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Foreword

The microbial world is largely invisible to the human eye, but it is almost beyond 
imagination. There are hundreds, thousands of different kinds of bacteria (leaving 
aside other kinds of microbes: archaea, viruses, fungi, and protists), living in every 
possible environment including deep seabed, high in the clouds, in the boiling hot 
springs. Multicellular organisms created an entirely new set of habitats, in and on all 
those animals and plants.

Research data suggested that during the last two decades, extensive research has 
been carried out on endophytic fungi and several biologically active compounds 
have been isolated from endophytic fungi. This book makes all the readers generally 
conversant in the language of microbiomes and metagenomics. It also provides 
excellent examples of how microbial communities affect health and cure diseases 
and doles out typical practical examples of how medical interventions interact with 
the microbiome and change outcomes.

Human Microbiome Interactions: Targeted Therapeutic Interventions in 
Medicine. The volume published by Springer Nature is important, and I strongly 
believe that it will attract the readers working in the field. This volume has 16 chap-
ters contributed by several competent academicians and scientists working on 
microbiome research throughout the world. I congratulate the editor of the book Dr. 
P.  Veera Bramhachari, for bringing out this volume with excellent contributions 
from scientists working on the microbiome and their application in understanding 
the microbiome interactions in agriculture and the environment.

Krishna University K. Rama Mohana Rao 
Machilipatnam, Andhra Pradesh, India
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Preface

Microbiome research has advanced rapidly over the past few decades and has now 
become a topic of great scientific and public interest. The study of the human micro-
biome and its links to disease has exploded in popularity in recent years. There is a 
rising interest in engineering microbiomes to alter the composition and function of 
the gut microbiome as a novel therapeutic approach as the significance of the asso-
ciation between human-associated microbial populations and disease development 
becomes clear. Many additional concerns regarding the interactions between human 
and microbial cells in the body delivered only partial answers to these questions. 
The researchers continue to make noteworthy and exhilarating contributions to our 
understanding of the basic biology of human health in the area of microbiome.

This unprecedented growth of data on the genetic makeup of bacteria has set the 
stage for groundbreaking new insights into microbial systems. We can now effi-
ciently construct complex biological systems to execute desired activities, thanks to 
our increased understanding of the interconnecting networks of biological mole-
cules, such as genes and proteins, at the systems level. With the advent of this tech-
nology and other essential enabling techniques, such as gene synthesis, the new 
interdisciplinary scientific subject of synthetic biology was born. This spectacular 
expansion of information regarding the genomic architecture of microbes has laid 
the foundation for truly revolutionary advances in our knowledge of microbial sys-
tems. We are now able to understand the interacting networks of biological mole-
cules including genes and proteins at the systems level, and on the basis of this 
understanding, we can effectively engineer complex biological systems that per-
form desired functions.

Various initiatives are underway around the world to survey the human micro-
biota at several body sites, characterize them, understand their interactions with the 
human hosts, elucidate their role in diseases, and design possible therapeutic or 
dietary interventions. There is a new wave of studies mining the human microbiota 
for health-relevant bioactive compounds, for characterizing specific microbial 
strains and for cataloguing the human microbiota from all across the globe. This 
book will provide plentiful opportunities for researchers to learn about and to con-
nect to important developments in studying the human microbiota.

Plethora of studies focused on the human microbiome across biological time and 
in nutrition and drugs, host–microbe interactions, integrative approaches in micro-
biome research and methodological advances in microbiome analysis. Even though 
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we are still in the basal level of understanding the mechanisms involved in the cross- 
talk between the microbiota and the surrounding host environment, researchers are 
developing new therapeutic strategies to manipulate the gut microbiota has emerged 
as an evolving need in medicine, due to the important role of these microorganisms 
in the onset and the progression of many distant and local diseases. The functional 
meta-omics and synthetic biology approaches help resolve the limitations hindering 
the feasibility of engineered microbe therapy. However, experimental tools must 
still be specifically tuned for studying the microbiome, as synthetic biology emerged 
independently of microbiome studies. Mounting evidence suggests that the micro-
biota may be used for the development of novel therapeutic strategies.

Yet the practical translational applications of this fascinating and enthralling area 
of science are outstanding. The goal of this book is to provide a comprehensive 
understanding of advances in the microbiome–host relationship for human health 
and medicine. Additionally, this book aims to provide a nonexhaustive list of studies 
with a special focus on multiomics approaches and the cellular reprogramming of 
microbes to enable in-depth microbiome research on diagnostics, therapeutics, and 
bioinformatics. With these aims in mind, the material of this textbook has been 
structured from basic to more advanced topics in a sequential progression. Finally, 
this book also reviews advancement from fundamental research to relationships 
between immune microbiomes and human health microbiomes therapeutic 
applications.

We hope that your creativity is inspired by this book and wish you luck in your 
experiments. This book illustrates astonishingly the urgency with which numerous 
scientific brains are committed to the welfare of the scientific world. I am immensely 
grateful to the contributors for consistently paying attention to my request and 
expressing confidence in my skills. I will still be forever highly obliged to all the 
contributors forever. The worthlessness of their efforts cannot be explained by 
these terms.

Because of the heartfelt interest and painstaking effort of many other well- 
wishers whose names are not listed, but they are already in our hearts, we have 
effectively compiled our innovative and reflective research work. So, the reward for 
their sacrifices is definitely worth it. I want this book to be devoted to my mum, 
S. Jayaprada (late). From the bottom of our souls, I and the contributing authors 
hope this book will be a good guide and guidance for scientific studies to understand 
the host–microbiome relationships in human health.

Machilipatnam, Andhra Pradesh, India Pallaval Veera Bramhachari   

Preface
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Abstract

Research on the microbiome is motivated by an urge to understand the underly-
ing causes of disease and the microbiota’s role in both causing and responding to 
illness. Microbiome and metagenomics studies have confirmed the significance 
of the microbiota for human health and disease. Human health is intricately 
intertwined with the vast microbial communities that call the human body home. 
Human-microbiota ecosystems have been shown to have an important role in 
maintaining health and developing various diseases, as has been demonstrated by 
human microbiome studies. Modern technological applications have yielded 
important new understandings of the intricate web of interactions between host 
and microbiome and the mechanisms behind the functions of microbiota and 
individual bacteria in influencing host health and disease. Mechanistic insights 
into the intricate relationship between the host and the microbiome have been 
gleaned from analyses of host-microbiome interactions. The microbiome is high-
lighted in this chapter as a potential therapeutic target. We have also emphasized 
how the microbiome’s makeup and function can be altered using several differ-
ent approaches for therapeutic purposes. More research is needed to refine thera-
peutic applications based on mechanistic insights into the microbiome’s 
relationship to health.
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1.1  Introduction

The term “human microbiome” refers to the collection of species living in and on 
humans, their combined genomes, their biological connections, and their hosts. 
Microorganisms such as bacteria, viruses, and fungi number in the trillions within 
the human body. The distribution of microbial cells surpasses the number of all 
human cells, including somatic and germ cells, throughout the human body 
(Clemente et al. 2012; Petersen and Round 2014). Furthermore, the makeup of the 
human microbiome is dynamic and can interact with its host and change over time 
to its conditions. However, the tendency of the microbiome to change over time var-
ies from person to person. Thousands of microbes that have evolved with humans 
and are believed to impact human health and disease make up this microbiome, 
which has biomass comparable to the human brain in a healthy adult. Due to com-
petitive ecological interactions, the microbiome is robust against perturbations and 
the introduction of new organisms (Ding and Schloss 2014; Al-Zyoud et al. 2020).

The human microbiota is dynamic and ever-evolving in response to several host 
factors like age, genetics, hormonal changes, diet, underlying disease, lifestyle, and 
the environment. The symbiotic relationship between the microbiota and host 
results in a complex “super-organism” that fundamentally improves the host. 
Relationships between hosts and their microbiota can be classified as commensal, 
symbiotic, or pathogenic based on the nature of the interactions between the host 
and its microbiota. The symbiotic relationship may be disrupted by environmental 
changes (infection, nutrition, or lifestyle) or by flaws in the host regulatory circuits 
that regulate bacterial sensing and homeostasis, which can promote disease 
(Schwabe and Jobin 2013; Petersen and Round 2014; Dietert & Dietert 2015).

Human health and disease are impacted by microbiota because they regulate 
crucial metabolic and immunomodulatory processes (Byrd et al. 2018; Al Bataineh 
et al. 2021). Disruptions in microbial hemostasis (dysbiosis) may contribute to life- 
threatening disorders (Shanahan et al. 2021), while balanced microbiota contributes 
significantly to healthy living (Ding and Schloss 2014). The HM significance for 
human biology is also underscored by the plethora of chronic disorders related to an 
unbalanced HM, ranging from inflammatory and metabolic conditions to neurologi-
cal, cardiovascular, and respiratory ailments. To better understand the molecular 
mechanisms involved in regulating host cells and physiological processes, it will be 
necessary to characterize the bacterial taxa (both living bacteria and bacterial DNA) 
resident within tissues. This mechanism will pave the way for developing novel 
biomarkers and therapeutic approaches. The correlation between a dysbiotic HM 
and many diseases has elevated the microbiome to critical therapeutic targets, 
prompting the creation of a suite of microbiome-specific intervention techniques 
and an attempt to restore a healthful architecture. Recent biomedical literature has 
described the substantial role of the human microbiome in health and disease.

V. B. Pallaval



3

1.2  The Microbiome as a Precision Medicine Frontier

Since research into the microbiome is still relatively new, there is a good chance that 
more of the microbiome’s crucial roles have yet to be uncovered. The same sequenc-
ing technology facilitating personal genomics is also driving these findings, and its 
price is dropping rapidly. Despite the microbiome’s potential as a therapeutic tool, 
several challenges must be addressed before it can be used in precision medicine. 
Moreover, the full ramifications of microbiome therapy on a global scale remain 
unclear. While fecal transplants frequently increase with few reported adverse 
effects, their long-term repercussions on the Western population remain unknown.

Similarly, it is challenging to forecast how genes interact with the environment 
in genomic medicine. Because of this, studies need huge samples to be credible 
(Manuck and enMcCaffery 2014). Genomic medicine has a promising future, but 
progress is being impeded by several obstacles right now. Understanding the inter-
play between the microbiota and the human host can lead to important therapeutic 
advances. Studies that investigated the interplay between host biology and micro-
bial gene regulation, secretion, and metabolite synthesis shall invariably yield use-
ful results, last but not least, the creation of cutting-edge medicines may also alter 
host components in response to either commensal or pathogenic bacteria. Therefore, 
incorporating the microbiome into the field of precision medicine, which is cur-
rently dominated by genetic information, would significantly improve it.

1.3  Significance of the Human Microbiome Project

The composition of one’s microbiome has been shown to affect one’s vulnerability 
to infectious diseases and play a role in developing chronic gastrointestinal disor-
ders. Certain microbial communities influence a person’s response to a medication. 
The mother’s microbiome may affect her offspring’s well-being. The human micro-
biome has been mapped, thanks to multiple researchers identifying new species and 
genes. Researchers have shown associations between certain combinations of 
microbe species and human health issues based on genetic tests that examined the 
relative abundance of distinct species in the human microbiome. New treatments, 
such as those for common bacterial infections, could result from a better under-
standing of the microbial variety in the human microbiome. A better understanding 
of the microbiome’s function in human health, nutrition, immunity, and disease can 
be gained using the human microbiome as a guide.

The human microbiome (HM) is crucial to human health because commensal 
microbes affect every aspect of human physiology. As a result of the HMP, venture 
investors are increasingly willing to put money into startups that study the human 
microbiome. Despite the obstacles, studies of the human microbiome are moving 
forward rapidly. This domain’s data increases exponentially every year, thanks to 
improvements in whole-genome sequencing and the capacity to transplant and 
observe human microbial communities in mice. Due to several factors, the human 
microbiome therapeutics and diagnostics market is expected to expand rapidly in 
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the coming years. These include increasing disease indications, the intriguing thera-
peutic potential of microbiome-based therapies, encouraging results from clinical 
trials, and the backing of investors. The microbial residents of the human microbi-
ome have been methodically uncovered, cataloged, and analyzed over a decade with 
the support of various research institutes. To learn more about how the microbiota 
acts and interacts with its human hosts in health and disease, scientists are increas-
ingly turning to “multi-omics” approaches, such as whole genome sequencing, pro-
teomic, metabolomic, and transcriptome investigations. Disease prevention 
measures appear to benefit from combining metagenomics (diet’s effect on micro-
biota), metaproteomics (microbes’ gene expression), and metabolomics (microbes’ 
metabolites). Their genes are believed to be more important to human survival than 
human genes. The human microbiome contains genes that play important roles in 
various biological processes, including but not limited to aging, digestion, immu-
nity, central nervous system regulation, mood, and cognitive function. Because of 
this, the human microbiome can rightfully be called an “organ” of the body.

New sequencing technologies have advanced the study of microbial ecosystems 
and made it possible to examine microbial communities linked with the human 
body at a scale and resolution never before achieved (Eckburg et  al. 2005). 
Inflammatory bowel disease, type II diabetes, and autoimmune diseases like rheu-
matoid arthritis and multiple sclerosis are all rising in Western societies, stoking 
interest and funding in microbiome research (Bäckhed et al. 2012).

Ongoing research topics include how these metabolites are made, which recep-
tors they bind to, and their roles in the host. However, recently established large-
scale metabolome screening techniques have increased our understanding of these 
signaling pathways by identifying novel interactions between microbially generated 
compounds and receptors (Chen et al. 2019).

1.3.1  Human Microbiome Research: Mounting Pains 
and Future Promises

The focus of human microbiome studies is shifting from elucidating interactions to 
determining how bioactive bacteria affect humans. Data-driven microbiome diag-
nostics and therapeutics are making headway despite obstacles and might usher in 
precision medical advances in the next decade. Genomics, transcriptomics, pro-
teomics, and metabolomics allow researchers to assess the important but understud-
ied nonbacterial commensal kingdoms and their complex interactome networks 
(Lin 2023) and uncover functional readouts beyond genomic sequencing. Exciting 
new research is being conducted on the roles that commensal and opportunistic 
viruses (including bacteriophages), fungi, and parasites may play in the commensal 
bacterial ecosystem and the human host. Research and analytical methods, includ-
ing computational reference datasets, molecular exploitation techniques, and in vivo 
colonization models, need to be refined so that they may be used to understand these 
poorly understood commensal assemblages better. It is essential to comprehend 
host-microbiome interactions’ enormous variety and modularity to move forward 
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with novel microbiome research. When using the microbiome for diagnostic and 
therapeutic purposes in human disease, a greater awareness of molecular mecha-
nisms and control, from macro-level descriptive community linkages to the 
microscale involvement of discrete bioactive therapeutic targets, is becoming 
increasingly relevant. Biochemical and structural elucidation of chemicals created, 
controlled, and removed by commensal bacteria, their human-binding analogs, and 
their downstream bioactive consequences on the human host would likely play a 
prominent role in such a study (Puschhof and Elinav 2023).

1.3.2  Human Microbiome Landscape in the Metagenomic Era

Recent advances in PCR and DNA hybridization have enabled the development of 
several culture-independent methods that can be used for both qualitative and quan-
titative identification. The study of microbial genomes inside varied environmental 
samples, known as metagenomics, has been made possible because of these straight-
forward techniques, which have radically changed our understanding of the human 
microbiome. Since its inception in 1998, metagenomics has transformed the study 
of the microbiota by producing a large library of sequences from microorganisms 
that live in different ecological niches within a host organism like humans. Shortly, 
treatment methods and/or vaccines will be developed, thanks to metagenomic 
sequencing’s ability to characterize microbial populations comprehensively and 
objectively, including the virus spectrum (Finkbeiner et al. 2008). There is no longer 
a need to cultivate gut bacteria, thanks to recent developments in “omics” method-
ologies (i.e., genomes, transcriptomics, proteomics, and metabolomics) (Lamendella 
et al. 2012), which have led to the identification of certain intriguing approaches to 
prospective therapeutic and diagnostic applications.

In addition, although the human polyomavirus’s presence on the skin had little 
impact on pathology, metagenomics techniques allowed for its discovery. Merkel 
cell carcinomas and normal skin carry this virus (Wieland et al. 2009; Schowalter 
et al. 2010). Characterizing the skin’s viral microbiota can help identify microbiome 
patterns associated with specific skin disorders (Foulongne et al. 2012). Nonetheless, 
this is possible through high-throughput metagenomic sequencing (HTS), a highly 
comprehensive technology based on random sequencing of the whole DNA. Future 
research using this method (i.e., metagenomics) will be able to pinpoint health bio-
markers associated with a diverse and stable gut microbiome. Furthermore, metage-
nomics can help us comprehend the significance of the interaction between us and 
our microbiome regarding our health.

1.3.3  The Way Forward

The microbiome study has progressed significantly over the past few decades and is 
now a major focus of scientific and popular attention. The study of microbiomes 
originates in environmental microbiome studies but has since expanded to include 
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the concept of eukaryotes as integral members of the microbial community with 
which they coexist. Remember that you live in an environment with trillions of 
other little organisms. Therefore, microbiome interactions are crucial to human 
health, whether beneficial, harmful, or neutral. An estimated 50–100 times as the 
complex and diverse microbiome uses many genes as part of host genomes. These 
additional genes help regulate host physiology by encoding various enzymatic pro-
teins that modify the host metabolism due to their effects on the metabolites gener-
ated. However, the definition of the microbiome has expanded to include not just the 
microbial population but also the full range of chemicals produced by the microbes, 
such as their structural components, metabolites, and compounds produced by the 
coexisting host. Microbiome metabolic pathways are strongly related to 34% of 
blood and 95% of fecal metabolites (Visconti et al. 2019), indicating a robust inter-
play of metabolites between the human microbiome and its host. Beyond metage-
nomics, additional multi-omics research is required to determine the precise 
mechanism by which microbial activity affects human health. To characterize the 
microbiome at the functional level in both healthy and pathological states, these 
include transcriptomics, proteomics, and metabolomics.

In this new era of microbiome therapeutics, we may aid in the clinical treatment 
of disease. Although our understanding of the microbiome is growing quickly, ther-
apeutic approaches employing the microbiome are in their infancy. Understanding 
the underlying biological pathways of the microbiota will require future investiga-
tions employing animal models or epidemiological data generated from clinical tri-
als to develop novel treatments. Yet current approaches need to combine new 
technologies to help microorganisms thrive in settings that replicate the human gas-
trointestinal tract. The notion of microbiome therapies has been proven effective by 
research efforts. Still, more work is needed to comprehend the microbiome and its 
relationships with the host before it can be advanced into clinical trials and used as 
a blueprint for efficient treatment. Therefore, the human microbiota holds great 
promise for ushering in a new era of biomarker research for diagnostic and thera-
peutic applications. Current difficulties in microbiome research stem from a lack of 
standardized research methodologies and knowledge regarding the connections 
between bacteria and human disease, which require the scientific community to 
work together to address.

1.4  Challenges and Future Directions

Novel approaches are desirable in microbiome research to standardize and mechan-
ically validate the reported microbial gene clusters. Numerous diseases have been 
linked to bacteria and their metabolites. Appreciation must integrate multi-omics 
approaches that cataloged bacterial isolates, profiled new compounds, and mea-
sured host responses. Understanding the underlying processes through which 
microbes affect human health requires a revolutionary study of the links between 
the human microbiota and disease. This knowledge would push microbiome studies 
past the validation of biomarkers and into identifying therapeutic medication 
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targets. In reality, bacterial metabolites may yield enormous mechanistic insights, 
which could hasten the development of new therapeutic options for a wide range of 
disorders, including managing impaired glucose metabolism in diabetes (Molinaro 
et al. 2020).

The previous two decades have seen uneven development in our understanding 
of microbiome research. Researchers from various fields have been able to study the 
metagenome to understand the effects of the microbiome better, thanks to the wide-
spread availability of inexpensive second-generation sequencing technologies and 
readily available open-source bioinformatics software. Solutions to these and other 
issues may be found in further developing innovative and existing sequence-based 
technologies, which could lead to a deeper comprehension of the host-microbe and 
microbe-host interactions that are important to host health. Finally, we emphasized 
the mechanisms and novel therapeutic options related to this connection in the gut 
microbiome and explained the development of microbial interventions to increase 
therapeutic efficacy.
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Abstract

The gut-brain axis connects the enteric and central nervous systems in a bidirec-
tional communication network. This involves an anatomical network and endo-
crine, humoral, metabolic, and immunological communication pathways. The 
gut and the brain are linked by the autonomic nervous system, the hypothalamic- 
pituitary- adrenal (HPA) axis, and nerves in the gastrointestinal tract, allowing the 
brain to influence intestinal activities, such as the activity of functional immune 
effector cells and the gut to influence mood, cognition, and mental health. Gut 
microorganisms may alter neurological development, modulate neurotransmis-
sion, and affect behavior, contributing to the pathogenesis and/or progression of 
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numerous neurodevelopmental, neuropsychiatric, and neurological illnesses. In 
this chapter, we provide an overview of recent data on the role of the microbiota- 
gut- brain axis in the pathophysiology of neuropsychiatric and neurological dis-
orders, including depression, anxiety, schizophrenia, autism spectrum disorders 
(ASDs), Parkinson’s disease, etc. We also discuss the role of prebiotics and pro-
biotics in modulating the gut microbiome to benefit the host.

Keywords
Gut · Brain · Neurological disorders · Neuropsychiatric disorders · Microbiota

2.1  Introduction

The thirst for in-depth knowledge of the microbiome has existed for a long time 
among the scientific community and the commoners, as the idea of their relations 
with human health was proposed (Berg et al. 2020). The development of advanced 
culture-independent techniques like high-throughput and low-cost sequencing 
methods during the last 10 years has paved a great way to explore the symbiotic 
relationship between host and microbiota (Thursby and Juge 2017). The emergence 
of culture-independent techniques is a game-changer in the scientific community. 
According to Berg et al. (2020), a microbiome is a characteristic microbial com-
munity occupying a reasonably well-defined habitat with distinct physiochemical 
properties. The word microbiome here refers to the microorganisms involved and 
encompasses their theater of activity, resulting in the formation of specific “ecologi-
cal niches.” For instance, as far as a human is in concern, the collection of microor-
ganisms naturally inhabiting human is called human microbiota, and the organs or 
sites of the body, like the gut, skin, etc., that harbor microbiota can be considered as 
their theater of activity (Berg et al. 2020).

Microorganisms can be found throughout the human body, and the natural micro-
flora of humans are usually protozoa, archaea, eukaryotes, viruses, and predomi-
nantly bacteria. Therefore, most of the information on gut microbiota currently 
available is based on the analysis of gut bacteria (Morais et al. 2021). The human 
microbiota comprises ∼1013–1014 microbial cells, estimated to be around 1:1 micro-
bial cells to human cells ratio. The gastrointestinal (GI) tract contains the largest 
number of microorganisms compared to other parts of the human body. It is mainly 
inhabitat by bacteria of three major phyla—Firmicutes, Bacteroidetes, and 
Actinobacteria (Kho and Lal 2018). Trillions of bacteria in the human body com-
prise about 4 million distinct bacterial genes, of which more than 95% belong to the 
large intestine. The complex microbiome in humans is a functional expansion of the 
host genomes. These genes encode enzymes and proteins not encoded by the host 
body, thus facilitating the functioning of the host and the metabolisms of the hosting 
body (Galland 2014).

As the taxonomic heterogeneity within the GI tract depends on numerous fac-
tors, including genetic, physiological, psychological, and environmental influences, 
the gut microbiome can vary in healthy individuals. Although each person’s 
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microbiota is distinct, researchers believe that humans have a core microbiome and 
that microbes colonize the GI tract similarly throughout their lives. The microbiota 
that lives in the gut can have a good or detrimental impact on human health. The gut 
microbiota has coevolved with the host and therefore plays a crucial role in the 
normal functioning of the host organism. Apart from digestion, the microbiota ben-
efits the host in numerous ways, including gut health and epithelial morphology, 
harvesting of energy, defense, and host immunity modulation. Even if the adult 
microbiome is more stable than that of infants or older people, several factors can 
quickly alter its structure and composition. The use of antibiotics, stress, pathogenic 
infections, genetics, and food are examples of such influences. The alteration and 
disruption of normal gut microbiota composition can lead to a diseased state called 
dysbiosis (Mohajeri et al. 2018; Thursby and Juge 2017). Apart from the benefits 
they provide to the host, bacteria thriving in the gut, in return, get benefits from the 
nutritionally rich and safe environment of the human GI tract, thus, establishing a 
mutual relationship.

The presence of gut microbiota also impacts human mental health positively. 
Much available evidence and research data are derived from animal models 
(Mohajeri et al. 2018). Germ-free (GF) mice data revealed that brain development 
is abnormal without microbiota. Animal models fed with specific strains of bacteria 
showed changes in their behavior. It was then understood that the commensal gut 
microbiota could communicate with the brain, and altering their structures and 
composition can result in variations in mental health (Cryan et al. 2019). In the past 
decades, the interaction between gut microbiota and mental health has been bidirec-
tional (Mohajeri et al. 2018), influencing each other. The gut microbiota can influ-
ence the shape and function of the brain, while the brain influences the gut 
microenvironment and microbial composition (Zhao et al. 2018). This bidirectional 
network of connection involving many biological systems that enable communica-
tion between gut microbiota and brain is termed as gut-microbiota-brain axis.

The gut-brain axis is important in maintaining homeostasis of the host’s GI, cen-
tral nervous, and microbial systems (Morais et al. 2021). Recent studies have sug-
gested that efficient functional communication between gut microbiota and the 
brain is maintained via pathways like the hypothalamic–pituitary–adrenal (HPA) 
axis, the autonomic nervous system (ANS), the neuroendocrine system, the immune 
system, and metabolic pathways (Järbrink-Sehgal and Andreasson 2020).

Neuroactive compounds like neurotransmitters (like GABA), noradrenaline, 
dopamine and serotonin, amino acids, and microbial metabolites like SCFA are 
secreted by gut microbiota. These compounds interact with the host immune sys-
tem, direct the host’s metabolism, and affect the development and function of the 
enteric nervous system (ENS) and the vagus nerve (VN), which directly communi-
cate with the brain (Morais et al. 2021). Alteration of neurotransmitters in GF mice 
is ascribed to a lack of microbial colonization, resulting in neuromuscular abnor-
mality. This suggests that gut microbiota regulates the expression of enzymes 
involved in synthesizing and transporting neurotransmitters. Gut microbiota regu-
lates the expression of brain-derived neurotrophic factor (BDNF), which involves 
the modulation of different brain activities and cognitive functions. Alteration of 
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BDNF expression can cause memory dysfunction, which was observed in GF ani-
mal studies. The signal generated from the brain to the gut can also result in the 
alteration of mucus and biofilm formation, gut motility, intestinal permeability, and 
immune functions, which ultimately affect the composition of microbiota in the gut 
(Carabotti et al. 2015). Changes in gut barrier integrity are found in neuropsychiat-
ric conditions like anxiety, autism spectrum disorder, and depression (Morais 
et al. 2021).

Before the role of our commensal friends in the gut was determined, mental ill-
nesses were thought to be mostly due to defects in the brain’s functions. However, 
once the relationship between gut microbes and the brain is understood, this has led 
us to have a new perspective toward mental health research and lead us to new 
approaches to our research focusing on neuropsychiatric disorders associated with 
autism spectrum disorder (ASD) and schizophrenia which are known to cause 
development disorders; depression and anxiety which are known to influence mood 
disorders; Parkinson disease (PD); Alzheimer disease (AD); and multiple sclerosis 
(MS) associated with neurodegeneration. As the role of altered gut microflora in the 
causes of diseases has been revealed, many pieces of research have been carried out 
focusing on the role and capability of gut microbiota for ameliorating different dis-
eases, including mental illnesses (Lee and Kim 2021).

2.2  Human Gut Microbiota

Human gut microbiota refers to the microorganisms naturally harbored by the GI 
system (Fan and Pedersen 2021). The presence of human gut microbiota in a GI 
niche creates a complex, diverse, and dynamic environment. Research has shown 
that the human gut microbiome remains unstable, and its composition constantly 
changes throughout life (Malan-Muller et al. 2018).

Previously, it was thought that the uterus was sterile; however, evidence has been 
emerging suggesting the colonization of the uterus by microorganisms. Therefore, 
humans are thought to be colonized by microbes during the very early stage of life 
(Rodríguez et  al. 2015). The presence of bacterial species in the meconium of 
healthy neonates confirms microbial colonization. The microbiota composition of 
infants can also differ depending on the mode of delivery. Infants delivered via the 
vaginal birth canal receive their first major exposure from microbes inhabiting the 
birth canal and probably from fecal microbes, and Bifidobacterium, Lactobacillus, 
Enterobacteriaceae, and Staphylococcus mainly colonize the GI tract of such 
infants. Infants delivered via cesarean birth were first exposed to microbiota through 
their mothers’ skin microbiota and the hospital environment. The gut microbiota 
composition of infants also varies between breastfed and formula fed. The micro-
biota of infants is unstable until they reach age 3 (Mohajeri et al. 2018; Borre et al. 
2014; Dominguez-Bello et al. 2010; Biasucci et al. 2010).

The adolescent period is considered a susceptible stage for gut microbial compo-
sition. The gut microbiota composition in the adolescent period differs from that of 
infants and adults. However, the flexibility of gut microbiota composition during 
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adolescence remains unclear; it is ascribed to hormonal changes, rapid physical 
body development, and exposure to new lifestyles. These factors are suspected of 
causing mental problems in adolescence. Studies analyzing the microbiota compo-
sition of adolescents have displayed that older adolescents are found to have micro-
bial composition more similar to adults, and those at the early stage of their 
adolescent period have more gut microbial composition similar to infants. This find-
ing has led to the idea that there is a transition and changes in the microbiota com-
position at different stages of life (Cryan et al. 2019).

In healthy adults, the gut microbial composition is found to be more stable, less 
diverse, and dominated by only four major phyla—Firmicutes, Bacteroidetes, 
Proteobacteria, and Actinobacteria, constituting roughly 64%, 23%, 8%, and 3% of 
the population, respectively, and lesser compositional changes are observed, if 
remain undisturbed. However, chances and several factors can always change and 
alter gut microbiota composition. Such factors are diet, antibiotic consumption, 
environment, infection, stress, and host genetics (Mohajeri et al. 2018).

The information generated by the Human Microbiome Project (HMP) showed 
interindividual differences in microbiota composition among healthy adults. 
Although all healthy guts have some degree of common microbial commensals to 
maintain a healthy and beneficial gut microbiome, each GI system can have slightly 
different microbial compositions, but not to the degree of altering the normal func-
tion of beneficial microflora. Such variations in composition can be due to racial 
differences, different environments (Malan-Muller et al. 2018), and intake of differ-
ent foods (e.g., Western diet, which contains a high amount of sugar, salt, and fats, 
is found to be more associated with alteration of normal healthy microbiota com-
pared to the Mediterranean diet which is rich in polyphenols) and physical fitness; 
it has been found out that moderate exercise is very effective in lowering stress 
levels and increasing immunity (Cryan et al. 2019).

2.3  Gut Microbiota and Brain Function

Long before, the relationship between gut microbiota and the brain was hypothe-
sized without scientific evidence. Studies conducted in GF mice and mice in a spe-
cific pathogen-free (SPF) environment showed that GF mice displayed lesser 
anxiety-like behavior than their SPF mice counterpart. Adult GF mice, when moved 
to the SPF environment, did not increase the anxiety-like behavior of GF mice. Still, 
its offspring displayed an anxiety-like behavior similar to controls in the SPF envi-
ronment. This finding suggested crucial time points in stages of life for the gut 
microbiota to influence the brain.

Several studies have revealed that gut microbiota communicates to the brain 
through the nervous, immune, metabolic, and endocrine systems. During the devel-
opment of the brain, the influence of gut microbiota is limited only to a certain 
period; beyond the critical period, the action of microbiota does not have much 
influence on the mental development of the host (Wang and Wang 2016). Certain 
metabolites are synthesized by the influence of the gut microbiota, which can pass 
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through portal circulation and interact with the neuroanatomical system, endocrine 
system, immunological system, and metabolic system to establish direct communi-
cation with the brain (Morais et al. 2021). However, the exact role of these metabo-
lites in the brain is difficult to figure out due to the blood-brain barrier and other 
mechanisms that can interfere with the direct influence of these metabolites in the 
brain (Mohajeri et al. 2018).

In the neuronal pathway, the gut microbiota and the brain are physically linked 
(Morais et  al. 2021). There are two neuroanatomical pathways in which the gut 
microbiota and brain communicate. The first is in the spinal cord by ANS and 
VN. Communication between the ENS in the gut and the ANS and VN in the spinal 
cord is the second pathway. The anatomical neural pathways are divided into four 
levels. ENS makes the first level, followed by prevertebral ganglia, which regulate 
peripheral visceral reflex responses; the third level is made up of the ANS in the 
spinal cord and brain stem nucleus tractus solitarius and dorsal motor nucleus of 
VN, which receive and give the origin of afferent and efferent fiber of VN, respec-
tively, and finally in the fourth level is the higher brain centers. VN plays a major 
role in the direct communication between the brain and gut microbiota, in which 
bacteria stimulates the afferent neurons of ENS, and the vagal communication from 
the gut stimulates the anti-inflammatory response. According to studies in mice, the 
activation of the ENS pathway and regulation of gut motility is mediated by the gut 
microbial products like cell wall components, SCFAs, and other metabolites (Morais 
et al. 2021).

Studies have revealed that the gut microbiota regulates the normal development 
of the HPA axis. The HPA axis is considered to be the stress-efferent axis regulating 
the organism’s adaptive responses under different kinds of stressors. HPA is part of 
the brain’s limbic system that gets activated under stress. Studies in germ-free mice 
showed that activation of the HPA axis results in the secretion of stress hormones 
like cortisol and increased stress response. At the same time, there is decreased and 
improved anxiety-like behavior (Carabotti et al. 2015).

Gut microbiota also plays a crucial role in the maturation of the host immune 
system. Communication between the gut microbes and the host is facilitated by 
Toll-like receptors which can transport microbial metabolites into the nervous sys-
tem (Wang and Wang 2016). Gut microbiota also regulates gut permeability, direct-
ing the gut-associated lymphoid tissue (GALT) to establish immunity against 
friendly commensals but develop defense barriers against pathogens (Skonieczna- 
Żydecka et al. 2018b). When comparing conventional mice and GF mice, microg-
lia–conventional mice have more macrophage-like cells in the CNS than GF mice, 
suggesting that microbiota play an essential role in developing microglia-mediated 
immune systems. The expression of proteins like occludin and claudin five is found 
to be reduced in GF mice when compared to conventional control mice, which 
results in more permeability of the blood-brain barrier (BBB) and thus underscores 
the influence of gut microbiota in the development of immune systems (Morais 
et al. 2021). More permeability of BBB will result in more penetration of BBB by 
metabolites secreted by gut microbes and will have more impact on the brain and 
ultimately affect the CNS (Malan-Muller et al. 2018).
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Gut microbiota can produce different kinds of neurotransmitters, neuropeptides, 
and their precursors, such as histamine, dopamine, acetylcholine, gamma amino 
acid, melatonin, serotonin, γ-aminobutyric acid, 5-HT, and butyric acid. These regu-
late the connection within the CNS and external connections with the endocrine and 
immune systems and play an important role in neural activation. Contrarily, neuro-
peptides like calcitonin gene-related peptide, substance P, somatostatin, neuropep-
tide Y (NPY), corticosterone-releasing factor (CRF), and vasoactive intestinal 
polypeptide (VIP) are known to regulate gut microbial activity and thus have an 
impact on the gut-brain axis. Bacterial products, SCFAs, are also important for the 
maturation of CNS and brain development. Studies in mice showed that SCFAs 
regulate genes that are part of microglia maturation, influence ENS activity, and 
regulate gut motility in rodents which induce morphology changes in mice (Zhao 
et al. 2018; Holzer 2016).

2.4  Factors Influencing the Microbiota-Gut-Brain Axis

Several factors (Fig. 2.1) have been proposed to influence the gut-brain axis (Cryan 
et al. 2019). Factors that are known to influence the microbiota gut brain axis are 
summarized below:

2.4.1  Host Genetics

This factor does not solely refer to the host genetics but also includes how the envi-
ronment influences the host genes. Studies have shown that monozygotic twins’ gut 
microbiota is more similar to dizygotic twins, suggesting that host genetics are 
important in building the microbiome (Kurilshikov et al. 2017). Gut microbiota is 
also known to be involved in the regulation of transcription, gene expression, and 
the synthesis of proteins. It has been observed that gut microbiota regulate miRNA 
expression in the amygdala and prefrontal cortex (PFC) of GF mice, and the expres-
sion is found to be declined. However, when the GF is conventionalized using gut 
microbiota, the expression becomes normal, similar to the conventional mice model 
(Hoban et al. 2017; Cryan et al. 2019).

2.4.2  Mode of Delivery at Birth

Delivery is considered to be the first major bacterial colonization of infants. Infants 
sliding through the vagina are exposed to vaginal microbiota. Studies have shown 
that the microbiota of babies delivered through the vaginal birth canal has a lot in 
common in their composition with the vaginal microbiota (Dominguez-Bello et al. 
2010). When the babies do not pass through the vagina and delivery is done by 
C-section, the microbiota of such babies are found to be different from those deliv-
ered via the vagina. Babies delivered via C-section are considered to be colonized 
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Fig. 2.1 Factors affecting human gut microbiome

by microbes from the skin microbiota of the mother and hospital environments. The 
colonization is usually dominated by Staphylococcus spp. Unlike vaginal birth, 
C-sections are associated with decreased numbers of Lactobacillus, Bifidobacterium, 
and Bacteroides (Cryan et al. 2019). Bifidobacterium is considered to be important 
for the promotion of health. The gut of infants delivered via C-section is colonized 
more by Clostridium and Lactobacillus than babies born through the vaginal canal. 
Clostridia are considered to be harmful pathogens causing food poisoning and diar-
rhea. In addition, one study on 7 years old children has shown that microbial acqui-
sition at the early stage of life greatly impacts further intestinal microbial 
development (Arboleya et al. 2018; Salminen et al. 2004).

It has been found that early colonization has a huge impact on later development. 
Some studies have concluded that C-section delivery is more associated with devel-
oping type 1 diabetes, obesity, and immune disorders such as allergies or asthma. 
Neuronal development is altered in babies delivered via C-section, and C-section is 
correlated with children’s poor performance in schools. However, more studies are 
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required to thoroughly understand the difference in the microbial composition 
between babies delivered through a vaginal birth and C-section and their impact on 
further development (Cryan et al. 2019).

2.4.3  Diet

In 1977, the association between diet and gut microbiota was first reported 
(Alfonsetti et al. 2022). It has been found that diet greatly influences the function 
and composition of the gut microbiome. Acute changes in dietary habits are found 
to have a larger impact on microbiota composition (Hansen and Sams 2018). Sudden 
changes in diet have been associated with quick changes in the gut microbial com-
position at species and family levels (Alfonsetti et  al. 2022). Changes in dietary 
patterns have been reported to modulate the β-diversity of gut microbiota. Different 
diets have different influences on gut microbial composition. The structure and 
composition of gut microbiota can differ depending on the food type one consumes 
(Cryan et al. 2019).

The intake of standard Western diets rich in saturated and trans fats and low in 
mono- and polyunsaturated fats are associated with an increase in total anaerobic 
microflora and the relative quantity of Bacteroides and Bilophila. Studies on mice 
reported the richness of Actinobacteria, lactic acid bacteria, and Verrucomicrobia 
(Alfonsetti et al. 2022).

The Mediterranean diet has been found to reduce neurodegenerative disorders, 
psychiatric conditions, cancer, and cardiovascular disease (Cryan et al. 2019). The 
high content of polyphenols like flavonoids, anthocyanins, and phenolic acids con-
tribute to increased Bifidobacterium and Lactobacillus genera in the gut. The anti-
bacterial activities of these polyphenols also prevent the colonization of enteric 
pathogens like Staphylococcus aureus and S. typhimurium (Alfonsetti et al. 2022). 
Several studies have shown that the polyphenol content present in the Mediterranean 
diet reduces depression risk (Cryan et al. 2019).

A ketogenic diet is a type of food that is rich in fats (55–60%), moderate proteins 
(30–35%), and a very low carbohydrate diet (5–10%) (Batch et al. 2020). The keto-
genic diet can modulate the expression of antioxidants and neurotransmitters and, 
thus, help in reducing the symptoms of neurological diseases like autism, depres-
sion, epilepsy, Alzheimer’s, Parkinson’s disease, and cancer. Consumption of a 
ketogenic diet is found to have some relation with the increasing abundance of 
Akkermansia and Parabacteroides which are found to promote ketogenic diet- 
mediated anti-seizure properties (Cryan et al. 2019).

Foods rich in glucose, fructose, and sucrose can significantly increase the abun-
dance of Bifidobacterium with the decrease of Bacteroides. Indigestible carbohy-
drates are fermented by colon bacteria, which serve as a rich source of carbohydrates 
for the gut microbiota, thus, modulating the microbial composition in the gut (Cryan 
et al. 2019).

Protein consumption is positively correlated with overall microbial diversity. 
The consumption of proteins extracted from peas and whey increases the abundance 
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of Bifidobacterium and Lactobacillus; moreover, they decrease the pathogenic 
Bacteroides fragilis and Clostridium perfringens. Pisum sativum (pea) proteins lead 
to an increase in intestinal SCFA levels. This illustrates the influence of proteins in 
the microbiota-gut-brain axis (Olson et al. 2018).

The consumption of healthy fats like polyunsaturated fatty acids (PUFAs) 
decreases the abundance of Bacteroidetes and increases Firmicutes and 
Proteobacteria. It has also been shown to reduce the possible onset of cardiovascu-
lar diseases and protects against depression, arthritis, cancers, and cognitive decline. 
On the other hand, it also supports cognitive, visual, social development, and motor 
in mice (Costantini et al. 2017; Cryan et al. 2019).

2.4.4  Physical Exercise

Physical exercise at moderate levels is known to benefit brain and mental health. 
Proper exercise in combination with healthy lifestyles is known to influence the 
composition of gut microbiota, improving the α-diversity of the gut microbiota. The 
sudden discontinuation of regular exercise harms human health and changes in 
plasma kynurenine and tryptophan metabolism levels, which are strongly related to 
depression (Cryan et al. 2019).

Rodents fed with high-fat content food were found to be prone to anxiety and 
cognitive problems. These problems can, however, be improved by exercise. 
Exercise during a juvenile period is found to have more impact on the gut microflora 
than in adults, with an increase in abundance of Bacteroidetes and a decrease of 
Firmicutes. Exercise also causes an improvement in sleep disorders (Monda 
et al. 2017).

2.4.5  Consumption of Medicines

Among different classes of medicines, antibiotics have the greatest ability to modu-
late and shape the gut microbiota. Some studies have shown that several nonantibio-
tic medicines like inflammatory bowel disease (IBD) medications, female hormones, 
benzodiazepines, osmotic laxatives, antihistamines, and antidepressants have anti-
microbial properties. They influence the gut microbial composition and reduce 
microbial diversity (Cryan et al. 2019; Clarke et al. 2019; Falony et al. 2016).

Drugs like proton pump inhibitors (PPI) used to treat acid-related disorders are 
known to cause the translocation of oral microbiota to the gut. This may be due to 
gastric acid reduction from PPI drugs like pantoprazole and omeprazole. Therefore, 
these drugs can regulate gut microbiota composition to a certain level. In addition, 
pharmacomicrobiomics have been drawing the attention of researchers, as gut 
microbes can influence therapeutic efficacy and safety by enzymatically modifying 
drug structure and modifying drug bioavailability, bioactivity, or toxicity (Weersma 
et al. 2020).
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2.4.6  Stress

The disturbance of the normal homeostasis of an organism can be referred to as 
stress. The HPA axis is recognized as a primary pathway of the stress response. 
Activation of HPA axis response to induced stress maintained homeostasis in the 
body. However, when exposed to chronic stress, this axis causes dysregulation of 
HPA and leads to diseased conditions. Stress causes the release of hypothalamic 
corticotropin-releasing hormone (CRH), and CRH promotes the release of adreno-
corticotropic hormone (ACTH) from the pituitary gland. Subsequently, ACTH is 
secreted into the bloodstream to produce glucocorticoids (Suda and Matsuda 2022).

Experiments conducted on different animal models have revealed a connection 
between stress and the increasing abundance of Lactobacilli (Cryan et al. 2019). 
Chronic psychological stress has been found to have a connection with the abun-
dance of Helicobacter pylori (Guo et al. 2009). Maternal stress during pregnancy 
also regulates infants’ microbiota, which correlates with hyperreactivity of the HPA 
axis (Cryan et al. 2019; Hechler et al. 2019).

2.4.7  Environment

The environment can be considered one of the factors that have a significant impact 
on human development and health. According to studies, many gut microbiotas 
metabolize environmental chemicals, which modulate the gut microbial composi-
tion (Claus et al. 2016). Heavy metals, pollutants, and pesticides may be toxic to 
some microorganisms and lead to dysbiosis. The changes in composition and activ-
ity of the gut microbiota interfere with the normal intestinal epithelial-barrier func-
tion and increase the risk of causing mental health. Overuse of antibiotics in our 
environment results in the accumulation of antibiotics in rivers, lakes, agricultural 
land, etc., which can indirectly cause the alteration of gut microbial composition 
(Cryan et al. 2019).

2.4.8  Circadian Rhythms

With our modern lifestyle, there are many chances of disturbing our natural circa-
dian rhythm, which is known to be associated with metabolic and psychiatric disor-
ders (Arble et al. 2010). Studies have revealed that microbiota regulates the circadian 
clock, affecting peripheral and central clock changes. The disruption of the circa-
dian clock also influences the composition of gut microbiota. Lifestyle change can 
alter the peripheral clock, resulting in dysregulation of the gut microbiome (Cryan 
et al. 2019; Voigt et al. 2014). The disruption of circadian rhythm is more associated 
with the population following the Western lifestyle, influenced by different factors 
like sleep schedule, work shifts, time of eating, exposure to light at night, and jet 
lags (Bishehsari et al. 2020).
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2.4.9  Consumption of Alcohol

Consumption of alcohol is also found to be associated with the disturbance of the 
maintenance of gut microbial homeostasis. Once consumed, alcohol is converted 
into acetaldehyde which is harmful to gut microbiota. It decreases the abundance of 
SCFA-producing microbes, thus influencing the microbiota-gut-brain axis 
(Alfonsetti et al. 2022). Studies on rats identified the direct influence of alcohol on 
gut microbiota composition, which causes a decrease in α- and β-diversity, reduced 
abundance of Lactobacilli and increased Bacteroidetes (Lee and Lee 2021).

2.5  Meta-Omics and Gut Microbiota Analysis

The recent development in molecular biology and the emergence of meta-omics 
have paved the way for a better understanding of the role and function of commen-
sals in the human gut microbiome—a complex environment (Wang and Wang 2016).

“Metagenomics is the study of genetic material retrieved directly from environ-
mental samples including the gut, soil, and water etc..” It allows the characterization 
of the taxonomic composition and the functional metabolic potential of the micro-
biota and the reconstruction of microbial metabolic pathways, which were impos-
sible through 16S rRNA (Malan-Muller et  al. 2018). It is a culture-independent 
technique to study microbial colonies in the environment (Wang and Wang 2016). 
Metagenomics aims to catalog all the genes by randomly sequencing all DNA 
extracted from the environmental sample. In the case of gut microbiota, metage-
nomics helps us to analyze the genetic composition of the population in the target 
environment, understand the function and role of gut microbiota in metabolic path-
ways, estimate the diversity and abundance of the microbial population, discover 
and study novel genes with specialized functions, as well as explore the link between 
microbiota and the environment, the connection between the gut microbiota and the 
host. It can also be used to study individual medicine (Wang and Wang 2016).

