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Abstract
Background: The oral microbial ecosystem, with distinct characteristics in structure and evolution, plays
an important role in the mucosal homeostasis. The characterization of baseline microbial and functional
diversity in the oral microbiome has been discussed, yet the taxon-taxon relationships, and the role of the
microbes themselves to the host mucosa are still lack of discussing. In addition, the current literature
seems insu�cient to draw a de�nitive conclusion about a possible impact of ageing on the oral
microbiota. Therefore, the study focuses on the spatial and temporal characteristics of the oral microbial
ecosystem, and its correlation with immune cell in oral homeostasis.

Results: The V3V4 region of 16S rRNA gene of 30 samples from different sites (gingiva, palate, buccal,
tongue) and life stages (adult, old) was analyzed. Flow cytometry was used to investigate the residing
immune cells. The niche-specialist and age-related communities, characterized by alterations in
microbiota structure, taxon-taxon relationship, microbial functions, and immune cell inhabiting, have been
addressed. Interestingly, network analysis shows more antagonistic interactions in gingiva, palatal site,
and old mice saliva, where harbor a richer diversity. While in buccal mucosa and tongue, it appears more
synergic interactions to maintain the ecosystem balance. Functional analysis reveals that the signi�cant
factor that determines the niche for a microbe is its local habitat in the content of one speci�c age, which
includes its immediate neighbors. Correlation analysis suggests strong associations between distinct oral
bacteria and Th cells exist in different life stages.

Conclusions: Our �ndings propose that the oral microbial ecosystem, with niche-specialist and age-
related characteristics, has unique evolution and co-evolution with the host to maintain oral homeostasis,
which provides critical insights on mucosal microbiology.

Introduction
The oral microbial ecosystem, with distinct characteristics in structure and evolution, plays an important
role in the mucosal homeostasis[1, 2]. The oral mucosa, where consists of various sites[3], e.g., the
gingiva (tooth-associated), buccal (lining), palate (masticatory) and tongue (specialized), is a unique
community of complex and dynamics crosstalk with commensal microbiome. This biosystem of
microorganisms has a remarkable capacity to adapt to its host with co-evolution[4, 5].

50 years ago, Socransky and Manganiello �rstly introduced that the oral microbial communities were
distinguishable in sites and ages[6]. However, it was not fully con�rmed due to the technological
limitation. In 2019, Welch et al. proposed the site-specialist hypothesis for oral microbiota[7] and the
original concept of micron-scale structure, which de�nes the microbial habitats and niches in
combination with short- and long-range interactions[8]. To date, the characterization of the microbiota in
different �elds has been recognized by high-throughput identi�cation of microbes with 16S rRNA
genes[9–15]. The importance of spatial organization in microbial ecology has been highlighted in various
aspects including the gut microbiota[16], the upper respiratory tract[17], and the mouth ecosystem[18–
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21]. Human Microbiome Project (HMP) in distinctive oral habitats has achieved great progress these
years[9, 14]. Though these �ndings present a broad view of the distinction in human oral habitats, they
are currently focused on explaining the role of oral microorganisms presenting in disease[22, 23] rather
than that in homeostasis. In addition, the characterization of baseline microbial and functional diversity
in the oral microbiome has been discussed, yet the taxon-taxon relationships, and the role of the microbes
themselves to the host mucosa are still lack of discussing.

Ageing is a complex, multifaceted process leading to widespread functional decline that affects every
organ and tissue[24, 25]. An ageing niche is associated with a wide variety of features at the molecular,
cellular and physiological level[26, 27], which also in�uences the dialog with inherent microorganisms.
The risk of oral diseases increases dramatically through the life course[28], to that the microorganisms is
argued to have a contribution[2, 29]. However, it is not clear how ecotypes change with the normal ageing
process. Given that data regarding the human oral microbiome with ageing is lacking, Yatsunenko et al.
has reported this topic on the microbial composition of the human gut microbiome viewed across age
and geography[30]. Although we do not have direct proof that the same events occur in the oral cavity, it
would not be surprising[5, 31, 32]. Koren et al. interrogate the dynamics of this relationship in the mouth
during early life and �nd that highly tissue-speci�c responses facilitate maturation[1]. Yet, the current
literature seems insu�cient to draw a de�nitive conclusion about a possible impact of ageing on the oral
microbiota[31, 33]. A better understanding of the oral microbiota with ageing is a crucial step for the
development of better strategies for prevention and treatment of oral diseases.

