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LEARNING OBJECTIVES

Define the human microbiome and microbiota and explain the differences between these two concepts,
including their significance in human health.

Describe the composition and distribution of the human microbiome, including the major microbial
groups (bacteria, fungi, viruses, archaea, and protozoa) and their presence in different body sites.
Explain the structure and functions of microbiomes at various body sites, including the oral, gut, skin,
vaginal, urogenital, and nasal microbiomes.

Discuss the major physiological roles of the human microbiome, including its contributions to digestion,
nutrient absorption, vitamin synthesis, immune regulation, pathogen protection, metabolism, and the gut—
brain axis.

Identify the common beneficial microorganisms associated with different body sites and describe their
role in maintaining health and preventing disease.

Analyze the factors that influence the composition and diversity of the human microbiome, including
diet, age, antibiotics and other medications, lifestyle, and environmental exposures.

Explain the concept of microbial dysbiosis and discuss its association with infections, metabolic
disorders, immune diseases, and other chronic health conditions.

Evaluate the importance of maintaining a healthy microbiome and recognize its potential applications in

disease prevention, personalized medicine, and future therapeutic strategies.

1.1 INTRODUCTON

The human body is a complex ecosystem that
supports not only human cells but also a vast and
diverse population of microorganisms collectively
known as the human microbiome. The term
human microbiome refers to the complete
collection of genetic material (genomes) of all
microorganisms that inhabit the human body,
including bacteria, fungi, viruses, archaea, and
protozoa. ! It is important to distinguish the
microbiome from the term microbiota, which
refers specifically to the microorganisms
themselves rather than their genetic material or
biological functions. ! Therefore, the concept of
the microbiome encompasses not only the
microbial organisms but also their genes,
metabolic products, and the complex interactions
they establish with their human host. ®! The

human microbiome is highly dynamic and varies
considerably among individuals. Its composition
is influenced by numerous factors, including age,
genetics, dietary habits, lifestyle, environmental
exposures, geographical location, medical history,
and the use of medications such as antibiotics.
Despite these individual differences, researchers
have identified a group of microorganisms that are
consistently present in healthy individuals. This
relatively stable group is referred to as the core
microbiome, which plays a fundamental role in
maintaining normal physiological functions and
overall health. B! Trillions of microorganisms
colonize different regions of the human body,
including the gastrointestinal tract, oral cavity,
skin, respiratory tract, and urogenital system. (¢!
These microbial communities consist
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predominantly of bacteria, but they also include
fungi, viruses, archaea, and protozoa that coexist
in a carefully regulated ecological balance. ! The
microbiome therefore represents not only the
microorganisms inhabiting the body but also their
collective genetic potential and the surrounding
microenvironment that supports their survival and
activity. ¥ Over the past two decades, advances in
molecular biology, particularly next-generation
sequencing technologies and metagenomic
analysis, have transformed our understanding of
the human microbiome. These technologies have
enabled scientists to identify microbial species
that cannot be cultured using conventional
laboratory techniques, revealing an extraordinary
diversity of microorganisms and their functional
capabilities. As a result, microbiome research has
emerged as one of the fastest-growing fields in
microbiology, medicine, and public health
because of its profound influence on human

physiology and disease development. !
Historically, microorganisms were primarily
viewed as harmful agents responsible for

infectious diseases. However, modern scientific
research has fundamentally changed this
perception by demonstrating that the majority of
microorganisms residing in the human body are
either harmless or beneficial. """ These
commensal and mutualistic microorganisms
perform numerous essential functions that are
critical for maintaining health. They assist in the
digestion of complex dietary components,
synthesize essential vitamins such as vitamin K
and certain B vitamins, regulate metabolic
processes, protect the body against pathogenic
microorganisms through competitive exclusion,
and contribute to the development and regulation
of the immune system. ['!]

In addition, growing evidence suggests that the
microbiome influences neurological function,
mental health, and communication between the
gut and the brain through the gut-brain axis.
Maintaining a balanced microbial community is
essential for normal physiological function.
Disruption of this balance, a condition known as
dysbiosis, has been associated with a wide range
of disorders, including inflammatory bowel

disease, obesity, diabetes, allergies,
cardiovascular diseases, autoimmune disorders,
and certain neurological conditions.

Consequently, the human microbiome is now
recognized as an indispensable partner in human
health rather than a passive collection of

microorganisms. 2l Understanding  the

composition, diversity, and functions of the
human microbiome is therefore essential for
developing novel  preventive  strategies,
personalized therapies, and future medical
interventions aimed at improving human health
and well-being.

1.2 HISTORICAL BACKGROUND

The study of microorganisms began in the late
seventeenth century with the pioneering work of
Antonie van Leeuwenhoek, who is widely
regarded as the father of microbiology. Using a
handcrafted simple microscope, he became the
first scientist to observe microscopic living
organisms, which he referred to as "animalcules."
His groundbreaking observations marked the
beginning of microbiology and opened a new era
in the understanding of the invisible microbial

world. "3 For many centuries after these
discoveries, microorganisms were primarily
viewed as harmful agents responsible for

infectious diseases. The development of the germ
theory of disease during the nineteenth century,
supported by the work of scientists such as Louis
Pasteur and Robert Koch, further strengthened the
association between microbes and disease-

causing pathogens. Consequently, medical
research focused mainly on identifying
pathogenic microorganisms and developing

methods to eliminate them through improved

sanitation, vaccination, and antimicrobial
therapies. "' During the twentieth century,
scientific understanding of microorganisms

gradually evolved. Researchers began to
recognize that not all microorganisms are harmful
and that many live in close association with the
human body without causing disease. Instead,
these resident microorganisms often establish
mutually beneficial, or symbiotic, relationships
with their host. They contribute to essential
physiological processes such as digestion, nutrient
metabolism, immune system development, and
protection against invading pathogens. [ A major
breakthrough in microbiome research occurred in
the early twenty-first century with the
introduction of advanced molecular techniques,
particularly next-generation sequencing and
metagenomic  analysis. These technologies
enabled scientists to identify microorganisms that
could not be cultured using conventional
laboratory methods, revealing the remarkable
diversity and complexity of microbial
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communities inhabiting the human body.
International initiatives such as the Human
Microbiome Project, launched in 2007, further
accelerated  research by  systematically
characterizing the microbial populations
associated with healthy individuals and various
disecases. Today, the human microbiome is
recognized as a vital component of human biology
and an important determinant of health and
disease.

