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The Human Microbiome: An Acquired Organ?”

Rajkumar Dhanaraju and Desirazu N Rao

A diverse milieu of harmless microbes thrives on the sur-
face of the human body. These human-associated microbes
comprise an enormous collection of prokaryotes (archaea and
bacteria), eukaryotes (fungi and protozoa), and viruses. The
discovery of universal phylogenetic taxonomic molecular mark-
ers and the availability of robust deoxyribonucleic acid (DNA)
sequencing tools have enabled the identification of several pre-
viously unknown human-associated microbes. Consequently,
the Human Microbiome Project (HMP)—the first compre-
hensive survey of the human-associated microbes—has de-
termined the microbial diversity and its abundance in health
and disease. HMP study shows that human adults have a
similar microbial composition as that of higher taxonomic
level (phylum), although uniquely differing from lower tax-
onomic level (genus and species). Bacteria are the predomi-
nant microbial constituent of the human body, and the large
intestine (the lower gut), especially, is the most densely pop-
ulated microbial niche. The human gut is estimated to have
over 100 trillion microbes encompassing over 1000 bacterial
species, outnumbering the total human body cells by a fac-
tor of ten. Gut microbes have a significant impact on human
physiology through their role in protection against gut infec-
tions, expanding nutrient harvest, educating the infant im-
mune system, modulating drug efficacy, and so forth. The gut
microbial communities are collectively recognized as an ‘or-
gan’ for their indispensable contribution to health. Gut mi-
crobes supplement human biology with numerous functional
genes, metabolic pathways, bioactive metabolites, etc. The
perturbation of gut microbiota composition has a pathologi-
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“Life would not long

remain possible in the
absence of microbes”.
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cal impact on human physiology. Hence, the ensemble of the
microbial genetic material associated with us represents ‘our
acquired genome’. Overall, the human-microbial synergistic
interaction is an evolutionary amalgamation of three domains
of cellular life—Archaea, Bacteria, and Eukarya—mutually
co-existing with acellular viruses, and collectively referred to
as a ‘superorganism’.

Introduction

For over 3.5 billion years, Earth has been a thriving ecosystem,
home to innumerable, diverse, and invisible microbes. Micro-
bial life has made Earth’s ecosystem conducive to the evolution
of complex higher life forms. Insightfully, Louis Pasteur advo-
cated: “Life would not long remain possible in the absence of
microbes”, alluding to the microbes’ quintessential role in the
sustenance of life on Earth. In recent times, modern tools have
provided us with unprecedented access to the microbial world,
leading to the discovery of new human microbial inhabitants. The
human-microbe symbiotic association is an outcome of a pro-
found mutual inter-dependency, evolved over the ages to establish
a sustainable ecosystem. The entire human-associated microbial
inhabitants are collectively known as ‘microbiota’, and their to-
tal genetic content is the ‘microbiome’. The constituents of hu-
man microbiota and its physiological functional role remained an
enigma until the advent of molecular taxonomy, metagenomics,
meta-omics, and germ-free animal models.

Beyond Microbial Pathogens: Who Are They?

From time immemorial, human history is shrouded with numer-
ous accounts of deadly microbial pandemics, such as the black
plague (Yersinia pestis), Spanish flu (HIN1 influenza A virus),
cholera (Vibrio cholerae), AIDS (Human Immunodeficiency Virus),
and COVID-19 (SARS-CoV-2). Microbial pathogens continue to
drastically change the demography around the world. Herculean
efforts to develop antibiotics, vaccines, and aseptic techniques
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have curtailed microbial pathogens’ impact on human and do-
mesticated animals. Despite the sophisticated antimicrobial in-
terventions, a barrage of emerging new microbial pathogens con-
tinues to challenge public health. However, surprisingly only a
fraction of all known microbes are pathogenic, whereas most are
commensal or mutual in their interactions.

Discovery of Gut Commensals

In the early days of microbiology research, scientists and physi-

cians began to hypothesize and experiment with gut microbiota to

unravel its potential role in health. In 1683, Antonie van Leeuwen-
hoek first demonstrated the existence of microscopic motile bac-

terial cells—‘animalcules’—in his teeth and faeces [1]. Astound-

ingly, the microbial examination of fecal matter has led to the dis-

covery of several gut commensals. For example, in 1886, Theodor
Escherich isolated the gut bacterium Escherichia coli (E.coli) from
a healthy infant [1]. Subsequently, E. coli emerged as the lab-

oratory model organism, ‘workhorse’ to understand the central

dogma processes of molecular biology. Despite the ubiquitous

presence of commensals across the mammalian gut, their func-

tional role in health remained obscure. In 1905, Ilya Mechnikov,

an immunologist, theorized that gut commensals likely play an

essential role in excluding gut pathogens.

In 1906, Hendri Tissier, a pediatrician, isolated a “Y-shaped’ gut
bacterium, Bifidobacterium bifidum (B. bifidum), from the feces
of healthy breastfed infants [1]. He postulated the beneficial role
of B. bifidum in protecting against gut pathogens, and proposed
the therapeutic use of this bacterium in treating dysentery. Simi-
larly, in 1917, physician Alfred Nissle demonstrated the antago-
nistic property of a gut commensal against pathogens [1]. Nissle
isolated an E. coli strain named ‘Escherichia coli Nissle 1917
(EcN) from the stool of a German soldier. Intriguingly, this sol-
dier had returned from a shigellosis endemic battle region and
remained free from diarrhoeal symptoms, unlike his colleagues.
On a petri dish, Nissle demonstrated the growth inhibitory ef-
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potential of the lactic
acid-producing
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fect of EcN on co-cultured gut pathogens such as Salmonella
enterica serovar Typhimurium and Shigella flexneri. EcN is a
widely prescribed beneficial microbe (probiotic), marketed un-
der the tradename ‘Mutaflor’. Likewise, in the 1920s, Minoru
Shirota, a physician, identified the therapeutic potential of the
lactic acid-producing bacterium ‘lactobacilli’ in suppressing gut
pathogens in his patients. He isolated a strain of lactobacilli (Lac-
tobacillus casei strain Shirota) and formulated a lactobacilli-based
milk beverage under the brand name ‘Yakult’ in 1935. Further-
more, anecdotes from ancient human civilizations indicate fer-
mented milk intake to treat gut disorders such as diarrhea and
constipation.