To withstand a wide variety of microbial and mechanical challenges, the immune system of the oral
mucosa is composed of tissue-resident and specially recruited leukocytes[34, 35]. These leukocytes
facilitate the establishment and maintenance of local homeostasis but are also capable to cause oral
pathologies when are unrestrained[36, 37]. Conventional T cells can be classi�ed as either major
histocompatibility class II (MHC II)-restricted and αβ T cell receptor (TCR)-expressing CD4+ T cells (helper
T cells, or TH cells)[38]. Another unique subset of T cells expresses either αβ or γδ TCR and mostly
express CD8αα homodimers but not CD8 αβ heterodimers, i.e., unconventional CD8αα+ αβ T cells and γδ
T cells[39]. The �rst encounter of mucosal barriers with the microbiota initiates host–microbiota
feedback loops instructing the tailored development of both the immune system and microbiota at each
mucosal site. Once established, balanced immunological interactions enable symbiotic relationships with
the microbiota in adult life. This process has been extensively investigated in the mammalian monolayer
epithelium-covered intestine and lung mucosae[40–43]; however, the mechanisms engaged by the oral
mucosa to establish homeostasis lack of discussion[1]. In addition, ageing of the immune system
(‘immunosenescence’) combined with a low-grade in�ammation that develops during ageing
(‘in�ammaging’) are thought to impact the outcomes of the oral disease challenge from the
microbiota[31, 44]. However, the relative importance, mechanistic interrelationships and hierarchical order
of these features have not been clari�ed.

Here, we have compiled an oral microbial community atlas in different oral habitats and life stages. The
work entails a comprehensive characterization of microbiome species, their inner interactions, and the
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correlation with mucosal immune cells in oral homeostasis with an age scale, which aims to uncover cell
types and functions associated with promoting homeostasis and disease susceptibility at this important
barrier. Indeed, we demonstrate that the oral microbial ecosystems are niche-specialist and age-related,
not only including the community structure but also the taxon-taxon relationships and the functional role.
Furthermore, correlation analysis reveals that the communication between the oral microbiota and tissue-
resident immune cells (particularly Th cells and γδ T cells) involves in oral homeostasis and disease
susceptibility. Collectively, the �ndings provide a microbial census in spatial and temporal scales and
suggest a unique microbiota-immune axis mediating mucosal homeostasis, which provides critical
insights on mucosal microbiology.

Materials And Methods
Oral sample preparation

Wild-type (WT) C57BL/6J mice were maintained in the barrier facility at the Sun Yat-sen University animal
center, and all experiments were carried out in accordance with institutional guidelines. The age of mouse
was strictly selected as the previous publications[45-51], including 3-month-old mouse as the mature
adult group and 18-month-old one as the old group. As for the 3-month-old mice group, the gingiva,
palate, tongue, and buccal mucosa were separated from the mice oral cavity[3, 52]. The saliva from adult
and old groups was collected by Isohelix SK-1 Swabs with Dri-Capsules (Boca Scienti�c, Boca Raton, FL,
USA) according to the previous protocol[53]. Samples were snap frozen in liquid nitrogen and then stored
at -80 °C until use. 

Bacterial DNA extraction, PCR ampli�cation, library preparation and sequencing 

Bacterial DNA was extracted and puri�ed using the PowerSoil kit (Mobio, Carlsbad, CA, USA) for the
mucosal samples, while the Isohelix DNA isolation kit (Boca Scienti�c, Boca Raton, FL, USA) for the saliva
samples[53]. The V3V4 regions of the 16S rRNA gene were ampli�ed used speci�c primer (338F and
806R) with 12bp barcode. Sequencing libraries were generated using NEBNext® Ultra™ II DNA Library
Prep Kit for Illumina® (New England Biolabs, MA, USA) following manufacturer's recommendations and
index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Fisher
Scienti�c, MA, USA). At last, the library was sequenced on an Illumina Nova6000 platform and 250 bp
paired-end reads were generated (Guangdong Magigene Biotechnology Co.,Ltd. Guangzhou, China).

Sequence processing and statistical analysis

Fastp (version 0.14.1, https://github.com/OpenGene/fastp) was used to control the quality of the Raw
Data by sliding window (-W 4 -M 20)[54]. If there were only two groups, student's t-test, Wilcox rank sum
test, Wilcoxon's signed rank test or Welch`t-test was selected, but if there were more than two groups,
Kruskal Wallis rank sum test or one-way ANOVA was used. 

Flow cytometry 
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Biopsy preparation into single cell suspension of oral mucosal tissues were performed as previously
describe[55]. Data was analyzed with FlowJo software (TreeStar). 

Details of materials and methods are provided in the Supplementary Text online.

