
Chapter 7
Saliva as a Window into the Human Oral
Microbiome and Metabolome

Heather Maughan and Katrine Whiteson

Abstract The human oral cavity is colonized by one of the densest bacterial
communities on the planet, with consistent microbial composition throughout life
and in response to perturbations such as tooth cleaning. The oral microbiome has
important associations with health in the context of gingivitis and even heart disease
and preterm birth. In this chapter, we will provide an overview of what is known
about the human oral microbiome, starting from the first glimpse of microbes when
van Leeuwenhoek looked at his own oral microbes with the first microscope, to
recent expansion of knowledge with both high-throughput sequencing and micros-
copy. We will describe what is known about healthy oral microbial communities,
including how they develop in childhood and become shared within families and
others who cohabitate, and how the biogeographic and biophysical forces drive
construction of largely anaerobic microbial communities unique to each tooth.
Finally, we touch on what is known about health-and disease-associated human
oral microbial communities and briefly discuss the potential for using saliva samples
to monitor health.
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7.1 Introduction

Saliva comprises millions or billions of human and microbial cells along with
molecules and proteins of various sizes. Salivary microbes are contributed from a
variety of intraoral surfaces; there are about a thousand different kinds of bacteria in
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an average healthy mouth (Lazarevic, Whiteson, Francois, & Schrenzel, 2011), and
more bacteria in one person’s mouth than people on the Earth. The study of microbes
living in our mouths began with the birth of microbiology, when in the late 1600s
Antonie van Leeuwenhoek first observed a microbe in his dental plaque scrapings
with a home-made microscope. Since that time, microbiologists have developed
numerous methods for isolating and characterizing the microbes inhabiting the oral
cavity. These centuries of research have taught us that oral microbial communities
are dominated by Bacteria, along with their viruses, known as bacteriophages, and
with some Archaea and Fungi. Oral microbial communities include a surprising
proportion of anaerobic bacteria, are some of the most densely situated and most
diverse communities on Earth, do not typically support pathogenic microbes, and
sustain themselves through an incredible diversity of metabolisms.

Characterizing the interactions of oral microbes with each other and the human
host is essential for improving oral and overall health, and offers a window into the
functioning of one of the most diverse ecosystems on Earth. Fortunately, oral
microbes can usually be studied with noninvasive sampling by swab or saliva
collection, which provides aggregate material from the microhabitats within the
oral cavity and is easily accessible and obtainable.

In this chapter, we will discuss the microbes and molecules found in the human
oral cavity, along with the historical and modern approaches used to study them. We
then look at the structure of oral microbial communities at several scales, starting
from a single microbial cell on a tooth and then zooming out to view the oral
microbial communities in individual people, families, and within a geographic
region. Finally, we touch on the ways in which oral microbes influence our general
health, and whether manipulating oral communities is feasible.

7.2 Methods for Sampling and Studying the Microbiome
and Metabolome in Saliva

Since van Leeuwenhoek’s first glimpse at oral microbes in the 1600s, sophisticated
methods have been developed to sample and examine both live and dead microbes
that reside in the oral cavity. Of particular importance is the development of culture
techniques that enable isolation and study of anaerobic bacteria, and the develop-
ment of high-throughput DNA sequencing methods for culture-independent identi-
fication of microbes (Fig. 7.1).

Sampling Microbes in Saliva and Plaque Saliva and dental plaque are the most
common samples obtained for studies of oral microbes. Saliva sampling is easier to
carry out and is preferred in situations where teeth are not present (edentulous infants
or adults) or when training someone to take a dental plaque sample consistently is
not feasible. Saliva includes a mix of microbes contributed from several distinct
niches in the oral cavity, along with others that arrive with food or drink. For this
reason, saliva is sometimes considered a less stable sample. [However, in

