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Abstract

Dental caries, the most common chronic infectious disease worldwide, has a complex etiology
involving the interplay of microbial and host factors that are not completely understood. In this
study, the oral microbiome, and 38 host cytokines and chemokines, were analyzed across 23
children with caries and 24 children with healthy dentition. De novo assembly of metagenomic
sequencing obtained 527 metagenome-assembled genomes (MAGS), representing 150
bacterial species. 42 of these species had no genomes in public repositories, therefore
representing novel taxa. These new genomes greatly expanded the known pangenomes of
many oral clades, including the enigmatic Saccharibacteria clades G3 and G6, which had
distinct functional repertoires compared to other oral Saccharibacteria. Saccharibacteria are
understood to be obligate epibionts, which are dependent on host bacteria. This data suggests
that the various Saccharibacteria clades may rely on their hosts for highly distinct metabolic
requirements, which would have significant evolutionary and ecological implications. Across the
study group, Rothia, Neisseria, and Haemophilus spp. were associated with good dental health,
while Prevotella spp., Streptococcus mutans, and Human herpesvirus 4 (Epstein-barr
virus/EBV) were more prevalent in children with caries. Finally, ten of the host immunological
markers were significantly elevated in the caries group, and co-occurrence analysis provided an
atlas of potential relationships between microbes and host immunological molecules. Overall,
this study illustrated the oral microbiome at an unprecedented resolution, and contributed
several leads for further study that will increase the understanding of caries pathogenesis and

guide therapeutic development.
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Introduction

Dental caries, the most prevalent chronic infectious disease globally, is caused a dysbiotic oral
microbiota that creates an acidic microenvironment adjacent to the tooth surface that
demineralizes the enamel, which can lead to permanent damage to the tooth (Pitts et al. 2017).
Although historically, Streptococcus mutans is the taxon that has received the major focus in
regards to this disease, the true complexity of the caries-associated oral microbiota has only
been realized following the relatively recent development of culture-independent detection
methods, (Banas and Drake 2018; Burne 2018). It is now understood that caries has a complex
etiology and can occur in the absence of detectable levels of S. mutans, but a thorough
understanding of what other taxa are involved has not been achieved. Furthermore, despite
evidence that both the innate and adaptive arms of the immune system influence caries disease
(Costalonga and Herzberg 2014; Meyle et al. 2017), the cross-talk between the oral microbiota
and host immunological molecules during dental caries, compared to health, is not well
characterized.

The majority of previous studies examining the caries-associated oral microbiome have
utilized 16S rRNA gene amplicon sequencing (“16S sequencing”). However, 16S sequencing
provides relatively low-resolution data that is biased, due to PCR and amplicon choice, and
overlooks crucial information regarding the true strain-level diversity and functional capabilities
of the communities present (Hong et al. 2009; Pinto and Raskin 2012; Jovel et al. 2016;
Hillmann et al. 2018). In contrast, metagenomic sequencing (i.e. shotgun, whole genome
sequencing) efforts are able to assemble large numbers of whole genomes, which can identify
novel taxa and provide strain-level information for pangenomic analysis. Several recent
landmark studies, which focused on the gut microbiome, have illustrated the power of this
method (Almeida et al. 2019; Nayfach et al. 2019; Pasolli et al. 2019). Although sequencing is
also used to quantify the abundances of resident taxa in microbial communities, sequencing

provides only compositional data (i.e. relative abundances), which must be handled carefully to
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avoid generating spurious conclusions—a fact that is frequently neglected by microbiome
studies (Gloor et al. 2017; Morton et al. 2017; Knight et al. 2018; Morton et al. 2019b). The
major goals of this study were to (1) use metagenomics to identify novel taxa and strain level
differences that are likely to affect caries pathogenesis (2) use recently-developed
compositional analysis tools to examine the oral microbiome during dental caries, and (3)
survey host immunological markers and potential cross-talk between oral bacteria and these
markers during caries. The data generated here illustrates the caries-associated oral
microbiome at an unprecedented level of resolution, and encourages several avenues of further

study that will greatly increase the understanding of caries pathogenesis.
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RESULTS

Study design (Supplemental Fig. S1A). Details of the clinical sampling, as well as inclusion
and exclusion criteria are provided in the Methods section and the Supplemental Methods
section of the Supplemental Material. A summary of the collected subject metadata is provided
in Supplemental Table S1. Subjects were dichotomized into two groups: healthy, or caries (= 2
active caries lesions with penetration through the enamel into the underlying dentin, only lesions
at least 2 mm in depth were considered). All subjects provided 2 ml of unstimulated saliva for
analysis of host markers and 2 ml of stimulated saliva for microbiome analysis. The topic of
whether saliva sampling is adequate to examine the caries-associated microbiota is one of
debate. In this case, the choice to sample saliva instead of dental plaque from teeth was mainly
due to the ease of collection (due to non-invasiveness and patient compliance) and ability to
obtain sufficient sample volume for analysis (particularly for the case of the host markers).
While the various microenvironments of the oral cavity have distinct microbial residents, and an
ideal sampling scenario would examine diversity at multiple sites, saliva bathes all oral tissues
and is generally thought to represent the overall oral composition (Mira 2018). Furthermore,
previous analysis showed that although incorporation of dental plagque data improved the ability
of the oral microbiota to predict caries onset, saliva alone was generally sufficient to both
distinguish and predict the onset of the disease (Teng et al. 2015). Several studies have also
shown that caries impacts the microbiota of not just specific lesion sites, but also that of other
apparently healthy teeth, indicating that the oral microbiome as a whole may change
significantly (Gross et al. 2010; Gross et al. 2012; Jiang et al. 2013; Jiang et al. 2014). This is
particularly true in the case of multiple, deep dentin lesions, such as those examined here,

where the disease has progressed to a more systemic, rather than site-specific, state.