Results
Niche-specialist microbial communities in major oral habitats

Distinct core species in each oral habitat. A total of 989 OTUs (971 thousand sequences in 20 samples)
were de�ned, including 908 OTUs belonging to 651 genera, and 81 OTUs of unclassi�ed genera (Fig.
S1A). Alpha- diversity analysis revealed that gingiva and palatal samples were richer (median chao1
index > 250), more diverse (median simpson index < 0.4) and evener (median simpsoneven index > 0.3)
than those of tongue and buccal samples respectively (Fig. 1A-C and Fig. S1A, C-D). The coordination of
the Bray-curtis PCoA plot (beta-diversity measure) showed that bacterial communities from tongue and
buccal samples clustered together, while those from palate and gingival samples formed another two
clusters (Fig. 1D). Gingiva and palatal samples harbored a higher relative abundance of Lactobacillus,
Staphylococcus, and Streptococcus, while tongue and buccal samples harbored the highest relative
abundances of Streptococcus (Fig. 1E-F and Fig. S1B). In particular, the Corynebacterium, Rodentibacter
and Stenotrophomonas were proportionally enriched in buccal samples, the Sporosarcina and
Atopostipes were proportionally enriched in gingiva, while the Neomicrococcus, Staphylococcaceae and
Methylobacterium were enriched in palate (Fig. 1G). Among 989 OTUs identi�ed in different oral sites, 25
were overabundant in gingiva, 57 were overabundant in palate, 21 were overabundant in buccal tissue,
and 6 of these taxa were overabundant in tongue (Fig. 1H). We also performed compact visualizations of
microbial metagenomes using Graphical phylogenetic analysis (GraPhlAn) of each sample (Fig. S1E-H).
All these results suggest the hypothesis that the oral microbiota is site-specialist, and each oral habitat
has its distinctive core species[7].

Potential interactions and niche-sharing among oral taxa in different sites. We argue that most
microorganisms restricted to the habitat result from the co-evolution of microbes in the unique site
leading to highly speci�c taxon-taxon interplays. Therefore, the network analysis was performed at the
top 50 OUT to provide details supporting this hypothesis. Among 216 links identi�ed, there showed
negative correlations in gingival and palatal samples (Fig. 2A, D) while a predominance of positive
correlations in tongue and buccal samples (Fig. 2B-C). Speci�cally, fewer links and a lower level of
centralization were found in palate (Fig. 2D), whereas more links and a higher level of centralization were
found in buccal (Fig. 2C) than in other sample groups. Network analysis was also performed at the genus
level (Fig. S2). The results con�rm the modular organization of the microbiota, and further accentuate
initial �ndings from the analysis at the level of OTUs.

The functional role in the distinct communities. Not surprisingly, through COG and KEGG pathways
analysis (Fig. 2E and Fig. S2E), the potential functional pathways were differently enriched in each oral
area. The relative abundance of several metabolic pathway-related OTUs as well as energy production
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and conversion-related OTUs increased in palate samples. In gingiva, there were enriched OTUs
associated with cell functional activities like cell wall/membrane/envelope biogenesis, cytoskeleton,
intracellular tra�cking, secretion, and vesicular transport, cell motility and so on. While in tongue and
buccal samples, it was the relative abundance of defense mechanisms-related, replication, recombination
and repair-related, and cell cycle control, cell division, chromosome partitioning-related OTUs developed.
The �ndings �rstly suggest that the functional role that the speci�c members play in each oral mucosa
presents differently and provides a strong microbiological barrier to support mucosal homeostasis.

The distribution of Th cells and γδT cells in different oral sites. Flow cytometry analysis showed that the
proportion of Th1 cells in tongue (38.18%, [27.03%-49.34%]) and buccal (18.62%, [12.99%-24.24%]
samples was higher than those in gingiva (7.79%, [4.92%-10.67%]) and palate (7.19%, [3.62%-10.76%], P <
0.01, Fig. 3A). The proportion of γδT cells in buccal (25.82%, [22.1%-29.54%]) and gingiva (20.42%,
[18.31%-22.53%]) samples was higher than those in palate (14.18%, [11.69%-16.67%]) and tongue (9.38%,
[5.38%-13.37%], P < 0.01, Fig. 3E). Meanwhile, the proportion of Th2, Th17, Treg cells showed no
signi�cance in each oral site (Fig. 3B-D).

Correlation analysis between immune cells and the oral microbiomes. Th1 cells revealed a negative
correlation with some opportunity infectious bacterial such as Acinetobacter, Massilia, Aeromonas,
Micrococcus and Enterobacter; and some strictly anaerobic or facultative anaerobic bacterial such as
genus Staphylococcus, Lactobacillus, Sporosarcina, Atopostipes, Faecalibaculum and Bi�dobacterium
while those positively correlated with Treg cells (Fig. 4A). Th1 cells showed a negative correlation with the
diversity of oral microbiota (R2 = 0.58, P < 0.05, Fig. 4B-C). From the recent �ndings, there is no signi�cant
correlation between Th2, Th17, γδT cells and oral communities in different oral habitats (Fig. 4A-B, D-G).
These works arise the potential correlation between the site-specialist microbiota and the distribution of
mucosal immune cells, till their causal relationship need more further study.