According to MetaHIT and Human Microbiome Project (HMP), functional gene 
profiles are similar among different individuals. However, the taxonomic composi-
tion of the microbiota varies, which suggests that the functional core microbiome is 
more conserved when compared to the taxonomical core microbiome (Malan- 
Muller et al. 2018). Through metagenomics, we can now detect genes in the sample 
and describe the presence of microorganisms in the environment. However, it isn’t 
easy to decipher their activity and expression using metagenomics. The develop-
ment of other meta-omics approaches like metatranscriptomics, metaproteomics, 
and metabolomics can identify the functional activity of microbes present in the gut 
(Wang et al. 2015).

In metatranscriptomics, the expression of genes by the microbial population is 
analyzed. It provides information about the expression of genes at a specific point 
in time (Malan-Muller et al. 2018). By utilizing metatranscriptomics, energy pro-
duction, synthesis of cellular components, and carbohydrate metabolism are found 
to be the main functional roles of the gut microbiota (Wang et al. 2015). However, 
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the data acquired from metatranscriptomics are considered insignificant because the 
RNA transcript pool is very unstable and easily responds to environmental changes 
(Malan-Muller et al. 2018).

In metaproteomics, the analysis of proteins is done to have a deeper understand-
ing of the functions of gut microbiota. The protein profiles are obtained and com-
pared with different proteins at different physiological conditions (Malan-Muller 
et al. 2018). Metaproteomics also has some disadvantages related to the complexity 
of the protein matrix and the microorganisms expressing the proteins (Issa Isaac 
et al. 2019).

Metabolomics analyzes microbiota-derived metabolites in serum, urine, or fecal 
water, constructing a mass spectrometry-based library to enable either global 
metabolite analysis (untargeted approach) or the measure of a selected metabolite. 
Metabolomics is usually carried out using MS-based techniques like gas chroma-
tography or liquid chromatography to discriminate metabolites based on their mass- 
to- charge (m/z) ratio and 1H nuclear magnetic resonance (1H NMR) spectroscopy 
(Malan-Muller et al. 2018).

2.6  The Emerging Role of the Gut-Brain Axis

Various studies based on animal models have shown that microbes residing in the 
gut bidirectionally communicate with the brain and play a crucial role in maintain-
ing the proper function of the CNS.  Studies in human and animal models have 
revealed that the lower abundance of Bifidobacterium in the gut is associated with 
obesity. Obesity and depression have been linked to low-grade inflammation. 
Therefore, these studies have suggested that the insufficient abundance of 
Bifidobacterium is strongly related to depression (Naseribafrouei et  al. 2014). 
Desbonnet et al. (2014) also found that the gut microbiota is crucial for social devel-
opment in mice, including social motivation and preference for social novelty. Such 
developments are affected in diseases like autism and schizophrenia which thus 
help us to understand better these neurodevelopmental disorders (Desbonnet 
et al. 2014).

It has been found that changes in the gut microbiome affect brain function and 
behavior. This results in the rise of the idea that the optimization of the gut microbi-
ome can act as a therapeutic tool for the amelioration of certain mental diseases 
(Skonieczna-Żydecka et al. 2018a).

Currently, probiotics are commonly employed to optimize the composition of 
gut microbiota. Such probiotics are mainly equipped with Lactobacillus and 
Bifidobacterium. According to several studies, the consumption of probiotics is 
found to be related to the reduction of anxiety, reduction of emotional changes 
(Malan-Muller et al. 2018), fewer stress-induced symptoms like abdominal pain, 
nausea and vomiting, reduction of cognitive reaction to depression, and decreasing 
the severity of autism and also found to have a beneficial effect on mood disorders 
(Sivamaruthi et al. 2019). The beneficial aspects of probiotics on different disorders, 
including mental disorders, have been figured out. This has led to the emerging 
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concept of developing next-generation probiotics by seeking broader candidates 
that could provide more benefits to humans (O’Toole et al. 2017).

2.7  Human Diseases and Gut-Brain-Axis

2.7.1  Gut-Brain Axis and Autism Spectrum Disorders (ASD)

ASD is a group of neurodevelopmental conditions characterized by stereotyped 
behaviors and activities and altered social communication and character (Xu et al. 
2019). ASD is related to GI disorders like constipation, abdominal pain, gaseous-
ness, diarrhea, and flatulence (Xu et al. 2019). Anxiety behavior has been found to 
have a strong link with ASD patients having GI disorders (Srikantha and 
Mohajeri 2019).

Patients having ASD show an alteration of gut microbiota (Xu et al. 2019). One 
study has shown that treating ASD children with Vancomycin improved behavioral 
symptoms (Cryan et  al. 2019), suggesting that gut microbiota may be related to 
behavioral and GI symptoms correlated with the severity of ASD. The availability 
and diversity of nutrients and microbial metabolites can be affected by the changes 
in metabolic profiles due to changes in the microbiome (Sharon et al. 2019). Xu 
et  al. (2019) showed that ASD patients have a lower abundance of Bacteroides, 
Akkermansia, Bifidobacterium, Enterococcus, and E. coli; a higher abundance of 
Faecalibacterium and Lactobacillus; and a slightly increased of Ruminococcus and 
Clostridium. The increase in abundance of Faecalibacterium has a strong relation-
ship with the activation of type I interferon signaling and may be involved in 
immune dysfunction. The decrease in Bifidobacterium may result in the decrease of 
SCFAs involved in the development of ASD. The lower abundance of Akkermansia 
may also indicate an increase in gut permeability. In general, the alteration of gut 
microbial composition can also result in the production of neurotoxins which can 
worsen the symptoms of ASD (Xu et al. 2019).

2.7.2  Gut-Brain Axis and Depression

Major depressive disorder (MDD) is one of the major causes of disability, morbid-
ity, and mortality worldwide (Liang et al. 2018). It is a serious mental health issue 
characterized by the symptoms like anhedonia, altered appetite, anxiety, depressed 
mood, fatigue, insomnia, irritability, and suicidal ideation (Suda and Matsuda 
2022). MDD is not simply a mental problem but also a physiological disease having 
a clear biological foundation, as changes in the brain’s normal functioning like 
abnormal neuronal circuitry, unbalanced neurotransmitters, hampered neurogene-
sis, and neuroplasticity decline are observed (Liang et al. 2018). It disrupts the nor-
mal program of neurotransmitters, neurogenesis, neural circuits (Chaudhury et al. 
2015), and neuroplasticity (Liu et al. 2017). Experiments conducted on GF mice 
have shown that the absence of microbiota reduces depressive-like behavior (Cryan 
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et  al. 2019). MDD correlates with the HPA axis activation (Cryan et  al. 2019). 
Abnormal stress is found to be correlated with MDD. The HPA-mediated stress 
response influences the development and progress of depressive symptoms (Suda 
and Matsuda 2022). Such hyperactivation of the HPA axis is found to decline when 
treated with probiotic strain microorganisms like Lactobacillus, which display the 
role and influence of microbiota in MDD. A clinical trial has shown that the admin-
istration of probiotics in combination with prebiotics decreases the Beck Depression 
Inventory (BDI) with a significant decrease and increase in kynurenine/tryptophan 
ratio and tryptophan/branch chain amino acids (BCAAs), respectively (Kazemi 
et al. 2019).

People having depression tend to have a lower abundance of Faecalibacterium 
and a reduction in the numbers of microorganisms (Cryan et  al. 2019), but an 
increase in the abundance of Actinobacteria, Eggerthella, Atopobium, and 
Bifidobacterium (Knudsen et al. 2021). Faecalibacteriumis was reported to be the 
main producer of metabolites like butyrate in the gut. Butyrate regulates the level of 
BNDF and neurogenesis in the hippocampal. BNDF level is lower in patients with 
MDD, most probably due to the decrease in the abundance of Faecalibacterium. An 
increase in butyrate level can reduce depressive-like behavior; therefore, it is 
expected that the alteration of gut microbiota to increase the production of butyrate 
will improve the symptoms of MDD, especially depressive symptoms (Suda and 
Matsuda 2022).

2.7.3  Gut-Brain Axis and Schizophrenia

Schizophrenia is a debilitating psychiatric condition that causes many emotional, 
occupational, and cognitive problems (Szeligowski et al. 2020). It is characterized 
by complex, heterogeneous behavioral and cognitive syndrome with positive 
symptoms- delusions, hallucinations, the aberrant flow of thoughts, and negative 
symptoms—apathy, withdrawal, and slowness (Owen et al. 2016). Schizophrenia is 
found to be associated with the elevation of Lactobacilli (Szeligowski et al. 2020).

Some studies have revealed that altering gut microflora using probiotics can 
improve bowel problems. However, no complete successful treatment of the disease 
by altering gut microbiota composition has been reported (Cryan et  al. 2019). 
Schizophrenia is associated with increased IL-6, IL-8, and TNF-α and reductions in 
the anti-inflammatory IL-10 (Miller et  al. 2011). It has also been shown that 
Roseburia, Coprococcus, and Blautia were also reduced in schizophrenia patients 
(Shen et al. 2018), which are known to be involved in maintaining the intact intesti-
nal barrier. Therefore, the increase in gut permeability may contribute to the inflam-
mation associated with schizophrenia (Szeligowski et al. 2020).

Schizophrenia is also associated with the disturbance of the immune system by 
converting tryptophan to kynurenate. The conversion of tryptophan to kynurenate 
mediated by indoleamine2,3-dioxygenase (IDO) is known to weaken the immune 
system by reducing prepulse inhibition and increasing the firing rate burst-to-fire 
activity of ventral tegmental area (VTA) dopaminergic neuron. Studies in rats have 
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shown that administering Bifidobacterium infants can increase the kynurenate. 
Therefore, the gut microflora may regulate the presence and abundance of trypto-
phan (Szeligowski et al. 2020).

2.7.4  Gut-Brain Axis and Bipolar Disorder (BD)

Bipolar disorder (BD) is another neuropsychiatric illness characterized by alternat-
ing recurrent manic and depressive (Järbrink-Sehgal and Andreasson 2020) or shifts 
in mood and energy throughout the disease. Episodes of mood shifts are often asso-
ciated with low-grade peripheral inflammation (Flowers et al. 2020). BD patients 
with more depressive symptoms are reported to have less bacterial diversity 
(Bengesser et  al. 2019). In addition, Bacteroides, Clostridium, Bifidobacterium, 
Oscillibacter, and Streptococcus are found to be more in abundance in a fecal sam-
ple of BD patients with more symptoms (Rong et al. 2019), which may improve 
inflammatory bowel disease, nonalcoholic steatohepatitis, and other psychiatric dis-
orders like depression (Flowers et al. 2020).

2.7.5  Gut-Brain Axis and Addiction

Substance use disorder (SUD) is a mental condition affecting the brain (Russell 
et al. 2021) that alters circuitry involved in learning, memory, motivation, reward, 
and stress (Ren and Lotfipour 2020). SUDs represent one of the main public health 
challenges (Russell et  al. 2021). The medications available for the treatment of 
SUDs are very limited, and the approved treatment of psychostimulants is not even 
available (Meckel and Kiraly 2019).

Substance addiction can affect many pathways that influence brain function. Out 
of all pathways, alteration of the dopaminergic system is common for all substance 
abuse. Therefore, substance abuse causes an increase in the level of dopamine. 
SUDs are associated with the disruption in the normal function of the mesolimbic 
pathway, sometimes also referred to as the reward system or pathway (Russell et al. 
2021). SUDs are often related to increased intestinal permeability, which allows the 
transfer of location for the gut microflora (Leclercq et al. 2014). This translocation 
can thus lead to local and systemic inflammation. Tetrahydrocannabinol can also 
modify the composition of gut microbiota. These suggest the interconnection 
between addiction and gut microbes (Russell et  al. 2021). The administration of 
methamphetamine in rodents was found to cause a decrease in the abundance of 
propionate-producing bacteria (Ning et al. 2017). Gut-brain communication through 
VN is critical in reward and motivation, and the gut microbes respond to rewards 
like drugs and foods. Natural rewards like food, sex, etc. are influenced by dopa-
mine, GABA, VTA, etc.; however, the rewards driven by substances are unnatural 
and can cause neurophysiological changes that lead to addiction (Ren and 
Lotfipour 2020).
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2.7.6  Gut-Brain Axis and Parkinson’s Disease

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders. 
PD is considered a multisystemic disease affecting both the central nervous system 
(CNS) and peripheral nervous system (PNS), which results in non-motor symptoms 
like gastroparesis and constipation (Romano et al. 2021). The motor symptoms are 
usually preceded by GI illness. By the time the motor symptoms occur, the dopami-
nergic neurons in the substantia nigra have already been destroyed (Cheng 
et al. 2010).

Studies have shown that gut microbiota may be naturally related to the symptom-
atology and pathophysiology of PD. Fecal microbiota transplantation (FMT) from 
PD patients into GF mice showed overexpression of protein α-synuclein. This is 
followed by motor symptoms and neuroinflammation, which can be treated and 
improved by administering antibiotics. This finding highly suggests the influence of 
gut microbiota in PD. It has been further suggested that α-synuclein is transported 
to the brain via VN, which may be exerted by the influence of microbiota (Sampson 
et al. 2016).

PD patients have a strong relationship with increased gut permeability and neu-
roinflammation. This could be due to the decrease in the abundance of SCFAs- 
producing bacteria. Several studies have shown that the genus Akkermansia, 
Bifidobacterium, Hungatella, and Lactobacillus increased in PD patients. At the 
same time, the abundance of bacteria belonging to the Lachnospiraceae family and 
Faecalibacterium (Ruminococcaceae family) went down. However, all studies did 
not come to the same conclusion, and there are inconsistencies among those studies. 
In the normal gut environment, Lactobacillus strains are low-abundant members. 
PD patients with constipation symptoms have a higher abundance of Akkermansia. 
The increase in Akkermansia is due to the consequence of constipation. When the 
gut microbiota composition is unbalanced, it can also be suggested that Akkermansia, 
a mucin-degrading bacteria, might gain a chance to lead to the disruption of the 
intestinal mucus layer, decreased number of goblet cells, drier stools, and impaired 
intestinal barrier function (Romano et al. 2021).

2.7.7  Gut-Brain Axis and Anxiety

Anxiety is a debilitating psychiatric condition that is closely related to depressive 
disorders. The treatments available have been increasing quickly; however, the bur-
den it causes remains the same. The gut-brain axis is a promising area of research to 
ameliorate anxiety disorders (Simpson et al. 2021).

The influence of gut microbiota on anxiety was shown by performing fecal trans-
plantation from a high-anxiety mouse strain to low-anxiety mouse strain, which 
resulted in the development of anxiety-like behavior in a low-anxiety mouse strain 
(Malan-Muller et al. 2018; Bercik et al. 2011). The analysis of a fecal sample of 
patients with generalized anxiety disorders has shown fewer operational taxonomic 
units (OTU); lower bacterial α-diversity; lower abundance of Firmicutes, Tenericutes, 
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and SCFAs producers; and excessive abundance of Escherichia, Shigella, 
Fusobacterium, and Ruminococcus gnavus (Järbrink-Sehgal and Andreasson 2020).

Anxiety disorders are strongly associated with the dysregulation of the HPA axis, 
which is casually known to be related to increased levels of cortisol and a pro- 
inflammatory state mediated by gut microbes. As the communication is bidirec-
tional, the pro-inflammatory states can also negatively impact the gut, like increasing 
gut permeability which can result in the translocation of bacteria and their metabo-
lites to the bloodstream causing CNS inflammation (Simpson et al. 2021; Foster 
et al. 2017).

2.7.8  Gut-Brain Axis and Anorexia Nervosa

Anorexia nervosa (AN) is a devastating eating disorder marked by a distorted body 
image, severe dietary restriction, significant weight loss, and mental comorbidities 
(Ghenciulescu et al. 2021). It has one of the highest mortality rates among mental 
illnesses (Cryan et al. 2019; Arcelus et al. 2011). AN patients are often associated 
with comorbid anxiety and depression. It is considered a multifactorial disease 
involving biological, physiological, and sociocultural factors (Schepici et al. 2019; 
Gorwood et al. 2016).

AN is strongly associated with a change in the habit of eating, which subse-
quently alters the gut microbial composition. The change in the gut microbial com-
position will lead to dysbiosis, which can then influence AN symptoms like greater 
weight loss, eating behavior, mood, and intestinal physiology. It has also been sug-
gested that gut microbes may manipulate host appetite to gain benefits, as they 
completely depend on their hosts. The regulation of eating behavior by gut microbes 
may depend on the production of molecules that can modulate the neurohormones 
involved in mood and eating behavior or act directly as neurohormone-like mole-
cules (Gorwood et al. 2016; Breton et al. 2019).

2.7.9  Gut-Brain Axis and Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is a neurodegenerative disorder and the leading cause of 
degenerative dementia, affecting about (Sharon et al. 2019) million people globally. 
AD is caused by aggregating polymerized forms of β-amyloid precursor protein 
(Ab) in the brain’s soluble multimeric and/or insoluble amyloid deposits (Cryan 
et al. 2019). It is associated with impaired cognition and cerebral accumulation of 
amyloid-β peptides (Aβ) (Smith et al. 2013).

The stool microbial profile of AD patients showed a decrease in the abundance 
of Firmicutes and Actinobacteria and an increase in the abundance of Bacteroidetes. 
Among the Firmicutes, the families of Ruminococcaceae, Turicibacteraceae, and 
Clostridiaceae are found to be less abundant. Studies based on GF-APP/PS1 and 
conventional APP/PS1 transgenic mice have shown that the GF-APP/PS1 have 
lower levels of Aβ compared to conventional APP/PS1. Fecal transfer from 
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conventional APP/PS1 to GF-APP/PS1 significantly increased GF-APP/PS1’s cere-
bral Aβ pathology. It has also been found that co-housing and FMT can transfer the 
neuroinflammation and cognitive impairment from 5xFAD mice (diseased mice) to 
control mice. The decrease in the levels of SCFA produced is also found to be asso-
ciated with AD. These findings support the connection between the gut-brain axis 
and the development of AD (Smith et al. 2013, Rutsch et al. 2020).

Studies in GF mice have shown a decrease in the expression of BNDF in the hip-
pocampus, which is important for synaptic plasticity and cognitive function. BNDF 
is also found to be decreased in the brain and sera of AD patients. Antibiotic treat-
ment of rats induced microbial dysbiosis, spatial memory impartments, increased 
anxiety-like behavior, and decreased N-methyl-D-aspartate (NMDA) receptor lev-
els in the hippocampus, which can later be improved when the antibiotic treatment 
is disrupted with a change in diet with decreased BNDF levels. These findings also 
suggest the role of microorganisms in the pathogenesis of AD (Harach et al. 2017).

2.7.10  Gut-Brain Axis and Multiple Sclerosis(MS)

Multiple sclerosis (MS) is a chronic and inflammatory demyelinating CNS disease 
affecting more than 2 million people worldwide. The main pathological character-
istic of MS is axonal loss, neuroinflammation, demyelination, and infiltration of 
lymphocytes into the CNS. Symptoms accompanying MS include ataxia, hyperre-
flexia, cognitive difficulties, loss of coordination, visual and sensory impairment, 
fatigue, and spasticity. Most patients experience relapsing-remitting multiple scle-
rosis (RE-MS) with a more severe neurological disorder (Smith et al. 2013). The 
factors involved in developing the disease can be environmental and genetic. Among 
the environmental factors, the intestinal microbiota is considered a potential patho-
genic factor (Jiang et al. 2017).

Patients with active MS are known to have altered gut microbiota compared to 
patients with RE-MS. The microbial compositions of RE-MS are more related to 
healthy controls (Smith et al. 2013). Studies have found that transferring fecal mat-
ter from MS patients to GF mice caused the host GF mice to have MS hallmark 
symptoms, i.e., autoimmune encephalomyelitis (Cryan et  al. 2019). FMT is also 
found to revert severe constipation and improve MS symptoms. These findings sug-
gest the relationship between the gut-brain axis and MS disease development (Jiang 
et al. 2017).

Studies have shown that fecal samples of MS patients are strongly associated 
with a higher abundance of A. muciniphila and Acinetobacter calcoaceticus, and 
reduced levels of Parabacteroides distasonis are known to have anti-inflammatory 
properties (Cekanaviciute et al. 2017). Studies on murine models have shown that 
MS is associated with the lesser production of IL-10 regulatory cytokines than 
healthy controls, which suggests that gut microbiota may be responsible for disease 
severity and the modulation of the adaptive immune response during disease devel-
opment. More research is required to understand better the mechanisms of different 
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Table 2.1 Neurological diseases and observed alteration of their gut microbial taxonomy

Disease
Microbes increased in 
diversity

Microbes decreased 
in diversity References

Alzheimer’s 
disease

Bacteroidetes Firmicutes and 
Actinobacteria

Pistollato et al. 
(2016)

Depression Anaerofilum, Eggerthella, 
Holdemania, Gelria, 
Paraprevotella, Turicibacter

Dialisterand 
Prevotella

Kelly et al. (2016)

Parkinson’s 
disease

Blautia, Coprococcus, 
Proteobacteria, and Roseburia

– Keshavarzian et al. 
(2015)

Autism spectrum 
disorder (ASD)

Clostridium sp., Bacteroidetes, 
Lactobacillus, Desulfovibrio

Bifidobacteria Adams et al. 
(2011), Song et al. 
(2004)

Anxiety Escherichia, Shigella, 
Fusobacterium, and 
Ruminococcusgnavus

Firmicutes, 
Tenericutes

Järbrink-Sehgal 
and Andreasson 
(2020)

Bipolar disorder 
(BD)

Bacteroides, Clostridium, 
Bifidobacterium, Oscillibacter, 
and Streptococcus

– Rong et al. (2019)

Schizophrenia Lactobacilli Roseburia, 
Coprococcus, and 
Blautia

Szeligowski et al. 
(2020), Shen et al. 
(2018)

Multiple 
sclerosis (MS)

A. muciniphila and 
Acinetobacter calcoaceticus

Parabacteroides 
distasonis

Cekanaviciute 
et al. (2017)

gut microbiota in different patients and develop effective therapeutics (Smith et al. 
2013) (see Table 2.1).

2.8  Gut Microbiota–Inflammasome–Brain Axis

Inflammasomes are complexes of multi-protein whose main function involves the 
activation of caspase-1, which cleaves and activates inactive pro-IL-1β and pro- 
IL- 18 (Chen 2017). The inflammasome is an innate immune signaling complex that 
gets activated and assembled by responding to pathogens or danger signals (Smith 
et  al. 2013). Various pattern-recognition receptors (PRRs) in different families, 
including AIM2, NLRP1, NLRC3, NLRC4, NLRP6, and NLRP7, have been identi-
fied to play a role in inflammasome activation (Ma et al. 2019). Generally, inflam-
masome activation is initiated by two signals. The initial signal originates from 
outside the cell through pathogen- or danger-associated molecular patterns (PAMPS/
DAMPS), which trigger the transcription of genes encoding inflammasome compo-
nents and products. The second signal arises from internal danger signals such as 
adenosine triphosphate, uric acid, fatty substances that can cause lysosomal dam-
age, or reactive oxygen species produced by nicotinamide adenine dinucleotide 
phosphate oxidase or mitochondria. Inflammasomes are formed and activated due 
to these processes (Smith et al. 2013).
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Activation of inflammasome has been found to have a strong connection with 
neuroinflammatory conditions and an important role in the progression of neuro-
logical disorders, including AD, MS, PD, and neuropsychiatric disorders (NPS) 
(Smith et  al. 2013). According to Wong et  al. (2016), caspases-1-deficient mice 
show anxiety and depressive-like behaviors, while locomotor activity and skills are 
enhanced. Pharmacological caspase-1 antagonism with minocycline, which sup-
presses the inflammasome activation, ameliorated stress-induced depressive-like 
behavior in wild-type mice and altered the gut microbial composition. The micro-
biota composition alterations are similar to those in caspase-1–deficient mice. The 
relative abundance of Akkermansia spp. and Blautia spp. were observed in the gut 
microbiota, which is compatible with the beneficial effects of reduced inflamma-
tion, and rebalances, respectively, increase in Lachnospiraceae abundance was con-
sistent with caspase-1 deficiency microbiota changes. These findings suggest that 
caspase-1 inhibition protects against depressive- and anxiety-like behavior by mod-
ulating the relationship between stress and gut microbiota composition. They also 
lay the groundwork for a gut microbiota–inflammasome–brain axis, in which the 
gut microbiota modulates brain function via inflammasome signaling. Inflammasome 
inhibition may also constitute a viable and direct therapeutic option in treating 
MDD and other neuropsychiatric illnesses with inflammatory components (Wong 
et al. 2016).

In the intestine, constant stimulation of inflammasome, which may have a distal 
effect on the brain, occurs due to gut microbes. It was found that producing IL-18 is 
vital for maintaining homeostasis in the gut (Macia et al. 2015). IL-1 and IL-18 are 
also important for physiological functioning in the CNS, as they are involved in 
cognitive, learning, and memory processes (Tsai 2017). The revelation that 
Salmonella leucine-rich repeat protein (SlrP) suppresses Salmonella virulence and 
the typical host anorexic response generated by infection was the first step in under-
standing intestinal inflammasome activation by gut microbiota and its effect on the 
brain. The S. typhimurium effector SlrP suppressed anorexia produced by IL-1β to 
the hypothalamus via the VN by inhibiting inflammasome activity. Pathogen- 
mediated anorexia inhibition boosted host survival rather than impairing host 
defenses (Rao et al. 2017).

2.9  Modulation of Gut Microbiome Using Probiotics 
and Prebiotics

Data from several studies have revealed that the gut-brain axis can be modulated by 
using probiotics and prebiotics or combining both probiotics and prebiotics, known 
as synbiotics which can give beneficial aspects to the brain and the host microbiome 
(Liu et al. 2015).

Probiotics are “live microorganisms that, when administered in adequate 
amounts, confer a health benefit on the host” (Hill et al. 2014). The probiotics avail-
able today for the commoners are mainly from Lactobacillus spp. and Bifidobacterium 
spp. It can also include Saccharomyces, Bacillus spp., E. coli, Enterococci, and 
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Weissella spp. (O’Toole et al. 2017). Microorganisms used as probiotics must be 
well-defined and cannot be extrapolated to other strains. It is necessary to identify 
the beneficial aspects the selected strains can provide (Sánchez et al. 2017). Several 
studies have shown that oral administration of commensal bacterial strains improves 
or reverses diseases. For instance, the administration of Bacteroides fragilis reversed 
the abnormalities in gut permeability and ASD-related behaviors. The beneficial 
effects of the administration of probiotic strains end up in the human gut and affect 
human brain activity. For example, the administration of Lactobacillus casei results 
in a significant increase of Lactobacillus and Bifidobacterium and a significant 
improvement in anxiety symptoms (Liu et al. 2015).

Treating Citrobacter rodentium-infected mice with the combination of 
Lactobacillus rhamnosus R0011 and Lactobacillus helveticus R0052 restored the 
expression of BNDF and hippocampal c-Fos. It improved the level of corticosterone 
and IFN-γ. Thus, this shows that probiotics can provide beneficial aspects through 
neural pathways. The gut microbiota can also produce a lot of important metabolites 
for the maintenance of two-way communication like GABA secreted by 
Bifidobacterium and Lactobacillus; norepinephrine secreted by Bacillus, 
Escherichia, and Saccharomyces; serotonin produced by Candida, Enterococcus, 
Escherichia, and Streptococcus; and dopamine from Bacillus and Serratia (Liu 
et al. 2015).

Studies have therefore shown that gut microbiome can be manipulated using 
probiotics. However, the communication and influence on the brain cannot be speci-
fied. It has been understood that gut-brain communication can occur via immune 
response, metabolite, and vagus nerve-mediated pathways (Liu et al. 2015).

According to Umu et  al. (2017), “Prebiotics are a sub-group of dietary fibers 
with resistance to gastric acidity and the digestive enzymes of mammals, which 
confer various health benefits.” The property of prebiotics showing resistance 
against gastric acids and digestive enzymes is considered advantageous over probi-
otics with survival limitations in the human GI tract (Liu et al. 2015). The main aim 
of prebiotics is to stimulate the growth and activities of commensal gut microbes, 
which can confer health benefits to the human host (Umu et al. 2017).

Dietary carbohydrates fermented by the gut microbiota take a large place in the 
human daily food intake. They are known to enhance the production of microbial 
metabolites, mainly acetate, butyrate, and propionate in the gut, which have a vari-
ety of health benefits (Umu et al. 2017). Plant polysaccharides like arabinoxylan 
influence the gut microbiome by increasing the abundance of butyrate-producing 
bacteria like Roseburia intestinalis, Eubacterium rectale, Anaerostipes caccae, etc. 
(Chen et al. 2019).

Prebiotics like Bimuno-galactooligosaccharides (B-GOS) lowers the cortisol 
awakening reactivity, which is found to be high in depressive persons and increases 
attentional vigilance. This suggests the modulation of HPA axis activity and can 
further state that B-GOS administration may have an anti-depression effect (Umu 
et al. 2017). Similar to probiotics, the administration of prebiotics is also known to 
increase the expression of BNDF and thus shows similar benefits to probiotics (Liu 
et al. 2015). Studies in pigs have shown that dietary fiber and algal polysaccharides 
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such as alginates, agars, and carrageenans can increase the abundance of SCFA- 
producing bacteria like Roseburia, Ruminococcus, and Lachnospira. However, in 
humans, Bifidobacteria are the SCFA producer found to be increased (Umu 
et al. 2017).

Prebiotics can influence the gut-brain axis by modulating the composition of gut 
microbiota and their metabolites and influencing the secretion of neurochemicals 
(Liu et al. 2015). The construction of a biased microbiome that the beneficial micro-
biota colonized is targeted with prebiotics. However, more research and data would 
be required to understand the mechanisms by which the prebiotics influence the 
growth of beneficial microbes and identify the exact target to improve and maintain 
a healthy and beneficial gut microbiome (Shumin et al. 2020).

2.10  Conclusions

During the past decade, many studies have been conducted to understand how gut 
microorganisms affect communication between the gut and the brain. It is now well 
accepted that the gut microbiota plays a crucial role in brain function’s proper 
growth and upkeep. Additionally, growing evidence links the microbiota to several 
mental, neurological, and neurodegenerative illnesses. This data comes from both 
animal and clinical investigations. Although much hypothesis exists, it is currently 
unknown whether alterations in the microbiota are crucial to the pathogenesis of at 
least certain mental and neurological illnesses. Targeting the microbiome has only 
been proven to enhance clinical outcomes in placebo-controlled trials for IBS, the 
only clinical condition.

Additionally, there are still many unanswered questions about psychobiotics, and 
much more research is needed to determine the best strain, dosage, and timing for 
therapeutic uses. Moving away from correlative research and toward prospective 
longitudinal investigations, causal and mechanistic analyses, and larger-scale trials 
of potential therapeutic techniques will be crucial for the field. Studies on a broad 
range of illnesses will undoubtedly be made available soon, which is a promising 
development for the potential of therapeutic uses for the microbiota. Identifying a 
healthy microbiome is one of the major problems with microbiota-based medicine. 
Targeting the microbiota with a “one size fits all” strategy is difficult because of the 
wide interindividual variations in microbiome makeup. However, it also presents 
prospects since, in the future, the microbiota might serve as a conduit for efficient, 
tailored medicinal techniques. Given the importance of diet in altering the micro-
biota, we may focus on a food-microbiota-gut-brain axis in regulating health and 
disease across the life span.

It is anticipated that a greater understanding of the close connection between the 
gut and the brain would significantly impact the field of psychiatry in particular. 
Given the growing body of evidence, future discussions of MH should consider 
immunology, microbiology, and GI pathophysiology. Their use will probably 
enhance both physical and mental health. We predict that newly found probiotics 
and other psychobiotic preparations will soon be regularly used in a psychiatrist’s 

2 Elucidating the Role of Gut-Brain-Axis in Neuropsychiatric and Neurological…



34

pharmacopeia. We regrettably do not yet have specific therapies aimed at the gut 
microbiota to suggest for treating particular mental illnesses, as is evident from our 
evaluation of the present literature. This should not stop researchers from investigat-
ing other ways to affect the intestinal microbiome in seeking mental symptom treat-
ment, such as diet modification and psychobiotic supplementation.
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Abstract

The gut microbiome is a community of commensal microbes in the gastrointes-
tinal tract that are ecologically, physiologically, and symbiotically associated 
with the host from the early days of life. Gut microbiota is analogous to endo-
crine glands. Microbial colonies in the gut produce certain microbial metabolites 
from nutrient metabolism. These gut-derived metabolites regulate the host’s 
health and disease by influencing immunity and physiology. Gut microbiota pro-
tects the intestinal environment from invading non-native pathogens by immune 
modulation and direct competition with pathogens for nutrient access. The gut 
microbiome is essential in regulating the immune system through interaction 
with its microbial surface antigens and metabolites. Gut microbiota is coevolved 
with host development and varies among individuals. The proportion of gut 
microbiota is constant during health. This constancy is affected by factors such 
as diet, medications, environment, and mental status regulating the host’s health. 
The dysbiotic microbiome is a risk signature of immune dysfunction and disor-
ders in host physiology. The gut microbiome modulates the immune system 
locally and systematically; thus, its composition balances an individual’s health 
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and disease conditions. This chapter reviewed the link between microbiome 
composition and its outcome on host physiology, immune system development, 
metabolic syndromes, and cancer outcomes.

Keywords

Gut microbiome · Immune system · Metabolic disorders · Microbial metabolites · 
Innate immunity · Adaptive immunity

3.1  Introduction

The human body harbors trillions of microbial communities in the gastrointestinal 
(GI) tract called gut microbiome. Joshua Lederberg explained gut microbiota as 
“The community of microorganisms presents in the gastrointestinal tract of the 
host” (Bäckhed et al. 2005; Neish 2009). The gut microbiota is considered a com-
pletely evolved and established organ in the human body analogous to hormone- 
secreting endocrine glands. Gut microbiota regulates multifarious physiological and 
metabolic pathways via its derived metabolites as substrates and maintains immu-
nohomeostatic comprehensive cellular functions through cell signaling and bio-
chemical cascades (Cox and Blaser 2013). Gut microbiota is recorded as an 
extension to the host genome by 150 times more than the human genome. It is 
estimated to contain 3.3  million microbial genes that code for certain essential 
enzymes not included in the set of native human proteomes. The enzymes coded by 
genes in the microbiome catalyze several biochemical processes in nutrient absorp-
tion and metabolism (Rodríguez et al. 2015; Bäckhed et al. 2005). Recent studies 
from researchers relevant to metagenomics, molecular biology, and microbiology 
delineated the human body as a mutualistic superorganism of eukaryotic and pro-
karyotic microbial communities (Szablewski 2018). Hosts provide nutrition and 
shelter to the microbes in the gut; in turn, gut microbiota establishes its mutualistic 
and symbiotic nature by providing the host with better immunity and physiometa-
bolic health. Trillions of microbes from hundreds of species constitute healthy 
microflora in the host gut. Of all the microbial communities, members of 
Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria classes are the major 
contributors to gut microbiome composition (Senghor et al. 2018).

Balance among the proportion of gut microbiota and these members directs the 
fate of host health. Microbial colonization in the GI tract began before birth. Reports 
from the placental microbiome characterization showed similarities with the oral 
microbiome of healthy adults (Aagaard et  al. 2014). In neonates, lactating has a 
defensive effect, deliberated by an intricate combination of lysozymes, sIgA, 
α-lactalbumin, free oligosaccharides, complex lipids, and other glycoconjugates 
(Gordon et al. 2012). Oligosaccharides such as fructans are prebiotic factors that 
help the growth of beneficial bacteria such as Bifidobacterium and Lactobacillus. 
Understanding the gut microbiome unravels microbial-mediated immune and meta-
bolic regulation mechanisms in the host body. Studying the entire microbial com-
munities in the host GI tract was a challenge to researchers and scientists during the 
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initial days when gut microbiota composition was analyzed based on culture meth-
ods. These methods are inadequate to examine the total profile of the gut microbi-
ome; as a result, only 10–50% of the intestinal microbes were probably cultured. In 
recent years, understanding of gut microbiota increased with advanced sequencing 
technologies adapting next-generation sequencing approaches, metagenomics, and 
advancements in bioinformatics tools to handle and analyze the downstream data 
from sequencers ensured in estimating several classes of microbes and their phylo-
genetic relationships. The qualitative analysis of gut microbiota is mostly delineated 
using techniques like DNA fingerprinting, terminal RFLP, 16  s ribosomal RNA 
amplicon sequencing, microarray technique, and whole genome sequencing, which 
provided enormous data about the total microbial population. High-throughput 
sequencing technologies like Roche/454, GS20, Illumina’s Genome Analyzer IIx, 
Affymetrix microarray technique, and Qiagen’s Gene Read are tremendously 
eminent.

Moreover, advanced bioinformatics tools have assisted in understanding and 
illustrating the downstream analysis of sequence data. The gut microbiota is highly 
reactive and adaptive to dietary alterations, medication choice, genetic factors, and 
the host’s lifestyle. After weaning to solid foods, exorbitant modifications appear in 
the composition of their gut microbiota. Changes in the microbiota (Dysbiosis) 
could lead to numerous health disorders such as obesity, nonalcoholic fatty liver 
disease (NAFLD), diabetes, inflammatory bowel disease, ulcerative colitis, colorec-
tal cancer, coronary heart disease, autoimmune diseases, and neurological disor-
ders. The gut microbiome has become a major tool and a potential clinically 
important marker for diagnosing and treating many diseases in the body. Modulating 
or redirecting the gut microbiota to its native state (eubiosis) is an ideal and promis-
ing strategy for simulating host immunity. Reconstituting the gut microbial com-
munities benefits the host with better health and immunity. Engineering gut 
environment with probiotic supplements, prebiotics, and functional foods effec-
tively shapes host immunity. The importance of gut microbiota in immune system 
development and modulation, along with its fate in disease and health conditions, 
are discussed clearly in this chapter addressing the recent findings and outbreaks in 
gut microbiome research in correlation with host immunity and health.

3.2  Intestinal Microbiota and Host Immunity

The gut microbiota considerably regulates innate and adaptive immune system 
functions and development. The host’s immune system has two protective mecha-
nisms: innate immunity, specified as an immediate and nonspecific response against 
the pathogen. And another one is adaptive immunity which ensures both memory 
and specificity. In the innate immune response, secretory IgA (sIgA) plays a signifi-
cant role and is a protective mechanism against infectious agents. The production of 
sIgA over various mucosal surfaces is through the entry of antigens and their subse-
quent capture through Peyer’s patches, M cells, stimulation of T cells, dendritic 
cells (DCs), and changes in B cells to mesenteric lymph nodes (MLNs) 
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recombination and lymphoid tissue connected to the gut. The group of cytokines 
such as IL-4, IL-5, IL-10 and including TGF-β increases the production of IgA. The 
sIgA binds to commensal bacteria and contributes to the gut barrier function and 
intestinal mucosal homeostasis (Chairatana and Nolan 2017).

The innate immune cells like DCs, natural killer (NK) cells, and macrophages 
express pattern recognition receptors (PRRs) that recognize specific molecular pat-
terns on the bacterial surface, which are key mediators for communication between 
gut microbiota and the host (Pahari et al. 2018, 2019; Negi et al. 2019). These PRRs 
recognize pathogen- or microbe-associated molecular patterns (PAMPs or MAMPs) 
on the bacterial surface. PRRs majorly contain families of nucleotide-binding oligo-
merization domain (NOD)-like receptors (NLRs), toll-like receptors (TLRs), RIG- 
I- like receptors (RLRs), and C-type lectin receptors (CLRs) (Kumar et al. 2011). 
Identifying microbiota through PRRs promotes memory response on primary expo-
sure (Mills 2011; Kleinnijenhuis et al. 2012). The TLRs exist on DCs, macrophages, 
intestinal epithelial cells (ECs), neutrophils, and other innate immune cells. The 
microbial products and metabolites alter the host immune system by stimulating 
different types of cells like intestinal epithelial cells (IECs), mononuclear phago-
cytes, innate lymphoid cells (ILCs), B cells, and T cells (Kabat et al. 2014).

The GI tract protects the host from habitat and interceding nutrient consumption. 
The IECs on the intestinal surface form a physical barrier that detaches the lumen 
from the lamina propria of commensal and intestinal microbes. Although IECs are 
not typical innate immune cells, these are essential in mucosal immunity. Despite 
this, IECs are armed with innate immune system receptors that could provide gut 
equilibrium by recognizing bacteria (Pott and Hornef 2012). ILCs are infrequent 
innate lymphocytes when correlated with adaptive lymphocytes, yet these are copi-
ous on the surface barrier of mucosal-connected tissues (Sonnenberg and Artis 
2012). Several research studies demonstrated that specific microbiota metabolites 
could control ILCs (Lee et al. 2012) expressing IL-22 cytokine. The inadequacy of 
IL-22 is connected with various inflammations and metabolic diseases. IL-22 also 
elevates the antimicrobial peptides production (RegIIIγ and RegIIIβ) to reduce the 
SFB colonization, stimulate the surface proteins fucosylation to intensify the bene-
ficial bacteria colonization, and increase the goblet cells proliferation for secretion 
of mucin (Goto et al. 2014). Based on T domain structures, the T cells can be further 
segregated into γδ T and αβ T cells. αβ TCR cells expressed by T cells are initially 
liable for antigen-specific cellular immunity, and γδ T cells are not MHC—restricted 
also engaged in initial immune responses (Pennington et al. 2005). Despite this, in 
the small intestine of murine, γδ TCR chains are expressed by a higher proportion 
of intraepithelial lymphocytes (IELs) (van Wijk and Cheroutre 2009). These γδ 
IELs specifically regulate IECs’ continuous turnover and increase the growth of 
epithelial cells by keratinocyte secretion, an in vitro growth factor (Boismenu and 
Havran 1994). The γδ IELs also maintain the functions of the epithelial barrier by 
inhibiting pathogen reincarnation (Dalton et al. 2006). The association of innate and 
adaptive immune systems is involved in eliminating invasive pathogens and regulat-
ing symbiotic bacteria at mucosal sites. The antigen-presenting cells like naïve 
CD4+ αβ T cells (CD4+ T cells) and DCs are further characterized into Th1, Th2, 
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and Th17 or adaptive T-regulatory cells (Tregs). All these cells exist in intestinal 
lamina propria. Th17 is the group of CD4+T cells that secretes numerous cytokines 
(IL-22, IL-17F, and IL-17A) (Rossi and Bot 2013), including notable effects upon 
inflammation and immune homeostasis. These cells also retain various cytokine 
characteristic analyses and functions. Th1 and Th2 cells have a steady secretory 
analysis after differentiation. Tregs are essential mediators of immune tolerance, 
reducing an improper, immense inflammatory reaction, and their malfunctions lead 
to autoimmune disorders. Of interest, in the germfree mice administered with a 
lustrated dose of polysaccharide or by intestinal colonization with commensal bac-
teria, a non-toxigenic form of B. fragilis which expresses polysaccharide A (PSA), 
prevents the growth of experimental colitis by PSA-induced Foxp3+-regulatory cells 
expressed by IL-10, through TLR2-dependent action (Round and Mazmanian 
2010). In commensal microbiota, a few microbes have a higher effect on the 
responses of mucosal T cells. For instance, in Th17 cells of the small intestine, seg-
mented filamentous bacteria (SFB) are effective stimulators; in germfree mice, it 
was observed by the lack of Th17 cells and their revival when SFB colonized in 
germfree mice (Ivanov et al. 2009a). In the gut, the abundant presence of retinoic 
acid (RA) activates lymphocyte gut-homing compounds and restricts the growth of 
Th17 cells (Mucida et al. 2007); still, the mechanism of regulation of Th17 gut tro-
pism is unknown (Maynard and Weaver 2009). Therefore, intestinal lamina propria 
is an elemental site for the evolution of Th17, probably by the colonization of SFB 
and the expression of innate IL-23 in the intestinal microhabitat.

3.3  Gut Microbiota Metabolism

Intestinal microbiota regulates various host physiological mechanisms such as 
nutrient uptake, energy expenditure, and immune responses through metabolism. 
Gut microbiome-derived metabolites act as substrates for various cell signaling pro-
cesses and host metabolic pathways and can alter the immune responses post- 
maturation and differentiation. Gut microbiota-derived metabolites are crucial in 
health and disease conditions in the host. According to recent investigations and 
reports, over 50% of the metabolome in stool and urine are derivatives of modulated 
gut microbiota. The microbiota metabolites are bioactive and intensely affect physi-
ology and host immunity (Donia and Fischbach 2015). The following sections fur-
ther discuss the role of gut microbial metabolites and their metabolic actions.

3.3.1  Retinoic Acid (RA) Metabolism

Retinoic acid (RA), a lipid metabolite of vitamin A, can regulate the equity among 
pro-inflammatory and anti-inflammatory immune reactions. RA inadequacy can run 
down the orchestration of gut microbiota and immune system activities. In constant 
conditions, RA is pivotal in maintaining intestinal immune homeostasis since it 
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facilitates the regulatory T-cell progression by TGF-β and the formation of IgA 
through B cells (Mucida et al. 2007). It is perplexing that RA is also entangled in 
drawing out pro-inflammatory CD4+ T-cell reactions to diseases during inflamma-
tion—other vitamins like vitamin D extremely influence T-cell activation. 
Multifarious research analyses have associated vitamin D inadequacy with inflam-
matory bowel disease. The hook-up between the intestinal microbiota and vitamins 
is conspicuous in vitamins of B and K groups (Martens et al. 2002). The inadequacy 
of vitamin B12 leads to a reduced count of lymphocytes and induces NK cell 
functioning.

3.3.2  Tryptophan Metabolism

Inadequacy of innate immunity pathways results in malfunction of gut microbe. For 
instance, complex proteins and carbohydrates which are unable to degrade by the 
host can be digested by microbial colonies. Gut microbiota influences tissue-level 
immune development through the catabolism of tryptophan. The Lactobacillus uti-
lizes tryptophan as a vitality source to form ligands of the aryl hydrocarbon recep-
tors (AhR) like the metabolite indole-3-aldehyde (Nicholson et al. 2012).