The Great Plate Anomaly: Why Don’t They Grow in the Lab-
oratory?

Attempts to culture human commensals in the laboratory have
shown that only a fraction of the total commensals present in
the microbiota sample is culturable; this bottle-neck conundrum
is referred to as “the great plate count anomaly” [2]. Cumber-
some nutritional requirements (fastidious) of unculturable com-
mensals and the limitations in reconstituting their respective in
vivo growth conditions under a laboratory environment under-
scores the great plate anomaly. Conventional microbiology in-
vestigation necessitates a pure monoculture to understand the mi-
crobial phenotype, metabolism, and genotype. However, a high-
throughput cultivation method—‘culturomics’—is employed in
the modern laboratory to determine the commensals’ esoteric growth
conditions [2]. Although, so far, only 20-30% of human com-
mensals have been cultured [2]. Hence, an alternative culture-
independent DNA sequence-based approach is widely applied to
determine unknown commensals’ identities and genetic makeup.

Molecular Taxonomy and Metagenomics

The seminal contribution by Carl Woese during the 1970s, in
the conserved ribosomal ribonucleic acid (rRNA)-based phyloge-
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netic classification of cellular life enabled the field of molecular
taxonomy to precisely establish microbial identity. Prokaryotes
and eukaryotes are identified based on their 16S rRNA gene and
18S rRNA gene, respectively (Figure 1). The rRNA taxonomic
molecular markers have enabled the discovery of several uncul-
turable microbes. Subsequently, Norman Pace’s work in targeted
sequencing of the 16S rRNA gene has revolutionized the culture-
independent identification of prokaryotes. The 16S rRNA is one
of the components of the small subunit (the 30S) of the prokary-
otic ribosome (Figure 1A) [3]. The 16S rRNA gene is 1500 bp in
length, which contains nine individual variable regions (V1-V9)
interspersed by conserved regions (Figure 1A) [3]. A combina-
tion of single nucleotide polymorphisms (SNPs) found within the
respective variable regions of the 16S rRNA gene is used to estab-
lish the taxonomic identity of prokaryotes [3]. Similarly, the 18S
rRNA gene and the internal transcribed spacer (ITS) sequences
located within the eukaryotic rRNA cistrons are together used to
determine the taxonomic identity of fungal commensals (Figure
1B).

On the contrary, the taxonomic identification of human-associated
viruses and bacteriophages poses a significant challenge due to
the lack of a conserved virus-specific universal taxonomic marker
and limitations in the reliable sampling of entire virus-like par-
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Figure 1. Molecular taxo-
nomic markers. The evolu-
tionarily conserved prokary-
otic 16S rRNA gene, the eu-
karyotic 18S rRNA gene and
ITS represent the taxonomic
specific molecular markers.
(A) The schematic diagram
shows the prokaryotic and
eukaryotic ribosomal sub-
units (coloured ovals) and
their (numbered) respective
The
prokaryotic operon shows

rRNA components.

the linear arrangement of ri-
bosomal rRNA genes: 16S,
23S, and 5S. The micro-
biome studies target the un-
derlined variable (V) win-
dow regions of the 16S
rRNA gene: V1-V3,V3-V4,
V4, V3-V5, V4-V5, V6-V8
and V6-V9. (B) The eukary-
otic fungal rRNA cistron
shows the linear organi-
zation of ribosomal rRNA
genes: 18S, 5.8S, 28S and
5S; and the underlined ITS
(ITS1 and ITS2) region.
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ticles (VLPs) within a niche [4]. Primarily, VLPs are isolated
through (0.2 u m) filtration and ultracentrifugation, based on their
size and density, respectively. VLPs are either identified or pre-
dicted based on their similarity to the known family of viruses
available in the viral metagenomic database, such as Virus Orthol-
ogous Groups (VOGDB), Human Virome Protein Cluster (HVPC),
and vContact2 [4].

A typical prokaryotic taxonomic profiling study involves three
key steps: first, the extraction of microbial genomic DNA; sec-
ond, targeted amplification of 16S rRNA gene variable region by
polymerase chain reaction (PCR); and third, sequencing the am-
plified 16S rRNA gene variable regions (Figure 2) [5]. Parallel
to the taxonomic determination, the extracted microbial genomic
DNA is fragmented and randomly sequenced by the metagenomic
whole-genome shotgun sequencing (mWGS) method. Subsequently,
the sequences of the fragmented DNA are aligned and assem-
bled into metagenome-assembled genomes (MAGs) based on the
overlapping sequences between the fragmented DNAs (Figure 2)
[5]. Moreover, the metagenomic information helps to authenti-
cate the targeted 16S rRNA gene-based taxonomic identity [5].
Hence, the DNA sequence-based culture-independent taxonomic
and metagenomics approach together surmounts the great plate
anomaly.