Age-related microbiome communities in the major life stages

Distinctive core species in each life stage. A total of 638 OTUs (709 thousand sequences in 10 samples)
were de�ned, including 451 OTUs belonging to 265 genera, and 187 OTUs of unclassi�ed genera (Fig.
S3A). Our �ndings revealed that the community richness was higher in old mice samples than that in
adult samples (P < 0.05, Fig. 5A, Fig. S3A-F), while community diversity and evenness showed no
signi�cant difference (P < 0.05, Fig. 5B-C). The coordination of the Bray-curtis PCoA plot (beta-diversity
measure) performed two clustering groups (Fig. 5D). GraPhlAn was used to visualize the microbial
metagenomes of each sample (Fig. 5E-F). From bar graph representing the relative community
composition at the genus level (Fig. 5G, Fig. S3G), genus Streptococcus was the most general
microbiome in oral cavity. LEfSe analysis as well as the richness heatmap discovered that the
Actinocrinis puniceicyclus, Actinospica, Actinospicaceae and Lactobacillus were proportionally enriched
in old samples, while the Jeotgalicoccus, Bosea and Sphingomonas were signi�cantly enriched in adult
samples (Fig. 5H-I, Fig. S3I). These data suggests that species abundance, rather than the overall species
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diversity, largely contributes to the observed differences in salivary microbiota between the adult and old
groups.

Taxa-taxa interactions in different periods. Among 139 links identi�ed, there showed negative correlations
in old samples while a half of positive correlations in adult samples (Fig. 6A-B). Speci�cally, fewer links
and a lower level of centralization were found in the old (Fig. 6B), whereas more links and a higher level
of centralization were found in the adult (Fig. 6A). In addition, adult samples contained several health-
associated taxa (Bi�dobacterium, Bradyrhizobium, Lactobacillus, Turicibacter, and Corynebacterium; Fig.
6A and Fig. S4A), while disease-associated taxa (Pseudomonas, Enterobacteriaceae, Enterobacter,
Staphylococcus, Bacillaceae, Geobacillus, and unclassi�ed genera) were found in old samples (Fig. 6B
and Fig. S4B). Network analysis was also performed at the genus level (Fig S4A-B). The analysis at the
genus level also readily identi�ed the interactions among speci�c taxa across the sample groups, such
Lactobacillus, Caldalkalibacillus_thermarum, and Bi�dobacterium.

The functional role of the oral microbiota in the phases. Differences in predicted COG and KEGG
functional pathways were observed in the saliva microbiota of adult and old mice (Fig. 6C and Fig. S4C).
Remarkably, increase in metabolic pathways were observed in adult mice, while cell period pathways like
cell cycle control, cell division, chromosome partitioning, replication, recombination and repair, were
increased in old mice. Taken together, these results suggest that changes of the oral microbiota during
ageing and the interference with signaling pathways contribute to the disorders in barrier function and
disease susceptibility.

The distribution of Th cells and γδT cells in different stages. The �ndings revealed that the proportion of
Th1 cells in adult groups (28.62%, [21.45%-35.8%]) was higher than those in old groups (11.59%,
[9.82%-13.37%], P < 0.01, Fig. 7A, E), while the proportion of Th2 (31.3%, [16.16%-46.44%]), Th17 (27.06%,
[15.76%-38.36%]) and Treg (29.74%, [15.71%-43.77%]) T cells in old samples was higher than those in
adult samples (P < 0.01, Fig. 7B-D, F-H). Meanwhile, the proportion of γδT cells showed no signi�cance
between two groups (Fig. S5A-B).

Correlation analysis between immune cells and the oral microbiomes. The correlations of the relative
abundance of bacteria with immune cell subsets, including Th1, Th2, Th17, Treg and γδT cells, were
shown in a spearman correlation heatmap (Fig. 8A). At the genus level, the abundance of old-enriched
bacterial positively correlated with the proportion of Th2 (Fig. 8D, R2 = 0.11, P < 0.05), Th17 (Fig. 8E, R2 =
0.16, P < 0.05), Treg (Fig. 8F, R2 = 0.16, P < 0.05) and negatively correlated with the proportion of Th1 (Fig.
8B, R2 = 0.19, P < 0.05). In contrast, Sphingomonas, Burkholderia−Caballeronia−Paraburkholderia and
Staphylococcus which enriched in adult mice samples, negatively correlated with the proportion of Th2
(R2 = 0.11, P < 0.05), Th17 (R2 = 0.16, P < 0.05), and Treg (R2 = 0.16, P < 0.05) and positively correlated
with the proportion of Th1 (R2 = 0.19, P < 0.05).

Discussion
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Herein we present a robust atlas of the oral microbial ecosystem in different oral habitats and two major
life stages, which expands the hypothesis of site-specialist oral microbiota to the niche-specialist and the
age-related one. We also explore the taxon-taxon relationship, microbial function and correlation between
the oral microbiota and the host immune cells to discover the interactions and the role of the microbes to
the host. Our work provides inspiring insights into mucosal microbiology in oral homeostasis[56]. 

