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ABSTRACT

As dental caries develop, oral biofilms experience shifts in both microbial makeup and phenotypic behavior.
This investigation aimed to assess and compare the acid tolerance (AT) of dental plaque collected from two
cohorts of children—one group presenting with severe caries (CA) and another entirely caries-free (CF)—and
to link these findings with variations in microbial composition and metabolic activity within the biofilms.
Plaque was obtained from 20 children aged 2-5 years in each cohort. Acid tolerance was determined by
measuring bacterial viability after an acid exposure at pH 3.5, employing LIVE/DEAD® BacLight™ staining
combined with confocal microscopy. AT was scored on a scale from 1 (minimal/no tolerance) to 5 (extensive
tolerance). Metabolic end-products following a 20 mM glucose challenge for one hour were analyzed through
Nuclear Magnetic Resonance (NMR). Microbial community profiles were generated using 16S rRNA Illumina
sequencing. The CA group showed a markedly higher mean AT score (4.1) compared to the CF group (2.6, p
< 0.05). Post—glucose pulse, CA plaques exhibited significantly elevated ratios of lactate to acetate, lactate to
formate, lactate to succinate, and lactate to ethanol relative to CF samples (p <0.05). Sequencing data identified
25 species enriched in CA plaque, among them taxa from Streptococcus, Prevotella, Leptotrichia, and
Veillonella (p < 0.05).These findings indicate that pooled plaque from children with extensive caries displays
an increased AT when compared with plaque from healthy peers, and that this characteristic aligns with
differences in microbial activity and community composition. Consequently, the collective functional
phenotype of plaque may serve as a potential marker for caries status. However, longitudinal research is
required to determine whether shifts in AT over time can reliably forecast caries development before AT can
be applied as a predictive clinical indicator.
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Introduction

Dental caries is widespread, affecting roughly 35% of
individuals worldwide. In the primary dentition of
children under six years, it ranks as the 12th most
common global health condition and significantly
influences child wellbeing [1-3]. Furthermore, early
caries occurrence is a strong indicator of future disease
risk [4].

Caries initiation is driven by the metabolic activity of
structured multispecies biofilms comprising bacteria,
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fungi, archaea, and viruses. The architecture of these
microbial communities promotes protection, gene
exchange, intercellular communication, and nutrient
sharing, generating properties not evident when
organisms are studied in isolation [5]. Biofilm
formation also induces phenotypic adaptations, such as
enhanced resistance to environmental stresses [6, 7].

Under healthy conditions, biofilms and the host
maintain a dynamic equilibrium in which oral pH
remains near neutral. Carbohydrate metabolism yields
various organic acids, with the pathways and acid types
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depending on microbial species or strain [8]. During
caries progression, an increase in acid load—due to
reduced salivary buffering, heightened sugar
metabolism, or both—Ilowers the biofilm pH. This
promotes demineralization of tooth tissues and shifts
the microbial community toward species better suited
for acidic niches [9]. Consequently, a rise in overall
biofilm AT is expected to occur during the earliest
phases of lesion formation.

Caries-active plaque typically shows reduced
microbial diversity compared with plaque from caries-
free individuals, implying that certain functional traits
may be critical for lesion formation [5, 10]. A variety
of bacterial and fungal species contribute to caries,
though the roles of many other microorganisms remain
unclear [11]. No single bacterial species uniquely
defines caries activity, yet high levels of Streptococci,
Lactobacilli, and Scardovia are frequently observed
[10]. While Streptococcus mutans,
wiggsiae, and various oral Lactobacillus species
possess strong intrinsic AT, other early colonizers can
acquire an acid tolerance response (ATR) after
adaptation to acidic conditions in vitro [12-14]. ATR
may involve increased ATPase expression,
modifications that reduce proton permeability, and
chaperone production that safeguards DNA and
proteins [15]. Environmental pH and sucrose
availability also influence the proteomics of many oral
bacteria, altering glycolysis, acidogenesis and AT [16,
17].

Although DNA sequencing technologies have revealed
that aciduric and acidogenic microbes increase during
caries onset, more research is needed to characterize
the functional behavior of whole microbial
communities during active disease to identify
improved predictive biomarkers [8, 18]. Existing
caries-risk tools include microbial tests, salivary
measures, and past caries history, but current
assessment models are insufficiently accurate,
indicating the need for new approaches [19, 20]. Since
AT is a key virulence factor in caries, heightened
plaque AT could serve as an early indicator of disease
activity. Previous studies have documented AT
differences in isolated bacterial strains and plaque from
active lesions. For instance, plaque collected from
smooth, intact surfaces in children aged 3-5 years
showed that S. mutans isolates from caries-active
subjects exhibit higher AT than those from caries-free
peers, though acidogenicity after a glucose pulse did
not differ [21]. Another study involving a one-week
daily sucrose rinse among adolescents recorded an
increase in bacteria capable of growing at pH 5.5 [22],
suggesting dietary sugars influence plaque phenotypes.

Scardovia

However, comprehensive analyses of AT at the
community level in young children with high caries
activity remain limited.

Since plaque AT is expected to rise early during the
initiation of caries and tends to remain fairly constant
over short timeframes, this trait may represent a
potential early-stage indicator for caries prediction
[23]. Before AT can be evaluated as a diagnostic tool,
it must first be demonstrated that children with
pronounced caries show elevated AT, while those
without disease exhibit little or none. Therefore, the
central purpose of this study was to determine whether
children with extensive decay present higher AT levels
than caries-free peers. Alongside AT, we also analyzed
the bacterial makeup of the plaque and examined
metabolic outcomes following a glucose exposure to
explore how specific microbes or acid-producing
activity relate to AT.