Meta-omics

Human microbiota’s functional aspects are assessed based on the
nature of microbial genes hosted by the commensals. The anno-
tation of commensals’ genes and their associated metabolic path-
ways are performed based on their match to the existing reference
gene databases such as the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) and Cluster of Orthologous Groups (COGs)
(Figure 2) [6]. Furthermore, the high throughput ‘meta-omics’
approaches such as the meta-transcriptomics (profile of actively
transcribed genes), meta-proteomics (profile of expressed-proteins),
and meta-metabolomics (profile of cellular-metabolites), are col-
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lectively used to define the biochemical and metabolic poten-
tial of commensals [5, 6]. Thus, the combined metagenomics
and meta-omics approach enable the researcher to distinguish be-
tween the causation and correlation associated with the micro-
biota composition in the state of health and disease.

Human Microbiome Project (HMP)

Large-cohort-based human microbiome studies were possible with
the advent of the low-cost, high-throughput next-generation (DNA)
sequencing (NGS) platforms and the necessary computational tools
to process and analyze the extensive DNA sequencing data. No-
tably, DNA sequencing technology and computational tools have
undergone phenomenal development during the decade-long Human-
Genome Project (HGP) (1990-2003). The first comprehensive
study of the human microbiota, known as the Human Microbiome
Project (HMP), was initiated by the National Institute of Health
(NIH), USA, to determine the microbial composition of healthy
adults [7]. HMP study was held in two phases during 2007-2016
with a budget of 215 million US dollars [7]. The first phase of
HMP primarily established the clinical sampling protocols and

-
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Figure 3. Human micro-
biome. The commensals’
composition differs in its
abundance and proportion
across the human body
The Human Mi-
(HMP)

study shows that human

sites.
crobiome Project

adults share similar bacterial
microbiota composition at
the phyla level, except at
the genital region [8, 16].
A representative  model
pie-chart (not drawn to
scale) shown in different
colors represents different
bacterial phyla  shared
between the adult males
(blue) and females (brown).
For detailed information on
the specific bacterial (phyla)
constituents found in the
human body, please refer to
the following cited articles

[8, 16, 40].
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computational tools, which enabled the metagenomic and taxo-
nomic profiling of human microbiota in healthy adults [8]. In
contrast, the second phase of HMP addressed the microbiota com-
position associated with clinical conditions such as pregnancy,
preterm birth, and chronic diseases such as inflammatory bowel
disease (IBD) and type-2 diabetes [6].

During the first phase of the HMP study, 242 healthy adults (129
males and 113 females) enrolled within the 18—40 age group, rep-
resenting a cohort of healthy adults [8]. The enrolled subjects
were sampled thrice during the two-year sampling period. A to-
tal of 4,788 specimen samples were collected during the study,
where 15-18 samples were collected per subject from the five
primary body sites: mouth, skin, nose, gut, and vagina (Figure 3)
[8]. To avert drug-mediated perturbation of microbiota composi-
tion in the enrolled subjects, medications such as antibiotics and
immunomodulators were restricted [8].

HMP study employed Roche 454 pyrosequencing method, an NGS
sequencing platform, to perform the taxonomic specific targeted
sequencing of the 16S rRNA gene. The short sequence coverage
limitation of the Roche 454 sequencing method restricted the ac-
cessibility to a short portion of the 16S rRNA gene [8]. Thus, the

-
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HMP study targeted three variable windows regions spanning the
nine variable (V1-V9) regions of the 16S rRNA gene: (V1-V3),
(V3-V5), and (V6-V9) (Figure 1A) [3, 8, 9]. The accuracy and
resolution of diverse microbial taxa are dependent on the degree
of confidence and reliability of a chosen variable or its window
regions. The DNA sequencing primers (oligonucleotides) target-
ing the V1-V3 and V3-V5 window regions yielded high-quality
sequencing data. However, only V3-V5 window region sequenc-
ing data has shown high taxonomic accuracy and sensitivity, en-
abling the detection of diverse bacterial taxa compared to V1-V3
and V6-V9 window regions [3, 8]. Therefore, probing all three
window regions of the 16S rRNA gene enabled the HMP study to
describe bacterial diversity accurately [3, 7]. In addition, metage-
nomic studies widely target individual or combination of variable
regions such as V3-V4, V4, V4-V5, and V6-V8 for their high
reliability and taxonomic accuracy (Figure 1A) [10].

The ensemble of DNA sequences that resulted during the 16S
rRNA gene-targeted sequencing was clustered and classified into
operational taxonomic units (OTUs) depending on their degree
of sequence similarities. In metagenomic studies, OTUs serve
as a substitute for conventional taxonomic units (Figure 2) [8].
A sequence identity threshold of 97% and 99% are typically ap-
plied as a cut-off to define the OTU clusters as the genus and
species, respectively [8, 10]. Furthermore, the OTU clusters are
annotated under the conventional taxonomic units based on their
closeness to the known 16S rRNA gene reference (ribosomal)
databases, namely Greengenes, SILVA, and Ribosomal Database
Project (RDP) (Figure 2) [8]. Finally, the OTUs and their respec-
tive sequenced copy numbers account for the commensals’ taxo-
nomic diversity and abundance in the sampled body site (Figure

2) [8].

Taxonomic Diversity and Metagenomics

HMP study shows that the human body sites differ in their mi-
crobial composition, varying in their distribution and ratio (Fig-
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ure 3) [8]. For example, gut bacterial microbiota is composed of
major phyla such as Actinobacteria, Firmicutes, Proteobacteria,
Bacteroidetes, Fusobacteria, and Verrucomicrobia. However, Fir-
micutes and Bacteroidetes alone represent about 80-90% of the
gut bacteria [8, 11-14]. The human gut microbiota composition
also undergoes gradual and subtle changes with aging [11, 15].
The interpersonal variation in microbial composition is restricted
to the lower taxonomic levels (species and genus); in contrast,
they share a similarity in the higher taxonomic level (phyla) com-
position, except differing between the male and female genital
regions (Figure 3) [8, 16].