Biogeography of the oral microbiome: the niche-specialist hypothesis

A strength of our work is the meticulous characterization of oral microbiomes with a strict de�nition of
different oral niches[3]. Four oral mucosal habitats, gingiva as the representative of tooth-associated
mucosa, buccal as the representative of lining mucosa, palate as the representative of masticatory
mucosa, and tongue as the representative of specialized mucosa[3], are selected to study. Our results
support the hypothesis that the oral microbiota distinctly enriches in different oral sites[57], as the
previous studies[7-9, 14]. In addition, the oral microbial communities are expected to display a range of
communications inside or outside themselves. We next characterized the organization of the complicated
interactions by inferring the microbial ecological networks with a random matrix theory (RMT)-based
approach[58]. Taxon-taxon dialogs indicate synergic or antagonistic interactions between oral bacteria,
as well as their preference for ecological niches[59]. Interestingly, at the top 50 OUT level, it shows more
antagonistic interactions in gingival and palatal samples which harbor a rich diversity in communities.
On the contrary, buccal and tongue samples occur more synergic interactions to maintain the ecosystem
balance. Network analysis based on correlations provides valuable insights into the microbial
interactomes and generates hypotheses for understanding oral homeostasis even though correlations are
by no means the empirically validated microbial interactions[59]. 

We further explore the speci�c enrichment of the function among these distinct microbial communities
inhabiting niches and �nd that the indicative microbial community adapts to speci�c body sites[9].
Remarkably, we �nd that there are enriched OTUs associated with activated cell activities signal
pathways like cell wall/membrane/envelope biogenesis, cytoskeleton, intracellular tra�cking, secretion,
and vesicular transport, cell motility et al. in the gingival niche. The marginal gingiva is a 1.5 mm strip of
gingival tissue which surrounds the neck of the tooth. The inner wall forms the gingival wall of the
sulcus. This unique microenvironment is full of abundant nutrition, proper temperature, and humidity otc.,
which is a best natural habitat for colonization and proliferation of a great deal of oral microorganisms.
Palate as a masticatory oral mucosa, increases the relative abundance of several metabolic and
biosynthetic pathway-related OTUs, which could be argued for the resistance to mechanical damage.
Buccal mucosa, activated with replication, recombination, repair, cell cycle control, cell division,
chromosome partitioning pathway-related OTUs, is due to the function of lining. And specialized (tongue)
oral mucosa raises the relative abundance of amino acid transport and metabolism, nucleotide transport
and metabolism, defense mechanisms, translation, ribosomal structure, biogenesis and transcription
pathway-related OTUs. Namely, it suggests that the most signi�cant factor that determines the niche for a
microbe is its local habitat, which includes its immediate neighbors. It implies that the co-evolution of
microbes within the mouth has led to highly speci�c taxon-taxon interactions that result in most microbes
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being restricted to the habitat type in the mouth that is occupied by those neighbors[8, 14]. Previous study
investigating mechanisms among core metabolic pathways of the human microbiome by functionally
pro�ling all HMP1-II samples using the program HUMAnN2[21] also supports our �ndings[9]. Since
habitat refers to externalities—the physical space and chemical environment that allow an organism to
exist, including contributions from other members of the microbial community. Niche refers to the activity
of an organism and the functional role that each member plays in the community[57]. Indeed, all these
results suggest that the niche-specialist hypothesis has important implications for the structure and
function of oral microbial communities. Additionally, our evaluation on the oral microbiota of both tooth-
associated (gingiva), masticatory (palate), lining (buccal), and specialized (tongue) oral mucosa in
homeostasis provides a baseline toward assessment to oral mucosal disease associated with these sites,
which typically present with unique disease susceptibilities[2].  

Evolution of the oral microbiome: the age-related hypothesis

Time outweighs the effect of host developmental stage on microbial community composition[60]. Our
�ndings reinforce the critical role of ageing in oral microbial composition and functions and suggest that
there is a trend for disease-associated taxa to increase and health-associated taxa to decrease with
ageing. Notedly, the microbial richness is higher in old mice than that in adult samples, and several
opportunistic pathogens such as Stenotrophomonas, Ralstonia, Enterococcus, Bacillaceae otc. are
proportionally enriched in old mice, which may be due to the reduction in oral clearance and the local
antibodies or antimicrobial peptides. Thinning of the oral mucosa also compromises local mucosal
immunity and its antimicrobial capacities[5, 61]. It also reveals that the distribution in healthy individuals
of potentially pathogenic taxa[14]. These examples highlight that with ageing, change in the ecology of
the oral cavity is associated with a risk for oral diseases[62]. Preza et al. described the bacterial diversity
of different oral niches from older adults without root caries or periodontitis[63]. The most commonly
detected species when all sites were evaluated together were Streptococcus oralis, Veillonella atypica,
Streptococcus parasanguinis and Fusobacterium nucleatum. The results in their study and this study
have emphasized the bacterial pro�les of healthy elders might be more diverse than those of young and
middle-aged adults. 

