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Introduction
Saliva is a complex exocrine fluid that is mainly composed of 
salivary gland secretions but with additional contributions 
from various extrinsic sources including blood, gingival cre-
vicular fluid, oral mucosa and immune cells, nasopharyngeal 
secretions, and microbes (Dawes et al. 2015). Salivary compo-
sition is highly dynamic because external and internal factors 
influence to varying and unpredictable degrees the relative 
contributions of these sources that make up whole-mouth 
saliva. Saliva facilitates mechanical preprocessing and enzy-
matic predigestion of food, including wetting of dry food, dis-
solving of taste components, forming a food bolus for chewing, 
and lubricating it for easier swallowing. Saliva also moistur-
izes the oral integuments and protects the enamel layer of teeth 
from erosion, abrasion, and attrition (Lendenmann et al. 2000; 
Ruhl 2012). In addition, saliva serves as a modulator of oral 
microbiome homeostasis by tolerating resident microbes in the 
mouth and shielding the host from intruding pathogens, thus 
becoming a vehicle of host defense (Cross and Ruhl 2018).

Saliva is desirable for point-of-care diagnostics because of 
its noninvasive and cost-effective sample collection (Bonne 
and Wong 2012). Its potential for monitoring oral and systemic 
diseases has recently gained increased attention during the cur-
rent COVID-19 pandemic (Huang et al. 2020). Saliva has been 

effectively employed to detect the virus (Teo et al. 2021) and 
track the immune response to SARS-CoV-2 (Isho et al. 2020; 
Huang et al. 2021). Compared with blood, saliva is readily 
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Abstract
Saliva has become an attractive body fluid for on-site, remote, and real-time monitoring of oral and systemic health. At the same time, 
the scientific community needs a saliva-centered information platform that keeps pace with the rapid accumulation of new data and 
knowledge by annotating, refining, and updating the salivary proteome catalog. We developed the Human Salivary Proteome (HSP) Wiki 
as a public data platform for researching and retrieving custom-curated data and knowledge on the saliva proteome. The HSP Wiki is 
dynamically compiled and updated based on published saliva proteome studies and up-to-date protein reference records. It integrates 
a wide range of available information by funneling in data from established external protein, genome, transcriptome, and glycome 
databases. In addition, the HSP Wiki incorporates data from human disease–related studies. Users can explore the proteome of saliva 
simply by browsing the database, querying the available data, performing comparisons of data sets, and annotating existing protein 
entries using a simple, intuitive interface. The annotation process includes both user feedback and curator committee review to ensure 
the quality and validity of each entry. Here, we present the first overview of features and functions the HSP Wiki offers. As a saliva 
proteome–centric, publicly accessible database, the HSP Wiki will advance the knowledge of saliva composition and function in health 
and disease for users across a wide range of disciplines. As a community-based data- and knowledgebase, the HSP Wiki will serve as a 
worldwide platform to exchange salivary proteome information, inspire novel research ideas, and foster cross-discipline collaborations. 
The HSP Wiki will pave the way for harnessing the full potential of the salivary proteome for diagnosis, risk prediction, therapy of oral 
and systemic diseases, and preparedness for emerging infectious diseases.
Database URL: https://salivaryproteome.nidcr.nih.gov/

Keywords: saliva, biofluid, proteins, database, omics, diagnostics

https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/jdr
mailto:shruhl@buffalo.edu
http://salivaryproteome.nidcr.nih.gov/


Human Salivary Proteome Wiki 1511

available even by laypersons, which makes it attractive for on-
site, remote, and real-time monitoring of health and disease 
(Tabak 2007). Many blood plasma components are present in 
saliva, providing a potential noninvasive method for the diag-
nosis of systemic diseases (Pfaffe et al. 2011). One of the major 
obstacles, however, is the high biovariability of salivary pro-
teins. Salivary flow, epithelial leakage, gingival and periodon-
tal inflammation, and enzymatic degradation are among the 
main confounding parameters influencing salivary composi-
tion (Helmerhorst et al. 2018). Nevertheless, while diagnostic 
applications based on quantitative analysis of salivary proteins 
remain a challenge, several Food and Drug Administration–
approved saliva-based tests have been developed, including 
ones for detection of HIV infection (OraQuick), drug use 
(Oratect), and SARS-CoV2 infection (SalivaDirect).

