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ABSTRACT
Gemella species are core members of the human oral microbiome in healthy subjects and are 
regarded as commensals, although they can cause opportunistic infections.

Our objective was to evaluate the site-specialization of Gemella species among various 
habitats within the mouth by combining pangenomics and metagenomics. With pange
nomics, we identified genome relationships and categorized genes as core and accessory 
to each species. With metagenomics, we identified the primary oral habitat of individual 
genomes. Our results establish that the genomes of three species, G. haemolysans, G. 
sanguinis and G. morbillorum, are abundant and prevalent in human mouths at different 
oral sites: G. haemolysans on buccal mucosa and keratinized gingiva; G. sanguinis on tongue 
dorsum, throat, and tonsils; and G. morbillorum in dental plaque.

The gene-level basis of site-specificity was investigated by identifying genes that were 
core to Gemella genomes at a specific oral site but absent from other Gemella genomes. The 
riboflavin biosynthesis pathway was present in G. haemolysans genomes associated with 
buccal mucosa but absent from the rest of the genomes. Overall, metapangenomics show 
that Gemella species have clear ecological preferences in the oral cavity of healthy humans 
and provides an approach to identifying gene-level drivers of site specificity.
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Introduction

Members of the genus Gemella are core species of the 
human oral microbiome [1] found in healthy subjects 
and are therefore regarded as commensals, although they 
are known to cause opportunistic infections. Compared 
to other members of the human microbiota, the genus 
has not attracted much attention: a search in PubMed for 
‘Gemella’ yielded 634 publications (as of March 24, 2023), 
mostly about its presence in or isolation from clinical 
samples of patients with endocarditis, oral diseases, 
wound infections, vaginosis, or other conditions. The 
basic microbiology literature indicates that members of 
this genus are non-motile cocci, facultatively anaerobic, 
capnophilic, of low G+C content, catalase-negative, oxi
dase-negative, with a tendency to grow in pairs, tetrads, 
or short chains [2–4]. Gemella species are capable of 
fermenting glucose into lactate and acetate as major 
metabolic end products [5]. However, the roles that spe
cies of Gemella play in the human microbiome as a whole 
remain to be established.

The taxonomic position of the genus Gemella only 
became clear after several false starts. Gemella haemoly
sans was originally reported as Neisseria haemolysans [6] 
but was later proposed as the founding member of a new 
genus because its enzymatic properties deviated from 
those of most Neisseria species [7]. Because G. 

haemolysans easily decolorized, it was first thought to be 
Gram-negative, but it was later re-classified on the basis 
of cell wall structure and biochemistry as Gram-positive 
[4]. Before the advent of molecular taxonomy, Gemella 
species were frequently misidentified as streptococci 
because both groups are catalase-negative and Gram- 
positive [8]. Molecular taxonomy now places Gemella 
species together with staphylococci, lactobacilli, and 
streptococci in the class Bacilli of the phylum 
Firmicutes [1]. Currently, five species of human-asso
ciated Gemella are recognized in the Human Oral 
Microbiome Database (HOMD; www.homd.org), four 
named and one unnamed [9,10]; in addition, there are 
five more validly named species in the List of Prokaryotic 
Names with Standing in Nomenclature (LPSN) [11] 
(https://lpsn.dsmz.de/search?word=Gemella, accessed 
March 24, 2023). To date, all species of Gemella have 
been isolated from either humans or animals [2,3,12–15], 
primarily from the oral cavity, but also from blood, 
wound and vaginal samples.

In this study, we bring the information-harnessing 
power of pangenomics and metagenomics to bear on 
the role of Gemella species in the oral ecosystem. Our 
principal objective is to evaluate the site-specializa
tion [16] of Gemella among the various habitats 
within the mouth. Many studies have established 
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that oral sites are distinguishable from each other in 
terms of their microbial composition. However, ana
lysis at genus or higher taxonomic levels has hidden 
the extent of the disparity between the communities. 
Analysis of human microbiome 16S rRNA gene 
sequence data at single-nucleotide resolution sug
gested that different species within common genera 
of the mouth, including Gemella, had different roles 
in oral ecology, as revealed by their dramatically 
different abundances in samples from different sites 
within the mouth, such as the teeth, the tongue, and 
the cheeks and gums [17]. Based on these findings 
and a review of the literature, we hypothesized [16] 
that most oral microbes are site-specialists: that they 
grow primarily in distinct microhabitats of the 
mouth. This is not a new idea, having been intro
duced almost 50 years ago [18] based on culture- 
dependent studies. We developed the idea further 
based on single-nucleotide analysis of the V1–V3 
region of the 16S ribosomal RNA gene data [17], 
but such an important conclusion should not be 
based only on a small region of a single marker 
gene. With the advent of rapid, inexpensive DNA 
sequencing, it has become possible to revisit the 
site-specialist concept of microbial species at the 
genomic level.

Site-specialization can be evaluated using genome- 
level data by constructing pangenomes and analyzing 
metagenomes. The pangenome is the sum of all genes 
found in members of a given group. It reveals both 
the functional essence of the group – genes and 
functions shared by all its members (core genes) – 
and the diversity held within a genomic group – 
genes unique to one or a subset of its members 
(accessory genes) [19,20]. Complementary to pange
nomics is metagenomics, the analysis of the totality of 
DNA sequences in a sample taken from a specific 
environment [21,22]. The Human Microbiome 
Project (HMP) [23] collected samples from nine dif
ferent sites within the human mouth and generated 
short-read metagenomic sequence data from the sam
ples. Mapping of these sequence data from different 
oral sites onto oral pangenomes can be used to deter
mine natural groupings of strains that share the abil
ity to thrive in a particular oral habitat. Combined 
with the pangenome, this mapping information 
enables a genomic and ecological framework for the 
analysis of microbiomes. This approach, termed 
metapangenomics, has been used to investigate 
microbial communities in the surface ocean and soil 
[24,25] and the human microbiome [25–28] and has 
recently been applied to examine habitat adaptation 
and cultivar diversity for Neisseria, Saccharibacteria, 
Rothia and Haemophilus parainfluenzae in the 
human mouth [29–31].

The strength of metapangenomics lies in its inte
gration of genomic and ecological data. Through the 

pangenome, genomes are classified based on their 
gene content regardless of the habitat in which the 
organisms reside. Conversely, metagenomic data pro
vides insights into genetic traits selected from differ
ent ecological niches. Here, we applied 
metapangenomics to investigate the site-specialist 
patterns of Gemella in the oral cavity.