Materials and Methods

Selection of study subjects

The study enrolled 50 children, all between 2 and 5
years of age. Based on a standard deviation of 1.06
[20], the required sample size to identify a 1-point
difference in AT between groups—at 80% power and
a 95% confidence level—was 18 per group. To ensure
adequate representation, even if some samples had to
be discarded, 25 children were recruited for each
category.

Children in the caries-active (CA) cohort were
recruited from the Specialist Clinic in Paediatric
Dentistry, Faculty of Odontology, Malmo University,
Malmo, Sweden, after referral due to substantial caries
in their primary teeth. Eligibility required >3 decayed
teeth (dt) [24] and classification as high caries risk
according to Region Scania’s risk-rating system
(Low/Medium/High). Clinical
carried out by a single trained paediatric dental
specialist using a mirror, probe and proper
illumination.

The caries-free (CF) group was recruited at the Public
Dental Health clinic in Alvesta, Kronoberg County,
Sweden. Inclusion criteria were dt = 0 [24] and
designation as low risk following the Region
Kronoberg risk protocol. One general dentist
conducted all examinations with identical clinical
equipment and lighting conditions.

Both Nordic and non-Nordic children were considered.
Exclusion criteria included antibiotic use within the
previous three months, ongoing medication, systemic
illness, conditions, or functional
impairments that could influence oral health. No

assessments were

autoimmune
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dietary or oral hygiene advice was provided before
sampling.

Ethics statement

Ethical approval was granted by the Swedish Ethical
Review Authority (reference 2020-01187 and 2021-
03680). Written consent was obtained from the legal
guardian of each participant before sample collection.

Sample collection

Sampling was performed by the examining clinician
during routine visits between January 2021 and
December 2022. Plaque was taken from all buccal and
lingual surfaces of both arches, including sound and
decayed enamel and dentine, using a sterile plastic
instrument. Material was pooled into an Eppendorf
tube containing 500 pl of sterile UHQ-water. Samples
reached the Section for Oral Biology and Pathology,
Faculty of Odontology, Malmo University within 24 h.
Upon arrival, volumes were verified and normalized to
500 pl when needed. Each pooled sample was vortexed
for 2 x 30 s and split into three fractions: a 250 pl
aliquot stored at —80°C for 16S rRNA sequencing, a
150 pl aliquot frozen at —80°C for metabolite analysis,
and a 100 pl fraction reserved for AT testing.

Acid tolerance assessment

AT evaluation occurred within 24 h after lab arrival.
The 100 pl sample was mixed, divided into two tubes,
and centrifuged for 5 min at 1,300 rpm (Eppendorf
Centrifuge 5415 D) at room temperature. After
removing the supernatant, 25 pl of TYE medium
(Tryptone—Yeast extract with 0.4 M glucose and 0.4 M
phosphate/citrate buffer) adjusted to either pH 3.5 (AT
condition) or pH 7.5 (viability control) was added. The
mixture was pipetted gently and incubated aerobically
at 37°C for 2 h.

LIVE/DEAD® BacLight™ stain (Molecular Probes,
Eugene, OR, USA) was applied according to the
manufacturer’s  guidelines, and samples were
transferred into an Ibidi® p-slide VI Ibi-treat flow cell.
The flow cell was centrifuged at 1,000 rpm for 60 s and
then imaged with a confocal laser scanning microscope
(Nikon Eclipse TE2000, Nikon Corp., Tokyo, Japan)
equipped with a 488 nm Ar laser. Images were captured
using a Photometrics Prime 95B camera and Nikon
NIS-Elements software. Ten randomly chosen fields of
view were recorded from each specimen for later
analysis.

Evaluation of sample viability through image-based
methods

Viability assessments were carried out on materials
stained with LIVE/DEAD® BacLight™, where intact

cells emitted green fluorescence and membrane-
damaged cells emitted red. To verify the condition of
specimens transported from the clinic, control aliquots
were held at pH 7.5. Among the 50 plaque samples
originally obtained, only 42 of the control preparations
retained viability levels above 90%. Consequently, 5
specimens from the CA cohort and 3 from the CF
cohort were excluded at this point. A further two CF
samples were removed because the available biomass
for AT testing was insufficient (<5% of the field of
view in confocal imaging).

Quantification of acid tolerance via microscopy

Forty plaque samples remained for assessment (20 in
each clinical group). After exposure to pH 3.5, ten
confocal images per sample were examined
independently by two raters using a previously
validated 1-5 AT scoring framework [23]. In this
system, BacLight-stained cells retaining membrane
integrity were interpreted as acid-tolerant, whereas
those showing membrane injury were classified as non-
tolerant. All image sets were anonymized so observers
were blind to caries status. Average AT values for each
sample were used to compare groups with the
Wilcoxon signed-rank test, and significance was
defined as p < 0.05. For samples where the two
observers differed (never by more than 0.4), their mean
score was taken forward for statistical analysis.

Glucose-triggered metabolic activation

A 250 pl portion of the homogenized, pooled plaque
suspension was diluted with 1.2% NaCl to reach a final
concentration of 0.9% NaCl, followed by mechanical
mixing via vortexing and pipetting. A sterile 1 M
glucose solution was added to yield 20 mM final
glucose, and the mixture was incubated at 37°C for 60
min. The preparation was then chilled on ice for 5 min
and spun at 14,000 rpm for 10 min. The supernatant
was transferred into cryovials and frozen at —80°C for
later NMR profiling.

