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ABSTRACT Dental caries is a multifactorial disease driven by interactions between the
highly complex microbial biofilm community and host factors like diet, oral hygiene habits,
and age. The oral streptococci are one of the most dominant members of the plaque bio-
film and are implicated in disease but also in maintaining oral health. Current methods
used for studying the supragingival plaque community commonly sequence portions of
the16S rRNA gene, which often cannot taxonomically resolve members of the streptococcal
community past the genus level due to their sequence similarity. The goal of this study
was to design and evaluate a more reliable and cost-effective method to identify oral strep-
tococci at the species level by applying a new locus, the 30S-S11 rRNA gene, for high-
throughput amplicon sequencing. The study results demonstrate that the newly developed
single-copy 30S-S11 gene locus resolved multiple amplicon sequence variants (ASVs) within
numerous species, providing much improved taxonomic resolution over 16S rRNA V4.
Moreover, the results reveal that different ASVs within a species were found to change in
abundance at different stages of caries progression. These findings suggest that strains of a
single species may perform distinct roles along a biochemical spectrum associated with
health and disease. The improved identification of oral streptococcal species will provide a
better understanding of the different ecological roles of oral streptococci and inform the
design of novel oral probiotic formulations for prevention and treatment of dental caries.

IMPORTANCE The microbiota associated with the initiation and progression of dental
caries has yet to be fully characterized. Although much insight has been gained from
16S rRNA hypervariable region DNA sequencing, this approach has several limitations,
including poor taxonomic resolution at the species level. This is particularly relevant
for oral streptococci, which are abundant members of oral biofilm communities and
major players in health and caries disease. Here, we develop a new method for taxo-
nomic profiling of oral streptococci based on the 30S-S11 rRNA gene, which provides
much improved resolution over 16S rRNA V4 (resolving 10 as opposed to 2 species).
Importantly, 30S-S11 can resolve multiple amplicon sequence variants (ASVs) within
species, providing an unprecedented insight into the ecological progression of caries.
For example, our findings reveal multiple incidences of different ASVs within a species
with contrasting associations with health or disease, a finding that has high relevance
toward the informed design of prebiotic and probiotic therapy.
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ext-generation sequencing has made possible significant advancements in our
understanding of the complex community structure and diverse nature of the oral
bacteriome without the need for culture-based methods. One of the most cost-effective,
timely, and commonly used techniques is amplicon sequencing of hypervariable regions
of the 16S rRNA gene (1, 2). The 16S rRNA gene is approximately 1,500 bp and is ubiqui-
tous in bacteria (3, 4). It is composed of nine highly conserved regions and nine
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hypervariable regions (V1 to V9) (3). The highly conserved regions flank the hypervari-
able regions, providing an area where universal PCR primers can be designed and used to
generate sequences capable of delineating between different bacterial taxa (5). Amplicon
sequencing of 165 rRNA hypervariable regions is widely used in microbiome studies; how-
ever, there are several limitations associated with this approach. Importantly, hypervariable
regions provide poor taxonomic resolution at the species level due to low sequence diver-
gence (6). Additional problems include a wide range in copy number of the operon contain-
ing the 165-55-23S rRNA genes within a genome. For example, Hassler et al. (unpublished
data) reported a range of 1 to 27 copies of the 16S rRNA gene among 165 species repre-
senting four divergent genera. This study also showed the hypervariable regions to have
low phylogenetic performance. Both characteristics have potential to confound microbiome
diversity metrics.

Although sequencing of the entire 16S rRNA gene can improve taxonomic resolu-
tion, it is more costly and requires long-read sequencing technology or shotgun
sequencing (4). Notably, the 16S gene does not have good taxonomic resolution at the
species level for many abundant oral genera, including Streptococcus, Neisseria,
Pseudomonas, and Enterobacter (5). Oral streptococci are important members of the
plaque biofilm. They are dominant species in the mouth and are known to be one of
the first inhabitants of the oral cavity acquired directly after birth (7). These bacteria
are mostly commensal and occupy all niches of the oral cavity; however, certain species of
Streptococcus are pathogenic. The mutans streptococci, principally Streptococcus mutans,
have been considered the most prominent cariogens in the oral cavity (7-9). S. mutans has
many important biochemical properties that contribute to its enhanced virulence in caries
development and progression, including its ability to metabolize a variety of different car-
bohydrate sources and produce acids, to tolerate acidic environments, and to produce
extracellular polysaccharides (EPSs) that are key for biofilm formation and adherence to
the tooth surface (8). In contrast, there are many oral streptococci (e.g., Streptococcus aus-
tralis, Streptococcus sanguinis, Streptococcus gordonii, and Streptococcus parasanguinis) that
are associated with maintenance of dental health by raising pH through ammonia produc-
tion as a result of arginine catabolism via the arginine deaminase system (ADS) and that
have shown antagonistic or inhibitory effects on the growth of S. mutans (7, 10-13).

