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ABSTRACT The tongue dorsum is colonized by a stable microbiota, mostly compris-
ing common commensal taxa. However, the predominance of each taxon varies
among individuals. We hypothesized that equilibrium in the tongue microbiota is
affected by exposure to butyrate in the oral fluid, which is reported to affect the
growth of specific microorganisms. In this study, the bacterial composition of the
tongue microbiotas of 69 male adults was determined via 16S rRNA gene sequenc-
ing to investigate its relationship to n-butyric acid concentration in oral rinse sam-
ples. The tongue microbiotas of individuals with a higher n-butyric acid level had
higher relative abundances of Prevotella histicola, Veillonella atypica, and Streptococcus par-
asanguinis and lower relative abundances of Neisseria subflava and Porphyromonas pasteri.
Subsequently, tongue microbiota samples collected from 12 adults were cultivated for 13
h in basal medium containing mucin and different concentrations of sodium butyrate (0,
0.8, 1.6, and 3.2 mM) to assess its effect on the growth of tongue microbiota organisms.
The bacterial composition of the cultivated tongue microbiotas also demonstrated a sig-
nificant gradual shift with an increase in sodium butyrate levels in beta-diversity analysis.
N. subflava was significantly less predominant in the microbiota after cultivation with an
increased addition of sodium butyrate, although no statistical difference was observed in
the other aforementioned taxa. These results suggest that butyrate in the oral fluid is par-
tially involved in the dysbiotic shift of the tongue microbiota.

IMPORTANCE Oral microbial populations that are always ingested with saliva have
attracted increasing attention because more oral microorganisms than previously
known reach distal organs, such as the lungs and intestinal tract, thereby affecting
our health. However, although such organisms are predominately derived from the
tongue dorsum, the dynamics and determinants of the tongue microbiota composi-
tion remain unclear. This study demonstrated that exposure to butyrate could lead
to a dysbiotic shift in the tongue microbiota using an observational epidemiological
and microbiota cultivation approach. This result adds a new dimension to tongue
microbiota ecology.

KEYWORDS butyric acid, tongue microbiota, 16S rRNA

The human oral cavity is densely colonized by diverse indigenous microorganisms,
which are ingested with saliva, beverages, and food. Little attention has been paid

to these microbial populations, as they are mostly inactivated by gastric acid and pro-
teolytic enzymes before reaching the gut. However, a recent metagenomic study
revealed that more oral commensals than previously assumed reach and colonize the
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large intestine (1). Other studies have demonstrated that the lungs, which are believed
to be sterile, also harbor diverse bacteria that are primarily derived from the oral cavity
and can affect respiratory health (2, 3). Thus, the translocation of oral commensals and
their association with health have recently attracted increasing attention. Nevertheless,
there is still limited information on the compositional dynamics and determinants of
the tongue microbiota, which is a primary source of the microbial populations ingested
with saliva among distinct microbial communities formed on various oral niches (4–6).
Oral microbiota studies have primarily focused on the dental plaque microbiota, which
is a causal agent of two major oral diseases, dental caries and periodontitis.

The tongue microbiota is a stable community mostly comprising common com-
mensal taxa. However, the predominance of each taxon in the microbiota varies
among individuals. We previously revealed that a shifted equilibrium of these com-
mensals is observed in individuals with poor oral hygiene and more dental caries expe-
rience (7, 8). This implies that some compounds enriched in the oral cavity under poor
dental conditions may be involved in the composition of the tongue microbiota.
Therefore, this study focused on butyrate levels in oral fluids. Butyrate is a metabolite
extensively produced by several oral pathobionts, such as Fusobacterium nucleatum
and Porphyromonas gingivalis (9), and its concentration in the oral cavity is high in indi-
viduals with poor dental conditions (10). Butyrate exhibits antimicrobial effects against
several bacterial taxa, including Campylobacter jejuni (11), Helicobacter pylori (12), and
oral streptococci such as Streptococcus gordonii and Streptococcus mutans (13). The
presence of resistant bacteria, such as P. gingivalis and Aggregatibacter actinomycetem-
comitans (13), implies that exposure to butyrate could affect the equilibrium of the
tongue microbiota. This observational and epidemiological study investigated the rela-
tionship between the bacterial composition of the tongue microbiota and the concen-
tration of n-butyric acid in oral rinse samples. Subsequently, we assessed the effects of
sodium butyrate on the growth of the tongue microbiota using a microbiota cultiva-
tion approach.