Results

Gemella pangenome

To build a Gemella pangenome, we accessed the 
National Center for Biotechnology Information 
(NCBI) database and downloaded all available gen
omes for strains of any named or unnamed species 
within the genus (SI Table S1). The set included 
genomes of human oral-associated Gemella species 
as well as several genomes from non-human and/or 
non-oral-associated species and 10 genomes identi
fied only to genus level. As a quality control measure, 
from the total of 35 genomes available at NCBI, we 
removed five genomes that were not in RefSeq, con
structing the pangenome from the remaining 30 
RefSeq genomes. These genomes were derived from 
nine named species (n = 22), one not validly pub
lished, and seven entries that were identified only to 
genus level. We then used the analysis and visualiza
tion tool for ‘omics data, anvi’o [32], to organize the 
genomes into similarity groups based on the presence 
of homologous genes. Briefly, for each genome, open 
reading frames were predicted, and the resulting 
hypothetical genes were translated into amino acid 
sequences and grouped into gene clusters (groups of 
putative homologous genes) based on the level of 
amino acid similarity among them. Then, to visualize 
the pangenome, the gene clusters were hierarchically 
grouped by representation (presence/absence) across 
genomes to produce a gene cluster dendrogram, and 
the genomes were hierarchically grouped based on 
the frequency of the homologous genes within gene 
clusters to produce a genome dendrogram. These two 
dendrograms organize the pangenome structure of 
the Gemella genus.

In the representation of the Gemella pangenome 
shown in Figure 1a, each genome is color-coded by 
its species designation at NCBI and is represented as 
a horizontal bar composed of vertical lines, each line 
representing a gene cluster (mean number of gene 
clusters/genome = 1605). Most gene clusters across 
the pangenome consist of genes present in a single 
copy of each genome. However, some genomes con
tain multiple copies of homologous genes; these addi
tional genes were grouped into the same gene cluster. 
Thus, the mean number of genes per genome, 1686, 
is greater than the mean number of gene clusters. 
Gene cluster robustness was assessed by inspecting 
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gaps and amino acid variations in each gene cluster 
using the geometric and functional homogeneity 
indices (average 0.96 ± 0.08 and 0.94 ± 0.08 – a value 
of 1 indicates no gaps or no amino acid variation, 
respectively) (see Methods). Metadata for whether the 
species is listed in HOMD, the sample is of human 
origin, and the sample was isolated from an oral site 

are indicated by the filled squares at the right of the 
pangenome. Sample descriptors that we considered to 
indicate an oral origin included mouth, teeth, sub
mandibular abscess, saliva, and lung (bronchoalveolar 
fluid and sputum) (SI Table S1). Hierarchical cluster
ing of genomes and gene clusters shows that the 
genomes for strains of human oral species G. 

Figure 1.Gemella genomes cluster into species-level groups. A) Pangenome constructed from all (n = 30) available NCBI RefSeq 
Gemella genomes. Gene clusters are colored by species and arranged based on their presence or absence across the genomes. 
Genomes are hierarchically clustered based on gene cluster frequency, i.e. the number of representatives of each gene cluster 
(n = 6,922) present in each genome. Metadata columns indicate whether the species is included in HOMD, if the genome is of 
human origin, and if it was isolated from an oral site. Black boxes show gene clusters unique to G. sanguins, G. haemolysans and 
G. morbillorum. b) Average nucleotide identity (ANI) comparison of genomes in pangenome. ANI represents the genome-level 
similarity at the nucleotide level between any two genomes. Rectangle color indicates species as in A. Order of genomes is same 
as in the pangenome dendrogram. Color scale denotes genome similarity; 100% is red; below 95% is light grey. c) Pangenomic 
and phylogenomic tree comparison. Rectangle color indicates species as in A. The phylogenomic tree was constructed using 
maximum-likelihood with 17 concatenated single-copy core genes.
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sanguinis, G. haemolysans, and G. morbillorum are 
each sorted into separate groups distinguished by 
blocks of genes present in every genome of each 
species but not in the genomes of other species. 
Thus, the pangenome recapitulates and confirms the 
genomic distinctiveness of the three principal human 
oral Gemella species.

In addition to showing the similarity of gene con
tent within identified species, the pangenome shows 
similarities and differences across both named species 
and unnamed strains. The genome of G. cuniculi, 
which was isolated from a rabbit, is similar to G. 
morbillorum, isolated from a human, illustrating 
divergent evolution of related bacterial species that 
co-evolved with different mammalian hosts. The gen
omes of human-associated species G. sp. HMT−928, 
‘G. massiliensis’ (not validly published), G. sp. strain 
6198, and G. bergeri form a distinct group. The gen
ome of a human vaginal species, G. asaccharolytica, is 
very different from the oral genomes. The genomes of 
G. palaticanis, isolated from a dog, and other gen
omes identified only to genus level but obtained from 
mice were very different from human oral genomes. 
Three genomes of G. sanguinis and two genomes of 
G. haemolysans were isolated from non-oral sites, 
including blood, urinary tract, vagina and duodenum. 
The isolation of oral Gemella genomes from non-oral 
sites indicates the potential for systemic spread of 
oral bacteria.

The construction of the pangenome is based on 
the similarity of amino acid sequences of predicted 
open reading frames. As a check on the grouping of 
genomes, we also evaluated groupings at the DNA 
level by average nucleotide identity (ANI), which 
measures the genome-scale similarity between gen
omes and has been used to identify genomes from the 
same species [33,34]. The results (Figure 1b, SI Table 
S2) confirmed the groups of the principal Gemella 
oral species, as well as indicating that the three gen
omes variously named Gemella sp. HMT−928, ‘G. 
massiliensis’, and Gemella sp. strain 6198 could be 
taken together as a distinct group (>98% ANI) and 
are highly similar (94.8–94.9% ANI) to G. bergeri; 
these findings replicate and confirm the results of a 
prior analysis of Gemella genomes by ANI [35]. The 
genomes of the human vaginal G. asaccharolytica and 
the animal genomes were distinctive as expected. 
Overall, the ANI did not show any discrepancy 
from the pangenome dendrogram.

As a third estimate of the grouping of genomes 
within the pangenome, we considered their evolu
tionary relationships as determined by estimating 
the phylogeny of core, single-copy genes within the 
Gemella genus. Based on the sequence similarity of 
gene clusters in all genomes (see Methods), we 
identified 17 informative, single-copy core genes 
(SI Table S3) that were used to build a 

phylogenomic tree using IQ-TREE [36]. The phy
logenomic tree of all Gemella genomes so con
structed showed no difference in genome 
grouping at the species level in comparison to the 
genome dendrogram of the pangenome (Figure 1c), 
although the organization of genomes within cer
tain clades was slightly different. Thus, all three 
measures of genome evaluation – gene content, 
ANI and phylogenomics – agreed on the basic 
grouping of oral Gemella genomes.