With a deeper understanding of dental microbial community dynamics and the
taxa that contribute to the development of caries, the concept of preventing and treat-
ing caries using prebiotics and probiotics has emerged (14). One of the major drivers
believed to cause caries is the shift of the microbial community into a dysbiotic state
dominated by microbes that can survive and thrive under acidic conditions. The goal
of prebiotics and probiotics is to introduce either substrates or living microbes that
can shift the dysbiotic microbiome back into symbiosis with its host (14, 15). However,
to successfully use prebiotics and probiotics, knowledge of the exact species and
strains of oral bacteria comprising the tooth biofilm is needed. Previous studies have
shown a large spectrum of phenotypic differences and biochemical properties within
strains, resulting in large variations in virulence (16-18). Because of this, detailed
knowledge of which strains are present during health and throughout disease can
allow for mechanistic and biochemical screening of these taxa. These tests can deter-
mine if they are promising candidates for the design of an oral probiotic formulation.
Due to the high prevalence of Streptococcus species in the mouth and their importance
in oral health and disease, a method to obtain a fast, reliable, and accurate taxonomic
classification to the species level is needed for both diagnostic and research purposes.
To accomplish this, we have developed PCR primers that target 378 bp of the 381-bp
single-copy 30S-S11 gene in oral streptococci. The 30S-S11 ribosomal protein is an
rRNA binding protein and a structural component of the ribosome (19). This protein
forms a portion of the Shine-Dalgarno cleft of the 70S ribosomal subunit. The 30S-511
gene is well conserved in bacteria and has been identified in multiple genera (19, 20).

A set of site-specific supragingival plaque samples (in which communities are cate-
gorized into six progressive stages of the disease) obtained from 33 children were
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TABLE 1 Eighteen core oral streptococcal genes

Representative locus tag

Gene product

WY5_RS110910
WY5_RS111035
D8785_RS04160
WY5_RS110960
WY5_RS118250
WY5_RS110945
D8880_RS00905
WY5_RS118615
WY5_RS117375
SK137_RS00700
DK43_RS01015
WY5_RS116740
WY5_RS110940
WY5_RS110975
CYK15_RS07680

30S ribosomal protein S10
30S ribosomal protein S11
30S ribosomal protein S12
30S ribosomal protein S17
30S ribosomal protein S18
30S ribosomal protein S3
30S ribosomal protein S6
30S ribosomal protein S7
50S ribosomal protein L11
50S ribosomal protein L16
50S ribosomal protein L18
50S ribosomal protein L20
50S ribosomal protein L22
50S ribosomal protein L5
Elongation factor G

WY5_RS114220
WY5_RS111950
SK642_RS05300

Elongation factor Tu
Fructose-1,6-bisphosphate aldolase, class Il
Phosphopyruvate hydratase

amplified using the newly developed 30S-S11 primers and primers that target the V4
region of the 16S gene (806r and 515f) for comparison. The V4 region was targeted as
it is one of the most used hypervariable regions in microbiome studies (21, 22).
Comparison showed that our newly developed 30S-S11 primer set had higher taxo-
nomic resolution. Specifically, the 305-S11 amplicon data provided species-level identi-
fication for 10 oral streptococci, compared to only 2 species-level identifications when
using V4 data. A key finding was that the 305-S11 amplicon data could resolve multiple
amplicon sequence variants (ASVs) per species. Importantly, our study found that
within some species, different ASVs were correlated with health and others with dis-
ease. These results have important implications for oral probiotic design. A deeper
understanding of the bacterial strains that are associated with dental health will allow
for an accurate screening of oral probiotic candidates for caries prevention and
treatment.