1.3 COMPOSITION OF THE HUMAN
MICROBIOME

The human microbiome is an extraordinarily
diverse and dynamic ecosystem composed of
trillions of microorganisms that inhabit different
regions of the human body. These microorganisms
include bacteria, fungi, viruses, archaea, and
protozoa, each contributing to the maintenance of
normal physiological functions and overall health.
The composition of the microbiome varies not
only between individuals but also among different
anatomical sites within the same individual,
reflecting the unique environmental conditions,
nutrient availability, pH, oxygen concentration,
and immune responses present at each location.
e} Among all microbial groups, bacteria
constitute the most abundant and extensively
studied members of the human microbiome, with
thousands of species identified through culture-
independent molecular techniques. ['”! Although
the gastrointestinal tract harbors the largest
microbial  population,  distinct  microbial
communities are also established on the skin,
within the oral cavity, respiratory tract, and
urogenital system, where they perform specialized
biological functions. !'®

1.3.1 Oral Microbiome

The oral cavity contains one of the most complex
and diverse microbial communities in the human
body and is known as the oral microbiome. ['! It
comprises bacteria, fungi, viruses, archaea, and
protozoa together with their genetic material and
the interactions they establish with oral tissues and
the host immune system. The mouth provides an
ideal environment for microbial colonization
because it offers constant warmth, moisture,
nutrients derived from food, and multiple
ecological niches, including the teeth, tongue,
cheeks, gums, palate, saliva, and tonsils. ! The
oral cavity is considered the second most diverse

microbial habitat in the human body after the
gastrointestinal tract. Hundreds of microbial
species inhabit the mouth, and under healthy
conditions, most exist in a balanced and mutually
beneficial relationship with the host. These
microorganisms contribute to oral homeostasis by
preventing colonization by pathogenic microbes,
supporting the initial stages of digestion,
maintaining mucosal health, and stimulating local
immune responses. 'Y However, disruption of this
microbial balance, a condition known as
dysbiosis, may promote the development of oral
diseases such as dental caries, gingivitis,
periodontitis, and oral candidiasis. ! The oral
microbiome refers to the diverse community of
microorganisms that inhabit the oral cavity,
including bacteria, fungi, viruses, archaea, and
protozoa. »¥! These microorganisms colonize
various surfaces of the mouth, such as the teeth,
tongue, gums, cheeks, palate, tonsils, and saliva,
where they exist in a dynamic equilibrium with
the host. The oral cavity provides an ideal
environment for microbial growth because of its
constant warmth, moisture, nutrient availability,
and multiple ecological niches. A healthy oral
microbiome is essential for maintaining both oral
and systemic health, as it contributes to several
physiological processes and protects the oral
cavity from disease. *%
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Figure: 1.1 Oral Microbiome

One of the primary functions of the oral
microbiome is protection against harmful
pathogens. Beneficial microorganisms prevent the
colonization of pathogenic bacteria through a
mechanism known as colonization resistance.
They compete with harmful microorganisms for
nutrients and attachment sites on oral tissues while
producing antimicrobial substances, such as
bacteriocins and hydrogen peroxide, that inhibit
the growth of disease-causing microbes. These
protective mechanisms help preserve the
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microbial balance within the oral cavity and
reduce the risk of oral infections. ) The oral
microbiome also plays a crucial role in
maintaining oral homeostasis. Under normal
conditions, beneficial microorganisms regulate
the size and composition of the microbial
population, helping to maintain a stable ecological
balance within the mouth. They contribute to
maintaining the normal pH of the oral
environment, support the integrity of oral mucosal
tissues, and interact with the local immune system
to promote immune tolerance while limiting
excessive inflammatory responses. [?! This
balanced microbial ecosystem is essential for
preserving healthy teeth, gums, and other oral
tissues. Another important function of the oral
microbiome is the prevention of periodontal
diseases. Beneficial microorganisms suppress the
excessive growth of pathogenic bacteria that
contribute to inflammatory conditions affecting
the supporting structures of the teeth. When the
microbial balance is maintained, the risk of
developing diseases such as  gingivitis,
characterized by inflammation of the gums, and
periodontitis, a more severe condition involving
destruction of the periodontal ligament and
alveolar bone, is significantly reduced. *”) The
oral microbiome also contributes to the early
stages of digestion. The mouth is the first site
where digestion begins, and oral microorganisms
assist in the initial breakdown of food particles.
They interact with salivary enzymes to facilitate
the metabolism of dietary carbohydrates and other
nutrients, thereby supporting the digestive process
before food reaches the gastrointestinal tract. %]

A healthy oral microbiome is composed of
numerous beneficial microorganisms. Among the
most common bacterial species are Streptococcus

salivarius, Streptococcus mitis, Actinomyces
species, and Neisseria species. ?° These
microorganisms are considered important

members of the normal oral flora and contribute
to maintaining microbial balance, preventing
pathogen colonization, and supporting oral health.
Disruption of the normal oral microbial
community, a condition known as oral dysbiosis,
can have significant health consequences. Factors
such as poor oral hygiene, excessive sugar
consumption, smoking, antibiotic use, systemic
diseases, and reduced saliva production can alter
the composition of the oral microbiome. This
imbalance increases the risk of oral diseases,
including dental caries (tooth decay), gum

diseases, oral candidiasis (oral thrush), and
recurrent mouth ulcers. B% Furthermore, emerging
evidence suggests that oral dysbiosis may also
contribute to systemic disorders, including
cardiovascular  disease, diabetes mellitus,
respiratory infections, and adverse pregnancy
outcomes. Therefore, maintaining a balanced oral
microbiome through proper oral hygiene, a
healthy diet, regular dental care, and healthy
lifestyle practices is essential for both oral and
overall health.

