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Introduction

The microbial communities in the oral cavity 
environment

The environment of the oral cavity presents both hard and 
mucous attachment areas (i.e. tongue, lips, cheeks, palate, 
and teeth); it is constantly moistened by saliva and in some 
areas by the gingival fluid providing nutrients to the micro-
organisms colonizing the mouth. The tooth surface supports 
the development and maturation of a complex biofilm.1,2 
The properties of different areas change over the life course. 
The oral microbiome contains over 700 bacterial species as 

well as fungi, viruses, archaea, and protozoa.3,4 There are 
several factors influencing the microbiota composition such 
as age, dietary habits, alcohol, tabagism, social status, medi-
cations (i.e. antibiotics), toxic substances, pregnancy, and 
genetic predisposition. Sugars, fats, and vitamins are among 
the most impacting nutrients. In particular, fiber, medium-
chain fatty acids, monounsaturated fatty acids, and polyun-
saturated fatty acids have long been associated with both 
diversity and community structure of the oral microbiota.5,6 
Sugar consumption has been associated with a marked pres-
ence of Streptococcus mutans and Fusobacterium nucleatum 
while it was seen that fats and vitamin C act as promoters 
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Abstract
The evolution of medical knowledge about oral microbiota has increased 
awareness of its important role for the entire human body health. A wide range 
of microbial species colonizing the oral cavity interact both with each other 
and with their host through complex pathways. Usually, these interactions 
lead to a harmonious coexistence (i.e. eubiosis). However, several factors – 
including diet, poor oral hygiene, tobacco smoking, and certain medications, 
among others – can disrupt this weak homeostatic balance (i.e. dysbiosis) with 
potential implications on both oral (i.e. development of caries and periodontal 
disease) and systemic health. This article is thus aimed at providing an overview 
on the importance of oral microbiota in mediating several physiological and 
pathological conditions affecting human health. In this context, strategies based 
on oral hygiene and diet as well as the role of probiotics supplementation are 
discussed.

Keywords: Human microbiota, microbiome, oral dysbiosis, oral health, oral 
biofilm, dental caries, periodontitis, diet, probiotics
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Minireview

Impact Statement

This article extends the current knowledge on 
host–microbe interaction and cause-and-effect 
biomechanisms in the oral microbiota also in rela-
tion to other organs. The role of the oral micro-
biota as a mediator of several oral and systemic 
pathologic conditions as well as potential areas of 
intervention is discussed. The knowledge of both 
oral and other organ microbiota is continuously 
evolving with recent advances in the field. Despite 
future research being even needed, new promising 
therapeutic strategies targeted to the host micro-
biota are emerging with potential implications in 
the treatment of several oral and systemic patho-
logic conditions.
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of Fusobacteria. To maintain oral bacterial homeostasis, the 
evidence therefore suggests favoring fiber and dairy prod-
ucts.4,7,8 High alcohol consumption has been associated with 
an increase in Gram(+) bacteria including S. mutans and, in 
parallel, with an inhibition of the activity of Fusobacteria (due 
to an increase in acetaldehyde concentrations). Impurities, 
contaminants, fermentation, and distillation products can 
also cause changes in the oral environment that compromise 
the development of certain bacterial species.8,9 Some studies 
report that the oral microbiota of people in less well-off condi-
tions is characterized by lower biodiversity with the presence 
of bacteria at higher concentrations such as Aggregatibacter 
segnis, Achromobacter xylosoxidans, and Neisseria cluster II. 
However, wealthy people have higher levels of Megasphaera 
micronuciformis, Veillonella atypical, Veillonella parvula, Rothia 
mucilaginosa, Prevotella histicola, Fusobacterium periodontium, 
Granulicatella adjacent, and Tannerella forsythia.8,10 Cigarette 
smoking has its own bacterial load which is transferred to 
the oral cavity such as Bacillus spp. and Clostridium spp. 
(new species from the outside). In addition, the altera-
tions increase processes such as the acidification of saliva, 
the decrease in oxygen which leads to the development of 
anaerobic bacteria. Instead, bacteria such as Neisseria subflava 
and Corynebacterium are reduced in cigarette smokers.8,11 
Antibiotics such as azithromycin, amoxicillin, clindamycin, 
and ciprofloxacin are antibiotics with the greatest impact 
on the microbiota leading to a decrease in Actinobacteria.8,12 
Changes in bacterial functionality were also observed. 
During the first months of pregnancy, there is a greater 
expression of Porphyromonas gingivalis and Aggregatibacter 
actinomycetemcomitans in the gingival sulcus while Candida 
is more present in the last trimester such as Capnocytophaga 
sputigena, Eubacterium saburreum, Fusobacterium nucleatum 
naviforme, Fusobacterium nucleatum polymorphum, Leptotrichia 
buccalis, Parvimonas micra, Prevotella intermedia, Prevotella 
melaninogenica, Staphylococcus aureus, Staphylococcus angi-
nosus, Staphylococcus intermedius, Staphylococcus oralis, 
Staphylococcus mutans, Streptococcus sanguinis, Selenomonas 
noxia, and Veillonella parvula.8,13 The qualitative (biodiversity) 
and quantitative (number of species present) colonization 
of the microorganisms in humans appears to begin before 
birth. After birth, this colonization occurs in any area of the 
body (i.e. skin, oral cavity, nasopharynx, lung, intestine, sys-
tem urogenital). New germs colonize the newborn’s body 
from the first minutes of its life and eventually form (such 
as the intestinal, oral, and others) within 10–13 years of life. 
Streptococcus spp. are the predominant bacteria in the oral 
microbiota during early childhood and the Streptococcus 
salivarius spp. carries out a protective action against poten-
tially pathogenic species. In fact, S. salivarius K12 produces 
bacteriocins (salivaricin A2 and B) preventing various bac-
terial, fungal, viral, and autoimmune diseases in the oral 
cavity and in the upper airway tract.13,14 The newborn oral 
microbiota composition is affected by several factors like 
gestational age (i.e. full-term vs premature), type of feeding 
(i.e. breastfeeding vs formula feeding), mode of delivery (i.e. 
cesarean section vs vaginal delivery), and maternal nutri-
tional status as well as exposure to antibiotics.15 Through 
breast milk, several microorganisms are transferred to the 
newborn, promoting a better gastrointestinal function and a 