NMR-based detection of microbial metabolites

Samples were thawed for 15 min at room temperature
and centrifuged at 14,000 x g for 10 min at 4°C
(Eppendorf 5804R, FA-45-30-11 rotor). From each
supernatant, 585 ul was combined in a deep-well plate
with 65 pl of buffer (400 mM potassium phosphate, pH
7.4, 1.548 mM TSP-d4, and 0.13% w/v sodium azide).
The mixtures were agitated for 2 min at 12°C and 500
rpm (Thermomixer Comfort). Then, 575 pl from each
well was loaded into 5 mm SampleJet tubes via a
SamplePro Tube L (Bruker BioSpin).
'"H-NMR spectra were recorded on a 700 MHz Bruker
Avance III system equipped with a 5 mm QCI
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cryoprobe and SamplelJet sample exchanger. The
“noesygpprld” sequence was used, acquiring 128
scans and 64k data points with a 30 ppm spectral width,
1.6 s acquisition time, 4 s relaxation delay, and receiver
gain 181. A 0.3 Hz exponential line broadening was
applied prior to the Fourier transform. Spectra were
referenced to TSP-d4, processed in TopSpin 3.6.2, and
metabolite  concentrations were quantified in
ChenomX 9.0 using TSP-d4 as the calibrant.

Extraction and preparation of DNA

DNA isolation followed a published workflow [20].
Briefly, 130 pl lysis buffer and 10 pl of an enzyme
mixture—lysozyme (25 mg/ml,  AppliChem
A4972,0001), lysostaphin (1.25 KU/ml, Sigma-
Aldrich SAE0091-2MG), mutanolisine (0.625 KU/ml,
Sigma-Aldrich SAE0092-10KU), and zymolase (125
KU/ml, Sigma-Aldrich = SAE0098-20KU)—were
combined and incubated at 37°C for 1 h. This was
followed by the addition of 20 pl 1% glucanex for 10
min at 60°C, then proteinase K treatment for 15 min at
65°C and 10 min at 95°C. Purification was performed
using the MagNA Pure LC 2.0 instrument and the
MagNA Pure LC DNA Isolation Kit III for Bacteria
and Fungi (Cat. No. 03 264 785 001).
DNA concentration was determined with a Qubit™ 3
Fluorometer. The V3—V4 region of the 16S rRNA gene
was amplified using primers
CCTACGGGNGGCWGCAG (forward) and
GACTACHVGGGTATCTAATCC (reverse). Library
preparation adhered to Illumina's Metagenomic
Sequencing Library Preparation protocol (Part
#15044223 Rev. A) and sequencing was conducted at
FISABIO (Valencia, Spain) on an Illumina MiSeq
platform using 2 x 300 bp paired-end reads. Resulting
data were deposited in SRA wunder Bioproject
PRINA1157018.

Bioinformatic processing

Processing followed previously described analytical
steps using DADA2 (v1.20.0) [25]. Reads that
exceeded the permitted trimming threshold or
contained more than 5 expected errors were removed.
After dereplication and error modeling (loessErrfun),
paired reads were merged with a minimum 15 bp
overlap. Chimeras were removed, and ASVs were
classified using the SILVA v.138.1 reference [26].
Group-level taxonomic differences were tested with
ANCOMBC2 [27], followed by paired Wilcoxon tests
(wilcox.test, R stats package) [28]. P-values were

adjusted using FDR. Correlations between metabolite
concentrations and microbial abundances were
computed with mixOmics. Low-abundance and low-
prevalence taxa were excluded from ANCOMBC?2 and
correlation analyses. For rarefaction and species-level
richness/diversity, the minimum read depth used was
4.5 x10°.

Results and Discussion

Caracteristics of study population

Participants in the CA cohort had a mean age of 4.5
years (+0.97), consisting of 13 boys and 7 girls,
whereas those in the CF cohort averaged 4.7 years
(£0.57), with 11 boys and 9 girls. No meaningful
statistical differences in age distribution were detected.
At the point of sampling, the CF group displayed 0
decayed teeth, whereas the CA group showed an
average of 8.0 (+£3.2) decayed teeth (Table 1).

Table 1. Characteristics of the CA group regarding
number of decayed teeth (dt).
Descriptive Statistics — Number of carious
lesions (N = 20)

Valid cases 20
Missing cases 0
Mean 8.0
Median 7.0
Standard deviation 3.2
Minimum 3
Maximum 15

The dt values spanned from 3 to 15, yielding a mean of 8.0 (£3.2).

Acid tolerance (AT)

All plaque samples entering the analysis retained
viability rates exceeding 90% upon arrival. Acid
tolerance was determined by examining membrane
integrity following exposure to pH 3.5, using a
validated 1-5 scoring system [23], where 1 denotes
minimal AT and 5 denotes maximal AT. CA samples
scored between 3.00—4.85, while CF samples ranged
from 1.3-3.8. The average AT score of the CA cohort
(4.1) was notably greater than that of the CF cohort
(2.6), with an adjusted p-value of 8 x 107¢ (Figure 1a).
Furthermore, the highest AT category (scores 4.0-5.0)
was exclusively represented by CA samples,
accounting for 75% of that group. Conversely, the
lowest AT category (scores 1.0-2.0) appeared solely in
the CF cohort, representing 70% of that population.
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Figure 1. Influence of caries status on AT and metabolite levels after a 20 mM glucose stimulus. Boxplots for
CA and CF groups display AT scores (a), metabolite concentrations (mM) (b), and lactate-to—other-acid
ratios (c). Comparisons between low AT (scores 1-2) and high AT (scores 4-5) are also shown (d).