1.3.2 Skin Microbiome

The skin, the largest organ of the human body,
serves as an extensive habitat for a wide variety of
microorganisms collectively referred to as the
skin microbiome. P! The microbial composition
of the skin differs considerably between body sites
because of variations in moisture, temperature,
sebum production, and environmental exposure
[16.17] "Common bacterial genera found on healthy
skin include Staphylococcus, Cutibacterium
(formerly Propionibacterium), and
Corynebacterium. ** These microorganisms play
essential roles in maintaining skin health by
preventing colonization by harmful pathogens
through competitive exclusion, producing
antimicrobial compounds, regulating local
immune responses, and preserving the integrity of
the skin barrier. ** A balanced skin microbiome is
therefore crucial for protecting the body against
infections and maintaining healthy skin function.

Common Microorganisms
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Figure: 1.2 Skin Microbiome

The skin microbiome refers to the diverse
community of microorganisms that inhabit the
surface of the skin, including bacteria, fungi,
viruses, and microscopic mites. 3% As the largest
organ of the human body, the skin provides a wide
range of ecological niches that support microbial
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colonization. These microorganisms exist in a
mutually beneficial relationship with the host and
form an essential component of the body's natural
defense system. Under healthy conditions, the
skin microbiome contributes significantly to
maintaining skin integrity, preventing infections,
regulating immune responses, and preserving
overall skin health. One of the primary functions
of the skin microbiome is protection against
harmful pathogens. Beneficial microorganisms
prevent the colonization and proliferation of
pathogenic microbes through a process known as
colonization resistance. They compete with
harmful microorganisms for available nutrients
and attachment sites on the skin surface while
producing antimicrobial substances such as
bacteriocins, fatty acids, and antimicrobial
peptides. These activities help maintain a
balanced microbial environment and reduce the
risk of infections caused by pathogenic bacteria,
fungi, and viruses. 34 The skin microbiome also
plays a vital role in strengthening the skin barrier.
Beneficial microorganisms support the structural
and functional integrity of the epidermis, which
serves as the body's first physical barrier against
the external environment.

A healthy microbial community helps reduce
excessive water loss from the skin, protects
against the penetration of harmful chemicals and
environmental pollutants, and limits the entry of
pathogenic microorganisms and allergens. These
functions are essential for maintaining normal
skin hydration and preventing tissue damage. %!
Another important function of the skin
microbiome is the regulation of the immune
system. Skin microorganisms interact
continuously with epidermal cells and immune
cells, including keratinocytes, macrophages,
dendritic cells, and T Ilymphocytes. These
interactions help educate and regulate the immune
system, enabling it to recognize and eliminate
harmful pathogens while maintaining tolerance
toward harmless microorganisms and
environmental antigens. This balanced immune
response is crucial for preventing -chronic
inflammation and maintaining skin homeostasis
(331 The skin microbiome also contributes to
maintaining the skin's slightly acidic pH,
commonly referred to as the "acid mantle." This
acidic environment, with a pH of approximately
4.5-5.5, inhibits the growth of many pathogenic
microorganisms while promoting the survival of
beneficial microbial species. By helping preserve

this optimal pH, the skin microbiome supports the
natural defense mechanisms of the skin and
enhances its resistance to infection. ! A balanced
skin microbiome is essential for the prevention of
various skin disorders. Disruption of the normal
microbial community, known as skin dysbiosis,
has been associated with several dermatological
conditions, including acne vulgaris, atopic
eczema, dermatitis, fungal infections, psoriasis,
and delayed wound healing. *”) Factors such as
excessive use of antibiotics, harsh skin cleansers,
pollution, ultraviolet radiation, poor hygiene, and
underlying medical conditions can disturb the
normal microbial balance and increase
susceptibility to these disorders. Several
microorganisms are considered important
members of the normal skin microbiota. Common
beneficial species include Staphylococcus
epidermidis, Cutibacterium acnes (formerly
Propionibacterium acnes), and Corynebacterium
species. *81 These microorganisms contribute to
maintaining microbial homeostasis by competing
with  pathogens, producing antimicrobial
compounds, regulating immune responses, and
preserving the integrity of the skin barrier.
Maintaining a healthy skin microbiome through
proper hygiene, balanced nutrition, avoidance of
unnecessary antibiotic use, and appropriate
skincare practices is therefore essential for
preserving skin health and preventing disease.

1.3.3 Gut Microbiome

The gut microbiome is the largest and most
extensively studied microbial community in the
human body and is regarded as one of the most
influential determinants of human health. ! The
majority of gut microorganisms reside in the large
intestine, where they form a highly diverse and
metabolically active ecosystem. The composition
of the gut microbiome is influenced by several
factors, including genetics, diet, age, lifestyle,
medications, and environmental exposures. 4"
The dominant bacterial phyla found in the healthy
gut include Firmicutes, Bacteroidetes,
Actinobacteria, and Proteobacteria. [*81 These
microorganisms perform numerous essential
physiological functions, including fermentation of
indigestible dietary carbohydrates, production of
short-chain fatty acids, synthesis of vitamins such
as vitamin K and certain B vitamins, regulation of
host metabolism, maintenance of intestinal barrier
integrity, and modulation of both innate and
adaptive immune responses. *°! Because of these
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diverse functions, the gut microbiome has become
a major focus of biomedical research. The gut
microbiome refers to the diverse community of

microorganisms, including bacteria, fungi,
viruses, and archaea, that inhabit the
gastrointestinal tract, particularly the large

intestine. ! It represents the largest and most
metabolically active microbial ecosystem in the
human body and plays a fundamental role in
maintaining digestive, metabolic, immune, and
neurological health. The gut microbiome exists in
a mutually beneficial relationship with the host,
contributing to numerous physiological processes
that are essential for normal growth, development,
and overall well-being.