proper development of the immune system and microbiota 
promoting immunoregulatory cytokines, antibodies trans-
fer, and antimicrobial agents selecting the microorganisms 
colonizing the gastrointestinal tract of the fetus.8,16 By the 
age of three years, microbiome composition that will endure 
for life is almost established.15 The weaning phase, occurring 
at around four to six months and up to three years of the 
life of the newborn, is also important. A diet rich in antioxi-
dants (fruits, vegetables, and other) helps the child keep a 
healthy microbiota. Finally, with the appearance of the first 
teeth, there are new surfaces for microbial colonization with 
a subsequent change after the replacement with the adult 
dentition.8,13,16 The oral colonization progress in line with the 
gut microbiota which constitutes the great biological organ 
communicating with the other microbiota via cross-talking 
axes such as oral/lung, gut/lung, gut/brain, gut /skin, gut/
liver, and bladder/gut.17–19 The oral microbiota has a marked 
influence on the lung microbiota, thanks to the translocation 
of microorganisms, such as “bioaerosol” progression action, 
thus conveying them from the oral cavity to the lower air-
way’s tract. Therefore, the state of eubiosis of the oral micro-
biota is highly correlated to the pulmonary one, which in 
turn is linked to the intestinal one and consequently to all the 
axes of communication of the microbiota. In the gut micro-
biota, as occurs in the oral cavity, there are several bacteria 
like Bifidobacteria, Escherichia coli, Acidophilus influenzae, and 
Enterococci that help in preventing the proliferation of some 
pathogenic opportunistic bacteria.17,18,20

The oral microbiota in health and 
disease

Today, one of the most important databases about oral 
human microbiota is the Human Oral Microbiome Database 
(eHOMD) (Figure 1).3,21 Typical types of Gram(+) bacteria in 
the oral cavity are the Streptococcus spp. Indeed, group A β-
hemolytic Streptococcus (GABHS), is the most present of all. 
They can cause local infections such as tonsillopharyngitis, 
but also extra-oral infections such as acute otitis media in the 
ear, meningitis, pneumonia, and skin infections. Other bac-
terial species represented by S. mutans appears to promote 
dental caries by synthesizing extracellular and intracellular 
polysaccharides with acids production and influencing the 
formation of dental plaque. They are divided, according 
to antigens, into eight different serotypes.3,7,22 S. salivarius, 
which is an opportunistic pathogen found in large amounts 
in the saliva and that selectively colonizes the oral mucosa, 
produces extracellular polysaccharides in the presence of 
fructose and locally increases pH. The Streptococcus mitis 
is isolated from the oral mucosa and dental plaque. It is 
one of the first bacteria that colonize the oral cavity and 
is responsible for dental plaque. Under certain conditions, 
it causes bacteriemia after tooth extraction and endocar-
ditis. Streptococcus vestibularis produce hydrogen peroxide 
and urease, from which ammonia is then produced, locally 
increasing the pH. S. anginosus is isolated from the mucous 
membranes, gingival sulcus, and dental plaque. It does 
not secrete polysaccharides and can play a protective role 
in caries but occasionally, S. anginosus can be pathogenic 
by mediating a range of diseases if transferred to various 
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organs in the body.7,19,23 Staphylococcus spp. are present in 
the saliva, gingival fissure, in a minor percentage in dental 
plaque and mainly in immunocompromised subjects. About 
50% of isolated Staphylococci spp. belong to the species S. 
aureus.7,23 Instead, Lactobacillus spp. presence is less than 1% 
and their proliferation is observed in the presence of caries. 
They could grow in a low-pH environment. From bacte-
ria that can be opportunistic pathogens in the oral micro-
biota, Propionibacterium spp. and Corynebacterium spp. are 
noted.21,22,24 The Actinomyces are members of dental plaque 
flora. Some species are anaerobic and produce extracellular 
polysaccharides such as the Porphyromonas spp. They can 
bind to other types of bacteria and are involved in caries and 
gingivitis. Eubacteria, which are necessarily anaerobic, con-
stitute 50% of the composition of the periodontal task and 
thus play an important role in the development of periodon-
titis.22,25 Unfortunately, Eubacteria cannot be easily cultivated 
and are difficult to isolate. Gram(−) bacteria are isolated 
from all surfaces of the oral cavity. They are involved in 
the formation of dental plaque and some species contrib-
ute to the development of caries. Porphyromonas spp. (par-
ticularly P. gingivalis) can mediate a range of oral diseases 
such as periodontitis and abscesses as well as other systemic 
diseases (i.e. endocarditis). Treponema denticola, another 
obligatory anaerobic Gram(–) pathogen, with a diffusive 
ability, may also be responsible for periodontitis.7,22,25,26 

Among the microorganisms present in the oral microbiota, 
a small percentage is represented by the Archaea (few spe-
cies and phylotypes). The Methanogen Archaea are today 
of greater clinical relevance since they have been detected 
in samples of periodontal plaque and in periodontitis. In 
particular, in patients with periodontitis, more than 30% 
of Archaea belong to the genus Methanobrevibacter (such as 
the Methanobrevibacter oralis, Methanobrevibacter cuticularis, 
Methanobrevibacter filiformi, Methanobrevibacter ruminantium, 
Methanobrevibacter arboriphilius), while other of the order 
Methanobacteriales belonging to Euryarchaeota such as those 
like Thermoplasm.7,8,27,28