Organic acid production

Phenotypic behavior was further assessed after
exposing plaque suspensions to 20 mM glucose for one
hour. A total of 23 metabolites were observed in the
NMR spectra. Glucose-derived end products included
acetate, formate, propionate, succinate, ethanol, lactate
and butyrate. Among these, acetate, formate and
ethanol levels were significantly higher in CF samples
relative to CA samples (Figure 1b). Total lactate
production did not differ significantly between groups;
however, lactate-to-formate, lactate-to-succinate,
lactate-to-acetate and lactate-to-ethanol ratios were
elevated in CA samples compared to CF samples
(Figure 1c¢). High-AT samples (scores 4-5) also
showed higher ratios of lactate to succinate, acetate and
ethanol compared with low-AT samples (scores 1-2),
though the lactate-to-formate ratio did not differ
(Figure 1d).

Bacterial composition
Across samples, sequencing yielded an average of
295,000 reads, and rarefaction analysis indicated full

species-level coverage after approximately 114,000
reads. At the genus level, both groups exhibited
broadly similar profiles. Streptococcus dominated both

cohorts, accompanied by substantial levels of
Leptotrichia,  Neisseria, = Capnocytophaga  and
Actinomyces.

Species-level analysis revealed significantly higher
richness and diversity within the CA group compared
with the CF group, with no difference in dominance
(Chaol index p = 0.00023; Shannon index p = 0.024;
Figure 2a). In both cohorts, unassigned species of
Streptococcus, Leptotrichia, Neisseria and
Fusobacterium were highly represented, while
Corynebacterium matruchotii and Lautropia mirabilis
were the most abundant among the identified taxa
(Figure 2b). Within the Streptococcus genus, the CF
group showed Streptococcus cristatus as the most
abundant member (Figure 2b), whereas in the CA
group, S. cristatus, S. mutans and Streptococcus
sobrinus predominated (Figure 2c).
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Figure 2. Variations in plaque microbiota associated with severe caries. (a) Boxplots of Shannon diversity,
Chaol richness and dbp dominance for CA and CF children. (b) Relative abundance of the top 20 species. (c)
Abundance of Streptococcus-classified species. (d) Species differing between CF and CA groups presented as

log> fold change (log2FC).

When species present at more than 0.1% relative
abundance were considered, 25 taxa appeared enriched
in the CA cohort (Figure 2d). Within this group, S.
mutans was the predominant organism, occurring in
95% of CA samples but only 30% of CF samples (data
not shown). Several additional organisms frequently
linked to carious lesions—such as Veillonella parvula
and two Leptotrichia species (L. wadei and L. shahii)—
were likewise found at elevated levels in the CA group.
Notably, multiple members of the proteolytic,
obligately anaerobic genus Prevotella (P. denticola, P.

oulorum, P. maculosa, P. melaninogenica, and P.
nigrescens) displayed markedly higher relative
abundances in CA individuals. Scardovia wiggsiae
also trended upward in CA samples compared to CF,
although this contrast did not meet the 5% significance
cutoff.

To determine whether specific microbes were linked to
high or low AT scores, correlations between relative
abundance and AT values were calculated. Somewhat
unexpectedly, the strongest positive AT associations in
the CA group involved an unclassified Porphyromonas
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species and Porphyromonas pasteri. In contrast, CF
subjects showed negative correlations between AT and
unassigned  Leptotrichia, = Fusobacterium, and
Tannerella taxa, along with Lachnoanaerobaculum
and  Corynebacterium

non-classified members

matruchotii.
Conversely, of Rothia,
Neisseria, and Streptococcus correlated positively with
AT among CF individuals.

Links between single metabolites and specific taxa
revealed that unidentified Fusobacteriales in CA
samples were most strongly associated with the
generation of lactate, propionate, acetate, and pyruvate,

sabbureum

while Corynebacterium durum showed the opposite
pattern for these metabolites (Figure 3b). Within the
CF group, Cardiobacterium hominis exhibited the
highest positive relationship with acid formation,
whereas Capnocytophaga sputigena demonstrated a
negative association with these metabolic end-products
(Figure 3a).
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Figure 3. Correlation patterns between microbial
abundances and NMR-derived metabolite levels

following a 20 mM glucose stimulus. The intensity
of positive (red) and negative (blue) relationships is
indicated for caries-free (a) and caries-active (b)
participants.

Aligned with the concept that acid-resistant
communities facilitate caries onset, AT values were
higher among CA subjects than among CF subjects.
This may in part reflect the expansion of inherently
acid-adapted microorganisms like S. mutans in
progressively acidic niches, alongside the gradual acid-
tolerance shifts of additional oral residents as caries
evolves [14]. Caries progression involves a continuum
of microbial traits; for example, genes tied to acid
stress responses tend to dominate earlier phases,
whereas osmotic-stress-related and protease-encoding
genes are more prominent in deeper dentinal lesions
[29]. Because the plaque from each participant was
pooled, functional characteristics linked to site-specific
stages of lesion activity could not be evaluated.
However, pooling also offered the advantage of
simultaneously assessing microbial properties across a
spectrum of lesion stages and unaffected surfaces
within the CA group, where overall AT exceeded that
of CF individuals. This outcome contrasts with Havsed
et al. [20], who reported no significant CA—CF
differences in plaque AT among adolescents, although
the majority (7/10) of the highest AT values occurred
in the CA subgroup.

Lactate output from glucose metabolism is regarded as
a principal determinant of the low-pH environment
characteristic of caries-associated biofilms [30]. To
examine metabolic behavior and whether CA plaque
generated more lactate than CF plaque, metabolite
concentrations in the glucose-pulsed supernatants were
quantified. In the present dataset, ethanol, acetate, and
formate production was significantly higher in CF
samples, whereas other organic acids did not differ
between groups. Ratios comparing lactate to acetate,
ethanol, formate, or succinate were, however, elevated
in CA participants. These findings parallel those of
Havsed et al. [20], who likewise observed that although
individual acid levels did not differ, lactate-to-other-
acid ratios were greater in CA samples.