Descanding
tolon

: ( : } ‘—-’-"" > Sigmowd
Appindy \ "’/ -‘nh'\
f

Figure: 1.3 Gut Microbiome

One of the primary functions of the gut
microbiome is the digestion of food. Human
digestive enzymes are unable to completely digest
certain dietary components, particularly complex
carbohydrates, dietary fiber, and resistant starch.
Beneficial gut microorganisms ferment these
indigestible substrates, allowing the body to
extract additional nutrients and energy that would
otherwise remain unavailable. This microbial
fermentation is essential for maintaining efficient
digestion and supporting intestinal health. [*? An
important outcome of microbial fermentation is
the production of short-chain fatty acids (SCFAs),
including acetate, propionate, and butyrate. !
These metabolites serve as a major energy source
for the epithelial cells lining the colon, strengthen
the intestinal barrier, regulate immune responses,
reduce inflammation, and help maintain the
normal  physiological functions of the
gastrointestinal tract. In addition, SCFAs
influence glucose and lipid metabolism, thereby
contributing to overall metabolic health. The gut

microbiome also plays a significant role in
vitamin synthesis. Several intestinal
microorganisms synthesize essential vitamins that
complement dietary intake, including vitamin K,
vitamin B12, folate (vitamin B9), and riboflavin
(vitamin B2). These vitamins are involved in
numerous physiological processes such as blood
coagulation, DNA synthesis, red blood -cell
formation, energy metabolism, and proper
functioning of the nervous system. Another
essential function of the gut microbiome is the
regulation of metabolism. Through its influence
on nutrient absorption, energy harvesting, bile
acid metabolism, and hormone production, the gut
microbiome helps regulate body weight, fat
storage, blood glucose levels, and insulin
sensitivity. **! A balanced microbial community
contributes to healthy metabolic function,
whereas disturbances in microbial composition
have been associated with obesity, metabolic
syndrome, insulin resistance, and type 2 diabetes
mellitus.

The gut microbiome also communicates
extensively with the central nervous system
through a bidirectional communication network
known as the gut-brain axis. This complex
interaction occurs through neural pathways,
particularly the vagus nerve, as well as endocrine,
immune, and metabolic signaling mechanisms.
Gut microorganisms produce various bioactive
compounds, including neurotransmitters and
short-chain fatty acids, that influence brain
function and behavior. Consequently, the gut
microbiome has been shown to affect mood, stress
responses, memory, sleep quality, and emotional
well-being, and alterations in gut microbial
composition have been associated with anxiety,
depression, and other neuropsychiatric disorders.
451 The healthy gut microbiome contains
numerous beneficial microorganisms that
contribute to maintaining intestinal homeostasis.
Common and well-studied bacterial genera
include Lactobacillus, Bifidobacterium,
Bacteroides, and Faecalibacterium. [ These
microorganisms support digestion, produce
beneficial metabolites, strengthen the intestinal
barrier, regulate immune responses, and inhibit
the growth of pathogenic microorganisms through
competitive exclusion and the production of
antimicrobial substances. Disruption of the
normal gut microbial community, a condition
known as gut dysbiosis, can have significant
health consequences. Factors such as poor dietary

6|Page



Chapter-1.

Introduction to Human Microbiome

habits, excessive antibiotic use, chronic stress,
infections, sedentary lifestyle, and aging may alter
the diversity and composition of the gut
microbiome. Such disturbances have been
associated with numerous diseases, including
obesity, type 2 diabetes mellitus, constipation,
inflammatory bowel disease, colorectal cancer,
cardiovascular disease, and various mental health
disorders, including anxiety and depression. [
Therefore, maintaining a healthy gut microbiome
through a balanced diet rich in dietary fiber,
regular physical activity, adequate sleep, stress
management, and the judicious use of antibiotics
is essential for promoting digestive health,
metabolic balance, immune function, and overall
well-being.

1.3.4 Vaginal Microbiome

The vaginal microbiome is a specialized microbial
ecosystem found within the female reproductive
tract. 71 It consists primarily of bacteria, along
with smaller populations of fungi, viruses, and
other microorganisms that inhabit the vagina and
surrounding reproductive tissues. Unlike many
other body sites where microbial diversity is
relatively high, the healthy vaginal microbiome is
generally dominated by a limited number of
beneficial Lactobacillus species. 48

Figure: 1.4 Vaginal Microbiome

These bacteria maintain an acidic vaginal
environment by producing lactic acid, hydrogen
peroxide, and other antimicrobial substances that
inhibit the growth of pathogenic microorganisms.
21 The composition of the vaginal microbiome
changes naturally throughout different stages of

life and is influenced by hormonal fluctuations,
menstruation, sexual activity, pregnancy,
menopause, hygiene practices, medication use,
and overall health status. 3! Owing to its essential
role in reproductive health, fertility, pregnancy
outcomes, and protection against infections, the
vaginal microbiome has become an important area
of research in gynecology, reproductive medicine,

and clinical microbiology. The vaginal
microbiome refers to the community of
microorganisms, including bacteria, fungi,

viruses, and other microscopic organisms, that
inhabit the vagina and contribute to the
maintenance of female reproductive health. *°! In
healthy women, the wvaginal microbiome is
typically dominated by beneficial Lactobacillus
species, which establish a mutually beneficial
relationship with the host. Unlike many other
body sites that possess high microbial diversity,
the healthy vaginal microbiome is characterized
by the predominance of a few protective bacterial
species. These microorganisms play essential
roles in maintaining vaginal homeostasis,
preventing infections, supporting fertility, and
promoting overall reproductive well-being.