140 H. Maughan and K. Whiteson



Fig. 7.1 Timeline of milestones in oral microbiology. Beginning at the top in the 1600s and
finishing in the present, major advances in the detection and characterization of microbes are shown.
The top of the timeline focuses on the first microbiologists who invented some of the techniques still
used today. Following in their footsteps were several major technological advances that enabled
detection of microbes that had previously been elusive (e.g., anaerobes or other difficult to culture
bacteria). Finally, the bottom of the timeline shows multinational collaborations formed to produce
and house unprecedented levels of -omics data. Bars in the timeline are not to scale. Illustration
credit: Dr. Eliza Wolfson (https://lizawolfson.co.uk)
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comparison to fecal microbiomes, saliva microbiomes are relatively stable (David
et al., 2014)]. Tooth surfaces offer microbes more permanent and distinct microen-
vironments that are dictated by local conditions, especially steep gradients of oxygen
and pH. The human intraoral cavity maintains a steady temperature (~34 �C, with
some distinct daily circadian patterns as shown in Choi, Lyons, Kieser, & Waddell,
2017); microbes in saliva experience greater mixing, which may lead to more
continuous access to nutrients and fewer extremes of oxygen and pH. Physical and
chemical conditions, combined with the characteristics of the microbes themselves,
provide ample opportunities for individual cells to aggregate into clumps and/or
adhere to the tooth surface directly or on top of other microbes that were already
there. This aggregation and adhesion provide variation in physical structuring that
enables niche formation and additional microbes to join the community.

7.2.1 Studying Oral Microbes Through Culturing

The ability to isolate and grow one microbial strain or species at a time was essential
for the development of microbial culturing methods by Robert Koch and others, and
has formed the foundation of clinical microbiology since the late 1800s. The agar
plates developed by Fannie Hesse (in Koch’s laboratory) inspired by agar containing
desserts from Indonesia, a Dutch colony at the time, are still standard in modern
clinical microbiology labs in hospitals worldwide. In the early 1900s techniques
were developed to culture anaerobic bacteria, which greatly facilitated the study of
oral microbes (Finegold, 1993).

Although agar plate culturing has been essential for our current understanding of
microbiology, and in fact large numbers of the microbes found in saliva can be
cultured on them, it only works for a small fraction of microbes, and has thus biased
our view of the microscopic world. For example, when a physician takes an oral
swab to search for the cause of Strep throat, the swab contents are then spread on an
agar plate designed to favor the growth of a particular pathogen. For these clinical
microbiology tests, it is necessary to eliminate the “background signal” of bacteria
that are nonpathogenic so that the physician can identify the infecting pathogen and
treat their patient. For this reason, many bacteria in saliva had been overlooked,
particularly those with fastidious nutritional requirements and anaerobes unable to
survive even small amounts of oxygen exposure. In recent years, we have signifi-
cantly improved culturing techniques in order to grow more of the microbes that
inhabit the human body (Browne et al., 2016; Sibley et al., 2011).

Instead of the iconic culture flask or petri dish used to isolate a single strain of
microbe, many investigators are improving culture models to closely mimic the
structure of the oral cavity. One important component is to offer the microbes
naturally occurring gradients of pH, oxygen, and nutrients, which have been
shown to affect transcription and production of metabolites in oral microbes (Edlund
et al., 2015; McLean et al., 2012). These gradients have been recreated in a
fermentation model that uses rotating disks in rich media, which were then
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inoculated with pooled saliva samples; the microbes eventually formed stable and
diverse populations (Hope & Wilson, 2006).

Another important aspect of culture is to offer conditions that promote the
formation of biofilms, which are polysaccharide and protein-rich matrices that
offer bacteria a structured environment; biofilms are a natural state for many oral
microbes, e.g., plaque is biofilm. Classic biofilm culturing has relied on bacteria
adhering to the walls in plastic 96-well plates. This method works for some bacterial
types, such as Pseudomonas aeruginosa (O’toole & Kolter, 1998). However, some
strains do not attach to a surface, but rather form small aggregates, which are hard to
study in a surface attachment assay. New efforts to allow biofilms and aggregates of
cells to form have been shown to recreate physiologically relevant gradients of
oxygen and pH (Sonderholm et al., 2018).