3.3.3  Short Chain Fatty Acids (SCFAs) Metabolism

The microbiome provides mammalian enzymes to degrade dietary nondigestible 
carbohydrates (NDCs) adherent starch by fermentation into short-chain fatty acids 
(SCFAs) in the GI tract (Holscher 2017). SCFAs are known as carboxylic acids, 
including 1–6 aliphatic carbon tails such as acetate, propionate, and butyrate pro-
duced in a molar ratio of approximately 60:20:20, respectively (den Besten et al. 
2013), and other end products consist of ethanol, succinate, formate, valerate, iso-
butyrate, and 2-methyl butyrate. SCFAs potentiate colonocytes, and inhabitant bac-
teria, decrease GI luminal pH to reduce pathogen growth, regulate anti-inflammatory 
and immunostimulatory properties, and endorse bile acid secretion, which aids in 
the digestion of dietary fats and increases mineral absorption (Schuijt et al. 2016). 
The SCFAs are proposed to engage certain G-protein-coupled receptors (GPR41, 
GPR43). GPR109a are stimulated through ionized SCFA, increasing the excretion 
of peptide YY, glucagon-like peptide (GLP-1), enhanced glucose usage, and reduced 
fatty acid metabolism (Koh et al. 2016). SCFAs are recorded to defend from diet- 
induced obesity, regulate gene expression, and induce anti-inflammatory reaction 
and apoptosis. In addition, SCFAs stimulate lipid metabolism by increasing lipo-
genesis and preventing fatty acid oxidation, as formerly recorded. SCFAs are cru-
cial in colonic health, notably in protecting and differentiating epithelial cells. Some 
of the known well-characterized transporters and receptors of SCFAs are given in 
Table 3.1. SCFAs also regulate the expression of inflammatory cytokines like IL-6, 
IL-7, IL-8, IL-12, IL-1β, and TNF-α by colonic epithelial cells (Asarat et al. 2015), 
regulating blood pressure, leading to gut-barrier dysfunction. Butyrate is an energy 
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Table 3.1 Transporters and receptors of SCFAs

Transporters of SCFAs
Transporter 
molecule Function SCFAs

Model 
organism Cell/tissue References

MCT1 A H+-coupled 
transporter for 
SCFAs and related 
organic acids

Butyrate, 
pyruvate, 
lactate

Human Distal colon> proximal 
colon>ileum>jejunum

Gill (2005)

Mice, 
rat

Cecum>colon>stomach 
and small intestine

Kirat et al. 
(2009)

Human Monocytes, 
lymphocytes, and 
granulocytes

Murray 
et al. 
(2005)

SMCT1 A Na(+)-coupled 
transport of 
monocarboxylates 
and ketone bodies 
into various cell 
types

Butyrate > 
propionate 
> lactate 
>>acetate

Human, 
mice

Distal colon>proximal 
colon and ileum

Borthakur 
et al. 
(2010)

Receptors of SCFAs

Receptor Function SCFAs
Model 
organism Cell/tissue Reference

GPR109A A receptor for C4 
and niacin. cAMP 
regulation, 
suppression of 
adipocyte lipolysis, 
HDL metabolism, 
DC trafficking, 
antitumor activity 
and HDL 
metabolism

D-beta- 
hydroxybutyrate, 
nicotinic acid and 
butyrate

Human, 
mice

Adipose 
tissue

Tunaru 
et al. (2003)

Human, 
mice

Colon Thangaraju 
et al. (2009)

GPR43 A receptor for 
SCFAs. Secretion 
of PYY and 
GLP-1, adipocyte 
development, 
adipogenesis, 
suppression of 
lipolysis, epithelial 
innate immunity, 
antitumor activity, 
anti-inflammatory 
effect, and T-reg 
differentiation

Acetate=propionate=
butyrate>pentanoate
>hexanoate>formate

Human, 
mice

Colonic 
myeloid 
cells and 
Treg

Smith et al. 
(2013)

Human Intestinal 
epithelium

Agus et al. 
(2016)

GPR41 A receptor for 
SCFAs. Regulation 
of gut hormone, 
leptin production, 
and sympathetic 
activation, 
epithelial innate 
immunity

Propionate=pent- 
anoate=butyrate> 
acetate>formate

Human Monocytes, 
monocyte- 
derived 
dendritic 
cells, and 
Nastasi 
neutrophils

Nastasi 
et al. (2015)
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substrate that intensely affects the healthy colonic epithelial barrier and immuno-
modulatory effects. The gut microbiota synthesizes vitamins (like B vitamins, k, 
biotin, folates, riboflavin, and cobalamin) and amino acids and carries out bile trans-
formation. The antimicrobial compounds produced from microbiota contend for 
nutrients and gut lining attachment, thereby inhibiting the growth of pathogens. As 
a result, it promotes to the reduction of the lipopolysaccharides and peptidoglycans 
synthesis that is pernicious to the host (Tlaskova-Hogenova et al. 2004).

3.3.4  Bile Acids Metabolism

Bile acids are steroid metabolites present in bile. They are produced in the liver 
from cholesterol. Bile acids ensure solubility and uptake of vitamins and fats. Bile 
acids directly synthesized from cholesterol in the liver are primary bile acids. 
Primary bile acids conjugate with glycine or taurine to form secondary bile acids. 
Gut resident microbes deconjugate secondary BAs to primary BAs and glycine or 
taurine again. BAs are signaling molecules to farnesoid X receptor (FXR) and 
GPCR TGR5 in controlling the uptake of fats and vitamins (Tolhurst et al. 2012; 
Velagapudi et al. 2010).

3.3.5  Choline Metabolism

Choline is a cell membrane component and also a cationic essential nutrient. 
Choline is found in meat and eggs. It is essential in lipid metabolism. Enzymatic 
degradation of choline in the liver yields TMA (trimethylamine). TMA further 
metabolizes into trimethylamine N-oxide (TMAO) (Spencer et al. 2011). TMA and 
TMA are toxic metabolites. Production of these metabolites is controlled and regu-
lated by microbes in the gut microbiome. Disturbance in the gut ecosystem is asso-
ciated with a rise in the levels of these metabolites, which further leads to immune 
dysfunction and cardiometabolic syndrome (Prentiss et  al. 1961; Dumas et  al. 
2006). Hence, the gut microbiota is key in regulating host health and metabolism.

3.4  Gut Microbiota Dysbiosis and Disease

3.4.1  IBD

Inflammatory bowel disease (IBD) comprises Crohn’s disease (CD). Ulcerative 
colitis (UC) is an incurable condition characterized by GI tract inflammation evoked 
by the consolidation of genetic, environmental, and microbial components typified 
by abdominal ache, diarrhea, and bloody feces (Wilson et al. 2016; Cosnes et al. 
2011). The IBD is an exorbitant host immune system and gut flora stimulation in 
inherently affected patients (Wong and Ng 2013). The IL-23/Th17 deregulation is 
connected with numerous genetic sensitivity of single-nucleotide polymorphisms 
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(SNPs) in individuals affected with CD and UC due to deterioration of innate and 
adaptive immunity reactions (Yen et al. 2006). Remarkably, dysbiosis is linked with 
the exaggerated reproduction of the responsive oxygen category that consecutively 
results in alterations of intestinal microbiota composition, mucosal penetrability, 
and enhanced immune provocation. By way of illustration of how particular 
microbes produce intestinal inflammation and stimulate the pathogenesis of IBD 
exists in Bloom et al. (2011). In their examination, commensal Bacteroidetes strains 
have been secluded in IL-10r2 and Tgfbr2-insufficient mice (Bloom et al. 2011). 
There is a confirmation that the growth of IBD is a symbiotic impact of genetic and 
acquired components that results in the modulations in activities and arrangement 
of intestinal microbiota (Albenberg et  al. 2012). Despite this, the metagenomic 
analysis explained that microbial ecosystem and intestinal flora were reduced in 
IBD-affected individuals compared with healthy adults (Hansen et  al. 2010). 
Frequently, 25% lesser genes were discovered in the stool samples of IBD individu-
als than in healthy controls (Qin et al. 2010). In addition, humans with UC and CD 
have decreased the fewer microbes like Firmicutes (Sheehan et al. 2015; Frank et al. 
2007; Walker et al. 2011) having anti-inflammatory and pro-inflammatory proper-
ties and enhanced the phyla of Bacteroidetes, Proteobacteria in mucosa-associated 
flora (Sokol et  al. 2006). The CD-affected cases showed a lower abundance of 
Faecalibacterium prausnitzii, Clostridium lavalense, Roseburia inulinivorans, 
Ruminococcus torques, and Blautia faecis when correlated with healthy adults 
(Fujimoto et al. 2013; Takahashi et al. 2016).

Further, Sokol and co-workers demonstrated that mononuclear cells of human 
peripheral blood activated with F. praunizii to produce IL-10 and inhibit the forma-
tion of IL-12 and IFN-γ (Sokol et al. 2008). The other CD-associated E. coli AIEC 
(adherent invasive E. coli), which also contains pro-inflammatory features, a 
mucosa-associated E. coli with dynamic adhesive-invasive abilities, was initially 
isolated from CD-affected adults. Increased growth of AIEC has been observed in 
individuals of colonic CD, about 38% with effective ileal CD compared to healthy 
controls (Baumgart et al. 2007; Darfeuille-Michaud et al. 2004). As a result, the 
growth of pathogenic microorganisms that attach to gut epithelial cells influences 
intestinal penetrability, modulates the gut microbial configuration, and promotes 
inflammatory reactions by standardizing pro-inflammatory gene expression, even-
tually developing in colitis. In IBD patients, there is a reduction in the formation of 
SCFAs due to a decrease in the number of F. praunizii. Clostridium clusters IV, 
XIVa, and XVIII are butyrate-producing organisms in the gut, affecting the growth 
and differentiation of Tregs cells and an expansion of epithelial cells (Atarashi et al. 
2013). Treg cells are CD4+ T cells that help to maintain gut homeostasis.

Furthermore, in IBD cases, there is a higher abundance of Desulfovibrio, which 
is sulfate-producing bacteria (Loubinoux et al. 2002; Zinkevich and Beech 2000). 
As a result, the formation of hydrogen sulfide harms the gut epithelial cells and 
stimulates mucosal inflammation (Loubinoux et  al. 2002; Rowan et  al. 2010). 
Accordingly, the above data indicate that gut microbial configuration changes are 
linked with IBD pathogenesis. The outcome of dysbiosis on IBD and the pathologi-
cal changes are provided in Table 3.2.
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Table 3.2 Dysbiosis in IBD and its pathological results

Dysbiosis in IBD Outcomes of dysbiosis

↓ Firmicutes
↓ F. praunizii and F. clostridium cluster IV XIVa, 
XVIII
↑ Desulfovibrio bacteria
↑ Adherent/invasive E. coli

↓ Epithelial cells expansion and 
differentiation
Change in Tregs cells differentiation
↑ Damage of epithelial cells
Modulation in mucosal penetrability
↑ Bacterial invasion

↑ indicates increase, ↓ indicates decrease in level

3.4.2  Colorectal Cancer (CRC)

The World Cancer Research Foundation (WCRF), as well as the American Institute 
for Cancer Research (AICR), recognized that diet is one of the essential external 
components in CRC etiology (Dumas et al. 2016). The microbiota has been a prom-
inent aspect of a few cancers such as breast, liver, biliary system, and 
CRC. Accommodating around 3 × 1013 microbes, the colorectum interplays with a 
huge population of microorganisms, and with that, the intestinal epithelium found a 
stable cross talk (Qin et al. 2010). The 16 s ribosomal RNA sequencing analyses 
were carried out to illustrate the CRC microbiota in stool and mucosal samples (Yu 
et  al. 2017). Direct observation was that the microbiota of CRC individuals had 
undergone severe dysbiosis when correlated with the composition of healthy adults 
displaying numerous ecological microhabitats in individuals with CRC. In addition, 
certain microbes such as Bacteroides fragilis, E. coli, Enterococcus faecalis, and 
Streptococcus gallolyticus are independently associated with CRC in several com-
binations and systematic examinations. Metagenomic analysis revealed that gut 
microbiota associated with CRC, henceforth named CRC microbiota, consist of an 
abundance of species, a reduced plethora of Roseburia, and an enhanced myriad of 
procarcinogenic bacterial communities like Bacteroides, Escherichia, Fusobacteria, 
and Porphyromonas (Yu et al. 2017).

Recently, it was detected that intestinal bacteria could stimulate the development 
of CRC through chronic inflammation initiation, biosynthesis of genotoxin (meddle 
with the regulation of cell cycle), heterocyclic amine stimulation, or toxic metabo-
lite synthesis of carcinogenic elements of pro-diet (Candela et al. 2014). Chronic 
inflammation is connected with the risk of evolving cancer and does through caus-
ing mutations, cell proliferation, and provoking angiogenesis or apoptosis inhibition 
(Medzhitov 2008; Grivennikov and Karin 2010). The microbiota dysbiosis benefits 
opportunistic pathogens that stimulate innate and adaptive immune system compo-
nents, and bacterial shift, which results in chronic inflammation (Ivanov et  al. 
2009b). The commensal bacteria stimulate the innate immune system. As a result, 
dendritic cells, macrophages, and NK cells enhance the production of pro- 
inflammatory cytokines like TNF-α, IL-23, IL-12, and INFγ, with consequent stim-
ulation of adaptive immune cells, including B cells, T cells, lymphocytes, and other 
mediators of inflammation (Keku et al. 2015). The inflammatory reaction to com-
mensal bacteria is the stimulation of NF-κB transcription factor and (signal 
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transducer and activator of transcription) STAT3  in epithelial cells (Greten et  al. 
2004; Guarner 2006; Hooper et al. 2014; Tian et al. 2003), the production of nitro-
gen and reactive oxygen species resulting in oxidative stress, damage of DNA, and 
the progression of CRC. In addition, colonic polyposis is linked with large micro-
bial density compiled inside polyps that induce local inflammatory reactions. The 
development of polyps and the density of microorganisms may be inhibited through 
IL-10, a derivative of T cells and Tregs (Dennis et al. 2013). Therefore, it is con-
cluded that the modulation of normal homeostasis among microbiota and host is 
important for inflammation and the subsequent alterations which cause colon 
carcinogenesis.

In the interaction between host and microbiota, metabolism is an essential factor. 
The microbial metagenome encrypts genes that digest more dietary components and 
host compounds like bile acids. The fecal bile acids increase through a high-fat diet, 
provoking their enterohepatic circulation and production. The 7α-dehydroxylating 
bacteria turn colonic initial bile acids into secondary bile acids that are cytotoxic to 
gut epithelial cells in animal models (Ridlon et al. 2006; Cheng and Raufman 2005). 
This conversion enhances these secondary bile acids’ hydrophilicity (de Giorgio 
and Blandizzi 2010). Consuming animal protein and a high-fat diet increases the 
number of secondary bile acids like lithocholic acid, cholic acid, and deoxycholic 
acid, which causes a higher CRC risk. The deoxycholic acid damages the tract of 
the mucosa intestine, causes DNA damage, creates genomic instability, and assists 
the development of tumors. This process might influence bile acids’ influence on the 
colon’s carcinogenesis (Rubin et al. 2012).

In contrast, people with a low-fat diet are also affected by CRC, and the risk is 
through various factors like host health, genetic predisposition, and luminal inter-
play. Studies determined that CRC cases contained reduced butyrate-producing 
bacteria F. prausnitzii, Eubacterium rectale, and increased Enterococcus faecalis. 
Therefore, it is concluded that the colonic bacterial community is a factor that 
causes CRC.

Furthermore, B. fragilis, an enterotoxigenic strain, colonizes the mucosa of 
adults in an asymptomatic process. However, in a few cases, these strains release 
B. fragilis toxin (BFT), which induces inflammatory diarrhea. The B. fragilis toxin 
stimulates NF-κB results in the expression of cytokines, which assist in mucosa 
inflammation (Sears 2009). Therefore, BFT is established as one of the major toxins 
in the progression of CRC; moreover, in CRC individuals, toxins are transcribed in 
tumors derived from Shigella flexneri, E. coli, and Salmonella enterica. The data 
indicate that enterobacterial toxins involve in tumorigenesis (Schwabe and 
Wang 2012).

The composition and activities of the intestinal microbiota are majorly affected 
by diet (Duncan et al. 2007). The colonic bacteria produce SCFAs like butyrate, 
which inhibits CRC progression, prevents histone deacetylases in colonocytes, and 
induces apoptosis in CRC cell lines (Leonel and Alvarez-Leite 2012; Zhang et al. 
2010). Butyrate also stimulates the functions of the large intestine and prevents the 
growth of pathogens. In addition, butyrate and propionate were exhibited to alter 
colonic regulatory T cells and utilize an effective anti-inflammatory impact in 
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Table 3.3 Pathogenetic mechanism of bacteria linked with CRC in murine models

Bacteria Pathogenetic mechanism Association with murine model Reference
Bacteroides 
fragilis

STAT3 activation; 
induction of Th-17 
immune response IL-1 
production; E-cadherin 
cleavage; stimulation of 
catenin signaling

Enterotoxigenic B. fragilis 
(ETBF) augments spontaneous 
colon cancer in multiple 
intestinal neoplasia (min) mice

Wu et al. 
(2009); Toprak 
et al. (2006)

Bacteroides 
vulgates

Stimulation of MyD88- 
dependent signaling 
NF-kB activation

Mono-association of 
AOM-IL10/ mice lead to mild 
colorectal tumorigenesis

Uronis et al. 
(2009)

Enterococcus 
faecalis

Production of ROS and 
DNA damage

Stimulates adenocarcinoma in 
IL-10 KO mice

Balamurugan 
et al. (2008)

Escherichia 
coli

Intracellular colonization E. coli NC101 promotes 
invasive carcinoma in 
AOM-IL10/ mice; E. coli 
11G5 enhances colonic polyps 
in multiple intestinal neoplasia 
(min) mice

Bonnet et al. 
(2014)

animal models (Chen et  al. 2013). Research studies demonstrated that a fiber- 
containing diet affects the production of SCFAs (Tomasello et al. 2014). It is con-
cluded that a high-fiber diet increases SCFAs production, with a subsequent decrease 
in intestinal pH that benefits fermentation in the colon, inhibits pathogen coloniza-
tion, and reduces the absorption of carcinogen (Macfarlane and Macfarlane 2012) 
therefore decreasing the risk of CRC (Keku et al. 2015). Different pathogenic mech-
anisms linked with colorectal cancer are listed in Table 3.3.

3.4.3  Obesity

Obesity is a global condition that is likely accelerating its prevalence worldwide. It 
affected approximately 107.7  million young children and 603.7  million adults 
worldwide, and over 60% of fatality is associated with excess body mass index 
(BMI) (Afshin et al. 2017). Obesity is strongly related to numerous antagonistic 
comorbidities, such as cardiovascular disease, cancer, and type 2 diabetes mellitus. 
Obesity is recognized as a complex and multifactorial disorder primarily derivable 
to peril components of genetic history, lifestyle, and habitat (Hruby and Hu 2015). 
Over the last decades, the connection and induced role enacted through gut micro-
biota and obesity have been an astounding discovery. The gut microbiota of mice 
and humans is dominated by numerous bacterial microbiota containing Bacteroidetes, 
Firmicutes, and Actinobacteria. The initial observation exhibited distinctive gut 
microbial configuration in genetically obese (ob/ob) mice correlated to lean (ob/+) 
and wild (+/+) offsprings in a context of similar polysaccharide-enriched diet (Ley 
et  al. 2005) through epitomizing the decreased plethora of Bacteroidetes and 
enhanced Firmicutes in obese patients. To characterize the impacts of gut 
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microbiota from genetic alterations, Turnbaugh and co-workers relocated lean and 
obese microbiota to germfree mice; consequently, more enhancements in total body 
fat in recipients colonized by microbiota of obese were observed when correlated to 
lean microbiota (Turnbaugh et al. 2006). The malfunction of a gut ecosystem that 
leads to reduced microbiota certainty was linked with IBD and obesity (Qin et al. 
2010; Turnbaugh et al. 2009). The initial observations on the association between 
the gut microbiota and obesity have revealed enhanced Firmicutes number, though 
a decrease in the number of Bacteroidetes in both humans and mice affected obesity 
when correlated with lean individuals (Furet et  al. 2010). Fascinatingly, these 
changes can be reversed through weight loss through dietary habits. In the selection 
of microbiota, the immune system is also considered pivotal. The mice models with 
unusual TLR signaling or express bactericidal reactive oxygen microbes have 
exalted antibody serum titers to counteract one’s commensal bacteria (Slack et al. 
2009). The enriched serum titers are needed to retain the host’s and gut microbiota’s 
commensal association. The deficiency of TLRs in mutant mice showed a modified 
gut microbial composition. The deficiency of TLR-5 mice promotes obesity, meta-
bolic disorders, and inflammation.

The gut microbiota of mice has an enhanced potential to harvest energy from the 
gut when correlated to their counterparts of germfree mice (Wostmann et al. 1983). 
Metagenomic gut microbiota studies in obese human and mouse models have iden-
tified enhanced carbohydrate fermentation ability (Turnbaugh et  al. 2009). This 
transformation enhances the SCFAs production in the host to enhance the energy 
harvest. The SCFAs have been suggested to attach to certain GPC receptors such as 
GPR41, GPR43, FFAR2, and FFAR3, which could improve the nutrient consump-
tion and/or progression of adipose tissue mass. The clinical analyses performed in 
mice with insufficient GPR41 proposed that the stimulation of GPR41 through 
SCFAs is responsible for the secretion of PYY gut hormone. Despite this, the mice 
with abundant expression of GPR43 are fed an obesogenic that enhances the propa-
gation of adipocytes and prevents lipolysis in adipocytes. The mice with GPR43 
deficiency are treated with enriched carbohydrates and an enriched fat diet contain-
ing a meager body mass and a myriad lean mass correlated with mice of wild type 
(Bjursell et al. 2011). In addition, the drastic modulations in the composition of gut 
microbiota, which appear aftermath of medication with antibiotics, can act defense 
against glucose sensitivity, obesity, and insulin resistance stimulated through 
enriched fat and a free carbohydrate diet (Cani et al. 2008). According to a recent 
hypothesis, the gut microbiota can retain the host’s metabolic homeostasis. 
Metabolic disorders like T2DM and obesity are connected with low-level inflamma-
tion and modified microbial composition; a microbial strain might enact as a pro-
voking factor in the progression of DM, obesity, as well as inflammation stimulated 
by a fat-enriched diet.

Low-level metabolic inflammation is considered a pivotal component of meta-
bolic disorders. Numerous analyses illustrated that the metabolic system is unified 
with an enhanced pro-inflammatory cytokine-like TNF-α, common obesity- 
associated inflammation, and insulin resistance. Lipopolysaccharides (LPS) endo-
toxin, an important factor in Gram-negative bacterial cell walls such as Bacteroidetes, 
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enhances the progression of adipose tissues, affecting insulin resistance and inflam-
mation. LPS also acts as a stimulating factor of fat and enriches diet-activated meta-
bolic disorders. However, metabolic endotoxemia provokes the production of 
TNF-α, IL-1, and IL-6. The research studies determined that metabolic endotox-
emia exists because of the alterations in intestinal microbiota due to antibiotic medi-
cation that drastically decreased the native intestinal microbiota and reestablished 
the common plasma LPS values in the fat-enriched diet fed in mice models. 
Antibiotic medication suggests that bacteria in the gut affected by antibiotic con-
sumption regulate intestinal penetrability; metabolic endotoxemia occurs. The defi-
ciency of TLR4 (considered as LPS) is defensive against obesity from visceral and 
subcutaneous adipose tissue development, glucose resistance stimulated by a fat- 
enriched diet, and the endoplasmic reticulum stress is the major organ for digestion 
of lipids and glucose.

3.4.4  Diabetes

Genetic background, diet, and environmental conditions influence the gut microbial 
community. Any significant deviation of these factors influences the apparent habi-
tat alterations. It is significantly stable in middle-aged humans. However, there is a 
high number of notable gut microbiota alterations that have been in interindividuals. 
The surfeit of biological reactions regulates with the assistance of modulated gut 
microbiota.

3.4.4.1  Type 1 Diabetes Mellitus (T1DM)
T1DM is a perennial autoimmune disorder diagnosed usually at a young age and 
distinguished by the demolition of immune-mediated responses of insulin forma-
tion from the pancreatic β-cells (Lamichhane et al. 2018). The ubiquity of T1DM is 
increasing globally because of a deficiency of suitable therapeutic procedures. The 
environmental factors associated with a genetic predisposition are eminent for the 
progression of T1DM (Battaglia and Atkinson 2015). The initial pathogenesis of 
T1DM is identified by insulitis, abundance expression of autoantibodies over β-cell 
antigens observed by decreased insulin production, and demise of β-cells (Battaglia 
and Atkinson 2015). The definite factors responsible for inducing T1DM pathogen-
esis are still unknown; moreover, the usual aspect that triggers T1DM is genetic 
history and habitat (Battaglia and Atkinson 2015). The triggering factors like viral 
infections, usage of antibiotics, consumption of cow milk proteins at early ages, 
deficiency in breastfeeding and vitamin D supplement, and disclosure to endocrine 
disrupting synthesis. The function of gut microbiota can affect intestinal mucosa, 
such as autoimmunity over β-cells. Clinical studies showed that in T1DM models, 
reduced Firmicutes and enhanced Bacteroides numbers are identified, exhibiting an 
association between T1DM and microbiota.

In contrast, the reduced number of Bacteroides and Firmicutes is linked with 
individuals correlated to lean individuals (Schwiertz et al. 2010). Modifications in 
microbial composition might occur because of differences in the glucose levels of 
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host results due to diet and intestinal habitat. However, the definite mechanisms are 
yet unknown, though these alterations might be connected with the progression of 
T1DM, as reduced Bifidobacterium can impact the gut penetrability and mucosal 
immune reactions affecting autoimmune responses. The interplay between intesti-
nal microbiota and the host immune system enacts an important role in the growth 
of T1DM. The immune system cells can perceive the metabolites and analytes of 
gut microbiota which can alter the role of immune cells, stimulating the develop-
ment of T1DM pathogenesis.

Similarly, the pancreas also consists of its microbiota, and the modification of 
pancreatic microbiota is linked with the assistance of intrapancreatic immune reac-
tions and initiation of diabetes in addition to pancreatic cancer and T1DM (Pushalkar 
et  al. 2018). The dysbiosis and functions of gut metabolites can stimulate the 
immune system’s GALT malfunctions, like unusual IgA excretion and reproduction 
of colonic regulatory T cells (Pabst and Mowat 2012). The microbiota-stimulated 
deterioration of the immune reactions in GALT can also affect systematic immune 
reactions.

As discussed above, the intestinal microbiota can be able to control the host 
immune reactions by certain mechanisms such as through stimulating the innate 
immune reactions by TLRs as well as through stimulating free fatty acid receptors 
2/3 (FFAR) by gut metabolites like SCFAs (acetate, butyrate, and propionate) and 
lactic acid. Butyrate is recognized as linked with the distinction of endemic T cells 
into Tregs, although acetate and propionate are familiar to be fundamental for shift-
ing Tregs to the intestine (Scott et al. 2018). Abundance stimulation of TLRs and 
usually less production of SCFAs, majorly butyrate, are noted to have reactive 
impacts on T1DM-related autoimmunity and might contribute essential therapeutic 
marks for the inhibition of T1DM. TLRs are imperative for identifying microbial 
compounds containing nucleic acids, proteins, and LPS. TLRs can also recognize 
the endogenous compounds produced from the injured tissues or cells by damage- 
associated molecular patterns (DAMPs) (Scott et al. 2018). In addition, a few analy-
ses proposed that the TLRs (for instance, TLR 3, 7, and 9) are produced in the 
pancreas of individuals affected with T1DM. TLR mechanisms modify the tran-
scription factor NF-kB and I kappa B kinase (IKK) complex (Xie et  al. 2018). 
NF-kB also controls inflammatory intercessors like IL-Iβ, the usual stimulus of 
T1DM pathogenesis (Xie et al. 2018).

3.4.4.2  Type 2 Diabetes Mellitus
Globally, T2DM is a common chronic disease with an escalating predominance in 
several countries. However, the genetic history of individuals is pivotal, although 
the environmental aspects, lifestyle, and dietary habits are recognized as fundamen-
tal factors in T2DM individuals. An auspicious prospective path could use a symbi-
otic approach linking gut microbiota and diet to treat T2DM. T2DM is distinguished 
by the decrease in Firmicutes and an enrichment of Bacteroidetes and Firmicutes 
ratio due to variations in plasma glucose levels (Graessler et al. 2013; Larsen et al. 
2010). In the patients affected with T2DM, obesity is proximately associated. 
Studies have shown that gut microbiota modifications are not similar between both 
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category patients. The consumption of a high-fat diet enhances certain microbes in 
the gut, leading to increased levels of lipopolysaccharides and insulin tolerance. 
T2DM is a complex metabolic disorder characterized by insulin tolerance, hyper-
glycemia, and metabolic disruption of blood lipids. The gut microbiota is vital in 
preventing T2DM by modulating individuals’ biological activities and metabolism. 
T2DM associated with the aberrant intestinal microbial composition initiates mod-
erate inflammation. In T2DM individuals, the gut microbiota contains a decrease in 
the number of butyrate-expressing bacteria, specifically Roseburia intestinalis and 
Faecalibacterium prausnitzii; low-grade dysbiosis and pro-inflammatory habitat 
with enrichment in production of microbial genes responsible for oxidative stress; 
decreased genes expression entangled in the synthesis of vitamins; and enhanced 
serum LPS levels and increase in intestinal penetrability.

Furthermore, the major changes in the gut microbiota linked with T2DM contain 
a reduction in the levels of Firmicutes and an increase of Bacteroidetes and 
Proteobacteria (Roager et  al. 2017). In T2DM patients, the microbiota contains 
high-grade levels of pathogens like Clostridium clostridioformis, Bacteroides cac-
cae, Clostridium ramosum, Clostridium hathewayi, E. coli, Clostridium symbio-
sum, and Eggerthella spp. (Karlsson et  al. 2013). The Gram-negative bacteria 
produce LPS, which can induce innate immunity by stimulating the TLRs and 
expressing inflammatory cytokines.

Moreover, LPS induces the expression of NF-kB and c-Jun-terminal kinase 
mechanisms; these two ways are associated with the progression of insulin resis-
tance and the lack of insulin signaling in adipocytes, liver, and hypothalamus 
(Newsholme et al. 2016). The metabolites of gut microbiota, such as SCFAs like 
acetate, butyrate, and propionate, are responsible for the fermentation of dietary 
carbohydrates. Acetate and propionate are formed from the Bacteroidetes sp. The 
Firmicutes produce butyrate. Dysbiosis is associated with modifying SCFAs pro-
duction, whereas butyrate progresses insulin resistance and secretion by activating 
the expression of GLP-1 and decreasing the adipocyte’s inflammation (Ríos-Covián 
et al. 2016). More prominently, butyrate is pivotal for assisting T2DM symptoms.

3.4.5  Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is a functional gastrointestinal disorder associated 
with altered bowel discharges and severe abdomen pain. IBS is a downstream sig-
nature disease of gut microbiota dysbiosis. Existing evidence claims that gut dys-
biosis is the main reason for IBS. The prevalence of IBS is up to 12% in the general 
population (Lovell and Ford 2012). Pathogenesis of IBS stems from a disturbance 
in the gut-brain axis due to psychological stress and visceral hypersensitivity. 
Microbial distribution in the GI tract of healthy individuals differs from IBS patients 
(Tap et al. 2017). Beneficial microbial communities reduce in the GI tract of IBS 
patients (Carroll et  al. 2011). In 2017, Botschuijver et  al. found a decline in the 
diversity of beneficial mycobiome (fungal communities) in IBS patients 
(Botschuijver et al. 2017). The overgrowth of pathogenic bacteria in the small intes-
tine induces the pathogenesis of IBS. Small intestine bacteria overgrowth (SIBO) 

P. Phani et al.



55

triggers clinical obligations such as visceral sensation and poor nutrition uptake 
(Coelho et al. 2000; Giannella et al. 1974). The correlation between SIBO and IBS 
is quite intuitive. The lack of diagnostic tools that could detect the markers of SIBO 
is a big problem in IBS clinical practice. But it is possible to screen and characterize 
the microbial communities during IBS pathogenesis with metagenomics and 
culture- independent tools. Understanding the gut microbiome dynamics of healthy 
and diseased individuals might be achieved by case-control studies with advanced 
genomic tools. Targeting gut microbes as markers enables the choice of therapy 
with pharmaceutical or non-pharmaceuticals and nutraceuticals.

3.4.6  Diarrhea

Diarrhea is one of the main clinical manifestations ranging from mild to severe 
gastrointestinal exacerbations. Diarrheal cases are reported in children under 5 years 
of age in poor and developing countries (MacGill 2017; Roman et  al. 2017). 
Diarrhea is identified as a frequent discharge of loose bowels with high liquidity, 
nevertheless, poor hygienic practices, intake of contaminated consumables, and 
multiple factors (Liu et al. 2012). Pathogen invasion is the main reason for diarrheal 
infections. Certain pathogens, viz., Salmonella, Campylobacter, Shigella, and 
Rotavirus, are responsible for disturbing the gut ecosystem with their invasive 
mechanisms (Garthright et  al. 1988). Non-typhoid Salmonella enterica serovar 
Typhimurium is associated with higher infectivity in dysentery cases. Next to 
Salmonella, Campylobacter is the pathogen that severely damages the balance in 
the gut ecosystem. Shigella is another food-borne pathogen that affects the small 
intestine and cause inflammatory diarrhea. Shigella can cause infection even at very 
low inoculums. Shigella invasion occurs through contaminated food and water 
intake, unhygienic sex practices, and poor sanitation. Besides, protozoans Giardia 
and Entamoeba histolytica (amoebic dysentery) and Rotavirus are responsible for 
diarrheal dysbiosis in the gut microbiome. Diarrheal infections can be inflammatory 
or non-inflammatory. Pathogens invade the GI epithelium and affect the intestine’s 
colon and ileum. In non-inflammatory dysentery, the pathogen directly invades the 
small intestine and mediates its toxicity (Taylor et al. 2013). Antibiotics and oral 
rehydration solutions are used as therapeutic practices to treat dysentery damage in 
the gut. With the beneficial effects and nontoxic microbiome reconstructive proper-
ties of probiotics, they are currently being prescribed by doctors to combat these 
types of GI diseases (Kota et al. 2018).

3.5  Redirecting Gut Microbiome to Modulate Host 
Immunity and Health

Reconstituting the gut microbiome to its native state is called gut eubiosis. 
Therapeutic strategies with non-pharmaceutical active ingredients that target the 
host’s gut microbiome to modulate the gut microbiome’s composition offered 
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promising and reliable outcomes in recent preclinical and clinical studies. Similar 
studies focusing on gut health and host immunity regulation with pre- and probiot-
ics suggested strong and reliable observations toward exploring the gut microbiome 
as an operational tool for immunometabolic therapy. Prebiotics, probiotics, and 
some other functional foods which could favor nonpathogenic beneficial microbes 
in the GI tract to grow are mainly investigated and deeply studied as non- 
pharmaceutical factors to shape the gut environment by modulating the composition 
of the intestinal microbiome. Both pre- and probiotics are the better choices for 
immune and metabolic therapy because of their availability and accuracy. Probiotics 
and prebiotics used in human consumables are enlisted in Table 3.4. Probiotics are 
certain nonpathogenic microbes that may be residents of the GI tract. Probiotics 
alter the proportion of gut microbiome toward beneficial microbes and confer host 
with several benefits such as resistance to invading pathogenic groups and immuno-
metabolic modulation. Prebiotics are the nutritional factors that help probiotic bac-
teria to grow. Dietary interventions with non-pharmaceutical factors such as 
probiotics and prebiotics offer an effective way of therapy to combat various gastro-
intestinal and non-gastrointestinal metabolic disorders by redirecting the gut micro-
biome to a native or eubiotic state.

Table 3.4 Mostly used prebiotic and probiotics in human consumables

Probiotics Organism Reference
Bacillus Bacillus subtilis, Bacillus coagulans, Bacillus 

laterosporus
de Simone (2019)

Bifidobacterium Bifidobacterium animalis, Bifidobacterium 
bifidum, Bifidobacterium breve, Bifidobacterium 
catenulatum, Bifidobacterium longum

Enterococcus Enterococcus faecium
Lactobacillus Lactobacillus acidophilus, Lactobacillus 

bulgaricus, Lactobacillus casei, Lactobacillus 
crispatus, Lactobacillus gasseri, Lactobacillus 
plantarum, Lactobacillus paracasei, 
Lactobacillus rhamnosus, Lactobacillus reuteri

Saccharomyces Saccharomyces boulardii
Prebiotics
Arabinoxylan Chen and Karboune 

(2019)
Beta glucans Velikonja et al. (2019)
Fructooligosaccharides (FOS) dos Santos et al. (2019)
Galactooligosaccharides (GOS) Fan et al. (2019)
Inulin dos Santos et al. (2019)
Isomalto-oligosaccharides (IMO) Wu et al. (2017)
Lactulose Zeng et al. (2019)
Polydextrose Ho et al. (2018)
Xylo-oligosaccharides (XOS) Madhukumar and 

Muralikrishna (2012)
Xylo-polysaccharide (XPS) Costa et al. (2019)
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3.6  Conclusions and Future Perspectives

The human body harbors several microbial ecosystems called gut, oral, vaginal, 
skin, and respiratory microbiomes. Gut microbiota regulates the host immune sys-
tem, and diversions from normal microbial development such as C-sections, formu-
lated diet, antimicrobial usage, and sterile vaccine in neonates alter the progression 
of immune system outcomes and possibly predispose entities to several inflamma-
tory disorders after that in life. According to immunological and clinical analysis, it 
is believed that intestinal microbiota dysbiosis might be a fundamental aspect of 
various inflammatory diseases. Intestinal dysbiosis decreases beneficial microbes 
resulting in the progression of several inflammatory responses and immune- 
interceded diseases. Hence targeting and engineering gut microbiota are an effective 
therapeutic strategy for immune and metabolic issues. Redirecting the gut micro-
biota from a dysbiotic to a eubiotic state is the main agenda and algorithm of gut 
engineering. Prebiotics and probiotics or their derived nutraceuticals alter the gut 
microbes toward the beneficial microbial communities and suppress the inflamma-
tory responses and immune dysregulation, conferring host with boosted immunity 
and better health.
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Abstract

Probiotics are live microorganisms that, when consumed in adequate amounts, 
give medical advantages to the host. The gastrointestinal lot is quite possibly the 
most microbiologically dynamic living habitats, and it is basic to the mucosal 
immune system’s function (MIS). Because of their noteworthy capacity to con-
tend with pathogenic microbiota for adhesion sites, alienate pathogens, or initi-
ate, balance, and control the host’s resistant reaction by enacting the actuation of 
specific genes in and outside the host intestinal tract, probiotics, prebiotics, and 
synbiotics have shown promising outcomes against different enteric microorgan-
isms. Pattern recognition receptors, such as toll-like receptors and nucleotide- 
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binding oligomerization domain-containing protein-like receptors, modulate key 
signaling pathways, such as nuclear factor-B and mitogen-activated protein 
kinase, to enhance or suppress activation and influence downstream pathways, as 
per growing evidence. A careful comprehension of these cycles will help in the 
choice of probiotic strains for specific applications and may even prompt the 
disclosure of new probiotic capacities. Thus, probiotics have shown remedial 
potential for an assortment of diseases, including allergy, migraines, viral dis-
ease, and potentiating vaccine reactions. The objective of this orderly survey that 
probiotics may give novel ways to deal with both disease counteraction and treat-
ment and to investigate probiotic methods of activity zeroing in on how gut 
organisms impact the host.

Keywords

Probiotics · Microbiota · Human gut · Probiotic mechanism of action · Symbiotic 
relationship

4.1  Introduction

For a great many years, people have securely consumed microorganisms in the form 
of fermented foods. Immense quantities of these bacteria are seen as probiotics, 
which act through various systems to introduce a medical advantage to the host. It 
is broadly accepted that fermented products were likely found, or better to state, 
discovered impulsively. Probiotics and prebiotics are considered novel functional 
ingredients that can be applied to impact the host’s microbiota, which thus assumes 
a significant part in the host’s nourishment, advancement, health, and well-being. 
The World Health Organization (WHO) defined probiotics as live microorganisms, 
especially beneficial bacteria, when consumed as food products or supplements that 
react with host commensal microflora and gastrointestinal tract immune system 
(Johnson and Klaenhammer 2014). The Prolongation of Life: Optimistic Studies, 
written by Metchnikoff, promotes the probiotics idea by recommending that fester-
ing in the intestines corresponds with an abbreviated life expectancy (Call et  al. 
2015). In a scientific context, Metchnikoff quoted probiotics as altering microbial 
flora diversity in human bodies and replacing harmful microbes with useful ones 
(Metchnikoff 2004). Metchnikoff recommended that when lactic acid-producing 
microorganisms were eaten up may go about as against putrefactive agents in the 
gastrointestinal tract. Indeed, he assessed that the pathological manifestations might 
be ousted from old culture by changing the wild intestinal populace into a cultured 
populace. The length of man’s existence may be broadly extended. Michel Cohendy, 
a colleague of Metchnikoff at the Pasteur Institute, supported his hypothesis by 
providing experimental data. Lactobacillus delbrueckii subsp. Bulgaricus, when 
feeding to human subjects, was recoverable from feces, diminished the pervasive-
ness of putrefactive poisons, also, upheld in the treatment of colitis following trans-
plantation to the large intestine (Cohendy 1906a, b) (Fig. 4.1).
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Studies on Lactobacillus acidophilus showed that it could endure gastric section 
and change the intestinal flora in constraining lactose and dextrin supplementation, 
making it a very prompt candidate for therapeutic applications; therefore, treatment 
with L. acidophilus originated (Walsh et al. 2017). Bacteria, including Lactobacillus, 
Leuconostoc, Bifidobacterium, Enterococcus, Pediococcus, and yeasts, are used as 
probiotics. Species of genera Lactobacillus and Bifidobacterium are safe and widely 
used in yogurts and other dairy products since they are also a part of the normal 
gastrointestinal microflora. Controlled gastrointestinal infections, improved lactose 
metabolism, reduction of cholesterol, anticarcinogenic and antimutagenic proper-
ties, improvement in inflammatory bowel disease, and immune system stimulation 
are some of the health benefits of probiotics (Aureli et  al. 2011). Havenaar and 
Huisint Veld proposed a viable mono or mixture of the culture of bacteria as the 
high-level significance probiotic, when given to man, impacts the host advanta-
geously by improving the properties of the indigenous flora (Kerry et al. 2018).

Heterogeneous and different groups of microorganisms live from a human 
microbiome superorganism since the human body acts as a reservoir. About 
100–1000 microbial species resident in the human gut modulate the human internal 
environment, thereby playing a crucial role in host health. These symbiotic micro-
organisms are distinctive in defense function and impact brain-gut responses, 
eupepsia, catabolism, and anabolism (Kerry et al. 2018). By amplifying the number 
of gut microflora by probiotics, prebiotics and synbiotics initiate the activation of 
specific genes of the host intestinal tract that regulate and modulate host immune 
response and alienate pathogens by competing with enteric pathogenic microbiota 
for adhesion sites (Tripathi et al. 2019). There have been important advancements in 
the collection and characterization of particular probiotic cultures and significant 
health benefits from their use. Microbial species in the gastrointestinal tract (GIT) 
range from around 100 to 1000, with the total microbial population of the colony 
ranging from 1011 to 1012 cfu/g in each individual, which advances and changes over 
a long period, contingent upon the way of life of the host, antimicrobial use, genome, 
and on an unpredictable and dynamic exchange between the eating diet (Slavin 
2013). By colonization resistance or a barrier effect against newly ingested micro-
organisms, including pathogens, gut microflora retains their existence and preserves 
their confer niche (Pérez-Cobas et al. 2015). Therefore, it’s possible that controlling 
the gut microflora to expand the overall quantities of “beneficial bacteria” may 
improve immune capacity, digestion, processing, and brain-gut communication 
(Diop et al. 2016). Any shifts in their diversity can lead to various disorders and 
diseases.

Probiotics, prebiotics, and synbiotics are all microbes or communities of micro-
organisms that live in the gut and nourish the host body from within. Nonviable 
bacterial products or metabolic by-products from probiotic microorganisms are 
known as postbiotics. They also have biological activity in the host effects on sig-
naling pathways and barrier function. Bacterial metabolic by-products like diacetyl, 
organic acids, bacteriocins, ethanol, hydrogen peroxide, and acetaldehydes, and 
certain heat-killed probiotics are exerted as postbiotics which they can also serve as 
an alternative to antibiotics because of their inhibitory property toward pathogenic 
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bacteria since they are nonpathogenic and have resistance to hydrolysis by mam-
malian enzymes and nontoxic (Patel and Denning 2013; Ooi et  al. 2015). For 
instance, postbiotics activate a2β1 integrin collagen receptors for improving angio-
genesis in vitro and in vivo in epithelial cells against species like Saccharomyces 
boulardii by enhancing barrier function (Giorgetti et al. 2015). Prebiotics, which are 
obtained from probiotics that modify the gut microbial flora, are not effortlessly 
processed by people however assume a particular part in the incitement of helpful 
bacterial organisms in the gut. Prebiotics are a group of nutrients that include fruc-
tooligosaccharides (FOS) metabolized from sucrose, insulin with bifidogenic prop-
erties, oligofructose, and galactose- and xylose-containing oligosaccharides (Hukins 
et al. 2016). Prebiotics are found naturally in foods such as vegetables, fruits, and 
grains that we eat every other day. Prebiotics has numerous medical advantages 
besides expanding the rate and length of diarrhea, giving help from aggravation and 
different symptoms related to gastrointestinal bowel disorders, and applying defen-
sive impacts toward colon malignant growth (Younis et al. 2015).

Synbiotics are a combination of probiotics and prebiotics items that work with 
the endurance and implantation of live microbial dietary enhancements in the gut 
because of advances in microbial examination. When both the probiotic and the 
prebiotic function together in the living environment, the synergistic effects are 
more effectively promoted (Westfall et al. 2018). Studies focused on determining 
new probiotic and prebiotic concoctions are critical to enhancing the nutritional and 
clinical health benefits of probiotics and prebiotics (Fig. 4.2).

Fig. 4.2 Different sources of probiotics (Kerry et al. 2018)
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4.2  Influence of Human Intestinal Microbiota on the Health 
of the Human Host

A robust microbiota is more ready to hold mucosal well-being, due to the great 
proximity of the GIT microbiota toward the gut lymphoid tissue and mucosa. At the 
same time, a variable composition seen in dysbiosis might expand the inescapability 
of diseases of the mucosal membrane just as inside the body, given solid intercon-
nection with the gut immune system, the body’s biggest immune organ (Vipperla 
and O’Keefe 2012). The body’s first line of defense against pathogenic and toxic 
invasions from food is the intestinal mucosa. Orally administered antigens come 
into contact with the GALT after ingestion (gut-associated lymphoid tissue). The 
GALT’s primary premise of defense is a humoral immune response intervened by 
secretory IgA (s-IgA), which keeps conceivably harmful antigens from entering the 
body while likewise interfering with mucosal pathogens without severe distress. 
Some probiotic strains have recently been reviewed for their potential to raise s-IgA 
and modulate the development of cytokines (mediators produced by immune cells) 
associated with activation, growth, immune cell regulation, and differentiation 
(Ashraf and Shah 2014). Probiotics advance the synthesis of bacteriocins and short- 
chain unsaturated fats, colonization site obstruction, invigorate mucosal barrier 
function and regulate the immune system, lower gut pH, colonize and fight for bind-
ing sites on gut epithelial cells, and complete accessible nutrients in the colon (Shah 
2007). By facilitating phagocytosis, the innate and acquired immune responses are 
stimulated by probiotics, and secretory and systemic IgA are secreted, altering 
T-cell responses along with maintaining the homeostasis by enhancing Th1 
responses and minimizing Th2 responses of Th1 and Th2 activities (Gourbeyre 
et al. 2011).

Components of Action of Probiotics: Increase in the epithelial barrier area, 
upgraded intestinal mucosa adhesion, and simultaneous restraint of microbe attach-
ment are significant probiotic mechanisms of action, as are the competitive exclu-
sion of pathogenic microorganisms, improvement of antimicrobial substances, and 
immune system regulation (Fig. 4.3).

4.2.1  Augmentation of the Epithelial Barrier

Amplifying the expression of genes engaged with close junction signaling may be 
one approach to improve intestinal barrier integrity. For instance, in a T84 cell bar-
rier model, E-cadherin and β-catenin are the adherence junction proteins regulated 
and modulated by lactobacilli. Besides, when incubated with intestinal cells, lacto-
bacilli influences the phosphorylation of adherence intersection proteins just as the 
protein kinase C (PKC) isoforms abundance, including PKCδ, decidedly adjusting 
epithelial barrier action (Hummel et al. 2012; Kelly et al. 2015). Avoiding cytokine- 
incited epithelial damage, typical in inflammatory bowel disease, can likewise assist 
with supporting mucosal obstruction when probiotics are utilized. Yan et al. (2007) 
and his colleagues demonstrated that p40 and p75 are the two proteins secreted by 
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Fig. 4.3 Component of activity of probiotics (Bermudez-Brito et al. 2012)

Lactobacillus rhamnosus GG (LGG) in a phosphatidyl inositol-3`-a kinase- 
dependent pathway; these proteins forestall the cytokine-initiated cell apoptosis by 
enacting the antiapoptotic protein kinase B (PKB/Akt) and by restraining the favor-
able to apoptotic p38/mitogen-actuated protein kinase (MAPK). Probiotics can 
expand mucus secretion to enhance barrier function and pathogen removal since 
mucin glycoproteins (mucins) are the most critical macromolecular components of 
epithelial mucus. Moreover, they’ve been associated with both health and disease 
for a long time (Teichmann 2019).