Close inspection of the pangenome indicated that 
some genomes were nearly identical in terms of both 
gene clusters and ANI. In several cases, the genomes 
are of the same strain deposited in different culture 
collections, and the replicated sequences provide 
increased confidence in the maintenance of the strain 
over time and the replicability of sequencing and 
assembly. The type strain of G. haemolysans, for 
example, is deposited in CCUG as ‘37985T’ and in 
ATCC as ‘10379’, and the assemblies of these strains 
showed 99.9% ANI with one another. In other cases, 
the high identity of sequence makes clear that the 
strains, although apparently different, have the same 
origin. The G. haemolysans strain NCTC 10459 has 
an ANI of 99.9% with the two type strains but is 
listed as not being a type strain at NCTC. However, 
the older literature [37] indicates the identity of the 
strain with type strain ATCC 10379. Other examples 
of 99.9% identical strains include G. haemolysans 
genomes FDAARGOS 740 and M341; two pairs of 
G. sanguinis genomes (ATCC 700632 and SS1507 and 
FDAARGOS 742 and M325); and two G. morbillorum 
genomes (FDAARGOS 741 and M424). In addition, 
four pairs of genomes showed 100% identity by ANI: 
three pairs of mouse genomes (GL1 and GL1 1; 
WT2a and 1942wG2 WT2a; GH3 and GH3 1) and 
one pair of canine genomes (CIP 106318 and 
CIP106318T 1). These genomes represent duplicate 
depositions in NCBI of the same microbial genome 
(e.g. GL1 and GL1 1, WT2a 1942wG2 WT2a; GH3 
and GH3 1, CIP 106318 and CIP106318T 1). The fact 
that genomes deposited with different names had the 
same origin was discovered only with considerable 
sleuthing, as the depositions are listed with unique 
Assembly, BioSample, BioProject, WGS, and Strain 
designations. Their degree of identity was established 
only after pangenomic and ANI analysis. 
Pangenomes of each of the human oral Gemella spe
cies individually as well as taken together as a group 
are presented in SI Fig. S1.

Distribution of Gemella genomes across 
human oral sites

Isolates of Gemella species have been obtained mainly 
from the mouth of humans but also from other 
mucosal sites and blood. The site of isolation is 
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indicative but may be misleading, as cultivation can 
result from the presence of as little as a single cell 
even if that cell represents a transient or low-abun
dance population at that site. To understand the 
distribution of Gemella species across the oral cavity 
of healthy subjects, we used metagenomic sequence 
data from the HMP for individual sites and mapped 
them onto the Gemella genomes as a way of testing 
the true oral habitat of the Gemella species.

Preferred habitats for Gemella in the mouth were 
evaluated by concatenating all 30 Gemella genomes 
and then competitively mapped the metagenomic 
short reads onto the concatenated sequence sample 
by sample (see Methods). The goal was to assess 
the similarity of the available genomes to the nat
ural population in the mouth by using the refer
ence genomes to capture closely related sequences 
from the metagenomic data. In total, we mapped 
approximately 50 billion quality-filtered metage
nomic short reads from 1,215 samples collected 
from all nine oral sites (SI Table S4) described in 
the HMP. Genomes that were not isolated from 
humans served as outgroup controls. Mapping 
results by strain (genomes sharing ≥98% ANI) 
were combined and transformed into a heat map 
representing the relative proportion of reads 
recruited by each Gemella genome at each site (SI 
Figs S2 and S3). However, as raw read recruitment 
data can give misleading estimates of taxon abun
dance, we carried out additional analysis steps to 
accurately reflect the proportions of distinct strains 
present in each habitat.

A confounding factor that influences genome 
detection via read mapping is the presence of short 
regions of high identity across different genomes. 
This problem is particularly acute when the pangen
ome contains genomes with high similarity to one 
another. To adjust for the presence of such closely 
related genomes in the pangenome, we combined the 
abundance values for genomes of the same strain and 
labeled the results according to the highest quality 
strain genome as judged by having the fewest contigs. 
Animal genomes (except for the type strain genome 
of G. palaticanis) were removed from the display 
because they were not detected in any sample. 
Cross-mapping of reads from unrelated genomes to 
the target Gemella genomes can distort apparent 
abundance values, suggesting a false-positive result – 
that a genome is present when, in fact, only a few 
highly conserved genes may have attracted reads. 
Therefore, a breadth of coverage criterion was 
employed for determining whether a genome was 
classified as detected in a sample. Following the 
recently developed procedures [24,38] (https:// 
instrain.readthedocs.io/en/latest/important_concepts. 
html), we used the criterion that at least 50% of the 
nucleotides in a genome had to be covered by at least 

1× for the genome to be considered detected in a 
metagenomic sample (SI Table S5). We then calcu
lated the proportion of reads recruited by genomes 
that passed the detection criterion.

Results for the three sites sampled most frequently 
(Figure 2) showed that each of the three sites was 
inhabited primarily by a different Gemella species. 
Tongue dorsum was dominated by G. sanguinis, buc
cal mucosa by G. haemolysans, and supragingival 
plaque by G. morbillorum. Statistical tests (SI Table 
S6) indicated that this tropism was significant for all 
three taxa. The number of samples available for other 
oral sites was smaller, thus allowing only limited 
conclusions. Nevertheless, the mapping results from 
them indicated that G. sanguinis could be found in 
the throat and palatine tonsils; G. haemolysans on 
keratinized gingiva; and G. morbillorum on subgingi
val plaque (SI Fig. S3, SI Table S7). Thus, Gemella 
species seem to be specialized to sets of ecologically 
related sites: G. haemolysans for buccal mucosa and 
keratinized gingiva; G. sanguinis for tongue dorsum, 
throat and tonsils; and G. morbillorum for plaque, 
both supra- and subgingival. The gender of the 
donor did not correlate with any of the mapping 
results. Overall, the mapping results show with gen
ome-scale information that Gemella species have 
clear ecological preferences in the oral cavity of 
healthy humans.

Gene-level analysis across human oral sites

Metapangenomics identified the genomes of three 
species, G. haemolysans, G. sanguinis, and G. morbil
lorum, as particularly abundant and prevalent in 
human mouths at different oral sites. Having fully 
sequenced genomes presents an opportunity to iden
tify specific genes that are associated with organisms 
in each habitat and that may encode key functions 
permitting the organism to thrive in that habitat. To 
identify these candidate gene-level drivers of site spe
cialization, we constructed a revised Gemella pangen
ome that included only the dereplicated human 
genomes plus one canine genome (n = 16) and then 
carried out metagenomic mapping against this smal
ler pangenome in order to determine the abundance 
and prevalence in the oral environment of each gene 
in these genomes across all samples by site. Gene 
detection was determined by a breadth metric at the 
nucleotide level analogous to the metric used for 
genome detection but more stringent. Our criterion 
for a gene to be detected in a sample was that map
ping from that sample resulted in at least 1× coverage 
of at least 90% of the nucleotides of the gene.