Entamoeba gingivalis and Trichomonas tenax are the two 
protozoa species that have been identified in the oral cavity. 
They are mainly found in people with poor oral hygiene and 
in the presence of gingivitis. It has been found a high pro-
portion of E. gingivalis compared to T. tenax in patients with 
gingival inflammation. However, they are generally consid-
ered non-pathogenic and probably their presence depends 
on nutrients as well as on the increase in the quantity of food 
and bacterial residues.21,22,29,30

The oral microbiota species of fungi that have been identi-
fied (i.e. Cladosporium, Saccharomyces, Aspergillus, Fusarium, 
and Cryptococcus, with the predominant Candida spp.) have 
a very small percentage of colonization. Finally, several 
viruses that can be found in the mouth are mainly related 

Figure 1. The main relative % phyla of oral microbiota stored in HOMD.
Source: HOMD, http://www.homd.org/.
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to diseases (i.e. mumps and rabies viruses which infect the 
salivary glands).22,26,31

The creation and development of the 
oral biofilm

Biofilms are an organized community of microorganisms 
including bacteria, fungi, and protozoa, which are found in 
a network of polysaccharides and are attached to a living 
or inactive surface. Formerly, it was thought that bacteria 
were present in a homogeneous placental environment, but 
today it has been shown that bacteria seem to be biome-
chanical in their natural environment.32 Their evolution is 
strongly influenced by Streptococcus spp., which are consid-
ered the main group of early settlers. Their initial adhesion 
determines the composition of subsequent settlers in the 
oral membrane and influences the health status of the host. 
The oral cavity has characteristics that make it, compared to 
other areas, unique as a substrate in the use of biomaterials 
as well as teeth, saliva, gingival fluid, and special surfaces 
of the mucosa.7,33 The normal microbial species of the mouth 
and of the dental plaque develop in the form of biomimetics. 
Immediately after birth, the sterile oral cavity is colonized by 
the so-called “first colonists,” which are Streptococci spp. (i.e. 
S. salivarius, S. mitis, and S. oralis) as well as the anaerobic 
strains P. melaninogenica, F. Nucleatum, and Veillonella spp.32–34 
This first community, through its metabolic components, 
modifies the oral environment, creating favorable conditions 
for the settlement of other populations, called secondary set-
tlers. As the teeth appear, new additional habitats are formed 
for germ colonization, as the teeth offer the only stable posi-
tions resulting in the constant accumulation of many bac-
teria.32,34,35 The biofilm has important properties. Microbial 
cells produce secretory polysaccharides that in turn cover 
and protect the biomimetic. Polysaccharides create a net-
work of channels through which water flows, various nutri-
ents and substances acting as biochemical signals. Bacterial 
biomembranes work together and interact with each other 
in different ways. Many of the interactions between different 
species are related to the competition for shared resources 
and the collaboration to create biofilms. Others are related to 
the configuration of communication with the host cells. It is 
important to note that microbial biomembranes exhibit dif-
ferent behaviors from free microbes of the same species.32,35 
With the eruption of the primary teeth and then of the per-
manent ones, a special colonization is created on the enamel 
(i.e. the surface of the tooth) (Figure 2) creating a mature 
biomembrane of a mixed population of microbes from a den-
tal surface (i.e. dental plaque).32 When this biofilm is loosely 
attached to the teeth and easily removed with water, it is 
characterized by a white coating resulting harmful for the 
tooth. On contrary, when it shows a strong adhesion to the 
enamel and the organized colonies are removed only with 
strong mechanical pressure, it is characterized as dental 
microbial plaque.32,34,36 It is therefore a coating of microbes 
and products derived from them, rigidly fixed to the surface 
of the teeth in the form of a sort of biomembrane or biofilm. 
Depending on the location in which it develops, it is divided 
into coronal, supragingival, and subgingival. It develops in 
areas of the teeth that are not easily cleaned, such as the areas 

between the teeth, in the grooves, in the Howship lacunae 
and into gingival sulcus 32,34–37).

When oral hygiene does not take place properly, then 
the bacterial plaque will develop disproportionately. 
Immediately after cleaning the teeth, the surface is covered 
with organic salivary substances that form the acquired film 
or pellicle. This is what the original colonists, supported 
by hydrophobic bonds, and electrostatic forces of Van der 
Waals, initially attach to. Thus, the first bacteria bind perma-
nently in such a way that they can no longer detach through 
adhesins polymers produced by bacteria and receptors pre-
sent in the tissues in a measure not greater than 103/cm2. 
They are approached by saliva flow or, in some cases, by 
their own movement and begin to multiply secreting poly-
saccharides, while new bacteria are added and attached to 
the previous (secondary colonizers), with their number at 
about 105–106/cm2 in 5 min after cleaning the teeth. Bacteria 
interact with each other directly by contact through adhe-
sives or indirectly by secretion of specific chemical molecules 
(i.e. biochemical communication).31,34,35 Interactions between 
dental plaque microorganisms are co-operative (i.e. nutrient 
production, co-occurrence in the catabolic decomposition of 
substances but also modification of existing environmental 
conditions) or competitive (i.e. competing for nutrients and 
available sites but also producing bactericides that affect 
other bacteria). The species of dental plaque microorganisms 
are quite different depending on their location on the teeth 
but also with individual variability. Most species are found 
in the supragingival plate (about 500) and less in the subgin-
gival area (which is an extension under the gums at the root 
of the tooth). The number of microorganisms increases to a 
limit, where the plaque no longer increases, but reorganizes 
and changes constantly and it is then called a mature dental 
plaque of a mature biomembrane of a mixed population of 
dental surfaces.38–40