RESULTS

In silico taxonomic resolution of the 305-S11 rRNA loci and mock community
evaluation. To identify a replacement locus for 16S rRNA hypervariable regions, we con-
structed global sequence alignments for 18 genes shared among the genomes of 1,406
clinical strains of oral streptococci (23 species) (Table 1; see Table S1 in the supplemental
material). Following criteria outlined in Materials and Methods, which included locus length,
sequence divergence, and conserved PCR primer sites, we found that 378 bp of the 30S-S11
rRNA gene (381 bp) to be the most suitable replacement. A global nucleotide sequence
alignment showed the 1,406 strains to be represented by 92 unique sequence variants
(6.7% sequence divergence), with many species represented by multiple variants. A maxi-
mum likelihood (ML) phylogeny containing these sequences was able to resolve the follow-
ing 13 species: Streptococcus agalactiae, Streptococcus pyogenes, Streptococcus downei,
Streptococcus sobrinus, S. parasanguinus, S. mutans, Streptococcus lactarius, Streptococcus sal-
avarius, S. australis, S. sanguinis, Streptococcus cristatus, S. gordonii, and Streptococcus sinensis
(Fig. 1A). Strains for the following 10 species did not show monophyletic branching patterns
but fell into three complexes (clades): (i) Streptococcus mitis, Streptococcus oralis, Streptoc-
ccus pneumoniae, Streptococcus infantis, and Streptococcus peroris (Mitis complex);
(i) Streptococcus thermophilus and Streptococcus vestibularis (Vestibularis complex); and
(iii) Streptococcus anginosus, Streptococcus intermedius, and Streptococcus constellatus
(Anginosus complex). Using a gene clustering approach (see Materials and Methods), we
evaluated different sequence identity clustering threshold values for use when con-
structing a custom taxonomy classifier database. The 13 species and three complexes
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FIG 1 Maximum likelihood (ML) phylogenies comparing oral streptococcal taxonomic resolution for (A) the 30S-S11 rRNA gene, (B) the combined 16S rRNA

V3 and V4 regions, and (C) the 16S rRNA V4 region. Bootstrap support values (500 replicates) are shown.

were reliably recovered using a threshold of 98% sequence identity. Following this taxo-
nomic delineation, the 92 30S-S11 haplotype sequences were used to build a custom ref-
erence database for QIIME2 (23). For comparative purposes, and using the same
genomes, we extracted the 16S rRNA V3 and V4 regions and built an ML phylogeny of
the combined V3-V4 regions (474 bp) and V4 region (297 bp). The V3-V4 regions recov-
ered five species with 4.9% sequence divergence (Fig. 1B), and the V4 region recovered
three species with 4.3% divergence (Fig. 1Q).

PCR primers designed to amplify 378 bp of the 30S-S11 gene were evaluated using
DNA from two mock communities representing 10 common supragingival streptococcal
species. For each community, amplicon sequence reads received taxonomic assignments
that were concordant with the respective taxonomic composition of each community
(Fig. S1). More specifically, DNA from all members of each community was successfully
sequenced and taxonomically identified.

High-resolution evaluation of streptococcal community dynamics during early-
childhood caries. As described previously, variations in the supragingival environment
can lead to changes in the bacterial community composition and subsequently drive
microbial dysbiosis and lead to caries. To evaluate the 30S-S11 rRNA gene’s ability to
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FIG 2 Stacked bar charts of the relative abundance (percentage) values of oral streptococcal species obtained after 16S
rRNA V4 and 30S-S11 rRNA amplicon sequencing of site-specific supragingival plaque samples. See text for a full
explanation of the six plaque categories (each representing progressive stages of caries). In brief, CF-PF is plaque from a
caries-free child, whereas CA-PD is plaque from a dentin carious lesion (the most progressed stage).

taxonomically profile supragingival plaque communities during caries progression, we
analyzed 82 supragingival plague samples representing six progressive stages of the
disease from 33 children ranging in age from 2 to 7 years and compared profiling using
the 30S-S11 rRNA gene and the 16S rRNA V4 loci. Concordant with our phylogenetic
analysis (and mock community evaluation) the 30S-S11 primers detected 10 species
and three species complexes. This was a considerable improvement over the 16S V4
region, which was only able to resolve two species (S. anginosus and S. sobrinus) (Fig. 2).
In addition to resolving more species than 16S V4, the 30S-S11 primers also detected
multiple ASVs for each species (Fig. 3). In total, we detected 162 ASVs (80 in the species
complexes) (Table 2). The number of ASVs ranged from 1 for S. sobrinus to 17 for S. aus-
tralis. A total of 14 ASVs not belonging to a species complex showed significant differen-
tial abundance during stages of caries (Fig. 3; Table S2). These 14 ASVs represented six
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FIG 3 Bubble plot showing abundance of ASVs for six plaque categories (see Materials and Methods and Fig. 2 legend). ASVs showing a significant
difference in abundance among categories are indicated with an asterisk. All species depicted occurred at least three times and had a relative abundance
greater than 0.0001%. The left plot depicts relative abundance (percentage), and the right plot depicts absolute abundance (counts).