4.2.2  Enhanced Adhesion to the Intestinal Mucosa

Among the best determination models for new probiotic strains has been adhesion. 
Adherence to the intestinal mucosa is considered essential for colonization and for 
probiotic strain interaction with the host, immune system modulation, and pathogen 
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antagonism (Garcia-Gonzalez et al. 2018; Galdeano et al. 2019). Intestinal epithe-
lial cells (IECs) discharge mucin, an unpredictable glycoprotein combination that is 
the vital part of mucous; accordingly, the pathogenic bacteria adhesion is prevented, 
and mucous gel is composed of lipids, immunoglobulins, free proteins, and salts 
(Morrin et al. 2019; Shang et al. 2020). Lactic acid bacteria (LABs) show different 
surface marker proteins associated with communication with mucus and intestinal 
epithelial cells (IECs). Surface adhesions displayed by bacteria intercede connec-
tion to the mucous layer, predominantly by proteins, even though lipoteichoic acids 
and saccharide moieties have likewise been ensnared (Sengupta et al. 2013). MUB 
(bodily fluid restricting protein) expressed by Lactobacillus reuteri is the most 
examined illustration of mucus-targeting bacterial adhesins. These proteins are 
surface- related proteins that are either harbored to the layer by a lipid moiety or 
installed in the cell wall. They may aid colonization of the human gut by facilitating 
close contact with the epithelium or by degrading the extracellular matrix of cells 
(Candela et al. 2007, 2009; Sanchez et al. 2010). Defensins are the protein mole-
cules that stabilize the gut barrier function released by epithelial cells induced by 
probiotic strains (Wells et al. 2017). Antimicrobial proteins (AMPs) such as α- and 
β-defensins, cathelicidins, C-type lectins, and ribonucleases are increased in the 
host in response to pathogenic bacteria attacks, according to observations 
(Wang 2014).

4.2.3  Competitive Exclusion of Pathogenic Microorganisms

At the point when one type of microorganism contends all the more forcefully for 
receptor sites than another in the intestinal tract, this is known as “competitive 
exclusion.” The components utilized by one bacterial species type to forestall or 
moderate the development of another are assorted. That includes an exclusion of 
available bacterial receptor sites, the establishment of a hostile microecology, com-
petitive depletion of essential nutrients, and the synthesis of selective metabolites 
and antimicrobial substances secretion, among many others (García-Bayona and 
Comstock 2018). Explicit adhesiveness properties emerge from the association of 
surface proteins and mucins that repress pathogenic microorganisms’ colonization 
and act as a source of antagonistic activity against gastrointestinal pathogen adhe-
sion by some probiotic strains. Avoidance happens because of distinct variables and 
certain properties of probiotics that inhibit the adhesion of pathogens through sub-
stance production and IEC incitement (Oliveira and Reis 2017).

4.2.4  Development of Anti-microorganism Substances

The production of LMW compounds (<1000 Da), such as organic acids, and the 
synthesis of antibacterial substances regarded as bacteriocins (>1000 Da), are two 
of the proposed mechanisms engaged in the health incentives determined by probi-
otics. On the other hand, organic acids, notably acetic and lactic acids, show a 
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substantial inhibitory effect on Gram-negative bacteria and have customarily been 
believed to be the key antimicrobial compounds liable for probiotics pathogen- 
inhibiting activity. The organic acid in its undissociated form dissociates within its 
cytoplasm when it enters the bacterial cell. The pathogen will perish if the intracel-
lular pH declines too low or if the oxidized form of the organic acid absorbs too 
much through the cell (Bermudez-Brito et  al. 2012; Reid 2016; Halloran and 
Underwood 2019). The disruption of target cells through pore formation and cell 
wall synthesis inhibition are two mechanisms of bacteriocin-mediated killing. 
Nisin, along with lipid II, forms a complex, which acts as an initial precursor, inhib-
iting the biosynthesis of the cell wall in spore-forming bacteria. The nisin and lipid 
II complex clumps together and integrates peptides to make a pore in the bacterial 
membrane (Bermudez-Brito et al. 2012; Cavera et al. 2015).

4.2.5  Probiotics and Immune Cells

The probiotic microorganisms can induce an immunomodulatory impact. These 
microorganisms interact with epithelial and dendritic cells (DCs), lymphocytes, 
monocytes, and macrophages. The immune system is partitioned into two sections: 
innate and adaptive (Gómez-Llorente et al. 2010). The adaptive immune response 
relies upon B and T lymphocytes, expressed for explicit antigens. On the other 
hand, the intrinsic, innate immune system responds to essential plans called 
pathogen- associated molecular patterns (PAMPs) shared by most microbes. Pattern 
recognition receptors (PPRs), which bind PAMPs, initiate the primary response to 
pathogens. The best thought about PPRs is toll-like receptors (TLRs). Besides, 
extracellular C-type lectin receptors (CLRs) and intracellular nucleotide-binding 
oligomerization domain-containing protein (NOD)-like receptors (NLRs) have 
been found to send signals when microbes are encountered (Lebeer et al. 2010). Via 
their PPRs, both IECs and DCs can interfere with and react to gut microorganisms. 
Recent studies on a probiotic mixture of B. bifidum, L. acidophilus, L. reuteri, 
L. casei, and Streptococcus thermophilus showed that the immune system is trig-
gered via stimulating regulatory dendritic cells with high levels of IL-10, TGF-, 
COX-2, and indoleamine 2,3-dioxygenase, promoting the production of 
CD4 + Foxp3+ regulatory T cells (Tregs) from the CD4 + CD25 population and 
increasing the suppressor activity of naturally occurring CD4 + CD25 + Tregs (Yan 
and Polk 2011). Modulation and interaction of probiotics are summarized in 
Fig. 4.4.

4.2.6  Molecular Biological Methods for Studying Probiotics

With varying degrees of effectiveness, current techniques such as genetic finger-
printing, oligonucleotide probes, gene sequencing, and complex primer selection 
may distinguish closely related bacteria. Different molecular techniques being uti-
lized to evaluate the constituents of complex microbiota in this field of exploration 
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Fig. 4.4 Collaboration of probiotics with the gut-related immune system. ASC apoptosis- 
associated speck-like protein containing a CARD, CARD9 caspase recruitment domain- containing 
protein 9, ERK extracellular regulated kinase, IE-DAP D-gamma-glutamyl-meso-DAP, IKK IKB 
kinase, IRAK4 IL-1 receptor-associated kinase 4, JNK jun N-terminal kinase, MDP muramyl 
dipeptide, MKK mitogen-activated kinase kinase, NEMO NF- KB essential modulator, TAK1 
ubiquitin- dependent kinase of MKK and IKK, TAB1/2/3 TAK binding proteins, TBK1 serine/
threonine-protein kinase 1, TRAF6 TNF receptor-associated factor 6, Ub ubiquitin (Bermudez- 
Brito et al. 2012)

are populace study, denaturing gradient gel electrophoresis (DGGE)/temperature 
gradient gel electrophoresis (TGGE), fluorescent in situ hybridization (FISH), and 
probe grids (Franco-Duarte et  al. 2019). In probiotics and human GI microflora 
studies, molecular techniques have been used for four main purposes: (1) enumera-
tion of phylogenetically related groups of bacteria; (2) characterization of bacterial 
diversity within samples; (3) following or observing of specific organisms or popu-
lations, both quantitatively and subjectively; and (4) definitive identification of iso-
lates, especially probiotics (Shekhar et al. 2020).
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4.3  Conclusions and Future Directions

The intricate and dynamic collaborations between the intestinal epithelium and 
microscopic organisms on the luminal side, just as between the epithelium and the 
fundamental resistant framework on the basolateral side, must be accommodated in 
coculture tries different things with probiotics. The molecular elucidation of probi-
otic action in vivo can assist in identifying true probiotics and picking the most 
appropriate ones for the prevention and/or treatment of particular diseases. The dif-
ferent instruments are open for decisive assessment of the bacterial parts of probi-
otic products, strain integrity, and quality control. Future advancements in molecular 
biology ought to be pointed toward distinguishing and developing strategies to con-
template the situation of functional elements and biomarkers suitable for disentan-
gling the action of the bacterial populace, explicit organisms, or potential qualities. 
The mission will be to exhibit the roles of the microflora and probiotic strains 
in vivo and not just to portray the populace or show the presence or nonappearance 
of particular organisms or groups. Future advancements in molecular biology 
should be pointed toward recognizing and progressing techniques to examine the 
situation with useful components and biomarkers appropriate for disentangling the 
action of the bacterial population, specific organisms, and/or genes. The mission 
will be to show the jobs of the microflora and probiotic strains in vivo and not just 
to describe the populace or exhibit the presence or nonappearance of particular 
organisms or groups.
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5Antimicrobial Agents Induced 
Microbiome Dysbiosis Its Impact 
on Immune System and Metabolic 
Health

K. Anuradha, J. Sarada, Y. Aparna, and S. Anju

Abstract

The role of antimicrobial agents like antibiotics and antiseptics in their clinical 
use in treating various diseases and in their non-medicinal uses in agricultural 
crops and animal farming is well known to all. Broad- and narrow-spectrum 
antibiotics when used against pathogenic bacteria not only show their action on 
pathogens but also show their indiscriminate action on commensal microbial 
flora. Over usage and misuse of antibiotics result in microbial resistance against 
antibiotics. Antibiotics, when administered to treat diseases, show their action on 
pathogenic bacteria, and simultaneously they show their mode of action on resi-
dent beneficial microbiota which in turn leads to alteration of microbiome com-
position. Excessive usage of antibiotics also negatively impacts human health 
and immunity. Microbiome, present in human beings, helps in various activities 
like nutrition, metabolism, etc. by producing amino acids, vitamins, and short 
chain fatty acids and also helps developing immunity against a wide range of 
pathogens. The constant exposure of human microbiome to various antibiotics 
and antiseptics results in disruption in its ecology and imbalance of microbial 
composition which is referred to as microbiome dysbiosis. Imbalance in the har-
monic relationship between the host and the microbiome, caused due to various 
external and internal factors affecting the human body, results in disruption in 
homeostasis and causes various diseases. The diseases associated with microbi-
ome dysbiosis include obesity, celiac disease, diabetes, inflammatory bowel dis-
ease, rheumatic arthritis, neurodegenerative disorder, depression, autism, 
malignancy, and cancer. Fecal microbiota transplantation and manipulation of 
microbiota using probiotics are trending tools in microbiome research and are 
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very useful applications in restoring microbial communities and correcting 
microbial dysbiosis.

Keywords
Microbiome · Antibiotics · Immunity · Metabolic health

5.1  Introduction

Various studies and research works are being carried out to understand the human 
microbiome, by using the technological advancements in molecular biology espe-
cially the methods like gene sequencing and metagenomics, to know the microbi-
ome role and function (Human Microbiome Project Consortium 2012). The human 
microbiome constitutes with a wide variety of microorganisms like thousands of 
species bacteria mainly from the phylum Bacteroidetes and the phylum Firmicutes, 
fungi, etc., and all these microbes have more genetic complexity than the human 
genome (Utzschneider et al. 2016). The composition of microbiome is highly vari-
able, and major changes come across in early age childhood especially in infancy 
(Palmer et al. 2007). The human body is home for hundred trillion microorganisms, 
and the majority of them lives in the intestine and plays critical role in homeostasis, 
physiological, metabolic, and immunological processes (Blumberg and Powrie 
2012; Tremaroli and Bäckhed 2012; Greer et al. 2016; Sanz et al. 2015). In addition 
to this, the human microbiome synthesizes various amino acids, vitamins, etc. and 
helps host nutrition.

Various factors like by nutritious status of mother like obese or malnourished, 
gestation period, mode of childbirth, milk feeding types, diet, and use of antibiotics 
against pathogens in treating diseases would determine the gut microbiome of 
infants (Meropol and Edwards 2015). The origin and development of complex com-
position normal flora of infant have impact on the entire future life (Charbonneau 
et al. 2016).

Continuous therapeutic usage of antibiotics manipulates the gut microbiome as 
it changes the function of bacterial communities in the gut (Ferrer et al. 2017). Host 
gut microbe interactions and the effect of antibiotics on the gut microbial flora are 
better understood with antibiotic administration. Earlier studies focused to under-
stand the role and use of different antibiotics like broad-spectrum antibiotics and 
antibiotics in combinations on bacterial pathogens of gut microbial function 
(Rodrigues et al. 2017; Strzępa et al. 2017). Not only antibiotic exposure, there are 
other factors like nutritional parameters-glucose tolerance, microbial diversity of 
gut microbiome, and body weight and bone growth influence the gut microbiome of 
human body (Rodrigues et al. 2017; Nobel et al. 2015; Ferrer et al. 2017; Mikkelsen 
et  al. 2015). Normal flora of gut microbiome includes Clostridium sp., E. coli, 
Bacteroides, Ruminococcus sp., Lactobacillus sp., and Akkermansia sp., and any 
change in the gut flora were noticed to be associated with diabetes and obesity dis-
orders in patients (Qin et al. 2012; Karlsson et al. 2013; Murri et al. 2013; Chakraborti 
2015; Sanz et al. 2015). Excessive use of antibiotics also negatively impacts human 
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health and immunity. Current studies on microbiome have established a clear con-
cept on the perturbation of the gut microbiome by excessive use of antibiotic lead-
ing to imbalance of host-microbiome interactions, and such imbalance in turn 
changes immune reactions of the host and causes systemic spread of commensal 
bacteria and making host to become more susceptible to invasive pathogens. All 
these changes subsequently show impact on human health resulting in variety of 
noncommunicable health disorders (Zheng et al. 2020). Such dysbiosis, disruption, 
and change in composition flora of host result in various diseases, and disorders like 
dysbiosis include obesity, celiac disease, diabetes, inflammatory bowel disease, 
rheumatic arthritis, neurodegenerative disorder, depression, autism, malignancy, 
and cancer (Wang et al. 2017).

Human microbiota exists in harmony with their healthy host and plays important 
role in infection resistance, stimulation of immune system, and nutrient source stim-
ulation of epithelial turnover (Fig. 5.1). Microbiota occupies binding sites on the 
surface of human body and secretes mucins and other metabolic products which 
may be noxious to pathogenic bacteria and contribute for infection resistance. 
Microbiota, specifically Gram-negative bacteria, acts as immunogens and stimu-
lates immune system and produces antibodies in response to commensals and con-
fers protection against pathogenic microorganisms. Microbiota also provides 
vitamin K, a cofactor essential for clotting factors (Virella 1997).

The emergence of antibiotic resistance due excessive and prolonged usage of 
antibiotics is a serious health concern on which the whole world is working to con-
trol the drug resistance. Physiological and metabolic functions of gut microbiome 
and antibiotic use in treatment of bacterial infections are the two key elements 
which need to be understood in depth especially the important genetic factors like 
mobile genetic elements (MGE) and gene responsible for antibiotic resistance 
(ARGs) are to be clearly studied to understand the effect of antibiotic exposures on 
microbiome (Xu et al. 2020).

5.2  Antibiotic-Induced Microbiome Alterations

Aggregated complex microbial populations inhabited on the human host exhibit 
symbiotic relationship as host provides physical, environmental, and nutritional 
support, and intestinal microbiome provides infection resistance and easy food 
absorption (Hooper et al. 2002; Vollaard and Clasener 1994). Several research find-
ings on human microbiome confirm that administration of antimicrobial agents 
causes disturbance in composition and function of microbial flora resulting in 
microbiome dysbiosis (Fig. 5.2).

Usage of broad-spectrum antibiotics lowers one third of the existence of the bac-
terial flora of gut and significantly changes the microbial diversity (Dethlefsen et al. 
2008; Dethlefsen and Relman 2011). In flexibility presented by microbiota of the 
human gut after for about 5 days of amoxicillin antibiotic treatment, fecal microbi-
ota profile tends to reappear to its normal original composition within 2 months (De 
La Cochetière et al. 2005). Indeed, antibiotic-induced microbiome variations persist 
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Fig. 5.1 Antibiotic-induced microbiome alterations on immune system and human health

after prolonged exposures for an extended period of time (Jernberg et al. 2007). At 
a very early stage of life, i.e., in the first year and second year of childhood life, 
drastic and dramatic changes take place in the gut of infants. The use of antibiotics 
critically affects the origin and evolution of indigenous human neonate microbiota 
(Tanaka et al. 2009). Combined antibiotic therapy and combinational use of genta-
mycin and ampicillin in childhood that too at very early stage of life affect the origin 
and distribution of gut normal microbiota and also show its impact on health impli-
cations and problems in the long run. Comparatively very few findings suggested 
retrieval of normal infant intestinal flora after therapeutic use of antibiotics (Fouhy 
et  al. 2014a). Similar studies carried on microbiome of infants with antibiotic 
administrations clearly indicated that there was reduced population of 
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Fig. 5.2 Overview of antibiotic-induced dysbiosis of microbiome

Bifidobacterium and increased population count of Proteobacteria when the results 
were compared with microbial flora of infant gut population which was untreated 
with antibiotics to that of their mothers whose microbiome was exposed to antibiot-
ics before the childbirth had shown same effect as that of infant’s gut which was 
exposed to antibiotics (Tanaka et al. 2009; Franzosa et al. 2015; Fouhy et al. 2014b).

DNA sequencing strategies and combining many forms of molecular data in an 
integrated framework obtained from omic studies like metabolomics, proteomics, 
transcriptomics, and metagenomics are used in classifying and understanding the 
microbial variations of functional activity and sequential dynamics at community 
level and at strain level. These types of research indicated that antibiotics exposure 
on gut microbiome brings changes in the genetic expression and further influences 
the microbial metabolism. Such changes can occur rapidly when compared to natu-
ral microbial community replacements in minimizing microbial populations (Pérez- 
Cobas et al. 2013). Genetic changes induced in the genome of human microbiome 
influence the expression of virulence factors which are capable of causing disease 
and thereby leading to disease conditions driving toward pathogenicity of the micro-
biota; otherwise, this microbiota was not pathogenic. In this frame of reference, the 
exposure of β-lactam antibiotics on microbiota has influenced the expression of 
carbohydrate-degrading enzymes, and enzymatic activity of such enzymes resulted 
in deregulation of carbohydrate metabolism, and similar observation was noticed 
with gut flora of individuals who were obese (Hernández et al. 2013).
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The bacterial taxa of large intestine and small intestine differ in their microbiome 
composition. The bacterial flora that constitutes gut microbiome of the large intes-
tine is more diversified and denser, whereas the small intestinal flora constitutes 
limited flora (Garner et al. 2009; Ubeda et al. 2010). Within the same anatomical 
site, i.e., in the intestine, the microbial populations of lumen and mucus layer of the 
intestine indicated different bacterial flora representing the diversity (Eckburg et al. 
2005). Based on genome sequencing techniques, major population of resident bac-
terial flora intestine belongs to phylum Firmicutes and phylum Bacteroidetes and 
remaining minor populations of the phylum Actinobacteria, phylum Proteobacteria, 
phylum Fusobacteria, and phylum Verrucomicrobiota (Eckburg et  al. 2005). 
Antibiotic administration against microbial pathogens not only shows cidal and 
static activity on pathogens but also perturbs the intestinal microbial flora and influ-
ences the immune reactions (Hill et al. 2010) and further promotes disease condi-
tions like, diabetes, inflammatory bowel disease, atopy, and arthritis (Brandl 
et al. 2008).

Experimental investigations established that antimicrobial agents like antibiotics 
quickly influence metabolic and physiology of the microorganisms present in the 
microbiota. Antibiotic-treated fecal suspension samples the microbial populations 
exhibited damaged membranes and also expressed genes that conferred stress 
response to maintain nutritional imbalance, phage induction as virulence factor, and 
antibiotic resistance to inactivate enzymes (Maurice et  al. 2013). Not only such 
genetic changes increased the expression of genes for antibiotic resistance against 
various antibiotics like macrolides and tetracycline antibiotics. Conditions like 
anesthesia, surgery, and treatment of bacterial infections with an antibiotic in isola-
tion or in combination like cocktail of antibiotics when used caused resulted not 
only lowered microbial population but also reduced diversity of microorganism. 
Significant microbiota diversity changes were noted in the microbiota of host gut 
(Zhang et al. 2019; Wang et al. 2020).

5.3  Antimicrobial Agents-Induced Changes 
in the Microbiome Impact on Immune 
and Metabolic Health

Administration of broad-spectrum antimicrobial agents can disturb the equilibrium 
of the microbiome and changes the composition of microbiome. Both nonresistant 
microorganisms and potential pathogens express and present different microbial- 
associated molecular patterns to the receptors located in epithelial cells as well as 
cell of immune system of the human body. This leads to stimulation of receptors 
such as Toll-like receptors (TLRs) and NOD1 receptors that mediate cascade of 
variety of immune processes including lymphoid follicle stimulation, differentia-
tion of T-lymphocyte, activation of neutrophils and cytokine release, and production 
of antibacterial compounds (Fig. 5.3), thereby alter the effectiveness of innate and 
adaptive immunity (Ubeda et al. 2012). Table 5.1 summarizes the antibiotic-induced 
microbiome alterations on immune system.
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Fig. 5.3 Antibiotic-induced gut microbiome alterations impact on immune system

Colonization of bacteria in the gut layers of infants at an early life period makes 
the gut lining as an efficient barrier for luminal antigens. Administration of antibiot-
ics which are broad spectrum in nature can vary the composition of bacterial colo-
nization of the gut and diminish commensal bacterial flora and damage the gut 
barrier function development. Suckling Sprague-Dawley rats gut microbiome 
treated with Clamoxyl—an amoxicillin-based antibiotic—was tested intestinal 
microbiota and gene expression for products of immune response. Lactobacillus sp. 
was more susceptible to drug action and got eliminated completely and reduced the 
colonic count off both aerobic and anaerobic bacteria which included particular spe-
cies of Enterobacteriaceae and Enterococcus. The gene expression profiles of 
immune products were studied and clearly understood that there was downregula-
tion of gene expression coding from artilysin, phospholipase A2, and defensins. It 
was also observed that there was downregulation of gene expression of class I and 
II genes of major histocompatibility complex (MHC), but mast cell protease expres-
sion was upregulated (Schumann et al. 2005; Brandl et al. 2008) under similar con-
dition of antibiotic exposures, and significant downregulation of RegIIIc was 
observed which regulates C-type lectin acts on Gram-positive bacterial cell wall and 
shows cidal activity even on vancomycin-resistant Enterococcus sp. Oral adminis-
tration of lipopolysaccharides stimulates intestinal Toll-like receptor 4 which reac-
tivates and reinduces RegIIIc and boosts innate immunity in vancomycin-treated 
mice or antibiotic-treated mice. Such receptor stimulation in the intestine becomes 
an effective therapeutic tool to reduce pathogen colonization and infection of drug- 
resistant bacteria (Brandl et al. 2008).

Mice treated with streptomycin and metronidazole perturbs the intestinal micro-
bial flora and disturbs intestinal immune response and homeostasis prior to 
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Table 5.1 Antibiotic-induced microbiome alterations on immune system

Antibiotics Effect on microbiome Immune response Reference
Enrofloxacin, 
cephalexin, 
paromomycin, and 
clindamycin

Fermentative bacteria 
Enterobacteriaceae

Increased neutrophils 
and Th17 cells 
increased soluble 
CD14 in plasma

Manuzak et al. 
(2020)

Enrofloxacin, 
vancomycin 
polymyxin

Gut microbiota Cytokines production Sun et al. 
(2019)

Amoxicillin 
metronidazole, 
vancomycin, and 
neomycin gentamycin

Microbiota of large 
intestine

Basophil production 
interferon and IL 
production Ig E levels 
in serum

Hill et al. 
(2010, 2012)

Metronidazole Bacteroidales, 
Clostridium sp., and 
Lactobacillus sp.

IL production increase 
macrophages NK cells 
in colon Reg γ 3 
expression

Wlodarska 
et al. (2011)

Amoxicillin 
metronidazole, 
vancomycin and 
neomycin

Microbiota depletion Neutrophil mediated 
killing interferon and IL 
production Reg γ 3 
expression

Clarke et al. 
(2010)

Metronidazole, 
vancomycin,
neomycin

Enterobacteriaceae 
members and 
Bacteroidetes

Reg γ 3 expression 
small intestine

Ubeda et al. 
(2010) and 
Brandl et al. 
(2008)

Colistin Gram negative bacteria IL production Bouskra et al. 
(2008)

Vancomycin Enterobacteriaceae 
Gram-positive bacteria

Treg cells of colon Th 
17 of small intestine Il 
production

Bouskra et al. 
(2008) and 
Ivanov et al. 
(2009)

Amoxicillin Lactobacillus sp. aerobic 
and anaerobic bacteria of 
intestinal flora

MHC class1 and 
class2 in expression in 
small and large 
intestine, mast cells 
protease expression

Schumann 
et al. (2005)

Amoxicillin 
clavulanate

Gram-negative bacteria IgG in serum levels Dufour et al. 
(2005)

Citrobacter rodentium infection. Both antibiotic exposures altered microbial popu-
lations. Treatment with metronidazole increased the expression of Reg3gamma and 
IL-25 in the colon of murine. It resulted in more numbers of NK cells, and macro-
phages in the large intestine lowered the Muc2 expression and regulate the key 
content of the intestine mucin layer. The thinner the mucin layer, the more the 
adherence, and contact of epithelial cells and the bacterial flora triggers immunity 
and results in inflammation tone of intestine. Antibacterial effect of metronidazole 
was shown on Clostridium coccoides and Bacteroidales without lowering the bacte-
rial density and increasing the count of aerobic Lactobacillus sp. (Wlodarska 
et al. 2011).
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Lymphoid structure that represents gut immunity includes Payer’s patches, cryp-
topatches, mesenteric lymph nodes, and isolated lymphoid follicles (ILFs). Nod1 
receptor stimulation by peptidoglycan of Gram-negative bacterial cell wall plays a 
major role in gut homeostasis and immunity of the gut. Antibiotic exposure of 
microbiota affects lymphoid structures of intestine especially ILFs. Mice exposed 
with broad-spectrum antibiotics like vancomycin and colistin killed both Gram- 
positive and Gram-negative bacteria which show a smaller number of ILFs as there 
was no stimulation of Nod 1 receptor. Experimental results reveal that the antibiotic 
colistin had shown greater effect (Bouskra et al. 2008).

Peptidoglycan content of bacterial cell wall systematically triggers the innate 
immune responses and plays critical role in killing the pathogens. Receptors like 
Nod1, Nod2, and Toll-like receptors specifically bind to different sites of peptido-
glycan layer of bacteria. Nucleotide-binding oligomerization domain-containing 
protein-1 Nod1 binds to the meso-diaminopimelic acid of side chain pentapeptide 
of Gram-negative cell wall; Nod 2 recognizes both Gram-positive and Gram- 
negative bacteria cell walls, and Toll-like receptor 4 recognizes lipopolysaccharide 
(LPS) content of Gram-negative bacterial cell wall. Exposure of antibiotics like 
neomycin, metronidazole, ampicillin, and vancomycin depletes the microbiome and 
thereby diminishes peptidoglycan levels; otherwise, such circulating peptidoglycan 
induces the killing and elimination of pathogens like Streptococcus aureus and 
Staphylococcus pneumoniae by neutrophils driven by bone marrow (Clarke 
et al. 2010).

Administration of amoxicillin/clavulanate changes the levels of different immu-
noglobulins in the serum. It lowered immunoglobulin G without showing any effect 
on affecting immunoglobulin A or immunoglobulin M (Dufour et  al. 2005). 
Commensal resident flora and probiotics bacteria manipulate immune pathways to 
enforce the gut tolerance as these bacteria and their products are able to induce T 
regulatory cell induction (Kline 2007; Baba et  al. 2008). Kanamycin sulfate- 
administered mice inoculated with Enterococcus faecalis, Lactobacillus acidophi-
lus, or Bacteroides vulgatus an efficient probiotic bacterium after antibiotic 
treatment improved, balanced the intestinal flora, and prevented the Th 2-shifted 
immunity (Sudo et al. 2002). Administration of broad-spectrum antibiotics 15 days 
old mice showed lowered the expression of TLRs and cytokines profiles and pro-
motes Th 2 response (Dimmitt et al. 2010).

Antimicrobial agents’ exposures alter the gut microbiome and induce more pro-
inflammatory molecules like Gram-negative bacterial lipopolysaccharides play a 
major role causing metabolic disorders like obesity and diabetes. Excessive adipos-
ity attributed by the host contributes to the inflammation and may also progresses 
toward metabolic deviation of health from obesity to metabolic disorders. All this 
resulted because of high-fat diet, increasing more bacterial population with lipo-
polysaccharide cell walls, as these bacterial lipopolysaccharides act like proinflam-
matory molecules and trigger inflammation and other metabolic health-associated 
disorders.

The above disorders resulted due to the changed microbial gut environment 
caused by high-fat diets that enhance bacteria containing lipopolysaccharides, 
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finally resulting in high concentrations of proinflammatory molecules in the serum 
(Cani et al. 2007).

Antibiotic-induced dysbiosis impacts on various immune and metabolic path-
ways, affects the intestinal environment, increases inflammatory tone, and lowers 
the intestinal immunoglobulin IgA; however, a pathogen elimination is carried out 
by noninflammatory antibody (Cerutti and Rescigno 2008: Rautava et al. 2004). Gut 
microbiota contact and establishment depend on its anchoring onto epithelial lining 
of the intestine. The thinner the mucin layer, the more would be the contact of bacte-
rial flora with mucin layer. Administration of metronidazole causes lower expres-
sion of Muc2 as it is important in maintenance of mucin content (Wlodarska et al. 
2011). Decreased expression leads to thinning of the mucin layer; as a result, direct 
contact of gut microbiome with that of the epithelial layer takes place triggering the 
innate immunity and manifests inflammation.

Experiments conducted on mice indicated that antibiotics exposures trigger 
inflammation by bacterial translocation through passage of viable resident bacteria 
from the gastrointestinal tract through epithelial mucosa into the splanchnic and 
systemic circulation. This results the translocation bacterial flora from its site of 
establishment to the other site and results in week microbial signaling to cells of 
immune systems like colonic goblet cells and dendritic cells (Knoop et al. 2016). A 
deficiency in Toll-like receptor 5  in microbiome results in obesity, dyslipidemia, 
insulin resistance, and other metabolic disorders. Such disorders caused by the 
microbial dysbiosis antibiotic exposures were demonstrated by transplantation of 
microbiota of Toll-like receptor 5-deficient mice in germ-free mice (Vijay-Kumar 
et al. 2010).

Microbial dysbiosis noted in wild-type mice indicated high levels of pro- 
inflammatory molecules IL-1β and tumor-necrotizing factors TNFα in setting up the 
inflammation followed by intestinal metabolic disorders. Another mechanism which 
altered microbiome shows impact on metabolic health through fatty acid metabo-
lism. Gut microbial flora utilizes nondigestible carbon sources to produce short 
chain fatty acids like ethanoate, propanoate, and butanoate used by colonocytes of 
intestinal epithelium and finally transported into the blood, as these fatty acids are 
anti-inflammatory and antitumorigenic which play vital role in metabolic activities 
of human gut and build physiological homeostasis and also help in triggering immu-
nity (Bindels et al. 2012; Tan et al. 2014).

Gut microbiome secretes SCTAs, and these short chain fatty acids recognize cell 
surface receptors like G-protein-coupled receptors to regulate lipid metabolism 
(Samuel et al. 2008). They also involve in secretion of insulin by controlling the 
concentration levels. Glucagon-like peptide 1 hormone (Tolhurst et al. 2012). The 
defined and distributed bacterial flora that constitutes part gut microbiome changes 
the concentration levels and also types of SCFA like acetate, propionate, and butyr-
ate that can be formed during various physiological processes of their metabolism 
(Macfarlane and Macfarlane 2011). The gut bacterial flora influence liver activities 
like conversion of the primary bile acids into secondary bile acids; it also promotes 
glucose homeostasis by G-protein-coupled receptors. Upon antibiotic administra-
tion, the disturbed microbiome alters physiological activities particularly insulin 
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sensitivity, and bile acid metabolism is demonstrated (Thomas et al. 2009; Vrieze 
et al. 2014).

Antibiotic-induced host-microbiome interactions result in spread and establish-
ment of commensal bacterial flora and pathogenic dissemination, and abnormal 
microbiome host immune responses are resulted and known to exhibit different gas-
trointestinal diseases like obesity, celiac disease (Valitutti et  al. 2019), diabetes 
(Wen et al. 2008), metabolic syndrome (Belizário et al. 2018), inflammatory bowel 
disease (Zhang et al. 2017), rheumatic arthritis (Maeda and Takeda 2019), neurode-
generative disorder (Main and Minter 2017), malignancy and cancer (Gopalakrishnan 
et al. 2018), depression, and autism (Fung et al. 2017). Patients who are critically ill 
treated with antimicrobial agents are likely to show disruption of gut microbiota and 
microbial dysbiosis in their intestine and which makes the patients suffer from bac-
terial infections. Clostridium difficile is an opportunistic pathogen and is the best 
example that causes the disease colitis which can be treated by introducing the 
microbiota (Britton and Young 2014). The use of broad-spectrum antibiotics can 
disturb the equilibrium of normal microbiota and creates conditions favorable for 
the overgrowth of pathogens and also favor antibiotic-resistant bacterial strains. 
Colitis caused by Clostridium difficile and mucosal candidiasis caused by Candida 
sp. are two such examples that get established after the antibiotic administrations 
and disturbance of microbiome. Gut microbiota by enlargement influences many 
aspects like physiology of human host like nutrient synthesis like vitamins and 
amino acids, metabolic activities, infection resistance, and immunity.

5.4  Conclusion

Wide usage of antibiotics in treating infectious diseases leads to so many threats like 
emergence of bacterial resistance against antibiotics which posed a big challenge to 
the scientific world (Francino 2016). Excessive usage of antibiotic not only shows 
cidal and static activity on pathogen but also on microbiota of the human body. 
Microbial imbalance caused by antibiotics impacts on human health and immunity. 
Antibiotic-induced microbiota dysbiosis affects systemic immunity and causes 
many health disorders. Fecal microbiota transplantation and manipulation of micro-
biota using probiotics are trending tools in microbiome research and a very useful 
application in restoring microbial communities and correcting microbial dysbiosis 
(Mekonnen et al. 2020). This review on antibiotic-mediated microbiome dysbiosis 
and its impact on immune system and health will provide a better understanding on 
antibiotic-driven microbiome-host interaction that impacts on immunity and human 
health and also through challenges on therapeutic tools that would correct dysbiosis 
of microbiota.
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6Nutritional Modulation of Gut 
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Abstract

The food we consume is a reservoir of nutrients and bioactive compounds. 
Adherence to a prudent diet confers nutrition and health. In the light of existing 
research, it is evident that there is an association between nutrients, dietary pat-
terns, and disease manifestation mediated through gut microbiome and microbial 
metabolites. The gut microbiome is an adverse consortium and is envisaged as 
more potent than the human genome owing to its complexity and the myriad of 
physiological functions it executes on the host along multiple axes, including the 
liver, brain, and heart. The gut microbiome’s variation is linked to infection vul-
nerability and long-term sequelae of metabolic, immune-mediated, and neuro-
logical disorders. Excavation of the complexity of interactions of diet, nutrients, 
and microbiota with particular reference to the microbiota-accessible carbohy-
drates, plant proteins, glutamine, short-chain fatty acids, vitamin D, zinc, cal-
cium, and other nutrients under the umbrella of increasing scientific evidence is 
the need of the hour. Thus, managing the microbiome through judicious dietary 
approaches appears to be promising in reconfiguring microbial aberrations. Diet 
engineering prowess based on individual genes, omic profiles, and nutribiotic 
algorithms paves the way for precision nutrition tailored to preclude chronic 
diseases.

M. Rajeswari 
Department of Food, Nutrition and Dietetics, AUCST, Andhra University,  
Visakhapatnam, India 

S. Pola (*) 
Department of Biotechnology, AUCST, Andhra University, Visakhapatnam, India 

D. S. L. Sravani 
Division of Nutritional Sciences, Cornell University, Ithaca, NY, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-5114-7_6&domain=pdf
https://doi.org/10.1007/978-981-99-5114-7_6


98

Keywords

Nutrients · Microbiome · Diet · Short-chain fatty acids · Diet engineering · 
Nutribiotics

6.1  Introduction

The discovery of the gut microbiome, not far short of two decades ago, ushered in a 
new microbiome era with promising results in the host health arena. A plethora of 
research studies in the past decade revealed profounding facts on the trillions of 
primordial microorganisms collectively termed the microbiota residing within the 
human gut (Cho and Blaser 2012). Proper maintenance of these microbes in early 
infancy aids in adult life. Therefore, it can be achieved through a healthy diet, exer-
cise, and a clean environment, as it plays an essential role in shaping gut microbes 
(Pola and Padi 2021). Numerous factors may affect the gut microbiota, of which 
dietary factors are crucial (Zmora et al. 2019). Thus food-microbiome-host synergy 
is vital in comprehending the complexity of microbiome research (Ezra-Nevo 
et al. 2020).

Diet is a commixture of nutrients and a repository of health-promoting phyto-
chemicals, which, when consumed in prudent form, builds the nutritional status 
coupled with coveted health benefits. A collegial relationship appears to exist 
between nutrients and the gut microbiome (Frame et al. 2020). Today’s world is in 
a nutrition transition phase, facing the dual burden of pretransition diseases like 
under nutrition and infections, post-transition overnutrition, and lifestyle-affiliated 
diseases such as metabolic syndrome and obesity (Raj 2020). Diet therapy and clini-
cal nutritionology are in vogue as procuring the right nutrition is essential to avert 
these lifestyle diseases (Covarrubias et al. 2020).

A comprehensive exploration of the concepts related to diet/nutrient–microbiota 
crosstalk in the gut and the potential health benefits and detrimental consequences 
is thoroughly appreciated. This knowledge will be of tremendous use in devising 
gut microbiota-targeted nutritional strategies to improve human health. Developing 
next-generation nutribiotics catering to individual needs is not far from reach with 
the ongoing vigorous research in this area. The role of diet, nutrient intake, pre- and 
probiotics, and non-nutrient polyphenols in maintaining healthy gut microbiota is 
reviewed in the light of new evidence.

6.2  Carbohydrates

Carbohydrates are perhaps the most widely researched essential nutrients to impact 
the gut microbiome. Digestible carbohydrates mainly comprise starches and sugars. 
Examples of beverages with added sugars include sodas, sports drinks, energy 
drinks, sweetened water, fruit juices, coffee, and tea. While WHO recommendations 
suggest, an added sugar intake be limited to less than 10% of an individual’s total 
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calorie consumption, sugar consumption worldwide has been devastatingly increas-
ing (WHO 2015).

A diet rich in simple carbohydrates and low in dietary fiber is believed to cause 
detrimental effects on the gut microbiome (Sonnenburg et al. 2016). A highly com-
pounded interaction appears to exist between dietary sugar and gut microbiota. 
Excessive sugar consumption is strongly implicated in regulating gut colonization 
and microbial dysbiosis besides the formation of glycoconjugates and biofilms. 
Subsequent maladaptive processes on the host include increased expression of sugar 
transporters in the gut, metabolic deregulation, oxidative stress, peripheral insulin 
resistance, increased inflammation, and increased immune modulation paving the 
pathway for multiple undesirable health outcomes and poor oral health (Haque 
et al. 2020).

6.3  Impact of Sugars on Microbiota

6.3.1  Sugar Intake and Regulation of Colonization

The presence of sugars in the gut could alter the gut microbiota by affecting micro-
bial physiology. For example, it was observed that increased glucose and fructose 
concentration in the gut suppresses polysaccharide utilization genes in Bacteroides 
thetaiotaomicron by catabolite repression leading to its reduced colonization ability 
in mice (Townsend et  al. 2019). Additionally, glucose hampers the utilization of 
other carbon sources by inhibiting the synthesis of the signaling molecule cAMP 
(Kremling et  al. 2015). Research on the effect of these transcriptional changes 
caused by specific types of sugars on the gut microbial composition is sparse.

6.3.2  Formation of Glycoconjugates

Dietary sugars are vital components of several glycoconjugates of microbes. The 
versatility and diversity of bacterial glycoconjugates result in a species-specific gly-
can fingerprint, providing a range of ligands to interact with the host environment 
(Tytgat and De Vos 2016). Some microbial exopolysaccharides can promote anti- 
inflammatory response (Mazmanian et al. 2008). On the other hand, lipopolysac-
charides (LPS) trigger the genesis of low-grade inflammation, thereby, insulin 
resistance which is mediated by the gut microbial impact on the innate immune 
system through toll-like receptor 4 (TLR-4) and CD14 signaling (Cani et al. 2007).

6.3.3  Formation of Biofilms and Flagella

Sugar availability could also influence the genesis of flagellar structures and bio-
films (Di Rienzi and Britton 2019). Biofilm microbial populations were shown to 
significantly impair the intestinal epithelial barrier, affect cellular proliferation by 
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altering polyamine metabolism, enhance pro-inflammatory/pro-carcinogenic 
response, and exacerbate gut dysbiosis in experimental models (Li et  al. 2017). 
Bacterial flagella usually stimulate the host immune system by activating TLR5 
signaling. Still, its glycosylation due to excess consumption of sugars reduces TLR5 
recognition in opportunistic pathogens such as Burkholderia cenocepacia and 
enhances Clostridium difficile adhesion to epithelial cells (Hanuszkiewicz et  al. 
2014; Valiente et al. 2016). The presence of various dietary sugars affects metabo-
lism inside the gut bacterial cells, and the metabolites secreted into the gut are also 
altered.

6.3.4  High Sugar Consumption and Microbial Dysbiosis

High carbohydrate diets could promote Ruminococcaceae and Lachnospiraceae 
growth at the cost of Enterobacteriaceae and Bifidobacteria. Several animal studies 
have reported adverse health effects of high-dose fructose or glucose intake con-
cerning gut microbiota (Takahashi et  al. 2015). Analysis of the microbiomes of 
lactose-intolerant individuals or subjects with similar genetic conditions might illu-
minate dietary sugar and gut microbiome interactions (Goodrich et  al. 2016; 
Blekhman et al. 2015).

6.3.5  Sugars, Gut Microbiome, and Host Health

Sugars act as essential substrates for the survival of small intestine microbes as they 
possess more carbohydrate utilization genes than microbes of large intestine 
(Zoetendal et al. 2012). Repeated sugar consumption increases sugar transporters 
and carbohydrate metabolizing enzymes such as hydrolases in the host gut. 
Metagenomic studies in mice strengthened these claims fed a high-sugar/high-fat 
diet (Turnbaugh et al. 2009; Carmody et al. 2015). In an elegant study, germ-free 
(GF) mice that consumed high concentration (8%) sucrose solution had heightened 
expression of type 1 taste receptor 3 (T1R3) and SGLT1 than control mice in the 
epithelial cells of the intestine. The potential role of gut microbiota modulations in 
the carbohydrate metabolism pathways, leading to altered food consumption, 
energy homeostasis, and weight gain, was explored by researchers in the light of 
these transcriptional changes in the small intestine (Swartz et al. 2012).

Moreover, evidence shows that a diet high in sugars increases the abundance of 
Akkermansia spp., intestinal permeability, metabolic endotoxemia, inflammation 
(Jena et al. 2014), and hepatic fat accumulation, ultimately leading to hepatic steato-
sis without affecting body weight. This is in congruence with the normal-weight 
obesity observed in Asians that may play a vital role in developing metabolic disor-
ders (Do et al. 2018). Excessive intake of fructose also may predispose an individual 
to nonalcoholic fatty liver disease (NAFLD) by increasing uric acid generation via 
its metabolism by fructokinase. The pro-oxidative and pro-inflammatory uric acid 
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Fig. 6.1 Schematic representation of effect of sugar intake on gut microbiota and gut epithelium 
and consequent health outcomes

can increase gut permeability and endotoxemia, thus stimulating lipogenesis in the 
liver, progressing to NAFLD (Jensen et al. 2018).

Mechanistic studies established the role of high-sugar/high-fat (HS/HF) diet in 
the multifactorial etiology of Crohn’s disease (CD) through microbial dysbiosis. 
Human carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAMs) 
are abnormally expressed in individuals with CD. When transgenic mice expressing 
human CEACAMs were challenged with HS/HF diet, increased E. coli abundance 
was observed in gut microbiota with subsequent decrease in mucus layer thickness, 
intestinal permeability, and TNFα secretion, and induction of Nod2 and Tlr5 gene 
transcription. These modifications resulted in a higher ability of adherent-invasive 
E. coli (AIEC) bacteria to colonize the gut mucosal layer and to induce inflamma-
tion, potentiating CD pathogenesis and meriting the role of imprudent HS/HF diet 
(Martinez-Medina et al. 2014) (Fig. 6.1).

6.4  Proteins

Some dietary peptides and amino acids remain undigested in the host digestive sys-
tem and are metabolized by the microbiota. Excessive protein intake and dispersal 
constraints of brush-border enzymes might be responsible (Smith and Macfarlane 
1998). About 5–15 g of protein passes into the proximal colon daily and is digested 
by microbial populations (Conlon and Bird 2015). Remnants of protein digestion 
are acted up on by bacteria via bacterial proteinases and peptidases from species in 

6 Nutritional Modulation of Gut Microbiota Alleviates Metabolic and Neurological…



102

particular Clostridia, Propionibacterium, Prevotella, Bifidobacterium, and 
Bacteroides (Maukonen and Saarela 2015; Jandhyala et al. 2015) subsequently used 
to form microbial cell components. Therefore, dietary protein, proteolytic fermenta-
tion, and metabolites converge immensely to affect host health (Smith and 
Macfarlane 1998).

6.4.1  Source of Protein and Gut Microbial Framework

Several investigations promulgated the influence of the dietary protein source on gut 
microbiota (Lazar et al. 2019). Roseburia and Eubacterium rectale educed in abun-
dance on high-protein and low-carbohydrate diet with a subsequent decrease in the 
proportion of butyrate in feces (Russell et  al. 2011). Specifically, animal protein 
consumption was associated with an increased abundance of bile-tolerant anaer-
obes, for example, Alistipes, Bacteroides, and Bilophila, which have been allied 
with increased risk of IBD (Cotillard et al. 2013). Additionally, higher intake of red 
and processed meat has been linked to increased levels of trimethylamine N-oxide 
(TMAO), choline, betaine, lecithin, and L-carnitine, all of which are associated with 
cardiovascular diseases and T2DM. It is also associated with more significant DNA 
damage in the colonic mucosa, especially when the diet is deprived of fermentable 
carbohydrates (Toden et al. 2007).

l-carnitine associated with red meat intake needs a special mention in the imbro-
glio of the diet, microbial metabolite, and host health interactions. L-carnitine is 
metabolized by the gut microbiota to trimethylamine (TMA) and is converted to 
TMAO in the liver by flavin monooxygenases. Available evidence in mice and 
humans revealed that the ability to transform l-carnitine to TMA or TMAO was 
associated with the abundance of bacterial genera such as Prevotella, 
Deferribacteraceae, Anaeroplasmataceae, and Enterobacteriaceae (Koeth et  al. 
2013). Processed meat consumption may increase colorectal cancer risk in humans 
via the production of heterocyclic amines (Butler et al. 2003), colonic cytotoxicity, 
hyperproliferation, and bloom of mucin-degrading bacteria (Ijssennagger et  al. 
2015). Conversely, specific gut microbial species, for instance, lactic-acid- producing 
bacteria, can protect from host DNA damage and neoplasia by binding the hetero-
cyclic amines (Zsivkovits et al. 2003).