Assembly of metagenome assembled genomes (MAGs) recovers 527 genomes, 42

representing novel taxa. The metagenomics pipeline illustrated in Supplemental Fig. S1B
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yielded 527 genomic bins that were of at least medium quality according to the guidelines set
forth by the Genomic Standards Consortium (GSC) (>50% completeness, <10% contamination)
(Supplemental Table S2) (Bowers et al. 2017). Following dereplication of redundant species
(>95% ANI) across samples, there were 90 known species-level genome bins (kSGBS),
representing 399 MAGs with >95% ANI to a RefSeq genome, and 60 unknown species-level
genome bins (USGBSs), representing 128 MAGs (Fig. 1A-G), with no genome in RefSeq with an
ANI >95%. Individually comparing uSGBs against the wider GenBank database reassigned 18
uSGBs (rSGBs), representing 31 MAGs, to kSGBs, as they had >95% ANI match in GenBank
(Supplemental Table S2). 20 unknown species-level genome bins, representing 48 MAGs, that
had 85%-95% ANI match to a GenBank genome were termed genus-level genome bins
(GGBs), as the genus can be assigned with a fair amount of confidence, while the species
appears to be not previously described. 22 bins, representing 49 MAGs, had no match
reference in GenBank with an ANI >85%. These were termed family-level genome bins (FGBs),
as the family or higher-level taxa can be inferred, but the MAGs likely represent novel genera.
The use of these cutoffs for GGBs and FGBs was employed and validated previously (Pasolli et
al. 2019).

25 of the MAGs, including 6 genus-level genome bins and 11 family-level genome bins,
represented Candidate Phyla Radiation (CPR) bacteria. This recently described supergroup is
predicted to contain >35 phyla representing >15% of the diversity of all bacteria (Hug et al.
2016). CPR taxa have long been considered microbial “dark matter” and only 8 species have
been cultivated thus far (He et al. 2015; Cross et al. 2019; Bor et al. 2020). CPR have reduced
genomes and are thought to be obligate epibionts (He et al. 2015; Baker et al. 2017). In this
dataset, 22 CPR MAGs were Saccharibacteria (formerly TM7), while 2 CPR MAGs were
Gracilibacteria (formerly GN0O2) and one was an Absconditabacteria (formerly SR1). It is

important to note that because of their reduced genomes, CPR bacteria are missing many of the
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“essential” marker genes that are used when measuring genome completion, therefore
completion percentages are highly underestimated for these genomes (Supplemental Table
S2). For example, despite having a complete, closed, curated genome, TM7x has a completion
of 65%, according to CheckM (McLean et al. 2020).

Since the majority of unknown genome bins were found within the clades
Saccharibacteria, Bacteroidales, and Clostridiales, phylogenomics analysis was performed to
place these genomes among available reference strains within these groups (Fig. 2A-C,
Supplemental Fig. S2A-C). Many taxa have been identified exclusively by 16S sequencing, and
have no published genome. Conversely, there are taxa where the only available genome
sequences are not complete enough to include a 16S gene, which is notoriously difficult to
obtain through de novo assembly due to the highly repetitive and conserved regions (Yuan et al.
2015). 30 of the 527 genomes assembled in this study contained 16S sequences that were at
least 80% complete. As a result, this study links 5 taxa which were previously known only by
thel6S sequence to their cognate genomes (4 were unknown species-level genome bins), and
3 previously identified species with available genomes to a 16S sequence for the first time

(Table 1).

Pangenomic analysis illustrates differences in functional potential between
Saccharibacteria clades. Another major advantage of the strain-level data provided by
metagenomics is the ability to examine the pangenomes present in taxonomic clades. The
large number of genomes assembled by this study significantly increased the available pan-
genomic information of many species (Fig. 3A). On average, the pan-genome of each species
with a MAG assembled in this study was increased by 4-fold, and 60% of the taxa of known
species-level genome bins had only one publicly available genome prior to this study. In a
prime example of pangenome expansion, Saccharibacteria clade G6 (proposed family name of

“Ca. Nanogingivalaceae” (McLean et al. 2020)) had only one known representative genome
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(McLean et al. 2020). The phylogenomics performed here placed a second previously
published genome into this clade (Espinoza et al. 2018; Shaiber and Eren 2019), added a
second novel strain of that species, and 4 strains of a novel third species to clade G6. This
study added a substantial amount of sequence data to Saccharibacteria clades G3 and G1 as
well (Fig. 2C). The new information allowed for a detailed examination of the pangenome of the
major human-associated Saccharibacteria clades, which revealed a significant variation in
functional capability (Fig. 3B-C, Supplemental Fig. S3A-B). Many of the absent “essential”
genes were unique to particular Saccharibacteria clades. For example, the Fi-Fq ATPase
appeared to be distinct to G1 Saccharibacteria, while most G1 and G3 genomes lacked lactate
dehydrogenase. Since all Saccharibacteria cultured to-date are epibionts that depend on host
bacteria, the diversity of critical functions present among the various Saccharibacteria clades

suggests that different taxa may have different functional dependencies on their host species.