Each microbe in the mouth is specialized for one life stage or another, so that the microbiota at one
period is different from the microbiota at other periods not only in overall composition and proportions of
common taxa but also in speci�c membership. Therefore, network analysis is performed to reveal the
modularity of the microbial communities. Individual modules may comprise predominantly health- or
disease-associated taxa and may be found in both adult and old samples[14]. All results resolve potential
pathogens from nonpathogens that were previously lumped together, and they provide a baseline
estimate for the carriage rate and abundance of potential pathogens in oral homeostasis. Inspiringly, the
�ndings that old individuals nevertheless harbor ecological niches that support disease-associated
bacteria also support that the shift of health-compatible to disease-inducing microbiome was due to the
proportional increases of pathogenic bacteria with ageing, and not due to de novo colonization of
disease-associated bacteria in previously healthy individuals[59]. Also, the results suggest that
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antagonism between oral bacteria is a major driving force in the formation of the old-mice oral microbial
community. 

Intriguingly, increase in metabolic and biogenesis pathway-related OTUs are documented in adult mice,
while cell period pathways like cell cycle control, cell division, chromosome partitioning, replication,
recombination, and repair pathway-related OTUs, are increased in old mice. During adult life, the
composition and proportions of the resident microbes are considered to be reasonably stable, and they
coexist in harmony with the host[64]. Physiological changes of ageing include different tissues and
functions of the oral cavity[5, 61]. As such, the bone density of the jaws is reduced due to loss of calci�ed
tissue and modi�cations in the collagen structure. It is comprehensible that with ageing, oral mucosa
becomes lack of metabolism activities and increasing of tissue repairment, which also re�ects in the
distinguishable enrichment of oral microorganisms. These works indicate that the host environment
drives changes in the oral microbiome over time[65]. The context of the individual’s environmental
exposure offers an opportunity to predict risk for early disease markers, providing insights into the
development of next generation diagnostics. It is not yet known whether any of these ecotypes correlate
with increased predisposition to oral disease, which need further study. 

The microbiota-immune cell axis in oral homeostasis

Anther strength of our study is the exploration of immune cell recruitment in different oral niches and
ages. Recently, a new concept that the crosstalk between the oral microbiota and mucosal immunity may
regulate oral mucosal diseases has been suggested[2]. However, before disease can be fully understood,
it is necessary to have a clear understanding of oral homeostasis. Previous studies have shed light on the
immunological role of the adult oral epithelium[1]; nevertheless, the spatial and life-long characteristics of
immune cells in oral homeostasis remains ill de�ned. To our knowledge, this is the �rst study to date to
characterize oral recruited mucosal immune cells at four habitats (gingiva, palate, buccal and tongue) as
well as during two life stages (adult and old) in oral homeostasis. 

In the current study, we elucidate an increase in Th1 cell populations in the setting of adult’s tongue and
buccal mucosa as well as an increased populations of Th2, Th17 and Treg in the setting of old mice
mucosa. Our work here details an atlas of Th cell populations, especially later in life, providing insights
into cell functionality in homeostasis and disease susceptibility, opening avenues for further mechanistic
exploration of these subsets. Th cell populations are characterized by the production of different effector
cytokines and the expression of distinct transcription factors to defense pathogens and maintain
balance[2]. Th2 cell differentiation is initiated by T cell receptor (TCR) signal together with IL-4 and
subsequently by STAT6 signal transduction, leading to the expression of the transcription factor GATA-
3[66]. Th17 cells are an important subset of effector T cells that are protective during extracellular
bacterial and fungal invasion[67-71]. Tregs are essential for maintaining self-tolerance and
immunosuppression[72]. As discussed above, due to the reduction in oral clearance and the local
antibodies or antimicrobial peptides, several opportunistic pathogens are proportionally enriched in old
mice. The increased populations of Th2, Th17 and Treg in the setting of old mice mucosa could be
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suggested to maintain host immune homeostasis and minimize tissue damage. γδT cells are also critical
mediators of oral mucosal homeostasis. In gingiva, we further document signi�cant recruitment of γδT
cells by �ow cytometry, as previously reported[39, 73, 74]. γδT cells reside in the gingiva, an oral tissue
covered with specialized epithelium that continuously monitors the challenging dental bio�lm. Whereas
most research on intraepithelial γδT cells focuses on the skin, intestine epithelia and gingiva[39, 73-76],
our knowledge on these cells in other oral habitats is still incomplete. Importantly, an unreported aspect
of the high proportion of γδT cells in buccal tissue is the speci�cation of some unique microorganisms
toward the recruitment of γδT cells. Further study will be carried out for the subsets and functions of
these γδT cells in buccal tissue. 

