at pH levels of 5.5, 6.0, 6.5,
7.0, 7.5, and 8.0. The alpha and beta diversities were analyzed after culturing. Additionally,
a linear discriminant analysis effect size was used to identify the characteristic bacterial
taxa in the microbial communities at pH 5.5, 7.0, and 8.0. This study provides a deeper
understanding of how the oral microbiota responds to changes in pH.

2. Materials and Methods
2.1. Sample Collection and Pre-Cultivation

The study involved the collection of tongue coating samples from 10 adult participants
(5 males and 5 females) aged between 25 and 29 years (mean ± SD, 26.4 ± 1.3). The
characteristics of each subject are presented in Table S1. The study protocol was reviewed
and approved by the Ethics Committee of Osaka Dental University (approval number:
111131) in accordance with the Declaration of Helsinki. All experiments and data collection
adhered to these guidelines. Written informed consent and participation agreements
were obtained from all participants. Exclusion criteria included a self-reported history
of periodontitis or dental caries, periodontal or orthodontic treatment within the past six
months, localized or systemic antibiotic treatment within one month prior to participation,
and the use of mouthwash or tongue cleaning within one week prior to participation. All
the participants abstained from eating and drinking for one hour before sample collection.
Tongue coating samples were collected by swabbing the tongue dorsum ten times back and
forth using a HydraFlock Swab (Puritan Medical Products, Guilford, ME, USA; 25-3406-H).
The swabs were immediately transferred to an anaerobic environment (80% nitrogen, 10%
hydrogen, and 10% carbon dioxide) and immersed in 0.5 mL of sterile phosphate-buffered
saline (PBS, pH 7.4) for 30 s to release the samples into the liquid. The suspension was
centrifuged (13,200 rpm for 4 min), and the supernatant was discarded. The pellet was
resuspended in 1 mL SHI medium [17–20] by repeated pipetting. This suspension was pre-
cultured in an anaerobic chamber at 37 ◦C with shaking for 15 h to prepare the pre-culture
sample for monitoring microbial community changes due to pH. Pre-cultivation began
within one hour of sample collection.

2.2. Cultivation of Microbial Communities in pH-Adjusted Media

The pH of the SHI medium was adjusted by adding appropriate ratios of KH2PO4 and
K2HPO4 solutions. The final concentration of the added potassium phosphate buffer was
kept below 0.1 mM in all conditions (Table S2). The pre-cultured tongue coating samples
were centrifuged, and the pellet was resuspended in PBS. This sample was designated as the
unincubated group, and its optical density at 600 nm (OD600) was measured. The sample
was then added to the pH-adjusted SHI medium to achieve a final OD600 of 0.01 and cul-
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tured anaerobically with shaking for 20 h. After incubation, the pH of the culture medium
was measured using samples derived from five participants and centrifuged to collect the
pellets. The pellets were stored at −80 ◦C, and DNA extraction was performed within one
week. The pH of the adjusted medium was measured before and after cultivation using a
pH meter (LAQUA twin-pH-33B; Horiba, Kyoto, Japan) inside an anaerobic chamber.

2.3. DNA Extraction

Metagenomic DNA was extracted from the frozen pellets using a combination of
chemical and mechanical lysis methods. Specifically, Pathogen Lysis Tube S and QIAamp
UCP Pathogen Mini Kit (Qiagen, Hilden, Germany) were used, following a previously
described method [18–20]. Purified genomic DNA was quantified using a Quantus fluo-
rometer (Promega, Madison, WI, USA) and Qubit dsDNA BR Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). The quantified DNA was stored at −80◦C until further use.