An increased ratio of Prevotella spp. to Rothia spp., Haemophilus spp., and Neisseria
spp., as well as decreased functional diversity, were associated with caries. The taxa
detected by MetaPhlAn2 abundance analysis in each sample are provided in Supplemental
Figure S4A-E and Supplemental Table S3. Beta diversity, which illustrates differences in
taxonomic diversity between samples/study groups, as well as correlation with caries, were
examined using recently developed tools which are robust for investigating compositional data:
DEICODE, (Martino et al. 2019) and Songbird, (Morton et al. 2019b). Both DEICODE and
Songbird identified Prevotella as associated with caries and Rothia, Neisseria, and
Haemophilus spp. as associated with health (Fig. 4A-D, Supplemental Table S4). According to
Songbird, the taxa most correlated to disease was Human Herpesvirus 4 (Epstein Barr
virus/EBV), which was detected in 10 subjects with caries and only one healthy subject
(Supplemental Table S3 and Supplemental Table S4). S. mutans, the classic caries pathogen,

was the taxon with the 2™ highest correlation to disease status (Fig. 4C), however S. mutans


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

was only detected in 7 subjects with caries and 4 healthy subjects. According to Songbird, both
Saccharibacteria (formerly TM7) species detected by MetaPhlAn2 were moderately associated
with caries (Supplemental Table S4). Because of the compositional nature of sequencing data,
log ratios are a preferable way to examine differences within these datasets (Morton et al.
2019b). Indeed, the log-ratios of Prevotella to Rothia, Haemophilus, and Neisseria, were
significantly elevated in caries, indicating that the ratio of these taxa may have clinical
significance and be a useful marker of disease (Fig. 4D). The functional pathways present in
the oral microbiomes were examined in a similar manner (Fig. 5A-D, Supplemental Fig. S5A-D,
Supplementary Tables S5 and S6). Overall, there was a reduced diversity of functional
pathways present in the caries-associated microbiomes, including the depletion of several
pathways that were previously known to be health-promoting, such as biosynthesis of arginine
(Nascimento et al. 2019), branched-chain amino acids (Santiago et al. 2012), and urea (Liu et
al. 2012), and/or pathways dominated by taxa which were health-associated in this study
(aerobic respiration by Neisseria) (Fig. 5A-D and Supplemental Fig. S5A-D). iRep (Brown et al.
2016) was used to calculate the replication rates of MAGs, but no difference in replication rates
was detected between caries and health (Supplemental Fig. S6A-B). To examine the
abundance of the specific genomes obtained by the assembly across the samples, sequencing
reads were mapped back to the MAGs. This largely recapitulated the marker gene (MetaPhAn2)

taxonomic analysis, serving as a useful sanity check (Supplemental Fig. S6C).

10 host salivary immunological markers are more abundant in the saliva of children with
caries than children with good dental health, and co-occur with Prevotella histicola,
Veillonella atypica and TM7. 10 salivary immunological markers were found at significantly
higher concentrations in the saliva of children with caries: epidermal growth factor (EGF),
interleukin 10 (IL10), colony stimulating factor 3(CSF3), interleukin 1 receptor antagonist

(IL1IRN), colony stimulating factor 2 (CSF2), CCL22, interleukin 13 (IL13), interleukin 15 (IL15),
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and interleukin 6 (IL6) (Fig. 6A-J). MMvec (Morton et al. 2019a) is a recently-developed tool
which utilizes neural networks to address the statistical challenges confronting the inference of
interactions across omics datasets. Here, MMvec was used to create microbe-metabolite
vectors to examine co-occurrences between specific bacterial species and immunological
markers (Supplemental Table S7). There was a noticeable similar trend in the directionality of
many of the vectors representing taxa associated with caries (e.g. Prevotella histicola,
Veillonella atypica, and the Saccharibacteria TM7b/TM7¢) (Fig. 6K). These three vectors clearly
indicated co-occurrence with several of the immunological markers that were elevated in caries,
such as EGF and CSF2 (Fig. 6K). Additionally, IL13, CCL22, FGF2, IL7, CCL2, and FLT3LG
formed a tight cluster in ordination space, and had strong correlations with Rothia dentocariosa,

Neisseria flavescens, Lautropia mirabilis, and Human herpesvirus 7 (Fig. 6K).
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DISCUSSION

A major advantage of metagenomic sequencing is the ability to assemble MAGs, which allows
the identification of novel taxa and analysis of pangenomes. Of the 527 MAGs reported in this
study, 20% (98 MAGS) represented novel taxa that had no representative genome in public
databases. While many of these unknown taxa were likely observed previously by 16S
sequencing, obtaining the cognate genomes is crucial to elucidate the ecology and possible
pathogenesis of these species. The large number of genomes assembled by this study
significantly increased the available pangenomic information for many oral species. These new
genomes were particularly useful in the case of the Saccharibacteria clades G3 and G6, where
the number of available reference genomes was quite limited and estimates of genome
completion are difficult due to the absent “essential” genes in CPR bacteria (McLean et al.
2020). The large-scale differences observed in the metabolic pathways present among the
Saccharibacteria clades suggests that these clades may have contrasting dependency
requirements fulfilled by their host bacteria. For example, G3 and G6 Saccharibacteria may
depend, in part, on a host bacterium for ATP production and/or pH homeostasis due to lack of
an F1-Fq ATPase, while G1 Saccharibacteria may be independent in that regard since they still
encode the enzyme complex. These major differences in functional capabilities support the
hypothesis that loss of independence and acquisition of the various Saccharibacteria epibiont
clades by the human host may have occurred in multiple, temporally separated events (McLean
et al. 2020). Although this study and others (He et al. 2015) suggest that Saccharibacteria may
be immunomodulatory, the role of this group in the ecology of dental caries is poorly
understood, highlighting a significant need for more in-depth studies exploring the host-epibiont
relationship of CPR at the metabolic level. In addition to the novel CPR taxa, novel taxa were
also identified within more well-characterized clades including Prevotellaceae and
Porphyromonadaceae. Several of these novel genomes, including unknown species-level