One of the most important functions of the vaginal
microbiome is the maintenance of an acidic
vaginal pH. Beneficial Lactobacillus species
ferment glycogen released by vaginal epithelial
cells to produce lactic acid, which maintains the
vaginal pH within a normal acidic range of
approximately 3.5—4.5. This acidic environment
inhibits the growth and colonization of many
pathogenic bacteria and fungi, thereby serving as
one of the body's most effective natural defense
mechanisms against infection. % The vaginal
microbiome also provides significant protection
against fungal infections. A healthy population of
Lactobacillus species suppresses the excessive
growth of opportunistic fungi, particularly
Candida albicans, by producing lactic acid,
hydrogen peroxide, bacteriocins, and other
antimicrobial  substances. These protective
mechanisms help maintain microbial balance and
substantially reduce the risk of vulvovaginal
candidiasis, commonly known as a yeast infection
Another essential function of the vaginal
microbiome is its support of reproductive health.
A balanced microbial community helps maintain
a healthy cervical and vaginal environment that is
favorable for normal reproductive function. It
contributes to fertility by preserving the integrity
of the reproductive tract, supporting sperm
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survival under appropriate  physiological
conditions, and promoting successful fertilization
and implantation. In addition, a healthy vaginal
microbiome has been associated with improved
pregnancy outcomes and overall reproductive
well-being. During pregnancy, the vaginal
microbiome undergoes physiological changes but
generally remains dominated by Lactobacillus
species. A stable Lactobacillus-rich microbiome
provides protection against ascending infections
and helps reduce the risk of pregnancy-related
complications. Numerous studies have shown that
maintaining a healthy vaginal microbiome may
decrease the likelihood of preterm birth, vaginal
infections, and complications affecting both the
mother and the developing fetus. -5 Several
Lactobacillus species are recognized as key
members of the healthy vaginal microbiome.
Among the most important are Lactobacillus
crispatus, Lactobacillus  jensenii, and
Lactobacillus gasseri. These beneficial bacteria
produce antimicrobial compounds, maintain an
acidic vaginal environment, and inhibit the
growth of disease-causing microorganisms,
thereby preserving the normal microbial balance
of the reproductive tract.

Disruption of the normal vaginal microbial
community, a condition known as vaginal
dysbiosis, can compromise reproductive health
and increase susceptibility to infection. Factors
such as antibiotic use, hormonal fluctuations, poor
hygiene, unprotected sexual activity, pregnancy,
menopause, and certain medical conditions can
alter the composition of the vaginal microbiome.
Such disturbances may result in disorders
including bacterial vaginosis, vulvovaginal
candidiasis (yeast infection), persistent itching,
irritation, abnormal vaginal discharge, and an
increased risk of sexually transmitted infections.
[36-601 Therefore, maintaining a healthy vaginal
microbiome  through appropriate  hygiene
practices, balanced nutrition, responsible
antibiotic use, and regular gynecological care is
essential for preserving female reproductive
health and preventing disease.

A. Common Beneficial Vaginal Bacteria: A
healthy vaginal microbiome is predominantly
composed of beneficial Lactobacillus species,
which play a crucial role in maintaining vaginal
homeostasis. Among the most important species
are  Lactobacillus  crispatus, Lactobacillus
jensenii, and Lactobacillus gasseri '®". These

bacteria produce lactic acid, hydrogen peroxide,
and bacteriocins that help maintain the vaginal pH
within the normal acidic range and inhibit the
growth of pathogenic microorganisms. They also
contribute to strengthening the local immune
defense, preserving the integrity of the vaginal
epithelium, and reducing the risk of bacterial and
fungal infections. Their predominance is
considered an important indicator of a healthy
vaginal microbiome and is associated with
improved reproductive health and favorable
pregnancy outcomes.

B. Effects of Imbalance: Disruption of the
normal vaginal microbial community, a condition
known as vaginal dysbiosis, can adversely affect
female reproductive health. A reduction in
beneficial  Lactobacillus  species  allows
opportunistic and pathogenic microorganisms to
proliferate, increasing the risk of infections and
inflammation. Common consequences of vaginal
dysbiosis include bacterial vaginosis,
vulvovaginal candidiasis (yeast infection),
persistent itching, irritation, abnormal vaginal
discharge, and unpleasant odor. [ If left
untreated, recurrent microbial imbalance may
increase susceptibility to sexually transmitted
infections,  pelvic inflammatory  disease,
infertility, and adverse pregnancy outcomes.

Therefore, maintaining a healthy vaginal
microbiome through appropriate  hygiene
practices, balanced nutrition, responsible

antibiotic use, and regular gynecological care is
essential for preserving female reproductive
health.

1.3.5 Urogenital Microbiome

The urogenital microbiome refers to the microbial

communities that inhabit the urinary and
reproductive systems 4. These communities
include bacteria, fungi, viruses, and other

microorganisms residing in the urethra, bladder,
vagina, cervix, penis, prostate, and surrounding
genital tissues. Their composition is influenced by
host immunity, hormonal status, age, hygiene
practices, and environmental factors. [ The
urogenital microbiome contributes significantly to
maintaining normal pH, preventing colonization
by pathogenic microorganisms, supporting
immune defense, preserving urinary tract health,
and influencing reproductive function and
fertility” A stable microbial community is
therefore essential for maintaining the health of
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both the urinary and reproductive systems. The
urogenital microbiome refers to the community of
microorganisms that inhabit the urinary and
reproductive tracts of both males and females. 1>
721 This microbial ecosystem consists of bacteria,
fungi, viruses, and other microscopic organisms
that colonize the urethra, bladder, vagina, cervix,
penis, prostate, and surrounding genital tissues.
These microorganisms interact closely with
epithelial cells, hormones, and the immune system
to maintain the normal physiological functions of
the urogenital tract.