2.4. Library Construction and High-Throughput Sequencing

Library preparation and sequencing for next-generation sequencing (NGS) followed
the 16S Metagenomic Sequencing Library Preparation protocol (Part # 15044223 Rev. B)
provided by Illumina (San Diego, CA, USA). The V3-V4 region of the 16S ribosomal RNA
(rRNA) gene was amplified using primers 341F (5′-TCGTCGGCAGCGTCAGATGTGTATA
AGAGACAGCCTACGGGNGGCWGCAG-3′) and 806R (5′-GTCTCGTGGGCTCGGAGAT
GTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT-3′), synthesized by Invitrogen.
Premix Ex Taq polymerase (Takara Bio, Otsu, Japan) was used for the PCR analysis. Thermal
cycling conditions were as follows: initial denaturation at 98 ◦C for 10 s, followed by
25 cycles of 98 ◦C for 10 s, 55 ◦C for 30 s, and 72 ◦C for 1 min. DNA integrity was verified
using 1% agarose gel electrophoresis. After amplification, PCR products were purified
using AMPure XP beads (Beckman Coulter, Miami, FL, USA). Adaptor primers with 8-base
indices were ligated to both the 3′ and 5′ ends of the purified DNA amplicons, followed
by eight additional PCR cycles under similar conditions. Purified PCR products were
quantified using a Quantus fluorometer and a Qubit dsDNA HS Assay Kit. The amplicons
were pooled at equimolar concentrations and combined with 5% phiX DNA (Illumina) as
an internal control. Sequencing was performed on the Illumina MiSeq platform (Illumina)
with 2 × 250 bp paired-end reads by Genome-Lead Inc. (Takamatsu, Japan).

2.5. Sequence Data Processing

Demultiplexed paired-end reads obtained by sequencing were processed using the
QIIME 2 pipeline (v2021.2) [21]. Quality filtering, chimera removal, and trimming were
performed using DADA2 [22], with the parameters trim-left-f = 17, trim-left-r = 21, and
trunc-len-f/r set to 252 and 254, respectively. The resulting amplicon sequence variants
(ASVs) were merged into a single feature table using the q2-feature-table plugin [21].
Taxonomic assignment was performed using a Naïve Bayes classifier trained on the V3–V4
region of the 16S rRNA sequences from the expanded Human Oral Microbiome Database
(eHOMD; v15.2) [23]. Multiple sequence alignments of all ASVs were performed using
MAFFT [24].

2.6. Statistical Analyses

Alpha diversity indices (Shannon’s index, observed ASVs, and Pielou’s evenness
index) were calculated using the QIIME 2 q2-diversity plugin. Group comparisons were
performed using the Kruskal–Wallis test. Beta diversity was assessed using weighted
UniFrac phylogenetic distances and visualized as two-dimensional principal coordinate
analysis plots generated using EMPeror. Significant differences in the bacterial composition
between the samples were evaluated using a permutation-based analysis of variance.
Linear discriminant analysis effect size (LEfSe) was used to identify significantly enriched
taxa [25]. Statistical significance for OTU-level differences was assessed using Wilcoxon
rank-sum tests, with p < 0.05 considered significant.
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3. Results
3.1. In Vitro Cultivation of Oral Microbiota and High-Throughput Sequencing

To evaluate the effects of environmental pH on tongue-coating microbiota, we cultured
tongue-coating samples in vitro under different pH conditions and observed changes in
the bacterial community. Tongue coating samples were collected from 10 consenting
participants and pre-cultured under anaerobic conditions for 20 h in media adjusted to
six different pH levels (5.5, 6.0, 6.5, 7.0, 7.5, and 8.0) at 0.5 pH intervals. The pH of
the culture medium after cultivation was measured in the samples derived from five
participants. The results showed that bacterial metabolism caused a slight pH shift: acidic
media shifted toward alkalinity, and alkaline media shifted toward acidity, centering around
pH 6.5 (Figure S1). The magnitude of change in pH was greater under alkaline conditions.
Two samples (pH 5.5) did not exhibit sufficient microbial growth and were excluded from
further analysis. For the remaining pH conditions, all ten participants provided viable
culture samples.