genome bins of Peptostreptococcus, Solobacterium, and Lachnospiraceae were assembled and
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binned from a large number of subjects independently (8,13, and 19 subjects, respectively),
indicating that these unknown taxa may be widespread in the population, with roles in ecology,
health, and disease waiting to be elucidated.

Examining the abundances of the taxa present in the caries- and health-associated
microbiomes revealed that beta diversity of species-level taxonomy was significantly different
between the caries and healthy groups. The importance of the canonical cariogenic species, S.
mutans, in the development of dental caries has been the subject of recent debate (Banas and
Drake 2018; Philip et al. 2018). Here, S. mutans, was significantly associated with caries (2"
most correlated species-level taxa according to supervised methods), but was found in relatively
low abundances, and in only 11 of the 47 subjects. The fact that S. mutans is an exceptional
biofilm-former may contribute to this observation—it may be less likely to shed into the saliva,
leading to its underrepresentation here, a hypothesis evidenced by several previous studies
(Simon-Soro et al. 2013; Espinoza et al. 2018; Al-Hebshi et al. 2019). Alternatively, since this
study examined deep dentin caries, where the tooth enamel has been dissolved and the
underlying connective tissue is exposed, it is possible that new ecological niches were created,
allowing for the growth of different species compared to earlier stages of the disease. On the
other hand, the fact that S. mutans was strongly correlated with disease, despite having low
abundance, supports the idea that, when present, S. mutans has a disproportionally large ability
to influence disease, and may be a keystone pathogen, due to its unique skill at generating
insoluble glucans and resulting biofilms from sucrose (Bowen 2016; Banas and Drake 2018).

Supervised methods also identified Human herpesvirus 4 (Epstein Barr virus/EBV) as
the taxon which was most highly associated with disease. Although EBV has a known
association with periodontitis (Imai and Ogata 2020), only one previous study has examined
EBV during dental caries, which also reported elevated detection of EBV in caries subjects
compared to healthy controls (Yildirim et al. 2010). It is possible that increased inflammation

during severe dental caries leads to higher levels of viral shedding. In support of this
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hypothesis, there were strong co-occurrence relationships between EBV and several of the host
immunological markers, however it is noteworthy that EBV did not co-occur with the same
cytokines/chemokines as other caries-associated taxa, such as Provotella histicola.
Furthermore, EBV did not appear to be associated with changes in the oral microbiome
independent of caries, as EBV positive subjects were broadly distributed through ordination
space in the PCA analysis. The role of viruses and fungi in dental caries is likely to be of
significance, however the amount of research examining these relationships has been very
limited compared to that of bacteria, mainly due to the fact that they are not detected by 16S
sequencing.

The significant elevation in the ratio of Prevotella to Haemophilus, Neisseria, and Rothia
observed here may represent a useful novel biomarker for caries, but wider studies are needed
because the present study group was rather homogenous in terms of host ethnicity and
geography. Although Prevotella spp. were elevated in disease, they were highly abundant in all
the samples, and this correlation was not as significant as that of Rothia, Neisseria and
Haemophilus with health, indicating that the positive effects of these three taxa may be more
important than the negative effects of Prevotella (e.g. Prevotella may just have higher relative
abundance because the health-associated taxa have lower relative abundance). Various Rothia
and Prevotella species have been previously associated with either health (Agnello et al. 2017;
Gomez et al. 2017) or caries (Nadkarni et al. 2004; Tanner et al. 2011; Teng et al. 2015; Jiang
et al. 2016; Al-Hebshi et al. 2019; Hurley et al. 2019), although it is worth noting that many prior
studies did not use analysis methods that are robust for compositional data, sampled other oral
sites, and/or did not examine advanced dentin caries, specifically, as was done here. The
genera Rothia, Neisseria, and Haemophilus were recently documented to be important
mediators of cell-cell interactions within the early biofilm derived from healthy individuals
(Palmer et al. 2017), are among the first colonizers of the oral cavity after birth (Sulyanto et al.

2019), and may play a crucial, yet currently unrecognized, role in maintaining a health-
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associated oral microbiome. This hypothesis is supported by the fact that the diversity of
metabolic pathways present in the microbiomes was reduced in the caries group. Many of the
pathways depleted during caries were dominated by taxa which were also reduced, particularly
Neisseria. This included several pathways with particular relevance to dental caries, including
the BCAA (which produces ammonia) and arginine biosynthesis pathways, which serve to buffer
the environment and prevent enamel demineralization via the production of alkaline molecules
(Santiago et al. 2012; Nascimento et al. 2019).