species: S. sanguinis, S. cristatus, S. gordonii, S. mutans, S. sobrinus, and S. parasanguinis.
Importantly, S. sanguinis and S. cristatus each contained both health- and disease-associated
ASVs (Fig. 3). For S. sanguinis, a total of nine ASVs were observed, with three showing statis-
tical difference in their abundance (ASV3, ASV4, and ASV5). The distribution of ASV4 was
skewed toward health and was found in highest abundance in plaque collected from
caries-free tooth surfaces. In contrast, ASV3 and ASV5 were associated with plaque collected
from carious teeth. ASV3 was enriched in the late stage of caries development and mostly
absent in the earlier stages, whereas ASV5 occurred in all health categories but had a higher
frequency in enamel caries. Although ASV1 did not show any significant differences, it did
show a progressive decrease in abundance as caries severity increased. Of note, this ASV
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TABLE 2 Total number of ASVs identified for each streptococcal species and their total
abundance across the data set

Taxonomy No. of ASVs identified % of abundance in data set
Mitis complex 62 54.5992
Streptococcus sanguinis 1 22.3498
Streptococcus cristatus 11 6.571
Streptococcus mutans 7 6.2707
Anginosus complex 13 42874
Streptococcus gordonii 6 3.807
Streptococcus parasanguinis 10 0.601
Streptococcus sobrinus 1 0.5156
Vestibularis complex 5 0.4072
Streptococcus australis 17 0.4016
Streptococcus salivarius 5 0.1822
Streptococcus sp. 9 0.0063
S. sinensis 3 0.0005
S. lactarius 2 0.0006

was the second most abundant in the entire data set, making up 17.7% of the community
(Fig. 3; Table S3). Of the 11 S. cristatus ASVs, five were differentially abundant throughout
caries progression. ASVs 3 and 6 were significantly enriched in plaque from dentinal caries
lesions, whereas ASVs 4, 5, and 8 were enriched in health and early-stage enamel caries.
Although not statistically significant, ASV 9 appeared enriched in dentin caries, ASV 7
appeared enriched in enamel caries, and ASVs 10, and 11 appeared enriched in caries-free
teeth. S. gordonii, S. sobrinus, S. mutans, and S. parasanguinis all contained ASVs that were
significantly enriched in caries. S. gordonii contained four ASVs, of which three (ASVs 2, 3,
and 4) were significantly differentially abundant. ASV3 was enriched in dentin caries,
whereas ASVs 2 and 4 were enriched in enamel caries. S. sobrinus contained only one ASV,
which was found in increased abundance in late-stage dentin caries. A similar trend was
observed for S. mutans (two ASVs), where ASV1 was significantly enriched in late-stage den-
tin caries. Although the second ASV of S. mutans, which occurred in much lower abundance,
was not significant, it did show an increase in abundance as caries progressed. S. parasan-
guinis also contained only one significantly differentially abundant ASV (ASV1), which also
increased in abundance as caries progressed. While not significant, ASVs 2, 3, 4, and 6 all
showed increased abundance in plaque samples from active enamel and dentinal lesions
and decreased abundance on plaque from healthy tooth surfaces.

It is of note that there were one or two predominant ASVs for some species that
remained consistent in their abundance throughout caries progression. Specifically,
these ASVs were S. sanguinis ASV1, S. gordonii ASV1, S. cristatus ASV1 and ASV2, S.
australis ASV1, and S. salivarius ASV1. Intriguingly, these were the most abundant
ASVs for their respective species. The Mitis complex (which can capture five species)
contained 62 ASVs, the Anginosus complex (which can capture three species) con-
tained 13 ASVs, and the Vestibularis complex (which can capture two species) con-
tained 5 ASVs. The most abundant ASV was within the S. mitis complex (ASV1). This
ASV made up 35.1% of all reads in the data set, and its abundance was not statistically
different among the stages of caries progression (Table 2). Similarly, ASVs for S. australis
and S. salivarius did not show any significant difference in their abundance at any stage of
caries progression.

DISCUSSION

Dental caries is a multifaceted disease characterized by microbial interactions oper-
ating across many taxonomic levels within the tooth biofilm. The complexity of these
interactions is considerable, and until recently, the technology available to study the
composition of the dental plaque microbiome was limited (24). Much of the research on
caries has relied on culture-based studies or short-read 16S rRNA amplicon sequencing,
both of which have limitations. The largest of these are the uncultivability of some
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organisms, loss of species-level resolution for important health and disease-associated
taxa, and low sequence divergence among members of the same genus (25). In the pres-
ent study, we developed a new locus for high-throughput amplicon sequencing, the
30S-S11 rRNA gene, which provides a cost-effective method for better taxonomic resolu-
tion of species within the genus Streptococcus. The new locus can resolve multiple ASVs
within numerous species, providing much improved taxonomic resolution over the 165
rRNA V4 region. Importantly, the ability to resolve multiple ASVs within a species pro-
vides unprecedented insights into the ecological progression of caries. This study
revealed multiple incidences of different ASVs within a species with contrasting associa-
tions with health and disease, a finding that has high relevance toward the informed
design of pre- and probiotic therapies.