DNA was extracted from seven sample groups, including the unincubated group,
and high-throughput sequencing of the V3–V4 region of the 16S rRNA gene amplicons
was performed. A total of 136 samples were processed using Quantitative Insights into
Microbial Ecology 2 (QIIME 2). Paired-end assembly, quality filtering, and chimera removal
resulted in 10,783,332 sequences that clustered into 2649 identified ASVs. Sequence counts
per sample ranged from 10,434 to 949,550, with an average of 92,531 (±120,107 standard de-
viation) per sample. Rarefaction curves, which correspond to species richness, approached
saturation at a sequencing depth of approximately 8000, indicating that all samples con-
tained sufficient high-quality reads (Figure 1a). The structural diversity of the microbial
communities was assessed using sequencing data.
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Figure 1. Rarefaction curves and alpha diversity comparisons between the unincubated group and 
groups cultured at different pH levels. (a) Sample-based rarefaction curves. Alpha diversity com-
parisons between the unincubated group and experimental groups were performed using the Shan-
non index (b), observed ASVs (c), and Pielou’s evenness index (d) (n = 8 for pH 5.5, n = 10 for other 
pH levels; * p < 0.05, ** p < 0.01, and *** p < 0.001, compared with the pH 7.0 group; Wilcoxon rank-
sum test). Data are presented as medians with interquartile ranges (including outliers). 

3.2. Effects of pH on Alpha and Beta Diversity in Oral Microbiota 

Alpha diversity (within-sample diversity) was assessed using three metrics: Shannon 
index, observed ASVs, and Pielou’s evenness index. When comparing samples cultured 
at a neutral pH (7.0) with the unincubated group, no significant changes in diversity were 
observed across any of the indices after pH-adjusted incubation (Figure 1b–d). This indi-
cates that the microbial community diversity remains stable under neutral conditions. 
Similarly, comparisons between samples cultured at pH 7.0 and those cultured at other 
pH levels showed no significant changes in alpha diversity at the three pH levels close to 
neutrality (6.0, 6.5, and 7.5). However, significant changes were observed across all three 
indices for samples cultured at pH 5.5 and 8.0. 

Beta diversity (between-sample diversity) analysis revealed significant differences 
between the samples cultured under different pH conditions (Figure 2). Principal coordi-
nate analysis (PCoA) plots showed that the unincubated group and microbial communi-
ties cultured under pH conditions ranging from 6.0 to 7.0 formed overlapping clusters, 
indicating that near-neutral pH conditions maintain a stable community structure. In con-
trast, samples cultured at the two pH levels with significant differences in alpha diversity 
(5.5 and 8.0), as well as those cultured at pH 7.5, exhibited distributions that were clearly 

Figure 1. Rarefaction curves and alpha diversity comparisons between the unincubated group and
groups cultured at different pH levels. (a) Sample-based rarefaction curves. Alpha diversity comparisons
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between the unincubated group and experimental groups were performed using the Shannon index
(b), observed ASVs (c), and Pielou’s evenness index (d) (n = 8 for pH 5.5, n = 10 for other pH levels;
* p < 0.05, ** p < 0.01, and *** p < 0.001, compared with the pH 7.0 group; Wilcoxon rank-sum test).
Data are presented as medians with interquartile ranges (including outliers).

3.2. Effects of pH on Alpha and Beta Diversity in Oral Microbiota

Alpha diversity (within-sample diversity) was assessed using three metrics: Shannon
index, observed ASVs, and Pielou’s evenness index. When comparing samples cultured
at a neutral pH (7.0) with the unincubated group, no significant changes in diversity
were observed across any of the indices after pH-adjusted incubation (Figure 1b–d). This
indicates that the microbial community diversity remains stable under neutral conditions.
Similarly, comparisons between samples cultured at pH 7.0 and those cultured at other
pH levels showed no significant changes in alpha diversity at the three pH levels close to
neutrality (6.0, 6.5, and 7.5). However, significant changes were observed across all three
indices for samples cultured at pH 5.5 and 8.0.