A number of previous studies have illustrated that penetration of the dental plaque
infection into the dentin is associated with elevation of a number of cytokines and host signaling
molecules (Hahn et al. 2000; Sloan et al. 2000; Artese et al. 2002; McLachlan et al. 2004;
Adachi et al. 2007; Kokkas et al. 2007; Horst et al. 2011). Several of these reports were
supported here, where ten immunological factors were observed at significantly elevated
concentrations in the caries group compared to the healthy group. These molecules have an
array of functions, and are likely to themselves influence the microbiota of the oral cavity (Chang
et al. 2019). Similar to previous reports, we observed higher IL10 and IL6 were associated with
caries (McLachlan et al. 2004; Horst et al. 2011). However, unlike two previous studies
examining pulpitis (McLachlan et al. 2004; Kokkas et al. 2007), TNF was not elevated in the
caries group in this study. EGF was one of the markers most significantly elevated in the caries
group, and has been previously documented to be incorporated into dentin and released on
orthodontic force (Derringer and Linden 2007). Microbe-host immunological marker co-
occurrences have been characterized in periodontitis (Zhou et al. 2017; Arias-Bujanda et al.
2018; Lundmark et al. 2019), but this is the first study examining these co-occurrences in dental
caries. While the co-occurrences of various caries-associated microbes and host molecules
presented an obvious chicken or egg dilemma (and it is likely that this cross-talk is bi-
directional), it also provided an atlas of microbe-host metabolite interactions that are the most

likely to be involved in caries pathogenesis, and which deserve follow-up analysis.
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Overall, this high-resolution survey of the oral microbiome and host immunological
markers provides several important leads for future research. Since the role of CPR bacteria in
dental caries is not well-understood, elucidating the basic lifestyle and metabolic requirements
of the different Saccharibacteria clades will fill a significant knowledge gap in our understanding
of oral microbial ecology, and its relationship to pathogenesis. Confirmation that the ratio of
Prevotella to Rothia, Neisseria or Haemophilus represents a useful biomarker for caries-
associated dysbiosis would afford a new diagnostic tool that is independent of S. mutans, which
has historically been the target of such assays. Exploration into the mechanism behind the
protective effect of the health-associated species and pathways will give further insights into
how ecology effects caries pathogenesis, and may lead to the development of novel
therapeutics in the form of probiotics and/or targeted antimicrobials. Finally, investigation of the
relationship between the caries-associated immunological molecules and specific taxa will
improve the understanding of cross-talk between the oral microbiota and the host immune

system, and its function in disease.
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METHODS

Ethics statement. Child participants and parents understood the nature of the study, and
parents/guardians provided informed consent prior to the commencement of the study. The
Ethics Committees of the UCLA School of Dentistry, Los Angeles, CA, USA and the J. Craig
Venter Institute, La Jolla, CA, USA, approved the study design as well as the procedure for
obtaining informed consent (IRB reference numbers: 13-001075 and 2016-226). All experiments

were performed in accordance with the approved guidelines.

Study design. Detailed descriptions of the study design, study groups, oral examination, and
saliva collection are provided in the Supplemental Methods section of the Supplemental Material
file. Briefly, subjects were included in the study if the subject was 3/ lyears old or older, in good
general health according to a medical history and clinical judgment of the clinical investigator,
and had at least 12 teeth. Subjects were excluded from the study if they had generalized
rampant dental caries, chronic systemic disease, or medical conditions that would influence the
ability to participate in the proposed study. Heath status was classified after a comprehensive
oral examination and subjects were dichotomized into two groups caries free (dmft/DMFTO=10)
and caries active (subjects with =2 active dentin lesions). 2 ml of unstimulated and 2 ml of
stimulated saliva were collected from subjects by drooling and/or spitting directly into a 50 ml
conical tube. Then saliva samples were processed by centrifugation at 6,000 x g for 5 min at
4°C, and the supernatants were transferred to cryotubes. The samples were immediately frozen
in liquid nitrogen and stored at -80 °C until analysis. 2 ml of stimulated saliva was collected

immediately following collection of unstimulated saliva.

Salivary immunological biomarker analysis. Frozen unstimulated saliva samples were
thawed and processed through high-speed ultracentrifugation to precipitate cells and mucin for

extraction of proteins. Host immunological marker profiles were determined by a Luminex
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Human Magnetic Assay using the Human Cytokine/Chemokine Panel (performed by Westcoast
Biosciences, San Diego, CA). A total of 38 analytes were measured, the specific immune
biomarkers that were studied in saliva samples included: epidermal growth factor (EGF),
fibroblast growth factor 2 (FGF2), C-C motif chemokine ligand 11 (CCL11, formerly Eotaxin),
transforming growth factor alpha (TGFA), colony stimulating factor 3 (CSF3, formerly
granulocyte colony stimulating factor), colony stimulating factor 2 (CSF2, formerly granulocyte
macrophage colony stimulating factor), fms related receptor tyrosine kinase 3 ligand (FLT3LG),
vascular endothelial growth factor A (VEGFA), C-X3-C motif chemokine ligand 1 (CX3CL1,
formerly fractalkine), C-X-C motif chemokine ligand 1 pseudogene 1 (CXCL1P1, formerly
growth-regulated oncogene), C-C motif chemokine ligand 7 (CCL7, formerly monocyte-
chemotactic protein 3), C-C motif chemokine ligand 22 (CCL22, formerly macrophage derived
chemokine), C-X-C motif chemokine ligand 8 (CXCL8, formerly interleukin-8), C-X-C motif
chemokine ligand 10 (CXCL10, formerly 1P-10), C-C motif chemokine ligand 2 (CCL2, formerly
monocyte chemotactic protein-1), C-C motif chemokine ligand 3 (CCL3, formerly macrophage
inflammatory protein-1 alpha), C-C motif chemokine ligand 4 (CCL4, formerly macrophage
inflammatory protein-1 beta), interferon alpha 2 (IFNA2), interferon gamma (IFNG), interleukin 1
alpha (IL1A), interleukin 1 beta (IL1B), interleukin-1 receptor antagonist (ILLRN), interleukin 2
(IL2), interleukin 3 (IL3), interleukin 4 (IL4), interleukin 5 (IL5), interleukin 6 (IL6), interleukin 7
(IL7), interleukin 9 (IL9), interleukin 10 (IL10), interleukin 12B (IL12B), interleukin 12 (p70, IL12),
interleukin 13 (IL13), interleukin 15 (IL15), interleukin 17 (IL17), CD40 ligand (CD40LG), tumor
necrosis factor (TNF), lymphotoxin alpha (LTA, formerly tumor necrosis factor beta). Quantities
of each host marker were compared between healthy and caries groups. In the cases of
CCL11, CD40LG, IL-17, IL-9, IL-2, IL-3, and IL-4, the majority of samples contained levels of the
respective molecule below the limit of detection for the assay. Therefore, these salivary