A healthy and balanced urogenital microbiome is
essential for protecting against infections,
supporting reproductive health, and maintaining
the overall health of the urinary and reproductive
systems. One of the most important functions of
the urogenital microbiome is the prevention of
urinary tract infections (UTIs). Beneficial
microorganisms protect the urinary tract by
competing with disease-causing bacteria for
nutrients and attachment sites, producing
antimicrobial substances, and stimulating local
immune defenses. These protective mechanisms
help prevent the colonization and multiplication
of common uropathogens such as Escherichia
coli, Klebsiella species, and Proteus species,
which are among the leading causes of urinary
tract infections. ¥ By maintaining microbial
balance, the resident microbiota significantly
reduces the risk of recurrent urinary infections.
The urogenital microbiome also plays a crucial
role in supporting reproductive health. It helps
maintain a healthy reproductive tract environment
by regulating the local microbial ecosystem,
preserving tissue integrity, and supporting
immune homeostasis. In females, a balanced
microbiome contributes to fertility, protects the
reproductive organs from infection, and creates
favorable conditions for conception and
pregnancy.

In males, the normal microbiota may help
maintain a healthy reproductive environment that
supports sperm survival, motility, and function.
Overall, a stable urogenital microbiome promotes
healthy reproductive processes and favorable
conception outcomes. " Several microorganisms
are considered important members of the healthy
urogenital microbiome. Beneficial Lactobacillus
species are particularly abundant in the female
reproductive tract, where they maintain an acidic
environment and inhibit the growth of pathogenic

microorganisms. Other common members of the
normal microbiota include Corynebacterium
species and  non-pathogenic  strains  of
Staphylococcus epidermidis, which contribute to
microbial homeostasis, immune regulation, and
protection against infections. > Disruption of the
normal urogenital microbial community, a
condition known as urogenital dysbiosis, may
compromise urinary and reproductive health.
Factors such as inappropriate antibiotic use,
hormonal changes, poor hygiene, catheterization,
chronic diseases, and immunosuppression can
alter the normal microbial balance. Such
disturbances may result in urinary tract infections,
yeast infections, recurrent genital infections,
chronic inflammation, and, in some individuals,
fertility problems or infertility. ") Therefore,
maintaining a healthy urogenital microbiome
through proper personal hygiene, adequate
hydration, balanced nutrition, safe sexual
practices, and the judicious use of antibiotics is
essential for preserving the health and normal
function of both the urinary and reproductive
systems.

1.3.6 Nasal Microbiome

The nasal microbiome, also referred to as the nose
microbiome, is the diverse community of
microorganisms that inhabit the nostrils, nasal
cavity, and upper respiratory tract. 71 This
microbial ecosystem includes bacteria, fungi,
viruses, and, to a lesser extent, archaea that coexist
with the host in a dynamic and balanced
relationship. These microorganisms colonize the
mucosal surfaces of the nose and interact
continuously with nasal epithelial cells, mucus,
and components of the innate and adaptive
immune systems. ¥ Although the microbial
density of the nasal cavity is lower than that of the
gastrointestinal tract or oral cavity, it harbors a
highly specialized community that plays a crucial
role in maintaining respiratory health. The nasal
cavity serves as the primary gateway through
which inhaled air enters the body. Every day, it is
exposed to a wide range of environmental agents,
including dust particles, allergens, pollutants, and
potentially pathogenic microorganisms. The nasal
microbiome contributes significantly to the body's
first line of defense by creating a protective barrier
against these external threats. ! Beneficial
microorganisms compete with harmful microbes
for nutrients and attachment sites on the nasal
mucosa, thereby reducing the likelihood of
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pathogen colonization. Many resident bacteria
also produce antimicrobial compounds, such as
bacteriocins and other inhibitory substances,
which suppress the growth of disease-causing
organisms and help maintain microbial balance. In
addition to protecting against pathogens, the nasal
microbiome plays an important role in regulating
local immune responses. Resident
microorganisms stimulate the production of
antimicrobial peptides and influence the activity
of immune cells, enabling the immune system to
respond effectively to harmful pathogens while
avoiding unnecessary inflammation against
harmless environmental substances. 18
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Figure: 1.5 Nasal Microbiome

This interaction helps maintain the integrity of the
nasal mucosal barrier and contributes to immune
homeostasis within the upper respiratory tract.
The composition of the nasal microbiome varies
among individuals and is influenced by several
factors, including age, genetics, environmental
exposure, seasonal changes, geographical
location, antibiotic use, smoking, air pollution,
and underlying health conditions. 7% Healthy
individuals commonly harbor bacterial genera
such as Staphylococcus, Corynebacterium,
Dolosigranulum, Moraxella, and Cutibacterium,
many of which contribute to maintaining a stable

microbial ~ environment and  preventing
colonization by  opportunistic  pathogens.
Disruption of the normal nasal microbial

community, a condition known as dysbiosis, has
been associated with several respiratory disorders.
An imbalance in the nasal microbiome may
increase  susceptibility to recurrent upper
respiratory tract infections, chronic rhinosinusitis,
allergic rhinitis, asthma, and colonization by
pathogenic bacteria such as Staphylococcus
aureus and Streptococcus pneumonia. Emerging

research also suggests that the nasal microbiome
may influence the severity of viral respiratory
infections by modulating local immune responses
and maintaining mucosal barrier function. With
advances in  high-throughput sequencing
technologies, the nasal microbiome has become
an important area of research in microbiology,
immunology, and  respiratory = medicine.
Understanding the composition and function of
this microbial community may contribute to the
development of novel preventive and therapeutic
approaches, including probiotic-based
interventions, microbiome-targeted therapies, and
personalized treatments for respiratory diseases.
Overall, a healthy and balanced nasal microbiome
is essential for maintaining upper respiratory tract
health, supporting immune defense, and
protecting the body against inhaled pathogens and
environmental challenges.