Around 4.5 trillion bases of microbial DNA were sequenced dur-
ing the first phase of the HMP study amounting to 14.23 ter-
abytes (TB) electronic storage data [8]. Over 2200 bacterial ref-
erence metagenome-assembled genomes (MAGs) were deposited
by HMP in the Genomes Online Database (GOLD) (Figure 2)
[8]. Strikingly, based on metagenomics, the human microbiome
is estimated to have over 200 million microbial genes, massively
surpassing the total (~20,000) human genes [17]. Furthermore,
despite the mounting metagenomics details of the human gut mi-
crobiota, its potential functional and physiological impact as an
‘organ’ on human health remains poorly understood.

Gut Microbiota: What Are They Doing in Our Gut?

The mechanistic understanding of gut microbiota’s role in human
health and disease remains an active area of biomedical research.
The evolutionary pressure to acquire gut microbiota is primar-
ily attributed to the commensals’ essential role in expanding our
digestive capability, enabling protection against gut pathogens,
maturing the immune system, etc., [18]. Remarkably, the per-
turbation of the initial gut microbiota acquisition process during
infancy is associated with the increased susceptibility of devel-
oping chronic disorders such as autoimmune diseases, metabolic
disorders, recurring gut infections, and so forth [18]. Hence, the
initial acquisition of gut commensals and their complex assem-
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bly into a stable microbial community remains a prerequisite to
its functionality as a physiological organ and support the infant’s
growth and development.

How Do We Acquire Our Gut Microbiota?

Our foremost colonizing gut commensals resemble either that of
the mothers’ skin or vaginal microbiota, depending on the type of
birth delivery—Caesarean-section or vaginal, respectively [18].
The womb’s sterile (microbe-free) environment is long-held to
be critical for fetal gestational growth; however, this assump-
tion is currently challenged [18]. Strikingly, the analysis of the
infant’s first stool ‘meconium’ shows the presence of bacterial
DNA, which resembles that of the mother’s placental and oral mi-
crobiota, suggesting the commensals’ transmission from mother
to the fetus occur before birth [18].

Fetal Development and Maternal Microbiota

Our interaction with microbes and their metabolites begins right
from conception in the fallopian tube [18]. The mother’s vaginal
and gut microbiota profoundly impacts the prenatal developmen-
tal stages—germinal, embryonic, and fetal [18]. The infant’s low
birth weight, stunted growth, and preterm birth are attributed to
the maternal microbiota imbalance [18]. For example, the de-
ficiency of Lactobacillus spp. in the mother’s gut and vaginal
microbiota has been associated with reduced fetal developmen-
tal growth and shortened fetal gestation period [18]. Therefore,
maternal microbiota balance (homeostasis) is vital during fetal
development and growth.

Initial Gut Microbial Colonization

The initial gut microbial colonization during infancy impacts the
growth and maturation of the immune, neural, and endocrine or-
gans [18, 19]. Poor nutrition and antibiotics perturb an infant’s
initial gut colonization process [18]. For instance, contrary to

-
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formula-fed infants, breastfed infants have a lower risk of devel-
oping autoimmune disorders [18]. Mainly, breast milk contains
microbial growth substrates (prebiotic) used by gut commensals,
thus facilitating selective microbial colonization of the infant’s
gut. Also, the mucus secreted within the gut lumen serves as a
growth substrate for mucin-degrading bacterial gut commensals,
namely Akkermansia muciniphila [18]. Furthermore, the mater-
nal antibodies transferred to the infant via breast milk specifically
target the gut pathogens (passive immunity), ensuring selective
gut microbial colonization [19]. Thus, the initial gut microbial
colonization is a critical facilitated event for establishing func-

Initial gut microbial tional gut microbiota and maintaining long-term health.
colonization is a critical
facilitated event for

establishing functional Maternal Microbiota and Infant Gut Colonisation
gut microbiota and
maintaining long-term Breast milk contains over 200 human-indigestible short oligosac-
health. charides, known as human milk oligosaccharides (HMOs). A se-

lect bacterial gut commensals’ (Bifidobacterium spp. and Bac-
teroides spp.) can metabolize the HMOs, thus enabling their
selective gut colonization [18]. During the initial gut microbial
colonization onset, the active microbial consumption of HMOs
correlates with the declining levels of HMOs in the infant stool
[18]. The succession of the infant gut microbiota composition
occurs during the three significant dietary transitions: a breast-
fed diet, followed by the introduction of solid food (dietary fiber)
with breastfeeding (weaning), and finally the solid food without
breastfeeding (weaned) (Figure 4) [18]. Therefore, HMOs and
dietary fibers, together, serve as prebiotics, fostering the initial
gut microbial colonization.

The initial colonizing gut commensals are primarily acquired from
the mother. The maternal bacterial commensals such as Lacto-
bacillus spp., Prevotella spp., Staphylococcus spp., and Corynebac-
terium spp., present in the vaginal cavity and the skin colonize the
infant’s gut [18]. The breastfed infant further acquire commensals
found in the mother’s mammary gland and on the surface of the
nipple [18, 20]. Strikingly, breast milk contains over ~ 10 bac-
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teria per liter, facilitating commensals’ direct transfer from the
mother to the infant [18, 21]. The bacterial microbiota of the
breast milk mainly contains Proteobacteria (Enterobacteriaceae
spp. and Pseudomonadaceae spp.), and the rest are Bacteroides
(Bifidobacterium spp.) and Firmicutes (Lactobacillus spp.) [20].
In contrast, the surface of the nipple is mainly populated by Fir-
micutes (Staphylococaeace spp. and Streptococaeae spp.) [20].
Thus, vaginal delivery and breastfeeding provide a natural pas-
sage to acquire maternal commensals during birth and infancy.