RESULTS

This study investigated the bacterial composition of the tongue microbiota associ-
ated with the amount of butyric acid in the oral cavity. Following dental examination,
tongue microbiota and oral rinse samples were collected from 69 male adults aged 30
to 59 years. The bacterial composition of the tongue microbiota of these individuals
was determined via 16S rRNA gene sequencing using a next-generation sequencer, Ion
PGM (Thermo Fisher Scientific), together with that of 60 pre- and postcultivated
tongue microbiota samples that were utilized in a subsequent microbiota cultivation
analysis. The sequencer generated 1,182,168 quality-filtered reads containing 2,424 dis-
tinct sequences (amplicon sequence variants [ASVs]) corresponding to the V1 and V2
regions of the 16S rRNA gene. Of these, 1,753 ASVs containing 1,087,605 reads (92.0%)
were assigned to 208 bacterial taxa deposited in eHOMD (14), with$98.5% identity.

The bacterial composition of the tongue microbiota was compared among individ-
uals whose oral n-butyric acid levels were classified based on their tertile values (Q1,
#59.4 ng/mL; Q2, 59.4 to 151.1 ng/mL; Q3, >151.1 ng/mL). The general and dental
conditions of individuals with three different concentrations of n-butyric acid are described
in Table 1. A principal-coordinate analysis (PCoA) plot based on the weighted UniFrac met-
ric demonstrated that the individuals exhibiting higher levels of n-butyric acid concentra-
tions were localized in a relatively negative direction of principal coordinate 1 (Fig. 1).
Permutational multivariate analysis of variance (PERMANOVA) for the variance of the
weighted UniFrac distances confirmed that the bacterial composition was significantly dif-
ferent among individuals with the three levels of n-butyric acid concentrations (adjusted
P = 0.002), exhibiting the highest effect size (h2 = 0.100) among the six malodorous com-
pounds assessed in this study (see Fig. S2 and Table S1 in the supplemental material). Of
the other compounds, statistical differences according to the compound level were
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observed in propionic acid, phenol, and p-cresol in PERMANOVA (adjusted P = 0.005,
0.024, and 0.041, respectively) (Fig. S2).

The 14 predominant bacterial genera with mean relative abundances of >1% were
commonly shared among most individuals regardless of their n-butyric acid levels
(Fig. 2). In contrast, the relative abundances of Prevotella, Actinomyces, and Atopobium
increased significantly with an increase in n-butyric acid concentrations, whereas Neisseria,
Fusobacterium, Porphyromonas, and Haemophilus were significantly less predominant
(adjusted P, 0.05, Jonckheere’s trend test) (Fig. 2). At the species level, predominant bac-
terial taxa (mean relative abundance of>1%) such as Prevotella histicola, Veillonella atypica,
and Streptococcus parasanguinis showed a significantly increasing trend in individuals with
an increased concentration of n-butyric acid, whereas other predominant taxa, including
Neisseria subflava and Porphyromonas pasteri, were present in significantly low proportions
in the tongue microbiotas of individuals with an increased concentration of n-butyric acid
(adjusted P, 0.05, Jonckheere’s trend test) (Table 2).

To assess whether butyric acid in the oral fluid alters the tongue microbiota com-
position, we cultivated the tongue microbiotas of 12 adults for 13 h in basal medium
containing mucin (BMM), which allows a wide variety of oral indigenous taxa to

FIG 1 Principal-coordinate analysis plot showing the similarity relationship among the tongue microbiota
compositions of 69 adult participants based on a weighted UniFrac distance metric. The samples
collected from participants with three different levels of n-butyric acid concentration (classified by tertile;
Q1 is lowest and Q3 is highest) in oral rinse samples are depicted as dots in different colors. The ellipses
cover 67% of the samples belonging to each group. The axes explain 38.0% and 22.7% of the variance.