Unclassified Fusobacteriales in the CA group
exhibited strong associations with lactate and with
propionate, acetate, and pyruvate. Although certain
species such as Fusobacterium nucleatum can lower
environmental pH during glucose metabolism in vitro
[31], the correlation patterns shown here are more
likely reflective of the metabolic characteristics of the
overall plaque community rather than intrinsic features

of the individual species. Leptotrichia and
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Fusobacterium representatives, often detected in health
as well as in periodontal lesions, attach to numerous
oral taxa during biofilm maturation and therefore
commonly appear in well-developed plaque and
throughout the continuum of caries development [32,
33].

Although Veillonella species are known to convert
lactate into acetate and succinate—and this genus was
more abundant in the CA group—this shift did not
translate into significantly elevated succinate or acetate
levels in those samples. One possible explanation is
that several other lactate-utilizing genera, including
Actinomyces, Prevotella, and Neisseria, were present
in both groups [5, 8, 13, 34]. It should also be noted
that plaque specimens in this work were manipulated
under aerobic conditions; while many oral bacteria can
process glucose in the presence of oxygen, the
metabolic outputs could have been slightly different
under anaerobic handling due to altered biochemical
pathways [8].

The complex microbial communities from both CA
and CF subjects differed not only in species
proportions but also in biofilm behavior. Because
material from all buccal and lingual tooth surfaces was
combined, the observed features reflect whole-mouth
microbial activity. These findings are consistent with
the contemporary view that dental caries arises from a
consortium of interacting organisms rather than from a
single pathogen, with ecological disruptions
influencing both the structure and functionality of the
biofilm [9, 10, 35].

Despite shared taxa between CA and CF groups, their
relative abundances diverged. As anticipated, S.
mutans appeared in markedly greater quantities in CA
samples, paralleling previous reports examining
biofilms from caries-active individuals [36, 37].
Roughly 85% of people with active decay carry S.
mutans, though levels vary with population
characteristics and sampling sites [35, 36], and its
elevated representation often signals an acidic plaque
milieu [38]. In line with earlier studies, S. mutans was
also detected in CF children, albeit at significantly
lower prevalence and abundance. Another organism
with strong sugar-fermenting capacity, Scardovia
wiggsiae, showed a higher proportion in CA samples,
though without statistical significance. This species has
been linked to deterioration in primary and permanent
dentitions, and its ability to ferment carbohydrates
efficiently at low pH enhances its advantage under
acidic conditions [38].

Consistent with Havsed et al. [20], Veillonella taxa
were more common in CA children. Given their
capacity to metabolize organic acids as carbon sources

[39] and the increased acid yield when they grow in
combination with S. mutans [40], their elevated
presence may indicate heightened availability of
organic acids during caries progression. Likewise, the
greater abundance of L. shahii and L. wadei in CA
plaque aligns with earlier observations in pediatric
populations [41]. These species can produce lactic acid
from carbohydrate substrates, potentially aiding the pH
decline  that initiates enamel and dentin
demineralization.

The unexpectedly high representation of Prevotella
taxa in CA samples may reflect the advanced degree of
carious activity among the participants. Plaque was
collected from intact as well as carious surfaces,
including dentin. Members of this genus are strongly
proteolytic anaerobes, frequently associated with
periodontal disease, yet they are also commonly
isolated from dentinal lesions [41—43]. Their presence
deep within dentin may relate to the tissue’s rich
organic matrix and the anaerobic conditions of
advanced cavities. Moreover, their saccharolytic to
moderately saccharolytic traits may also contribute to
demineralization [29, 44, 45]. In a longitudinal
investigation tracking pooled plaque from children
aged 1-6, proteolytic genera such as Prevotella
predominated as early as 1-3 years before observable
caries [37].

Taxa often cited as indicative of healthy plaque in
primary dentition, such as Neisseria spp. [17, 46]—did
not appear at higher levels in CF children here. Because
sampling took place immediately when consent was
obtained, the request for participants to avoid oral
hygiene for 24 hours beforehand may have allowed
more mature biofilms to develop in the CF group.
Overall, the data reinforce that multifaceted bacterial
interactions shape caries formation, altering both the
community makeup and functional attributes of the
biofilm. Greater levels of sugar-fermenting organisms
and proteolytic anaerobes were evident in CA children,
and the differences in metabolites produced after
glucose exposure point to distinct metabolic strategies.
Dental plaque AT—measured as survival following an
acid challenge—was substantially higher in children
with pronounced caries activity than in CF subjects.
Evaluating plaque phenotype as a whole may thus offer
a useful snapshot of caries status. Nevertheless,
longitudinal analyses are required to clarify how AT
evolves during the development of caries before it can
be adopted as a predictive indicator.

Acknowledgments: We would like to thank Anders
Bay-Nord at the Swedish NMR Centre for performing
the NMR and in interpreting the results. A special

80



Tanaka et al., Acid Tolerance Phenotype of Oral Biofilms in Severe Early Childhood Caries: Links to Microbial
Composition and Fermentation Profiles

thanks to Madeleine Blomgqvist for her laboratory
expertise and contribution to image analysis.

Conflict of Interest: The author(s) declared that they
were an editorial board member of Frontiers, at the
time of submission. This had no impact on the peer
review process and the final decision.

Financial Support: The author(s) declare financial
support was received for the research, authorship,
and/or publication of this article. This project was
funded by the Faculty of Odontology (Grant number:
Rek2.2.1-2017/142), the Foresight Programme (Grant
number: LED 1.4-2017/404) and the Eklund
Foundation Scholarship for the promotion of
Odontological Research at Malmo University (Grant
number: FO 2023/395).