Gut Microbiota Assembly and Syntrophy

During the initial three years of infant life, the gut microbiota
composition undergoes a series of successions until an adult-like
microbiota composition (stable community of diverse commen-
sals) is attained (Figures 4 and 5) [18]. Intriguingly, a web of
interconnected food chains sustains the complex assembly of di-

verse gut microbial communities. The metabolic byproducts (metabo-

lites) released by commensals serve as a growth substrate for
other commensals; this interdependent cross-feeding food chain
is called syntrophy (Figure 5). Dietary preferences profoundly
impact gut microbial diversity. For example, African children fed
on a high-fiber diet show a high abundance of gut Bacteroidetes;
in contrast, Italian children on a low-fiber Western diet have gut
Firmicutes [22]. Therefore, diet and microbial syntrophy together
enable the assembly of diverse gut commensals.

-
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Figure 4. Infant gut

colonisation. Infant’s ini-
tial dietary transitions facil-
itate gut microbial coloniza-
tion. The initial gut colo-
nizing commensals are natu-
rally selected based on their
ability to use the HMOs
present in breast milk. Dur-
ing the infant’s initial breast-
fed state, the gut has a low
bacterial diversity. How-
ever, the subsequent tran-
sition to a dietary fiber-
containing solid food dur-
ing the weaning and weaned
states increases the gut bac-

terial diversity significantly.

During the initial three
years of infant life, the
gut microbiota
composition undergoes a
series of successions
until an adult-like
microbiota composition
(stable community of
diverse commensals) is
attained.
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Figure 5. Gut microbiota
and syntrophy. During
the infant’s initial gut
microbial colonization, the
gut microbiota undergoes
a gradual transition from
fewer gut commensals
(simple assembly) to an
enormous  collection  of
diverse commensals (com-
plex assembly) sustained
by their nutritional interde-
pendency (syntrophy). The
cross-feeding of metabolites
(colored hexagons) between
the gut commensals (col-
ored circles) enables a stable
gut microbial community

structure.

Gut microbiota plays a
vital role in maintaining
a healthy immune
system. In the absence
of gut microbiota,
maturation of the infant
immune
system—distinguishing
the commensal (friend)
from a pathogen
(foe)—gets
compromised.
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Gut microbiota plays a vital role in maintaining a healthy immune
system. In the absence of gut microbiota, maturation of the infant
immune system—distinguishing the commensal (friend) from a
pathogen (foe)—gets compromised [19]. For example, germ-free
mice (mice lacking microbiota) show stunted growth of immuno-
logical organs: spleen, lymph node, and payer patch, and reduced
counts of B (Bursa) and T (Thymus) specialized immune cells of
the adaptive immune system [19]. Also, germ-free mice suffer
from vitamin K and B12 deficiency [23]. Notably, most of the
immune system workforce guards the gut alone [19]. Gut im-
mune cells undergo maturation to maintain restraint (tolerance)
towards trillions of diverse gut commensals [19]. The immuno-
suppressive signals presented by the gut commensals and the breast
milk components during infancy programmes the infant immune
cells to maintain tolerance towards gut commensals [19]. Thus,
during infancy, gut commensals and breast milk play a critical
role in the maturation of the infant’s immune system.

Gut Colonization Resistance

The presence of anatomical gut mucosal barrier averts the incur-
sion of food antigens, pathogens, and commensals present in the
gut lumen from entering the bloodstream (Figure 7). Besides, gut
microbiota plays a crucial role in protecting the gut from the inva-
sion of gut pathogens, commonly referred to as gut colonization
resistance. Gut commensals compete and curtail the access of

-
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Figure 6. Obesity and
gut microbiota. Lean and

i " Yo 'L obese mice significantly dif-
utrient Harves

fer in their gut microbiota
composition, particularly in
the proportion of bacterial
phyla: Firmicutes and Bac-

Gut Microbiota
teroidetes [13, 28, 41]. The
higher proportion of gut Fir-
micutes over Bacteroidetes
mam Bacteroidetes Lean Mice  Obese Mice observed in obese mice (gut
B Firmicutes (Homeostasis) (Dysbiosis) dysbiosis) is attributed to

their enhanced nutrient har-
vesting capability, leading to
the increased body fat build-

gut pathogens to their niche, essential nutrients, and trace metals  p,

[24]. For example, gut commensals specifically target their com-

petitor bacteria through their weaponry type-VI secretion system

(T6SS) to inject a toxin into its target cell (Figure 7) [24]. Also,

the fermentation end-products released by the gut bacterial com- The fermentation

mensals, such as the short-chain fatty acids (SCFAs), secondary end-products released by
the gut bacterial
commensals, such as the
short-chain fatty acids
further control the overall gut bacterial load and pathogens by (SCFAs), secondary bile
their bacteriolytic infections [24]. Gut colonization resistance and salts, and antibacterial
peptides (bacteriocins),
suppress the growth of
bacterial gut pathogens.

bile salts, and antibacterial peptides (bacteriocins), suppress the
growth of bacterial gut pathogens (Figure 7) [24]. Bacteriophages

the gut immune system fortify the gut mucosal barrier function
[24]. Therefore, gut colonization resistance works as a frontline
defense system against pathogens, alleviating the burden on the
mucosal barrier and the gut immune system.