In 2008, a large-scale multicenter study identified more 
than 1,000 proteins in salivary gland secretions and defined the 
first comprehensive catalog of the human salivary proteome 
(Denny et al. 2008). Many additional proteome data sets of 
whole saliva and minor salivary gland secretions have been 
published since then (Siqueira et al. 2008; Bandhakavi et al. 
2009; Jehmlich et al. 2013). With the availability of more 
advanced proteomics technology, newer data sets provide sub-
stantially richer information that allows for quantitative com-
parisons. As proteomics continues evolving, the scientific 
community needs a saliva-centered information platform to 
effectively deposit, annotate, analyze, and exchange the rapidly 
accumulating data and knowledge to further advance the field.

Various strategies have been leveraged to annotate large 
biological data sets (Stein 2001; Reeves et al. 2009). One strat-
egy is to rely on dedicated curators for database maintenance, 
as exemplified by the Human Oral Microbiome Database, 
which catalogs more than 700 bacterial species in the human 
mouth and continues to expand (Escapa et al. 2018). An alter-
native strategy is community-wide open annotation or crowd-
sourcing (Giles 2007; Sparks et al. 2016; Griffith et al. 2017), 
with the wiki being one of the most popular frameworks to 
catalyze collaborative content creation. WikiPathways (Slenter 
et al. 2018) is an example of earlier, successful wiki-based 
efforts to promote community annotation of biological path-
ways using transcriptomics, proteomics, and metabolomics 
data. Similar wiki databases have been established for general 
gene and protein annotations (Mons et al. 2008; Good et al. 
2012), specific model organisms (Stover et al. 2012; Michna  
et al. 2016), and biomedical applications (Cariaso and Lennon 
2012; Ives et al. 2017).

To facilitate the translation of research findings into saliva-
based diagnostic tests and therapeutics, we developed the 
Human Salivary Proteome Wiki (HSP Wiki) as a community 
resource for depositing, annotating, and investigating salivary 
proteomic data. The HSP Wiki platform integrates an array of 
information and analytic tools to catalyze knowledge dissemi-
nation and discovery. The platform is specifically designed for 
researchers and clinicians from multiple backgrounds inter-
ested in salivary gland biology, salivary diagnostics, pro-
teomics, and bioinformatics.

Building the HSP Wiki

Data Conversion and Normalization

We developed a workflow to integrate and standardize mass 
spectrometry (MS) data generated by different research groups 
using different techniques and data formats (Fig. 1A). The first 
step was to prepare and convert data sets into a standard format 
that captures peptide and protein identifications and metadata 
necessary for unambiguous interpretation of its content 
(Deutsch et al. 2015). A standardized input system allows que-
rying and comparison across different studies. Output results 
were remapped to a common set of identifiers. Earlier studies 
used the International Protein Index (IPI) database, which was 
decommissioned in 2011. Recent studies use protein sequences 
and identifiers from the UniProt Knowledgebase (UniProt 
Consortium 2019). Thus, the original IPI identifiers had to be 
converted to equivalent UniProt counterparts. In addition, peri-
odic updates of sequence databases lead to revision of sequence 
identities and protein identifiers. For instance, some identifica-
tions originally mapped to hypothetical proteins and are no 
longer valid in the latest database. Therefore, in addition to 
preserving the original protein accessions and their links to 
UniProt identifiers, we also incorporated the capability to 
update the identification results by remapping them using the 
most up-to-date version of the reviewed protein sequences in 
UniProt/Swiss-Prot. For protein quantitation, we used spectral 
counts as a proxy measure for abundance levels of proteins in 
saliva, as many of the studies in the database lack direct quan-
titative information. Abundance levels were normalized by 
counting the total number of spectra produced in each experi-
ment and the number of potential peptide sequences in a given 
protein sequence.