Finally, efficiency is a key to making progress with culturing. Anna Edlund at the
Craig Venter Institute has a higher throughput and well-characterized oral
microbiome model culture system with saliva pooled from 10 people and growing
in 96-well plates (Edlund et al., 2013). This system produced highly replicable data
and enabled culturing of stable oral communities in biofilms, including many taxa
that were previously considered unculturable.

7.2.2 Studying Oral Microbes Through Culture-Independent
Approaches

The discrepancy between what we routinely grow in the lab and the diversity of
microbes observed in the native environment has been referred to as the “great plate
anomaly” by environmental microbiologists since the mid-twentieth century. Scien-
tists would observe enormous numbers of microbes in a natural sample, but only a
few would grow on an agar plate in the lab. Attempting multiple culturing techniques
was sometimes successful, but it was the revolution in DNA sequencing capacity
that truly enabled our current high-tech inventories of the thousands of microbes
living in saliva. In this section, we describe what we have learned from such high-
throughput approaches that provide a relatively unbiased view of the microbes.

Omics While sequencing the first human genome in the late twentieth century took
multiple governments and nearly a billion dollars (National Human Genome Insti-
tute, 2016), today it requires only a desktop machine and hundreds of dollars.
Indeed, new high-throughput sequencing methods have reduced the cost and time
investment requirements at rates that surpass even the pace of improvements in
computing power (Muir et al., 2016; Wetterstrand, 2019). Some of our most
important glimpses at oral microbial communities came from DNA sequencing.
Most of the data have come from amplicon sequencing, where a segment of a
universal bacterial gene (the 16S rRNA gene) is targeted and sequenced from each
bacterial genome in a sample. The resultant hundreds to millions of sequences are
then analyzed to identify, and infer abundances for, the bacteria present, and to infer
characteristics of the community’s ecology using statistics. Amplicon-based
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approaches have also been used to identify Fungi and Archaea in oral samples, but
do not work for viruses, as there are no universal viral genes. Instead, viruses are
usually physically separated from the rest of the sample using filtration or density
gradient ultracentrifugation, and then all the viral DNA is sequenced (Reyes,
Semenkovich, Whiteson, Rohwer, & Gordon, 2012). Note that sequencing all of
the DNA in microbial communities is also a commonly used approach for identify-
ing all microorganisms present and inferring their functional or metabolic abilities
(Belda-Ferre et al., 2012).

16S rRNA sequencing has shown us that saliva in most people includes Strepto-
coccus, among other facultative anaerobes such as Rothia mucilaginosa, and also a
diversity of anaerobic bacteria, including Prevotella, Veillonella, and Gemella
(Human Microbiome Project, 2012; Lazarevic, Whiteson, Hernandez, Francois, &
Schrenzel, 2010; Lim, Totsika, Morrison, & Punyadeera, 2017; Stahringer et al.,
2012). Large comparative studies have shown that the resilience of oral communities
after antibiotic treatment is high, and that saliva communities are less affected by
antibiotics than gut communities (Zaura et al., 2015). In one study of more than 2000
Japanese adults, oral microbiomes were found to cluster into two main types that are
associated with overall health, and confirm the widespread nature of the observations
made to date with regard to the typical composition of bacteria in saliva, dominated
by Streptococcus spp. and other facultative anaerobes (Takeshita et al., 2016).

Fungi frequently found (through ITS amplicon sequencing) include members of
the genera Candida and Aspergillus (Ghannoum et al., 2010; Peters, Wu, Hayes, &
Ahn, 2017), though a diversity of fungi were present in all sampled individuals.
Fungal diversity or phyla present do not seem to vary with oral health (Peters et al.,
2017). Archaea are also present, although they may be more common in cases of
reduced immune health (Lepp et al., 2004).