Finally, we utilize our atlas to explore the correlation between the abundance of the oral microbiomes and
the recruited immune cells, providing a further understanding of microbiota-immune axis underlying oral
mucosal homeostasis and ageing. The �rst encounter of mucosal barriers with the microbiota initiates
host–microbiota feedback loops instructing the tailored development of both the immune system and
microbiota at each mucosal site. Once established, balanced immunological interactions enable
symbiotic relationships with the microbiota in adult life[1]. We therefore create a correlation analysis and
revealed that Th1 cells perform a negative correlation with strictly anaerobic or facultative anaerobic
bacterial, and opportunity infectious bacterial. On the contrary, Treg cells revealed a positive correlation
with genus Sporosarcina, Atopostipes and Bradyrhizobium. Furthermore, the abundance of old mice-
enriched bacterial positively correlated with the proportion of Th2, Th17, and Treg and negatively
correlated with the proportion of Th1. These �ndings suggest a previously unacknowledged role for the
age-related microbiota in immune responsiveness in oral homeostasis, similar to recent �ndings that
identify a microbiota-immune axis in ageing of other tissue compartments[4, 77-81]. For example,
mucosal colonization of Porphyromonas gingivalis, an important component of the dysbiotic
microbiome, can regulate the plasticity of interstitial Th17 and Treg cells leading to an unfavorable
balance that promotes disease[82]. Oral mucosal homeostasis is established and shaped by host–
microbiota interactions in early life[1]. Th cells residing in the mucosa play important roles in mucosal
immunity and tolerance[38]. T cell de�ciency or defects in T cell function are associated with several oral
mucosal diseases[2, 72]. Indeed, our results expand the original �nding of the phenotype and function of
T cell subsets interplaying with the oral microbiota that reside in the oral mucosal homeostasis in old life.
Further studies in targeting the speci�c oral microbiome-immune response and causal mechanisms can
conclusively de�ne the role of microbiota in the psychology of oral homeostasis and its contribution to
microbial dysbiosis.  

Despite our study has several strengths, we also have some shortcomings. Limit to study design, we
identify the association between the oral microbiota and several T cell subsets such as Th cells and γδT
cells. Nevertheless, there are still other immune cells locating in the oral mucosa, and responding to oral
commensals and pathogens, such as a unique population of CD3+ CD4/CD8 double-negative T cells
termed mucosa-associated invariant T (MAIT) cells, neutrophils, innate lymphoid cells (ILCs), oct.[1],
which are also deserved fully studied in the future. To identify the correlation between the oral inherent



Page 12/27

microbiota and the resided immune cells in different niches and ages in the context of oral mucosal
homeostasis, we performed our studies on animal experiments at present. However, animal models will
never fully replicate all factors of human biology. There is still a need to conduct clinical studies on
humans to gain a holistic understanding of the key features of the oral ecosystem that contribute to oral
health. Further research should be carried out to con�rm the hypothesis on human samples and reinforce
the mechanistic studies on causal relationship as well as cell-speci�c functionality in disease
susceptibility and pathogenesis.

Conclusions
To our knowledge, this is the �rst study to date to characterize oral bacterial microbiome communities at
four oral niches (tongue, buccal, gingival, and palate) as well as in two major life stages (adult and old) in
the context of oral homeostasis and analyze their correlations with immune subsets in oral mucosa. Our
�ndings provide critical insights on microbial communities and species that are niche-specialist and age-
related in the oral cavity, and their potential association with Th cells and γδT cells. A clear understanding
of microbiota structure at different sites and ages in the mouth enables mechanistic studies, informs the
generation of hypotheses, and strengthens the position of oral mucosal microbiology as a model system
for microbial ecology in general. Future studies should aim to uncover the co-abundance of speci�c
microbial communities to explore their potential roles in the etiology of microbiota-driven pathogenesis in
prospective and longitudinal studies.
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Figure 1

The oral microbiota community is niche-specialist A-D. Comparative alpha diversity (A-C) and beta
diversity (D. Principal coordinate analysis, PCoA) analysis of the oral microbiome in different oral sites. A.
Box plot of community richness analysis (chao1 index). B. Box plot of community diversity analysis
(simpson index). C. Box plot of community evenness analysis (simpsoneven index). D. Bray–curtis PCoA
plot. Each point represents gingiva (green), tongue (pink), buccal (red), and palate (blue) for each saliva
sample. E. Bar graph represents the relative community composition at the genus level of the oral
microbiota in each oral site. F. Circular layout of the top microbial features at the genus level with each
sample. The size of each bacterial point represents the relative abundance of OTUs in all microbial
communities. The color of each sample point represents the highest abundance species in it. G. Richness
heatmap of the microbiota composition at the genus level within each sample (horizontal axis).
Dendrogram of sample sites based on the community similarity along the left axis. The color of the spots
represents the relative abundance of the OTUs. The genus-level taxonomic assignment is shown on the
right. Each column represents one subject. H. Taxonomic cladogram obtained from LEfSe analysis of
16S sequences, taxonomic representation of statistically signi�cant differences in gingiva (green), tongue
(pink), buccal (red) and palate (blue). The diameter of each circle is proportional to taxon abundance.
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Figure 2