Evidence has shown that plant-derived proteins are linked with increased micro-
bial diversity (Singh et al. 2017) and lower mortality than animal-derived proteins 
(Levine et al. 2014). Bifidobacterium and Lactobacillus abundance and intestinal 
SCFA levels have increased, augmenting mucosal barrier integrity (Kim et al. 2014) 
with pea protein extract supplementation (Świątecka et al. 2011). Similarly, mung 
bean protein was observed to alter the HFD-induced F/B ratio and to increase the 
abundance of Ruminococcacea in an HFD mice model (Nakatani et  al. 2015). 
Evidence is also emerging that the quality and quantity of protein, cooking methods, 
and intake timing may affect the composition and diversity of gut microbiota (Yang 
et al. 2020a). For instance, fried meat was found to have C. hidtolyticum perfrin-
gens, a common food-borne pathogen compared to boiled meat in batch 
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fermentations (Shen et al. 2010). Recent work highlighted that soy protein intake 
potentiated microbiota diversity and SCFA production. Observed effects were rela-
tively more substantial when soy protein was consumed in the morning compared to 
the evening deliberating the effect of timing of exposure on microbiota (Tamura 
et al. 2020).

6.4.2  Amino Acids Influencing Gut Microbiota and Host Health

Functional amino acids such as tryptophan and glutamine might positively influ-
ence the gut microbiome-associated immune system—specifically, Lactobacilli 
spp. Utilize tryptophan as an energy source to generate aryl hydrocarbon receptor 
(AhR) ligands. This AhR agonist was found to limit central nervous system inflam-
mation offering protection against multiple sclerosis (Rothhammer et al. 2018). On 
the contrary, increased indole levels in a rat model enhanced the probability of brain 
malfunctions (Jaglin et  al. 2018). Indole is a metabolite of tryptophan from gut 
microbiota and a precursor of the AhR agonist indoxyl-3-sulfate (Schroeder 
et al. 2010).

Taurine being a necessary amino acid, besides nutritional roles, regulates neuro-
endocrine functions, has strong immunity-enhancing activities, and ameliorates 
intestinal inflammation. In immune-suppressed mice, taurine intervention reversed 
the reduction of Lachnospiraceae and Ruminococcaceae groups along with an 
increase in CD3+ cells (T cells), CD19+ cells (B cells), proving its immune potenti-
ating competency (Fang et  al. 2019). Taurine activates nucleotide-binding and 
oligomerization domain-like receptors (NLRs), especially NLRP6, an essential 
mediator of intestinal immunity and, therefore, can intimidate colitis severity (Levy 
et al. 2015). Taurine (165 mg/kg) in mice could regulate gut microecology by inhib-
iting the growth of pathogenic Helicobacter. This effect was shown to accelerate the 
production of SCFA and reduce LPS concentration (Yu et al. 2016). Similarly, 0.2% 
of taurine supplementation could restore the rice-field eel gut microbial dysbiosis 
induced by dietary oxidized fish oil (Peng et al. 2019).

6.4.3  Protein Metabolites in the Gut and Host Health

High-protein diets generally decreased the total SCFA production, in particular, of 
acetate and propionate, while branched-chain fatty acids (BCFA) such as isovaler-
ate and isobutyrate were increased in concentration. The enhanced concentrations 
of BCFA were correlated with increased Alistipes and Bacteroides relative abun-
dance. BCFAs are exclusively produced when gut bacteria ferment branched-chain 
amino acids. So, they are reliable biomarkers of protein fermentation. Interestingly, 
Bacteroidetes and Firmicutes species produce propionate and butyrate from peptide 
and amino acid fermentation (Shortt et al. 2018).

Spermidine/spermine, cadaverine, and putrescine are examples of polyamines 
exhibiting the governance of gene transcription and protein translation. Especially 
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the spermidine-elicited hyphenation modification of eukaryotic translation initia-
tion factor 5A (EIF5A) plays a crucial role. Besides, polyamines regulate metabolic 
functions and increase mitochondrial substrate oxidation. Enterocytes in the small 
intestine may utilize putrescine as an energy source. Polyamines protect the gut bar-
rier function and induce gut maturation and longevity, thus supporting gut physiol-
ogy. Abnormally increased concentrations of ammonia may lead to the development 
of malignant growths. Moreover, ammonia release incites inflammation, decreasing 
butyrate transporter expression and affecting butyrate uptake by colonocytes 
(Villodre et al. 2015). High ammonia concentration also decreases butyrate oxida-
tion in colonocytes, affecting intestinal barrier function (Anand et al. 2016).

Intestinal uptake of p-cresol was associated with cardiovascular risk in patients 
with chronic kidney disease (Gryp et al. 2017). Similarly, phenylacetylglutamine is 
another microbial metabolite from phenylalanine associated with cardiovascular 
disease risk (Poesen et al. 2016). Notably, tyrosine metabolite, 4-ethyl phenyl sul-
fate (4-EPS), can induce autism spectrum disorder (ASD)-like behaviors. However, 
on a positive note, Bacteroides fragilis administration can reduce this neurotoxic 
metabolite, thus mitigating anxiety-like behavior (Hsiao et al. 2013).

6.5  Fats

About 5–10 gm of lipid enters the proximal colon daily, mostly of dietary origin 
(Conlon and Bird 2015). Several human and animal studies have suggested that a 
high-fat diet considerably decreases the abundance of Lactobacillus and 
Bifidobacterium spp. and increases Clostridiales, Bacteroides, and Enterobacteriales 
(Drasar et al. 2007). Concerning the type of fat, a high monounsaturated fat (MUFA) 
intake did not affect any bacterial genus abundance, albeit reduced total bacterial 
abundance and plasma total and LDL cholesterol (Fava et al. 2013). Moreover, n-3 
PUFAs appear to alter gut microbial composition with a unique increase in 
Akkermansia spp. in favor of a lean phenotype (Bellenger et al. 2019).

6.5.1  High Intake of Fat, Microbial Dysbiosis, and Host Health

Araújo et al. (2017) reviewed the link between HFD and metabolic complications 
mediated by gut dysbiosis. Based on the randomized clinical trials, the pre- 
obesogenic mechanisms induced by HFD include intestinal dysbiosis, increased 
circulating levels of LPS in humans, decreased expression of antimicrobial peptides 
and gap junction proteins, and reduction in gut barrier integrity, ultimately leading 
to metabolic syndrome. The altered gut microbiota due to HFD is associated with 
reduced panteth antimicrobial peptides lysozyme, Reg III𝛾, elevated circulating 
inflammatory cytokines IFN𝛾, and TNF-𝛼 (Guo et  al. 2017). These insults are 
caused by HFD within a short period impacting gut microbiota composition (Kim 
et al. 2019).
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Saturated fat facilitates the conjugation of bile acids, expanding the abundance of 
Bilophila wadsworthia, which produces secondary bile acids, initiating barrier dis-
ruption and leading to colitis (Devkota et al. 2012). High-fat diet and gut dysbiosis 
might be a dual burden to T2DM who are already at risk for developing tuberculosis 
(Arias et al. 2019). Furthermore, high-fat-induced microbial dysbiosis is hypothe-
sized in neuroinflammation and cognitive decline, while the rationale elicits further 
exploration (Deshpande et al. 2019).

6.5.2  Impact of the Source of Fat on Gut Microbiota

The impact of the source of fat on gut microbiota was deliberated with divergent 
revelations. In animals, administration of lard fat increased Bacteroides and 
Bilophila, while fish-oil increased Bifidobacterium, Adlercreutzia, Lactobacillus, 
Streptococcus, and Akkermansia muciniphila. Further, lard expanded the systemic 
TLR activation and reduced insulin sensitivity compared to fish oil (Caesar et al. 
2015). A recent investigation noticed that taking virgin coconut oil (20%) for 
16 weeks did not decrease hyperglycemia in individuals with diabetes (Djurasevic 
et al. 2018). Novel fat sources are explored to alleviate the ill effects of saturated 
fats. On a promising note, rats supplemented with fullerene C60 olive/coconut oil 
solution for 12 weeks demonstrated gut microbiota compositional alterations toward 
that which could potentially improve lipid homeostasis, causing a reduction in 
serum triglycerides concentration (Đurašević et al. 2020).

6.6  Vitamins

6.6.1  Water-Soluble Vitamins

Expanded scientific evidence indicated that the gut Bifidobacterium and 
Bacteroidetes can synthesize several B vitamins (Hill 1997). Specifically, the phyla 
Fusobacteria, Bacteroidetes, and Proteobacteria possess essential pathways for 
synthesizing riboflavin and biotin, while Fusobacteria is equipped with B12 
production.

The gut microbiota utilizes dietary vitamins for their physiological functions and 
grants promising health benefits to the host. For example, F. prausnitzii utilizes 
riboflavin (vitamin B2) for extracellular electron transfer (Khan et  al. 2012). 
Antioxidant vitamins are now being investigated as new intervention means for 
treating dysbiosis. In a mechanistic human study, 100 mg/day of supplemental ribo-
flavin reduced fecal E. coli (Steinert et al. 2016). The bacterial synthesis of vitamins 
is affected by numerous factors. For example, during S. typhimurium infection, lec-
tin RegIIIb, an antimicrobial peptide of host mucosa, kills Bacteroidetes leading to 
decreased levels of vitamin B6, affecting remission of the disease (Sperandio 2017).
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6.6.2  Fat-Soluble Vitamins

Growing evidence indicates that vitamin A deficiency is linked to increased suscep-
tibility to infection due to the disruption of the mucosal barrier. The rationale 
implied a reduction in the relative proportion of Lactobacillus spp. Increase in 
E. coli, a bloom of Bacteroides vulgates, coupled with diminished MUC2 expres-
sion in the gut, downregulation of defensin expression, and upregulation of toll-like 
receptors and expression (Amit-Romach et al. 2009). Furthermore, the inhibitory 
effects of retinol on the Bacteroides vulgatus are potentially mediated by a reduc-
tion in levels of bile acid, such as deoxycholic acid, that inhibit its growth (Hibberd 
et al. 2017).

Prospective studies have helped elucidate other pathways by which vitamin A 
offers resistance to infections in the host. Vitamin deficiency is deemed responsible 
for the heightened susceptibility to Citrobacter infection, which induces the deple-
tion of vitamin A reserves in the liver (Spencer et al. 2014). Norovirus is a major 
cause of nonbacterial gastroenteritis in industrialized countries. On the other hand, 
excess of RA Salmonella increases in abundance owing to its resistance to antimi-
crobials, whereas protective commensal species such as Clostridia perish. 
Interestingly, commensals like Clostridium can suppress RA synthesis by intestinal 
epithelial cells (IECs). Thus, by reducing RA synthesis, commensal species limit 
Salmonella’s ability to alter the host immune response (Grizotte-Lake et al. 2018). 
Vitamin A and gut dysbiosis have recently been commonly associated with autism 
spectrum disorders (Liu et al. 2017).

The vitality of vitamin D for gut mucosal immune protection is elicited from a 
study in mice deficient in vitamin D, which exhibited diminished expression of 
Paneth cell defensins, mucin 2, and tight junction genes (Su et al. 2016). Furthermore, 
recommended vitamin D uptake in humans diminished the abundance of 
Coprococcus and Bifidobacterium and increased the Prevotella abundance along 
with a depletion in circulatory LPS levels (Luthold et  al. 2017). A recent study 
showed a dose-dependent increase in Akkermansia and Bacteroides and reduced 
relative abundance of Porphyromonas after vitamin D3 supplementation. These 
changes were associated with decreased inflammatory bowel disease incidence 
(Charoenngam et al. 2020). Zuo et al. (2019) showed that vitamin D intake was 
associated with a high prevalence of antihypertensive bacteria, including 
Pseudoflavonifractor, Paenibacillus, Ruminiclostridium, and Marvinbryantia. 
Recent studies have established the role of autoimmune diseases (Yamamoto and 
Jørgensen 2020) and radiation therapy in causing vitamin D deficiency by altering 
the gut microbiome and vitamin D receptor signaling pathways, indicating the need 
for supplementation (Huang et al. 2019).

Vitamin E could impact gut microbiota, but a considerable dearth of research in 
this area exists. In a recent study involving mice, alpha-tocopherol supplementation 
for 34 days revealed that a lower dose increased spleen and body weight. It reduced 
the ratio of Firmicutes to Bacteroidetes in the gut (Choi et al. 2020). Similarly, scar-
city also exists in explaining vitamin K and gut microbiota interactions.
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6.7  Minerals

Minerals are present abundantly in many food sources and play important roles in 
many biological processes of living organisms, including bacteria (Lordan et  al. 
2020). In food grains, these minerals are complexed with phytic acid and degraded 
by bacterial phytases in the gut (Sandberg and Andlid 2002).

High calcium (Ca) intake has a profound influence on epithelial cell proliferation 
and differentiation (Mariadason et al. 2001), inversely associated with colon cancer 
incidence (Keum et al. 2014) and obesity (Zhang et al. 2019). Diets rich in Ca favor 
the growth of Lactobacilli and maintain intestinal integrity (Gomes et al. 2015).

A recent mechanistic study established the role of adequate Ca intake in improv-
ing colon health by strengthening the gut barrier. When human coronoid cultures 
were maintained at1.5–3.0 mM of calcium, along with tight junction protein expres-
sion, a concomitant increase in the expression of desmosomal proteins cadherin-17 
and desmoglein-2 and increased desmosome formation was noticed, revealing the 
role of calcium in barrier integrity (McClintock et  al. 2020). Aquamin, calcium, 
magnesium, and the multi-mineral-rich natural product obtained from red marine 
algae has polyp prevention efficacy based on preclinical studies. In a recent elegant 
study, 30 healthy human participants (both males and females) were given an 
Aquamin (800 mg of calcium per day) for 90 days. Results revealed a change in 
microbial diversity, a reduction in total bacterial DNA load, bile acid levels, and an 
increase in short-chain fatty acids (SCFA), especially acetate. This study extols the 
safety and tolerance of Aquamin in healthy human participants as an effective 
dietary strategy for preventing colon polyp chemopreventive agents (Aslam 
et al. 2020).

Magnesium is involved in various physiological processes, for example, the 
relaxation of smooth muscle (Uberti et al. 2020). Magnesium deficiency is associ-
ated with decreased gut microbial diversity and increased incidence of chronic dis-
ease (Grober et al. 2015), including anxiety-like behavior in mice (Jørgensen et al. 
2015). A magnesium-rich marine mineral blend was associated with increased 
microbial diversity in adult male rats (Crowley et al. 2018). Inulin was associated 
with a higher abundance of Bifidobacterium in rats, increasing calcium and magne-
sium absorption in the gut. Proton pump inhibitors (PPIs) cause decreased micro-
bial diversity, defective mucus formation, and enhanced permeability in tight 
junctions and adversely affect ion reabsorption, especially magnesium ions. 
However, supplementation with prebiotic inulin fibers (20 g/d) can attenuate PPI- 
induced hypomagnesemia by stimulating gut microbes (Thursby and Juge 2017; 
Gommers et  al. 2019). Phosphorus supplementation (1000  mg/day) in humans 
improved gut microbial diversity and fecal SCFA concentration (Trautvetter 
et al. 2018).

Over the past few decades, there has been immense interest in iron supplementa-
tion in malnourished children, focusing on its impact on anemia (Fischbach et al. 
2006). Various mechanisms are hypothesized in explaining the symbiotic relation-
ship between host and native gut microbes during times of iron deficiency. It is 
proposed that commensal bacteria can facilitate iron uptake in the host via the 
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secretion of enterobactin (Ent), a siderophore (Qi and Han 2018). However, another 
established mechanism observes that Ent, with a high affinity for iron, scavenges 
iron from host mitochondria (Yilmaz and Li 2018), leading to the secretion of sid-
erocalin in the host, which binds and sequesters Ent to fight back this “iron piracy” 
(Golonka et al. 2019). These mechanisms warrant further elucidation. Recent work 
provides evidence of the cross talk between metabolism and gut microbiota, result-
ing in systemic iron homeostasis (Das et al. 2020).

Zinc is vital for conserving epithelial integrity (Ohashi and Fukada,2019), and 
deficiencies of zinc transporters were reported to alter the gut microbial structure 
(Mao et al. 2019). Mice’s neurobehavioral dysfunctions were brought on by oral 
exposure to zinc oxide nanoparticles (ZnONPs), which are often employed in the 
food industry and produce memory and spatial learning deficits and suppress loco-
motor activity.

The antimicrobial properties of copper (Cu) have been widely studied (O’Gorman 
and Humphreys 2012) and the use of Cu-coated surfaces to control nosocomial 
infections (Grass et al. 2011). A recent prospective observational study highlighted 
the importance of Cu in reducing the incidence of hand-transmitted healthcare- 
associated infections (Zerbib et al. 2020).

High salt intake is associated with high fecal salinity and linked to decreased 
diversity and depletion in anti-obese microbial members such as Akkermansia and 
Bifidobacterium, specifically B. longum and B. adolescentis (Seck et  al. 2019). 
When rats received 20% fructose in drinking water, and 4% sodium chloride, gut 
dysbiosis and a decreased ratio of F/B contributed to high blood pressure. 
Furthermore, high fructose and salt intake (HFS) increased serum triacylglycerol, 
renin, and angiotensin II, activating the intrarenal renin-angiotensin system. 
Therefore, gut microbiota-targeted therapy could effectively improve HFS-induced 
hypertension (Chen et al. 2020b).

6.8  Dietary Fiber

Dietary fibers are classified as fermentable and non-fermentable according to their 
fermentability by microbes in the gut (Dhingra et al. 2012). Examples of poorly 
fermented fibers are cellulose, lignin, and psyllium, which are insoluble fibers. 
Pectins and β-glucan are highly fermentable, soluble, and viscous. The gut micro-
biota quickly ferments nonviscous soluble fibers such as resistant starches, inulin, 
maltodextrins, fructo, and galactooligosaccharides (Holscher 2017). A novel hierar-
chical classification of dietary fibers based on their selectivity to gut microorgan-
isms was recently proposed by Cantu-Jungles. Fibers such as FOS and inulin which 
are highly accessible and can be utilized by many colonic microbes are named low- 
specificity fibers and are placed at the top of the hierarchy. On the other hand, insol-
uble glucans, which have structural properties that only a few bacteria can use, 
would serve as an example of high-specificity fibers positioned at the bottom of the 
hierarchy (Cantu-Jungles and Hamaker 2020).
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Previous literature showed that several intestinal bacterial taxa, including 
Firmicutes, Bacteroides, and Bifidobacterium, utilize fructan (Chijiiwa et al. 2020). 
The growth of Bacteroides was found to be promoted by soluble dietary fiber from 
Lentinula edodes (LESDF) fraction 3 with branched-chain structure, while fraction 
two increased production of propionic and butyric acid, demonstrating the impact of 
fiber structure on microbial diversity and metabolite production (Xue et al. 2020).

Colonic microorganisms ferment fiber and prebiotics resistant to digestion in the 
small intestine to create short-chain fatty acids (SCFAs) butyrate, propionate, and 
acetate (Zmora et al. 2019). SCFAs produced by gut bacteria mediate most health 
benefits conferred on dietary fiber.

6.9  Biological Effects of SCFAs

6.9.1  SCFAs and Host Mucus Production

Dietary fibers and SCFAs stimulate mucus production, increasing mucosal thick-
ness and reducing bacterial translocation and infection (Schroeder et  al. 2018). 
Hypoxia-inducible factor (HIF) promotes mucus production, and SCFAs are essen-
tial for maintaining the stability of this transcription factor (Kelly et  al. 2015). 
Faecalibacterium prausnitzii reduces the impact of acetate on mucus, thus prevent-
ing the overproduction of mucus and helping to maintain the integrity of the gut 
epithelium (Wrzosek et al. 2013). Furthermore, fiber deprivation in the diet facili-
tates some gut bacteria to use host mucin glycans (Sonnenburg et  al. 2005). A 
changed gut flora brought on by a reduced mucus layer can increase vulnerability to 
infections and the onset of chronic diseases (Zou et al. 2018).

6.9.2  SCFAs and Histone Deacetylase

Propionate and butyrate manifest inhibition of histone deacetylases (HDAC), a mol-
ecule that could suppress pro-inflammatory effects. HDAC deregulation is linked to 
several diseases, including cancers, neurological disorders, and diabetes. Therefore, 
HDAC inhibition is one mechanism by which SCFAs impact gene expression regu-
lation with important implications for health (Koh et al. 2016).

6.9.3  SCFAs in Glucose Homeostasis and Appetite Control

SCFAs, notably butyrate and propionate, tether to GPR-43 and GPR-41 on the 
enteroendocrine L cells, which can stimulate the secretion of peptide YY (PYY) and 
glucagon-like peptide-1 (GLP-1) resulting in reduced appetite and improved glu-
cose homeostasis in the host. Amplified expression of GPR41 in white adipose tis-
sue stimulates leptin production in adipocytes mediated through propionic acid. 
Leptin, an anorexigenic hormone, suppresses food (Allin et al. 2015).
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SCFAs are absorbed via the portal vein and metabolized in the liver. Predominantly, 
acetate enters the peripheral circulation and mediates energy homeostasis mecha-
nisms. In white adipose tissue, SCFAs decrease fat storage and reduce lipolysis, 
leading to reduced plasma-free fatty acids levels. In brown adipose tissue, SCFAs 
enhance thermogenicity. In skeletal muscle, SCFAs increase the capacity for lipid 
oxidation by enhancing the development of type 1 muscle fibers. These facts clarify 
the immense role of SCFAs in energy homeostasis (Sukkar et al. 2019).

6.9.4  SCFAs and Tight Junction Proteins

A loss of intestinal epithelial integrity called “leaky gut” may have severe conse-
quences for health. Circulating SCFAs from gut microbiota enhance the production 
of gut epithelial proteins of tight junction occludin and claudin-5, thus strengthen-
ing the blood-brain barrier (BBB), thereby limiting the entry of undesirable metabo-
lites into brain tissue and thus bestowing neuroimmune integrity (Sampson and 
Mazmanian 2015).

6.9.5  SCFAs and Protection from Susceptibility to Infections

Infections such as influenza appear to affect gut microbiota structure and amend the 
production of SCFAs. The altered microbiota could favor superinfection post- 
influenza. Administration of acetate reduces an individual’s proneness to secondary 
bacterial infection by restoring the alveolar macrophage activity, and receptor 
FFAR2 protects against bacterial superinfection (Sencio et al. 2020).

6.10  Types of Fiber and Effects on Gut Microbial Diversity

Recent investigations on different sources of fiber proved their prebiotic effects. 
Fiber from sweet potato residue (SPDF), Hibiscus sabdariffa (Hb) calyces, Agave 
fructans (AF) and oligofructans (OF), and carrot dietary fiber (CDF) in in vitro and 
in vivo studies increased the abundance of Bifidobacterium and Lactobacillus, with 
an associated increase in the concentration of butyrate and propionate while decreas-
ing Enterobacillus, Clostridium perfringens and Bacteroides. Specifically, SPDF 
supplementation resulted in a higher villus length to the fossa deepness ratio, sug-
gesting enhanced utilization in the GI tract. Additionally, bound phenols present in 
Hibiscus sabdariffa (Hb) calyces and CDF were found to be instrumental in the 
fermentation and add to the antioxidant properties of these fibers (Liu et al. 2020a; 
Sáyago-Ayerdi et al. 2020).

Besides soluble fibers, some insoluble fibers also seem to exhibit prebiotic 
effects. Fiber from soya hulls dietary fiber (SHDF) markedly altered the structure of 
the fecal microbiota community, specifically beneficial microbes, which supports 
SHDF as a novel gut microbiota modulator for beneficial health effects (Yang et al. 
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2020b). The symbiotic effect was explored in a recent human intervention trial 
involving 24 healthy volunteers, which evaluated the impact of fermented salami 
(30 g) with a probiotic Lactobacillus rhamnosus HN001 with added citrus fiber. 
After intervention for 4  weeks, higher abundances of butyrate-producing gut 
microbes were observed, along with a significant decrease in the inflammatory 
markers CRP and TNFα (Pérez-Burillo et al. 2020).

6.11  Fiber and Host Health

6.11.1  Type2 DM

Various fermentable fibers impact gut microbiota and glycemic control 
(Adeshirlarijaney and Gewirtz 2020). T2DM is generally associated with a reduced 
abundance of A. muciniphilia and E. rectale. Inulin fiber has the potential to increase 
levels of A. muciniphilia and restore the protection against inflammation and hyper-
glycemia. Similarly, resistant starch type 4 from maize might help correct the dys-
biosis exhibited in T2DM (Deehan et al. 2020).

Several fibers from foods are extensively studied for their effect on T2DM medi-
ated through gut microbes. Some recently investigated ones include medicinal 
mushroom Phellinus linteus polysaccharide extract (PLPE), barley soluble and 
insoluble fibers, and polysaccharide-rich extracts from Apocynum venetum leaves 
and rice bran dietary fiber (RBDF), all proved to reverse insulin resistance. The 
mediated mechanisms are increased SCFAs by enhancing the abundance of SCFA- 
producing bacteria, improved intestinal barrier function, and reduced systemic 
inflammation (Liu et al. 2020b; Li et al. 2020; Yuan et al. 2020).

6.11.2  Obesity and Metabolic Syndrome

Arabinoxylan oligosaccharides (AXOS) intake increases the proportion of butyrate 
producers in the gut microbiota, which could modulate parameters related to meta-
bolic syndrome (Kjølbæk et al. 2020). Recently, processed fibers are gaining popu-
larity owing to their potential to reduce obesity and related disease occurrence. The 
unique attribute of cellulose nanofiber (CN) to form highly viscous dispersions in 
water echoes its similarity with soluble dietary fibers (DFs) having glycemic con-
trol. It was observed that 0.2% CN intake reduced obesity induced by a high-fat diet 
(HFD) along with a shift of gut microbiota composition with pronounced 
Lactobacillaceae (Nagano and Yano 2020a). Additionally, CN intake and exercise 
suppressed the weight gain, increased fat mass, and improved blood glucose con-
trol. Exercise alone increased Ruminococcaceae prevalence, whereas a combination 
of exercise and CN intake increased Eubacteriaceae, key butyrate producers 
(Nagano and Yano 2020b). Gut microbiota could protect against triptolide (TP) 
through propionate production. Supplementing with propionate significantly 
reduced the expression of genes involved in the biosynthesis pathway of fatty acid 
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(Srebp1c, Fasn, and Elovl6), which results in decreased long-chain fatty acids in the 
liver. Therefore, propionate supplementation could be a plausible clinical strategy to 
minimize toxicity induced by drugs (Huang et al. 2020).

6.11.3  Musculoskeletal Health

Tendons, bones, cartilage, and joints may be impaired by early changes in muscle 
integrity (Collins et  al. 2018), leading to musculoskeletal-related conditions. A 
high-fat or high-sucrose diet, a risk factor for obesity, could cause similar musculo-
skeletal damage (Collins et  al. 2016). A combination of prebiotic oligofructose 
supplementation, aerobic exercise, and separate administration of these interven-
tions prevented knee damage associated with obesity in rats (Rios et al. 2019).

6.11.4  Colonic Health and Colon Cancer

According to data from earlier studies, gut microbiota may play a causal role in 
developing and spreading colorectal cancer. Jujube polysaccharides (JP) and the gut 
microbiota composition were the subjects of a recent study. In animal models, the 
fiber in jujube fruits has been found to inhibit cancer development. By easing coli-
tis, challenging with JP prevented colon cancer and significantly decreased the 
Firmicutes/Bacteroidetes ratio (Ji et al. 2020).

6.11.5  Secondary Responses to Fiber Consumption

Some studies have also shown the flip side of fiber and gut microbiota interactions. 
One report has indicated that fiber-derived butyrate promoted tumorigenesis by 
inducing stem cell generation (Belcheva et al. 2014). Similarly, refined inulin due to 
processing errors may increase the risk of hepatocellular carcinoma. However, these 
observations need validation in humans (Vijay-Kumar 2020). Eating more fiber for 
beneficial health effects has encouraged manufacturers to fortify processed food 
that is otherwise nutritionally deprived with refined dietary fibers (Singh and Vijay- 
Kumar 2020). Due to vigorous food processing methods, the so-called nutritious 
fiber is converted to refined fibers with a nullified impact on gut biotics (Payling 
et al. 2020).

6.12  Probiotics

Probiotics are beneficial microbes that benefit the host when consumed sufficiently. 
Fermented foods like cultured milk products and sauerkraut appear to influence the 
gut microbiota by producing cytokines such as IL-10 (Foligné et al. 2016) (Fig. 6.2).

M. Rajeswari et al.



113

6.12.1  Probiotics and Metabolic Disorders

A well-appreciated study promulgated the impact of 3–12  weeks-long probiotic 
supplementation in obese subjects (Borgeraas et al. 2018). The mechanism of action 
for the weight reduction properties of probiotic supplementation was hypothesized 
as remodeling of energy metabolism, altered glucose and lipid metabolism genes, 
reduced endotoxin release, lowered inflammation, and change in the parasympa-
thetic nerve activity. A recent elegant study revealed decreased Bacteroidetes-to- 
Firmicutes ratio and obesity parameters up on supplementation of Mediterranean 
diet (MD) along with Bifidobacterium longum and Lactobacillus rhamnosus as pro-
biotics indicating the efficacy of probiotics (Pellegrini et al. 2020).

6.12.2  Probiotics and Gut-Brain Axis Imbalance 
and Cognitive Decline

Probiotic intervention counteracts Alzheimer’s disease AD progression by affecting 
glucose homeostasis by causing restoration of the brain levels of the glucose trans-
porters, reducing Tau phosphorylation by modulating protein kinase B (pAkt) and 
by decreasing advanced glycation end products (Bonfili et al. 2020).
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Fig. 6.2 Schematic representation of the impact of different probiotics and their combinations on 
health conditions
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A recent study in mice exemplified the benefits of ProBiotic-4 composed of 
Lactobacillus casei, Bifidobacterium lactis, Lactobacillus acidophilus, and 
Bifidobacterium bifidum administration in improving memory deficit and fecal 
microbiota composition. Additionally, a decrease in histone-2AX phosphorylation 
and abrogation of RIG-I oxidative DNA damage markers were observed, indicating 
the role of ProBiotic-4 in brain function (Yang et al. 2020c).

6.12.3  Probiotics and Colon Cancers

Probiotic Clostridium butyricum was shown to inhibit excessive fat-induced can-
cers in the intestine. The profound effects of C. butyricum on intestinal tumor cells 
include decreased proliferation and increased apoptosis, decreased pathogenic and 
biotransforming bacteria, and increased SCFA-producing bacteria, thus proving the 
potential efficacy of butyrate-producing bacteria against cancers (Chen et al. 2020a). 
In a unique study, the gut microbiota of mice undergoing chemotherapy exhibited 
bacterial dysbiosis leading to intestinal mucositis. When supplemented with mice, 
probiotic strains were found to increase Enterobacteriales and Turicibacterales, 
along with reduced bacterial translocation, thus proving efficacy in intestinal muco-
sitis (Yeung et al. 2020).

6.12.4  Probiotics and Other Diseases

Mice were used to examine the effects of probiotics on the makeup of the gut micro-
biota and glucocorticoid-induced osteoporosis (GIO). Lactobacillus reuteri (LR), a 
probiotic, reduced trabecular bone loss in mice treated with prednisolone while 
reversing the inhibition of Wnt10b in bone. Finally, it was determined that GIO was 
prevented by bone-specific Wnt10b overexpression (Schepper et al. 2020). A recent 
systematic review revealed that there is still no evidence to recommend probiotics 
to treat constipation in children and adolescents despite probiotics’ positive effects 
on specific characteristics of the intestinal habitat.

6.13  Polyphenols

The association between dietary polyphenols and human health has been receiving 
attention due to their illustrious antioxidant capacity, the protection offered to 
mucosa architecture, and the enrichment of the environment for commensal gut 
microbial blossom. Dietary polyphenols are conjugated to various lipids, organic 
acids, and sugars hydrolyzed by the colonic microbiota into absorbable metabolites 
with various health benefits (Marín et al. 2015). A supplemental dose of 396 mg/d 
of polyphenols was recommended to stimulate the growth of probiotics and decrease 
possible pathogens in the human gut without affecting other significant microbes 
(Ma and Chen 2020).
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Fig. 6.3 Summary of health effects of different polyphenols mediated through gut microbiota

6.13.1  Dietary Polyphenols and Gut Microbiota

Dietary polyphenols were shown to hinder bacterial quorum sensing, improve 
membrane permeability, and increase the susceptibility of bacteria to xenobiotics 
(Di Meo et al. 2020) (Fig. 6.3).

6.13.2  Quorum Quenching (QQ) Mechanism

Flavonoid compounds can interfere with microbial cross-communication, causing 
an anti-biofilm effect. Quorum quenching (QQ) interferes with the microbial com-
munication process of quorum sensing (QS), which involves the constant release of 
signaling molecules into the environment. Well applauded for its anti-inflammatory 
and anticancer properties, curcumin also exerts quorum quenching, portraying anti-
bacterial effects (Kali et al. 2016; Packiavathy et al. 2014). Other dietary polyphe-
nols that exhibited decreased QS were flavonoids from Centella asiatica (Vasavi 
et al. 2016), Ananas comosus extract, Musa paradisiacal water extract (Musthafa 
et al. 2010), grapefruit extract containing furocoumarins (Girennavar et al. 2008), 
and orange extract that is rich in flavones (Vikram et al. 2010). Polyphenols bind 
bacterial cell membranes and thereby modify membrane permeability affecting 
their growth.
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6.13.3  Dietary Polyphenols and Gut Microbiota-Associated 
Health Benefits

Polyphenols prevent using macronutrients to increase energy uptake, and many 
have been found to decrease nutritional absorption in the gastrointestinal tract. 
Other important functions of polyphenols concerning energy homeostasis include 
the regulation of glucose homeostasis, repression of lipid synthesis, increased ther-
mogenesis, fat oxidation, and fecal excretion of lipids (Van Hul and Cani 2019). 
Resveratrol is now considered as potential AMPK activator. Several preclinical 
investigations have established that A. muciniphila affluence is inversely associated 
with lifestyle diseases (Pierre et  al. 2013). Berry phenolic acid consumption 
increased probiotic microbiota associated with anti-inflammatory functions 
(Lavefve et  al. 2020). Long-term consumption of anthocyanins from Lycium 
ruthenicum Murray (ACN) could promote healthy microflora in the gut coupled 
with antioxidant and anti-inflammatory functions (Peng et al. 2020). The glycosidic 
form in plants is transformed into resveratrol in the gut by the action of 
Bifidobacterium infantis and Lactobacillus acidophilus (Basholli-Salihu et  al. 
2016). Akin to this, E. coli converts curcumin to tetrahydrocurcumin, an active 
metabolite with greater antioxidant activity than curcumin and potent anti- 
inflammatory and neuroprotective functions (Di Meo et al. 2019) (Fig. 6.4).
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6.14  Conclusions and Future Perspectives

Nutrient-host-microbe interactions are complex, and this novel area has emerged as 
one of the notable areas of microbiomics yielding enticing contributions to illness 
and health. Now, escalating evidence advocates that diet impacts the abundance of 
gut microbes and their synthesis of metabolic by-products. Research in this field has 
expanded beyond individual nutrients to whole foods, dietary patterns, diet quality, 
and food processing methods. Recently, dietary patterns, including Mediterranean, 
vegan, Nordic, and low FODMAP, have been widely studied, but divergent out-
comes anticipate further exploration. With the advent of food technology, along 
with the food, we also partake in various nonnutritive sweeteners, colors, preserva-
tives, pesticides, and nano-sized foods. The influence of these factors on gut 
microbes needs further exploration. The analysis of the metabolic impact of dietary 
patterns presents unique challenges, as it encompasses several food items, diet- 
derived compounds, and numerous individual-based endogenous metabolic pro-
cesses. The influential roles of the human microbiota should be probed from nadir 
to zenith to facilitate microbiome-based dietary treatment strategies scalable for 
personalized preventive medical nutrition therapy.
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Abstract

Hepatocellular carcinoma (HCC) is the world’s third most prevalent cause of 
cancer-related mortality. HCC frequently occurs in patients with chronic liver 
diseases, and it is triggered by a vicious cycle of liver damage, inflammation, and 
regeneration. Current research showcases that the bacterial microbiome has an 
indispensable part in fostering the development of HCC and associated liver dis-
orders. This chapter will explore the mechanisms by which the gut microbiota 
triggers the progression of hepatocarcinogenesis and associated liver disorders, 
with a particular emphasis on obesity, alcoholic liver disease, metabolic- 
associated alcoholic fatty liver disease, cirrhosis, and HCC. The pertinent mech-
anisms, encompassing bile acids, Toll-like receptors, mycotoxicosis, and immune 
checkpoint inhibitors, facilitating the progression of such maladies are covered 
as well. Furthermore, several prospective highlights for the diagnosis and treat-
ment interventions are presented, which may be used in future clinical settings 
for combating HCC.  Based on preclinical accomplishments, we highlight the 
gut-microbiota-liver axis as an intriguing target for the concurrent prevention of 
chronic liver disease progression and HCC induction.
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7.1  Introduction

Hepatocellular carcinoma (HCC) is one of the most lethal malignancies in develop-
ing countries. On an annual basis, these primary liver tumors inflict roughly 600,000 
deaths worldwide (Mir et  al. 2021). It is a highly destructive malignancy with a 
dismal prognosis and survivability. Among all cancer types, HCC is the sixth most 
prevalent type of cancer and the third largest cause of cancer-related mortality 
across the globe. HCC incidences are triggered by long-term liver complications 
such as cirrhosis, endemic HBV/HCV infections, metabolic-associated fatty liver 
disease(MAFLD), aflatoxin exposure, and alcohol-related liver diseases 
(Chakraborty and Sarkar 2022). HCC is more frequently brought on by HCV infec-
tion in the United States, but HBV-associated liver cancer is more commonly seen 
in Asia and developing nations (Mir et al. 2021, 2022). From the molecular perspec-
tive, HCC is characterized by improperly coordinated signal transduction mecha-
nisms that encourage tumor growth, progression, and metastasis upon interacting 
with the tumor microenvironment. Compared to women, men experience it more 
frequently. According to research, gender disparities in the development and pro-
gression of HCC are influenced by the reinforcing effect of androgens and the pro-
tective effect of estrogen (Li et  al. 2019). Despite recent advancements in its 
treatment, the prognosis of HCC patients remains uncertain. Early diagnosis, prog-
nosis, and therapy boost the likelihood of survival, whereas later phases only have 
access to palliative care. The life span of HCC patients relies on the stage of the 
tumor at diagnosis. A 5-year survival rate is attainable with early diagnosis and 
effective therapy, even though some months in the advanced stage are anticipated.

If HCC is diagnosed early, it can be managed more efficiently (Mir et al. 2022). 
There are several treatment options available, including liver transplantation, abla-
tion, resection, chemotherapy, and radiation therapy. However, at the advanced 
stage, sorafenib is implemented as a prototype therapy that affects the receptors of 
vascular endothelial growth factor (VEGF) and platelet-derived growth factor 
(PDGF), thereby inhibiting angiogenesis and metastasis (Mir et al. 2021). The FDA 
approved cabozantinib in the year 2019 for use as an alternate therapy for 
HCC.  Cabozantinib is a multi-tyrosine kinase inhibitor that targets the tyrosine- 
protein kinase Met (c-MET), the vascular endothelial growth factor receptor 2 
(VEGFR2), and the tyrosine kinase receptors AXL and RET (Zhang et al. 2020). 
Several therapeutic agents that block the kinase activity and immunoglobulins tar-
geted at various sites of interest are now being studied for HCC treatment. However, 
considerable research is needed to comprehend the molecular mechanisms underly-
ing therapeutic benefits and escape or resistance mechanisms in HCC (Mir et al. 
2021). Given the complex pathophysiology of HCC, existing therapies continue to 
fall short of patient expectations.
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The microbiome impacts key biochemical, inflammatory, and immunological 
processes, and it is vital in many gastrointestinal and liver pathologies. Recent 
experimental studies have demonstrated that the microbiome serves a significant 
part in the progression of hepatocarcinogenesis. Dysfunctions of the gut bacterial 
flora have a profound impact on liver damage. There is mounting evidence that 
dysbiosis has a role in the emergence of obesity, metabolic illness, chronic liver 
disease (CLD), and hepatocarcinogenesis (Schwabe and Greten 2020). The micro-
biome does not actively communicate with the liver. However, the liver and the gut 
are anatomically interconnected (Anstee et al. 2019). It has been demonstrated that 
the gut microbiota and the metabolites of the gut microbiota contribute significantly 
to the development of hepatocarcinogenesis and its intervention. For example, 
deoxycholic acid (DCA), a secondary bile acid produced by bacteria, and lipotei-
choic acid (LTA), a component of Gram-negative bacteria’s cell walls, co-activated 
formulation of prostaglandin-endoperoxide synthase 2 or cyclooxygenase-2 
(COX-2) in senescent hepatic stellate cells (HSCs) to enhance PGE2-mediated 
blockade of antitumor immunity, inducing hepatocarcinogenesis (Loo et al. 2017). 
It has been established that products originating from the gut microbiota can alter 
hepatic immunity and inflammation to influence the progression of nonalcoholic 
steatohepatitis (NASH) and virus-induced HCC (Schwabe and Greten 2020). To 
prevent the passage of luminal contents, such as intestinal microorganisms, inside 
the body, a solitary sheet of epithelial cells in the intestines acts as a physical barrier. 
It is noteworthy that individuals with CLDs comprising alcoholic hepatitis, cirrho-
sis, and hepatocellular carcinoma have greater serum lipopolysaccharide (LPS) 
concentration than normal individuals, indicating enhanced gut epithelial barrier 
permeability. Additionally, a study on animals revealed that chemical alteration of 
this barrier stimulates the development of hepatic tumors (Komiyama et al. 2021). 
As a result, increased intestinal permeability has been linked to tumor development 
in people with CLDs. In another study, the taxonomic richness in fecal samples was 
higher in liver cancer individuals that responded to anti-programmed cell death pro-
tein 1 (PD-1) treatment than in nonresponders (Zheng et al. 2019). Apart from that, 
patients who responded to treatment had higher concentrations of the 
Ruminococcaceae spp. and Akkermansia muciniphila, whereas nonresponders had 
higher levels of Proteobacteria.

A recurring trend in numerous animal models examining the impact of dysbiosis 
on hepatocellular carcinoma is that treatment of a combined approach of a wide 
range of antibiotics resulted in gut sterilization and a decline in tumor volume, as 
well as the prevention of HCC progression (Rattan et al. 2020). In order to combat 
dysbiosis and demonstrate a reduction in HCC growth, probiotics have also been 
employed in murine HCC models. To improve the patient’s prognosis, it is crucial 
to diagnose HCC as soon as possible. Because of the noninvasiveness, high efficacy, 
and accuracy of gut microbiota, it is advantageous in the diagnosis of disease. In 
addition, more and more research points to the potential use of gut microbiota as a 
biomarker for a broad range of diseases, including liver cirrhosis (Kang et al. 2021). 
The gut microbiome and the HCC tumor microenvironment are two complicated 
systems that may be explored with greater precision because of advances in human 
microbiome research.
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The current chapter first outlines existing findings that explored the role of intes-
tinal microbiota in the incidence and progression of HCC. Then, we focused on gut 
microbiota-mediated HCC treatment and early detection. Some potential highlights 
for diagnosis and treatment are presented, which might be employed in future clini-
cal applications.

7.2  The Gut Microbiota

The intestine is a vital organ of the body that facilitates digestion and absorption. It 
is one of the primary immune organs involved in the management of normal bodily 
functions. The accomplishment of intestinal operation is greatly aided by the occur-
rence of diverse microbes in it. The “gut microbiota” is a collection of microorgan-
isms that populate the intestine, comprising bacteria, archaea, eukarya, viruses, and 
parasites. According to studies, the GI tract is home to more than 1014 microorgan-
isms, having approximately 100 times as much genomic material as the human 
genome and about ten times more bacterial cells than human cells (Thursby and 
Juge 2017). Because of the occurrence of a large number of bacterial cells living 
synergistically within the human body, humans are also referred to as superorgan-
isms (Gill et al. 2006). The host receives several perks from the microbiota through 
a variety of physiological mechanisms, such as improved gut integrity, safeguarding 
against infections, and modulation of host immunity. However, these mechanisms 
may be impaired as a result of a change in microbial balance, a condition referred to 
as dysbiosis. As more advanced methods for evaluating and analyzing complex eco-
systems emerge, a role for the microbiome in a wide range of intestinal and extrain-
testinal ailments has become abundantly evident (Thursby and Juge 2017).

Firmicutes and Bacteroidetes are the most prevalent phyla of gut bacteria, 
accounting for 90% of the gut microbiota, followed by Actinobacteria, Proteobacteria, 
Fusobacteria, and Verrucomicrobia. The Firmicutes phylum has about 200 distinct 
genera, including Lactobacillus, Bacillus, Clostridium, Enterococcus, and 
Ruminococcus. Clostridium genera account for 95% of the Firmicutes phyla. 
Bacteroidetes include prominent genera such as Bacteroides and Prevotella 
(Rinninella et  al. 2019). A steady increase in microbiota concentration can be 
observed throughout the gastrointestinal tract, with low concentrations in the stom-
ach and exceptionally high concentrations in the colon. Only 101 bacteria per gram 
are present in the stomach, but higher densities and more diverse bacterial popula-
tions can be found in the duodenum (103/g), jejunum (104/g), ileum (107/g), and 
colon (1012 bacteria/gram) (Dieterich et al. 2018). The diversity of bacteria in the 
small intestine is less extensive than in the colon. The small intestine’s bacterial 
density is constrained by the O2 gradient, antibacterial proteins, bile acids, and 
hydrogen ion concentration. As a result, rapidly developing facultative anaerobes, 
primarily Lactobacillaceae and Enterobacteriaceae, predominate in this scenario 
(Luo et al. 2022). Given the presence of bile and digestive enzymes along with the 
swift passage of food, the duodenum is an adverse environment for microbial sur-
vival, and only a minimal number of distinct bacteria may be located therein. The 
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Fig. 7.1 The localization and richness of bacteria in the human gastrointestinal tract

duodenum predominately comprises microorganisms from three phyla: Firmicutes, 
Proteobacteria, and Actinobacteria. The jejunum is inhabited by a diverse and dense 
colony of Gram-positive aerobic and facultative anaerobic bacteria. The ileum, on 
the other hand, has an ileal bacterial density of up to 109 CFU/mL and a predomi-
nance of anaerobic bacteria. These bacteria include Enterococcus, Bacteroides, 
Lactobacillus, Clostridium, and Corynebacteria (Luo et al. 2022). The most afflu-
ent microbial community is by far found in the large intestine (Fig. 7.1), which has 
sluggish flow rates and a pH range of neutral to mildly acidic. It is dominated by 
obligate anaerobic microorganisms (Rinninella et al. 2019).

7.2.1  The Intestinal Epithelial Barrier

A symbiotic interaction between the host and microbiota is established on the strict 
segregation of bacterial entities from the host chamber. A properly maintained, mul-
tilayer barrier facilitates this partitioning in the intestines (Pradere et al. 2010). This 
barrier depends on a healthy epithelial lining consisting of a mucus layer, Paneth 
and goblet cells, lymphatic tissue, and several released substances like antibodies 
and defensins. Because of the frequent variations in the luminal constituents of the 
intestines and the fast epithelial cell turnover, the gut barrier is a quick-reacting, 
highly changing structure. Paneth cells secrete antimicrobial peptides that control 
the microbiota through the frequent sampling of gut microbes by specialistic 
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epithelial cells known as M cells; conversely, the microbiome regulates the intesti-
nal barrier and epithelial cell proliferation (Peterson and Artis 2014).

In this intricate system, bile acids play a crucial role in modulating the function 
of the epithelial barrier and the proliferation of intestinal epithelial cells through the 
signal transduction pathways controlled by the farnesoid X-activated receptor 
(FXR) and the epidermal growth factor receptor (EGFR) (Dossa et al. 2016). A vital 
interaction between the liver, bacteria, and the gut is maintained via bile acids. Bile 
acids are generated in the hepatic system and then processed by bacteria. IECs, 
which are intestinal epithelial cells, express the FXR receptor, which senses the bile 
acids and communicates the information to the liver through the FGF19 receptor 
(Modica et al. 2012). The diversity of the intestinal microbiome and the integrity of 
the intestinal barrier are significantly impacted by acute and CLDs, respectively, 
contributing to dysbiosis and a leaky gut. Numerous studies evaluating intestinal 
permeability in patients with chronic liver abnormalities that could potentially lead 
to cirrhosis have been published (Pijls et al. 2013). Several mechanisms that lead to 
the breakdown of the intestinal barrier and the emergence of a leaky gut are most 
likely multifaceted. Some of the mechanisms that promote this aberration include 
bile acid secretion, dysbiosis mediated by bacteria, and a surge in the secretion of 
inflammatory cytokines.