The saliva and teeth’s microbiota

All microorganisms present in the saliva are derived from the 
oral tissue microcomposition by detaching themselves from 
their surface. However, the microbiota of saliva is mainly 
supplied by the biomembrane of the tongue (i.e. Prevotella 
and Streptococcus spp.) (Figure 3).22,41,42,43,44 Some genera of 
microorganisms (nearly 1%) present in the saliva can be 
considered transient or non-native. Given the presence of 
proteins and glycoproteins, it has been noted that they can 
also undermine both the qualitative and quantitative com-
position of the biomembranes.31,33 These microorganisms can 
promote microbial adhesion since salivary proteins overlap 
the surfaces of the mucous membranes and teeth. Teeth with 
their large surface area provide valid attachment support for 
the long-term development of the biomembrane.43–45 The 
sialic membrane covers the tooth enamel, while the roots 
are covered with a mixture of saliva and whey proteins. The 
microbial population of the corona has a slightly different 
composition from that of saliva with the predominance of 
Streptococcus spp. and Veillonella spp.31,33,45 The bacterial 
diversity of the dental plaque formed in the enamel (suprag-
ingival area above the gum line) is not the same as that below 
the gum line. It is important to note that the development of 
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the bacterial community toward the roots therefore moves 
away from the salivary environment, since the film contains 
more serum and less saliva and becomes more anaerobic.45

Endogenous factors influencing oral 
microbiota eubiosis

Microorganisms need specific nutrients and environmental 
conditions to grow in the oral cavity, such as oxygen, proper 
temperature, and pH. Many microorganisms require oxy-
gen to grow (aerobic), while others grow when it is absent 
from the environment (anaerobic). Although the oral cavity 
is rich in oxygen, it has also areas with anaerobic conditions, 
resulting in the survival of both aerobic and anaerobic micro-
organisms. Most organisms are optionally anaerobic or nec-
essarily anaerobic,7,44,45 and most oxygen in the oral cavity 
is dissolved in the saliva and is readily available to microor-
ganisms for their metabolic needs. The partial oxygen pres-
sure (PO2) in the recently secreted saliva is about 65 mmHg, 

which immediately decreases to 35 mmHg only after 30–60 s. 
This decrease in oxygen levels continues to evolve over time 
as the plaque forms. The main factors responsible for the 
depletion of oxygen levels are the bacteria in the saliva and 
the use of oxygen to break down carbohydrates and nitrog-
enous substrates.45 The progressive bacterial succession, 
the decrease of the PO2, and pH diminish the appearance 
of Gram(–) bacteria, oral infections, and halitosis. A study 
has shown that an oxidizing agent such as hydrogen per-
oxide can influence the biology of P. gingivalis. In addition, 
the growth of some members of the oral microcomposition 
can create oxidative and reductive conditions and therefore 
affect the ecology of these sites seriously affecting anaero-
bic bacteria such as P. gingivalis.46 The normal oral cavity 
temperature is about 35–36°C, ideal for the development 
of mesophilic microorganisms. Temperature influences the 
growth rate of germs, as well as the solubility of gases in 
saliva, pH, adherence of microbes to dental surfaces, and 
ionic power. The temperature fluctuates between healthy 

Figure 2. The main stages of the biofilm formation process on the tooth surface.
Source: Charitos IA.
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people and in different areas of the mouth. In periodontitis, 
the temperature of the periodontal sac increases to about 
39°C compared to wetlands.46

Most microorganisms have a relatively narrow pH range 
to survive. Neutral pH is necessary for the growth of most 
bacteria in the oral cavity, while extreme pH values are not 
suitable for the growth of microorganisms. The main source 
of preservation of the pH of the oral cavity is saliva, which 
forms its value from about 6.75–7.25.47 However, it has been 
found that different areas of the oral cavity have different 
pH. Oral areas that are less saturated with saliva have a more 
acidic or alkaline pH. After eating high-carbohydrate foods, 
the pH of the plaque drops to about 5.0, due to the formation 
of lactic acid with carbohydrate metabolism. However, this 
decline in pH usually returns slowly to initial levels over 
time. The pH reduction is lethal to most plaque bacteria. The 
pH of healthy gums is about 6.9 which increases to about 
7.2–7.4 during pathologic conditions.47,48 This change in pH 
can lead to a change in gene expression in subcellular bacte-
ria, which favors the development of pathogenic anaerobes 
such as P. gingivalis, which have an ideal pH of about 7.5.46 
P. gingivalis is an important colonizer of sublingual fissures 
and is an important pathogen in the onset and progression 
of severe forms of periodontal disease. Studies have shown 
that cotinine (a substance found in cigarette smokers) can 
interfere with P. gingivalis ability to bind and invade epithe-
lial cells. However, further studies are needed to investigate 
whether oral epithelial cells may be more prone to coloniza-
tion than P. gingivalis in smokers.49

The metabolic products of some microorganisms are also 
food for other microorganisms.8 Chewing act as a stimulator 
of the salivary flow. Saliva contains some dissolved nutrients 
such as glycoproteins, lipids, peptides, amino acids, min-
erals, vitamins, and gases which are used by oral bacteria 
as nutrient sources.32,50,51 Diet has a significant effect on the 
development of the bacterial and chemical composition of 
the biomembrane in the oral cavity.8 Experimental animal 
studies have shown that diet has a slight influence on the 
early stages of biofilm development in the mouth. However, 
diet seems to later influence on a greater extent the propor-
tions of the various bacterial species in the development of 
the biofilm. Dietary sugars provide immediately available 
substrates for oral microorganisms, most of which depend 
on carbohydrates to provide energy.52 The metabolism of 
sucrose resulting from the diet of the species Streptococcus 
sanguis and S. mutans and the production of acids have a 
decisive effect on the composition of the microbiota and 
increase the mass of the dental plaque. Frequent consump-
tion of carbohydrates also affects microbiota and other 
parts of the oral cavity. It has been found that people who 
consume high levels of high-frequency carbohydrates host 
more bacteria that grow better in an acidic environment, 
mainly Lactobacillus spp. and S. mutans, in their oral cavi-
ties.48,52 The acids produced by these bacteria are considered 
the main cause of dental caries. A metagenomics study based 
on rRNA was able to confirm a close relationship between 
the total glycemic load and the relative abundance of the 
Lactobacillaceae family.48,50,53