Database Structure and Integration

The HSP Wiki comprises 2 interconnected subdatabases. The 
first one stores experimental data at the local BioMart server, a 
data warehouse optimized for querying large data sets. 
Currently, the HSP Wiki encompasses more than 800 individ-
ual MS data acquisition files from 6 studies, covering whole 
saliva and the ductal secretions of parotid, submandibular, and 
sublingual glands both from healthy individuals and subjects 
suffering from oral cancer or Sjögren’s syndrome (Appendix 
Table 1). These files form the backbone of the salivary pro-
teome catalog. The second subdatabase stores knowledge facts 
of salivary proteins and uses a data structure and interface 
similar to Wikipedia. Building on top of protein metadata from 
UniProt, we incorporated additional structural and expression 
data tailored to the specific interests of the salivary research 
community. These include RNA-Seq and immunohistochemistry-
based tissue expression data from the Human Protein Atlas 
(Uhlén et al. 2015), MS-based abundance data of blood plasma 
proteins from Peptide Atlas (Schwenk et al. 2017), and glycan 
structures from UniCarb-DB (Campbell et al. 2014). Recently, 
transcriptomics data from the 3 major salivary glands have also 



1512 Journal of Dental Research 100(13) 

been incorporated into the Wiki (Saitou et al. 2020). This 
diverse set of data empowers the community to interrogate 
salivary multimodal data sets, including gene expression at dif-
ferent levels, and to explore additional protein annotations 
(Fig. 1B).

Data Display

A comprehensive protein table forms the centerpiece of the 
HSP Wiki knowledgebase, which concisely and intuitively 
summarizes the complex information residing in the experi-
mental subdatabase (Fig. 1C). The listing is compiled dynami-
cally based on the proteomics data stored in the database, 
ensuring that the catalog remains as accurate as evidence per-
mits. The table uses visual keys to indicate gene product abun-
dances in salivary gland ductal secretions and whole saliva as 
estimated by RNA-seq, MS, and immunostaining. The goal is 
to provide rich, unbiased evidence to help users explore the 
dynamic and complex nature of saliva. For example, users can 
choose proteins with a high abundance in whole saliva but that 
lack expression in blood plasma.

Features of the HSP Wiki
Here, we highlight selected user-relevant features of the Wiki. 
For a comprehensive list of features and user guide, please visit 
our website at https://salivaryproteome.nidcr.nih.gov/public/
index.php/Help:Contents.

User Interface and Tools

The HSP Wiki incorporates a wide range of tools for users to 
search and analyze different contents. Users can query the wiki 
contents using simple free text or an advanced search targeting 
specific fields; they can also search for experimental data by 
tissue types, disease, and other associated metadata. Many of 
the tools available in the wiki also leverage publicly accessible 
programming interfaces or open-source software developed by 
the National Center for Biotechnology Information, European 
Bioinformatics Institute, and other bioinformatics institutes. 
Common sequence analysis tools, such as BLAST and 
InterProScan, enable users to search for proteins with similar 
features or functional domains. Tools are also available to visu-
alize and predict (by sequence homology) 3-dimensional (3D) 
structures (Fig. 2A). Glycan structure diagrams are shown for 
some proteins, such as Mucin 7 (Fig. 2B). In addition, the Wiki 
provides a search interface to IntAct (a curated database of 
experimentally determined protein and chemical interactions) 
to explore protein interactions and biological pathways (Fig. 
2C).

We also developed custom tools for analyzing the experi-
mental data stored in the Wiki. One tool allows for gel image 
analysis and annotation of both 1D and 2D images (Walz et al. 
2006). Once gel files are uploaded, the processing pipeline will 
automatically detect lanes in 1D gel images, and any existing 
annotations will be imported (Fig. 2D). Users can also dynami-
cally annotate the image with additional protein identification 

information at specific positions. Another custom tool is a dif-
ferential expression analysis function that allows users to select 
experiments from the BioMart database and compare protein 
abundance levels between 2 groups of samples (Fig. 2E). More 
detailed usage examples are presented below in the form of a 
comparison between parotid and submandibular/sublingual 
gland proteins and of oral cancer biomarker discovery (see the 
section “Usage Examples of Analytic Tools”).