immunological markers were not analyzed subsequently. After removal of outliers using the
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ROUT method with a Q = 1%, a Welch’s t-test was used to determine significantly differentially

abundant immunological markers.

DNA extraction and sequencing. The DNA extraction and subsequent sequencing of these
samples was reported in Aleti et al., 2019. Briefly, frozen stimulated saliva samples were
thawed on ice. DNA was extracted and purified from the supernatant by employing QIAmp
Microbiome (Qiagen, Inc., California, USA) and DNA Clean & Concentrator (Zymo Research,
California, USA) kit procedures where host nucleic acid depletion step was skipped to maximize
bacterial DNA recovery. Libraries were prepared using Illumina Nextera XT DNA library
preparation kit (lllumina, California, USA) (1507 bp paired end reads) according to the
manufacturer's instructions. Sequencing was carried out at the J. Craig Venter Institute (JCVI)
Joint Technology Center (JTC) using an Illumina NextSeq 500 platform. DNA sample
concentrations were normalized at prior to sequencing. For 45 of the 47 samples, sequencing
depth was 5-31 million reads per sample. Two samples, SC40 (caries) and SC33 (healthy)
were sequenced ultra-deep, to 366 and 390 million reads, respectively. The number of reads
for each sample is listed in Supplemental Table S1. The raw sequencing data generated by this
study was deposited to the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/)
under accession number PRINA478018 with SRA accession number SRP151559, as described

in Aleti et al., 2019.

Sequencing analysis. A full description of the bioinformatics pipeline used in this study is
provided in the Supplemental Methods section of the Supplemental Material file and is also
displayed in Supplemental Figure 1. Sequencing read quality control was performed by
KneadData v0.5.4 (available at https://bitbucket.org/biobakery/kneaddata). De novo assembly of
the metagenomes was performed using metaSPAdes (Nurk et al. 2017) and a separate

assembly was performed for each sample. The resulting assemblies were binned using
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MetaWRAP (Uritskiy et al. 2018). fastANI (Jain et al. 2018) was used to dereplicate highly
similar bins (=95% ANI), likely representing the same species across different samples. To
taxonomically identify bins, Mash v2.1 (Ondov et al. 2016) was used to compare each bin to the
entire RefSeq database using a cutoff >95% ANI. This approach yielded 90 known species-
level-genome bins (kSGBs), representing 399 MAGs with >95% ANI to a RefSeq genome
(based on Mash), and 60 unknown SGBs (USGBS), representing 128 MAGs (Fig. 5), with no
genome in RefSeq with an ANI >95% (Fig. 4). Here, a strategy for classifying uSGBs into
genus-level genome bins (GGBs), which have an 85%-95% ANI to a GenBank genome, and
family-level genome bins (FGBs), which have no match >85% ANI to a GenBank genome, was
employed, similar to the method described in Pasolli et al., 2019. The predicted family for each
MAG was first inferred using the CheckM (Parks et al. 2015), Kraken (Wood and Salzberg
2014), and classify_bins tools from within the MetaWRAP pipeline. Next, because there are
publicly available, and in many cases described, genomes in GenBank that do not appear in the
RefSeq database used by Mash, each uSGB was compared against all GenBank genomes in
its predicted family using fastANI. This process reassigned 18 uSGBs (rSGBs), representing 31
MAGs, to kSGBs, as they had >95% ANI match in GenBank (Supplemental Table S2). For the
remaining “true” uSGBs, 20 uSGBs, representing 48 MAGs, that had 85%-95% ANI match to a
GenBank genome were termed genus-level genome bins (GGBs), as the genus can be
assigned with a fair amount of confidence, while the species appears to be not previously
described. The final 22 bins, representing 49 MAGs, had no matching reference in GenBank
with an ANI >85%. These were termed family-level genome bins (FGBs), as the family or
higher-level taxa can be inferred, but the MAGs likely represent novel genera. When uSGBs
contained multiple MAGs, the MAG with the best quality score according to the formula
(completion — (2x contamination)) was used to find the best hit. Anvi'o (Eren et al. 2015) and