Microscopy Although microscopy was the first method used for examining bacteria
and other microorganisms, it is normally hindered by the limited morphological
differences between bacterial taxa. However, new microscopy methods that combine
nucleic acid-binding fluorescent probes with confocal microscopy have quickly
propelled microscopy to the forefront of microbiome research. Microscopy allows
us to examine the physical structure, or biogeography, of microbial communities to
see which cells are neighbors and whether cells are organized or random (discussed
more in the next section). For example, Kolenbrander (Kolenbrander, 2011) used
confocal microscopy to follow colonization dynamics of bacteria growing in flow
cells with saliva as their only nutrient source.

Metabolomics Saliva comprises small molecules/metabolites produced by the
microbes and human host. Over a thousand such molecules have been identified
with a variety of methods, including NMR, GC–MS and LC–MS, and they are
profiled in the Saliva Metabolome Database (Dame et al., 2015). The saliva
metabolome is a promising tool for disease diagnosis and health monitoring; bio-
markers in saliva have been identified for many diseases or conditions, including
diabetes, dementia, and cancer (Barnes et al., 2014; Figueira et al., 2016; Ishikawa
et al., 2016). The importance and promise of using saliva metabolomes to inform
clinical research is evidenced by the NIH Common Fund Metabolomics Program,
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which supports a metabolome database and multiple institutes for generating
metabolomics data.

In summary, culture-dependent and culture-independent methods have provided
the identities of microbes that live in the oral cavity, resulting in a catalog of species
that are commonly found and maintained throughout an individual’s life. Some of
the metabolites produced by these microbes are also being investigated. These
studies have resulted in the creation of several public repositories of data related to
oral microbes. The expanded HOMD includes genomic and taxonomic information
for over 700 microbial species detected in the oral cavity, pharynx, nasal passages,
sinuses, and esophagus (Chen et al., 2010; Escapa et al., 2018). The Human
Microbiome Project includes amplicon sequence data, shotgun metagenomic
sequence data, and a repository of bacterial cultures that can be requested (Human
Microbiome Project, 2012). The Oral Microbe Bank of China (OMBC) (Xian et al.,
2018) houses hundreds of bacterial strains and human samples, both available for
research purposes.

Box 7.1 Sampling and Processing Saliva: Tips and Best Practices
Standardization of sampling and methods is an important priority in the
microbiome and metabolome fields (Knight et al., 2018). This is because
DNA, RNA, metabolites, or even whole cells, are often altered upon sample
storage. Decisions about the strategy for sample collection, storage,
processing, and analysis can all alter the downstream results. During the
early days of the human microbiome project, samples were processed and
sequenced at four facilities, and the biggest signal in the early datasets
emerged as the core facility and processing methods, rather than anything
biological. Batch effects are still important, as are positive and negative
controls. Comparisons of each step in the process of saliva analysis suggest
that the earlier experimental steps, such as DNA extraction from saliva
samples, have a bigger impact on the resulting data than later data processing
steps (Lazarevic, Gaia, Girard, Francois, & Schrenzel, 2013). Regular meet-
ings have been held at the National Institute of Standards and Technology,
where an International Metagenomics and Microbiome Standards Alliance
(IMMSA, 2019) has been established (Standards).

The top considerations when characterizing the salivary microbiome and
metabolome include:

1. Keep everything consistent within a batch of samples that will be compared
to one another. This includes sample collection timing, method, storage,
and processing. Several studies suggest abstaining from food or drink for
1 h before collecting saliva, and collecting at the same time of day, usually
in the morning (Dame et al., 2015; Lazarevic et al., 2010, 2011, 2013; Lim
et al., 2017). Lim et al. (2017), show that food or drink does not affect DNA
quality and quantity. Although optimal microbiome and metabolome

(continued)
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Box 7.1 (continued)
focused saliva collection times have not been established, microbiome
profiles are quite consistent for an individual over the course of months to
years (David et al., 2014; Human Microbiome Project Consortium, 2012;
Lazarevic et al., 2010). Standardized collection kits for passive drool or
swabs are available—it is important to save the entire swab and not just the
flow through, because several common swabbing materials trap microbes.