1.3.7 Other Microbial Habitats

In addition to the well-characterized microbiomes
of the gut, oral cavity, skin, vagina, urogenital
tract, and nasal cavity, several other regions of the
human body harbor their own unique and
specialized microbial communities. Although
these microbiomes generally contain fewer
microorganisms than the gastrointestinal tract,
they play essential roles in maintaining local
tissue health, regulating immune responses, and
protecting against pathogenic microorganisms. 4"
Each microbial habitat is shaped by specific
environmental conditions such as oxygen
availability, moisture, pH, temperature, nutrient
supply, and host immune activity, resulting in
distinct microbial compositions and biological
functions. The lower respiratory tract, once
considered sterile, is now known to contain a
diverse but relatively low-density microbial
community.

Healthy lungs are inhabited by microorganisms
that originate primarily from the upper respiratory
tract through microaspiration and inhalation.
These resident microbes interact closely with the
pulmonary immune system, helping to regulate
inflammatory responses and maintain respiratory
health. Disturbances in the lung microbiome have
been associated with chronic respiratory diseases
such as asthma, chronic obstructive pulmonary
disease (COPD), cystic fibrosis, and pneumonia
The ocular microbiome, found mainly on the
conjunctiva and surrounding ocular surfaces,
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consists of a small but stable population of
microorganisms adapted to survive in an
environment continuously protected by tears and
antimicrobial proteins. Common bacterial genera
include Staphylococcus, Corynebacterium, and
Cutibacterium. These microorganisms contribute
to maintaining eye health by preventing
colonization by pathogenic bacteria, supporting
local immune defenses, and preserving the
integrity of the ocular surface. Alterations in the
ocular microbiome have been linked to conditions
such as conjunctivitis, keratitis, blepharitis, and
dry eye disease. The external ear canal also
possesses a characteristic microbiome composed
primarily of bacteria and fungi that thrive in the
warm, slightly moist environment of the ear.
These microorganisms help maintain microbial
balance by competing with potential pathogens
and contributing to the natural defense
mechanisms of the ear. Disruption of this
microbial community may increase susceptibility
to infections such as otitis externa and other
inflammatory conditions of the ear. 4!

Several other mucosal surfaces, including the
esophagus, stomach, and parts of the reproductive
and urinary systems, also harbor specialized
microbial communities. Although microbial
density varies considerably across these locations,
the resident microorganisms contribute to nutrient
metabolism, maintenance of epithelial barrier
integrity, regulation of immune function, and
protection against opportunistic pathogens.
Advances in molecular sequencing technologies
have revealed that even body sites once believed
to be sterile possess complex microbial
ecosystems that influence normal physiology and
disease susceptibility. Collectively, these diverse
microbial habitats form an interconnected
network that interacts with the host through
metabolic, immunological, and biochemical
pathways. Rather than functioning independently,
microbial communities at different body sites
communicate indirectly = through  immune
signaling and microbial metabolites, contributing
to systemic health and physiological homeostasis.
Ongoing research continues to uncover the
important roles of these less-studied microbiomes
in human health, highlighting their potential as
targets for novel diagnostic tools, preventive
strategies, and microbiome-based therapies.
Together, the microbiomes of different body sites
represent an essential component of the human
body, contributing significantly to immune

regulation, tissue function, and protection against
disease.

1.4 FUNCTIONS OF THE MICROBIOME

The human microbiome performs a wide range of
biological functions that are essential for
maintaining normal physiological processes and
overall health. Far from being passive inhabitants
of the human body, microorganisms actively
participate in digestion, metabolism, immune
regulation, protection against infectious agents,
vitamin synthesis, and communication with
various organ systems. The close interaction
between the microbiome and the human host
demonstrates that these microorganisms are
indispensable partners in maintaining health and
preventing disease.

A. Digestion and Nutrient Absorption

One of the most important functions of the human
microbiome is its role in digestion and nutrient
absorption. The gut microbiome, particularly the
microorganisms residing in the large intestine,
possesses metabolic capabilities that complement
those of the human digestive system. Many
complex carbohydrates, dietary fibers, and
resistant starches cannot be completely digested
by human digestive enzymes. These compounds
are fermented by intestinal microorganisms,
producing valuable metabolites that benefit the
host. ¥/ During this fermentation process,
beneficial bacteria generate short-chain fatty acids
(SCFAs) primarily acetate, propionate, and
butyrate, which serve several important
physiological functions. "' Butyrate acts as the
primary energy source for colonocytes, the cells
lining the large intestine, helping maintain the
integrity of the intestinal barrier. SCFAs also
strengthen the gut epithelial barrier, regulate
intestinal permeability, reduce inflammation, and
contribute to maintaining a healthy intestinal
environment. 8% In addition to fermenting dietary
fiber, the microbiome enhances the digestion and
absorption of essential nutrients, including
vitamins, minerals, and other bioactive
compounds, thereby improving the nutritional
value obtained from food. (8!

B. Immune System Modulation

The human microbiome plays a central role in the
development, maturation, and regulation of the
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immune system. Throughout life, resident
microorganisms continuously interact with
immune cells, enabling the body to establish
appropriate immune responses against harmful
pathogens while maintaining tolerance toward
harmless microorganisms and dietary antigens. (8!
Gut microorganisms stimulate the development
and function of immune cells such as T
lymphocytes and B lymphocytes, which are
essential components of adaptive immunity. 33!
They also influence the production of antibodies,
cytokines, and antimicrobial peptides that
strengthen host defense mechanisms. A healthy
and balanced microbial community promotes
immune  tolerance, preventing excessive
inflammatory responses that may damage healthy
tissues. Consequently, the microbiome contributes
to reducing the risk of chronic inflammation,
autoimmune diseases, allergies, and other
immune-mediated disorders. %