TABLE 1 General and dental characteristics of participants with different n-butyric acid
concentrations in oral rinse samplesa

Characteristic

Value for those with n-butyric acid concn in tertileb

PcQ1 (n = 23) Q2 (n = 23) Q3 (n = 23)
Age 44.96 9.0 45.46 7.9 45.46 8.4 0.80
No. of present teeth 29.06 1.4 28.86 1.3 28.56 0.8 0.25
No. of DMF teeth 9.86 5.1 11.76 5.6 11.46 6.2 0.39
Plaque index 0.766 0.45 0.946 0.47 0.976 0.40 0.08
Gingival index 0.316 0.27 0.476 0.34 0.446 0.26 0.09
Mean PPD (mm) 1.996 0.37 1.976 0.39 1.986 0.25 0.95
Mean CAL (mm) 2.286 0.65 2.206 0.65 2.236 0.62 0.73
aDMF, decayed, missing, and filled; PPD, periodontal pocket depth; CAL, clinical attachment level.
bParticipants were classified into three groups based on tertiles of n-butyric acid concentrations in oral rinse
samples.

cJonckheere’s trend test.
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grow, containing different concentrations of sodium butyrate (0, 0.8, 1.6, and
3.2 mM) (Fig. S3). The addition of n-butyric acid also drastically decreased the pH of
the medium (pH 5.5 in the medium containing 3.2 mM n-butyric acid) and making it
difficult to evaluate the effect of butyrate itself. Thus, sodium butyrate was used in
this study, as it hardly affects the pH of the medium. We confirmed that all the 14
predominant genera could grow in the BMM, although a significant difference was
observed in the relative abundance of Gemella before and after cultivation (adjusted
P , 0.01) (Fig. S4).

No significant difference was observed in the total bacterial density among tongue
microbiotas cultivated with different concentrations of sodium butyrate (Fig. S3). A

FIG 2 Relative abundances of predominant bacterial genera (mean relative abundance of >1%) of
participants with different butyrate concentrations in their oral rinse samples. Significant differences
were assessed using Jonckheere’s trend test. *, P , 0.05 after Benjamini-Hochberg adjustment for
multiple comparisons.

TABLE 2 Relative abundances of bacterial species whose relative abundance showed
significant increasing or decreasing trend according to n-butyric acid concentrations in the
oral rinse samplesa

Category and species (taxon ID)b

% relative abundance (mean± SD) at
n-butyrate concn tertilec

Q1 (n = 23) Q2 (n = 23) Q3 (n = 23)
Predominant at lower n-butyric acid concn
Neisseria subflava (476) 10.276 7.95 7.856 5.18 4.66 5.96
Porphyromonas pasteri (279) 6.716 5.97 7.396 6.5 1.686 2.31
Streptococcus oralis subsp. dentisani (058) 0.786 0.93 0.536 0.74 0.076 0.35
Bergeyella sp. (322) 0.126 0.17 0.096 0.12 0.016 0.03

Predominant at higher n-butyric acid concn
Streptococcus sp. (057) 0.076 0.16 0.146 0.24 0.316 0.36
Prevotella salivae (307) 0.136 0.25 0.326 0.58 0.466 0.48
Megasphaera micronuciformis (122) 0.266 0.55 0.336 0.46 0.996 0.8
Streptococcus parasanguinis (411) 1.046 1.58 0.886 1.27 2.076 1.88
Atopobium parvulum (723) 0.776 0.81 0.596 0.76 2.336 2.16
Veillonella atypica (524) 1.856 2.64 2.686 2.56 4.026 2.65
Prevotella histicola (298) 1.386 3.41 2.356 4.3 4.336 5.68

aSignificant differences among participants with three different n-butyrate concentrations were assessed for all
taxa with a detection rate of>20% using Jonckheere’s trend test. Each P value was adjusted for multiple
comparisons using the Benjamini-Hochberg method. Only bacterial taxa with an adjusted P value of,0.05 are
shown.