Figure 3. Percentages of different genera recovered from the whole saliva of healthy adults.
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Main oral conditions affected by oral 
microbiota “imbalance”

Dental caries

Dental caries result from the destruction of the dental struc-
ture by acids produced through the fermentation of food 
carbohydrates operated by special bacteria that normally 
coexist in the mouth. The main causes of caries include 
microbial dental plaque, food sugars, and the acid environ-
ment in the mouth. Dental caries occur on any dental surface 
where dental plaque can grow for a long time. The creation 
of one of the dental plaques is an example of biofilm as above 
mentioned, and it happens through a natural process of 
interacting microorganisms.54,55 Some of these microorgan-
isms can produce acids by metabolizing food carbohydrates 
with a pH reduction in the plaque within 1–3 min. When this 
process is repeated over time, the result is the demineraliza-
tion of the dental surface. However, saliva can neutralize 
acids, increasing pH, and recovering lost ions from teeth in 
the so-called remineralization process. However, when the 
sum of these two processes results in the net loss of metal 
ions from the teeth, dental caries can evolve.56–58 The crown 
of the teeth can be further subdivided into separate areas and 
ecological sites, each of which is characterized by specific 
carries risks. Some sites host microbial communities that are 
acidic, produce acids, and can withstand an acidic environ-
ment (Figure 4). Therefore, the composition of the dental 
microbiota is not only influenced by teeth location in the 
mouth and its proximity to the flow of saliva from nearby 
ducts but also by the anatomy and physiology of the tooth 
surface and surrounding teeth.56,59

For many decades since the 1950s, S. mutans has been 
held the solely responsible for caries. More recent studies to 
determine the causative agent of the disease have produced 
vague results. It has been found that people with or with-
out caries share about 50% of these microorganisms with 
higher amounts found in white spots lesions.60 S. mutans 
seems to be associated only with the onset of caries (white 
spots) and appears to have the characteristics of a pathogen 
that is affected by dietary changes. In some patients with car-
ies, Lactobacillus spp. and S. mutans are low or undetectable, 
suggesting that the onset and progression of lesions can-
not be attributed solely to S. mutans.53,61 Indeed, S. mutans, 
Lactobacillus spp., Bifidobacterium spp., and Atopobium spp. 
have been detected in saliva only in people with decayed 
teeth. In fact, as previously mentioned, if the dental plaque is 
not removed (bad oral hygiene), the plaque bacteria release 
acids after the metabolisms of sugars presents, thus damag-
ing the tooth enamel and facilitating the formation of car-
ies.55,62 Overall, there is a change in the initial composition of 
the microbiota with the loss of microbial families leading to 
the development of caries. Organic acids derived from disac-
charide hydrolysis such as sucrose and associated with caries 
also influence enzyme reactions.55 An acidic environment 
in the mouth induces the production of protein enzymes 
and causes the modification of the microbial composition 
because they are selected aerobic and microorganisms that 
grow in an acidic environment. Caries reduce the diversity 
of microbes in relation to periodontal disease, probably due 

to the acidic environment, which limits microbial growth 
in organisms that do not grow in an acidic environment. 
Gingivitis and periodontitis are the main causes of tooth 
loss.55,63–65

Periodontal diseases

The main cause of periodontal disease is the development 
of dental plaque and tartar in the teeth due to poor oral 
hygiene. Gingivitis is perhaps the most common bacterial 
disease in humans. Dental plaque is constantly formed 
on tooth surfaces. Saliva glycoproteins form the salivary 
layer on the teeth to which the bacteria attach. The primary 
colonizer microorganisms can then interact with other bac-
teria and eventually contribute to the development of the 
biomembrane. The main colonizing microorganisms tend 
to be aerobic and optionally anaerobic Gram(+) such as 
Streptococcus and Actinomyces. Among the dominant species 
in the mature plaque, there are those anaerobic Gram(–) 
such as Fusobacterium and Treponema.66 If oral hygiene is 
performed regularly, the dental plaque is kept immature 
and in a relatively small quantity. Otherwise, the accumula-
tion of dental plaque can promote the growth and prolif-
eration of several bacteria producing endotoxins and other 
enzymes that can enter the gums feeding an inflamma-
tory response. The main clinical symptom of gingivitis is 
the bleeding of swollen gums. However, this condition is 
reversible if proper hygiene is restored.67 Actinobacillus, P. 
gingivalis, Bacteroides forsythus, and Treponema denticola are 
among the main pathogenic species of anaerobic bacteria 
associated with the inflammatory response that leads to 
gingivitis. Periodontitis forms a periodontal pocket between 
the tooth and the gingiva that is colonized by anaerobic 
bacteria. The host contributes to the development of the 
lesion by producing proteases that damage the surrounding 
tissues. The teeth get mobility and eventually disappear. 
Periodontal disease is a polymicrobial infection that can be 
at least partially explained by the dysbiosis hypothesis.68–71 
This hypothesis suggests that the low-frequency increase of 
the Gram(−) P. gingivalis can mediate the interaction with 
the host leading to inflammation and eventually to bone loss 
with the onset of periodontal disease.72–76 Furthermore, P. 
gingivalis limits host protection by facilitating the develop-
ment of the entire microbial community through the modi-
fication of the nutrient medium. The modification of the 
analogous relationship between closely symbiotic microor-
ganisms and pathogenic agents can lead to inflammation 
and subsequent bone destruction.77–79 However, despite 
the etiological composition of periodontal disease has not 
yet been revealed, beyond bacteria, various fungi can be 
a parameter responsible for the onset and progression of 
periodontal infection.80,81 In particular, at least 150 species 
of fungi belonging to the genera Ascomycota, Basidiomycota, 
Glomeromycota, and Chytridiomycota have been identified. 
In addition, a variety of unclassified organisms have also 
been reported in patients with periodontal diseases. To date, 
the discovery of the presence of Ascomycota in a measure 
of nearly 86.5% in both healthy and periodontal patients 
is of particular interest.82,83 Similarly, blood-borne viruses 
such as hepatitis viruses and HIV can enter the mouth and 
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viruses related to upper respiratory infections can be clearly 
present in the mouth during the acute phase of infection.84–87 
As above mentioned, oral dysbiosis can deflect an effective 
host immune response, leading to non-specific inflamma-
tory reactions and tissue damage leading to an increase in 
the flow of gingival crevicular fluid (GCF) on small local 
hemorrhagic lesions (ulcers of the squamous epithelium). 
These in turn will lead to a deprivation of local oxygen in the 
area, favoring the development of anaerobic bacteria present 
in the gum cracks that in turn feed dysbiosis55 and a sustained 
inflammatory reaction with further tissue damage, the 
so-called “inflammatory dysbiotic cycle” (IDC) (Figure 5). A 
recent study88 evaluated the efficacy of a low-carbohydrate 
diet plan characterized by a particular attention to the daily 
intake of whole-grain products and fiber, omega-3 fatty 
acids, sources of vitamin C, vitamin D, and antioxidants 
in reducing inflammation and oxidative stress in treating 
periodontitis. The authors found that the application of this 
optimized diet was associated with a higher reduction in 
probing pocket depth (PPD) and full-mouth bleeding score 
(FMBS) after the treatment.88