Beta diversity (between-sample diversity) analysis revealed significant differences
between the samples cultured under different pH conditions (Figure 2). Principal coordi-
nate analysis (PCoA) plots showed that the unincubated group and microbial communities
cultured under pH conditions ranging from 6.0 to 7.0 formed overlapping clusters, indicat-
ing that near-neutral pH conditions maintain a stable community structure. In contrast,
samples cultured at the two pH levels with significant differences in alpha diversity (5.5 and
8.0), as well as those cultured at pH 7.5, exhibited distributions that were clearly separated
from other samples (Figure 2, Table S3). Analysis of beta diversity using Weighted UniFrac
dissimilarity demonstrated significant differences in inter-group distances between samples
cultured at pH 7.0 and those cultured at pH 5.5, 7.5, and 8.0 (Figure 3). The results of both
alpha and beta diversity analyses indicate that while the diversity of the tongue coating
microbiota remained relatively stable near neutral pH, it underwent drastic changes when
shifted to acidic or alkaline conditions.
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Figure 2. Comparison of microbial community structures using weighted UniFrac distances (p = 0.001,
pairwise permutational analysis of variance). The color of the circles represents the pH at which the
samples were cultured. U represents the unincubated group. The numbers in the legend indicate the
pH values.
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Figure 3. Weighted UniFrac dissimilarity between bacterial communities cultured at pH 7.0 and
other pH levels. The y-axis represents the relative distances between compared samples. *** p < 0.001,
compared with the pH 7.0 group; Wilcoxon rank-sum test.

3.3. Differential Taxa Identification Across Acidic and Alkaline Conditions

To identify the specific bacterial taxa affected by environmental pH differences, LEfSe
was used to compare the microbial compositions at pH 7.0 with those under acidic (pH 5.5)
and alkaline (pH 8.0) conditions. Figure 4 shows the linear discriminant analysis (LDA)
bar plots (log10) used for this comparison. At pH 5.5, Streptococcus salivarius, Streptococcus
anginosus, Veillonella dispar, and Campylobacter concisus were identified as the characteristic
taxa (Figure 4a). The relative abundances of the top 20 genera across different pH levels
are shown in Figure 5, and their variations at pH 5.5, 7.0, and 8.0 were further analyzed
(Figures 6 and S2). At the genus level, a slight increase in the proportions of Veillonella and
Streptococcus was observed at pH 5.5, but these differences were not statistically significant
(Figures 5 and 6). Additionally, no other genera showed significant increases at pH 5.5. In
contrast, at pH 8.0, Solobacterium moorei, Leptotrichia sp. HMT417, Eikenella corrodens, and
Gemella morbillorum were identified as the characteristic taxa (Figure 4b). At the genus level,
significant increases in Solobacterium and Gemella were confirmed, whereas the behavior
of other taxa varied across individual samples (Figures 5, 6 and S2). Furthermore, under
pH 7.5 conditions, a significant increase in Fusobacterium was observed (Figure 6d).
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Figure 4. Identification of the taxa with the most significant abundance differences between micro-
bial communities cultured at different pH levels through linear discriminant analysis (LDA) effect 
size. Histograms of linear discriminant analysis scores (log10) were generated for features with dif-
ferential abundances between samples cultured in pH 7.0 (green) and pH 5.5 (red) (a) or pH 7.0 
(green) and pH 8.0 (blue) (b). 

Figure 4. Identification of the taxa with the most significant abundance differences between microbial
communities cultured at different pH levels through linear discriminant analysis (LDA) effect size.
Histograms of linear discriminant analysis scores (log10) were generated for features with differential
abundances between samples cultured in pH 7.0 (green) and pH 5.5 (red) (a) or pH 7.0 (green) and
pH 8.0 (blue) (b).
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Figure 5. Heatmap showing the top 20 most abundant bacterial genera in samples of unincubated 
group and after culturing at different pH levels. A–H or A–J represent different volunteers; U de-
notes the unincubated group; numbers from 5.5 to 8.0 indicate the pH of the medium used for cul-
turing. 
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Figure 5. Heatmap showing the top 20 most abundant bacterial genera in samples of unincubated
group and after culturing at different pH levels. A–H or A–J represent different volunteers; U denotes
the unincubated group; numbers from 5.5 to 8.0 indicate the pH of the medium used for culturing.
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Figure 6. Relative abundances of bacterial genera after cultivation. The results for the four most 
abundant genera (a–d) and two additional genera, Solobacterium (e) and Gemella (f), are shown. The 
remaining genera from the top 20 are presented in Figure S2. Comparisons were made between pH 
5.5, 7.0, and 8.0 (* p < 0.05, ** p < 0.01, *** p < 0.001, compared with the pH 7 group, ns, no significance; 
Wilcoxon rank-sum test). For Fusobacterium, comparisons with pH 7.5 were also included. 
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At pH 5.5, bacteria that adapted to acidic environments, such as V. dispar and S. sali-
varius, became dominant. These bacteria are thought to enhance their competitiveness 

Figure 6. Relative abundances of bacterial genera after cultivation. The results for the four most
abundant genera (a–d) and two additional genera, Solobacterium (e) and Gemella (f), are shown. The
remaining genera from the top 20 are presented in Figure S2. Comparisons were made between pH
5.5, 7.0, and 8.0 (* p < 0.05, ** p < 0.01, *** p < 0.001, compared with the pH 7 group, ns, no significance;
Wilcoxon rank-sum test). For Fusobacterium, comparisons with pH 7.5 were also included.