bOral taxon IDs in eHOMD are given in parentheses.
cParticipants were classified into three groups based on tertiles of n-butyrate concentrations in oral rinse
samples.
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PCoA plot based on the weighted UniFrac metric also indicated that the bacterial com-
position of the tongue microbiota cultivated with sodium butyrate was not distinct
from that cultivated without sodium butyrate (Fig. 3A). However, when we focused on
the microbiota shift in each individual, significant differences were observed in the
data points for both principal coordinates 1 and 2 among the tongue microbiotas culti-
vated with different amounts of sodium butyrate (P = 0.002 and P , 0.001, respectively;
Friedman test). The microbiota cultivated with an increased sodium butyrate concentra-
tion was located in a relatively negative direction of principal coordinates 1 and 2 in the
plot, although several samples cultivated with the highest concentration of sodium butyr-
ate (3.2 mM) were in a more positive direction of principal coordinate 1 than those culti-
vated with lower butyrate levels (Fig. 3B). PERMANOVA controlling permutations for inter-
individual variation also supported the observation that the addition of sodium butyrate
significantly affected the bacterial composition of the tongue microbiota (P, 0.001).

Among the above-mentioned 14 predominant bacterial genera, Neisseria was signif-
icantly less predominant in the cultivated tongue microbiotas with high concentration
of sodium butyrate (adjusted P = 0.007, Friedman test) (Fig. 4), as observed in the
tongue microbiotas of individuals with high n-butyric acid levels in the epidemiological
study (Fig. 2). We subsequently explored bacterial species whose relative abundances
were significantly different according to the added butyrate levels among all taxa, with
a detection rate of>20%. A significant difference was observed in the relative abundance
of N. subflava among the tongue microbiotas cultivated with different concentrations of
sodium butyrate (adjusted P = 0.028, Friedman test), and the median relative abundance
was lower in samples cultivated with an increased butyrate concentration (Fig. 5).

DISCUSSION

This study demonstrated that the tongue microbiotas of individuals with a high n-
butyric acid level in their oral rinses contained higher relative abundances of P. histi-
cola, V. atypica, and S. parasanguinis and lower relative abundances of N. subflava and
P. pasteri (Table 2). A high ratio of predominant commensals, including P. histicola,
V. atypica, and S. parasanguinis, to other predominant commensals, including N. sub-
flava and P. pasteri, in the tongue microbiota has been implicated in poor dental
conditions, such as more teeth with dental caries experience, poorer dental hygiene
(7, 8), and fewer teeth (7), as well as increased risk of mortality from pneumonia in

FIG 3 Principal-coordinate analysis plot indicating the similarity relationship among the tongue microbiota
compositions of 12 adults after 13 h cultivation with four different levels of butyrate concentrations (0, 0.8,
1.6, and 3.2 mM for total volume) based on a weighted UniFrac distance metric. The axes explain 43.6%
and 27.1% of the variance. (A) The samples to which different levels of butyrate concentration were added
are depicted as dots in different colors. The ellipses cover 67% of the samples belonging to each group. (B)
The samples collected from the same participants are depicted as dots in the same colors. The dots
representing samples with addition of lower concentrations and those with higher concentrations (0, 0.8,
1.6, and 3.2 mM) are connected with black arrows.
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nursing home residents (15). Our other population-based study analyzing the saliva
of 2,343 adults aged $40 years further indicated its association with an increase in
age, body mass index (BMI), and current smoking (16). A salivary microbiota study of
268 healthy Dutch adults in combination with metabolome analysis demonstrated
that an enrichment of Prevotella and Veillonella coincided with an increase in the
abundance of dipeptides and high level of salivary albumin, implicating this community
type as a potential dysbiotic pattern in early inflammatory states (17). An enrichment of
Prevotella and Veillonella with a depletion of Neisseria in salivary bacterial populations
was also observed in patients with inflammatory bowel disease compared with healthy
controls (18). A recent study also indicated that a high relative abundance of Prevotella
and Veillonella in the tongue microbiota was observed in patients with prolonged coro-
navirus disease 2019 (COVID-19) (19). These results suggest that the shifted equilibrium
of common predominant commensals in individuals with an increased butyric acid con-
centration is a dysbiotic pattern of the tongue microbiota.