Faecal Microbiota Transplantation (FMT)

Antibiotics impair the gut microbiota composition and its home-
ostasis, leading to a pathological state known as dysbiosis. Ram-
pant antibiotic usage has led to the emergence of antibiotic-resistant
bacterial pathogens, posing severe health challenges. Gut dysbio-
sis compromises the gut’s colonization resistance function, caus-
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Figure 7.  Gut mucosal
barrier and gut colonization
resistance. The gut mucosal
barrier comprises distinct layers
of mucus (mucin: glycosylated
protein) and epithelial cells
connected to the bloodstream.
The thick mucus layer prevents
gut commensals from entering
the inner layer of gut cells.
Microbial fermentation of the
soluble fibers and primary
bile salt in the gut results
in respective end-products—
short-chain fatty acid (SCFA)
and secondary bile-salts. Gut
commensals curtail the growth
of gut pathogens; the property
is known as gut colonization
resistance. Bacterial gut com-
mensals target pathogens with
their growth inhibitory and
bacteriolytic strategies. The
graphical illustration shows
gut colonization resistance
mediated by the bacterial
growth-inhibitory factors—
bacteriocin, SCFA, secondary
bile-salts and bacteriolytic
factors,  type-VI secretory
system (T6SS) and bacterio-
phage. Gut-brain axis is the
bidirectional ~communication
between the gut and the brain
(shown in blue and red arrows)
via the vagus nerve through
neurotransmitters-mediated

signaling.  Gut commensals
modulate the gut-brain axis by
altering the neurotransmitter
production of the gut cells by
SCFAs.  Hence, this nexus
is also referred to as the
gut-brain-microbiota axis.
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ing chronic gut infections. Notably, a fraction of antibiotic-treated
patients tend to develop gut dysbiosis resulting in a severe form
of chronic illness caused by the antibiotic-resistant bacterium,
Clostridium difficile (C. difficile) [25]. However, untreatable C.
difficile patients receiving transplanted (acquired) gut microbiota
from a healthy donor resolve their chronic infection effectively.
This revolutionary treatment known as the fecal microbiota trans-
plantation (FMT), provides a new therapy option when conven-
tional antimicrobial treatment fails [25]. FMT treatment restores
the gut microbiota composition and its gut colonization resistance
property. Thus, FMT treatment demonstrates a potential interven-
tional strategy to treat chronic gut infections.

Digestion and Gut Microbiota

Microbial fermentation in the gut enables us to expand our ability
to harvest more nutrients from the food. Most of the ingested food
gets digested and absorbed in the stomach and small intestine,
respectively. However, the undigested or unabsorbed macronu-
trients get catabolized in the lower gut by microbial anaerobic
fermentation. The end products of the microbial fermentation,
namely SCFAs (acetates, butyrates, and propionates), are pro-
duced during the fermentation of human indigestible dietary sol-
uble fibers such as inulin, beta-glucans, and pectin [26]. Notably,
SCFAs are absorbed in the gut, contributing to 5—10% of our daily
energy needs [26]. Gut colonocytes preferentially use butyrate as

-
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their primary energy source [26]. Besides, gut microbiota also
provides water-soluble B-vitamins and essential fat-soluble vi-
tamins (vitamin-K), required for the biosynthetic pathways and
blood coagulation. Therefore, gut commensals fulfill our nutri-
tional requirements.

Diet plays a major determining factor in shaping gut microbiota
composition. Adequate dietary soluble fiber (prebiotic) intake is
needed to maintain high SCFAs levels to support healthy gut cells
and gut microbiota [26]. A plant-based high-fiber diet has gained
prominence in Western countries due to its association with lower
cardio-metabolic risks, such as type-2 diabetes, obesity, and coro-
nary heart disease [27]. Moreover, commonly consumed sub-
stances such as ultra-processed foods, antibiotics, artificial sweet-
eners, food preservatives and dyes, chlorinated water, and so forth
are known to alter gut microbiota, triggering gut dysbiosis. In
essence, a low-fiber diet and synthetic chemicals with antimicro-
bial activity (xenobiotics) contribute to gut dysbiosis.

Obesity and Gut Microbiota

Obesity—often referred to as a lifestyle disorder—is the most
prevalent health challenge faced by the modern urban civiliza-
tion. The role of gut microbiota in obesity has been experimen-
tally demonstrated in animal models. For example, gut micro-
biota transplantation from obese to lean mice led to transforming
the recipient mice’s phenotype from lean to obese [28]. Further-
more, the enhanced nutrient harvesting capability of the gut mi-
crobiota in obese mice is attributed to the abundance of gut Firmi-
cutes over Bacteroidetes, thus contributing to increased body fat
deposition (Figure 6) [28]. Interestingly, obese mice transplanted
with the gut microbiota of lean mice led to its phenotype trans-
formation from obese to lean [29]. In addition, the consumption
of low (sub-therapeutic) doses of antibiotics is seen to cause obe-
sity in pigs by altering their gut microbiota. The plasticity of gut
microbiota composition and its associated phenotype suggests a
potential intervention strategy to treat human metabolic disorders.
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Microbiota-Gut-Brain Axis