4. Discussion

This study evaluated the effects of environmental pH on the diversity and structure of
the oral microbiota in vitro. The results revealed that microbial diversity was maintained at
near-neutral pH levels (6.0–7.5), suggesting that these conditions closely mimic the natural
oral environment, where microbial communities are stable and balanced. In contrast,
alpha diversity indices (Shannon index, observed ASVs, and Pielou’s evenness index)
decreased significantly under acidic (pH 5.5) and alkaline (pH 8.0) conditions, indicating
that extreme pH disrupts the microbial equilibrium. Beta diversity analysis revealed distinct
clustering of microbial communities cultured at pH 5.5, 7.5, and 8.0, separating them from
those cultured at neutral pH (6.0–7.0) or in unincubated samples. This distinct clustering
likely reflects the impact of environmental pH on microbial community composition. At
pH 5.5 and 8.0, extreme acidic and alkaline conditions impose selective pressures that
favor the proliferation of specific bacterial taxa adapted to these environments while
reducing the diversity of other less adaptable taxa. Interestingly, the separation observed at
pH 7.5 suggests that even moderate alkaline stress can influence community composition.
Although pH 7.5 is close to neutrality, slight deviations from the optimal pH range may
trigger shifts in bacterial dominance or metabolic activity, potentially contributing to the
observed divergence. These findings highlight the sensitivity of oral microbial communities
to environmental pH changes and emphasize that even small deviations from neutral
conditions can disrupt the balance of oral microbiota, potentially leading to dysbiosis.
Our findings highlight that environmental pH is a critical determinant of the structure
and diversity of the oral microbiota. Understanding how fluctuations in oral pH affect
microbiota balance provides valuable insights. Dysbiosis under extreme pH conditions
may weaken the colonization resistance of healthy oral microbiota, potentially facilitating
the proliferation and establishment of pathogenic bacteria [26,27]. These results emphasize
the importance of managing the oral pH to maintain microbiota stability and reduce disease
risk. Furthermore, the findings of this study offer potential applications in developing
new approaches to improve oral environments and prevent diseases, such as pH-adjusted
mouthwashes and toothpastes.

At pH 5.5, bacteria that adapted to acidic environments, such as V. dispar and S. salivar-
ius, became dominant. These bacteria are thought to enhance their competitiveness under
low-pH conditions through tolerance to organic acids and promoting acid production
via fermentation metabolism [28–30]. However, the overall increase in the proportions of
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genera Streptococcus and Veillonella was not statistically significant. This could be attributed
to the lack of a substantial increase in other species within these genera. Additionally, dif-
ferences in acid tolerance among Streptococcus and Veillonella species may have influenced
the observed variations. Consistent with these results, previous studies have reported
that the microbiota in severe carious lesions contains significant proportions of C. concisus,
Streptococcus species, and Veillonella species. The proliferation of such bacteria can further
acidify the environment, contributing to acid-associated diseases, such as dental caries.
Conversely, at pH 8.0, the bacteria adapted to alkaline environments, including S. moorei
and Leptotrichia spp., were significantly enriched. These bacteria likely exhibit enhanced
metabolic activity under alkaline conditions, allowing them to dominate such environments.
Notably, S. moorei has been suggested to be involved in high-pH-related oral conditions,
such as halitosis, and high pH levels have also been implicated in potentially inducing cal-
culus formation [31,32]. These findings suggest that extremely acidic or alkaline conditions
disrupt the balance of oral microbiota, leading to dysbiosis characterized by the prolifera-
tion of specific bacterial groups. These shifts provide important clues to understanding
the mechanisms underlying oral diseases. Meanwhile, the specific patterns of bacterial
genera that proliferated under pH 5.5 and pH 8.0 conditions showed slight variations
among samples (Figure 5). The exact causes of these differences were not elucidated in
this study; however, one possible explanation is the variation in the bacterial composition
of the samples used for cultivation. Additionally, in this study, two samples cultured at
pH 5.5 failed to exhibit sufficient microbial growth despite following the same procedures.
Further research is needed to investigate the underlying reasons for this phenomenon in
greater detail.