The cultivation of tongue microbiota samples in BMM further demonstrated that
the addition of sodium butyrate significantly affected the bacterial composition of the
tongue microbiota (Fig. 3). N. subflava was less predominant after cultivation with an
increased addition of sodium butyrate (Fig. 5), which is consistent with the microbiota
composition of individuals with a high level of n-butyric acid (Table 2). These results

FIG 4 Relative abundance of predominant bacterial genera in the tongue microbiota of 12 participants (shown in different colors) before and after the 13-h
cultivation with different sodium butyrate concentrations. Median relative abundances in each butyrate level are depicted with gray diamonds. Significant
differences among the samples cultivated with different levels of sodium butyrate concentration were assessed using the Friedman test. **, P , 0.01, after
the Benjamini-Hochberg adjustment for multiple comparisons.
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suggest the possibility that butyrate in the oral fluid contributes to the shifted equilib-
rium of the tongue microbiota. However, the differences in the cultivated microbiota at-
tributable to the addition of sodium butyrate were not substantial (Fig. 3A) and were
much smaller than the interindividual variations in the precultivated tongue microbiotas
(Fig. 3B).

No statistically significant differences were observed between the other taxa, which
are listed in Table 2. This inconsistency could be attributed to other environmental
changes accompanied by an increased production of butyrate in the oral cavity. For
example, butyric acid is an organic acid that can reduce pH in the oral environment.
Most streptococci are acid-producing bacteria with acid tolerance, and a previous
observational study indicated that low salivary pH is associated with a high proportion
of Streptococcus species in salivary bacterial populations (17). Although sodium butyr-
ate was added to the medium to maintain a neutral pH for the assessment of the effect
of butyric acid itself, the addition of butyric acid, which results in a low pH, might
reproduce the tongue microbiota composition in individuals with a high concentration
of butyric acid. The concentration of propionic acid, which is also a short-chain fatty
acid, was also high in oral cavities with high levels of n-butyric acid (Spearman correla-
tion coefficient = 0.81, P, 0.001) (Fig. S5). Further research that focuses on the ecolog-
ical conditions or compounds shifting with butyric acid concentration in the oral cavity
would be essential to identify other determinants involved in the equilibrium of pre-
dominant commensals of the tongue microbiota.

The intraoral concentration of butyrate has been reported to be higher in individu-
als with poor dental conditions, such as gingivitis and periodontitis (10, 20). Individuals
with a high n-butyric acid level showed a high level of dental plaque and gingival indi-
ces, although these trends were not statistically significant in our small sample size
(Table 1). Among the samples collected from various oral sites, dental plaque fluid

FIG 5 Relative abundance of Neisseria subflava in the tongue microbiota of 12 participants (shown in
different colors) before and after the 13-h cultivation with different sodium butyrate concentrations. Of all
taxa with detection rates of >20%, only the relative abundance of this species was significantly different
after the 13-h cultivation according to varying sodium butyrate concentration. The number in parentheses
following bacterial names indicates its oral taxon ID in eHOMD. Median relative abundances in each
butyrate level are depicted with gray diamonds. Significant differences were assessed using the Friedman
test (P , 0.05, after the Benjamini-Hochberg adjustment for multiple comparison).
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(approximately 8 mM) (21) and gingival crevicular fluid (;5 mM) (10, 22) contain high
concentrations of butyric acid. Considering that P. gingivalis and F. nucleatum, which
are well-known oral butyrate producers, prefer to colonize gingival crevices among the
various oral niches, it is reasonable to assume that butyric acid in the oral fluid is pri-
marily derived from the tooth-associated microbial community. However, it is also
likely that the microbial communities in other oral niches are involved in butyrate pro-
duction. Although this study was unable to identify the bacterial taxa responsible for
butyric acid production in the oral fluid, our results imply that a high butyric acid pro-
duction in the oral cavity with poorer conditions would be associated with the bacte-
rial composition of ingested tongue microbiota.