C. Protection Against Pathogens

Another essential function of the microbiome is
protecting the body from harmful microorganisms
through a process known as colonization
resistance. Beneficial microbes compete with
pathogenic  organisms for nutrients and
attachment sites on epithelial surfaces, making it
difficult for harmful microorganisms to establish
themselves within the body. 5! In addition to
competitive  exclusion, many  beneficial
microorganisms produce antimicrobial
compounds such as bacteriocins, organic acids,
and hydrogen peroxide that directly inhibit the
growth of pathogenic bacteria, fungi, and other
microbes. ¢ The microbiome also supports the
integrity of mucosal barriers, particularly in the
gastrointestinal tract, by maintaining tight
junctions between intestinal epithelial cells and
promoting mucus production. These protective
mechanisms reduce the likelihood that pathogens
will penetrate the intestinal lining, enter the
bloodstream, and cause systemic infections. 7]
Through these coordinated actions, the
microbiome serves as an important component of
the body's innate defense system and contributes
significantly to resistance against infectious
diseases. 8%

D. Vitamin Synthesis

Certain members of the human microbiome are
capable of synthesizing essential vitamins that

contribute to normal physiological functions.
Beneficial intestinal bacteria produce vitamin K
and several B-complex vitamins, including biotin,
folate, riboflavin, and cobalamin, which
supplement dietary intake and support numerous
metabolic processes. 31 These vitamins are
indispensable for blood coagulation, red blood
cell formation, nervous system function, DNA
synthesis, cellular metabolism, and energy
production. Although dietary intake remains the
primary source of these nutrients, microbial
synthesis provides an additional physiological
benefit that contributes to maintaining nutritional
balance and overall health. %!

E. Metabolic Functions

The microbiome plays an integral role in
regulating host metabolism. It participates in
glucose metabolism, lipid metabolism, amino acid
metabolism, and the transformation of bile acids,
thereby influencing multiple metabolic pathways.
Microbial metabolites act as signaling molecules
that communicate with host tissues and regulate
energy balance, fat storage, insulin sensitivity, and
glucose homeostasis. Disruption of the normal
microbial composition, a condition referred to as
dysbiosis, has been associated with several
metabolic disorders, including obesity, type 2
diabetes mellitus, metabolic syndrome, non-
alcoholic fatty liver disease, and cardiovascular
disease. Alterations in microbial diversity and
function may contribute to chronic low-grade
inflammation, impaired metabolism, and
abnormal energy utilization, emphasizing the
importance of maintaining a healthy microbiome
for metabolic health.

F. Mental Health and the Gut—Brain Axis

Recent advances in microbiome research have
revealed a close relationship between the
gastrointestinal microbiome and the central
nervous system, commonly known as the gut—
brain axis. This bidirectional communication
network enables continuous interaction between
intestinal microorganisms and the brain through
neural, endocrine, immune, and metabolic
pathways. The vagus nerve represents one of the
principal neural pathways linking the gut and the
brain. In addition, intestinal microorganisms
produce  various  neurotransmitters  and
neuroactive compounds, including serotonin,
gamma-aminobutyric acid (GABA), dopamine
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precursors, and short-chain fatty acids, which
influence brain function and behavior. Microbial
metabolites also regulate immune signaling and
inflammatory  responses that can affect
neurological health. Growing evidence suggests
that alterations in the composition and diversity of
the gut microbiome may influence emotional
well-being, stress responses, cognitive function,
memory, sleep quality, and behavior. Dysbiosis
has been associated with an increased risk of
anxiety, depression, autism spectrum disorders,
and several neurodegenerative diseases, although
the underlying mechanisms continue to be
investigated. These findings highlight the
microbiome as an important regulator of both
physical and mental health and underscore its
potential as a target for future therapeutic
interventions.

1.5 CONCLUSION

The human microbiome plays a fundamental and
indispensable role in maintaining overall human
health and physiological balance. It contributes
significantly to essential biological processes such
as digestion, immune system development and
regulation, and the synthesis of vital vitamins
required for normal body functioning. Through
these functions, the microbiome supports energy
production, nutrient utilization, and protection
against harmful pathogens, thereby acting as an
integral component of human biology. At the same
time, disturbances in microbial balance,
commonly referred to as dysbiosis, can lead to
several health challenges. These include increased
susceptibility to infections, metabolic disorders,
inflammatory conditions, and the growing global
concern of antibiotic resistance. Such imbalances
highlight the delicate nature of host—microbe
interactions and the importance of maintaining
microbial stability for optimal health. Ongoing
scientific research in microbiome science
continues to expand our understanding of its
complex roles in both health and disease. With
advancements in sequencing technologies and
molecular biology, researchers are uncovering
new microbial functions and their implications for
human physiology. These discoveries are paving
the way for innovative therapeutic strategies,
including microbiome-based treatments,
probiotics, prebiotics, and personalized medicine
approaches. A comprehensive understanding of
the human microbiome is therefore essential for
advancing modern healthcare. Maintaining a

healthy microbial balance through proper diet,
lifestyle choices, and evidence-based medical
practices is increasingly recognized as a key factor
in disease prevention and overall well-being. In
conclusion, the human microbiome should be
viewed as a vital partner in human life rather than
a passive presence. These microbial communities
actively participate in digestion, immunity,
metabolism, mental health regulation, and
protection against disease. Their composition is
influenced by diet, environment, lifestyle, and
medical interventions. When balanced, the
microbiome promotes health and resilience; when
disrupted, it contributes to a wide range of
diseases. Modern science increasingly recognizes
that humans are not isolated organisms but
complex superorganisms composed of both
human and microbial cells functioning together as
a single integrated ecosystem. As research
progresses, the microbiome is reshaping our
understanding of biology and medicine, offering
promising opportunities for disease prevention,
improved therapies, and personalized healthcare.
Ultimately, the study of the human microbiome
holds immense potential for improving global
health outcomes and represents one of the most
transformative areas of biomedical science for
future generations.
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