Oral candidiasis

In healthy individuals, the Candida fungus has been found 
in mucous membranes such as the gastrointestinal tract, 
mouth, nose, reproductive organs, and skin. Oral candidiasis 
is a common occasional fungal infection of the oral mucosa 
caused by excessive growth of Candida spp. with the most 
common species Candida albicans.80,81 Factors contributing to 
its onset include salivary gland dysfunction, certain medica-
tions, artificial prosthetics, and high-carbohydrate diets. In 
the saliva, there are various antimicrobial substances such 

as lactoferrin, amylase, glycosylated proline-rich protein 
(PRP), lysozyme, and special antibodies against Candida.89,90 
Additional dental components can contribute to Candida 
infection since they create a microenvironment leading to its 
development with anaerobic and low-pH Candida’s growth 
in saliva and its attachment to oral epithelial cells which 
is boosted by a carbohydrate-rich diet. Cigarette smoking, 
diabetes, cancer, and immunosuppression appear to be 
risk factors for oral candidiasis. The treatment of excessive 
growth of Candida does not seek to eliminate Candida from 
the individual, but to restore its correct and balanced ecologi-
cal relationship between humans and microorganisms.80,91

Oral cancer

Oral cancer is a multifactorial disease. Recent studies reported 
that the presence of certain human papillomavirus (HPV) 
viruses (such as the HPV 16) and C. albicans can increase the 
tendency to malignant cell transformation. There is increas-
ing evidence that HPV can act in combination with cigarette 
smoking to cause oral squamous cell carcinoma.92 Recently, 
it has been reported a deterioration in the composition of 
overgrown fungi not only by C. albicans but also by the gen-
era Hannaella and Gibberella in oral neoplasms that can be the 
causative agent of various diseases.80,92 Furthermore, around 
40 species have been found in oral cancerous lesions includ-
ing P. gingivalis, Porphyromonas endodontalis, Filifactor alocis, 
Dialister pneumosintes, and Tannerella forsythia. In this case, it 
is possible that the profile of the oral microbiota can function 
as a diagnostic biomarker in the prevention or diagnosis of 
those malignancies.93–101

Other pathological conditions

Dysbiosis of the oral cavity can have effects on other organs 
with or without systemic consequences. Hence, oral bacteria 
can play a role in several systemic diseases including lichen 
planus, leukoplakia, mucositis, cardiovascular disease, low 
respiratory airways tract, rheumatoid arthritis, lupus erythe-
matosus, inflammatory bowel disease, cirrhosis, Alzheimer, 
polycystic ovary syndrome, obesity, diabetes, HIV infection, 
and extra-oral cancerous conditions (such as esophageal, 
colon, and pancreas cancers).102–108 Recent studies have dem-
onstrated the presence of P. gingivalis in cancerous tissues of 
esophageal cancers. Also Peptostreptococcus, Fusobacterium, 
Peptococcus, Catonella, and Parvimonas micra have been asso-
ciated with esophageal cancers (i.e. adenocarcinoma and 
squamous cell carcinoma).104,109

Some species colonizing the oral microbiota such as S. 
mutans, P. gingivalis, and Gemella haemolysans may also play 
an important role in the context of cardiovascular diseases. 
In fact, S. mutans, which is one of the main agents responsible 
for dental caries, has been shown to actively contribute to the 
development of atherosclerosis by altering the functionality 
of epithelial cells.110–112 P. gingivalis promotes the production 
of inflammatory cytokines (such as tumor necrosis factor α 
[TNF-α], interleukin (IL)-1β, IL-6, prostaglandin E2 [PGE2]) 
which in turn affect the cells of the atheromatous plaque with 
consequent aggravation of the condition of atherosclerosis. 
Campylobacter rectus, P. gingivalis, Porphyromonas endodontalis, 

Figure 4. The diversity and richness of microbial communities are related to 
caries risk. Surfaces and positions with the highest variety and richness that are 
more sensitive to caries. When caries develops, the acidic environment reduces 
the variety and richness of local microbes.
Source: Charitos IA.
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and A. actinomycetemcomitans have been strongly associated 
with the development of coronary artery disease.113,114

The composition of the microbiota decreases along the 
path of the lower airways compared to that of the oral cav-
ity. With the evolution of polymerase chain reaction (PCR) 
technology, the oral/lung microbiota axis has been investi-
gated for its connection with some lung diseases through its 
dysbiosis.18,115 Oral microbiota dysbiosis may be thus linked 
to certain medical conditions of the lower airway tract such 
as pneumonia, cystic fibrosis, chronic obstructive pulmonary 
disease (COPD), and lung cancer.