2. Saliva collected with the intention of sequencing microbial DNA can be
stored in a commercially available nucleic acid preservation buffer that will
be frozen, preferably within 1 h of collection. For metabolomics, there are
not commercial buffers to preserve metabolome composition at room
temperature, and freezing the samples within an hour is the gold standard.
Limited storage studies with similar samples, such as sputum from Cystic
Fibrosis patients, have shown that metabolome composition shifts signifi-
cantly within a few hours of storage at 4 �C (Wandro, Carmody, Gallagher,
Lipuma, & Whiteson, 2017).

3. Including positive and negative controls, along with batch controls. Run-
ning blank samples using the same collection tubes and reagents to under-
stand the background, especially for microbiome samples that will include
DNA amplification steps, is more important for very low abundance sam-
ples. Saliva is densely colonized by microbes, but negative controls are still
an important way to understand the background. Positive controls with
known mixtures of microbes are commercially available and can be
included with each batch. In a big study with many batches, making
many aliquots of a large pooled representative sample that can be stored
and included in every batch will allow for some comparison across batches.

7.3 Biogeography of Microbial Communities of the Oral
Cavity

While most studies of the oral microbiome have relied on saliva samples, there are a
few studies using 16S rRNA amplicon sequencing or microscopy that have
highlighted the variability in microbial communities at several scales. Examining
where particular species or genera of bacteria reside in comparison to others, i.e.,
their biogeography, is the first step to using these oral communities as signatures of
health or markers of disease.

Structured microbial communities form around a single tooth Mark Welch,
Rossetti, Rieken, Dewhirst, and Borisy (2016) used fluorescently tagged bacteria
and confocal microscopy to determine the structure of bacteria living in dental
plaque. They found that filamentous cells of Corynebacteria, which formed central
pillars, and nine other bacterial species radially emanated from the tooth surface
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Fig. 7.2 Architecture of the oral microbiome at different scales. Variation in microbial communi-
ties at differing scales. Beginning at the top in the oral cavity, levels of diversity are represented by
orange circles. The tooth inset shows the organization of bacterial cells of different species based on
microscopy data from Mark Welch et al. (2016). In the middle, diversity levels within an individual
and variation in community diversity between individuals are shown with orange and blue circles,
respectively. At the bottom, variation in community diversity between individuals of a family unit, a
local population, and global populations are indicated by blue circles. Illustration credit: Dr. Eliza
Wolfson (https://lizawolfson.co.uk)
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(Fig. 7.2). The positions of these species suggested that this environment was
structured according to each species’ niche, as oxygen and carbon sources used by
particular species could predict their position in the plaque (e.g., anaerobes were
furthest from the surface).

Tooth by Tooth Environment Each tooth has its own microbial community and
which microbes are present depends most on type of tooth (e.g., molar versus
incisor), though other things that could affect community structure included whether
the buccal or lingual side of the tooth was sampled, and distance from submandib-
ular/sublingual glands (Callahan, Proctor, Relman, Fukuyama, & Holmes, 2016;
Proctor et al., 2018; Proctor & Relman, 2017). An ecological gradient from the front
to the back of mouth has also been revealed (Proctor et al., 2018). Along this gradient
microbial communities varied on teeth, mucosa (buccal and alveolar), and
keratinized gingiva according to their anterior–posterior position. Moreover, evi-
dence indicated that the flow of saliva was at least partly responsible for gradient
structure (Proctor et al., 2018).

Colonization of the Oral Cavity Although still a very active research field, current
data suggest that in young infants, environmental and physiochemical conditions,
perhaps even mode of delivery, select for oral microbes (Costello et al., 2009;
Holgerson et al., 2013). Breastfed babies usually have Lactobacilli in their oral
microbial communities (Vestman et al., 2013). In general, younger babies have oral
microbiota similar to their mother’s skin or breast milk, and then as babies age, phyla
such as Fusobacteria and the potentially pathogenic TM7 colonize. Once mature,
Neisseria, Rothia, S. mutans, and others (Bik et al., 2010; Contreras et al., 2010;
Lazarevic et al., 2010) follow and this mature community remains relatively stable
(Rasiah, Wong, Anderson, & Sissons, 2005).