The gut has over 500 million neurons and is often referred to as
our ‘second brain’ [30]. The gut-brain bidirectional communi-
cation, known as the ‘gut-brain axis’, regulates mood, hunger,
cognition, memory, sleep, and so forth [30]. The gut and brain
communication occur through neurotransmitter-mediated signal-
ing via the vagus nerve (Figure 7). Neurotransmitters such as
serotonin, dopamine, norepinephrine, gamma-aminobutyric acid
(GABA), and histamines, modulate the gut-brain axis [30, 31].
Some of these neurotransmitters are produced in the brain, adrenal
gland, and gut (endocrine, immune and neural cells). Serotonin
(synthesized from amino acid precursor tryptophan) regulates mood
and happiness, sleep-wake cycle, bowel movement (peristalsis),
and respiration [31]. Dopamine (produced from amino acid pre-
cursor tyrosine) regulates arousal, reward, and reinforcement be-
havior [31]. Norepinephrine (made from neurotransmitter precur-
sor dopamine) is involved in alertness, behavior, and cognition
(memory and learning) [31]. Histamine (made from amino acid
precursor histidine) controls the sleep-wake cycle. Histamines
have neuromodulator activity, and thus regulate the release of
neurotransmitters such as serotonin and norepinephrine [31].

In contrast, GABA (produced from amino acid precursor gluta-
mate) acts as an inhibitory neurotransmitter in the brain and spinal
cord by suppressing neural transmission [30, 31]. Remarkably,
several bacterial gut commensals are shown to either produce
these neurotransmitters or consume host-made neurotransmitters.
Thus, gut microbiota exerts influence over the host physiology
and behavior. For example, gut bacteria such as E. coli (sero-
tonin), Bacillus spp. (dopamine and norepinephrine), Bifidobac-
terium spp. and Lactobacillus spp. (GABA and histamine), are
known for their synthesis of neurotransmitters [31]. In addition,
SCFAs produced by gut commensals modulate gut neurotrans-
mitter (serotonin) production (Figure 7) [31].

Interestingly, neurotransmitters modulate virulence, growth, and
biofilm formation in gut bacteria through a quorum sensing mech-
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anism [31]. The neurotransmitter levels found in the gut lumen
and serum directly correlate with the gut bacteria’s presence. Un-
like conventional mice, germ-free mice have lower neurotrans-
mitters in the gut. Gut commensals mediated excess production
of neurotransmitters, and the depletion of the host neurotransmit-
ters by gut commensals are likely to have physiological conse-
quences by modulating the gut-brain axis. Thus, gut commensals
regulate the gut-brain axis by modulating the levels of gut neuro-
transmitters.

Gut microbiota also modulates gut hormones production. For ex-
ample, the elevation of gut hormone (ghrelin) by gut commensals
results in overeating behavior through the overstimulation of the
vagus nerve [30]. Besides, gut commensals-derived peptides al-
ter our satiety and hunger by mimicking the gut hormones [30].
Numerous gut microbial metabolites play a vital role in health.
Hence, qualitative and quantitative profiling of gut metabolites
likely serves as a diagnostic marker to assess gut health. For ex-
ample, the gut archaeon, Methanobrevibacter smithii, mediated
excessive production of methane is associated with constipation
and obesity. Thus, gut commensals play a crucial role in regulat-
ing our behavior and physiology through the gut-brain axis.

Drug Efficacy and Gut Microbiota

Orally administered drugs are the most widely prescribed phar-
macological drugs. Oral drugs undergo modification by the liver’s
detoxification process, known as the ‘first-pass effect’, determin-
ing the drug efficacy and toxicity. In addition, gut microbiota-
drug interaction modulates the effectiveness and toxicity of orally
taken drugs [32]. For example, the patients’ response to chemother-
apy and immunotherapy is also attributed to the gut microbiota-
drug interaction [32]. The plethora of drug-interacting microbial
proteins and enzymes associated with the gut microbiota poten-
tially alter the active form of the drug and regulate its bioavail-
ability [32]. The current drug development process assesses the
potential gut microbiota-drug interaction.
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Microbiota of the
reproductive tract plays a
crucial role in fertility
health. Interestingly, the
female genital (vaginal)
microbiota has a low
microbial diversity,
mainly dominated by the
lactic acid-producing
bacteria (Lactobacillus
spp.), which survives
primarily on the
glycogen released by the
vaginal epithelial cells.
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Human Microbiome: Treasure Mine for Novel Antimicro-
bials

In the 1920s, Alexander Fleming’s accidental discovery of the
first antibiotic, ‘penicillin’ produced by fungi, Penicillium rubens,
revolutionized the antibiotics as a formidable antibacterial arse-
nal of modern human civilization. However, antibiotic-resistant
microbial pathogens are on the rise, namely, methicillin-resistant
Staphylococcus aureus (MRSA), while discovering new natural
antibiotics classes has plummeted since the 1970s. Several novel
molecules produced by the human gut microbiota were found to
have antibiotic properties; for example, lugdunin produced by
Staphylococcus lugdunensis, a bacterium found in the human nose,
is shown to kill MRSA [33]. The field exploring novel antimi-
crobial molecules and their associated biosynthetic gene clusters
(BGCs) is referred to as bioprospecting [34]. Hence, discovering
novel antibiotics will enable us to counter the current and future
challenges of antibiotic-resistant pathogens.

Reproductive Tract Microbiota

Microbiota of the reproductive tract plays a crucial role in fertility
health. Interestingly, the female genital (vaginal) microbiota has
a low microbial diversity, mainly dominated by the lactic acid-
producing bacteria (Lactobacillus spp.), which survives primarily
on the glycogen released by the vaginal epithelial cells [35]. The
female sex hormone estrogen regulates the availability of vaginal
glycogen during the menstrual cycle and menopause; correspond-
ingly, the vaginal pH and microbiota compositions alter with the
levels of vaginal glycogen [35]. Low vaginal pH serves as a hos-
tile environment for the growth of pathogens.