Strategies to prevent oral dysbiosis

The mouthwashes’ role

Mouthwash plays an important role in preventing inflam-
mation, infections, and the development of dental caries. 
Mouthwash with chlorhexidine gluconate has a wide anti-
bacterial activity and therefore against Streptococcus spp., 
through its ability to persist for a long time after its use in 
both soft and hard tissues. Furthermore, chlorhexidine has a 
positive electrostatic charge, and therefore, it binds to nega-
tively charged microbial cell membranes, which will lead to 
its destruction. It also blocks the activity of certain enzymes 
in microbes such as glycosyltransferases (GTFs) and phos-
phoenol pyruvate phosphatase.116 Cetylpyridinium chloride 
is a quaternary ammonium compound that has antimicro-
bial activity has a smaller range of antimicrobial activity 
than chlorhexidine. It is absorbed into the oral surfaces and 
released at a faster rate than chlorhexidine.116 Triclosan comes 
from 2,4,4’ trichloro-2-hydroxydiphenyl ether and zinc cit-
rate has an extensive antimicrobial activity and is believed 
to inhibit cell membrane functions, especially in S. mutans.117 

Mouthwashes that contain phenol and four essential oils 
(thymol, eucalyptol, menthol, and methyl salicylate up to 
26% alcohol) can modify the biofilm of plaque by remov-
ing most of the microorganisms that cause inflammation 
of the gums. Bacterial enzymes and endotoxins by Gram(–) 
bacteria have shown anti-inflammatory properties (i.e. 
through prostaglandin synthetase blockade). Delmopinol, 
derived from 2-morpholinoethanol, is effective in blocking 
both plaque and inflammation of the gums.118 The property 
of fluoride against caries is due to three main mechanisms. 
First, fluorine ions act as active enzymatic substances block-
ing the metabolism of sugars by the microorganisms, result-
ing in a reduction or inhibition of organic acid production. 
A second mechanism involves the intracellular absorption 
which depends on the difference in pH between the inside 
of the bacteria and the external environment. Once inside 
the cell, fluorine ionizes releasing H + ions (HF ⇄ H ++ F−). 
The porous structure and the continuous calcification during 
tooth formation favor the greater incorporation of fluoride 
in the surface layer of the enamel.119 Free fluoride ions in a 
solution can react with enamel and dentin crystals in differ-
ent ways, depending on their concentration and composi-
tion of the solution. The presence of these forms reduces the 
solubility of the enamel at acidic pH. Finally, fluoride can 
increase the re-calcification rate by promoting the formation 
of apatite which is the only accelerator in the formation of 
apatite crystals.120

Xylitol is a pentavalent alcohol that inhibits the growth of 
S. mutans. The mechanism consists of antagonizing glucose 
glycolysis by increasing the activity of amylase, carbonic 
anhydrase, and lactoperoxidase together with an increase in 
the regulatory capacity of saliva. There are several studies 
showing that the systemic use of xylitol reduces the number 

Figure 5. The oral microbiota dysbiosis lead the overpopulation of certain bacterial strains but also fungi such as Candida albicans which in turn causes the local 
“Inflammation Dysbiosis Cycle condition.”
Source: Charitos IA.
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of S. mutans in saliva and the reduction in the incidence of 
caries.70,121,122,123 Sorbitol is not metabolized by most microor-
ganisms in the oral cavity or slowly metabolized (such as the 
Lactobacillus spp.) relative to the time taken by the glucose 
components to ferment to acid. In fact, thanks this, it keeps 
the pH of saliva above the critical point (5.5 with the effect of 
its use on the prevention of caries). On the contrary, if there 
is long-term and frequent intake, it will lead to an increase in 
acid production (cause of the possible adaptation of micro-
organisms) and the pH falls below 5.5. A disadvantage of 
sorbitol is the incidence of gastrointestinal symptoms more 
evident than xylitol.122,124 Sanguinarine is an alkaloid derived 
from the plant Sanguinaria canadensis and is usually associ-
ated with zinc salts but its effect against S. mutans is lower 
than chlorhexidine due to its low bioavailability. Finally, 
povidone-iodine has a broad spectrum of activity against 
bacteria, fungi, protozoa, and viruses effective in reducing 
plaque and gingivitis and can be a useful complement to 
routine oral hygiene. In addition, it can reduce the severity 
of radiation mucositis.124,125