Oral commensal bacteria are frequently found in high abundance on healthy teeth and
have capabilities to outcompete and antagonize pathogens (7, 12). One method that com-
mensal organisms employ against pathogens is their ability to colonize the tooth early.
This prevents pathogenic bacteria from binding to the tooth, forming a biofilm, and pro-
ducing acids in excess, which drives down biofilm pH and encourages caries formation
(13). Another mechanism commensal oral bacteria utilize to promote dental health is the
production of alkaline compounds via the metabolism of urea and arginine. Urea is metab-
olized by bacterial ureases, which yield ammonia. Arginine is catabolized via the arginine
deaminase system (ADS), which also produces ammonia (7, 12, 26). The production of am-
monia results in increased biofilm pH at the tooth surface, reducing the potential for
enamel demineralization and restricting growth of aciduric/acidogenic pathogens such as
S. mutans (7, 27). Many oral bacteria can also synthesize bacteriocin proteins as forms of
defense against other microbes in the biofilm. Often bacteriocins work as antimicrobials
by disrupting the cell membrane or preventing synthesis of the cell wall (28).

Streptococcus sanguinis is considered a commensal member of the plaque commu-
nity and is an early colonizer of plaque biofilms (29). In previous studies, S. sanguinis
has been classified as a health-associated taxon because it is often found in increased
abundance in plaque samples obtained from caries-free teeth (11, 29-31). S. sanguinis
can produce hydrogen peroxide (H,0,), which can limit the growth and physiological
fitness of S. mutans cells via oxidation of their cell walls (10, 27, 32). Moreover, S. san-
guinis metabolizes arginine via ADS. Many of the studies associating S. sanguinis with
dental health utilized 16S sequencing or lab-grown single- and dual-species biofilm
assays. In both instances, the lack of strain-level identification causes a broad-level
assumption that all members within a species contribute the same beneficial charac-
teristics to the community. Our results suggest that not all strains of the same species
are equivalent in this regard. For example, S. sanguinis ASVs 1 and 4 most likely repre-
sent commensal strains in the oral cavity. ASV1 was present ubiquitously throughout
all stages of caries, but was more abundant in tooth health, while ASV4 was signifi-
cantly more abundant in tooth health. Importantly, the remaining ASVs were present
in increased abundance throughout different stages of disease. ASVs 3 and 5 were signifi-
cantly increased in dentinal lesions and in enamel lesions, respectively. Interestingly,
recent studies using different strains of S. sanguinis showed phenotypic variation in exo-
polysaccharide (glucan) and extracellular production, H,O, production, and ADS pathway
activity (18, 33, 34). In one of these studies, a laboratory strain of S. sanguinis (SK150) was
shown to produce less EPS in the presence of sucrose than a clinical isolate (BCC04) that
could produce a robust biofilm characterized by considerable glucan production in the
presence of sucrose (27). Glucans are synthesized from dietary sucrose via glucosyltrans-
ferase enzymes that are found on the tooth pellicle. Glucan EPS production is essential to
biofilm formation and acts as a scaffold for other microbes to adhere (29, 35). A robust
EPS layer leaves ample space for cariogens to bind and possibly outcompete oral com-
mensals, leading to caries initiation (29). Similarly, in another study, ADS-positive strains of
S. sanguinis were shown to have different antagonistic capabilities on S. mutans (10, 18).

Another health-associated commensal organism in the supragingival plaque biofilm
is Streptococcus gordonii. As with S. sanguinis, S. gordonii is an arginolytic species and
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can produce H,0, as a competitive mechanism against acidogenic and aciduric patho-
gens like S. mutans (10, 27, 36, 37). Previous research has found that S. gordonii can
block a peptide signaling pathway important for bacteriocin production in S. mutans,
reducing its competitiveness against commensals in the plaque (38). Our results
showed that the most abundant S. gordonii ASV (ASV1) was present in high abundance
across all stages of health and disease. This suggests that S. gordonii ASV (ASV1) is likely
an indigenous strain in the supragingival plaque biofilm. Given this distribution, more
research is needed to determine the ecological role of S. gordonii ASV1 in health and
disease. As observed with S. sanguinis, we found that different ASVs of S. gordonii were
present at different stages of disease. Four ASVs of S. gordonii showed increased abun-
dance in early-stage enamel caries, with one ASV (ASV3) significantly increased in
abundance during late-stage caries. These results suggest that different strains may
have distinct roles in the community at different stages of disease. Our results are sup-
ported by previous studies that have found increased prevalence of S. gordonii in
active carious lesions and evidence that S. gordonii will produce acidic end products
when in a mixed community (39, 40).