The urethra and glans harbor the microbiota of the male gen-
ital (penile). Bacterial commensals, namely Corynebacterium
spp., Staphylococcus spp., and Anaerococcus spp., populate the
glans, while circumcised men show enrichment of Staphylococ-
cus spp. [36]. Notably, the high and low-quality sperms are as-
sociated with the characteristic microbiota composition of the se-
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men. While high-quality sperm is related to Lactobacillus and
Gardnerella spp., Prevotella and Bordetella spp. are associated
with low-quality sperm [37]. Therefore, the correlation between
the genital microbiota composition and the reproductive health
outcome necessitates a novel therapeutic intervention to treat in-
fertility.

Skin Microbiota

Skin—the largest human organ—functions as an anatomical bar-

rier and protects from the external environment. The skin surface Predominantly,

is acidic (pH 5), although it varies across the body in its mois- Firmicutes harbor moist
skin surfaces, whereas
Actinobacteria and

Proteobacteria colonize
nize oily skin [38]. In contrast, dry skin surface harbors diverse oily skin. In contrast, dry

ture, salt, and oil content. Predominantly, Firmicutes harbor moist
skin surfaces, whereas Actinobacteria and Proteobacteria colo-

bacterial microbiota comprising Proteobacteria, Actinobacteria, skin surface harbors
diverse bacterial

Bacteroidetes, and Firmicutes [38]. Basidiomycetes, namely ) . .
microbiota comprising

Malassezia spp., are the only dominant fungal skin commensals

Proteobacteria,
[38]. Strikingly, archaea are sparingly found on young adults’ Actinobacteria,
skin, in contrast to their significant presence in young children Bacteroidetes, and

Firmicutes.

and aged adults, suggesting a strong correlation between the mi-
crobiota composition and age-related physiological state of the
skin.

Human Microbiome Research in India

From a relatively slow start, human microbiome research is pick-
ing up pace in India. Given the complex ethnic diversity in In-
dia, there is a need to take it up in a more comprehensive man-
ner to develop specific solutions for the Indian population. In-
dia’s first metagenomics study compared the gut microbiota of
a malnourished urban child with a healthy control [19]. The
malnourished child’s gut microbiota shows enrichment of enteric
pathogens (Campylobacter jejuni and Helicobacter pylori) [39].
The malabsorption of nutrients in malnourished children is at-
tributed to the gut inflammation induced by enteric pathogens
[39]. A three-year comprehensive Indian microbiome project (2019-
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2022) has been initiated by the National Centre for Microbial Re-
source (NCMR) to profile around 20,600 Indians covering 103
endogamous communities across India to study the impact of en-
vironment, diet, and genetics on their microbiome.

Conclusion

Metagenomics and meta-omics approaches have bolstered resear-
chers to explore the human microbiota and its physiological role.
A plethora of correlational studies implicate the role of distinct
gut commensals in the state of health and disease; however, their
causation and mechanism of action are still unclear. Insightfully,
Hippocrates advocated: “All disease begins in the gut”, highlight-
ing the lynchpin role of the gut in maintaining overall health.
Hence, understanding our hardwired physiological nexus with
our gut microbiota has the potential to revolutionize the future
course of medicine. Earth has innumerable undocumented micro-
bial species. Therefore, 21st century will be an era of reckoning
for the field of metagenomics in unraveling the entirety of Earth’s
microbiome and tracing our cellular lineage to the last universal
common ancestor (LUCA). Besides revealing novel insights re-
garding the impact of microbial communities on human health,
this knowledge will also have far-reaching implications. So, with
a complete understanding of the human microbiota, one can en-
vision creating a synthetic ecosystem for human colonization on
the moon and beyond.
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Box 1. Glossary

Archaea: A taxonomical domain of life that exhibits prokaryotic cellular organization but shares evolu-
tionary closeness to the eukarya domain.

Autoimmune disease: A chronic disorder manifested by abnormal immune reaction misdirected against
one’s body tissue.

Bacteriocin: An bactericidal peptide secreted by certain bacterial strains to target closely related bacteria.
Bacteriophages: An acellular entity (virus) that specifically infects and kills its host bacteria.
Commensal: Organisms that benefit from a biological interaction without harming their partner.

LUCA: A common ancestor to all cellular life on the Earth.

Metagenomics: Studying the collective microbial genomes (metagenome) using the DNA sequencing ap-
proach.

Mutual: A biological interaction in which both the interacting partners get benefits.

Neurotransmitter: A chemical molecule secreted by the neuron that diffuses across the interneuron gap to

transmit a neural signal to a target neuron.
NGS: A high-throughput DNA sequencing platform that superseded the first-generation Sanger sequencing.
Operon: An array of genes controlled by a single promoter.

Passive immunity: A transient acquired immunity obtained following the administration of antibodies

from an immunized individual to a non-immunized individual.
PCR: A method to exponentially duplicate a linear duplex template.

rRNA: Ribosomal ribonucleic acid (rRNA) is the catalytic component of the ribosome (protein-
synthesizing cellular organelle).

Shotgun sequencing: A sequencing approach that involves fragmentation of a large genome into shorter
DNA fragments. The sequences of the short DNA fragments are orderly assembled into their original
genome size based on their contiguous overlapping sequences.

SNP: A genetic variation found within a population where individuals differ at a single-nucleotide position
within a conserved gene sequence.

Syntrophy: A nutritional interdependency of one species on the product of another species.

T6SS: A secretory system present in gram-negative bacteria that enables injecting a toxin directly into a
target bacterium.
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