Gene-level detection data were displayed for each 
of the Gemella genomes as a radial heat map by site 
across the 50 metagenomic samples containing the 
greatest number of total reads. The gene-level maps 
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Figure 2.Distribution of Gemella strains across human oral sites. Heatmap shows the relative proportion of detected Gemella 
genomes across samples from three oral sites (tongue dorsum, buccal mucosa, and supragingival plaque). Replicate genomes 
and animal genomes not detected in any sample were removed from the pangenome. Color of genomes is the same as in the 
pangenome. The dendrogram was obtained from a pangenome which included the 16 strains shown in this figure. Samples are 
grouped by oral site and ordered by decreasing number of total reads. For each site, 50 samples containing the greatest number 
of reads are presented. Additional data are shown for gender, total mapped reads, total sample reads, and percentage of 
mapped reads, which may be taken as a measure of genus abundance.

Figure 3.Gene-level detection in Gemella genomes across three oral sites. Circular heatmap for three genomes (G. sanguinis 
UMB0186, G. haemolysans DNF01167, and G. morbillorum FDAARGOS 741) shows the presence/absence of genes across samples 
from three oral sites (tongue dorsum, buccal mucosa, and supragingival plaque). The criterion for a gene to be present in a 
sample is that 90% of the nucleotides be covered by at least 1 × . Genes are ordered according to the gene-cluster category 
given by the pangenome of detected genomes. Within each oral site, samples are ordered by decreasing number of total reads 
in the same order as Figure 2. The outermost layer links each individual gene to the amino acid gene cluster category given in 
the pangenome (Group core, G. san distinctive core, G. hae distinctive core, G. mor distinctive core, accessory, and singletons). 
Ribosomal genes (non-translated genes) are indicated in bright green.
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for the three genomes showing the greatest preva
lence across their respective preferred sites, tongue 
dorsum (TD), buccal mucosa (BM) and supragingival 
plaque (SUPP) are shown in Figure 3, and the dis
plays for all 16 genomes are shown in SI Fig. S4. 
Genes within the displays were ordered according to 
category in the pangenome – genus core, species core, 
accessory, and singleton. For each genome, almost all 
of its genes were detected in only one of the three 
major oral sites – genomes of G. sanguinis in TD, G. 
haemolysans in BM and G. morbillorum in SUPP. 
This pattern of detection supports the concept of 
site-specificity of Gemella species at the gene level. 
Some genes from each of the strain genomes were not 
detected in any of the oral sites. This indicates a 
disparity between the cultivar genomes and oral 
environmental strains of the same species. Clearly, 
each cultivar genome contains some genes that are 
absent or rare in the oral environment. Of note, the 
genomes for the type strains of the three Gemella 
species were not the most prevalent nor the most 
representative of the genes in their respective oral 
environments (SI Table S7). For each genome, the 
pattern of detection of genes (presence and absence) 
was similar across samples, indicating that Gemella 
genomes in different individuals at a specific oral site 
contained a highly similar set of genes. Exceptions to 
this pattern were a few genes that were detected in 
the majority of samples at two or all three sites, 
suggesting that these genes were highly conserved in 
the oral environment across sites. Not surprisingly, 
annotation associated some of these genes with highly 
conserved functions such as DNA replication, 16S 
rRNA gene, transcriptional regulators, and mobile 
elements.

The detection of each gene across all samples by 
site was compared with the pangenome in order to 
determine whether genes that are core in the pangen
ome are also common in the oral environment. 
Following the definitions established in anvi’o [32], 
a gene was considered ‘environmentally core’ at a site 
if its median coverage across samples from that site 
was equal to or greater than 25% of the median 
coverage of its genome across samples from that site 
(see Methods). Below the 25% threshold, genes were 
considered ’environmentally accessory’ at that site. 
The binary categorization of genes as environmen
tally core or accessory at a site is displayed in layer B 
of Figure 3, SI Fig. S2, while layer C displays the 
status of the gene in the pangenome – genus core, 
species core, accessory, or singleton. As expected, 
almost all pangenome genus core genes were envir
onmentally core across oral sites. In contrast, species 
core genes were environmentally core at a specific 
oral site – although some were environmentally 
accessory, perhaps reflecting a small sample size 
from the relatively limited set of genomes included 

in the pangenome; this observation leads to the 
hypothesis that adding additional genomes would 
shrink the species core genome and that many of 
these environmentally accessory genes would prove 
to be absent from the species core calculated from a 
larger set of genomes. Pangenome accessory and sin
gleton genes were mixed in status – some environ
mentally core and some environmentally accessory, 
reflecting the genetic diversity of microbial genomes 
that are present in the population.

Functional analysis

Metapangenomics presents an opportunity to analyze 
the gene-level basis of site specificity. In particular, it 
enables identification of genes that are core to a 
group of genomes at a specific oral site but absent 
from the genomes of closely related groups. Such 
genes may hold information associated with adapta
tion to that site. A complicating factor in this analysis 
is that the same or a similar function may be encoded 
by genes in different gene clusters. Therefore, we 
made use of a method developed to identify statisti
cally significant enrichment or depletion of functions 
in one set of genomes compared to another [30].

We carried out functional enrichment analysis on 
all gene clusters (n = 5,036 gene clusters containing a 
total of 27,204 genes) from all genomes (n = 16) using 
three different annotation datasets (see Methods). 
Each gene cluster was associated with a function by 
annotating each gene in the gene cluster and assign
ing the consensus function to the gene cluster as a 
whole. Based on their distribution and prevalence 
across oral sites (Figure 2, SI Table S6, SI Table S7), 
the genomes of the three human oral species were 
defined, for purposes of this analysis, as associated 
with three distinct sites: G. sanguinis with tongue 
dorsum, G. haemolysans with buccal mucosa, and G. 
morbillorum with supragingival plaque. To determine 
which functions were not merely associated with but 
required for residence in the individual sites, tongue 
dorsum, buccal mucosa, or supragingival plaque, we 
applied the stringent criterion that a function must be 
present in all genomes abundant in that site and 
absent from the rest of the genomes (SI Table S6).