Nature Versus Nurture and Oral Microbiota Multiple groups have tried to under-
stand whether oral communities are predicted by human genetics or whether other
factors are more important. Stahringer et al. (2012) profiled the bacteria living in
over 200 saliva samples, including some taken longitudinally and from twins, and
found that similarities in saliva bacteria were more accurately predicted by a shared
environment than genetics. Gomez et al. (2017) compared the oral bacteria in
dizygotic or monozygotic twins and showed that although genetics predicted the
presence of a few bacterial species, there was a strong environmental component
particularly with respect to cariogenic bacteria. When these cariogenic bacteria
increased in frequency (due to sugar consumption), other genetically determined
bacteria decreased in frequency. Shaw et al. (2017) looked at family units that were
cohabiting and found that cohabitation was the strongest predictor of oral microbial
communities. This is consistent with results from other studies that found that
sharing households was associated with very similar oral microbiota (e.g., Abeles
et al., 2016; Song et al., 2013). Cohabitation was also associated with similar
bacteriophage communities (Ly et al., 2016). Not surprisingly, diet plays a strong
role in community composition (Hansen et al., 2018).
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Global and Ethnic Differences in the Oral Microbiota Four ethnic groups in the
USA were shown to have specific bacterial signatures in their oral microbiomes; the
distinct saliva microbiomes of Caucasian and African-Americans who shared a
longer history of US diet and lifestyle heritage (in comparison to Chinese and Latino
saliva donors who more recently immigrated to the USA) suggested that this was not
due to environmental or dietary differences alone, although this is difficult to
disentangle (Mason, Nagaraja, Camerlengo, Joshi, & Kumar, 2013). Thus, although
within an ethnic group there is a weak influence of genetics on oral microbiota (e.g.,
twin study discussed above), comparisons between ethnic groups suggest that
genetics may play some broader role. For example, Gupta, Paul, and Dutta (2017)
suggested that differences in root and tooth morphologies and innate immunity
between ethnic groups, and hunter-gatherer versus urban lifestyles, may influence
which microbes can colonize and persist in the oral cavity.

Individuality However, despite these comparisons at many levels, i.e., between
twins, cohabiting relatives or strangers, and ethnic groups across the globe, the
most important source of variation in any microbiome or metabolome study comes
from which individual the sample was taken from. For example, Mukherjee, Beall,
Griffen, and Leys (2018) showed that oral microbiomes are highly personalized.
Although each person’s oral microbiome did change over the year, they resulted in
differences that were minimal compared to the differences between individuals.
Thus, for studies that involve oral bacteria, carrying out cross-sectional studies is
difficult because each individual is quite unique. This point reiterates the importance
of having baseline samples as part of a longitudinal study.

7.4 The Oral Microbiota’s Influence on Overall Health

Two major conceptual advances regarding oral microbes have occurred in the last
few decades. First, doctors are beginning to understand that disease may be caused
by a change in community structure, rather than the presence of an individual
pathogen. In other words, Koch’s postulates are not applicable to all infectious
diseases. Second, we have recently begun to understand how oral health affects
our overall health. There is reasonable evidence that oral microbes can enter the
bloodstream via lesions in the oral cavity (associated with periodontitis) and then
travel to various regions in the body (e.g., blood vessels, placenta, and colon). Oral
microbes may also travel through inhalation (to the lungs) and swallowing (to the
stomach/gut). Once these oral microbes arrive in their new home, they can signifi-
cantly affect health.

Streptococcus species are a major cause of dental caries, along with a collection
of other microbes (Belda-Ferre et al., 2012). These bacteria cause caries by consum-
ing dietary sugar and producing acids that degrade tooth enamel. Inflammation of the
gums (i.e., gingivitis, which can progress to periodontitis) is also typically a response
to the bacterial biofilms lining the teeth. The cause of periodontitis was originally
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attributed to shifts in all microbes or due to infection by individual pathogens.
However, investigations into oral communities of microbes have resulted in an
ecological model of caries and periodontitis (reviewed in Kilian et al., 2016)
where complex microbial communities interact with the immune system and dietary
factors to eventually determine oral health.