Although we found ASVs for S. cristatus in health and in disease, the role that S. cris-
tatus plays in the dental plaque biofilm is less clear. Our results found three ASVs (ASVs
4, 5, and 8) significantly enriched in health and early-stage enamel caries lesions and
two ASVs (3 and 6) significantly enriched in disease. These results are supported by the
contradicting data in previous studies examining the role of S. cristatus in caries pro-
gression (27, 38). Some strains of S. cristatus have shown ADS activity under certain
conditions and have also shown capabilities of producing H,0,. S. cristatus has been
found to be more prevalent in plaque biofilms from caries-free tooth surfaces (24).
Conversely, S. cristatus has also been associated with both enamel and dentin caries
(41-43). Intriguingly, S. cristatus has been found in severe carious lesions, even in the
absence of high concentrations of S. mutans (43). It is possible that in the absence of S.
mutans, opportunistic and pathogenic strains of S. cristatus may thrive in the biofilm
community.

Streptococcus mutans is a known caries pathogen due to its aciduric and acidogenic
capabilities (7). S. mutans can also produce bacteriocins, known as mutacins, that pro-
vide a competitive advantage in the plaque biofilm (27, 44). However, previous studies
have shown that not all strains are equivalent in their virulence capabilities (7, 45, 46).
For example, Valdez et al. examined different genotypes of S. mutans strains isolated
from caries-free children and children with severe early-childhood caries (ECC) and
found that strains of S. mutans isolated from children with ECC had better capacity to
form biofilms and increased acid tolerance (8). Other studies have found similar results
supporting strain-level differences in virulence factors, including susceptibility to host
salivary antimicrobial peptides, ability to metabolize different sugars, and ability to
cope with oxidative stress (7, 17, 27). Our findings showed that the most abundant S.
mutans ASV was enriched in the late stage of caries progression (dentinal caries lesions,
which may indicate high cariogenic potential of this strain, while another ASV was
present during earlier stages of caries progression (enamel lesions).

The presence of multiple ASVs within a species throughout different stages of caries
progression may also be attributed, in part, to host factors such as diet and dental
hygiene habits. A major driver of bacterial acid production is the availability of easily
fermentable carbohydrates (47). Diets that include frequent or high consumption of
sugars or carbohydrates provide ample substrate for microbes to produce acids via fermen-
tation. The oral streptococci have a large diversity of acidogenic and aciduric capabilities,
with these capabilities differing between strains (47, 48). S. mutans and S. sobrinus generally
produce the most acids at a pH range from 7.0 to 5.0; however, some strains of S. mitis and
S. oralis have been found to exceed the acid production levels of S. mutans and S. sobrinus
at pH values ranging from 5.5 to 7.0 (48). It is possible that when exposed to high-sugar
diets or frequent sugar consumption, acidogenic and aciduric strains may proliferate, which
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TABLE 3 Number of strains for each species used to delineate core genes

Species No. of strains
Streptococcus agalactiae 88
Streptococcus anginosus 42
Streptococcus australis 5
Streptococcus constellatus 1
Streptococcus cristatus 25
Streptococcus downei 2
Streptococcus gordonii 43
Streptococcus infantis 6
Streptococcus intermedius 39
Streptococcus lactarius 1
Streptococcus mitis 76
Streptococcus mutans 436
Streptococcus oralis 94
Streptococcus parasanguinis 36
Streptococcus peroris 1
Streptococcus pneumoniae 97
Streptococcus pyogenes 98
Streptococcus salivarius 52
Streptococcus sanguinis 58
Streptococcus sinensis 1
Streptococcus sobrinus 23
Streptococcus sp. 116
Streptococcus thermophilus 49
Streptococcus vestibularis 7

could lead to the abundance shifts observed in the different ASVs throughout caries
progression.

In the current study, we developed an alternative method to 16S rRNA amplicon
sequencing that provided accurate classification of most supragingival oral strepto-
cocci to the species level. Furthermore, multiple ASVs were detected for most species,
with an average of 75 ASVs among the different categories of dental plaque. Our
global alignment of 30S-S11 gene sequences frequently showed strains within the
same species to possess identical sequence. Specifically, 1,406 sequences were col-
lapsed into 92 distinct sequence variants, suggesting that actual strain diversity is at
least an order of magnitude higher than ASV diversity, which provides new insight into
the level of bacterial diversity within supragingival plaque communities and emphasizes
the need for future studies that utilize whole-genome metagenomics. Importantly, the
results of our study indicate that different ASVs of a species (and strains represented by
these ASVs) may perform distinct roles along a biochemical spectrum associated with
health and disease. Specifically, while some lineages of non-mutans streptococci may
contribute to the maintenance of health, others (in addition to species such as S. mutans)
may contribute to the initiation and/or progression of caries. These findings are sup-
ported by previous biochemical studies showing the cariogenic potential for strains of
non-mutans species (49-52) and are crucial to the informed design of an oral probiotic.