Recent research has revealed significant changes in the intestinal microbiota of 
cirrhotic patients, including an increase in Enterobacteriaceae as well as strains 
commonly found in the oral microbiota, such as Veillonellaceae and 
Streptococcaceae. Simultaneously, the prevalence of useful bacteria in the gut, 
such as Lachnospiraceae, is diminishing. The cirrhosis stage is favorably corre-
lated with Enterobacteriaceae and negatively correlated with Lachnospiraceae 
(Yu and Schwabe 2017). The present knowledge of the mechanisms regarding the 
changes in the gut microbiota in patients with liver disorders is still lacking and 
hampered by a number of factors. To understand how dysbiotic microbes contrib-
ute to liver disease, well-designed functional investigations are required. Not only 
must dysbiosis be validated as a factor of liver disease development and progres-
sion, but it must also be determined whether dysbiosis contributes to gut leakiness 
in CLD patients.

7.2.2  Effect of Intestinal Microbiome on HCC Progression

The advancement of HCC is aided by aberrations such as cirrhosis, nonalcoholic 
fatty liver disease, adiposity, and nonalcoholic fatty liver disease (Fig. 7.2). The fol-
lowing section will go through what is currently known about gut flora in these 
circumstances.

7.2.3  Obesity

Intestinal microbiomes are essential for controlling how much energy is extracted 
from the diet, which in turn impacts obesity. Studies utilizing GF mice, which are 
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Fig. 7.2 The progression of HCC and its management using the gut microbiome. 
Hepatocarcinogenesis is triggered by long-term liver comorbidities such as ALD, MAFLD, NASH, 
and cirrhosis. This is facilitated by gut dysbiosis, which yields microbial byproducts, notably bile 
acids and lipopolysaccharides. The gut barrier can be strengthened and HCC progression impeded 
by altering the gut microbiota with probiotics, prebiotics, antibiotics, or bacterial antagonists

maintained in sterile facilities, suggested the association between gut flora and obe-
sity in the beginning. It has been observed that germ-free mice have lower levels of 
body fat despite consuming more calories than typical specific pathogen-free (SPF) 
mice (Bäckhed et al. 2004). Through a variety of methods, calorie intake may rise 
due to intestinal microbes, including the metabolism of complex sugars and poly-
saccharides that the host ordinarily cannot digest. Furthermore, germ-free circum-
stances that favor catabolism alter several metabolic processes, such as fatty acid 
oxidation in the liver and glycogen breakdown (Bäckhed et al. 2007).

It has been proposed that the nature of the intestinal flora serves a significant role 
in the occurrence of obesity. When compared to their lean counterparts, naturally 
obese animal models exhibit a more considerable proportion of intestinal Firmicutes 
and a relative enrichment of microbial traits for polysaccharide breakdown (Davis 
2016). According to some fecal transplantation investigations, germ-free animal 
models that acquire microbiomes from obese individuals accumulate more body fat 
than controls. Rodent models have helped us comprehend how well the gut micro-
biota contributes to obesity, but they are constrained by human physiological and 
metabolic characteristics. A potent study tool is the gnotobiotic pig model, which 
has been created using pigs inoculated with human microbiota (Wang and 
Donovan 2015)
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7.2.4  Alcoholic Liver Disease (ALD)

ALD triggers about 50% of all cases of cirrhosis, and it is a cofactor in liver abnor-
malities driven by viral infection and nonalcoholic steatohepatitis. Multiple mecha-
nisms that contribute to alcohol-induced HCC have been identified, albeit they are 
not adequately addressed. Alcohol is primarily transformed into acetaldehyde in the 
cytosol of hepatic cells, which is then metabolized to acetate in the mitochondrion. 
Acetaldehyde plays a crucial role in tumorigenesis by interacting with DNA and 
proteins to generate adducts. Acetaldehyde, a poisonous byproduct of ethanol, accu-
mulates in hepatocytes and induces inflammation and liver fibrogenesis, which is 
the principal cause of ALD (Takase et al. 2021).

In the past 20 years, it has been evident how crucial the gut microbiota is in the 
early phases of ALD, and there is mounting evidence that LPS and ALD are closely 
related. An elevation in LPS in the portal circulation from undetectable quantities 
following ethanol administration in rats demonstrated that even a solitary alcohol 
binge is enough to promote microbial translocation. Consequently, individuals 
experiencing prolonged alcoholism had higher serum LPS levels (Yu and Schwabe 
2017). The potential of alcohol as well as its derivative acetaldehyde to impair tight 
junctions adds to the increased rates of bacterial translocation during ALD. Microbial 
proliferation and significant alterations in the gut microbial population are triggered 
by prolonged ethanol usage. After alcohol consumption, a tiny portion of it is 
absorbed in the oral cavity. Around 20% of it is progressively absorbed in the stom-
ach, and a significant quantity is absorbed in the intestinal tract (Levitt et al. 1997). 
Several studies have demonstrated that drinking alcohol could significantly affect 
the diversity of intestinal microbiota. When contrasted with the nonexposed placebo 
group, rodents that consumed alcohol for 13  weeks displayed decreased and 
increased frequency in Lactobacilli and Bacteroidetes, respectively (Kosnicki et al. 
2019). Alcohol intake causes gastrointestinal hyperpermeability, which facilitates 
the ability of microbial species and their byproducts to penetrate the portal and sys-
temic circulation. As a consequence, alterations in the gut microbiota triggered by 
alcohol might have an effect on the different tissues and organs of the body (Stärkel 
et al. 2018).

7.2.5  Metabolic-Associated Fatty Liver Disease (MAFLD)

Despite being identified as a disorder only about 20 years ago, MAFLD is currently 
the most pervasive hepatic disorder worldwide and is expected to emerge as the 
primary source of CLDs, including hepatocellular carcinoma. When compared to 
other chronic hepatic disorders, MAFLD has a minimal proportion of risk in HCC 
development, but it contributes significantly to HCC development at the population 
level because of its high incidence (Michelotti et al. 2013). Research has demon-
strated that the microbiome of obese people is far more effective at extracting energy 
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and, as a result, induces obesity. Antibiotic use, therefore, cuts down a high-fat diet 
(HFD)-influenced MAFLD in animal models (Jiang et al. 2015).

The gut microbiota changes related to MAFLD vary according to the clinical 
phase of the disorder. Disease progression is accompanied by reduced microbiota 
diversity, a rise in Gram-negative bacteria, primarily Proteobacteria, and a decline 
in Gram-positive bacteria, mainly Firmicutes. Physiologically, a switch from valu-
able to pathogenic organisms that induce the formation of an inflammatory and 
biochemically toxic gut environment, which in turn causes gut barrier impairment, 
exposes the liver to nutritional and microbiota-derived elements and accelerates the 
advancement of MAFLD (Hrncir et al. 2021). In some studies, it was revealed that 
compared to healthy controls, MAFLD patients have greater levels of Prevotella 
and Porphyromonas species. However, a reduced proportion of Bacteroidetes is also 
observed (Albhaisi and Bajaj 2021). Despite an extensive amount of preclinical 
evidence exploring and pointing to a connection between dysbiosis and MAFLD, 
the role of the gut microbiota in MAFLD has only been evaluated in a modest num-
ber of cross-sectional human studies. According to one investigation, the magnitude 
of MAFLD is linked to gut microbiota dysbiosis and changes in its metabolic activ-
ity (Schwenger et al. 2019). Pediatric research revealed that patients with NASH 
had higher concentrations of E. coli than control participants, which was correlated 
with increased blood alcohol content (Zhu et al. 2013).

7.2.6  Gut Microbiota, PCOS, and MAFLD

Increased prevalence of MAFLD is reported in patients with polycystic ovary syn-
drome (PCOS) (Vassilatou 2014). Hepatic steatosis (HS) has been reported in PCOS 
patients previously (Gambarin-Gelwan et  al. 2007). Alcohol-producing bacteria 
such as Bifidobacterium may contribute to the pathogenesis of MAFLD in PCOS 
(Zhu et al. 2013). Jobira et al. (2021) found higher % RA of Bifidobacterium in 
adolescents with HS, which suggests that bacterial taxa involved in ethanol produc-
tion may contribute to endogenous ethanol production in NALFD in PCOS. They 
conclude that there is a link between the gut microbiome and metabolic disease in 
adolescents with HS and PCOS. Hassan et al. (2022) observed an enrichment of 
Bifidobacterium in the gut microbiome of women with PCOS.  The relationship 
among bile acids, gut microbiota, and metabolic diseases has been explored in ear-
lier studies (Jia et al. 2019; Wahlström et al. 2016). Primary bile acids are used as 
substrates by gut microbial enzymes, which produce secondary bile acids, which 
are then circulated between the gut and liver via enterohepatic circulation (Wahlström 
et  al. 2016). Bile acid metabolism begins in the gastrointestinal tract involving 
microbiota possessing bile salt hydrolase activity (Ridlon et  al. 2006). Bile salt 
hydrolase activity is common in Bifidobacterium and Lactobacillus (Tanaka 
et al. 1999).
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7.2.7  Cirrhosis

Cirrhosis, which is characterized by extensive fibrosis and the depletion of hepato-
cytes, is regarded as an end-stage liver disorder. A cirrhotic liver can be the conse-
quence of any of the liver conditions explained above (Bhat et al. 2016). A large 
percentage of liver malignancies occur in patients with cirrhosis of the liver. 
Prominent features of liver cirrhosis include dysbiosis and leaky gut. In the case of 
patients suffering from liver cirrhosis, dysbiosis and leaky gut are considered to 
have a role in the progression of hepatocarcinogenesis (Akkız 2021). In the initial 
phases of CLD, there is high microbial translocation and dysbiosis. Such mecha-
nisms lead to fibrosis and cirrhosis advancement. As a result, dysbiosis and leaky 
gut are prominent attributes of all phases of CLD, promoting the gradual induction 
of HCC (Akkız 2021). At the moment, liver cirrhosis has no better treatment avail-
able. The sole option is to control its symptoms while also reducing its progression. 
One and only intervention, a liver transplant, may be performed if the liver is badly 
damaged. Depending on the etiology of the disease, the financial burden of manag-
ing cirrhosis varies by around 2 billion dollars (Lee and Suk 2020).

Peptides essential for matrix disintegration include matrix metalloproteinases 
(MMPs) and tissue antagonists of metalloproteinases, which are MMP inhibitors. 
The discovery that MMPs are produced in liver damage suggests that a possible 
cause of liver fibrosis is the destruction of the regular extracellular matrix. According 
to a prior study, fibrosis in pulmonary disorders is correlated to MMPs and the 
microbiota (Taylor et al. 2015). MMPs are linked to several hepatic injury phases, 
including cirrhosis and hepatocarcinogenesis (Lee and Suk 2020).

Cirrhosis has been linked to altered gut microbiota function and organization. In 
terms of design, the fecal microbiota in cirrhotic individuals exhibits a decline in 
diversification and an elevation in microorganisms that stimulate the immune sys-
tem. For example, a decrease of potentially advantageous Firmicutes (e.g., 
Lachnospiraceae and Ruminococcaceae) has been observed in cirrhotic individuals. 
Comparable alterations can indeed be observed inside the oral cavity, blood serum, 
and other tissues of such patients (Wang et al. 2021). In contrast to the structural 
breakdown of the gastrointestinal barrier, cirrhosis is characterized by gut penetra-
tion with lymphocytes, as demonstrated by the growth of TNF-alpha and IFN- 
gamma- expressing lymphocytes and the reduction of Th17 cells. As the disease 
progresses, cirrhosis is also associated with decreased bile flow and compromised 
FXR signal transduction mechanisms (Wang et al. 2021).

As of now, certain scientific evidence from human research as well as animal 
studies suggest that the prevalence of HCC is associated with the gut microbiome 
(Table 7.1). More research is required to determine how initial phases of liver disor-
ders exhibit distinct intestinal microbiota profiles from different etiologies and 
whether these differences may fade in the final phases.
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Table 7.1 Alterations in gut microbiome attributed to HCC progression in human and animal 
research

Models Disorder Gut microbiome diversity References
Rodent HCC Altered Yu et al. 

(2010)
Rodent HCC Altered Dapito et al. 

(2012)
Rodent NASH/

HCC
Atopobium spp.↑, Bacteroides spp.↑, Bacteroides 
vulgatus ↑, Bacteroides acidifaciens↑, Bacteroides 
uniformis↑, Clostridium cocleatum↑, Desulfovibrio 
spp.↑

Xie et al. 
(2016)

Rodent HCC Lactobacillus spp.↓, Bifidobacterium spp.↓ 
Enterococcus spp.↓

Zhang et al. 
(2012)

Rodent MAFLD/
HCC

Mucispirillum↑, Desulfovibrio↑, Anaerotruncus↑, 
Desulfovibrionaceae↑, Bifidobacterium↓, Bacteroides↓

Zhang et al. 
(2020)

Rodent HCC Altered Yoshimoto 
et al. (2013)

Human HCC E. coli ↑ Grąt et al. 
(2016)

Human HCC Proteobacteria ↑, Desulfococcus ↑, Enterobacter ↑, 
Prevotella ↑
Veillonella ↑, Cetobacterium ↓

Ni et al. 
(2019)

Human HCC Bacteroides ↑, Akkermansia ↓, Bifidobacterium ↓ Ponziani 
et al. (2019)

Human HCC Klebsiella ↑, Haemophilus ↑, Alistipes ↓, 
Phascolarctobacterium ↓, Ruminococcus ↓

Ren et al. 
(2019)

Human HCC Neisseria ↑, Enterobacteriaceae ↑, Veillonella ↑, 
Limnobacter ↑, Enterococcus ↓, Phyllobacterium ↓, 
Clostridium ↓, Ruminococcus ↓, Coprococcus↓

Zheng et al. 
(2020)

7.3  Strategies by Which the Gut Microbiome Mediates 
the Progression of Hepatocarcinogenesis

7.3.1  Bile Acids

Bile acids (BAs) comprise a class of H2O-soluble steroids produced by the liver 
cells as a result of cholesterol breakdown. The gut microbiota dehydroxylates the 
two primary BAs and converts them into secondary BAs. Deoxycholic acid and 
lithocholic acid are produced through the conversion of cholic acid and chenode-
oxycholic acid, respectively (Wang et al. 2013). It is imperative to strictly regulate 
BA concentrations because the pathological effects of deregulated BAs encompass 
cholestasis and malignancy. Research findings have demonstrated that BAs may 
have cancer-causing propensity (Liao et al. 2011).

The liver is the body’s primary metabolic and detoxifying organ. As a result, 
most toxicants and endobiotics, such as BAs, have the ability to inflict liver damage. 
BAs are beneficial for boosting biliary outflow in the liver and getting rid of xeno-
biotic compounds, steroid hormone metabolites, triglycerides, and bilirubin. Yet, 
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extremely high BAs concentrations induce DNA alteration in the hepatocytes, 
which may substantially accelerate the rate at which tumor suppressor genes and 
oncogenes mutate. Apart from that, they can also aggravate cellular damage and 
inflammation to stimulate hepatocarcinogenesis (Wang et al. 2013). According to a 
study, switching from primary to secondary BAs influenced the natural killer cell 
intrusion in the liver and mediation of liver cancer in mice (Ma et  al. 2018). 
According to in vitro research, BAs might cause immediate hepatic cell destruction 
by ROS-mediated programmed cell death (Yerushalmi et al. 2001).

Gut microbes, including the species Clostridium, influenced the bioconversion of 
BAs. It has been observed that Clostridium clusters are implicated in the production 
of deoxycholic acid by the induction of 7α-dehydroxylation of primary bile acids, 
which has a role in HCC progression. Additionally, it has been demonstrated that 
C. scindens significantly decreases the amount of hepatic natural killer T lympho-
cytes (Luo et al. 2022). Receptors activated by BAs, such as GPCRs and FXRs, are 
the potential regulators of BA homeostasis and have a role in hepatocarcinogenesis 
(Wang et al. 2013).

7.3.2  Toll-Like Receptors (TLRs)

TLRs are pattern-recognition receptors (PRRs) that mainly serve as microbial 
detectors and, thus, are vital for the commencement of immunologic and inflamma-
tory processes. TLR4 is thought to be the more prominent TLR to mediate HCC 
among the other TLRs, and it can be expressed by various cells in the hepatic tis-
sues, such as Kupffer cells, lymphocytes, and natural killer cells. Kupffer cells are 
essential phagocytic cells that are liver based. Hepatic stellate cell (HSC) stimula-
tion and fibrogenesis are reported to be facilitated by Kupffer cells. Cirrhosis, or the 
impairment of hepatic functioning, is a long-term consequence of fibrosis. TLR is 
principally responsible for recognizing lipopolysaccharides (Le Noci et al. 2021).

LPS is a constituent of the bacterial cell wall (Gram-negative). The high-fat diet 
was observed to elevate the concentration of LPS in the mice serum along with the 
decline in Lactobacillus and Bifidobacterium populations (Luo et al. 2022). In one 
study, it was revealed that the microbiome might trigger HCC by stimulating TLR4 
via diethylnitrosamine and CCL4 toxins (Dapito et  al. 2012). Apart from TLR4, 
TLR9 has also been implicated in colon cancer and hepatocarcinogenesis (Gao 
et  al. 2018). TLR stimulation is known to play a key role in the inflammation- 
fibrosis- HCC circuit. TLR4 enhances the TGF-beta signal transduction pathway 
and liver fibrogenesis, both of which are implicated in the HCC progression. TLR9 
signal transduction was observed to induce steatohepatitis and fibrosis in mice via 
the activation of IL1. Furthermore, it is critical for cell cycle progression in 
HCC. TLR4 and TLR9, on the other hand, have also been shown to possess antitu-
morigenic characteristics (Song et al. 2018). TLR analogs trigger the host immune 
response and generate an augmented lymphocyte response, which has led to greater 
therapeutic success when administered as adjuvants in conjunction with radiother-
apy and immunotherapy. Thus, altering TLR activity by regulating the microbiome 
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could be a therapeutic option for HCC. Most importantly, the pathways of TLR4 
activation and their interaction with other signal transduction pathways in the HCC 
microenvironment will undoubtedly offer a viable novel approach for treating 
hepatocarcinogenesis.

7.3.3  Mycotoxicosis

Prolonged mycotoxicosis, including hepatocarcinogenesis, is triggered by the con-
tamination of a multitude of mycotoxins. Such underlying mechanism typically 
entails changes to gene regulation, epigenetic modification management, and DNA 
adduct generation. Apparently, one of the variables driving mycotoxin-stimulated 
liver cancer is gut microbiome disruption (Liew and Mohd-Redzwan 2018). 
Aspergillus flavus as well as Aspergillus parasiticus yield the mycotoxin referred to 
as aflatoxin (AF). The most typical mycotoxin discovered in both human and animal 
food is AFB1. AFB1 is possibly the most powerful liver cancer carcinogen known 
to exist in animals and is categorized as a Group I carcinogenic agent, and it pre-
dominantly affects the liver (Muhammad et al. 2017). Considering AFB1’s impact 
on the intestinal microbiome, there is scant evidence available. The possibility that 
AFB1 might modulate the microbiome in a dose-dependent fashion has been inves-
tigated earlier. It has been estimated that AFB1 reduced the phylogenetic diversity 
and enhanced even distribution within the bacterial communities of male F344 rats 
(Wang et al. 2016).

Through the disruption of microflora, toxic trace elements could also have an 
impact on facilitating HCC.  According to research, the consumption of arsenic 
enhanced gut permeability and the population of Gram-negative microorganisms, 
leading to LPS translocation in the liver and inducing hepatocarcinogenesis 
(Choiniere and Wang 2016). Extensive research is required to ascertain the relation-
ship between intestinal flora and mycotoxins as well as the implications of this 
association for the prevention and treatment of hepatocellular carcinoma.

7.3.4  Immune Checkpoint Inhibitors

Immune checkpoint blockade has become a promising strategy in the treatment of 
HCC.  Tumor growth is related to immune suppression because malignant cells 
stimulate various immunological regulatory mechanisms to block therapeutic inter-
ventions (Darvin et  al. 2018). Presently, inhibition of cytotoxic T-lymphocyte- 
associated protein 4 (CTLA-4), programmed cell death protein 1 (PD-1), and its 
ligand (PD-L1) are widely recognized and have been authorized for treating a vari-
ety of cancers. T lymphocytes exhibit CTLA-4 and PD-1 as glycoproteins on their 
membrane. After being triggered by their ligands, T-cell activity is suppressed, 
which may potentially result in T-cell programmed cell death. As a result, they are 
unable to produce the antitumor effects needed to eradicate tumor cells. This makes 
T cells a reasonable target in cancer immunotherapy (Ribas and Wolchok 2018). 
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Individuals suffering from advanced HCC and infected with HCV underwent initial 
testing for the monoclonal antibody tremelimumab, which targets CTLA-4. 
According to the observations, tremelimumab improved anti-HCV immunity in 
addition to its anticancer activity (Sangro et  al. 2013). Apart from CTLA4, 
nivolumab has been used for blocking PD-1 in hepatocellular carcinoma (van Doorn 
et al. 2020).

Checkpoint inhibitors offer opportunities in the treatment of HCC. Another strat-
egy is being carefully investigated right now. Clinical trials are being conducted to 
examine combinations of immune checkpoint inhibitors and tyrosine kinase inhibi-
tors. Recent studies in melanoma patients demonstrated improved outcomes when 
checkpoint inhibitors were combined (Larkin et al. 2015). Furthermore, mounting 
research suggests that the gut microbiome impacts immune checkpoint potency. For 
instance, cyclophosphamide improves the passage of the upper digestive tract, 
allowing the buildup of Barnesiella intestinihominis in the colon as well as the 
remobilization of Enterococcus hirae, which normally resides in the intestinal tract 
to the spleen. These two events work in concert to stimulate antitumor effects 
(Daillère et al. 2016). Bifidobacterium species, which stimulate antigen-presenting 
cells, were found to be correlated with the treatment response of PD-1/PD-L1 inhi-
bition. In order to enhance the anticancer potential of immune checkpoint inhibi-
tors, altering gut microbial composition is thus a prospective therapy option for 
combating hepatocarcinogenesis.

7.3.5  HCC and Bacterial Metabolites

There is evidence that bacterial metabolites have a role in the impact of dysbiosis on 
the emergence of HCC and liver disease, presumably in a disease-specific manner 
(Caussy et  al. 2019). Most tumors can synthesize, elongate, and desaturate fatty 
acids to enhance proliferation because they have an aberrantly active lipid metabo-
lism (Röhrig and Schulze 2016). However, strategies that target fatty acid metabo-
lism and, in particular, fatty acid desaturation, are only effective against specific 
subsets of cancer cells. This implies that many cancer cells have a flexibility in their 
fatty acid metabolism that has not been fully explored. Recent research has demon-
strated that some cancer cells can utilize a different fatty acid desaturation process. 
It was discovered that palmitate desaturases to the uncommon fatty acid sapienate 
in primary human liver carcinomas and mouse hepatocellular carcinomas, support-
ing membrane production during proliferation. As a result, stearoyl-CoA desaturase 
88-dependent known fatty acid desaturation route is circumvented by sapienate pro-
duction in cancer cells. Treatment with the mixture of 1,3-dimethylbutylamin 
(DMBA) and ferredoxin (FD) led to the development of HCC in a mouse model for 
MAFLD. Additionally, a significant rise in Gram-positive bacterial species, particu-
larly distinct Clostridium clusters, was reported (Yoshimoto et al. 2013).
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7.4  Early Diagnosis and Possible Future Therapeutic 
Interventions for HCC

Although there is not a clear link between human research and the processes discov-
ered in animal studies, they do seem to demonstrate dysbiosis patterns linked to 
increased inflammation, alteration of the intestinal barrier, and potential immune 
system impacts. Future therapies could therefore be focused on preserving a bal-
anced microbiome, avoiding dysbiosis, and influencing downstream effector pro-
cesses linked to the emergence of HCC. The use of a combination of broad-spectrum 
antibiotics resulted in sterilization of the gut, a decrease in tumor burden, and the 
prevention of HCC growth, which is a recurrent pattern seen in various animal HCC 
models used to explore the impact of dysbiosis on hepatocarcinogenesis (Yoshimoto 
et al. 2013; Xie et al. 2017). While it is not realistic to treat patients with broad- 
spectrum antibiotics continuously in clinical studies, there has been research into 
other antibiotics that can alter the gut flora to have a more favorable profile and have 
fewer adverse effects (Ponziani et al. 2017). It has been demonstrated that the non-
absorbable antibiotic rifaximin causes the overgrowth of “beneficial” microorgan-
isms like Bifidobacterium, Faecalibacterium, and Lactobacillus without significantly 
changing the microbiome composition. Rifaximin has been shown in at least one 
study to have a modest inhibitory effect on the development of HCC in DEN- 
exposed mice treated with rifaximin, despite not being extensively utilized in HCC 
animal model studies for gut decontamination (Dapito et al. 2012).

7.4.1  Probiotics and HCC

Probiotics are live microorganisms, which benefit the host if they are given in suf-
ficient doses (Culligan et al. 2009). There are a very few studies on the use of pro-
biotic supplements as a dietary strategy to lower the risk of HCC caused by 
aflatoxins. For instance, dietary treatment with probiotics like live Lactobacillus 
rhamnosus LC705 and Propionibacterium freudenreichii subsp. Shermani) could 
successfully reduce the excretion of aflatoxin-DNA adduct (AFB1-N7-guanine) in 
urine in a clinical investigation. Probiotic treatment decreased tumor incidence and 
levels of c-myc, bcl-2, cyclin D1, and rasp-21 in a rat study looking at the chemo-
preventive effect of probiotic-fermented milk and chlorophyllin on AFB1-induced 
HCC (Kumar et al. 2011). This suggests that probiotics have the ability to protect 
against AFB1-induced hepatocarcinogenesis. In a different rat study, administration 
of VSL#3, which contains four Lactobacilli, three Bifidobacteria, and one 
Streptococcus thermophilus subsp. Salivarius, prevented the progression of cirrho-
sis to HCC by restoring gut homeostasis and reducing intestinal and hepatic inflam-
mation. Probiotics slow down the development of HCC in mice (Li et al. (2016)). 
Giving mice with liver tumor injections, the probiotic cocktail Prohep, which con-
tains Lactobacillus rhamnosus GG, Escherichia coli Nissle 1917, and heat- 
inactivated VSL#3, may change the composition of the gut microbiota and shrink 
liver tumors.
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7.4.2  Prebiotics and HCC

Prebiotics are oligosaccharides that are not absorbed, such as lactulose. They work 
to promote the growth of helpful bacteria and inhibit the growth of harmful bacteria, 
so changing the balance of the gut microbiota, in addition, they can trigger the cre-
ation of SCFAs and control the immune response (Fotiadis et al. 2008). Prebiotics 
can therefore either treat or prevent HCC.  Treatment with inulin-type fructans, 
according to Bindels et al. (2012), reduced the infiltration of hepatic BaF3 cells and 
reduced inflammation while raising the amount of portal propionate in mice given 
transplanting BaF3 cells that have been Bcr-Abl-transfected. In addition, propionate 
can prevent BaF3 cells from proliferating by the cAMP-dependent pathway in vitro. 
In addition to slowing down the growth of BaF3 cells, propionate also inhibits the 
proliferation of other human cancer cells via activating the Gi/Gq-protein-coupled 
receptor 2, also known as GPR43, which binds to propionate. Overall, these find-
ings are favorable to prebiotics as a novel anticancer therapy approach.by the 
cAMP-dependent pathway in vitro.

7.4.3  HCC and Fecal Microbiota Transplantation (FMT)

FMT has recently been demonstrated to play a part in various cancer forms, includ-
ing non-small cell lung cancer, colorectal cancer, and melanoma (Kang et al. 2017; 
Kang and Cai 2021). FMT in particular can improve the effectiveness of immuno-
therapy with checkpoint inhibitors against various kinds of cancer. FMT may also 
be used to treat or prevent HCC. In addition, FMT may be used to boost the antican-
cer effects of immune checkpoint inhibitors in the treatment of HCC.

7.4.4  Antibiotics and HCC

By preventing bacterial DNA transcription, protein synthesis, and other biological 
processes, antibiotics can stop the growth and translocation of intestinal flora and 
decrease the liver’s uptake of pro-inflammatory signals from the leaky gut. Rifaximin 
is a semisynthetic, water-insoluble, nonsystemic antibiotic with minimal gastroin-
testinal absorption. Rifaximin is currently exclusively approved for the treatment of 
recurrent hepatic encephalopathy in people with liver cirrhosis (Bajaj et al. 2021; 
Caraceni et al. 2021). However, many hepatologists feel that rifaximin is a reason-
able alternative to quinolones or other systemic antibiotics to prevent spontaneous 
bacterial peritonitis because of the broad-spectrum antibacterial effect (good effect 
on Gram-positive and Gram-negative aerobic and anaerobic bacteria). Future 
research will concentrate on using rifaximin to treat CLDs like liver cirrhosis, even 
if it is unclear how this may affect the development of HCC. Other antibiotics like 
norfloxacin and isoproterenol have also been shown to have effects. Isoproterenol 
can decrease the expression of carcinogenic gene products by decreasing STAT3 
activation, but norfloxacin can prevent spontaneous bacterial peritonitis and lower 
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mortality in patients with cirrhosis (Dai et al. 2015). Studies have also looked into 
using bacteriophages to control the microbiome for therapeutic objectives. Specific 
bacterial groups can be targeted by bacteriophages, which cause less disruption to 
symbiotic and untargeted bacteria (Budynek et al. 2010).

7.4.5  Gut Microbiome and Early Diagnosis of HCC

The noninvasiveness, high efficacy, and accuracy of the gut microbiota make it 
helpful for disease diagnosis. Given that they are linked to the emergence of liver 
diseases such cirrhosis/fibrosis and cancer, gut microbial changes may act as indica-
tors of HCC (Meng et  al. 2018). According to recent studies on the relationship 
between gut microbiota and HCC, it is critical to find microbiome biomarkers based 
on gut microbial changes in CLD to detect HCC at an early stage, according to cur-
rent studies on the relationship between gut microbiota and HCC. Recently, in order 
to characterize the gut microbiome among HCC cases and evaluate the potential to 
use it as a noninvasive biomarker to diagnose HCC, the results in normal subjects 
were validated by characterizing the gut microbiota, identifying the biomarkers, and 
building the HCC classifiers among early HCC patients, cirrhosis patients, and nor-
mal subjects. As reported by Ren et  al. (2019), early HCC with cirrhosis had a 
higher fecal microbial diversity than cirrhosis alone. Additionally, early HCC had a 
higher abundance of the phylum Actinobacteria than cirrhosis. As a result, early 
HCC had higher abundances of 13 taxa than cirrhosis, including Parabacteroides 
and Gemmiger. In early HCC patients compared to normal people, the abundances 
of butyrate-producing genera decreased, while those of LPS-producing genera rose. 
Additionally, the authors determined the ideal 30 microbiological markers between 
early HCC cases and non-HCC cases. Notably, it was confirmed that gut microbial 
indicators had a powerful potential for identifying early or even advanced HCC.

7.5  Conclusion and Future Directions

Over the past few decades, significant advancements have been achieved in our 
understanding of the gut microbiota. The gut microbiota has a significant role in 
regulating host physiological processes, including bile acid metabolism and immu-
nological responses, and it can influence the onset of liver disorders via the gut-liver 
axis. Currently, it is believed that a long-term impact of CLDs led to the develop-
ment of HCC.  Growing evidence connects CLDs to particular dietary practices, 
changes in the gut microbiota’s structure and function, and reductions in beneficial 
species and increases in dangerous species. Microbes will soon be used for both 
diagnosis and treatment. In the future, altering the gut microbiome will probably 
play a significant role in the detection and management of HCC. We need to fully 
grasp the structural and functional alterations in the gut microbiota in liver illnesses 
in order to fully appreciate their role to the development of HCC on the basis of the 
obvious related pathophysiology. However, it is important to note that the majority 
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of our current knowledge of the gut microbiota is based on research using animal 
models and patient-provided fecal microbial samples. In conclusion, clinicians can 
create a more effective treatment plan for each patient based on gut microbial test-
ing that also satisfies the criteria for “personalized medicine.” In clinical settings, 
the microbiota is altered to control gut-liver signals that encourage the development 
of HCC, thereby improving patient survival and curative outcomes.
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Abstract

The microbiota plays a crucial role in regulating various physiological functions 
and pathological conditions within the human body. An important aspect of 
COVID-19 pathogenesis is comprehending how various infections in the body, 
including COVID-19, affect and influence the microbiome. We may develop bet-
ter diagnostics and strategies against COVID-19 infection by examining the 
association between the intestinal and respiratory microbiota. To take a broader 
scientific approach, we must answer several key questions, such as how microbi-
ome diversity and composition vary from person to person, how accumulated 
microbiota can benefit individuals over time, and what factors contribute to 
microbiota development. Analyzing the signaling molecules that mediate bio-
logical mechanisms for immune responses between the host and microbiota and 
among microbiota may provide valuable insight. Several potential therapies to 
improve the microbiome or target specific microbiota include phage therapy, 
FMT, prebiotics, probiotics, and synbiotics. Modulating the neonatal microbi-
ome has been a challenging goal to increase efficacy recently. However, much 
more research is required to engineer microbiome therapeutics. This chapter pro-
vides an overview of existing challenges and strategies to make the necessary 
modifications to restore the naive gut.
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8.1  Microbiome

The word “microbiome” is the collection of genomes from all the microorganisms 
in an environment. The variation in the microbiota depends on the location of spe-
cific microbiota in the body. For instance, the gut microbiota differs from the skin 
microbiota (Sanapala and Pola 2021). The microbiome colonizes the human body 
in different roles and varies between individuals. The microbiome plays a major role 
in various physicochemical activities like forming tight junctions between the cells 
to maintain the integrity of the tissues, enhancing the production of T cells to boost 
the immune system, and controlling the body’s metabolism (Pola and Padi 2021). 
The human microbiome is currently associated with several disorders, including 
inflammatory bowel disease, type 2 diabetes, Parkinson’s disease, hypothyroidism, 
colorectal cancer, COPD, and rheumatoid arthritis. Other respiratory diseases are 
directly or indirectly associated with specific microorganism patterns (Yamamoto 
et al. 2021).

Microbiome formation is influenced by genetics (Mohan and Sudhakar 2022), 
delivery mode, infant feeding, nutrition, antibiotic administration, age, medication, 
vaccination (health complications), and geographical and seasonal differences. 
Diseased conditions in the human body impact microbiome composition. The areas 
where the microbiota plays a key role in humans are nutrition, immunity, behavior, 
and disease (Harper et al. 2021). The beneficial microbiota in the gut can help digest 
food that humans can’t break down. The harmful microbiota can damage the 
immune system and make the body prone to various conditions like gastrointestinal 
diseases. As an example, the presence of the microbiome genus Pseudomonadales 
and Streptococcus is linked to human upper respiratory tract infections in patients.

Consuming certain live bacterial strains confers health benefits on the human 
body. These bacteria are known as probiotics, and the administration of probiotics 
helps reduce many bacterial infections. Some probiotics have also been engineered 
to kill pathogenic bacteria, known as “smart microbes” (Ronda et  al. 2019). For 
instance, Lactococcus lactis was modified to create molecules that would attack 
Enterococcus faecium, a bacterium linked to the onset of meningitis in infants. 
Researchers have laid the groundwork for a future technique to alter microbes in an 
individual’s gut.

The production of smart microbes as probiotics can be engineered using MAGIC 
(metagenomic alteration of gut microbiome by in situ conjugation). This method 
includes oral ingestion of bacteria that can transfer DNA with specific traits to the 
bacterial microbiome already present in the body (Baghbani et  al. 2020). This 
method needs a lot of improvements to make use of it to treat infectious diseases in 
humans, increase the persistence of DNA in the gut, and ensure that the DNA can 
only be transferred to targeted, nonpathogenic strains of the microbiome.
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8.2  Microbiomes of Infectious Disease

Microbiome research focuses on the microbial communities’ behavior, interactions, 
and functions within a specified environment. The microbiota has enzymes that can-
not be coded by the human genome but are necessary to fulfill some physiologic 
tasks, like the digestive enzymes that break down substances like polysaccharides 
and polyphenols and hydrolytic enzymes to regulate and balance cellular metabo-
lism. The microbiota’s function within a healthy host involves influencing diverse 
pathogens through colonization resistance, allowing the host’s immune system to 
participate in immune cell differentiation, promoting the proliferation of granulo-
cyte/monocyte progenitors, activating innate lymphoid cells and myeloid cells, trig-
gering proinflammatory T- and B-cell responses, and initiating pre-inflammatory 
T- and B-cell secretion of SIGA (secretory IgA). Both secretory IgA and gut inflam-
mation modify the microbiota composition, resulting in shifts in microbial propor-
tions and increased pathogen growth.

Firstly, the microbiota induces alpha-defensin, beta-defensin, C-type lectins, 
secretory IgA, and other AMPs (antimicrobial peptides) that affect the immune sys-
tem (innate and adaptive) through intestinal epithelia and paneth cell receptors; 
macrophage cell receptors such as TLRs or NLRs; and CCR6. TLRs are important 
for developing the mucosal and intestinal immune systems, decreasing inflamma-
tory responses, and promoting immunological tolerance to the necessary microbial 
components. NLRs regulate IL-18 levels, immune responses (Konatala et al. 2021), 
dysbiosis, and intestinal hyperplasia. When antigens of the microbiota bind to these 
receptors, they start a chain reaction of signaling pathways that release antimicro-
bial compounds like defensins and stimulate T cells like T-helper 1 and 17 to make 
IL-1, IL-15, IL-17, IL-22, etc. They also stimulate B cells to produce antibodies 
(Harper et al. 2021) (Fig. 8.1).

8.3  Effects of the Microbiome in the COVID-19 Infection

COVID-19 is a respiratory disease ranging from mild (cough and/or fever) to severe 
pneumonia (ARDS and multiple organ failure). Angiotensin-converting enzyme 2 
(ACE2) is the receptor to which the viral spike binds. This receptor is expressed on 
the respiratory and gastrointestinal epithelium, leading to changes in its microbiome 
composition during the infection (Liu et al. 2022).

SARS-CoV-2 is an enveloped, single-stranded RNA virus consisting of struc-
tural proteins like the nucleocapsid, membrane, envelope, and spike proteins. The 
viral particles mediated by the S glycoprotein attach and fuse to the host cell mem-
brane and get inserted into the virion membrane in multiple copies with a crown- 
like appearance. The S protein of coronaviruses is cleaved into S1 and S2 subunits 
by proprotein convertases during their biosynthesis or after reaching their target site.

ACE2 is an 805-amino acid carboxypeptidase, and the downregulation of ACE2 
leads to a severe disturbance in the renin-angiotensin-aldosterone system. As shown 
in Fig. 8.2, the virus bound to the ACE2 receptor induces conformational changes in 

8 Influence of Intestinal Microbiomes on COVID Progression and Its Effects…



154

Fig. 8.1 Compares healthy and diseased guts in humans during COVID-19

both S1 and S2 subunits. The conformational changes in the S1 subunit expose the 
S2 cleavage site of the S2 subunit. During insufficient transmembrane protease, 
serine 2 (TMPRSS2), the virus-ACE2 complex triggers clathrin-mediated endocy-
tosis, where cathepsins perform S2′ cleavage in endolysosomes. Cleavage of the S2′ 
site in the presence of TMPRSS2 exposes the fusion peptide, and the separation of 
S1 from S2 induces conformational changes in the S2 subunit and triggers fusion to 
the membrane. The fusion between the viral membrane and cellular membranes 
forms a fusion pore through which viral RNA is released into the host cell cytoplasm.

The other molecules that serve as receptors in SARS-CoV-2 infection are C-type 
lectins, DC-SIGN and L-SIGN, AXL and TIM1, phosphatidylserine receptors TIM 
and TAM, and CD147 (a transmembrane glycoprotein). Lectins bind to the surface 
(glycans) of the virion, promoting viral entry and intracellular adhesion. TIM and 
TAM bind to phosphatidylserine on the virion membrane to promote the entry of 
enveloped viruses. Increased viral entry was observed with higher levels of CD147 in 
SARS-CoV-2 and is a potential risk factor as it was upregulated in diabetic and 
obese patients. A remarkable modification of the nasopharyngeal microbiome is 
noticed in this study and assumed to have a proportional dysbiosis effect from the 
onset, treatment, and reduction of COVID-19 infection (Hoque et  al. 2021) 
(Fig. 8.3).
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Fig. 8.2 The interaction of the S protein of SARS-COV-2 with the ACE2 receptor

Fig. 8.3 Mechanism of SARS-COV-2 entry into cells (Jackson et al. 2022)
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8.4  Variations in the Upper and Lower Respiratory Tract 
Microbiomes in the COVID-19 Patients

Upper vs. lower respiratory tract sampling, collection time, point or stage of infec-
tion, treatment with broad-spectrum antibiotics, invasive mechanical ventilation, 
and prolonged hospitalization are the vital factors that can determine the range and 
composition of the microbiome at specific sites. The respiratory tract microbiome of 
COVID-19 patients was analyzed in two experimental studies (using nasopharyn-
geal swabs and sputum) and detected using next-generation sequencing.

The oral and upper respiratory microbiomes include Candida albicans and 
human alpha-herpesvirus, which are the most common, and coinfection of 
COVID-19 with other viruses like Influenza A/B, enteroviruses, Aspergillus respira-
tory syncytial virus, and Veillonella species was found in some of the patients. 
Certain research studies identified microbiome makeup within COVID-19 throat 
samples, encompassing Haemophilus parainfluenzae, Neisseria cinerea, rhinovirus, 
Streptococcus mitis, Streptococcus bovis, Leptotrichia buccalis, and Rothia muci-
laginosa. Additionally, bronchoalveolar samples exhibited Acinetobacter, 
Pseudomonas, Enterococcus, Lactobacillus, and Chryseobacterium. Some studies 
show that the diversity of pharyngeal microbiome (e.g., Bacteroidetes, 
Proteobacteria) decreased in older adult patients than in younger adult patients suf-
fering from COVID-19 (Gaibani et al. 2021).

The lower respiratory microbiome in COVID-19 patients showed potentially 
pathogenic microorganisms like Candida albicans, human influenza virus, and 
human alpha-herpesvirus identified in the nasopharyngeal microbiome. Some stud-
ies described that the main microbiome composition in the throat of COVID-19 
patients includes Streptococcus bovis, Leptotrichia buccalis, Haemophilus parain-
fluenzae, and Neisseria cinerea.

Whole-genome sequencing of BALF samples showed dysbiosis in oral and 
upper respiratory bacteria, which includes bacteria like Acinetobacter, Sphingobium, 
Enterobacterales, Escherichia coli, Enterococcus, Rothia, and Lactobacillus. They 
also identified fungi like Cryptococcus, Cladosporium, and Alternaria in the 
patients. A study based on 16S rRNA sequences indicates that Acinetobacter was 
the most common bacterial genus, followed by Chryseobacterium, Burkholderia, 
Brevundimonas, Sphingobium, and Enterobacterales in the lung tissues of deceased 
COVID-19 patients. Cryptococcus was identified as a prevalent fungus along with 
other species like Issatchenkia, Wallemia, Cladosporium, and Alternaria. Patients 
with both moderate and severe COVID-19 showed dysbiotic microbiomes and those 
treated with various antibiotics, under mechanical ventilation, and prolonged 
hospitalization.

The severity of SARS-CoV-2 infection-induced changes in the microbiome’s 
diversity at the entry site of infection was high. Still, patients with mild illness did 
not show any significant changes in their diversity compared to healthy patients or 
patients with other viral respiratory tract infections. The patients admitted to the 
hospital had reduced microbiome diversity and increased dysbiosis of the oropha-
ryngeal and nasopharyngeal microbiome. A detailed study of patients admitted to 
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Fig. 8.4 Composition of the microbiome in COVID-19-positive and negative patients

an ICU for different medical conditions showed differences in the oral and gut 
microbiomes, which were found to have major microbial dysbiosis disturbing an 
individual’s complete respiratory microbiome equilibrium (de Castilhos et al. 2022).

In healthy individuals, bacteria in the oral cavity include Actinobacteria (e.g., 
Corynebacterium spp., Propionibacterium spp.), Firmicutes (e.g., Staphylococcus 
spp.), and Proteobacteria. The nasopharyngeal system contains members of 
Firmicutes, Staphylococcus; Bacteroidetes, Corynebacterium; Proteobacteria, 
Prevotella; and commensal bacteria like Streptococcus, Neisseria, and Haemophilus 
spp. in the URT (upper respiratory tract) (Fig. 8.4).

Acinetobacter spp., Clostridium hiranonis, Enterobacteriaceae, Pseudomonas 
alcaligenes, and Sphingobacterium spp. were found in the lungs of critically ill 
COVID-19 patients. In contrast, Haemophilus influenzae, Streptococcus spp., and 
Veillonella dispar were found in the lungs of COVID-19-negative patients. The lung 
microbiota profile of critically ill patients with COVID-19 was dominated by the 
phyla Bacteroidetes (9%), Firmicutes (37%), and Proteobacteria (48%) (Hanada 
et al. 2018).

8.5  Impact of COVID-19 Infection 
on the Intestinal Microbiome

There are evident changes in the microbiome composition of the intestinal and 
respiratory microbiota during the infection. Some studies on COVID-19 infection 
have shown that the gut microbiota has more importance than the respiratory micro-
biota, as any change in the composition of the gut microbiota would adversely affect 
lung function and lead to gut dysbiosis. Another research study explains that any 
imbalance in the gut microbiome can result in illnesses of human health, indirectly 
affecting immunity (Jackson et al. 2022).

Macronutrient metabolism includes metabolites like short-chain fatty acids, 
alcohol, branched-chain fatty acids (acetate, propionate, and butyrate), amines, 
indoles, sulfur compounds, phenols, and glycerol and choline derivatives of the gut 
microbiome that influence human health. The commensals of gut microbiota like 
Bacteroides and Bifidobacteria secrete metabolites and immune signaling mole-
cules that bind to receptors in innate cells such as dendritic cells and macrophages 
to modulate their functions. This helps regulate the development and function of the 
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innate and adaptive immune systems, secreting antimicrobial peptides that can kill 
microbial pathogens directly or indirectly by modulating the host defense systems 
by competing for nutrients and the habitat site and maintaining the homeostasis of 
the body. The disruptions caused by the microbiota may alter the mechanisms of 
colonization resistance and affect the outcomes of infection. For example, dietary 
fiber can modify the microbiota’s structure and function by producing SCFAs, such 
as acetate, butyrate, and propionate. They bind to the G-protein-coupled receptor 
(GPR43) and can stimulate AMPs, REGIIIγ and β-defensins, as shown in Fig. 8.5. 
SCFAs can diffuse through the membrane, acidify cytoplasm, and inhibit the growth 
of some pathogens. Alterations to the microbiota (due to antibiotics or a high-fat 
diet) can result in lowered B-cell-modulated production of IgA68 and increased 
permeability, leading to susceptibility to infection.

The studies showed that patients treated with antibiotics during hospitalization 
had a further depletion of bacterial species (symbionts) beneficial to host immunity. 
Figure  8.6 shows an increase in opportunistic bacterial and fungal pathogens: 
Coprobacillus, Streptococcus, Actinomycetes, C. albicans, C. auris, Enterococcus, 
and Aspergillus niger. The lack of microbiota and mycobiota, Intestinibacter, 
Eubacterium, Fusicatenibacter, Ruminococcus, Clostridium ramosum (Firmicutes 
phylum), Basidiomycota, Ascomycota, and Penicillium citrinu, can lead to the 
severity of the infection (Yamamoto et al. 2021).