Antimicrobial effects of butyric acid have been reported for C. jejuni (11), H. pylori
(12), and oral Streptococcus species, including S. gordonii and S. mutans (13). However,
we did not observe growth inhibition of N. subflava ATCC 49275 in BMM with the addi-
tion of sodium butyrate (data not shown). Fatty acids are also involved in cross-feeding
in the oral microbial communities (13, 23). The depletion of N. subflava in the tongue
microbiota observed in this study might be caused by the alteration of the ecology
owing to the addition of butyric acid rather than its bactericidal effect. Further studies
are needed to elucidate the mechanism of the tongue microbiota shift caused by bu-
tyric acid in the oral cavity.

The cultivation of tongue microbiotas demonstrated a depletion of N. subflava with
the addition of sodium butyrate to the medium, whereas several samples cultivated
with the highest concentration (3.2 mM) of sodium butyrate contained a higher rela-
tive abundance of N. subflava than those cultivated with low butyrate concentrations
(Fig. 5). A PCoA plot based on the weighted UniFrac metric also showed that several
samples cultivated with the highest concentration of butyrate were not located far-
thest from those cultivated without butyrate, in the direction of principal coordinate 1
(Fig. 3B). These results suggest that the effect of butyrate on the tongue microbiota
would not continue to increase linearly with the addition of butyrate.

Cultivation in BMM allowed the tongue microbiota to grow without an apparent
shift in the bacterial community structure (Fig. S4). However, Gemella was significantly
less predominant in the cultivated microbiota than in the microbiota prior to cultiva-
tion, suggesting that this cultivation condition was not preferable for this bacterium. It
should be noted that the effect of butyric acid on the growth of Gemella species may
not have been assessed accurately in this study due to its insufficient growth in the
medium without the addition of butyric acid.

This study revealed that the shifted equilibrium of common predominant commen-
sals in the tongue microbiota coincided with high butyric acid levels in the oral cavity.
Our results also suggest the possibility that butyric acid affects the equilibrium of the
tongue microbiota. These results add a new dimension to the ecology of the tongue
microbiota. These findings would be helpful for determining the appropriate mainte-
nance strategy for the tongue microbiota, in turn improving the bacterial composition
of ingested microbial populations that reach distal organs, such as the lungs and gut.

MATERIALS ANDMETHODS
Ethics statement. All participants understood the nature of the study and provided written

informed consent. The Ethics Committee of Kyushu University approved the study design and procedure
for obtaining informed consent for an observational epidemiological study for butyrate-associated
microbiota (reference no. 27-363) and a cultivation study to assess the effect of sodium butyrate on oral
microbiota composition (reference no. 21085-00).

Observational epidemiological study. Sixty-nine systemically healthy male adults aged 30 to
59 years were recruited from the employees of Kao Corporation and enrolled in an exploratory study of
butyrate-associated microbiota. The participants refrained from consuming food or drink and mouth
cleaning from the time they awoke until the time of sample collection, with the exception of drinking
water, although that was also prohibited for 1 h before sample collection. The participants underwent
dental examination, including assessment of dental hygiene status (plaque index), dental caries (number
of decayed, missing, and filled teeth), gingivitis (gingival index), and periodontitis (mean periodontal
pocket depth and clinical attachment level), followed by the collection of tongue microbiota and oral
rinse samples. Tongue microbiota samples were collected using a sampling device based on a modified
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electric toothbrush (24). Briefly, a circular bonded-fiber fabric was attached to its round brush head, and
the bristles were preliminarily removed. The head was placed and rotated at the center of the tongue
dorsum, and the microbes that adhered to the fabric were collected. The fabric was peeled from the
brush head and immersed in lysis buffer, from which microbiota DNA was extracted. The oral rinse sam-
ples were collected after gargling of 6 mL distilled water for 30 s. DNA was extracted from tongue micro-
biota samples using a bead-beating method, as described previously (7), and stored at 230°C until the
bacterial community analysis, which is described below.