PhyloPhlAn2 (Pasolli et al. 2019) were used to phylogenetically place uSGBs within predicted
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taxnonomic groups. Individual assembled genomes were annotated with Anvi'o (COG
Functions) and eggnog-mapper v2 (Huerta-Cepas et al. 2017; Huerta-Cepas et al. 2019).
Anvi'o was utilized to perform pangenomics analysis (Delmont and Eren 2018). iRep was
utilized (Brown et al. 2016) to estimate which taxa identified in the metagenomics analysis were
alive and metabolically active, and to compare this data between (Martino et al. 2019) health-
and caries-associated microbiomes.  Taxonomic abundance analysis based upon the
assembled genomes was performed using BWA-MEM (Li et al. 2009; Li 2014), DEICODE
(Martino et al. 2019), and QIIME2 (Bolyen et al. 2019). Read-based taxonomy was performed
using MetaPhlAn2 v2.7.5 (Truong et al. 2015). QIIME2 (Bolyen et al. 2019) was used to
calculate alpha diversity, while DEICODE was used to calculate beta diversity with feature
loadings. The resulting PCA ordination was visualized with Emperor (Vazquez-Baeza et al.
2013) and the feature loadings were visualized with Qurro (Fedarko et al. 2020). Songbird
(Morton et al. 2019b) was used to rank species in regards to their association with disease, and
the ranks were visualized using Qurro. HUMANNZ2 (Franzosa et al. 2018) was used to provide
abundance information regarding the functional pathways present in the metagenomes. Co-
occurrences of species and immunological markers was determined using mmvec (Morton et al.

2019a) and visualized with Emperor.
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FIGURE LEGENDS

Figure 1. 527 metagenome-assembled genomes (MAGs) were recovered. (A) Recovery
of 151 species-level genome bins (SGBSs), representing 527 MAGs and ~50 novel taxa.
Network representing an average nucleotide identity (ANI) distance matrix, generated by
fastANI (Jain et al. 2018). Nodes represent MAGs, while edges represent an ANI > 95% (the
cutoff chosen to designate species boundaries in this study). Circular nodes indicate MAGs
recovered from healthy samples, while chevrons indicate MAGs recovered from caries samples.
Nodes are colored based upon bin designation: species-level (SGB: known species; yellow),
genus-level (GGB: known genus, novel species; blue), family-level (FGB: novel genus and
species, green), or reassigned to SGB (rSGB: orange). Sub-networks of interest are labeled
with taxonomic names. (B-C) MAGs overview. Pie charts indicating the breakdown of bin
types for genomes (B) and species (C). (D-G). Statistics indicating MAG quality. Violin
charts illustrating the Completion (D), N50 (E), Contamination (F), and contigs/Mbp (G) of the
SGBs, GGBs, and FGBs. (completion and contamination were determined by CheckM(Parks et
al. 2015)). Statistically significant differences between groups was determined using a Tukey’s
multiple comparisons posttest following a one-way ANOVA (*, P < 0.05; **, P < 0.01; ****, P <

0.0001).

Figure 2. Phylogenetic trees of Bacteroidales (A), and Clostridiales (B), and
Saccharibacteria (C), reference genomes with placement of uSGBs. Reference genomes
(panel c only), GGBs, FGBs, and rSGBs (panel C only) are denoted by stars of the indicated
color. In panels a and b, the labels of GGBs indicate the genus of the uSGB, while the labels of
FGBs indicate the family name and the name of the most closely related genus, denoted with
the asterisk. In panel c, reference genomes and previously described oral Saccharibacteria

clades G1, G3, G5, and G6 are labeled. The Bacteroidales and Clostridiales trees were
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constructed using PhyloPhAn2, and the Saccharibacteria tree was constructed using Anvi'o.

The trees with all leaves labeled are available in Supplemental Figure S2.

Figure 3. Expansion of pangenomes allows for discovery of large-scale functional
differences between Saccharibacteria clades. (A) Expansion of pangenomes. Scatter plot
illustrating the fold increase in the number of available genomes per species for each species
where a kSGB was recovered by this study. The red line denotes the mean of a 4.1-fold
increase. (B) Differences in encoded COG functions pathways across human-associated
Saccharibacteria. Heatmap illustrating the presence of various genes across 4 major clades of
human-associated Saccharibacteria. Lactate dehydrogenase, GroES/EL, thymidylate
kinase/synthase, and the F;-Fo ATPase are highlighted to illustrate differences. Rows and
columns were clustered using the Jaccard distance and the “complete” clustering method. Only
COG functions that were significantly different between clades are shown (adjusted g-value <
0.05). The heatmap with all columns labeled is available in Supplemental Figure S3. (C)
Saccharibacteria COG function occurrence. PCoA plot illustrating a Jaccard distance matrix

of COG functions across Saccharibacteria clades.

Figure 4. Significant taxonomic differences in the oral metagenome between healthy
children and children with caries. (A) Beta Diversity. 3D PCA plot generated using
DEICODE (robust Aitchison PCA)(Martino et al. 2019). Data points represent individual
subjects and are colored with a gradient to visualize DMFT score, indicating severity of dental
caries. Feature loadings (i.e. taxa driving differences in ordination space) are illustrated by the
vectors, which are labeled with the cognate species name. (B) Ranking of PCA Axis 2
taxonomic loadings. Qurro-produced bar chart illustrating the sorted ranks of the feature
loadings of PCA Axis 2 from Figure 4B, corresponding to the main PCA space separation

between the healthy and caries groups. The indicated taxa are highlighted in the indicated
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color. (C) Differential rankings of taxa associated with disease status. Qurro-produced bar
chart illustrating the sorted differential rankings of taxa associated with disease status
determined by Songbird (Morton et al. 2019b). The indicated taxa are highlighted in the
indicated color. (D) The log-ratios of Prevotella spp to Rothia, Haemophilus, and Neisseria
spp. are significantly increased in caries. Bar chart illustrating the log, ratios of Prevotella
spp. to Rothia, Haemophilus, and Neisseria spp. across the healthy and caries sample groups.