MATERIALS AND METHODS

Primer design. To generate an alternative to 16S, we required a locus shared among all oral strepto-
cocci that possessed conserved nucleotide regions suitable for universal oral streptococcal PCR primer
annealing that (i) flanked a region of approximately 200 to 300 nucleotides and (ii) possessed sufficient
variation to resolve different Streptococcus species. The size range of 200 to 300 nucleotides is required
for lllumina MiSeq v2 sequencing chemistry, which produces 250-bp paired-end (PE) reads. To evaluate
these criteria, we needed to construct global nucleotide alignments that contained sufficient nucleotide
diversity (taxa) to adequately represent the oral streptococci. To accomplish this, we utilized genome
sequence data from RefSeq and SRA at NCBI. A total of 1,220 genomes representing 22 oral Streptococcus
species were obtained from RefSeq (Table 3). Of the RefSeq genomes, 91 were also present in the Human
Oral Microbiome Database (HOMD) (see Table S1 in the supplemental material) and, with the exception of
Streptococcus agalactiae, all 22 oral Streptococcus species were represented. Due to the large number of
genomes for Streptococcus pyogenes (2,203), Streptococcus pneumoniae (8,863), and Streptococcus agalac-
tiae (1,509) at RefSeq (28 September 2021), we randomly subsampled 100 genomes for each of these
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species. Sequence reads for an additional 255 strains of Streptococcus mutans and the type strain of
Streptococcus lactarius (MV1) were obtained from SRA. To this we added 168 genomes from RefSeq that
were labeled as Streptococcus sp. Reads were assembled using Spades v3.1.1 (53) and annotated using
Prokka (54). To determine genes shared among all strains, we performed a gene clustering analysis using
the software vsearch (55). Most sequence data used for this study (91%) were from whole-genome shot-
gun sequencing. To account for gene sequence truncation or absence due to the high number of
genomes and nature of the sequence data, we targeted gene sequences in the clustering analysis that
occurred as a single copy in at least 90% of genomes. Using these criteria, we identified 18 core genes that
were mostly ribosomal (eight 30S and six 50S). The corresponding gene clusters, which each contained
1,406 sequences (representing this many strains) were aligned and visually inspected to find a gene that
satisfied the criteria outlined. Global alignments were performed using MAFFT (56) as implemented in
Geneious v7.1 (57). To evaluate taxonomic resolution (see the Results section), maximum likelihood (ML)
phylogenies were constructed using PhyML (GTR+G+1) (58). Branch support was obtained via 500 boot-
strap replicates. The 305-511 ribosomal gene best fit the criteria. The gene was 381 bp, with highly con-
served regions at the 5’ and 3’ ends, which facilitated the design of PCR primers. The forward primer
started three nucleotides downstream of the 5’ end of the gene. The reverse primer started one nucleo-
tide upstream of the 3’ end of the gene. The exact primer DNA sequence is shown below. Using vsearch,
we evaluated different sequence identity clustering threshold values for use when constructing the cus-
tom taxonomy classifier database for use in the microbiome pipeline QIIME2 (59).

Sample collection of site-specific supragingival plaque. A total of 82 site-specific supragingival
plaque samples were collected from 33 children ranging in age from 2 to 7 years. The sampling process
and patient demographics of the study population are described elsewhere (60, 61). Informed consent
was obtained from the parents or legal guardians of each child, and approval for the study was granted
by the Institutional Review Board of the University of Florida Health Science Center. Briefly, caries lesions
were detected and diagnosed by a single examiner (M.M.N.) using the International Caries Detection
and Assessment System (ICDAS-II) visual criteria (62). Lesion activity was determined by clinical appear-
ance, plaque stagnation, and tactile sensation. Children were grouped by caries status as follows: caries
free (CF), caries active with active enamel caries lesions only (CAE), and caries active with at least two
active and unrestored dentin carious lesions (CA). The ICDAS scores (ranging from 0 to 6) as a function
of caries status group were as follows: CF (no activity), ICDAS score = 0; CAE (active enamel lesions),
ICDAS score = 0 to 3; and CA (active dentin lesions), ICDAS score = 0 to 6. The threshold for the CA group
was the presence of at least two ICDAS scores of 5 or 6 (cavitated dentin lesions). Supragingival plaque
samples were collected from separate tooth surfaces and classified as follows: PF for samples collected
from healthy tooth surfaces (ICDAS score = 0), PE for samples collected from enamel carious lesions
(ICDAS score = 1 to 3), and PD for samples collected from dentinal carious lesions (ICDAS score = 4 to 6).
Multiple plaque samples were collected from children presenting more than one plaque category.
Combining children caries status with plaque caries status produced the following six different study
groups: CF-PF (n = 8), CAE-PF (n = 12), CAE-PE (n = 16), CA-PF (n = 13), CA-PE (n = 16), and CA-PD
(n=17) (total = 82) (Table S4).