The concentrations of six malodorous compounds (n-butyric acid, propionic acid, phenol, p-cresol,
indole, and skatole) in the oral rinse samples were estimated by gas chromatography-mass spectrometry
(GC-MS) using an Agilent 6890/5973 GC/MSD system (Agilent Technologies, Palo Alto, CA). One milliliter
of the oral rinse samples was mixed well with sodium chloride (0.5 g) and hexane/diethyl ether (2 mL,
1:1). After centrifugation, the supernatant was retrieved, centrifuged using a polytetrafluoroethylene fil-
ter, and used for chromatography analysis. Chromatographic separation was carried out using a DB-
WAX column (30 m by 0.25 mm; inside diameter, 0.25 mm; Agilent Technologies). Helium was used as
the carrier gas. The stepwise thermal conditions were as follows: the temperature was increased to and
maintained at 40°C for 1 min; then, the temperature was increased to 70°C at a rate of 6°C/min. The tem-
perature was then increased to 240°C at a rate of 3°C/min. The mass spectrometer was set to the
selected ion-monitoring mode. The absolute abundance of each compound was determined using a
standard curve prepared using a defined concentration of the analytes.

Microbiota cultivation approach. Fifteen systemically healthy adults (nine men and six women)
aged 25 to 40 years were recruited from the students and staff of the Faculty of Dental Science, Kyushu
University, excluding those who had consumed antibiotics within a month preceding sample collection
or who had evident tooth decay or severe periodontitis. The participants refrained from consuming food
or drinks, except for water, within 1 h before sample collection. Tongue microbiota samples from each
participant were collected using a sampling device based on a modified electric toothbrush (7).

The collected tongue microbiota samples were inoculated into 2.5 mL BMM, which enables the culti-
vation of a wide variety of indigenous oral taxa (25, 26). BMM (pH 7.5) contains 2.5 g/L porcine gastric
mucin (type III; Sigma Chemical, St. Louis, MO), 2.0 g/L proteose peptone (BBL, Becton, Dickinson,
Sparks, MD), 1.0 g/L Trypticase peptone (Becton, Dickinson), 1.0 g/L yeast extract (Becton, Dickinson), 0.5
g/L potassium chloride (Wako, Osaka, Japan), 0.1 g/L cysteine hydrochloride (Wako), 0.001 g/L hemin
(Sigma Chemical), and 0.0002 g/L menadione (Sigma Chemical). After dispensing 200 mL precultivated
samples, the remaining inoculated tongue microbiota (250 mL each) was cultivated at 37°C in 5% CO2

for 13 h in the absence or presence of three different concentrations (0.8 mM, 1.6 mM, and 3.2 mM final
concentrations) of sodium butyrate (Wako). The amount of added butyric acid was determined based
on the concentrations in saliva of 20 dental patients (0 to 2.94 mM) and seven patients with chronic
periodontitis (0.31 to 1.37 mM) reported in previous studies (20, 27). Following cultivation, 200 mL of the
cell suspension was collected, and DNA was extracted from each sample using a bead-beating method.
The DNA samples were stored at 230°C until quantitative PCR and 16S rRNA gene sequencing analyses.

Quantitative PCR analysis of the total bacterial count of all pre- and postcultivated samples was per-
formed using the primers 806F (59-TTA GAT ACC CYG GTA GTC C-39) and 926R (59-CCG TCA ATT YCT TTG
AGT TT-39) (28) using a QuantiFast SYBR green PCR kit (Qiagen, Hilden, Germany) according to the man-
ufacturer’s instructions. The 16S rRNA gene of Porphyromonas pasteri was inserted into the vector plas-
mid pBluescript SKII(1) (Stratagene, La Jolla, CA) and used as a real-time control.