** denotes statistical significance, based on a Welch’s t-test (p = 0.001).

Figure 5. Profiling of functional pathways illustrates differences between health- and
caries-associated oral microbiota. (A) A greater diversity of functional pathways is
present in the healthy group. Bar chart illustrating the alpha diversity (Shannon Index) of the
functional pathways present in the healthy and caries groups, as determined by HUMANN2
(Franzosa et al. 2018) analysis. *, indicates statistical significance, based upon a Kruskal-Wallis
test (p = 0.0136). (B) Beta diversity of functional pathways. 3D PCA plot generated using
DEICODE (robust Aitchison PCA)(Martino et al. 2019). Data points represent individual
subjects and are colored with a gradient to visualize DMFT score, indicating severity of dental
caries. Feature loadings (i.e. functional pathways driving differences in ordination space) are
illustrated by the vectors, which are labeled with the cognate pathway name. (C)
Contributional diversity of 69 core pathways. Scatter plot indicating alpha and beta
diversities of 69 functional pathways which were found across all samples. (D) Contributional
diversity of arginine biosynthesis in caries versus health. Stacked bar chart illustrating the

relative abundance and contributional diversity of arginine biosynthesis across the samples.

Figure 6. Significant differences in the salivary immunological profile of healthy children
and children with caries. (A-J) Scatter plots illustrating the 10 immunological markers, (A)

EGF, (B) IL10, (C) CSF3, and (D) IL1RN, (E) IL15, (F) TGF, (G) CSF2, (H) CCL22, (1) IL13, and
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(J) IL6, which were significantly different between healthy and caries subject groups. *, p <
0.05, based on a Welch's t-test. (K) Microbe-immune marker co-occurrence. Biplot
illustrating the co-occurrence of oral taxa with immune markers. The 31 detected immune
markers are represented by spheres, while the bacterial taxa are represented by vectors. Red
spheres indicate host markers that were elevated in caries, while blue spheres indicate host
markers that were not significantly different between caries and health (based on the Welch’s t-
test described above in (A-J). Vectors are colored by Songbird ranks (Fig. 4C) indicating

association with caries versus health.
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Table 1: Newly established genome-16S links

Genome name 16S Identity (%)
Clostridiales FGB2 Ruminococcaeae (G2) HMT-085 99.9
Lachnospiraceae FGB2 Butyrovibrio HMT-455 99.7
Nanosyncoccus FGB3 Saccharibacteria (G3) HMT-351 98.8
TM7c strain JCVI 32 Saccharibacteria (G1) HMT-952 97.8
TM7UMGS Saccharibacteria (G3) HMT-351 99.5

kSGB with 1st 16S sequence for species

Rothia_sp_ HMSC061D12_strain_JCVI_49 bin_5

Rothia_sp__ HMSC069C10_strain_JCVI_11_bin_8
Porphyromonadaceae_bacterium_KA00676_strain_JCVI_16_bin_10
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Figure 2

GGBs and FGBs within Bacteroidales and Clostridiales (uSGBs)
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Figure 4

A Aitchison PCA (beta diversity) with taxa loadings
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Figure 5
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Figure 6

Salivary Immunological Markers

B C D E
IL10 CSF3 IL1RN IL15
30- * 250, * 10,000, . 8- *
— : 8,000 _ 6.
E 20 : ‘€ 6,000 ; £,
o) o 1 = =)
Q 10 T % S g:ggg T Q).
) i 0 - - 0
d %
ST NI i
QX @ > >
& ¥ C
G H I J
CSF2 CCL22 IL13 IL6
15, __* 100- . 20, ——— 50, ]
— 10 - _ ' ' __15. . __ 40, ' .
E E Ewl .. E B30 '
g 5 ,_;:,_ & 2 5 _35' i 2 10 QYL J—E;
ol =l 0 _ ol ol EEls
& & & & & &
Q@o P Q@o P R P
K Microbe-immunological marker
Axis 2 (16.96 %) co-occurence
T o y “Ca. Nanosynbacter TM7c”
“Ca. Nanosynbacter TM7b”
Host markers
- Elevated in caries
EGF CX3CLA1 Prevotella histicola Il Not different in caries vs healthy
Weillonella dispar
aillonella disp O - IL12 ENA CSF3
FGF2 . 1’ ‘ Taxa
othia dentocariosa CSF2 Health-associated
Lautropia mirhbilis CCL2 ® .
Prevotella melaninogenica 13 N@ IPG TGF

Humamn herpesvirus 7 CXcL1o@
Neisseriel flavescens
Rothia mueilaginosa

ccL7 LTA IL5
CCL4 TNF
‘ ‘ CXCL1P1

Alloprevotella rava
Human herpesvirus 4

Neisseria unclassified

CCL3 Caries-associated

Haemophilus parainiluenzae &

Porphyromonas sp oral taxon 279

IL8
o

Axis 1 (77.80 %)


http://genome.cshlp.org/
http://www.cshlpress.com