Data Upload, Knowledgebase Annotation

The HSP Wiki serves as an annotation and functional discov-
ery platform for the salivary proteome. The entire HSP Wiki 
framework is built to support these functions. Figure 3A pres-
ents a schematic representation of the annotation workflow. 
The protein pages are seeded with UniProt annotations. 
Following the UniProt convention, annotations are divided 
into 2 sections, Comments and Features, which describe the 
biological properties and sequence position-specific informa-
tion for a given protein, respectively. Any registered user can 
submit proposals to add, remove, or modify annotations and 
become an annotator. The Wiki provides many tools for anno-
tators to gather evidence to support their annotations (see 
“User Interface and Tools” section above). Appendix Table 2 
describes the individual fields that make up a protein annota-
tion. The HSP Wiki follows the UniProt framework to be com-
patible with the prepopulated UniProt annotations. For some 
annotation types, the Description field can be populated with 
terms from designated ontologies. The annotator can look up 
the appropriate term by either searching or browsing the 
selected ontology from a pop-up menu. Currently, the Wiki has 
13 ontologies and controlled vocabularies. The Annotation 
Source field tracks the source of each annotation. This infor-
mation helps users to determine the origin of annotations, 
which could be derived from an automatic script or a specific 
author. This field may serve as an incentive for researchers to 
annotate the proteins they study, as others may use these cred-
its to infer expertise or seek collaborations.

An annotator can put 1 or more annotations in a proposal 
basket and submit them as a single proposal for examination. 
When a proposal is submitted, affected pages will be locked with 
a message on top to indicate changes. Any user can view the pro-
posed changes on the Proposed protein page, which is a copy 
of the original page with the proposed annotations incorpo-
rated and highlighted. Users can comment or debate about the 
proposed annotations using discussion forums within the Wiki.

Digital Curation

User-submitted contents, except invited commentaries (Fig. 
3B), will go through a curation process. The curation workflow 
ensures that community annotations in the Wiki are accurate 
and supported by sound scientific evidence. Experts from dif-
ferent backgrounds form the curation committee. This team 
evolves dynamically based on the expertise and ability to con-
tribute and improve the database. Members of the curation 
committee can view the status of all outstanding submissions 

https://salivaryproteome.nidcr.nih.gov/public/index.php/Help:Contents
https://salivaryproteome.nidcr.nih.gov/public/index.php/Help:Contents
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Figure 1. Development of the human salivary proteome catalog. (A) Overview of the workflow developed to standardize and integrate data sets 
submitted in variable data formats and contents and to update identification results using the most up-to-date protein sequences. (B) Chord diagram 
to visualize the contribution of ductal secretions of the major salivary glands and blood plasma to the complex mixture of proteins in whole saliva. 
(C) Protein catalog table, which uses color indicators to depict different types of experimental and editorial evidence available in support of including 
corresponding proteins in the catalog. The color indicators include 3 levels of shades from dark to light, indicating the levels of protein abundance 
as estimated by mass spectrometry (MS) spectral counts, by immunohistochemistry (IHC), or by mRNA abundance (green color indicators). Striped 
patterns indicate that information is not available. White indicates an absence of protein or mRNA. For the display in this figure, the filter function 
has been applied to show only proteins that are upregulated in saliva based on glandular mRNA expression. B, blood plasma (red color indicators); M, 
minor salivary glands; MS, protein abundances in secretions; mRNA, RNA levels in tissues; Par, parotid gland; Sub, submandibular/sublingual glands; WS, 
whole saliva.



1514 Journal of Dental Research 100(13) 

Figure 2. Selected features available for Human Salivary Proteome (HSP) Wiki users. (A) A tool for 3D protein structure visualization. (B) Glycan 
structures linked to mucin MUC7 and other salivary proteins have been imported from UniCarb-DB. (C) A network diagram displaying protein-
protein interactions from proteins imported from the IntAct database. (D) A tool developed to visualize and annotate 1D and 2D gel images within 
the Wiki. (E) A heat map generated from a tool that performs differential abundance analysis of proteomic data sets stored in the Wiki that users can 
choose for comparisons.
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Figure 3. Crowdsourcing opportunities available in the Human Salivary Proteome (HSP) Wiki. (A) Workflow for the annotation and curation process 
in the HSP Wiki that leverages the collective expertise of the research community. (1) A researcher has just finished a study and adds his findings to 
the Wiki. (2) After the proposal is submitted, the community will have the opportunity to register their feedback. (3) With expert knowledge on the 
subject matter, a curator reviews the proposal, taking into consideration the feedback gathered from the community. The curator may approve or 
reject all or parts of the proposal. If rejected, the researcher can resubmit the rejected changes after revisions. If approved, the new content will be 
incorporated into the Wiki. An additional step is possible, in which (4) the annotations in the Wiki can be fed to machine learning tools for discovering 
implicit relationships among entities. A curator will need to examine the output from these tools to ensure that the machine-generated knowledge is 
accurate before incorporating it into the Wiki. (B) As demonstrated in this screenshot of a sample expert commentary page, users with recognized 
expertise on certain proteins are invited to provide descriptions including unique properties of these proteins in saliva.
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Figure 4. Differential analyses comparing glandular ductal secretions and saliva samples from a biomarker discovery study demonstrate the capabilities 
of the Human Salivary Proteome (HSP) Wiki. (A, B) The correlation of protein abundance levels estimated by the peak area (Top3 approach) and 
spectral counting methods in parotid and submandibular/sublingual (SM/SL) glandular ductal saliva, respectively. Pearson’s correlation coefficients for 
representative samples are shown. (C) Volcano plot showing differential protein abundances between the parotid and SM/SL glands. The plot was 
generated using the DE analysis tool from the Wiki. Proteins with statistically significant fold changes ≥log2 are shown as blue dots. Gene symbols for 
the most gland specifically expressed proteins are shown. (D) Enriched Gene Ontology (GO) biological processes from gene set enrichment analysis 
(GSEA) of the differential abundance results between salivary proteomes of oral squamous cell carcinoma (OSCC) subjects and healthy controls. Only 
pathways with adjusted P values ≤0.05 and ≥66% leading gene representation (i.e., enrichment signals coming from at least 66% of proteins in the 
pathway) are shown.