We inoculated the tongue microbiota attached to the fabric into cloudy BMM broth, which prevents
accurate optical density OD measurement, and the inoculum was unable to be normalized for biomass
in this study. However, the unnormalized inoculum could be a potential confounding factor for relative
abundance at the endpoint. Therefore, we excluded the samples from three of the 15 individuals from
the analysis to bring the bacterial amounts of all inocula within a range of 10-fold (105.55 to 106.55 copies
of the 16S gene), based on the results of quantitative PCR analysis.

Ion Torrent 16S rRNA gene sequencing analysis. All 129 DNA samples (69 in the exploratory study
and five from 12 individuals in the cultivation study) were subjected to 16S rRNA gene sequencing using
a next-generation sequencer, Ion PGM (Thermo Fisher Scientific, Waltham, MA). The V1 and V2 regions
of the 16S rRNA gene in each sample were amplified using the following primers: 8F (59-AGA GTT TGA
TYM TGG CTC AG-39), with Ion Torrent adaptor A and the sample-specific 8-base tag sequence, and 338R
(59-TGC TGC CTC CCG TAG GAG T-39) with the Ion Torrent trP1 adaptor sequence. PCR amplification, pu-
rification of each amplicon, pooling of amplicons, repurification, and quantification were performed as
previously described (16). Emulsion PCR was performed using the Ion One Touch 2 system (Thermo
Fisher Scientific), and sequencing was performed using an Ion PGM system (Thermo Fisher Scientific).

Data processing. Raw sequence reads were excluded from the analysis using R if they were #200
bases, if they were$700 bases, or if they did not include the correct forward and reverse primer sequen-
ces. The remaining reads were assigned to the appropriate sample by examining tag sequences using R,
followed by trimming of tag and primer sequences and removal of reads with lengths of #240 bases.
These quality-checked reads were further processed using the DADA2 pipeline version 1.21.0. (29), with
default settings for Ion Torrent reads. The weighted UniFrac metric (30) was calculated to determine the
dissimilarity between any pair of bacterial communities after rarefaction to 2,500 reads. We confirmed
that the rarefaction curve for the number of unique sequences approached a plateau in each sample in
this sequence depth (Fig. S1). The taxonomy of each denoised sequence was determined using BLAST
against 998 oral bacterial 16S rRNA gene sequences in eHOMD (eHOMD 16S rRNA RefSeq version 15.1)
(14). The nearest-neighbor taxon with $98.5% identity was selected as a candidate for each sequence.
The taxonomy of the remaining undefined sequences was determined to the genus level using the RDP
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classifier with a minimum support threshold of 80%. The numbers of denoised sequences corresponding
to the same taxa were combined, and the relative abundance of each taxon was calculated in R.

Statistical analysis. All statistical analyses were performed using R version 4.0.4 (31). Jonckheere’s
trend test was conducted using the jonckheere.test function in the clinfun library (32) of R to evaluate
increasing or decreasing trends in the general and dental conditions of participants and relative abun-
dances of predominant bacterial genera and bacterial species, according to three butyrate concentration
levels in the oral rinse samples (stratified by tertile). PERMANOVA based on the weighted UniFrac metric
was used to assess the relationship between the three concentrations of the six malodorous compounds
(stratified by tertile) and the tongue microbiota composition using the adonis function in the vegan
library (33). The Wilcoxon signed-rank test was used to compare the relative abundances of the predom-
inant genera before and after the cultivation of the tongue microbiota. The effect of sodium butyrate on
the bacterial composition of the cultivated tongue microbiota was assessed via PERMANOVA based on
the weighted UniFrac metric using the parameter “strata” to control permutations for interindividual
differences. The Friedman test was conducted to compare the total bacterial density, data points for
principal coordinates 1 and 2 in a principal-coordinate analysis plot, relative abundance of predomi-
nant bacterial genera, and bacterial species among the cultivated tongue microbiotas with four differ-
ent concentrations of sodium butyrate. P values for multiple comparisons were adjusted using the
Benjamini-Hochberg adjustment.

Data availability. The sequence data obtained in this study were deposited in the DDBJ Sequence
Read Archive under accession no. DRA015084.
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