Following this procedure, we identified 31 func
tions that were unique to a specific oral site: TD (n =  
8), BM (n = 15) and SUPP (n = 8). Unique functions 
in TD, associated with G. sanguinis, were linked to 
acid resistance, antibiotic synthesis, and virulence; 
unique functions in SUPP, associated with G. morbil
lorum, were linked primarily to DNA conjugation 
and transport; and unique functions in BM, asso
ciated with G. haemolysans, corresponded to ribofla
vin biosynthesis, antibiotic resistance, and adhesion/ 
immune evasion. Within the G. haemolysans/BM 
group, we also found a gene encoding 
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immunoglobulin A (IgA) metalloendopeptidase 
which cleaves the heavy and light chain of the IgA. 
This activity may be important in enabling G. hae
molysans to avoid the immune response.

Among these functions unique to Gemella species 
at a specific oral site, the riboflavin (vitamin B2) 
biosynthesis pathway [39,40] stands out as a complete 
vitamin synthesis pathway present in all BM asso
ciated genomes (G. haemolysans) and absent in the 
rest of the genomes (G. morbillorum and G. sangui
nis) (Figure 4). This pathway is comprised of seven 
enzymes that catalyze 10 steps leading to the produc
tion of riboflavin, as shown in Figure 4: ribBA, ribD, 
ycsE, ribH, ribE, ribF, and yigB. Additionally, a 

riboflavin transporter homologous to the one in 
Bacillus subtilis was found. RibBA, RibD, RibH and 
RibE are responsible for the key steps in riboflavin 
synthesis and are found only in G. haemolysans 
within a single biosynthetic operon (q < 0.05 in each 
case). YcsE and YigB, which belong to the haloacid 
dehalogenase-like phosphatase family, catalyze the 
removal of phosphate groups and are found in multi
ple copies across all genomes. RibF, also found in all 
genomes, is a bifunctional enzyme that phosphory
lates and adenylates riboflavin to generate flavin 
mononucleotide (FMN) and flavin adenine dinucleo
tide (FAD). YigB is also involved in dephosphoryla
tion of FMN to produce riboflavin. Finally, the 

Figure 4.Human oral Gemella metapangenome and riboflavin biosynthetic pathway. (A) Metapangenome of oral Gemella 
constructed by metagenomic read recruitment from three oral sites (tongue dorsum, buccal mucosa and supragingival plaque) 
onto the pangenome gene-clusters from genomes of G. sanguinis, G. haemolysans, G. morbillorum, G. sp. HMT − 928, ‘G. 
massiliensis’, G. sp. 6198, G. bergeri, G. asaccharolytica, G. palaticanis. Starting from the innermost layer, the first 16 layers 
represent the pangenome depicting 5,036 gene clusters containing one or more genes from one or more genomes. Gene 
clusters are arranged by hierarchical clustering based on their presence or absence across all genomes. Genomes are color 
coded by species and hierarchically clustered based on gene cluster frequency, i.e. the number of representatives of each gene 
cluster present in each genome. The next three layers link gene clusters to the environment, represented by the ratio of 
environmentally core versus environmentally accessory genes, for supragingival plaque, buccal mucosa, and tongue dorsum, 
respectively. Environmentally core genes are color coded by the oral site they represent while environmentally accessory genes 
are shown in black when a genome passes the detection criterion in at least one sample; grey areas indicate genes not found in 
the environment when a genome fails the detection criterion in all samples. The outermost layer indicates the category of a 
gene-cluster within the pangenome (Group core, G. san distinctive core, G. hae distinctive core, G. mor distinctive core, G. sp. 
ber/HMT −928 distinctive core, accessory, and singletons). Riboflavin-pathway associated genes are indicated with a black line in 
the pangenome-category layer and pointed out by a black triangle. B) Riboflavin biosynthetic pathway genes in Gemella oral 
species. The image shows the enzymes, metabolites and transporters involved in the riboflavin pathway. Presence of genes 
associated with each enzyme is indicated with a colored box; empty boxes mean no gene found. The colors designate each oral 
Gemella species. The enzymes in the pathway are: ribBA, 3,4-dihydroxy 2-butanone 4-phosphate synthase/GTP cyclohydrolase II 
[EC:4.1.99.12 3.5.4.25]; ribD, diaminohydroxyphosphoribosylaminopyrimidine deaminase/5-amino −6-(5-phosphoribosylamino) 
uracil reductase [EC:3.5.4.26 1.1.1.193]; ycsE, 5-amino −6-(5-phospho-D-ribitylamino)uracil phosphatase [EC:3.1.3.104]; yigB, FMN 
and 5-amino −6-(5-phospho-D-ribitylamino)uracil phosphatase; ribH, 6,7-dimethyl −8-ribityllumazine synthase [EC:2.5.1.78]; ribE, 
riboflavin synthase [EC:2.5.1.9]; ribF, riboflavin kinase/FMN adenylyltransferase [EC:2.7.1.26 2.7.7.2]; fmnP, riboflavin transporter 
(fmnP – Bacillus subtilis).

8 J. TORRES-MORALES ET AL.



riboflavin transporter FmnP was also identified in all 
Gemella genomes.

A recent study evaluated the acquisition of pro
teins by horizontal transfer in the genus Gemella and 
concluded that genes encoding proteins core to a 
single species, but not to the whole genus, tended to 
have an unusual GC content [35]. We therefore eval
uated the GC content of the RibBA, RibD, RibH, and 
RibE genes, which form a single operon. We found 
no significant difference in GC% of these genes com
pared to all genes in G. haemolysans genomes (32.9%  
± 1.9% and 31.5% ± 5.5%, respectively). A BLAST 
search showed no significant similarity to any other 
bacterial taxon, although it did reveal high similarity 
(E-value = 2.5E−158 with 99% coverage on average) of 
two genes to a partial virus assembly from human 
metagenomes. While this finding is suggestive, it 
leaves the source of the operon as an open question.

Discussion

The power of metapangenomics lies in its combina
tion of two orthologous classes of information – 
genomic and ecological [24,25,27]. The pangenome 
provides a grouping of genomes based on their gene 
content, irrespective of where the organisms contain
ing those genes happen to live. In contrast, mapping 
of metagenomic short reads to the pangenome iden
tifies which genes are prevalent in particular oral 
habitats irrespective of the genomes in which they 
are contained. Our results show that the grouping 
of Gemella genomes by their gene content corre
sponds well to established taxonomy, to phylogeny, 
and also to habitat specificity. Pangenome construc
tion identified genomes that comprised distinct geno
mic groups within the Gemella genus and 
metagenomic mapping identified which of these gen
omes were present in the oral cavity and at which 
site.