DNA extraction and 16S V4 rRNA and 30S rRNA gene library construction. Genomic DNA was
extracted using the Qiagen DNeasy PowerBiofilm kit (Qiagen, USA) according to the manufacturer’s pro-
tocol. An extraction blank was included in each set of extractions to monitor for external contamination.
The V4 region of the 16S rRNA gene was amplified using PCR primers 515F and 806R (63). The oral strep-
tococcal 30S-S11 gene region was amplified using PCR. Nucleotide sequences for the primers were as
follows: 305-S11-0S-F1, 5’-GGCTAAACCMACRCGYAAACGTC-3’; and 30S-S11-0S-R1, 5'-ACACGRCGACG
TTTTGGAGGA-3'. The primers produced a 378-bp amplicon. Custom barcoded primers were designed
using the both the 16S (64) and the 30S-S11 (61) primers as outlined previously. Positive- and negative-
control samples were run with each PCR. The positive control used was S. mutans genomic DNA, and
the negative control used was ultrapure water. After PCR amplification, samples were run on 1.5% aga-
rose TAE (Tris-actetate-EDTA) gels. The concentration of the samples was then measured using Qubit 3.0
(ThermoFisher, USA). Samples were prepared for sequencing following Illumina’s “NextSeq Denature
and Dilute Libraries Guide Protocol A: Standard Normalization Method” for libraries at a concentration of
2 nM and the lllumina 16S “Metagenomic Sequencing Library Preparation Guide.” Custom read 1, read 2,
and index primers were spiked into the lllumina reagent cartridge as outlined previously (64).

Mock community construction. Mock community DNA was used to confirm that the newly
designed primers could successfully amplify the 30S-S11 gene from oral streptococci and that the result-
ing amplicon sequences received the correct taxonomic assignment. Focusing on those oral streptococci
that are common supragingival commensal species and those that are typically associated with caries,
two communities were built (Table S5). To assess cross-contamination between the two communities,
five separate species were restricted to only occur in one community (community 1, S. sanguinis,
Streptococcus salivarius, and Streptococcus intermedius; community 2, Streptococcus sobrinus and S. aus-
tralis). Recovery of these strains in the opposing community would indicate contamination. With the
exception of S. mutans and S. sobrinus, DNA for all strains was extracted from supragingival plaque iso-
lates obtained during a previous study (18). The S. mutans type strain (Clarke) (isolated from a carious
lesion) was obtained from ATCC 25175 and extracted from pure culture cells. The S. sobrinus strain,
6715, was obtained from the Burne lab at the University of Florida (brain heart infusion [BHI] agar stabs).
Stabs were incubated at 37°C with a 5% CO, concentration for 48 h. Growth from the agar stabs was
streaked onto BHI agar plates and incubated at 37°C with a 5% CO, concentration for 48 h. DNA was
extracted from pure culture cells. Genomic DNA was quantified using Qubit 3.0, and a total of 10 ng of
genomic DNA (gDNA) from each strain was pooled for each community, respectively.
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Amplicon sequencing, quality control, and community analyses. The 30S-S11 rRNA and 16S rRNA V4
amplicons were sequenced on Illlumina’s MiSeq platform (lllumina, San Diego, CA) using a V2 500-cycle
kit (250-bp paired-end reads). Read quality control and clustering were completed using the DADA2
pipeline incorporated into QIIME2 (22). Specifically, DADA2 was used to filter and trim reads, remove chi-
meras, assign reads to amplicon sequence variants (ASVs), and generate a read count table (65). The
minimum read depth across all samples was 9,556, and all samples were rarefied to this depth using
QIIME2. Species relative abundance plots were generated using Phyloseq (v1.26.1) (66) and ggplots2
(67). Differential abundance testing was completed for all six health categories in a pairwise manner
using DESeq2 (v1.22.2) (68) within Phyloseq. The nonrarefied read table generated in QIIME2 after DADA2
quality control was used for the differential abundance testing. The data were log transformed using var-
iance stabilizing transformation (VSD) to generate ASV frequencies. P values were corrected for multiple
comparisons using the false-discovery rate (FDR) by the method of Benjamini and Hochberg (69).

Ethics approval and consent to participate. Informed consent was obtained from the parents or
legal guardians for each child in the study, and the protocol was approved by the Institutional Review

Data availability. Sequence data have been deposited in the Sequence Read Archive database
under BioProject accession no. PRINA810871.
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