Taxon-taxon relationship and functional analysis of different communities A. Network analysis for
gingival sample. B. Network analysis for tongue sample. C. Network analysis for buccal sample. D.
Network analysis for palatal sample. The network analysis was performed at the level of top 50 OTU. The
OTU nodes under each genus are merged into the single genus nodes, which are color coded by phyla.
The size of the node correlates with the number of links of the node. A solid line indicates a positive
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correlation. The dotted line shows a negative correlation. E. COG functional pathway abundance analysis
of the oral microbiota in different habitats. G, G1-5: gingiva, T, T1-5: tongue, B, B1-5: buccal, P, P1-5:
palate. Continuous variables are presented as means ± standard deviations. *P < 0.05, ** P < 0.01, *** P <
0.001. Signi�cant differences between groups were analyzed with the Kruskal-Wallis Test.

Figure 3
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The abundance of Th1 cells and γδT cells distributed distinctive in different oral sites A. Representative
�ow cytometry data and statistical analysis for IFNγ expression in different oral sites. B. Representative
�ow cytometry data and statistical analysis for IL4 expression in different oral sites. C. Representative
�ow cytometry data and statistical analysis for IL17 expression in different oral sites. D. Representative
�ow cytometry data and statistical analysis for Foxp3 expression in different oral sites. E. Representative
�ow cytometry data and statistical analysis for TCRγδT expression in different oral sites. Continuous
variables are presented as means ± standard deviations. *P < 0.05, ** P < 0.01, *** P < 0.001. Signi�cant
differences between groups were analyzed with the One-way ANOVA.

Figure 4
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Correlation analysis between the immune cells and the relative abundance of oral microbiota A.
Spearman correlation heatmap. B. CCA analysis. C-G. Linear regression model. Spearman correlation
coe�cients are represented by color ranging from blue (negative correlation) to red (positive correlation).
*P < 0.05 and **P < 0.01 based on Mann-Whitney test.

Figure 5
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The oral microbiota community is age-related A-D. Comparative alpha diversity (A-C) and beta diversity
(D. Principal coordinate analysis, PCoA) analysis of the saliva microbiome between adult mice and old
mice. A. Community richness analysis (chao1 index). B. Community diversity analysis (simpson index).
C. Community evenness analysis (simpsoneven index). D. Bray–curtis PCoA plot. Each point represents
adult (red) and old (blue) for each saliva sample. E-F. Compact visualizations of microbial metagenomes
using Graphical phylogenetic analysis (GraPhlAn) of each sample. E. GraPhlAn pro�le for adult mice
saliva samples. F. GraPhlAn pro�le for old mice saliva samples. G. Bar graph represents the relative
community composition at the genus level in saliva samples of adult mice and old mice. H. Taxonomic
cladogram obtained from LEfSe analysis of 16S sequences, taxonomic representation of statistically
signi�cant differences between adult mice and old mice (red, adult mice; green, old mice). The diameter
of each circle is proportional to taxon abundance. I. Richness heatmap of the saliva microbiota
composition at the genus level within each sample (horizontal axis) from adult mice and old mice.
Dendrogram of sample sites based on the community similarity along the left axis. The color of the spots
represents the relative abundance of the OTUs. The genus-level taxonomic assignment is shown on the
right. Each column represents one subject.
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Figure 6

Taxon-taxon relationship and functional analysis of different stages A. Network analysis for adult
sample. B. Network analysis for old sample. The network analysis was performed at the level of top 50
OTU. The OTU nodes under each genus are merged into the single genus nodes, which are color coded by
phyla. The size of the node correlates with the number of links of the node. A solid line indicates a
positive correlation. The dotted line shows a negative correlation. C. COG functional pathway abundance
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analysis. Continuous variables are presented as means ± standard deviations. *P < 0.05, ** P < 0.01, *** P
< 0.001. Signi�cant differences between groups were analyzed with the Kruskal-Wallis Test.

Figure 7

The abundance of CD4+ T cell subsets distributed distinctive in different life stages A. Representative
�ow cytometry data for IFNγ expression. B. Representative �ow cytometry data for IL4 expression. C.
Representative �ow cytometry data for IL17 expression. D. Representative �ow cytometry data for Foxp3
expression. E-H. Statistical analysis. Continuous variables are presented as means ± standard deviations.
*P < 0.05, ** P < 0.01, *** P < 0.001. Signi�cant differences between groups were analyzed with the T test.
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Figure 8

Correlation analysis between the immune cells and the relative abundance of oral microbiota in different
life stages A. Spearman correlation heatmap. B. RDA analysis. C-F. Linear regression model. Spearman
correlation coe�cients are represented by color ranging from blue (negative correlation) to red (positive
correlation). *P < 0.05 and **P < 0.01 based on Mann-Whitney test.
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