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Background
Since the inception of microbiology as a newdiscipline following Antonie van Leeuwen-

hoek’s historical observation of the animalcules [1], the human mouth has remained a major
focus among microbiologists. The oral cavity is a rich environment with multiple distinct

niches in a relatively small space partially due to (1) its diverse anatomy with hard and soft

tissue structures [2], (2) the differential influence of the host immunity throughout the oral
tissue types [3], and (3) its constant exposure to exogenous factors. Microbial residents of

the oral cavity complement their environment with their own sophisticated lifestyles. Oral
microbes form complex communities that show remarkable patterns of horizontal and

vertical transmission across humans and animals [4, 5], temporal dynamism [6–8], spatial
organization [9], and site specificity [10–12], where they influence the host health [13] and

the ecology of the gastrointestinal tract [14]. Altogether, the oral cavity offers a powerful

environment to study the ecology and evolution of microbial systems.
One of the fundamental pursuits of microbiology is to understand the determinants

of microbial colonization and niche partitioning that govern the distribution of
microbes in their natural habitats. Despite the low dispersal limitation in the human

oral cavity that ensures everything could be everywhere, extensive site specificity among

oral microbes has been observed since the earliest studies that used microscopy and
cultivation [15], DNA-DNA hybridization [16], and cloning [17] strategies. Factors

influencing microbial site specificity include (1) the nature of the underlying substrate
(permanent teeth vs. mucosal surfaces), (2) keratinization and other features of the

surface topography, (3) proximity to sources of saliva, gingival crevicular fluid, and

oxygen, and (4) ability of microbes to adhere both to the substrate and to one another
[15, 18, 19], overall creating a fascinating environment to study microbial colonization.

Our understanding of the ecology of oral microbes surged thanks to the Human
Microbiome Project (HMP) [20], which generated extensive sequencing data from 9

oral sites sampled from 200 healthy individuals and over 300 reference genomes for
bacteria isolated from the human oral cavity. Studies focused on the HMP data con-

firmed major taxonomic differences between microbial communities associated with

dental plaque and mucosal sites in the mouth [21, 22]. Recruiting metagenomic short
reads using single-copy core genes, Donati et al. demonstrated that while some mem-

bers of the genusNeisseriawere predominantly found in tongue dorsum samples,
others were predominant in plaque samples [23], and Eren et al. revealed that even

populations of the same species that differed by as little as one nucleotide in 16S rRNA

gene amplicons could show extensive site specificity [11]. Strong associations between
oral sites and their microbial residents even at the finest levels of resolution raise ques-

tions regarding the drivers of such exclusiveness [12]. However, identifying genetic or
functional determinants of site specificity requires the investigation of microbial

pangenomes.

The human oral cavity is one of the most well characterized microbial habitats of the
human body. The Human Oral Microbiome Database (HOMD;http://www.homd.org)

[24, 25] describes more than 750 oral taxa based on full-length 16S rRNA gene
sequences, 70% of which have cultured representatives, enabling genome-resolved

analyses that cover a considerable fraction of oral metagenomes [26]. Yet, one third of

the known oral taxa are missing or poorly represented in culture collections and
genomic databases and include some that are common in the oral cavity [27], including
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members of the Candidate Phyla Radiation (CPR) [28], such as Saccharibacteria (TM7),
Absconditabacteria (SR1), and Gracilibacteria (GN02). CPR bacteria form distinct

branches in the Tree of Life both based on their phylogenetic origins [29] and func-
tional makeup [30]; they lack many biological pathways that are considered essential

[28] and have been shown to rely on epibiotic lifestyles [31], with a complex and poorly

understood relationship with a microbial host [32]. Their unique lifestyle [33], diversity
and prevalence in the oral cavity [34], association with distinct oral sites [31], and

potential role in disease [35, 36] make them important clades to characterize for a fuller
understanding of the ecology of the oral cavity.

Successful efforts targeting these enigmatic members of the oral microbiome produced
the first genomic evidence to better understand their functional potential and ecology.

The first genomes for oral TM7 emerged from single-amplified genomics studies [37] and

were followed by He et al.’s pioneering work that brought the first TM7 population into
culture [33], establishing a deeper understanding of its relationship with an Actinomyces

host. Additional recent cultivation efforts are proving successful in providing access to a
wider variety of oral TM7 [38–40]. Recent genome-resolved and single-amplified genom-

ics studies have also produced genomes for oral GN02 and SR1 [41, 42], and recently, the

first targeted isolation of oral SR1 strains has been reported, but genomes were not pro-
duced [38]. Despite the promise of these studies, our understanding of the ecology and

evolution of these fastidious oral clades is incomplete.
Here we investigated phylogenetic and functional markers of niche partitioning of

enigmatic members of the oral cavity, with a focus on members of the candidate

phylum TM7. We used a metagenomic assembly and binning approach to recover
metagenome-assembled genomes (MAGs) from the supragingival plaque and tongue

dorsum of healthy individuals, and used long-read sequencing to associate TM7 MAGs
with previously identified phylotypes through 16S rRNA sequence comparison. Our

genomes represent prevalent and abundant lineages that lack genomic representation
in the HOMD and National Center for Biotechnology Information (NCBI) genomic

databases, including members of the CPR. Using a multi-omics approach, we show that

oral TM7 species are split into plaque and tongue specialists and that plaque TM7
phylogenetically and functionally associate with environmental TM7, while tongue

TM7 associate with TM7 from animal guts. To assess the generality of our results, we
carried out read recruitment from approximately 200 tongue and 200 plaque Human

Microbiome Project (HMP) samples; which confirm that the genomes we identified are

prevalent, abundant, and site-specific. Our findings suggest that at least for TM7, dental
plaque resembles non-host habitats, while tongue- and gut-associated TM7s are more

strongly shaped by the host. In addition, our results shed light on other understudied
members of the oral cavity and allow for better genomic insight into prevalent, yet

poorly understood members of the oral microbiome.

Results and discussion
Genome-resolved analysis of tongue and plaque metagenomes of seven individuals yield

790 non-redundant genomes that represent the majority of microbial DNA in samples

To create a genomic collection of oral microbes, we sampled supragingival plaque and
tongue dorsum of seven individuals on four to six consecutive or nearly-consecutive
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