The results obtained here are consistent with 
previous indications from 16S ribosomal RNA 
gene datasets that Gemella species were site-specia
lists [16,17], but whereas the 16S data provided 
only a small piece of a marker gene indicating the 
presence of a species, the metapangenomic 
approach provides a higher resolution view directly 
into the gene complement and functional capacity 
of the taxa. Using this approach, we have obtained 
results that support the site-specialist hypothesis 
[16] in that each taxon shows a preference for a 
subset of oral habitats. The three oral sites for 
which the most metagenome data were available, 
tongue dorsum, buccal mucosa, and supragingival 
plaque, represent three distinct habitats: keratinized 
mucosa, non-keratinized mucosa, and non-mucosal 
surfaces, respectively. Each of these habitats sup
ports predominantly a single Gemella species – TD 

supports G. sanguinis, BM supports G. haemoly
sans, and SUPP supports G. morbillorum, consis
tent with the site-specialist hypothesis. However, 
each of these species can also be found at certain 
other oral sites. G. sanguinis genomes can be found 
in palatine tonsils and throat, G. haemolysans gen
omes in keratinized gingiva, and G. morbillorum 
genomes in subgingival plaque. The strong associa
tion of G. morbillorum with both supra- and sub
gingival plaque suggests that it is a specialist for a 
non-mucosal habitat. In contrast, G. haemolysans 
associates with both a non-keratinized mucosal sur
face (BM) and a keratinized mucosal surface (KG) 
suggesting that a mucosal surface is important but 
that keratinization itself is not the defining charac
teristic of the habitat conducive to G. haemolysans.

Although each of the major habitats, TD, BM and 
SUPP, supports a single species of Gemella that is 
dominant at that site, strains of these species can 
also be detected in a small fraction of subjects at 
sites where the species are not dominant. For exam
ple, G. haemolysans, dominant in BM, can be 
detected, albeit infrequently, in SUPP. There are sev
eral possible explanations for the detection of strains 
in sites where they are generally not dominant. One 
possibility is that they could represent cross-contam
ination during the sampling process. Another possi
bility is that different subpopulations of a strain could 
have the capacity to occupy a non-preferred site. 
Finally, a strain’s tropism need not be absolute; a 
strain that is dominant in one site could nevertheless 
exist as a minor component of other sites as well. 
Further research will be required to distinguish 
between these alternatives.

Microbial taxonomy is a challenging field that is 
increasingly being informed by whole-genome 
sequences. For the major Gemella species abundant 
in the healthy human microbiome – G. haemolysans, 
G. morbillorum, and G. sanguinis – existing species 
names are consonant with overall similarity at the 
nucleotide level (ANI), evolutionary relatedness esti
mated by phylogenomics, and gene content as shown 
in our pangenome. Thus, our analysis confirms that 
these species are well defined and well validated. By 
contrast, the genomes of G. sp. HMT−928, ‘G. massi
liensis’, and G. sp. 6198 not only are highly similar to 
one another in gene content but also are nearly iden
tical by ANI, with 99.5% to 99.7% pairwise identity. 
Therefore, these three genomes, although isolated 
from donors from three different geographic regions, 
represent the same species. The genome representing 
G. bergeri is close to this grouping in both gene 
content and ANI, with approximately 94.9% pairwise 
identity to each of the other three genomes and 
clustered tightly with them in the phylogenomic 
tree, and thus may be regarded as a sister taxon. 
Our findings are completely consistent with a recent 
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ANI analysis of Gemella isolates in connection with 
virulence factors for opportunistic infections [35].

The failure of some Gemella genomes from the 
human microbiome (G. bergeri, G. sp. HMT−928, 
‘G. massiliensis’, G. sp. 6198, and G. asaccharolytica) 
to recruit mapped reads from any of the oral sites 
may have several explanations. G. asaccharolytica 
recruited reads from supragingival plaque but did 
not satisfy our detection criterion; it may be present 
in dental plaque but at levels below the detection 
threshold. The HMP data were derived from healthy 
subjects; species that recruit few reads from these 
samples could be characteristic of diseased sites. 
However, it should be noted that the Gemella species 
that are characteristic of oral sites may also be found 
at other body sites in association with disease. For 
example, all three species of human oral Gemella have 
been isolated from endocarditis patients [41–43]. The 
HMP data were derived from nine specific oral sites; 
species that recruit few reads could be characteristic 
of an oral site not sampled. Finally, the primary 
habitat of these species might be elsewhere in the 
human body. For example, for G. asaccharolytica, 
our mapping data (not presented) suggests that its 
primary habitat is vaginal. Although further investi
gation is required to understand the basis for species 
adaptation to habitats in the oral environment, it is 
clear that individual species and strains are specialists 
for a small set of sites and that sub-specialization of a 
subset of strains to non-canonical habitats also 
occurs.

Analysis of the genomic differences between G. 
haemolysans, G. sanguinis and G. morbillorum pro
vided gene-level insights into the basis for their 
site-specialization. Functional annotation identified 
a limited number of genes and functions that cor
related with the site-specificity. One pathway, 
namely that of riboflavin synthesis, emerged from 
this analysis as a distinctive feature of G. haemoly
sans that was lacking in G. sanguinis and G. mor
billorum. Riboflavin is an essential vitamin – 
required for life. In bacteria, riboflavin is the 
main precursor for the cofactors flavin mononu
cleotide (FMN) and flavin adenine dinucleotide 
(FAD) involved in redox metabolism. Organisms 
must either synthesize riboflavin themselves or 
obtain it from external sources [44]. The presence 
of the complete riboflavin biosynthetic pathway in 
G. haemolysans indicates that G. haemolysans is 
capable of making riboflavin for itself, which sug
gests that neither the buccal mucosa host tissue nor 
the other microbes living on buccal mucosa reliably 
supply riboflavin to G. haemolysans. In contrast, 
both G. sanguinis and G. morbillorum lack a func
tioning riboflavin biosynthetic pathway. However, 
G. sanguinis and G. morbillorum do contain a ribo
flavin transporter gene, consistent with the idea 

that these organisms secure their riboflavin primar
ily from the environment. Finally, the presence of 
all three species in YigB, which act on FMN when 
FMN levels are high to produce riboflavin, provides 
a pathway for riboflavin salvage for G. sanguinis 
and G. morbillorum. This pathway also provides G. 
haemolysans with redundancy in the production of 
riboflavin and FMN.

The riboflavin genes that encode the key steps in 
riboflavin synthesis (RibBA, RibD, RibH, and RibE) 
in G. haemolysans genomes are encoded in the same 
operon. This organization is similar to the ones 
found in Bacillus subtilis and some species of oral 
Streptococcus [45] and thus could have been acquired 
horizontally from one of these genera. However, 
neither an examination of GC content nor a 
BLAST search provided evidence for the source of 
any such horizontal transfer. The strong inference 
that can be drawn from our results is that G. hae
molysans is self-reliant for making riboflavin, 
whereas G. sanguinis and G. morbillorum, lacking a 
synthetic pathway, must acquire riboflavin from 
external sources or excess FMN.