An increase in the number of OPs revealed the levels of C-reactive protein, TNF- 
alpha, and IL-18, which are proinflammatory cytokines produced by the intestinal 
microbiota in the sera of COVID-19 patients compared with those in influenza 
patients and healthy individuals.

8.6  The Intestinal Dysbiosis Associated 
with COVID-19 Severity

The concept of dysbiosis has been broadly defined as the change in the composition 
of the resident commensal microbiota compared to those found in healthy individu-
als. This alteration causes the disruption of symbiosis between the host and 
microbes, with adverse consequences. The composition of a healthy human gut 
microbiome is still a question with a complicated answer that has yet to be addressed. 
Recent advancements by a working group of the International Life Sciences Institute 
North America show some of the challenges, like the high degree of intra- and inter-
individual variation in the human microbiome, the lack of potential biomarkers to 
define and measure microbiome-host interactions, and the extreme consequences of 
dysbiosis on human physiology and disease.

Dysbiosis is described as an increase in potential pathogenic species and a 
decrease in beneficial organisms (e.g., Bifidobacterium and Faecalibacterium spe-
cies) or a change in alpha diversity due to the production of harmful microbially 
derived compounds (e.g., hydrogen sulfide produced by sulfate-reducing bacteria). 
Higher alpha diversity is a marker of health in the GI tract but, conversely, a marker 
of dysbiosis in the vaginal microbiome.
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Fig. 8.6 Modifying gut virome, mycobiome, and the bacterial microbiome from healthy to 
COVID-19-infected patients (Zuo et al. 2021)

Reductions were observed in the endurance of bacteria and archaea such as 
Lactobacillus, Bifidobacterium, Clostridium butyricum, Lachnospiraceae, 
Prevotella, Roseburia, Ruminococcus bromii, Faecalibacterium, and Bacteroides. 
This shows a reduction in probiotic bacteria, neutrophil concentration, and IL-6 
concentration compared to healthy individuals (Yamamoto et al. 2021).

8.7  Dysbiosis in the Fecal Microbiome of COVID-19 Patients

The microbiome and mycobiome dysbiosis in the gut of COVID-19 patients was 
observed to have an increase in the number of opportunistic pathogens (OPs) like 
Actinomyces, Rothia, Enterococcus, Enterobacter, Streptococcus, and Klebsiella 
species that pose a threat of a reduction in host immunity (Chakravorty et al. 2007). 
The intestinal instability, prolonged dysbiosis, and high viral transcription and rep-
lication began during hospitalization and lasted even after 2  weeks of recovery. 
Fecal samples with less SARS-CoV-2 infectivity show improved levels of bacteria 
like Parabacteroides, Lachnospiraceae, and Bifidobacterium, which produce 
SCFAs, GOS, and FOS vital for boosting host immunity.
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Roseburia, Faecalibacterium, Coprococcus, and Parabacteroides showed lower 
abundance in COVID-19 patients than fungal pathogens like Candida and 
Aspergillus spp., which were found enriched in healthy individuals. Firmicutes, 
Bacteroidetes, Actinobacteria, and Proteobacteria phyla were observed to have 
enhanced gut and oral microbiota in both COVID-19 patients and healthy individuals.

Bacterial microbiota identified in the gut samples of COVID-19 patients are 
Bacteroidales, Enterobacterales, Clostridiales, Lactobacillales, and Bifidobacteriales, 
whereas the oral samples showed Lactobacillales, Micrococcales, Enterobacterales, 
and Selenomonadales (Libertucci and Young 2018).

8.8  Therapeutic Modulation of the Microbiome 
and Its Effects

Prebiotics and probiotics are used as therapies to prevent the colonization of patho-
gens, whereas fecal microbiome transplantation is used to clear the pathogens. This 
helps modulate the microbiota to prevent colonization and promote the clearance of 
pathogens. Some other treatments include the mechanisms of action that are differ-
ent and unclear, and patients have yet to be studied (Harper et al. 2021).

8.8.1  Fecal Microbiota Transplantation in COVID-19 Patients

The transfer of a fecal suspension from a healthy donor to a recipient (a patient with 
dysbiosis) modulates the microbiota, which would indirectly help recover the health 
of a diseased individual by improving the functioning of the microbiota and decreas-
ing the infection by replacing or restoring the functions in the body. It has proven 
highly effective against the decolonization of drug-resistant organisms to reduce or 
clear up the disease.

Studies have shown that using filtrates from healthy donor stools (fecal filtrate 
transfer), which includes transferring bacterial components and metabolites from 
donor to recipient, is more beneficial for treating infections. Evidence provided 
from studies has shown that outcomes of FMT were associated with alterations to 
the enteric virome and bacterial microbiota showing greater treatment success. 
When a diet high in resistant starch was eaten, Ruminococcus bromii, Oscillibacter, 
Firmicutes, Bacteroidetes, and Eubacterium rectale increased significantly.

Inulins found in various fruits, vegetables, and wheat have been shown to stimu-
late the growth of Bifidobacterium spp. and Faecalibacterium by increasing butyr-
ate production. Fructooligosaccharide (FOS) and galactosaccharide (GOS) 
administration reduces the release of corticosterone, increases cecal acetate and 
propionate concentrations simultaneously, and reduces proinflammatory cytokines 
with an increase in interleukin (IL)-10, IL-8, and other anti-inflammatory cytokines 
(Cryan et al. 2019).
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8.8.2  Prebiotics

Prebiotics stimulate the promotion of indigenous microbiota by participating in fer-
mentation. They can inhibit or limit the development of the pathogen through the 
digestion of insoluble fiber sources to increase SCFA production, lactic acid, and 
peptidoglycan, which stimulate the innate immune system against pathogenic 
microorganisms. It has also been shown that pH alteration can affect the population 
of acid-sensitive species, regulate the virulence expression of pathogens, and inhibit 
the binding of pathogens to epithelial receptors.

The different types of prebiotics used for treating diseases or infections are oli-
gosaccharide carbohydrates (OSCs), fructooligosaccharides, galactooligosaccha-
rides (GOS), and resistant starch (RS). For example, fructooligosaccharide (FOS) 
increases the level of interleukin-4 (IL-4), a myeloid dendritic cell that improves the 
immune response in volunteers. Combining inulin and FOS can enhance antibody 
responses toward viral vaccines (diarrhea, measles).

The GOS improved the level of IL-8, IL-10, and C-reactive protein in the blood 
and the function of NK cells. SCFA increases the production of mucins and antimi-
crobial peptides, reduces pH, increases intestinal motility, and has anti- inflammatory 
properties significant for the health of the gut epithelium (Shin et al. 2022).

8.8.3  Probiotics

Probiotics are live microorganisms that help boost the health of the host when 
administered in an adequate amount. They are live microbial feed supplements that 
improve intestinal microbial balance by modulating the intestinal microbiota. The 
benefits of probiotic consumption include regulation of the intestinal microbiota, 
stimulation of the immune system, promoting the synthesis and bioavailability of 
nutrients, and reducing the symptoms of lactose intolerance and the risk of other 
diseases.

Probiotic products generally contain one or more microbial strains like 
Lactobacillus, Enterococcus, Bifidobacterium, Lactococcus, Streptococcus, 
Saccharomyces cerevisiae, and Bacillus. The FDA (Food and Drug Administration) 
must regulate the microorganisms used in these products for human consumption, 
and they must be GRAS (generally recognized as safe) organisms. The QPS 
(Qualified Presumption of Safety) criteria are used to maintain the safety assess-
ment of bacterial supplements, safe usage, and the risk of acquired resistance to 
antibiotics (Shin et al. 2022). Probiotic microorganisms can produce enzymes like 
esterase, protease, and lipase and coenzymes A, Q, NAD, and NADP, which show 
the metabolism of antibiotics (bacitracin and lactacin), anticarcinogens, and immu-
nomodulatory properties.

Most of these bacteria are probiotics, the good bacteria colonizing within your 
digestive tract that serve a beneficial purpose (produce vitamins, absorb nutrients 
from your food, and even help regulate your mood). Prebiotics are the natural 
dietary fiber (nonliving and nondigestible by humans) that nourishes our probiotic 
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Fig. 8.7 Synbiotics

bacteria. The probiotics introduce good bacteria into the gut, and the prebiotics act 
as fertilizer for the good bacteria’s growth, improving the ratio of good to bad bac-
teria. This directly correlates to your health and overall well-being (gut-brain axis) 
(Fig. 8.7).

Common medications have both a beneficial and harmful effect on gut microbes, 
according to new research. Antibiotics and gastric acid suppressants disrupt benefi-
cial bacterial populations in the gut, while statins and ACE inhibitors are linked to 
improved bacterial composition and function (Shin et al. 2022) (Fig. 8.8).

Certain bacterial strains present in probiotics can also have an effect on central 
neuronal processes like neural communication, neurogenesis, the expression of neu-
ropeptides, neurological inflammation, and even behavior. It helped with a wide 
range of conditions, from autism to melancholy and anxiety. “Psychobiotics” and 
“chobiotics,” which aim to treat neurological and psychiatric diseases by altering 
the composition of the gut microbiota, emerged in response to the prevalence of 
these conditions. Also included are models based on flux balance analysis (FBA) 
used to foretell and comprehend how microorganisms will behave in a certain set-
ting (Fig. 8.9).
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Fig. 8.8 The combination of these medications may provide the viable bacterial strain with a 
greater potential to fill a niche and restore its community structure and function by restoring the 
metabolome (Cryan et al. 2019)

8.8.4  The Gut-Associated Peptide Reg3g Connects 
the Microbiota of the Small Intestine to the Control 
of Energy Homeostasis, Blood Sugar Levels, 
and Gastrointestinal Activity

The composition of the gut microbiome and its adaptation to various environments 
in various metabolic diseases are key to understanding the necessary changes to 
maintain homeostasis. Fermentable fiber-rich inulin diets with gastric sleeve sur-
gery (which Acyl homoserine lactones (Acyl-HSL) are acyl homoserine lactones 
that gram-negative bacteria produce, limiting amount of food you can eat) boost the 
production of the antibacterial peptide Reg3g in the intestines and the bloodstream. 
New approaches to therapy may take advantage of its role as a gut hormone that 
links the microbiota of the intestines to the remainder of the host’s physiology 
(Lazar et al. 2018).
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Fig. 8.9 Regulation of the small intestine with the gut peptide Reg3g

8.8.5  Microbe-Microbe Interactions

Bacteria use signaling molecules to share information and adapt their gene expres-
sion to their surroundings, which is especially important in highly competitive eco-
systems with many coexisting species. The term for this phenomenon is “quorum 
sensing” (QS). Quantum signaling (QS) depends on the density of molecular lan-
guage that controls cell phenotypic expression and behavior in response to external 
cues. This intercellular communication is divided into two categories. Interspecific 
communication among bacterial and eukaryotic/host cells is facilitated by interspe-
cific interaction that utilizes a universal chemical language, the first form of cell-to- 
cell communication (Falcao et al. 2004).

Autoinducers (AIs) are tiny organic compounds that act like hormones and are 
part of this system. Acyl homoserine lactones (Acyl-HSL) are acyl homoserine lac-
tones that gram-negative bacteria produce. Peptide compounds (AIP) are not diffus-
ible in gram-positive bacteria. These cell-to-cell communication networks in 
bacteria were first reported as a way for bacteria to control the release of virulence 
genes, which are found in pathogens and play a crucial role in infection through cell 
density (Villapol 2020). This method allows commensal bacteria to control how 
much of the host they colonize (Fig. 8.10).
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Fig. 8.10 Mechanism of the QS system in gram-positive and gram-negative bacteria

Cathelicidins, defensins, and AIs are all antimicrobial peptides made by eosino-
phils. They all work as signaling molecules within and between species.

Quorum sensing processes include measuring some of these processes, including 
bioluminescence, pathogenicity factor expression, biofilm formation, and conjuga-
tion. For instance, enteric pathogens use quorum sensing to control the expression 
of genes that encode virulence traits like mobility and type 3 secretion.

Thus, the use of quorum sensing ensures effective host colonization by detecting 
the presence of normal gut flora (Villapol 2020). This phenomenon sheds light on 
mitigating microbial infection against virulence factors and biofilm formation con-
trolled by quorum sensing (Seibert et al. 2022) (Fig. 8.11).

8.9  Conclusion

8.9.1  The Microbiome Is an Extraordinary Helper: We Must 
Nurture Our Bodies’ Microbes

• The makeup of the gut microbiome has an impact on host metabolism and gen-
eral health.

• Take antibiotics exactly as prescribed. Antibiotic usage over an extended period 
is linked to a change in antibiotic-driven gut microbiome composition that upsets 
the body’s normal microbial equilibrium.

• Therapeutic modulation of the microbiota is the future of diagnostics for infec-
tious diseases.

• Identification of the imbalance (if any) in the changing microbiome of humans 
(testing for the microbiome).

• Developing noninvasive microbiome-based diagnostics (Peter et al. 2019).
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Fig. 8.11 Communication of bacteria via population density

• Increase the fiber in your diet. All plant foods, such as vegetables, fruits, and 
whole grains, contain fiber (Sudhakar and Padi 2022). Avoid these foods to keep 
your gut microorganisms happy (Atiatorme et al. 2022). These are foods that are 
heavy in sugar, fat, or processing.
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Abstract

Human milk provides a continuous supply of good bacteria to the infant’s gut, 
which contributes to the maturation of the digestive and immunological systems 
in the developing infant. Nonetheless, the origin of bacterial populations in milk 
is unknown, and they have been suggested to come from maternal skin, the 
infant’s mouth, and/or endogenously from the maternal digestive tract via a 
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mechanism involving immune cells. Understanding the composition, roles, and 
assembly of the human milk microbiota has significant consequences not only 
for the development of the infant gut microbiota but also for breast health, as 
dysbiosis in milk bacteria can cause mastitis. Furthermore, host, microbial, med-
ical, and environmental factors may influence the composition of the human milk 
microbiome, potentially affecting the mother–infant relationship.

Keywords

Breast milk microbiome · Human digestive tract · Mastitis · Gut microbiome

9.1  Introduction

Since the Human Microbiome Project came into being in 2007, it has been breaking 
our stereotypical understanding that the human body is more or less sterile and only 
a few sites harbor many microorganisms. As opposed to the belief that microbes 
only reside in the skin, upper respiratory tract, gut, and vaginal canal, microorgan-
isms are also said to be found in human milk (McGuire and McGuire 2017). The 
earliest evidence of microbes in human milk was reported in the study on bacteria 
in the colostrum and milk of Guatemalan Indian Women by Wyatt and Mata. The 
presence of Enterobacteriaceae suggested poor environmental sanitation and per-
sonal hygiene among the studied population (McGuire and McGuire 2017; Wyatt 
and Mata 1969). This gave the impression that microbes in the milk contaminated 
it, mainly due to underlying causes. But now there is evidence that microorganisms 
are an innate part of human breast milk (HBM) (Stinson et  al. 2021). It is also 
believed that the microbes in human milk contribute to the early colonization of the 
infant’s gut and thus provide the necessary genes and antigens eminent for the 
growth and development of the newborn (McGuire and McGuire 2017).

Several genera of bacteria, viruses, archaea, and microeukaryotes have been 
reported to form the Human Milk Microbiome (HMM) (Stinson et al. 2021). Among 
these microbes, Firmicutes form the largest proportion, followed by Proteobacteria, 
Bacteroidetes, and Actinobacteria as the major classes (Kim and Yi 2020). A total of 
329 genera have been detected with Streptococcus, Staphylococcus, Bacteroides, 
Acinetobacter, Enterobacteriaceae(f), Ruminococcaceae(f), Bifidobacterium, 
Prevotella, Clostridiales(o), Corynebacterium, Akkermansia, Lactobacillus, 
Pseudomonas, Dialister, Stenotrophomonas, Blautia, Sphingomonas, Haemophilus, 
Neisseria, Lachnospiraceae (f), Rothia, and Faecalibacterium in the order of their 
abundance (Kim and Yi 2020). The presence of these microbes in the HBM micro-
biome is mostly attributed to maternal skin and infant oral cavity during lactation, 
as well as the maternal gastrointestinal tract (Stinson et al. 2021). The variability 
and abundance of the microbes mentioned above depend on maternal age, health, 
lactation duration, mode of delivery, and geographical location (McGuire and 
McGuire 2017).
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HBM microbiome is quintessential for infants because it is the best source of 
nutrition and certain immune components such as secretory antibodies, immune 
cells, antimicrobial proteins, cytokines, and human milk oligosaccharides (Kim and 
Yi 2020). All of these ensure proper growth and development of the infant and pro-
tection against several lifestyle disorders such as obesity, diabetes (both type 1 and 
2), asthma, and cardiovascular diseases (Fitzstevens et al. 2017; Stinson et al. 2021). 
Therefore, a detailed study of the HBM microbiome can help improve formula- 
based infant food and replicate the microbiome from healthy mothers to ensure 
proper growth and development of neonates and infants.

9.2  Human Breast Milk (HBM) Microbiome 
and Its Importance

The HBM microbe is said to be composed of bacteria, viruses, archaea, and 
microeukaryotes. Their presence benefits the growing infant or may indicate 
signs of diseases and certain disorders (Fitzstevens et  al. 2017; Stinson et  al. 
2021). HBM microbiome is responsible for the baby’s gut colonization. Still, 
they may also have several other crucial roles, including affecting the matura-
tion of the mucosal immune system, defending against infections, and assisting 
with digestion and nutritional absorption (Jeurink et al. 2013). HBM bacteria, in 
brief: bolster the gut immune system’s homeostasis: Early microbial exposure is 
crucial to offer antigenic cues encouraging intestinal immune system matura-
tion and improving intestinal homeostasis (Gensollen et al. 2016). By support-
ing a change from the predominate intrauterine T helper cell 2 immunological 
milieus to a TH1/TH2 balanced response and by inducing regulatory T cell 
development, the HBM microbiota specifically may enhance intestinal immune 
homeostasis. Additionally, a metagenomics analysis of the HBM microbiome 
revealed immunomodulatory DNA motifs that could aid in reducing excessive 
inflammatory reactions to bacterial colonization by enhancing intestinal func-
tions. As HBM microbiome contains oligosaccharides indigestible by an infant’s 
intestine, molecular analysis revealed that BM bacteria are metabolically active 
in producing short-chain fatty acids (SCFA). It has been proposed that this char-
acteristic favors the proliferation of helpful bacteria against harmful taxa (Ward 
et al. 2013). Several BM isolates, including Lactobacillus rhamnosus and cris-
patus, were shown to inhibit the growth of pathogenic microorganisms in vitro 
studies. Other isolates had effects on an enteropathogenic Salmonella enterica 
strain that were both in vitro and in a mouse model that was bacteriostatic and/
or bactericidal (Hirai et  al. 2002). Breastfed infants also exhibit increased 
capacity for carbohydrate, amino acid, and nitrogen metabolism, cobalamin 
synthesis, membrane transport, oxidative stress, and human behavior and emo-
tion (Lazar et al. 2019; Stinson et al. 2021; Valdes et al. 2018; Valles-Colomer 
et al. 2019) (Fig. 9.1).
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Fig. 9.1 Benefits of human milk microbiome for infants

9.3  Bacteria

Several genera of bacteria have been identified in the HBM through culture- 
dependent and culture-independent methods. The core genera primarily include 
Staphylococcus, Streptococcus, and Pseudomonas. These are found universally 
regardless of the lactating mothers’ demographics, geographical location, or health 
status (Kim and Yi 2020; McGuire and McGuire 2017; Stinson et al. 2021). The 
most abundant genera found are Staphylococcus, Streptococcus, and 
Propionibacterium; Bifidobacterium, Veillonella, Rothia, and Lactobacillus are 
found in lower abundance (Stinson et  al. 2021). Corynebacterium, Ralstonia, 
Acinetobacter, Acidovorax, Pseudomonas, Bacteroides, Clostridium, Escherichia/
Shigella, Gemella, and Enterococcus are some of the other commonly found bacte-
rial genera in the HBM (McGuire and McGuire 2017; Stinson et al. 2021).

Some of these microbes’ early colonization of the infant’s gut can help in short- 
and long-term health outcomes (Fitzstevens et  al. 2017). Although found in low 
abundance, Bifidobacterium is the first to colonize the infant’s gut and help utilize 
the glycans found in the HBM (Stinson et al. 2021). Lactobacillus in the gut pro-
vides resilience and reduction in the risk of diarrheal and other dysbiosis-related 
problems (Gomez-Gallego et al. 2016). Together these two bacteria help activate 
immunoglobulin A producing plasma cells in the neonatal gut (Khodayar-Pardo 
et al. 2014). Different bacteria also aid in decreasing the risk of respiratory tract 
infections, atopic dermatitis, asthma, obesity, type 1 and 2 diabetes, necrotizing 
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enterocolitis, gastroenteritis, and inflammatory bowel disease (Fitzstevens et  al. 
2017; Gomez-Gallego et al. 2016).

9.4  Viruses

Members of certain viral families have been reported in infants up to 4 days of age. 
Bacteriophages are the most abundant, while certain eukaryotic viruses are the 
least. Members of Siphoviridae, Myoviridae, and Podoviridae families have also 
been reported in both HBM and breastfed infant stool (Stinson et  al. 2021). 
Bacteriophages, in particular, help maintain the balance between different bacterial 
communities at different points in the early developmental age. Non-phage viruses 
from Papillomaviridae, Retroviridae, and Herpesviridae have also been reported 
(Stinson et al. 2021). Regarding the recent challenge of SARS-CoV-2 (COVID-19) 
in BM, there is no evidence of virus transmission during lactation (Zhu et al. 2021).

9.5  Archaea

Of the several studies on HBM samples, only two have reported the presence of 
archaeal DNA. The species identified were Haloarcula marismortui, Halorhabdus 
utahensis, and Halomicrobium mukohataei (Jiménez et  al. 2015; Stinson et  al. 
2021). Although the presence of halophilic archaea is questionable in the HBM, a 
protective function has been attributed to their presence (Stinson et al. 2021).

9.6  Microeukaryotes

A few fungal species have also been reported in low diversity and biomass in the 
HBM, forming the HM mycobiome. These are generally members of Malassezia, 
Davidiella, Ascomycota, Basidiomycota, Candida, and Saccharomyces (Boix- 
Amorós et al. 2019; Jiménez et al. 2015; Stinson et al. 2021). Protozoal parasites, 
including Giardia intestinalis and Toxoplasma gondii, have also been reported 
(Jiménez et al. 2015; Stinson et al. 2021). However, the clinical significance of these 
fungal and protozoal species has not been reported yet.

9.7  Origin of Milk Microbiome

Now that there is a consensus on the presence of microbes in the HBM, the next 
step is to elucidate their source in the HBM. Several theories and evidence suggest 
two possible routes for the entry of microbes into the HBM. First is the entero- 
mammary pathway, which involves the translocation of gut microbiota to the 
mother’s mammary glands (McGuire and McGuire 2017; Moossavi et al. 2019). 
The presence of certain gut microbiome anaerobes such as Veillonella, Bacteroides, 
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Parabacteroides, Clostridium, Collinsella, Faecalibacterium, Coprococcus, and 
Blautia in the HBM indicate their entry via the lymphatic system (Stinson et al. 
2021). This has been supported by the presence of bacteria in the mesenteric 
lymph nodes of pregnant mice as opposed to nonpregnant mice, indicating an 
increase in bacterial translocation during gestation (Perez et  al. 2007; Stinson 
et al. 2021). This has been further confirmed by the increase in lymphatics in the 
mammary tissues during the lactation period (Hitchcock et al. 2020; Schenkman 
et al. 1985; Stinson et al. 2021).

Second is the retrograde inoculation by the maternal skin and the infant’s 
oral cavity (McGuire and McGuire 2017; Moossavi et al. 2019; Stinson et al. 
2021). The presence of human skin commensals such as S. epidermidis, S. hom-
inis, S. haemolyticus, S. lugdunensis, Cutibacterium acnes, and species of 
Corynebacterium in the HBM indicate their entry via the nipple into the mam-
mary glands (Stinson et al. 2021). S. epidermidis has supported this in breast-
fed infants and its absence in formula- fed infants (Jiménez et al. 2008; Stinson 
et al. 2021). Reports have also suggested an exchange between the infant’s oral 
and HBM microbiomes during the lactation period (Stinson et al. 2021). This 
has been supported by oral bacteria, such as S. salivaris, S. mitis, Rothia muci-
laginosa, and Gemella spp., in the HBM of breastfed infants instead of bottle-
fed infants (Biagi et al. 2018; Stinson et al. 2021).

The next question in our understanding of the seeding of the HBM is whether 
this occurs due to constant influx during the gestation and lactation period or as a 
result of a permanent mammary gland microbiome. The low abundance of bacteria 
in the HBM compared to other mucosal surfaces in the body suggests the constant 
influx approach. This is further supported by the fact that mammary epithelium tis-
sues are not specialized for mucus secretion (Stinson et al. 2021). Another argument 
suggests that although the mammary epithelial cells do not secret mucus, they may 
act as a mucosal-like immune interface, thus allowing stratification and compart-
mentalization of resident microbes (Sakwinska and Bosco 2019; Stinson et  al. 
2021). This has been supported by the presence of S. aureus and lactic acid bacteria 
biofilms in the mammary epithelial cells in bovine models, favoring the permanent 
model of the mammary gland microbiome (Bouchard et  al. 2015; Gomes et  al. 
2016; Stinson et al. 2021; Wallis et al. 2019).

9.8  Potential Factors Influencing Milk Microbiome

Several factors influence the HBM microbiome at all stages of gestation as well as 
lactation (Fig. 9.2). These include the following:-

 1. Maternal factors.
 2. Breastfeeding factors.
 3. Early life factors.
 4. Infant factors.
 5. Milk environment.
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Fig. 9.2 Factors affecting human milk microbiome

Maternal factors such as body mass index (BMI), gestational age, ethnicity, and 
diet tend to influence the composition of the HBM microbiome (Cabrera-Rubio 
et  al. 2012; Moossavi et  al. 2019). Mothers with high BMI tend to have a more 
homogenous composition of bacteria than those with normal BMI (Cabrera-Rubio 
et al. 2012). HBM from obese mothers shows a higher abundance of Staphylococcus 
and Lactobacillus while a lower abundance of Bifidobacterium (Cabrera-Rubio 
et al. 2012). Lower levels of Bifidobacterium in the milk may lead to improper seed-
ing of the infant’s gut, thereby affecting the child’s overall health. Gestational age 
tends to influence the Bifidobacterium concentration in the HBM. Preterm mothers 
have a higher Bifidobacterium count in the colostrum and during lactation. At the 
same time, there is no significant correlation between gestational age and any other 
bacterial genera (Khodayar-Pardo et al. 2014). Ethnicity, as well as diet, also influ-
ences the HBM microbiome. Intake of prebiotics and probiotics in the diet tends to 
reflect in the milk microbiome and influence the human milk’s lipid profile (Gomez- 
Gallego et al. 2016; McGuire and McGuire 2017). A calorie-intensive and nutrient- 
rich diet is also associated with a higher abundance of Firmicutes, indicating that 
diet influences the HBM microbiome (McGuire and McGuire 2017; Williams et al. 
2017). Women from different ethnicities show differences in the composition of 
breast milk metabolites (Gay et al. 2018).

Certain breastfeeding factors, such as whether the infant is breastfed or bottle- 
fed, or both and the lactation period influence the milk microbiome. Breastfed 
infants tend to have a more abundant microbiome than bottle-fed ones, especially 
that of Bifidobacterium (Stinson et al. 2021). It has also been found that colostrum 
has a more diverse microbiome than transition or mature milk (Cabrera-Rubio et al. 
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2012). The abundance of certain bacteria like Bifidobacterium, Enterococcus spp., 
Staphylococcus, Streptococcus, Lactococcus, Veillonella, Leptotrichia, and 
Prevotella has been reported to increase from colostrum to mature milk (Cabrera- 
Rubio et al. 2012; Khodayar-Pardo et al. 2014).

9.9  Mode of Delivery

Women who give birth vaginally or through emergency and elective caesarian 
show significant differences in their milk microbiome. For vaginal delivery, the 
HBM microbe shows an increase in Bifidobacterium, Leuconostocaceae, 
Lactobacillus spp., while the elective caesarian shows an increase in 
Carnobacteriaceae (Cabrera- Rubio et  al. 2012; Gómez-Gallego et  al. 2018; 
Khodayar-Pardo et al. 2014). The microbiome is more or less similar for vaginal 
and emergency caesarian procedures. This indicates that the difference does not 
arise due to the difference in procedure but the lack of physiological stress and 
hormonal signals which mediate the seeding of the milk microbiome (Boix-
Amorós et al. 2016). Lactating mothers on antibiotics or chemotherapy also show 
a reduced bacterial diversity in the HBM microbiome (McGuire and McGuire 
2017). Since the infant’s oral cavity also seeds the HBM microbiome, it gets influ-
enced by the infant’s sex, as hormonal differences between the males and females 
alter the gut microbiome (Markle et  al. 2013; Moossavi et  al. 2019). All of the 
above-discussed factors tend to influence the composition of the HBM in terms of 
lipid profile, HMOs, cytokine levels, creatine, and riboflavin. The composition also 
tends to differ depending upon the demographic settings of the mother (Gay et al. 
2018; Gomez-Gallego et al. 2016).

9.10  Global Variation in Dominant Bacterial Taxa

The HBM microbiome also varies depending on the geographic location of the lac-
tating mothers. This global variation can be attributed to differences in diet, eco-
nomic setting, and usual birth methods opted in the country. Several studies have 
shown that Caucasian Canadian women’s milk microbiome predominantly contains 
Staphylococcus, Pseudomonas, Streptococcus, and Lactobacillus, while 
Streptococcus predominates in Mexican-American women (Davé et  al. 2016; 
McGuire and McGuire 2017; Urbaniak et  al. 2016). Another study showed that 
Spanish women’s milk microbiome contained Staphylococcus, Pseudomonas, 
Streptococcus, and Acinetobacter (Boix-Amorós et al. 2019). The microbiome of 
women in the United States showed the presence of Serratia and Corynebacteria, 
while that of Finland showed the presence of Leuconostoc, Weissella, Lactococcus, 
and Staphylococcus (Cabrera-Rubio et  al. 2012; McGuire and McGuire 2017). 
More studies regarding the Asian HBM microbiome are required to draw a better 
contrast.
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9.11  Potential Factors to Modulate Milk Microbiota

Once we are clear with the source, difference, and importance of the HBM microbi-
ome, it becomes evident to know how the milk microbiota can be modulated to 
mimic that of a healthy mother. Dietary interventions can prove helpful with the 
administration of probiotics and topical probiotics in improving the milk microbi-
ome since the seeding route is both entero-mammary and retrograde (Stinson et al. 
2021). The dairy industry predominantly uses phage therapy to modulate the bovine 
milk microbiome and protect bovine mothers from mastitis and other diseases. The 
same approach can also be used for the HBM microbiome (Dias et al. 2013; Porter 
et al. 2016; Stinson et al. 2021).

9.12  Role of Bacterial Extracellular Vesicles in HBM 
Microbiota (Their Involvement in the Vertical Transfer 
of Gut Microbiota)

The gastrointestinal tract of humans is housed in approximately 100 trillion micro-
organisms, which work in mutual harmony with the host to support the advance-
ment of the host’s defense mechanisms. The initial establishment of the gut 
microbiota throughout childhood has long-term consequences for human health. 
Several variables, including the type of delivery, antibiotic treatment, surroundings, 
and dietary exposure, are thought to trigger early infant gut colonization (Ojo- 
Okunola et al. 2018). Diet is vital in promoting the growth of the infant’s immunity. 
The most significant driver of nourishment for newborns is human breast milk 
(HBM), which is recognized to include immunological factors such as immuno-
globulins, cellular machinery of the immune system, antibacterial agents (like lac-
toferrin and lysozyme), cytokines, and other important factors (Kim and Yi 2020). 
Previously, microorganisms in HBM were considered a sign of harm or contamina-
tion, but multiple investigators have shown that HBM includes microbial species by 
employing culture-dependent strategies. It is understood that HBM includes many 
commensal microbes that may influence how the infant’s gut colonizes (Murphy 
et al. 2017).

Extracellular vesicles (EVs) are membrane vesicles with a dimension of a few 
nanometers having a wide range of bioactive molecules within, including lipids, 
membrane proteins, cytoplasmic proteins, nucleic acids, and peptides found in the 
cytosol. Every microbe produces EVs, and this is a widely recognized fact. 
According to the properties of their membranes, microbes are subdivided into 
Gram-positive (G +) or Gram-negative (G-) bacteria. The EVs produced by G + bac-
teria are typically known as bacterial membrane vesicles, while those produced by 
G-bacteria are known as outer membrane vesicles (Brown et al. 2015). Microbe- 
derived EVs in bodily fluids like blood, urine, or feces suggest that these microbes 
can influence host cellular machinery by triggering host receptors, releasing differ-
ent biologically active chemicals, or fostering EVs into the cells of hosts.
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In an investigation by Kim and Yi, the top categories of bacteria found in mam-
malian breast milk they included Bacteroides, Acinetobacter, and Lactobacillus, 
whereas Streptococcus and Staphylococcus predominated in microbial samples 
(Kim and Yi 2020). Such findings suggest that the microorganisms producing EVs 
have a variance and do not always correspond with the microorganisms found in 
human breast milk. Additionally, this research indicates that EVs may aid in the 
vertical transmission of commensal microbes from women to their offspring. In 
addition, because such vesicles are abundant in microRNAs, they may also affect 
children’s mucosal defenses and boost the range of their intestinal microbiomes 
(Macia et al. 2019).

Furthermore, Wang et al. (2019) examined the exosomes derived from human 
milk by contrasting the milk of term pregnancies to that of preterm pregnancies. 
Researchers observed that peptide contents of preterm and term milk exosomes dif-
fered significantly. These results suggest a possible variation in the bacterial EV 
makeup of human milk, which may impact a child’s future health-related conse-
quences. Human breast milk contains exosomal miRNAs (exomiRs) encased within 
the exosomes. These exomiRs are transported from the human milk to the newborn 
via the alimentary canal and may be extremely important for the immunological 
functioning of the child. The development of thymic regulatory T cells (Tregs), 
which prevents Th2-mediated atopic sensitization and atopic effector responses, is 
another benefit of milk-derived miRNAs. Exosomes generated from human and 
bovine milk exhibit exceptionally high concentrations of immune-modulatory miR-
NAs (miR-155, miR-146a, and miR-21) that have been demonstrated to be linked to 
thymic Treg development (Mirza et al. 2019).

It is crucial to separate EVs to examine their biochemical components and/or 
explicitly investigate their function to obtain familiarity with the roles played by 
EVs found in milk. The prevailing isolation procedures for milk EVs have been 
modified from procedures created for EV isolation from plasma or conditioned cul-
tured media. Most of these techniques encompass size exclusion chromatography 
(SEC), density gradient centrifugation, commercial precipitation kits, and ultracen-
trifugation (Hu et al. 2021).

9.13  Conclusions and Future Perspectives

The “ideal” source of nutrition for infants is human milk. It is recommended to 
breastfeed, since it promotes healthy newborn development. Breastfeeding 
exposes the newborn to milk-associated bacteria, which may influence the new-
born’s microbiological, metabolic, and immunological health. Since this could 
alter the perception of the microbial BM ecosystem and have implications for 
infant health, more research is required to understand the connections between the 
microbial components of the HBM microbiome, including bacteria and fungi, 
archaea, and viruses. To improve our understanding of HBM microbiome regula-
tion, it is essential to consider the complexity of BM and the variables that influ-
ence its composition.
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Abstract

Skin, the body’s largest organ, harbors a unique microbial community crucial for 
maintaining skin health. The cutaneous immune system and skin microbiome 
keep the pathogens at bay, and any anomaly generated in this tightly linked net-
work culminates in skin abnormalities. Dysbiotic microbiome conditions are 
often observed in skin disorders suggesting their prominent role in protecting 
skin health. This chapter will discuss the components of the normal skin micro-
biome and its interactions with the immune system and the modern environment. 
In addition, the implications of cosmetics on skin microbiome, the association of 
microbiota with skin disorders, and therapeutic interventions have been dis-
cussed in detail.
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10.1  Introduction

Before the advent of metagenomics, culture-based approaches were used to study 
the skin microbiota. The laboratory conditions do not permit the growth of most 
microorganisms, and many microorganisms outgrow the others (Staley and Konopka 
1985), complicating microbiome studies. The advancement of DNA sequencing 
technologies introduces a new culture-free platform termed “metagenomics” to ana-
lyze the skin microbiome without bias (Handelsman 2004). Metagenomic analysis 
of microbiomes provides information regarding the identity of microbial popula-
tions and the relative abundance of each species in the population (Chen and Tsao 
2013). This information becomes valuable in identifying the connection of skin 
microbiome to various diseases and the response of various therapies in the micro-
biota of the skin. Skin microbiota is classified into two types: resident and transient. 
Resident microbes are skin commensals that benefit the host. They reside on the 
skin surface for a long time and reestablish themselves in perturbation cases. 
Transient microbes, on the other hand, are mostly temporary residents of the skin 
that persist in the skin for hours or days and often skin surfaces from the surround-
ing environment (Kong and Segre 2012). The skin microbiome is dynamic and is 
under constant contact and influence of the external environment. The skin microbi-
ome is susceptible to changes resulting from the everyday use of hygiene and cos-
metic products. A symbiotic relationship between skin commensals and the host 
must be established to sustain healthy skin. Any interruptions that can upset this 
equilibrium pave way to infections and inflammatory responses in the skin. Many 
therapeutic interventions involving topical prebiotics, synbiotics, and microbial 
metabolites have been reported to influence skin microbiota positively. The upcom-
ing sessions will deliberate on these aspects with future microbiome research 
prospectus.

10.2  The Components of the Skin Microbiome

The skin resides millions of bacteria, fungi, archaea, and viruses that make up the 
skin microbiome. The components of skin microbiota act as a physical barrier by 
preventing the invasion of pathogens. The human skin has diverse microenviron-
mental niches that are dry (palm and volar forearm), oily (chest, face, and back), and 
moist (groin, bend of the elbow, and knee) due to which the composition of micro-
bial community varies from one physiological site to the other (Byrd et al. 2018). 
The microbiota can be unique to anatomic sites of the skin, such as follicles, seba-
ceous glands, and sweat glands (Kong and Segre 2012). The establishment of the 
skin microbiome starts during birth. Infants born vaginally acquire microbial mem-
bers from the mother’s vagina, whereas infants born via C-section receive microbes 
from the mother’s skin (Dominguez-Bello et  al. 2010; Mueller et  al. 2015). The 
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bacterial population of the buttocks, forehead, and arm changes as a function of age 
in infants, with a decline in the population of Staphylococcus and Streptococcus and 
expansion of other lesser predominant genera (Capone et al. 2011).

The microbial community changes during puberty due to hormonal fluctuations 
that influence sebum secretion and favor the colonization of lipophilic microorgan-
isms such as Malassezia (Jo et al. 2016), Cutibacterium, and Corynebacterium (Oh 
et al. 2012). The adult skin microbiome comprises 19 bacterial phyla in which the 
phyla Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes predominate 
(Grice et al. 2009). Four percent of skin microbial genes belong to archaea, where 
the phyla Thaumarchaeota predominates, followed by Euryarchaeota (Probst et al. 
2013). Healthy skin hosts eukaryotic viruses belonging to Circoviridae, 
Papillomaviridae, and Polyomaviridae (Foulongne et al. 2012). The skin microbiota 
is influenced by several intrinsic factors such as metabolism, sleep, stress, gender, 
immunity, genetics, and external factors such as hygiene, climate, pollution, expo-
sure to chemicals and sunlight, etc. (Skowron et al. 2021). Most skin microbiome 
studies have succeeded in characterizing the bacterial members of the microbiome, 
but the functional role of archaea and viromes is poorly understood and demands 
further investigation.

10.3  The Skin Microbiome-Immune System Interplay

The skin’s immune response to wounds and infections could affect the colonization 
of the skin’s microbiota. Pattern recognition receptor (PRR) of keratinocytes can get 
activated upon recognition of the pathogen-associated molecular pattern (PAMP) of 
a pathogen, which initiates the production of several antimicrobial peptides that 
kills pathogens like bacteria, viruses, and fungi. However, the immune system toler-
ates the skin commensals either by activating toll-like receptor (TLR) inhibitors or 
attenuating the TLR expression on cell surfaces (Fukao and Koyasu 2003; Strober 
2004). To avoid unnecessary systemic inflammatory immune responses and to sup-
press adjuvant properties of skin commensals, the immune system has evolved to 
generate specific and compartmentalized responses. The skin commensals can 
amplify the innate immune response to pathogens by activating immune genes. 
S. epidermidis induces the expression of antimicrobial peptides (AMP) by keratino-
cytes via a TLR2-dependent mechanism (Lai et al. 2010). S. epidermidis produces 
phenol-soluble modulins that can act against the skin pathogen S. aureus (Cogen 
et al. 2010). Lipoteichoic acid, a ligand of TLR-2 receptor, derived from S. epider-
midis has been associated with decreased TLR-3 inflammation mediated by kerati-
nocytes (Lai et  al. 2009) and has antiviral potential against vaccinia viruses by 
activating cathelicidin-producing mast cells (Wang et  al. 2012). The metabolic 
products of skin commensals can also contribute to the elimination of potential 
pathogens. Corynebacterium accolens, a commensal seen around the nasal region, 
can metabolize the triacylglycerols into free fatty acids with potent antipneumococ-
cal activity (Bomar et al. 2016). Short-chain fatty acids synthesized by Cutibacterium 
acnes through fermentation of glycerol, naturally found in the skin, can restrain the 
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growth of S. aureus by bringing down the intracellular pH (Shu et al. 2013). AMPs 
from S. epidermidis and Staphylococcus hominis can synergize with human AMP 
LL-37 in defending S. aureus (Nakatsuji et al. 2017). During cutaneous infections, 
skin commensals have autonomous control in tuning local T- cell functioning and 
local inflammatory response (Naik et al. 2012). Disrupting the skin microbiome, 
immune system interaction can seriously affect the host’s health. Mice treated with 
CR5 antagonist interrupted the complement pathway, resulting in an abnormal 
increase of Actinobacteria in the skin. The treatment also caused an overall reduc-
tion of immune filtration and expression of PRRs, chemokines, cytokines, and 
AMPs (Chehoud et al. 2013) (Fig. 10.1).

The skin microbiota also has a crucial role in host immune stimulation. The 
germ-free mice without bacterial colonization decreased immune genes’ expression 
level in complement activation and binding (Chehoud et  al. 2013). The immune 
system tolerates the skin commensals at the skin’s surface. Penetration of bacteria 
to the dermis will induce the activation of commensal-reactive T cells in lymph 
nodes (Shen et al. 2014). The skin is the largest reservoir for memory T cells since 
it is home to approximately 20 billion effector lymphocytes (Clark et al. 2006). The 
cross talk of the skin microbiome immune system varies among innate and adaptive 
counterparts of the host immune system. A study by Scholz et al. (2014) discusses 
that in mice’s adaptive immune system, MyD88-dependent innate responses and 
Langerhans cells have no control over the skin microbiome, but Rag1−/−(a compo-
nent of the adaptive immune system) altered the microbial consortia of mucosal 
surfaces in a steady-state manner. The alteration of the skin microbiome in immune- 
deficient individuals may change the host’s immune response to pathogens. Patients 

Fig. 10.1 The beneficial role of skin commensals in protecting the skin. A. S. epidermidis acti-
vates keratinocytes via TLR2 for expression of AMP that can kill pathogens of the skin B. S. epi-
dermidis and S. hominis synthesize AMPs which can act synergistically with the AMP LL-37 
produced by the host immune system against S. aureus. C. S. epidermidis activates mast cells to 
synthesize cathelicidin that acts against vaccinia virus
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with STAT1 and STAT3 primary immunodeficiency inactivated primary leukocytes 
and subsequent cytokine response to S. aureus and Candida albicans associated 
with enrichment of Acinetobacter sp. (Smeekens et  al. 2014). Skin microbiome 
plays an inevitable role in UV-induced immune suppression. The presence of skin 
microbiota nullifies the immunosuppressive response upon exposure to UV-B radia-
tion and increases neutrophilic infiltration and epidermal hyperplasia. In contrast, 
its absence enhanced the number of macrophages and mast cells, suggesting that 
microbiota is involved in the modulation of cutaneous immune gene expression 
(Patra et al. 2019). Skin commensals can inhibit the colonization of other bacteria 
and may have a protective role in individuals where the adaptive immune system is 
disabled. S. epidermidis was found abundantly in the skin of mice with long-term 
immunodeficiency (Garcia-Garcerà et al. 2012). However, the extent to which com-
mensals can fill the adaptive immune response gap in immune-compromised hosts 
will need further research.

10.4  Dysbiosis: The Common Anomaly in Skin Abnormalities

Dysbiosis results from the loss of microbial diversity and skin commensals with a 
subsequent increase of pathogens in the microbiota (Petersen and Round 2014). 
Growing evidence shows the obvious involvement of skin microbiota dysbiosis in 
skin disorders. Psoriasis vulgaris is a chronic inflammatory disease resulting from 
the production of cytokines tumor necrosis factor (TNF), interferon-γ, IL-17, and 
IL-22 and stimulation of Th-22, Th-1, and Th-17 cells (Lowes et al. 2008; Nograles 
et al. 2009). Changes in the microbial community of the skin at various physiologi-
cal sites have been observed in psoriatic patients. Psoriatic lesions on the back were 
observed to be dominated by Malassezia restricta, Brevibacterium, and Kocuria, 
whereas Malassezia sympodialis and Gordonia dominated the microbiota of elbow 
psoriatic lesions. In addition, the coexistence of Lactobacillus, Kocuria, and 
Streptococcus with Saccharomyces has been found in psoriatic lesions from the 
elbow (Stehlikova et  al. 2019). Malassezia sp. has been proven to promote the 
secretion of pro-inflammatory cytokines IL-1, IL-8, and IL-6 and TNF-α in kerati-
nocytes (Watanabe et al. 2001), suggesting its involvement in predisposing to psori-
atic conditions. An increase in the representation of Corynebacterium kroppenstedtii, 
Corynebacterium simulans, Neisseria sp., and Finegoldia sp. in psoriatic patients 
was reported by Olejniczak-Staruch et al. (2021).

S. aureus appears to be common in psoriatic skin with and without lesions, and 
colonization of S. aureus in mice models indicated the triggering of Th-17 polariza-
tion, confirming the involvement of the bacteria in psoriasis. Also, a significant fall 
in the population of skin commensals C. acnes and S. epidermidis in psoriatic 
patients concludes the role of dysbiosis in psoriasis (Chang et al. 2018). The elbow 
region in psoriatic patients has a uniform metagenome with a difference in meta-
bolic functioning which entails amino acid and carbohydrate metabolism. It was 
revealed that protein export (ko03060) and bacterial secretion (ko0370) were scarce 
in psoriatic patients compared to healthy individuals. The altered microbiota of 
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psoriatic patients can change the metabolic composition of plasma and enrich the 
branched-chain amino acid metabolism pathway of amino acids (isoleucine, valine, 
and leucine) and metabolism of lipids (α-linolenic acid, linoleic acid (Chen 
et al. 2021).