During the experiments, shifts in pH toward neutrality were observed under both
acidic and alkaline conditions after cultivation. This pH adjustment is likely driven by
microbial metabolic activity. Under acidic conditions (pH 5.5), the pH shift toward alka-
linity can be attributed to certain oral bacteria that convert arginine or urea to ammonia
via the arginine deiminase system or urease enzymes. Ammonia production by these
bacteria neutralizes acidic environments and increases the pH to neutral. This activity of
alkaligenic bacteria may help suppress demineralization and promote the remineralization
of teeth. Additionally, it can inhibit the proliferation of acidogenic bacteria associated
with caries development, contributing to the maintenance of a healthy oral microbiota.
Conversely, under alkaline conditions (pH 8.0), the pH shift toward acidity may result
from the production of organic acids (e.g., lactic acid, acetic acid, and propionic acid) as
metabolic by-products by certain bacteria. These acid-producing bacteria likely maintain
their activity in alkaline environments by adjusting the pH to close to neutral. These find-
ings suggest that extreme pH conditions activate the metabolic functions of tongue-coating
microbiota, ultimately driving the pH toward neutrality. This phenomenon may reflect a
natural buffering mechanism within the oral environment that enables the microbiota to
adapt to environmental changes while maintaining balance.

This study employed a unique experimental design to evaluate the effects of envi-
ronmental pH on the oral microbiota in vitro. The use of an in vitro model eliminated
external factors such as salivary flow and dietary intake that may influence in vivo condi-
tions, allowing precise analysis of pH as a single variable. Additionally, the use of finely
adjusted pH conditions in 0.5-unit increments enabled detailed examination of microbial
responses across a broad pH range (5.5–8.0). Standardized protocols for DNA extraction
and 16S rRNA gene sequencing further enhanced the reliability and comparability of the
data. However, this study had some limitations. In vitro models do not fully replicate
the complexity of the oral environment, including factors such as salivary flow, immune
responses, and food debris. Therefore, caution should be exercised when extrapolating
these findings to in vivo conditions. The sample size was limited to ten participants, thus
constraining the statistical power of the study. Additionally, the 20 h incubation period
provided insights into short-term microbial responses to pH changes but did not capture
long-term dynamics. Further studies are required to address these limitations. Long-term
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in vivo studies incorporating complex oral environmental factors such as salivary secretion
and immune interactions are essential to validate these findings. Moreover, the combined
effects of pH and other environmental variables, such as nutrient availability and oxygen
levels, should be explored to gain a more comprehensive understanding of oral microbiota
dynamics. Investigating the role of pH fluctuations in specific disease models, such as
caries and periodontitis, could provide insights into the role of pH management in disease
prevention and treatment. The findings of this study may influence the development
of new oral care products, such as pH-adjusted mouthwashes and toothpaste, aimed at
maintaining microbial balance and promoting oral health.

Furthermore, these results underscore the importance of monitoring and managing
the oral pH to prevent diseases and maintain microbiota stability. This study provides a
foundation for further research on the relationship between oral environments and the
microbiota, offering new directions for promoting oral health and preventing diseases.

5. Conclusions

This study demonstrated that environmental pH significantly influences the structure
and diversity of tongue-coating microbiota. Although the diversity remained stable near
neutral pH (6.0–7.5), significant changes occurred under acidic (pH 5.5) and alkaline (pH 8.0)
conditions. LEfSe analysis identified key taxa influenced by pH. These findings highlight
pH as a critical factor in microbial dynamics and its potential role in oral health and disease.
This study lays the groundwork for pH-based interventions to maintain oral microbiota
balance and prevent related diseases.
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pH conditions.
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