In addition, IgA metalloendopeptidase, considered 
a virulence factor, was found uniquely in G. haemo
lysans. This gene has been proposed to arise from a 
horizontal gene transfer event from a Streptococcus 
genome suggesting other genes might also have been 
acquired through a similar process [46]. However, its 
presence in all genomes suggests that this event is not 
recent. In a healthy human oral mucosa, it could 
favor adhesion to host cells.

The differences in biosynthetic requirements, 
immune evasion, and other physiological functions 
for Gemella species can be interpreted as an adapta
tion to their host habitat. Bacteria living on tongue 
dorsum or supragingival plaque grow in dense, com
plex biofilms. Bacteria in these communities are adja
cent to many other bacteria and can obtain factors 
and metabolites from their neighbors. Presumably, G. 
sanguinis and G. morbillorum obtain riboflavin in this 
manner from the other microbes inhabiting these 
sites. In contrast, bacteria living on buccal epithelial 
cells often form single-layer biofilms and are more 
exposed. Thus, if G. haemolysans requires riboflavin, 
it may not be able to reliably get it from other 
members of the buccal mucosal community and so 
must synthesize it itself. Additionally, G. haemolysans 
because of its exposure on buccal mucosa may be 
more vulnerable to immune surveillance. By encod
ing an IgA metalloendopeptidase, it may mitigate the 
immune response. The potential relationship between 
the pathogenicity of Gemella and its oral tropisms is 
unclear. However, genes such as IgA metalloendo
peptidase that play a role in their tropism and main
tenance in the oral cavity could be harmful in the 
development of endocarditis.
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In summary, using cultivar sequences and meta
genomic data we have analyzed the genomes, gene 
content, and distribution of commensal species of 
the genus Gemella. We have shown that gene con
tent, nucleotide-level similarity, and ecology all 
indicate a consistent assignment of genomes to 
species for the three abundant and prevalent spe
cies of this genus. Each of these species showed 
site-specialization to a different part of the mouth, 
while the detection of some genomes in lower 
abundance at alternate sites indicates the likely 
complexity of microhabitat characteristics underly
ing the overall site specificity. Analysis of the com
plement of functional genes revealed a biosynthetic 
pathway present in only one of the three major 
species and illustrates how metapangenomics can 
lead to the identification of genes associated with 
adaptation to an oral site. The extension of meta
pangenomic analysis to other oral taxa promises to 
provide further insights into the ecology of the oral 
microbiome.

Materials and Methods

Genomes

All Gemella genomes were obtained from the 
National Center for Biotechnology Information 
(NCBI). We used the prokaryotes genome browser 
from NCBI to retrieve the genus report (https:// 
www.ncbi.nlm.nih.gov/genome/browse/#!/prokar 
yotes/Gemella) as of March 1, 2021. Then, using 
the browser links (Strain, BioSample and 
BioProject), we searched for information (isolation 
host, isolation site, RefSeq status, isolation/meta
genome-assembled genome, type strain, Human 
Microbiome Project reference, association to dis
ease and submitter) for all 35 deposited genomes. 
Additionally, we used the GenBank Assembly ID 
to cross-check the genomes with HOMD genomes 
and added the Human Microbiome Taxon ID 
when available for a genome. This information 
can be found in SI Table S1. We used an internal 
script to download the assembly files of NCBI 
RefSeq genomes (n = 30) and simplify the files 
and header names to an alphanumeric code.

Individual contigs-database

We used anvi’o [32] v7 as our analysis and visua
lization platform. The first step in working with 
anvi’o is building a contigs database (contigsDB). 
Each genome was processed individually. We ran 
the anvi’o script anvi-script-reformat-fasta to 
remove contigs of <300 nt and renamed the con
tigs’ deflines (definition line in headers) to ensure a 
common name (prefix) plus an increment number. 

Because sequences sometimes contained non-cano
nical nucleotide letters, we substituted N for any 
letter other than A, T, C, or G. A record file 
containing the changes in the deflines was pro
duced for traceability. Then, we used anvi-gen-con
tigs-database to generate the contigsDB where 
contig information was stored (i.e. open reading 
frames, k-mer frequencies, GC content, genome 
length, and functional annotation). Open reading 
frames (ORF) were obtained using prodigal 
(v2.6.3) [47].

Annotation of ORFs in the contigs-database

ORFs from the contigsDB were annotated using 
programs built into anvi’o. We used the scripts 
anvi-run-hmms to find bacterial single copy genes 
(Bacteria71 SCG set) [48,49] and ribosomal RNA 
genes (Ribosomal RNAs set) [50] through hidden 
Markov Model (HMM) profiles; anvi-run-ncbi-cogs 
using blastp (v2.10.1+) to annotate with the cluster 
of orthologous genes (COGs) database (version 
COG20) [51]; and anvi-run-pfams and anvi-run- 
kegg-kofams with hmmscan from HMMER (v3.3.1) 
to functionally annotate with Pfams (v34.0) [52] 
and KOfams/KEGG Modules (97.0) [53–55], 
respectively.

Pangenome and ANI

We used anvi-gen-genomes-storage and anvi-pan- 
genome to generate the pangenome. Briefly, the 
first script generates a file indicating the location 
of the contigsDB and ensures the contigsDBs were 
built with the same parameters (i.e. the functional 
annotation was done using the same databases). The 
second script performed a local alignment of all 
amino acid sequences (blastp) [56], followed by 
the removal of weak matches between two 
sequences with the minbit parameter (minbit =  
0.5). Then, sequences were clustered using the 
Markov Clustering Algorithm (mcl = 10) [57]. 
Amino acid sequences within each cluster were 
aligned with MUSCLE (v3.8.1551) [58]. Finally, 
hierarchical clustering was performed across gene 
clusters and genomes (distance = euclidean and 
linkage = ward). We estimated the average nucleo
tide identify (ANI) between genomes using anvi- 
compute-genome-similarity with the program 
pyANI (v0.2.10) with ANIb which used the blastn 
method [59].