The action of the probiotics and prebiotics

Probiotics are defined as “live microorganisms which when 
administered in adequate amounts confer a health ben-
efit on the host.”126 However, prebiotics are “a substrate 
that is selectively utilized by host microorganisms confer-
ring a health benefit.”127 Prebiotics are mainly carbohy-
drate-based, although non-carbohydrate substances like 
polyphenols and polyunsaturated fatty acids converted 
to respective conjugated fatty acids have been reported.127 
Fructo-oligosaccharides (FOS) and galacto-oligosaccha-
rides (GOS) currently represent the main prebiotic cate-
gory. Prebiotics have several health effects including the 
reduction of inflammation and immune system stimula-
tion as well as inhibition of pathogens and benefits for 
cardiometabolic and mental health.51,127 Prebiotics can be 
envisioned as nutrients for those probiotic bacteria. In fact, 
prebiotics stimulate probiotics bacteria like Lactobacilli 
and Bifidobacteria specifically, but not pathogens (i.e. cer-
tain Clostridia and Escherichia coli).127 The potential role of 
probiotics on the oral cavity microbiota could be the same 
described for the gut. The use of probiotics to improve 
oral health has recently increased despite further studies 
are needed. In particular, Lactobacilli and Bifidobacteria can 
exert beneficial effects through three main mechanisms: (1) 
they can stimulate microbiota eubiosis, (2) they can lead to 
immunomodulation, and (3) they can mediate beneficial 
metabolic effects. Probiotics exert their function through 
several mechanisms including competition for adhesion 
sites, aggregation, competition for nutrient substrate and 
growth factors, production of antimicrobial compounds, 
increase of the efficiency of the immune system (i.e. 
improving the production of immunoglobulin A [IgA] and 
defensins), and inhibition of the synthesis of proinflam-
matory cytokines as well as reduction of the matrix metal-
loproteinases (MMPs) proenzymes production. Probiotics 
can thus inhibit the growth of pathogens and exert other 
effects related to the ecology of dental plaque, influencing 
the local and systemic immune response.128,129

Lactobacillus acidophilus showed promising effects in 
cases of periodontal disease, gingivitis, periodontitis, 
and pregnancy gingivitis. Regarding periodontal disease, 
Lactobacillus casei, Lactobacillus shirota, Lactobacillus reuteri 
have shown an effect in the reduction of gingival bleed-
ing. Lactobacillus salivarius WB21 seems to reduce the depth 
of the gum pocket especially in cigarette smokers. L. casei 
and L. Shirota have been associated with a reduction of 
the activities of polymorphonuclear (PMN) elastase and 
MMP-3 in GCF.130 The effects of Lactobacillus rhamnosus 
SP1 supplementation has been evaluated a randomized 
placebo-controlled trial as an adjunct to non-surgical peri-
odontal therapy in patients with chronic periodontitis, but 
no differences were found among treated patients and pla-
cebo group.131 Another study found that daily intake of 
heat-inactivated L. plantarum L-137 decreased the depth 
of periodontal pockets.132 Alanzi et al.133 in a randomized 
placebo-controlled clinical trial enrolling 108 healthy ado-
lescents found that the administration of lozenge probiotics 
containing L. rhamnosus GG and Bifidobacterium lactis BB-12 
improved gingival health and decreased the microbial 
count of harmful bacteria. Probiotics seem also to reduce 
sulfur gas production from the bacteria located mainly 
on the back of the tongue, with halitosis improvement. 
Probiotics can also help in balancing the pH in the mouth. 
Saliva is vital for oral health, the immune system, diges-
tion and even in maintaining correct breathing. Probiotics 
contain a mixture of beneficial bacteria that help restore the 
natural and healthy production of saliva in the mouth with 
beneficial effects on xerostomia prevention.18,134,135 It was 
noted that the use of chewing gum containing probiotics 
with certain strains such as the L. reuteri ATCC PTA and 
5289 ATCC 55730 can lead to a reduction of proinflamma-
tory cytokines in GCF. Instead, the use of L. brevis resulted 
in a reduced action of MMP (collagenase) and other inflam-
matory markers in saliva. The use of some probiotic strains 
by lactating women appears to affect the composition of 
breast milk. As for commensal bacteria, there would always 
be several bacterial strains potentially useful in the pre-
vention or treatment of oral diseases.136 However, further 
investigation is needed to demonstrate the efficacy of orally 
administered bacteria on oral microbiota health in both 
adults and children. However, it is important to bear in 
mind that all the mechanisms studied are based on in vitro 
results and that clinical evidence is established in short 
pilot clinical studies. Several studies suggest that probiotics 
could reduce the number of S. mutans in saliva, toward a 
decrease in the number of Streptococcus spp. in saliva.137,138 
Unfortunately, in the case of dental caries, the groups were 
relatively small with a short duration of follow-up. It seems 
that certain strains of Propionibacterium freudenreichii ssp. 
shermanii JS, L. rhamnosus LC705, and L. rhamnosus GG can 
help in reducing C. albicans concentrations. The S. salivarius 
K12 as a probiotic has shown beneficial effects in prevent-
ing tonsillitis from Streptococcus spp., viral infections and 
other inflammatory diseases. Finally, probiotics have been 
suggested to be effective in various infectious diseases 
such as viral including COVID-19 infection.139–142 As above 
mentioned, probiotics and prebiotics are frequently used in 
association for their symbiotic effects.51 However, despite 
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several studies have investigated the role of probiotics 
mainly on periodontal health, interventional studies on the 
effects of prebiotics on dental diseases are still lacking.51,143

Conclusions

Our knowledge of the world of microorganisms is constantly 
evolving. The recent advent of highly sensitive molecular 
techniques has greatly improved our knowledge of the syn-
thesis of microbial communities present in various areas of 
the human body. With this important information, research-
ers are now ready to translate these results into a deeper 
understanding of the complex relationships between the oral 
microbiota and its host in health and disease. Although sev-
eral interesting discoveries have already been made, there 
are still some important questions about microbial–host rela-
tionships to better understand the potential of novel thera-
peutic approaches in clinical practice. The microbiota of the 
oral cavity is the one that most influences the lung micro-
biota, and therefore, the eubiosis of the oral microbiota is 
strongly interrelated with the pulmonary one, which in turn 
exerts its influence on the gut microbiota. Oral microbiota 
dysbiosis, observed in many oral diseases (i.e. periodontal 
disease), can lead to the overpopulation of certain pathogen 
microorganisms (i.e. bacterial strains but also fungi such as 
C. albicans) leading to the so-called “IDC” condition. Finally, 
novel therapeutic strategies based on diet (i.e. limitation of 
simple sugars consumption) and probiotic supplementation 
could exert beneficial effects limiting the growth of those 
pathogen microorganisms implicated in some oral and sys-
temic pathological conditions.
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