and claim any proposals waiting for review. Once a proposal is 
claimed, the curator will inspect the proposal and communicate 
with the annotator. The status message on the affected pages 
will display the responsible curator’s name. The transparency 
of this process empowers collaborations and leverages the col-
lective knowledge of the community. The curator will accept 
or reject the proposal in whole or in part and notify the annota-
tor by email. Accepted changes are incorporated into the cor-
responding pages, and users can track revisions using the 
built-in page history feature.

Usage Examples of Analytic Tools

Differential Expression Analysis to Compare 
Glandular Salivary Proteomes

Users can employ the HSP Wiki differential expression analy-
sis tool to facilitate exploration and secondary analysis of the 
MS data sets within the database, for instance, to compare pro-
tein levels in selected data sets. We demonstrate here how to 
use this tool to perform differential expression analysis of a 
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recently published comparison of the parotid and submandibu-
lar/sublingual glands using liquid chromatography tandem MS 
(Schulte et al. 2019). Spectral count–based quantitation in the 
Wiki correlated well with quantitation based on peak area used 
in the original study (Fig. 4A, B). The HSP Wiki differential 
expression analysis tool replicated the main findings that  
cystatins-S, -SN, and mucin 7 are core submandibular/sublingual 
proteins, whereas PRB2 is highly associated with parotid 
secretions. The heat map and volcano plot produced by the tool 
highlight proteins that are significantly differentially expressed 
(Figs. 2D, 4C).

Differential Expression Analysis to Compare Healthy 
and Disease-Associated Salivary Proteomes

Additional downstream analyses can also be performed using 
external analysis tools. Raw MS data from a study comparing 
saliva proteomes between patients with oral squamous cell car-
cinoma (OSCC) and healthy controls (Lin et al. 2019) were 
deposited into the Wiki database. Of 2,246 proteins identified 
from MaxQuant analyses, 103 proteins were significantly dif-
ferentially expressed between the control and OSCC groups. 
Of 39 proteins with predictive power in discriminating the 2 
groups, 29 were also significantly different (false discovery 
rate ≤ 0.05) based on the spectral counting quantification 
method used by the Wiki. After exporting the results to the R 
software, the entire set of proteins was ranked based on test 
statistics computed by the Wiki, and gene-set enrichment anal-
ysis against Gene Ontology (GO) pathways demonstrated con-
sistent findings with the original report and conclusions (Lin  
et al. 2019), including blood coagulation, acute inflammatory 
response, humoral immune response, and protein activation 
cascade as top enriched pathways (Fig. 4D). In addition, the 
Wiki analysis showed that triglyceride and interleukin-8 regu-
lation were also enriched in the saliva of OSCC patients.