Phylogenomic tree

To construct the phylogenomic tree, we selected 17 
informative single-copy core genes from the pangen
ome. Briefly, we extracted genes that were present in 
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each genome of the pangenome as a single copy 
(13,350 genes grouped into 445 gene clusters). 
Next, we performed multiple alignment (MUSCLE) 
on the amino acid sequences within each gene clus
ter. Then, we kept those gene clusters in which the 
aligned sequences had differing residues and no gaps 
using the functional and genometrical homogeneity 
indices, respectively. Finally, the resulting genes (n =  
510; from 30 genomes) were concatenated, and the 
tree was built using IQ-TREE (v2.2’.0.3) [36] with 
the ModelFinder algorithm [60] and visualized with 
FigTree (v1.4.4) [61].

Concatenated contigs-database

We followed the anvi’o metapangenomic pipeline 
where reference genome fasta files (in this case, 30 
genomes) are combined into a single concatenated 
file. The deflines were renamed, and a record file 
was made to link each contig to its original genome 
(deconstruction Table). Then, a unique contigsDB 
was generated using the same parameters as done 
for individual contigsDBs. The genes were annotated 
as described above.

Oral metagenomes

We obtained the manifest and metadata file from the 
HMP portal site (https://portal.hmpdacc.org/search/ 
s?facetTab=cases) by selecting the oral sites (buccal 
mucosa, gingiva, dorsum of tongue, hard palate, pala
tine tonsil, throat and portion of saliva), Healthy 
Human Study (HHS), fastq files (FASTQ), and 
whole-genome sequencing (wgs_raw_seq_set). To 
download the files, we used the program portal client 
[62] with the manifest file and 20 retries. We used an 
in-house script to i) count the number of reads in 
each sample in parallel and in batch and ii) verify the 
oral site from where the sample was taken by com
paring the metadata file with the deposited data in 
NCBI (BioSample) using E-utils [63]. Samples identi
fied as gingiva in the metadata file consisted of three 
sites supragingival plaque (SUPP), subgingival plaque 
(SUBP) and keratinized gingiva (KG) when searched 
in NCBI. Date of download: February 10, 2020. We 
downloaded 1,275 samples that contained ~90 billion 
total reads. Quality filtering was performed on all 
samples using Minoche criteria [64,65] (iu-filter-qual
ity-minoche) and kept any QC-sample with at least 2 
million reads (1 million paired reads). A total of 1,215 
samples containing ~50 billion quality-filtered reads 
met our criteria.

Competitive mapping

Individual metagenomic samples were mapped to the 
concatenated genome file using Bowtie2 (v2.4.2) [66] 

allowing each read to map to the single best-matching 
sequence across all genomes, for better discrimina
tion between closely related genomes. The minimum 
alignment score was −0.6 + −0.6 * read length (aver
age read length = 98.8 ± 7.2). The alignment options 
for seed substring were -D 20 -R 3 -N 0 -L 20 -i 
S,1,0.50 (–very-sensitive); where D is the number of 
tries for extending the seed, R is the number of tries 
for repetitive seeds, N is the number of mismatches in 
seed alignment, L is the length of the seed substrings, 
and i is the interval between seed substrings. Mapped 
reads were extracted, binarized and sorted with 
SAMtools (v1.11) [67]. On average 68% ± 9.8% of 
reads mapped with ≥95% percent identity to the tar
get region.

Profiling

Using anvi-profile, individual mapping results (i.e. 
mean coverage, detection, and abundance) were 
linked to the contigsDB generating single-profile 
databases. Then, we combined single-profiles by oral 
site with anvi-merge. This produces a merged-profile 
database (mergedDB) for each of the nine oral sites.

Genome deconstruction of mergedDB and 
summary

Using the deconstruction table (see Concatenated 
contigs-database), we recovered the mapping proper
ties of individual genomes from the mergedDB (anvi- 
import-collection). Multiple summary tables, includ
ing gene coverage, were produced per oral site (anvi- 
summarize).

Detection and prevalence of genomes

Breadth of genome coverage was defined as the pro
portion of nucleotides covered at least 1 ×. A genome 
was considered to be detected if the breadth of cover
age was at least 0.5. The prevalence of genomes or 
strains was defined as the proportion of samples in 
which the genome or strain was detected. Each gen
ome/strain was assigned to oral sites based on their 
prevalence.

Strain representation of genes in oral sites

Here, we combined coverage and detection at the 
gene level. On the one hand, gene-detection matrices 
from oral sites were merged by genome and used to 
generate a gene-detection database (geneDB). On the 
other hand, we used anvi-script-gen-distribution-of- 
genes-in-a-bin to analyze the distribution of genes in 
each environment (oral site) and classify them as 
environmental core or accessory genes, ECG and 
EAG, respectively [24]. If the total depth of coverage 
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of a gene in all metagenomes is more than 0.25 
multiplied by the median depth of coverage of all 
genes in all metagenomes, the gene is classified as 
ECG, otherwise, it is EAG. However, if the genome 
being analyzed is not detected (breadth of coverage  
<0.5) in any metagenome, the gene could not be 
analyzed and was classified as UNKNOWN.

Functional enrichment

We made use of anvi’o script anvi-compute-func
tional-enrichment to identify functional annotations 
that are differentially enriched or depleted in one set 
of genomes compared to another [30]. First, each 
genome was assigned to a group (oral site). Then, 
the script associated each gene cluster with the most 
frequently annotated function and generated a fre
quency table of functions across genomes. Finally, the 
enrichment test was done using a generalized linear 
model with a logit linkage function to obtain the 
enrichment score and a p-value. This analysis was 
performed for COG20, Pfams, and KEGG annota
tions independently, and the results were combined 
based on the gene cluster id.

Gene representation in the pangenome

We used anvi-meta-pan-genome to represent the 
ratio of environmentally core versus environmen
tally accessory genes for each genome across the 
pangenome for each habitat (oral site). Only genes 
present in the detected genomes (–min-detection =  
0.5) were classified as environmentally common or 
accessory, A gene was considered common if the 
sum of its mean depth of coverage across samples 
from a site was equal to or greater than a quarter (– 
fraction-of-median-coverage = 0.25) of the median 
of the sums of coverages for all genes across samples 
from that site. The height of the ratio varies depend
ing on the number of genomes that pass or fail the 
detection criterion in at least one sample for a given 
habitat [24].

Two-tail t-test

We performed a two-tail t-test (Welch’s t-test) with 
an ɑ = 0.05 to test (i) if Gemella species are non- 
randomly distributed across oral sites and (ii) to 
test whether the species show site preferences of at 
least 10× strength. We used the 50 samples with 
the largest number of reads from each site, assessed 
the relative abundance of each Gemella species, and 
calculated the mean and standard deviation of rela
tive abundance in each site for all samples in which 
at least one species of Gemella was detected. 
Finally, we evaluate the site preference for each 
species by comparing its abundance in the 

preferred site to the non-preferred sites for our 
two hypotheses.
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