Ethics Statement: The studies involving humans were
approved by Swedish Ethical Review Authority,
reference 2020-01187 and 2021-03680. The studies
were conducted in accordance with the local legislation
and institutional requirements. Written informed
consent for participation in this study was provided by
the participants’ legal guardians/next of kin.

References

1. Kassebaum NJ, Bernabé E, Dahiya M, Bhandari
B, Murray CJ, Marcenes W. Global burden of
untreated caries: a systematic review and
metaregression. J Dent Res. (2015) 94(5):650-8.
doi: 10.1177/0022034515573272

2. Peres MA, Macpherson LMD, Weyant RJ, Daly
B, Venturelli R, Mathur MR, et al. Oral diseases:
a global public health challenge. Lancet (London,
England). (2019) 394 (10194):249-60. doi:
10.1016/S0140-6736(19)31146-8

3. Phantumvanit P, Makino Y, Ogawa H, Rugg-
Gunn A, Moynihan P, Petersen PE, et al. WHO
global consultation on public health intervention
against early childhood caries. Community Dent
Oral Epidemiol. (2018) 46(3):280-7. doi:
10.1111/cdoe.12362

4. Kramer AC. On dental caries and socioeconomy
in Swedish children and adolescents - Clinical
and register-based studies (thesis). Institute of
Odontology. Department of Behavioral and
Community Dentistry, University of Gothenburg.
Sahlgrenska Academy, Gothenburg (2018).
ISBN: 978-91-629-0382-4 (print). ISBN: 978-91-
629-0383-1 (pdf).

5. Marsh PD, Zaura E. Dental biofilm: ecological
interactions in health and disease. J Clin

10.

11.

12.

13.

14.

15.

16.

Periodontol. Mar. (2017) 44(Suppl 18):S12-22.
doi: 10.1111/jcpe.12679

Costerton JW, Lewandowski Z, Caldwell DE,
Korber DR, Lappin-Scott HM. Microbial
biofilms. Annu Rev Microbiol. (1995) 49:711-
45. doi: 10.1146/annurev.mi. 49.100195.003431
Flemming HC, Wingender J, Szewzyk U,
Steinberg P, Rice SA, Kjelleberg S. Biofilms: an
emergent form of bacterial life. Nat Rev
Microbiol. (2016) 14

(9):563-75. doi: 10.1038/nrmicro.2016.94
Takahashi N. Oral microbiome metabolism: from
“who are they?” to “what are they doing? ”” J Dent
Res. (2015) 94(12):1628-37. doi:
10.1177/0022034515606045

Nyvad B, Takahashi N. Integrated hypothesis of
dental caries and periodontal diseases. J Oral
Microbiol.  (2020) 12(1):1710953.  doi:
10.1080/20002297.2019. 1710953

Zhang JS, Chu CH, Yu OY. Oral microbiome and
dental caries development. Dentistry Journal.
(2022) 10(10):184. doi: 10.3390/dj10100184
Baker JL, Mark Welch JL, Kauffman KM,
McLean JS, He X. The oral microbiome:
diversity, biogeography and human health. Nat
Rev Microbiol. (2024) 22(2):89-104. doi:
10.1038/s41579-023-00963-6

Svensiter G, Larsson UB, Greif EC, Cvitkovitch
DG, Hamilton IR. Acid tolerance response and
survival by oral bacteria. Oral Microbiol
Immunol. (1997) 12
(5):266-73. doi:
302X.1997.tb00390.x
Takahashi N, Yamada T. Acid-induced acid
tolerance and acidogenicity of non-mutans
streptococci. Oral Microbiol Immunol. (1999)
14(1):43-8. doi: 10.1034/j.1399-
302X.1999.140105.x

Boisen G, Davies JR, Neilands J. Acid tolerance
in early colonizers of oral biofilms. BMC
Microbiol. (2021) 21(1):45. doi: 10.1186/s12866-
021-02089-2

Baker JL, Faustoferri RC, Quivey RG Jr. Acid-
adaptive mechanisms of Streptococcus mutans-
the more we know, the more we don’t. Mol Oral
Microbiol. (2017) 32(2):107-17. doi:
10.1111/0mi.12162

Rudney JD, Jagtap PD, Reilly CS, Chen R,
Markowski TW, Higgins L, et al. Protein relative
abundance patterns associated with sucrose-
induced dysbiosis are conserved across
taxonomically diverse oral microcosm biofilm

10.1111/j.1399-

81


https://doi.org/10.1177/0022034515573272
https://doi.org/10.1016/S0140-6736(19)31146-8
https://doi.org/10.1016/S0140-6736(19)31146-8
https://doi.org/10.1111/cdoe.12362
https://doi.org/10.1111/cdoe.12362
https://doi.org/10.1111/jcpe.12679
https://doi.org/10.1146/annurev.mi.49.100195.003431
https://doi.org/10.1146/annurev.mi.49.100195.003431
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1177/0022034515606045
https://doi.org/10.1177/0022034515606045
https://doi.org/10.1080/20002297.2019.1710953
https://doi.org/10.1080/20002297.2019.1710953
https://doi.org/10.1080/20002297.2019.1710953
https://doi.org/10.3390/dj10100184
https://doi.org/10.1038/s41579-023-00963-6
https://doi.org/10.1038/s41579-023-00963-6
https://doi.org/10.1111/j.1399-302X.1997.tb00390.x
https://doi.org/10.1111/j.1399-302X.1997.tb00390.x
https://doi.org/10.1034/j.1399-302X.1999.140105.x
https://doi.org/10.1034/j.1399-302X.1999.140105.x
https://doi.org/10.1034/j.1399-302X.1999.140105.x
https://doi.org/10.1186/s12866-021-02089-2
https://doi.org/10.1186/s12866-021-02089-2
https://doi.org/10.1111/omi.12162
https://doi.org/10.1111/omi.12162