In addition to the obvious influence of oral microbes on caries and periodontitis,
these microbes and/or their associated oral diseases have been shown to affect
overall health. For example, periodontitis is associated with progression to cardio-
vascular disease (Leishman, Do, & Ford, 2010), preterm and low birth weight
(Puertas et al., 2018). Abundances of Veillonella and Streptococcus in atheroscle-
rotic plaque correlated with their oral abundances (Koren et al., 2011). The presence
of specific oral microbes may eventually be a useful predictor of atherosclerosis
(Chhibber-Goel et al., 2016); however, at this point, more data are needed.

Oral bacteria have also been shown to colonize the intestines, which can cause
issues in individuals with IBD (Atarashi et al., 2017) or colon cancer (Flynn, Baxter,
& Schloss, 2016). In individuals with colon cancer, biofilms described as “oral-like”
were identified on the colonic mucosa (Flemer et al., 2018). Finally, respiratory
infections are also affected by oral microbes. Half of all cases of pneumonia have
oral etiology (Yamasaki et al., 2013), and the proximity of the densely colonized oral
cavity to the airways has important implications, especially when immune health and
airway clearance are compromised. Part of health is maintaining distinct microbial
communities in different parts of the oropharynx and the airways. Aging and
alcoholism have both been shown to lead to blurred microbial communities (Sam-
uelson et al., 2018; Thevaranjan et al., 2018), where the oropharynx and the
nasopharynx, for example, are no longer distinct.

The diversity of microbes present in and on the human body may be important for
health, although defining the composition and diversity of a microbiome that pro-
motes health is still an underexplored frontier. In some regions of the body, for
example, in the gut, greater microbial diversity is associated with health. This also
appears to be the case for the distinct communities of microbes colonizing dental
plaque in the oral cavity, where increased diversity was found in healthy individuals
compared to those with caries (Espinoza et al., 2018). However, in saliva, the
opposite has been found to be true, where greater diversity is associated with
gingivitis (Takeshita et al., 2016).

7.5 Summary of Current Knowledge and a Look
to the Future

In summary, the oral microbiome is a diverse population of microbes that live in
various niches within the oral cavity. Often the community of microbes is specific
for each individual, and cohabiting individuals tend to share many oral microbes.
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Saliva samples are accessible, and have contributed to our knowledge of oral
microbes, in addition to samples of dental plaque and other oral specimens.

Although we have learned a lot since Antonie van Leeuwenhoek first gazed at his
oral microbes under the microscope, there is still much to learn. First, we have a
good idea of which bacteria are common oral inhabitants, but we know less about
what these diverse organisms are doing in the mouth and whether they are beneficial,
detrimental, or neutral, and if their roles change as health improves or declines.
Second, associations between the presence of particular microbes and health need to
be better understood. Improved culturing, high-throughput sequencing, metabolic
analyses, and microscopy will no doubt enable a deeper look into these associations
to tease apart correlation and causation. Third, as we identify particular microbes that
have a significant role in oral or overall health, we can begin to manipulate their
abundances to improve health. Saliva will no doubt play a crucial role in all of these
future endeavors.

Definitions of key terms:

• Microbiome: The microbes living in a given environment, including viruses,
bacteria, archaea, and small eukaryotes.

• Metabolome: The metabolites produced by all organisms living in a given
environment.

• 16S rRNA gene: A gene that is highly conserved in all organisms and is often
amplified and sequenced to identify microorganisms. It is the gene most often
used for culture-independent study of microbial communities.

• Metagenome: All of the genes encoded by the organisms living in a given
environment.

• High-throughput sequencing: DNA sequencing technologies that produce large
amounts of sequence data in short amounts of time. These technologies are
typically much lower in cost than earlier methods.
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