Future Development of the HSP Wiki
In the future, the HSP Wiki will interact through automated 
data workflows with additional relevant databases hosting 
sequence, structure, posttranslational modification informa-
tion, and oral microbiome data. The Human Oral Microbiome 
Database (HOMD, http://www.homd.org/) and the glycosyl-
ation database GlyGen (https://www.glygen.org/) are antici-
pated extensions. Since the interactions of oral bacteria with 
salivary proteins are primarily mediated by glycans expressed 
either on the proteins or the bacterial surface (Cross and Ruhl 
2018), a glycome-centric database could serve as the interface 
between proteome and microbiome in the oral cavity. These 
future integrative pipelines will provide novel insights into 
functional salivary biology. Another possibility is to add sali-
vary proteome information from other organisms (e.g., pri-
mates [Thamadilok et al. 2020] and rodents [Stopka et al. 
2016]) for interspecies comparisons to gain novel insights into 
the functions of saliva (Stearns 2020).

It will be paramount for the HSP Wiki to integrate the abil-
ity to compare salivary proteome composition between health 
and disease states, including Sjögren syndrome, salivary gland 
malignancies, oral cancer, dental caries, periodontal diseases, 
and systemic diseases. For risk prediction, it will be important 
to obtain access to other databases providing global popula-
tion-wide information on genetic variants and disease 
correlations.

Discussion
We established the HSP Wiki as a public data platform for 
researching and retrieving custom-curated data and knowledge 
information on the saliva proteome. The HSP Wiki is useful 
across a wide range of disciplines in advancing the knowledge 
of saliva composition and function in health and disease, and 
serves as a worldwide research platform to retrieve and 
exchange salivary proteome information, inspire novel ideas, 
and foster cross-discipline collaborations. This community-
based data and knowledgebase will help to harness the full 
potential of the salivary proteome for diagnosis, risk predic-
tion, and therapy of oral and systemic diseases and to increase 
preparedness for future emerging diseases and pandemics. 
Already, the HSP Wiki experiences considerable user traffic 
and has been used as a valuable resource for scientific investi-
gation (Saitou et al. 2020). Similar to other databases in the Big 
Data era, integrating multimodal data from multiple sources 
into the HSP Wiki is not trivial. Thus far, the main challenge in 
building the HSP Wiki has been integrating UniProt data and 
the proteomics data generated by different research groups. 
Currently, only identification data are stored in the Wiki, and 
data upload is performed manually by system administrators, 
but the platform was designed for add-on improvements and 
automated systems. Quantitative data on disease states will 
facilitate biomarker discovery and functional explorations. 
Since a wide range of instruments and software tools are 
employed by the proteomics community, it is important to 
adhere to applicable data standards, such as mzML (Martens et 
al. 2011), to effectively manage data and maintain consistency 
across input files.

One inherent challenge of an open-platform, community-
based database will be how to sieve through the user input and 
process the sheer amount of data. In addition, with constantly 
improving proteomics analytical methods will come along 
improved data input formats. The challenge will be to keep the 
HSP Wiki database flexible enough to adapt to such new for-
mats, yet make sure that newly deposited data sets remain 
comparable with earlier data sets. Will the community-based 
open platform be sufficient to maintain quality data and up-to-
date evidence-based knowledge information? How much will 
the curation committee have to control and channelize the 
community-based input? Lastly, how will we ensure sustain-
ability? Many resources failed to attract enough usage not 
because of design issues but because of community disinterest 
(Waldrop 2008). Effective incentives consist of citations to 

http://www.homd.org/
https://www.glygen.org/
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user-derived scientific publications on appropriate Wiki pages, 
acknowledgments for data input, and other possibilities of 
claiming authorship for knowledge input. A wide-ranging and 
diverse community engagement will be critical for keeping this 
unique salivary proteome database up to date. To accomplish 
this goal, we are planning a series of activities including sym-
posia to bring contributors and users together.

The HSP Wiki is a database specifically tailored to the 
needs of a particular scientific community interested in studying 
the human salivary proteome and its interactions. The database 
allows the large-scale manual or semi-automated reconstruc-
tion of functional networks derived from saliva. The Wiki aims 
to serve as a common denominator for system biology investi-
gations of human proteins. Success and user engagement of the 
HSP Wiki will be monitored through website activities, cita-
tions, scientific discovery, and future integrative networking 
with other Omics initiatives including the microbiome and gly-
come. We believe that the HSP Wiki will improve salivary sci-
ences, saliva-based diagnostics, precision medicine, and 
dentistry, and ultimately facilitate personalized treatment for 
both oral and systemic diseases.
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