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Tanaka et al., Acid Tolerance Phenotype of Oral Biofilms in Severe Early Childhood Caries: Links to Microbial
Composition and Fermentation Profiles

models of dental caries. Microbiome. (2015)
3:69. doi: 10.1186/s40168-015-0136-z

Hamilton IR, Svensdter G. Acid-regulated
proteins induced by Streptococcus mutans and
other oral bacteria during acid shock. Oral
Microbiol Immunol. (1998) 13(5):292-300. doi:
10.1111/.1399-302X.1998.tb00710.x

Nyvad B, Crielaard W, Mira A, Takahashi N,
Beighton D. Dental caries from a molecular
microbiological perspective. Caries Res. (2013)
47(2):89-102. doi: 10.1159/ 000345367
Senneby A, Mejare I, Sahlin NE, Svensiter G,
Rohlin M. Diagnostic accuracy of different caries
risk assessment methods. A systematic review. J
Dent.  (2015) 43  (12):1385-93.  doi:
10.1016/j.jdent.2015.10.011

Havsed K, Hénsel Petersson G, Isberg PE, Pigg
M, Svensiter G, Foresight Research Consortium,
Rohlin M. Multivariable prediction models of
caries increment: a systematic review and critical
appraisal. Syst Rev. (2023) 12(1):202. doi:
10.1186/s13643-023-02298-y

Valdez RMA, Duque C, Caiaffa KS, Dos Santos
VR, Loesch MLA, Colombo NH, et al. Genotypic
diversity and phenotypic traits of Streptococcus
mutans isolates and their relation to severity of
early childhood caries. BMC oral Health. (2017)
17

(1):115. doi: 10.1186/s12903-017-0406-1
Hassan H, Lingstrdm P, Carlén A. Plaque pH in
caries-free and caries-active young individuals
before and after frequent rinses with sucrose and
urea solution. Caries Res. (2015) 49(1):18-25.
doi: 10.1159/000360798

Senneby A, Davies JR, Svensiter G, Neilands J.
Acid tolerance properties of dental biofilms in
vivo. BMC Microbiol. (2017) 17(1):165. doi:
10.1186/s12866-017-1074-7

Petersen PE, Baez RJ, World Health
Organization. (2013). Oral Health Surveys: Basic
Methods. 5th ed. Geneva: World Health
Organization. Available online at:
https://iris.who.int/handle/10665/97035
Callahan BJ, McMurdie PJ, Rosen MJ, Han AW,
Johnson AJA, Holmes SP. DADAZ2: high-
resolution sample inference from illumina
amplicon data. Nat Methods. (2016) 13:581-3.
doi: 10.1038/nmeth.3869

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer
T, Yarza P, et al. The SILVA ribosomal RNA
gene database project: improved data processing
and web-based tools. Nucleic Acids Res. (2012)
41:D590-6. doi: 10.1093/nar/ gks1219

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lin H, Peddada SD. Analysis of microbial
compositions: a review of normalization and
differential abundance analysis. NPJ Biofilms
Microbiomes. (2020) 6(1):60. doi:
10.1038/s41522-020-00160-w

R Development Core Team R: A Language and
Environment for Statistical Computing. R Found
Stat Comput. (2016). doi:
10.1017/CB0O9781107415324.004

Simén-Soro A, Belda-Ferre P, Cabrera-Rubio R,
Alcaraz LD, Mira A. A tissue-dependent
hypothesis of dental caries. Caries Res. (2013)
47(6):591-600. doi: 10.1159/ 000351663
Takahashi N, Nyvad B. The role of bacteria in the
caries process: ecological perspectives. J Dent
Res. (2011) 90(3):294-303. doi: 10.1177/
0022034510379602

Takahashi N, Saito K, Schachtele CF, Yamada T.
Acid tolerance and acid-neutralizing activity of
Porphyromonas gingivalis, Prevotella intermedia
and Fusobacterium nucleatum. Oral Microbiol
Immunol. (1997) 12(6):323-8. doi: 10.
1111/5.1399-302X.1997.tb00733.x

Brennan CA, Garrett WS. Fusobacterium
nucleatum—symbiont, opportunist and
oncobacterium. Nat Rev Microbiol. (2019)
17(3):156-66. doi: 10.1038/s41579-018-0129-6
Spatafora G, Li Y, He X, Cowan A, Tanner ACR.
The evolving microbiome of dental -caries.
Microorganisms.  (2024)  12(1):121.  doi:
10.3390/microorganisms12010121

Hoshino E, Araya A. Lactate degradation by
polysaccharide-producing Neisseria isolated from
human dental plaque. Arch Oral Biol. (1980)
25(3):211-2. doi: 10.1016/ 0003-9969(80)90023-
0

Ribeiro AA, Paster BJ. Dental caries and their
microbiomes in children: what do we do now? J
Oral Microbiol. (2023) 15(1):2198433. doi:
10.1080/20002297.2023. 2198433

Banas JA, Drake DR. Are the mutans streptococci
still considered relevant to understanding the
microbial etiology of dental caries? BMC oral
Health. (2018) 18

(1):129. doi: 10.1186/s12903-018-0595-2
Kahharova D, Pappalardo VY, Buijs MJ, de
Menezes RX, Peters M, Jackson R,

et al. Microbial indicators of dental health,
dysbiosis, and early childhood caries. J Dent Res.
(2023) 102(7):759-66. doi:
10.1177/00220345231160756

Kameda M, Abiko Y, Washio J, Tanner ACR,
Kressirer CA, Mizoguchi I, et al. Sugar

82


https://doi.org/10.1186/s40168-015-0136-z
https://doi.org/10.1111/j.1399-302X.1998.tb00710.x
https://doi.org/10.1111/j.1399-302X.1998.tb00710.x
https://doi.org/10.1159/000345367
https://doi.org/10.1159/000345367
https://doi.org/10.1016/j.jdent.2015.10.011
https://doi.org/10.1016/j.jdent.2015.10.011
https://doi.org/10.1186/s13643-023-02298-y
https://doi.org/10.1186/s13643-023-02298-y
https://doi.org/10.1186/s12903-017-0406-1
https://doi.org/10.1159/000360798
https://doi.org/10.1186/s12866-017-1074-7
https://doi.org/10.1186/s12866-017-1074-7
https://doi.org/10.1186/s12866-017-1074-7
https://iris.who.int/handle/10665/97035
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/s41522-020-00160-w
https://doi.org/10.1038/s41522-020-00160-w
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1159/000351663
https://doi.org/10.1159/000351663
https://doi.org/10.1177/0022034510379602
https://doi.org/10.1177/0022034510379602
https://doi.org/10.1111/j.1399-302X.1997.tb00733.x
https://doi.org/10.1111/j.1399-302X.1997.tb00733.x
https://doi.org/10.1038/s41579-018-0129-6
https://doi.org/10.1038/s41579-018-0129-6
https://doi.org/10.3390/microorganisms12010121
https://doi.org/10.3390/microorganisms12010121
https://doi.org/10.1016/0003-9969(80)90023-0
https://doi.org/10.1016/0003-9969(80)90023-0
https://doi.org/10.1016/0003-9969(80)90023-0
https://doi.org/10.1080/20002297.2023.2198433
https://doi.org/10.1080/20002297.2023.2198433
https://doi.org/10.1080/20002297.2023.2198433
https://doi.org/10.1186/s12903-018-0595-2
https://doi.org/10.1177/00220345231160756
https://doi.org/10.1177/00220345231160756

39.

40.

41.

42.

Tanaka et al., Acid Tolerance Phenotype of Oral Biofilms in Severe Early Childhood Caries: Links to Microbial
Composition and Fermentation Profiles

metabolism of Scardovia wiggsiae, a novel
caries-associated bacterium. Front Microbiol.
(2020) 11:479. doi: 10.3389/fmicb.2020.00479

Ng SK, Hamilton IR. Lactate metabolism by

Veillonella parvula. J Bacteriol. (1971)
105(3):999-1005. doi: 10.1128/jb.105.3.999-
1005.1971

Noorda WD, Purdell-Lewis DJ, van Montfort
AM, Weerkamp AH. Monobacterial and mixed
bacterial plaques of Streptococcus mutans and
Veillonella alcalescens in an artificial mouth:
development, metabolism, and effect on human
dental enamel. Caries Res. (1988) 22(6):342-7.
doi: 10.1159/000261134

Qudeimat MA, Alyahya A, Karched M,
Behbehani J, Salako NO. Dental plaque
microbiota profiles of children with caries-free
and caries-active dentition. J Dent. (2021)
104:103539. doi: 10.1016/.jdent.2020.103539
Xiao J, Grier A, Faustoferri RC, Alzoubi S, Gill
AL, Feng C, et al. Association between oral
Candida and bacteriome in children with severe
ECC. J Dent Res. (2018) 97(13):1468—76. doi:
10.1177/0022034518790941

43.

44,

45.

46.

Kressirer CA, Chen T, Lake Harriman K, Frias-
Lopez J, Dewhirst FE, Tavares MA, et al
Functional profiles of coronal and dentin caries in
children. J  Oral  Microbiol. (2018)
10(1):1495976. doi: 10.1080/20002297.2018.
1495976

Tett A, Pasolli E, Masetti G, Ercolini D, Segata
N. Prevotella diversity, niches and interactions
with the human host. Nat Rev Microbiol. (2021)
19(9):585-99. doi: 10. 1038/s41579-021-00559-
y

Sharma G, Garg N, Hasan S, Shirodkar S.
Prevotella: an insight into its characteristics and
associated virulence factors. Microb Pathog.
(2022) 169:105673. doi:
10.1016/j.micpath.2022.105673

Fakhruddin KS, Ngo HC, Samaranayake LP.
Cariogenic microbiome and microbiota of the
early primary dentition: a contemporary
overview. Oral Dis. (2019) 25(4):982-95. doi:
10.1111/0di.12932

83


https://doi.org/10.3389/fmicb.2020.00479
https://doi.org/10.1128/jb.105.3.999-1005.1971
https://doi.org/10.1128/jb.105.3.999-1005.1971
https://doi.org/10.1159/000261134
https://doi.org/10.1016/j.jdent.2020.103539
https://doi.org/10.1177/0022034518790941
https://doi.org/10.1177/0022034518790941
https://doi.org/10.1080/20002297.2018.1495976
https://doi.org/10.1080/20002297.2018.1495976
https://doi.org/10.1038/s41579-021-00559-y
https://doi.org/10.1038/s41579-021-00559-y
https://doi.org/10.1038/s41579-021-00559-y
https://doi.org/10.1016/j.micpath.2022.105673
https://doi.org/10.1016/j.micpath.2022.105673
https://doi.org/10.1111/odi.12932
https://doi.org/10.1111/odi.12932