Another chronic inflammatory disorder linked to the dysbiotic conditions of the 
skin microbiome is atopic dermatitis (AD), characterized by pruritic skin lesions 
and eczema (Luger et al. 2021). AD patients exhibited an overall decrease in the 
diversity of skin microbiota and an increase in the Staphylococcus sp. (Pascolini 
et al. 2011; Kong et al. 2012). Dysbiotic states increase the skin’s pH, favoring the 
colonization of pathobiont, such as S. aureus, to the skin (Rippke et al. 2004; Knor 
et al. 2011). The expression of host AMPs DEFΒ-2, DEFΒ-3, and cathelicidin is 
low in AD patients (Ong et  al. 2002), prompting S. aureus to outgrow the skin 
microbiota. S. aureus colonization aggravates the severity of atopic dermatitis due 
to production of superantigens (Mallinckrodt 2000). The expression of Jun B in 
keratinocytes is a crucial factor determining the severity of AD. The loss of Jun B 
can increase the expression of MyD88 and IL-36 in keratinocytes favoring the colo-
nization of S. aureus and dysbiosis of skin microbiota (Uluçkan et al. 2019).

On the contrary, skin microbiome studies in 12-month-old AD-affected infants 
did not show colonization of S. aureus in dysbiotic conditions (Kennedy et al. 2017). 
An overabundance of S. epidermidis, too, can complicate AD conditions due to the 
deleterious effect of cysteine protease produced by the bacteria on the skin (Cau 
et al. 2021). In the cases of acute AD, extensive colonization of Corynebacterium 
bovis has been reported by Kobayashi et al. (2015). Changes in the microbiota’s 
metabolic profile have also been reported in AD subjects. The enzymes involved in 
citrulline and ammonia metabolism were significantly higher in the AD-associated 
microbiota (Chng et al. 2016). Filaggrin is an important protein involved in main-
taining the integrity of the skin barrier, and mutations in the gene encoding it (FLG) 
have been frequently reported as a genetic factor in AD patients (Irvine et al. 2011). 
A recent finding suggests that Staphylococcus caprae was found more abundantly 
in AD patients with FLG mutation.

Acne vulgaris is a common chronic inflammatory skin disorder that affects 85% 
of adolescents worldwide (Bhate and Williams 2013). Comedone formation, fol-
licular hyperkeratinization, excess sebum production, and inflammatory immune 
response generated by C. acnes are the cardinal factors that can contribute to the 
formation of acne (Bhambri et al. 2009; Bellew et al. 2011). The skin microbiome 
of acne-affected patients harbors bacteria belonging to Proteobacteria and 
Firmicutes, predominantly. In severe acnes, dysbiotic condition is more pronounced 
with abundance in the population of Faecalibacterium, Klebsiella, Odoribacter, 
and Bacteroides (Li et al. 2019). C. acnes produces various virulence factors like 
polyunsaturated fatty acid isomerase, lipase, dermatan sulfate-binding adhesins, 
and hemolysins (Christensen and Brüggemann 2014). The acne-associated phylo-
types induce a pro-inflammatory response by stimulation of Th-1 and Th-17 result-
ing from enhanced expression of IFN-γ and IL-17 (Yu et al. 2016). S. epidermidis, 
a skin commensal, can alleviate the inflammatory response of C. acnes by activating 
miR-143 in keratinocytes responsible for reduced stability of TLR-2 mRNA (Xia 
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Table 10.1 An overview of dysbiotic states defined in some skin disorders

Skin 
condition Abundant microbes in the skin under dysbiotic states References
Aging The abundance of species Proteobacteria and Actinobacteria Kim et al. 

(2019)
Vitiligo Janibacter and Brevundimonas (non-lesional) and 

Enhydrobacter, Paracoccus and Staphylococcus (lesional)
Ganju et al. 
(2016)

Dandruff Malassezia restricta and Staphylococcal sp Wang et al. 
(2015)

Melanoma Fusobacterium and Trueperella Mrázek et al. 
(2019)

Rosacea Campylobacter ureolyticus, Corynebacterium kroppenstedtii Rainer et al. 
(2020)

et al. 2016). The antibacterial components, polymorphic toxins, and epidermidin 
secreted by S. epidermidis control the population of C. acnes in the skin (Christensen 
et al. 2016). In contrast, some studies suggest the abundance of C. acnes in the fol-
licles than S. epidermidis (Fitz-Gibbon et  al. 2013; Barnard et  al. 2016); higher 
counts of S. epidermidis were found in some follicular samples than C. acnes 
(Nakatsuji et al. 2013). Staphylococcus capitis has also been reported to produce 
phenol-soluble modulins that act specifically against C. acnes with less toxicity to 
keratinocytes and other commensals (O’Neill et  al. 2020). Hence, defining the 
pathophysiology of acne vulgaris is difficult because of the disparities in different 
individuals’ relative abundances of commensals.

Although the research in understanding the role of the skin microbiome in cancer 
is yet to progress, the involvement of skin microbiota has been reported in many 
studies. Mirvish et  al. (2013) discuss the involvement S. aureus, Chlamydophila 
pneumonia, and Borrelia burgdorferi in cutaneous T-cell lymphoma. Vitiligo, an 
autoimmune disorder that causes loss of melanin resulting in discolored patches, 
has been linked to skin dysbiosis and lesions enriched with Proteobacteria, 
Mycoplasma, and Streptococcus (Bzioueche et al. 2021). Radiotherapy can cause 
adverse situations like radiotherapy-induced dermatitis and has been linked to the 
overrepresentation of Stenotrophomonas, Staphylococcus, and Pseudomonas, 
resulting in delayed healing. Hence, microbiome profiling can also be used as a 
prognosis for radiation therapies (Ramadan et  al. 2021). Microbiome alterations 
have been linked to many other skin conditions, summarized in Table 10.1.

10.5  The Cross Talk of Skin Microbiome 
and Living Environment

The biodiversity of the human microbiome is a function of the biodiversity of its 
immediate environment and interactions with it (Von Hertzen et al. 2015). The skin 
microbiome changes more frequently over a while than the gut suggesting the ease 
with which exposure to environments can alter the microbial consortia of the skin 
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(Prescott et al. 2017). The skin microbiota varies between urban and rural popula-
tions due to the differences in exposure to soil, aquatic, and host allied microbial 
sources originating from the inhabitants with more indoor jobs in urban settings 
(Ying et al. 2015). People owning pets and have more exposure to outdoor environ-
ments possess diverse skin microbiota (Ross et al. 2017). Traditional environments 
and the microflora it comprises have been linked to exerting immune stimulation in 
humans. Exposure to green environments like agricultural lands was associated 
with less atopic sensitization (Ruokolainen et al. 2015). Children residing in rural 
environments have less risk of acquiring allergic conditions as they develop immune 
tolerance due to enhanced exposure to microbial antigens in farms (Riedler et al. 
2000). The dust in rural houses harbors more diverse microbes and therefore carries 
a broad range of PAMPs than those in urban houses (Alenius et al. 2009). This also 
accounts for the decreased risk of acquiring allergic reactions in residents in rural 
settings.

Moreover, the skin microbiota of people residing in urban areas has also influ-
enced the biodiversity in the vegetation of the adjacent environment (Hanski et al. 
2012; Ruokolainen et al. 2015). Despite a similar richness in the skin microbiota of 
people from rural and urban places, the rural subjects possessed a larger intragroup 
variation than the urban subjects (Ying et al. 2015). Cohabiting couples shared a 
similar profile of overall skin microbiota, although the microbiota of thigh regions 
was more associated with biological sex than cohabiting partners (Ross et al. 2017). 
Even the altitude of living can significantly impact shaping the skin microbiota. 
Zeng et al. (2017) elucidate that the human population residing at high altitudes 
showed an abundance in the microbial population of Cellulomonadaceae, 
Xanthomonadaceae, Paenibacillus, Arthrobacter, and Carnobacterium. Moreover, 
the skin microbiome of humans and pigs residing in high altitudes was more similar, 
suggesting the possibility of convergent evolution of microbiota to adapt to new 
environments. The endogamous agriculturist Indian subpopulation showed unique 
microbial taxa in the skin microbiome, which included Corynebacterium, 
Staphylococcus, Alloiococcus, Peptoniphilus, Streptococcus, and Anaerococcus, 
indicating the role of environmental factors along with diet and host genetics shap-
ing the skin microbiota (Chaudhari et al. 2020).

Westernization has resulted in the loss of microbial communities, and genes that 
were once part of the ancestral microbiome and have coevolved with the human 
body (Segata 2015). Urbanization can profoundly affect the microbial community 
of houses and increase the abundance of skin-associated microorganisms in urban 
dwellings. Frequent footwear use increased the abundance of Staphylococci sp. in 
the feet, and skin surfaces were enriched with skin-associated bacteria more than 
environmental bacteria in urban subjects (McCall et al. 2020). The high prevalence 
of human pathogens in urban environments increases people’s susceptibility to 
infectious diseases and inflammatory diseases associated with pathogens. A study 
conducted by Cordain et al. (2002) found that the Western population was more 
prone to acne vulgaris, whereas indigenous tribes were unaffected by acne vulgaris 
(Steiner 1946). These studies imply that the environment and human microbiome 
are tightly interlinked, and any perturbations to the living environment can affect the 
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microbiota and result in health disorders. Our knowledge regarding the link between 
environmental health, human health, and human microbiota is limited and has to 
progress further.

10.6  Implications of Cosmetic Products on Skin Microbiota

In vitro, ex vivo, and in vivo studies traditionally assess cosmetic regimens. In vitro 
studies are focused on assaying the antagonistic activity of cosmetic ingredients 
against skin pathogens, such as growth inhibition, biofilm inhibition, and expression 
of virulence factors. Ex vivo studies assess the same characteristics of the cosmetic 
ingredient in living tissues extracted from animals. In vivo studies screen the safety, 
toxicity, and efficacy of the cosmetic product containing the active ingredient. 
Assaying the effect of cosmetics on the skin is an innovative approach since it gives 
more clarity on the potential of the cosmetic substance to achieve rebiosis and 
improve skin health. This is studied in vitro with monoculture or coculture studies 
evaluating the growth of bacteria in the presence of an active ingredient (Peeters 
et al. 2008) or by qPCR tests to measure relative growth (Nakatsuji et al. 2013). 3D 
skin models are also currently employed to assess cosmetic ingredients as they pro-
vide favorable conditions for the growth of skin commensals. However, these mod-
els cannot provide the actual physiological response and represent the whole skin 
microbiome.

Using cosmetics reduced the population of Staphylococcus, Cutibacterium, and 
Corynebacterium in the cheeks; however, it increased the Ralstonia sp., capable of 
degrading cosmetic components (Lee et al. 2018). Synthetic ingredients in cosmet-
ics were found to have less impact on enhancing skin microbial diversity (Wallen- 
Russell 2019). Routine skin care products can change the metabolome and 
microbiome of the skin, and these variations depend on the use of the product and 
the location where it is being applied to the body (Bouslimani et al. 2019). And 
antiperspirants changed the steroid levels in the armpits, contributing to a shift in 
microbiota toward microbes that can synthesize or biotransform steroids like 
Enhydrobacter and Corynebacterium (Bouslimani et al. 2019).

Pinto et al. (2021) studied the implications of 11 preservatives commonly found 
in cosmetic products on skin commensals such as S. aureus, S. epidermidis, and 
C. acnes using 3D skin models. Combinations of caprylyl glycol, hydroxy aceto-
phenone, tocopherol, tetrasodium glutamate diacetate, and propanediol resulted in 
the rebiosis since these compounds selectively inhibited the growth of C. acnes and 
S. aureus without affecting the growth of S. epidermidis. The use of emollients in 
AD patients reduced the population of Staphylococcus. They enhanced microbial 
diversity indicating the importance of assaying cosmetics’ ability to modulate the 
microbiome in the therapy of AD patients (Henley et al. 2014).

As evident from the above discussion, some studies have found skin care prod-
ucts to have harmful effects on the skin microbiome, whereas some have vouched 
for the positive influence of it on skin microbiota. Therefore, it’s irrational to con-
demn the use of skin care products or even promote it. A reasonable solution to this 
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dilemma is to encourage the evaluation of skin care products and their influence on 
the skin microbiome. Wallen-Russell and Wallen-Russell (2017) propose a bench-
mark value to determine whether skin care products can damage the skin microbi-
ome. They say skin microbial diversity below 10,000 species after 150,000 
sequences is unhealthy. Therefore, skin regimens need to be stringently evaluated 
for their effect on the skin microbiome and should be ascertained if they fall below 
the benchmark value of skin microbial diversity. The studies to evaluate skin care 
products for such analysis should be conducted over long durations to understand 
the length of time skin microbiota takes to readjust to a healthy state (Wallen- 
Russell 2019). Future studies must also focus on assessing the impact of toxic com-
ponents in skin care products, such as paraben and sodium lauryl sulfate on skin 
microbial diversity.

10.7  Therapeutic Interventions Mediating Skin Rebiosis

Many studies have reported that reestablishing skin commensals can revert dysbi-
otic conditions and cure diseases (Sokol et al. 2008; Round and Mazmanian 2010; 
Ochoa-Reparaz et al. 2010). The reinstation of the microbial community to a healthy 
state was described as rebiosis (Petersen and Round 2014). Growing evidence sug-
gesting the benefits of microbiota and its components in alleviating skin diseases, 
therapeutic strategies, and regimens targeted at establishing rebiosis have gained 
popularity. These include topical probiotics, prebiotics, synbiotics, microbial 
metabolites, skin postbiotics, and microbiota transplantation. Probiotics were rede-
fined after FAO/WHO in 2001 as “live microorganisms that, when administered in 
adequate amounts, confer a health benefit on the host by the International Scientific 
Association of Probiotics and Prebiotics (ISAPP) in 2014 (Martín and Langella 
2019).” Several topical probiotics were reported to be effective against AD. A topi-
cal probiotic cream consisting of lactic acid bacteria, Streptococcus thermophilus, 
administered for 2 weeks in AD patients, alleviated pruritis, scaling, and erythema 
(Di Marzio et  al. 2003). Topical administration of Lactobacillus johnsonii for 
3 weeks exhibited a significant drop in the load of S. aureus in AD lesions (Blanchet- 
Réthoré et al. 2017). Apart from lactic acid bacteria, bacteria originating from other 
environments have proven to have probiotic activities. Gram-negative bacteria 
Vitreoscilla filiformis isolated from hot springs improved seborrheic dermatitis 
(Gueniche et  al. 2008). Application of Lactobacillus plantarum at 1  ×  109  CFU 
daily to wounds suppressed inflammation due to burn wounds (Argenta et al. 2016), 
and collagen concentration was improved when the probiotic was used at 
3 × 108 CFU daily (Satish et al. 2017). Topical application of probiotics comprising 
L. plantarum enhanced the production of IL-8 and decreased the number of poly-
morphonuclear cells infected chronic venous ulcers (Peral et al. 2010). A combina-
tion of probiotics and emollients has also been studied for microbiome-modulating 
potential. Emollient containing mannose, 4% niacinamide, 20% shea butter, and La 
Roche-Posay thermal spring water with V. filiformis decreased the severity of skin 
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flares. It improved the skin microbiota by controlling the growth of Staphylococcus 
in AD subjects (Seité et al. 2017).

Prebiotics are defined as a selectively utilized substrate by host microorganisms 
conferring a health benefit (Gibson et al. 2017). Prebiotics in cosmetics can promote 
the growth of skin commensals (Al-Ghazzewi and Tester 2014). Topical administra-
tion of prebiotic 3′-sialyllactose enriched the Bifidobacterium population and acti-
vated differentiation of Treg cells in AD groups. In addition, the prebiotic suppressed 
the production of cytokines associated with AD, which includes IL-4, IL-5, IL-6, 
IL-13, IL-17, IFN-γ, TNF-α, and Tslp, indicating the therapeutic potential of the 
substrate in AD patients (Kang et al. 2020). Stettler et al. (2017) developed a new 
topical panthenol-containing emollient that increased the content of ceramide 3, 
cholesterol, and free fatty acids and fortified the growth of skin commensals. 
Balasubramaniam et  al. (2020) reported the prebiotic potential of liquid coco- 
caprylate/caprate, a compound registered in the International Nomenclature of 
Cosmetic Ingredients, for the promotion of S. epidermidis colonization in the skin 
to act against UV-B. Oral administration of galactooligosaccharides was reported to 
improve wrinkles in the skin and reduce skin pigmentation (Jung et al. 2017; Suh 
et al. 2019). Topical application of cosmetic serum containing galactooligosaccha-
rides, a prebiotic, increased skin’s barrier function since its application improved 
water-holding capacity and reduced trans-epidermal water loss. The prebiotic also 
suppressed the growth of skin pathogens while promoting the growth of beneficial 
bacteria such as Pediococcus in the skin (Hong et al. 2020).

Synbiotics are “a mixture comprising live microorganisms and substrate(s) 
selectively utilized by host microorganisms that confers a health benefit on the host” 
(Swanson et al. 2020). A synbiotic formulation comprising of LAB strains L. plan-
tarum, Lactobacillus casei ssp. casei, Lactobacillus acidophilus, Lactobacillus gas-
seri, and Lactococcus lactis ssp. lactis and konjac glucomannan hydrolysates 
showed antibacterial activity against C. acnes under in vitro conditions (Al-Ghazzewi 
and Tester 2014). Lactobacillus rhamnosus and selenium nanoparticles showed UV 
protective action with an SPF of 29.77 suggesting the potential of synbiotic regi-
mens in routine skin care products (Kaur and Rath 2019). AD patients receiving 
daily synbiotic baths of probiotics Bifidobacterium breve, Bifidobacterium animalis 
subsp. lactis, L. casei, L. gasseri, L. plantarum, and L. rhamnosus and synbiotics 
maltodextrin, inulin, apple pectins were proven to significantly enhance coloniza-
tion of probionts in the skin and reduce pruritis (Noll et al. 2021).

Microorganisms produce bioactive molecules that has anti-inflammatory and 
antimicrobial activity (Seethalakshmi et al. 2020). Lysates obtained from V. filifor-
mis inhibited cutaneous inflammation by inactivating T effector cells and activating 
tolerogenic dendritic cells and regulatory Tr1 cells in AD mice (Volz et al. 2014). 
Enterococcus faecalis SL-5, a strain isolated from humans, produced enterocins 
whose topical application reduced C. acnes and pustule formation (Kang et  al. 
2009) hinting at its possible inclusion in treating acne. Bacteriocin AS-48 derived 
from E. faecalis also exhibited anti-C. acnes activity (Cebrián et al. 2018). L. rham-
nosus G.G. lysate upregulated chemokine CXCL2 and its receptor CXCR2, causing 
reepithelization in cutaneous wounds (Mohammedsaeed et al. 2015). Spermidine 
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originating from Streptococcus improved lipid and collagen synthesis in aged cells, 
concluding the skin microbiome’s role in aging (Kim et al. 2021). Postbiotics are 
the “preparation of inanimate microorganisms and/or their components that confers 
a health benefit on the host” (Salminen et al. 2021). Clinical studies in acne patients 
have proven that the postbiotic LactoSporin derived from Bacillus coagulans dis-
played superior activity to benzoyl peroxide in curing acne lesions (Majeed et al. 
2020). Although skin microbiome transplantation studies are still in their infancy, 
transplantation of culturable gram-negative bacteria from healthy individuals to AD 
patients caused demoted growth of S. aureus, activation of the innate immune sys-
tem, and improved barrier function (Myles et  al. 2016). It can be expected that 
microbiome modulation with transplantation and biological regimens can replace 
the concurrent treatment options due to the strong association between skin micro-
biota and skin health.

10.8  Conclusions and Future Perspectives

Metagenomic investigations in the skin have changed our perspective of skin micro-
biome from a reservoir of pathogens and opportunistic pathogens to a diverse com-
munity of skin commensals and pathogens. This has led to new insights regarding 
the functional role of skin microbiota in maintaining skin health. Skin diseases are 
now being brought under microbiome and immune dysfunction. The interlink of 
skin dysbiosis and the immune system in skin diseases signifies the importance of 
maintaining microbiome-immune system homeostasis. Moreover, the negative 
implications of certain cosmetic regimens on skin microbiomes warrant reconsider-
ing their use in everyday life. Western lifestyle and environment are proven to cause 
harmful effects on the skin microbiome, which could have severe health outcomes. 
Not much is known to us whether these alterations in skin microbiome caused by 
cosmetics and environmental changes are reversible. It would be worth investigat-
ing the interaction of skin microbiome with other microbiomes such as the lung, 
oral, and gut in various health disorders. Even though metagenomics has facilitated 
the identification of some crucial nonculturable microbial communities of the skin, 
the difficulty of culturing them in laboratory conditions remains the same. It can be 
anticipated that the multi-omics approach and synthetic biology may find new solu-
tions to culture these microorganisms in the future.
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Abstract

The Human Microbiome Project heralded a new age within the study of micro-
bial communities. In recent years, using advanced culturing techniques and 
molecular approaches, the urogenital system may contain a significant number of 
bacteria in both healthy and asymptomatic people. Environmental factors affect-
ing microbial colonization in the urinary tract include pH, food availability, oxy-
gen stress, adhesion sites, osmolarity, and immune interaction. The urinary 
microbiome varies in keeping with age and sex. Urinary incontinence, bladder 
disease, kidney stone development, and urolithiasis are all associated with 
changes within the urinary microbiome. Research shows that commensal spe-
cies, as in urinary tract and urogenital tract microbiomes, like Lactobacillus cris-
patus, can protect against uropathogenic invasion. Antibiotics can also induce 
changes within the urobiome, which may cause many complications. Probiotics 
have been used to alter the intestinal microbiome. This chapter focuses on the 
function of the urobiome in some urinary diseases, as well as attempts to quan-
tify, restore, and/or conserve the urinary microbiome’s native, safe ecology.
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11.1  Introduction

The Human Microbiome Project (HMP) instigated in 2008 ushered in a new age of 
research into our microbial communities. Strikingly, the microorganisms outnum-
bered our cells tenfold before then, and the vast majority of them were unknown 
because they had yet to be cultured and studied (Cho and Blaser 2012; Grice and 
Segre 2012; Human Microbiome Project Consortium 2012). The HMP has given 
several results and a glimpse into the complex and significant roles these microbes 
play in health, from metabolism and phenotype modulation (such as obesity) to the 
development of the innate immune system and disease etiology (due to microbial 
ecosystem imbalance). Discoveries challenge our flow of thinking and approaches, 
and they brief change in perspective toward elective arrangements in disease diag-
nosis, prevention, and treatments. The HMP zeroed in on five destinations: gastro-
intestinal, oral, skin, nasal, and urogenital. The urinary framework was not a piece 
of the examination because the urine was viewed as sterile. In recent years, using 
sophisticated culturing methods and molecular approaches, we discovered that the 
urinary system represents a large number of bacteria in both healthy and asymptom-
atic people (Hilt et al. 2014; Lewis et al. 2013).

This section gives an overview of the compositions and associations of the uri-
nary microbiome with different ages and genders. Examples of illnesses and disor-
ders resulting from changes in microbial communities illustrate the effect of these 
microbes on health.

11.2  The Human Urinary Microbiome: An Unexpected Niche 
Becomes the Center of Interest

Given our current knowledge about the human microbiome, also referred to as the 
urobiome, microbial species in every location that communicates with the surface 
world remains rational.

11.2.1  The Urinary Tract’s Environmental Niche

The human urinary tract (UT) is often broadly divided into upper and lower com-
partments. The ureters and kidneys are located in the upper partition. In contrast, the 
urethra and bladder are located in the lower compartment (Ingersoll and Albert 
2013) (Fig. 11.1). Urothelium is a transitional epithelium that forms a thin layer of 
the GAG in the luminous surface, bladder, and proximal urethra of the lower urinary 
tract (Ingersoll and Albert 2013; Anand et al. 2012). The apical, separated cells of 
the urothelium, known as umbrella cells, serve as an important boundary among 
urinary waste products from internal body tissues.

Environmental factors influencing microbial colonization include pH, nutrient 
availability, oxygen tension, adhesion sites, osmolarity, and immune interactivity 
(81). The pH of the urine is normally acidic for each individual person, although the 
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KIDNYES

URETERS

BLADDER
URETHRA

URINARY TRACT
pH 4.5 – 8.6

Temperature 36.9 – 39.9oC

Oxygen tension 0.47 – 51.5 mmHg

Microbial density 103 – 105/mL

Fig. 11.1 Microbial niches in the human body’s urinary tract and their environmental features

pH of the healthy urine is between 5 and 8 (Reitzer and Zimmern 2019). Since many 
microorganisms need either aerobic or anaerobic metabolism, oxygen in the UT 
affects the ecology and spatial organization of the UT microbiota (Shannon et al. 
2019). Human urine is composed of various soluble components, as well as amino 
acids, osmolytes, electrolytes, and carbohydrates. A catalog of over 2600 compos-
ites has been found in the urine (Reitzer and Zimmern 2019). There are, however, 
other nutrient sources in the UT. The urothelium is covered with a thin GAG layer 
to protect and lubricate the tissue underneath (Ingersoll and Albert 2013). It is not 
fully understood what the human UT GAG layer is composed of. However, a bed of 
excessive viscous material, specifically amino acids, mucins, more than a few 
GAGs, and other complex carbohydrates, are present in the epithelium vaginally but 
carefully regarding the mucosa. Interestingly, many human commensals known to 
colonize the UT, such as Lactobacillus, Bifidobacterium, and Streptococcus, have 
enzymes that degrade extracellular GAGs into smaller palatable carbohydrates 
(Zuniga et al. 2018).

11.2.2  The Urinary Microbiome Differs Between Populations

11.2.2.1  Gender
According to the study, men and women have different urinary microbiomes, most 
likely due to anatomical differences and hormone levels. Lactobacillus species pre-
dominate in the urine microbiome of women of childbearing age (Kok and Erasmus 
2016). Other microbiomes reported by molecular methods (16S rRNA gene 
sequencing) in women isolates included members of the Actinobacteria (e.g., 
Actinomyces, Arthobacter) and Bacteroidetes (e.g., Bacteroides) phyla’s that were 
missing in male samples (Shannon et al. 2019). Regarding the key microbiome in 
varying abundance in the urinary tract throughout life, men and women have mainly 
three genera: Lactobacillus, Corynebacterium, and Streptococcus (Fouts et  al. 
2012). The difference in urinary microbiome composition between males and 
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females may also be due to the different compositions of their urine. Females 
excrete more citrate but less calcium and oxalate, whereas males excrete more cre-
atinine (Ipe et al. 2016). The various constituents may favor certain microbes’ sur-
vival in this niche, and these microbes, in turn, contribute to the health of their hosts. 
Women, for example, are more prone to urinary tract infections (UTIs) due to ana-
tomical reasons.

11.2.2.2  Age
Children and adults contain distinct microbiome populations, most likely due to 
urinary metabolites from lifestyle changes, hygiene practices, and voiding behav-
iors. Adults have different bacterial genera depending on their age. Hormone fluc-
tuations may affect the microbiome. Several studies (Fouts et al. 2012; Tang 2017) 
found that Lactobacillus species increased throughout puberty and declined after 
menopause. Women who become pregnant may change their microbiota, while 
those who do not tend to have more stable microbial communities (Brubaker and 
Wolfe 2017). Constipation and urinary incontinence can affect the survival and sus-
tainability of microbes as people age. Changes within the urinary microbiome over 
time are linked to various diseases. One example is the decline in vaginal 
Lactobacillus spp. in women after menopause, which causes uropathogens to colo-
nize, resulting in a rise in urinary tract diseases. Finally, the Oxalobacter formigenes 
have been linked to the development of urolithiasis (kidney stones). Its invasion in 
the gut appears to be age based, as it is present in children up to the age of 8 years 
old and instead begins to decrease by the age of 12 into adulthood (Dwyer 
et al. 2012).

11.3  How Do We Sample the Microbiota of Human Urine?

Without a UTI, the human urinary microbiome has poor biomass, with <100 to 
<105  CFU per milliliter of urine (Rowe and Juthani-Mehta 2013). As a result, 
attempts to classify a native microbial community should be considered by taking 
minimal starting materials in urine samples (Karstens et al. 2018). The sampling 
procedure is an important factor for any research evaluating the microbiome. Over 
the last 10 years, three key sampling techniques have been used to attain urine sam-
ples suggested to denote the urinary microbiota:

 (a) Suprapubic aspiration (SPA)
 (b) Gathering of urine by a transurethral catheter (TUC)
 (c) Collection of midstream clean-catch (CC) urine

Each of these strategies has benefits and drawbacks. Many sampling techniques 
disrupt the local microbial populations. When using any sampling process, remem-
ber that sampling ordering can lead to contamination of serial sampling sites 
(Table 11.1).
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Table 11.1 Methods for studying the urinary microbiome

Topics Methods
Study design Longitudinal & cross sectional
Sample collection CC, TUC & SPA
Data and metadata acquiring Culture based, 16S rRNA sequencing

Whole-genome metagenomics
Data analysis Taxonomic profiling

Functional analysis & meta-analysis

11.3.1  Urine Microbial Culturing

The capacity to observe and affirm feasible microbial residents, achieved by trials 
obtained with such a TUC from a women’s urinary tract, is a vital advantage of 
urine culturing techniques. Standard urine culture is used to diagnose UTIs. Urine 
is plated onto agar plates containing 5% sheep blood agar and MacConkey agar 
plates and incubated aerobically at 35  °C for 24  h to obtain quantitative colony 
counts (Hilt et al. 2014). This process employs a variety of urine volumes, specific 
intervals of time, and culture media, as well as anaerobic, aerobic, and CO2- 
augmented conditions. By contrast, the normal urine culture was intended to detect 
the most important uropathogenic E. coli and the related growth criteria for other 
bacterial species. Price et  al. discovered in a 2016 analysis that traditional urine 
culture lost 77% with wholly uropathogens and 88% with non-E.coli uropathogens 
spotted via expanded-spectrum quantitative urine culture (EQUC). The standard-
ized EQUC procedure detected 84% of harmful uropathogens sampled through the 
extended EQUC practice, while standardized urine culture spotted 33% of possible 
uropathogens (Price et al. 2016).

11.3.2  Urinary Microbiome Metagenomic Sequencing

Researchers used NGS-based metagenomic sequencing approaches to determine 
bacterial communities without cultural bias. There are two main methods for 
metagenomic sequencing: whole-genome shotgun metagenomic sequencing 
(WGMS) and 16S rRNA amplicon sequencing (Quince et al. 2017; Moustafa et al. 
2018). Both methods focus on next-generation sequencing (NGS) technologies. 
WGMS experiments are frequently contaminated. Human genomic contamination, 
for example, accounted for 1.3–99.9% of sequencing reads attained by clinical urine 
trials. Samples must be sequenced to an adequate read depth to control the host 
contamination and correctly assay the microbial community. Sample preparation 
and DNA extraction techniques can be streamlined to enrich microbial DNA. With 
access to the entire metagenome, researchers may establish the population structure 
and taxonomic history of the native microbiota and systematically identify their 
genetic potential.
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11.3.3  The Human UT Microbiome’s Taxonomic Profile

Numerous taxonomic profiling studies have been conducted to classify the human 
urinary microbiome. Many studies have assessed taxonomic richness among healthy 
and disease states using 16S rRNA amplicon sequencing and specialized culture 
techniques such as EQUC (Siddiqui et al. 2011). The main taxa found in the stable 
urinary microbiome are organisms that are known to be fastidious, slow-growing 
microbes. Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria, and 
Proteobacteria are the five main species and often include the genera Lactobacillus, 
Corynebacterium, Prevotella, Staphylococcus, and Streptococcus (Brubaker and 
Wolfe 2017). The vaginal microbiome of healthy adolescent girls is controlled pri-
marily by Lactobacillus organisms. Lactobacillus crispatus, Lactobacillus iners, 
Lactobacillus gasseri, and Lactobacillus jensenii are the utmost common 
Lactobacilli reported there within the vaginal microbiome (Ceccarani et al. 2019). 
The vaginal microbiome is considered significant in vaginal pH management and 
the protection of various urogenital infections (Ceccarani et al. 2019).

11.4  The Urinary Microbiome in the Disease

Several studies have reported a connection between certain conditions and changes 
in the cutaneous, stomach, colon and intestinal microbiome in relation to HMP 
(Cho and Blaser 2012). In the stable urinary tract, various bacterial species were 
identified. The changes in this microbiota were related to urinary incontinence (UI), 
neurogenic bladder dysfunction (NBD), urologic cancer, STI, interstitial cystitis 
(IC), and chronic prostatitis/chronic pelvic pain (CP/CPPS).

11.4.1  Changes in the Urinary Microbiome in UI

Urgency UI (UUI), stress UI (SUI), and mixed UI (MUI) are some of the most com-
mon UI complaints around the world. Six experiments have established a potential 
part for the urinary microbiome in UUI and SUI. According to Pearce et al., the 
Gardnerella and lower Lactobacillus load were higher than those of the non-UUI 
microbiomes for patients with UUI (Pearce et al. 2014). The overwhelming diver-
sity of 14 microbial operational taxonomic units in UUI and non-UI patients has 
been identified by Karstens et al. (2016) as the most acute symptom of UUI in per-
sons with a limited diversity of bacteria. The UM plays a defined role in UUI and 
the response to UUI care, according to the studies published (Pearce et al. 2015). 
Future UUI patient research will be very helpful for evaluating whether variations 
in UM between the gender and age contribute to UUI sensitivity and for efforts to 
improve the therapy for this disorder.

K. K. Godisela and P. V. Bramhachari



211

11.4.2  The Role of the Urinary Microbiome in Urologic Cancer

The function of the UM in some UT cancers remains unknown. The most significant 
risks in urothelial bladder cancer, common urologic cancer, were tobacco smoke 
and exposure to aromatic amines and polycyclic aromatic hydrocarbons in the air 
(Burger et al. 2013). A preliminary UM study of a few urothelial cell carcinoma 
patients was carried out by Xu et  al. (UCC). They found variations between the 
healthy and the microbiome population of UCC patients. Streptococcus was abun-
dant in the urine of these patients; however, larger sample sizes are required to vali-
date these results (Xu et al. 2014; Bakare et al. 2018). Beneficial associations have 
also been found in the vaccine for Bacillus Calmette-Guérin (BCG) between the 
bladder and attenuated Mycobacterium tuberculosis. For nearly four decades, this 
vaccine has been the most common therapy for intermediate- and high-risk non- 
muscle- invasive bladder tumors (Lenis et al. 2020). According to studies, bacteria 
administered in the bladder with BCG vaccine have been reported to be inflamma-
tory and result in an immune antitumor, which plays a key role in the antitumor 
effect. More research is needed to determine the link between cancer treatments 
causing dysbiosis in the UT and the risk of some urologic disorders. At baseline, 
healthy women possess an elevated prevalence of Mycobacteria and additional 
Actinomycetes (Lee and Stern 2019), which are thought to inhibit cancer progres-
sion or development. While the research is still in its early stages, some data sug-
gests correlations between some urinary microbe profiles and the likelihood of 
recurrence, progression, and treatment (Wu et al. 2018).

11.4.3  Modifications of UMs in Other Urinary Diseases

Numerous studies show that UM can be directly or indirectly associated with cer-
tain urinary disorders. These findings pose new concerns regarding potential cause- 
and- effect relationships. IC urine samples showed a substantial increase in 
Lactobacillus genus richness and a decline in all-inclusive abundance and ecologi-
cal variety. There has been evidence in some investigations that specified 
Lactobacillus species like L. gasseri, and L. delbrueckii may be related to UUI and 
UTI (Maillet et al. 2019). Lactobacillus and Corynebacterium genera were signifi-
cantly enriched in urine samples from healthy control bladders, while other micro-
bial types, such as Enterococcus, Escherichia, and Klebsiella, became prominent in 
NBD samples (Magri et al. 2019). Bacterial species in normal culture that do not 
grow, including Sneathia, Gemella, Aerococcus, Anaerococcus, Veillonella, and 
Prevotella, clearly dominate the STI men’s UM (Nelson et al. 2010).
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11.4.4  The Microbiome and the Production of Calcium 
Oxalate Stones

Multiple issues influence the progress of calcium oxalate in the kidneys and urinary 
oxalate excretion. Enteric colonization with Oxalobacter formigenes could mini-
mize intestinal oxalate, oxalate intake, and urinary excretion, possibly lowering the 
danger of calcium oxalate stone formation. According to the hypothesis, Kaufman 
and others have discovered that a 70% reduction in the risk of kidney stone recur-
rence is associated with gastrointestinal invasion with O. formigenes. According to 
a global survey, 38–77% of the ordinary population and 17% of stone formers are 
populated by O. formigenes (Kaufman et  al. 2008). Based on these preliminary 
results, O. formigenes colonization was thought to be a successful tool for reducing 
the risk of calcium oxalate stones. However, since O. formigenes is an anaerobe 
with fastidious growth requirements, preparing it as a good prophylactic probiotic 
poses challenges. The in vitro properties needed by a good probiotic strain were 
examined by Ellis et al. (2016) to improve O. formaigene’s clinical applicability. 
The results show that a specific O. formigenes strain (OxCC13) can thrive in the 
lack of oxalate, is aerotolerant, and can be freeze-dried or blended with yogurt for 
extended periods.

11.4.5  The Effect of Antibiotics on UM

Given the large variety of antibiotics on the market, they affect pathogens and 
healthy microbiota. While recent treatment recommendations for uncomplicated 
UTIs prohibit fluoroquinolones due to collateral damage to commensal microbiota, 
such drugs are still widely used. The urinary microbiome of kidney transplants, 
where there was decreased microbial diversity and increased prevalence of poten-
tially pathogenic species, was significantly different from that of healthy controls 
(Milam et al. 2017). Enhanced genes aimed at enzymes like dihydrofolate synthase 
not embarrassed by the trimethoprim-sulfamethoxazole are linked to the choice of 
antibiotic-resistant microorganisms in the prophylactic regime, as in urinary micro-
biota. Based on these results, assessing and producing appropriate prophylactic 
regimens that do not encourage antibiotic resistance is effective.

11.5  Role of Prebiotics, Probiotics, and Diet 
in Urologic Diseases

The medicinal use of probiotic bacteria as a therapy for various ailments is debat-
able (Waigankar and Patel 2011). The use of probiotics to alter the intestinal micro-
biome has been used. Several clinical studies have investigated the function of 
helpful strains in urogenital diseases, bladder cancer, and the growth of kidney 
stones (Table 11.2). Probiotics have recently arisen as a potentially effective or adju-
vant medication for the therapy and preclusion of urinary tract infections (UTIs). 
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Table 11.2 Probiotics, prebiotics, and diet modifications used in urologic disorders

Prebiotics/probiotics/diet modification Administration Urinary diseases treated
Lactobacillus drinks and berry juice Oral Urinary tract infection
Bacillus Calmette-Gue´rin 
immunotherapy

Intravesical Bladder cancer

Lactobacillus casei Oral Bladder cancer
Oxalabacter formigenes Oral Urolithiasis
L. casei strain Shirota Oral Bladder cancer
Supplemental calcium Oral Urolithiasis
Diet low in sodium and animal protein Oral Urolithiasis
Lactobacillus rhamnosus GR-1 Vaginal Urinary tract infection

The efficient treatment of UTI has been shown for Lactobacillus strains such as 
L. rhamnosis GR1, L. fermentum RC-14, and L. reuteri B-54 (Reid and Bruce 
2006). In two experimental trials, 138 patients with superficial transitional cell car-
cinoma of the bladder were given an oral Lactobacillus casei treatment for preven-
tion. The results indicated that Shirota strain of L. casei could help prevent and treat 
non-muscle-invasive bladder tumors (Aso and Akazan 1992). Finally, dietary pat-
terns that alter the microbiome may be essential to developing urologic pathologies. 
As a result, dietary changes may be the first step in eliminating such urinary 
disorders.

11.6  Future Prospectives

A basic understanding of the urinary microbiome is expanding, and most remains to 
be learned. More longitudinal and interventional trials must be used to investigate 
causality beyond associations in observational epidemiological studies. To date, the 
mainstream of urinary microbiome research often uses cross-sectional cohort for-
mats to equate diseased patients to healthy controls. 16S rRNA amplicon screening 
has been the predominant method of mapping the human urinary microbiome in the 
past decade. Yet, no main microbiome in the microbiome niches of a bladder, UT, or 
UGT has been established. Instead of recognizing a core taxonomic enhancement, 
it could be insightful to create a core genetic enrichment requiring the application of 
WGMS. The human gut microbiome has a catalog of microbial genes that is 150 
times larger than the human genome and has various functional possibilities. 
Modeling the group dynamics of UT-resident microbial populations throughout 
infection is a significant research opportunity in the community. Frequently used 
sequence depths during UTI cannot be used to outline low plentiful UT microbial 
populations. Extensive metagenome sequencing and complete density calculations 
can aid in determining the future of presumed commensal populations throughout a 
UTI (Karstens et al. 2018).

The availability of human metagenomic data sets to the public is critical for 
translational development because it enables large-scale meta-analyses and objec-
tive scrutiny of published findings (Langille et  al. 2018). Development and 
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democratic data can be the basis for consensus microbial group models of human 
UT and UGT in health and disease. A 2010 study discovered that urinary tract infec-
tions have a major effect on morale and that there is a strong correlation between 
UTI occurrence and depression in older adults (Eriksson et  al. 2010). Inorder to 
support a live biotherapeutic pipeline that could benefit people with drug-resistant 
UI symptoms, the useful consequences of few Lactobacillus species and some addi-
tional urinary commensals must be further investigated.

Nevertheless, the findings reported to date open the door to more studies on 
novel diagnostic, prognostic, and predictional biomarkers grounded on microbi-
omes used in research into clinical urology. Moreover, there are growing signs that 
may be helpful to monitor UM in the very first phase, to minimize the risk of urinary 
disease, or cure it, amid previous controversies over the use of probiotics, prebiot-
ics, and nutritional changes for urological care.
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Abstract

In this world, animals are teeming with different microbes comprising bacteria, 
fungi, and viruses. Animal-microbe interactions have become an interesting 
research area because of their beneficial and significant role in human life. The 
human microbiome project reported the significance of gut microbes and also 
explained complex diversity in a way to equilibrium maintained. For instance, 
gut microbes help control the colonization of exogenous pathogens. The benefi-
cial role of microbes in humans extended the knowledge from individual taxa to 
a level of an ecosystem. However, rapid-growing technology provided a great 
understanding of individual microbes. Little is known about the microbiota asso-
ciation with animals and humans and the significance of microbial consortia in 
the ecosystem. The knowledge of microbes and host metabolism and their influ-
ence on modifying the microbiota ecosystem is important to understand micro-
biota’s beneficial and pathogenic efficacy. This chapter outlined the current 
knowledge of microbiota and microbiome in ecosystems and their significant 
role in human and animal life.
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12.1  Introduction

The deep evolutionary history among organisms was revealed by drawing genetic 
relatedness and phylogenetic relationship by the advanced game-changing technol-
ogy, the next-generation DNA sequencing method. It allowed us to recognize the 
microorganisms’ true diversity and functional activity and also helped us under-
stand the interdependence between multicellular organisms and their microbiota. 
The interaction between diverse taxonomic groups and complex multicellular 
organisms is difficult to comprise in a single chapter. Instead, we focused on a 
domain of bacteria and multicellular animal species to understand the interaction 
and significance of bacteria in animal life. However, the role of microbes in animal 
origin does not prevent the perspectives of the evolution of complex multicellularity 
but applies a functional and ecological dimension to these considerations (Grosberg 
and Strathmann 2007).

It is important to understand comprehensively that humans act as hosts for 
microbiomes, and interaction with diverse extracellular microorganisms begins 
with birth (Favier et al. 2002). It was observed that the gut microbiota during the 
first year of life showed unique patterns and the initial gut colonization helped 
establish an adult’s gut microbiota, as Ley et al. (2005) proved. The mice microbial 
population was very similar to their mother gut microbiota, and the relationship 
between them as a factor determined the gut microbial population (Ley et al. 2005). 
In the human gut, more than 50 bacterial phyla have been detected; among these, 
two phyla were dominated, phylum Bacteroidetes and the Firmicutes, and the indi-
viduals harbor more than 1000 microbial species alone (Claesson et al. 2009; Xu 
and Gordon 2003).

The population of bacteria throughout the GIT distributed unevenly per gram of 
the stomach and duodenal contents contains 10–103 bacterial population per gram, 
in the small intestine between 104 and 107 bacteria cells, and rising to between 1011 
and 1012 bacteria per gram in the large intestine (Sekirov et al. 2010). Moreover, the 
species belonging to phyla Firmicutes were predominant in the small intestines, and 
phylum Bacteroidetes were more abundant in the colon. When the transverse sec-
tion of GIT was studied, a vast diverse microbiota with different environments was 
observed across the intestine. The genera, including Bacteroides, Bifidobacterium, 
Streptococcus, Enterococcus, Clostridium, Lactobacillus, and Ruminococcus, were 
the common luminal community, whereas Clostridium, Lactobacillus, and 
Enterococcus were detected in the small intestine (Swidsinski et  al. 2005). As a 
population, 10–100 trillion microorganisms inhabit the adult intestine, benefiting us 
in different ways. For example, microbiota in the gut allows one to get calories from 
indigestible polysaccharides in the diet. The microbiota produces a group of 
enzymes called glycoside hydrolases and polysaccharide lyases to digest these com-
plex polysaccharides, which cannot be encoded and synthesized by the human 
genome (Sonnenburg et  al. 2005). Fasting-induced adipocyte factor (Fiaf) is a 
mouse angiopoietin-like family member protein, and microbial suppression pro-
motes leanness (Bäckhed et al. 2004).
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12.2  Microorganisms in the Evolution of Animals

About 3.8 billion years ago, the evolution of cellular life began, and the biosphere 
has been dominated by bacteria, archaea, and eukaryotic microbes (Pace et  al. 
2012). Then, eukaryotic cells evolved about 1.5 billion years ago. From the litera-
ture, it is known that eukaryotic cells arose as a result of an endosymbiotic process 
by which an alpha-proteobacterium was converted into the mitochondrion. 
Consequently, this evolutionary incidence led that all eukaryotes have mitochondria 
derived through the endosymbiotic process. The exploration and duplication of 
genome size during the endosymbiotic process increased the metabolic efficiency in 
eukaryotic cells (Lane 2014). Indeed, biologists had demonstrated 100 years ago the 
role of microbiota in the health and diseases of higher organisms. Currently, culture- 
free molecular techniques allow us to understand that the symbiotic microbial 
genetic information far exceeds that of their hosts. The microbiota and host interac-
tion have received growing attention, such as the mode of interaction, which leads 
to diversity and abundance of the symbiont, advantage or harm to the host, and how 
the genes are responsible for their interaction (Zilber-Rosenberg and Rosenberg 
2008). The symbiotic relation of microbiota and animals left with a gap “if micro-
biota plays a vital role in eukaryotic life, what is the effect of microbes in the evolu-
tion of these higher organisms.” It has been applied that the “Hologenome Theory” 
(Box 1) of evolution addresses the question raised in the evolution of animal life 
(Zilber-Rosenberg and Rosenberg 2008). Rosenberg and others developed the 
hologenome theory of evolution in coral microbiology (Rosenberg et  al. 2007). 
According to them, the well-established empirical key points are a fundamental 
base for evolution. The animals started symbiotic relations with microbiota and are 
transmitting to generations. The association of holobiont affects each other in the 
environment.

12.2.1  Role of Gut Microbiota

The unicellular eukaryotes and bacteria are the inhabitants of the human body. 
Diverse bacterial communities dominate the human gut; among these phyla, 
Bacteroidetes, Firmicutes, and Actinobacteria are predominant organisms (Neish 
2009). The human body, such as the skin surface, gastrointestinal tract, genitouri-
nary tract, oral cavity, respiratory tract, and ear, is colonized with diverse bacterial 
species (Chiller et al. 2001; Neish 2009; Verstraelen 2008). Among all these organs, 
the gastrointestinal tract contains the most bacterial populations, and the colon 
alone is estimated to have 70% of the microbes of the human body (Ley et al. 2006a; 
Whitman et al. 1998). Gut microbiota plays a vital role in human health, including 
immunity and metabolic activities (Fig 12.1).

Moreover, gut microbes encode several genes than a host, and they actively 
metabolize food that is not able to execute by a host. Gut microbes produce vitamins 
and essential and nonessential amino acids required by humans. In addition, gut 
microbes involve in biochemical pathways of carbohydrate oxidation and digest 
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Fig. 12.1 Schematic representation of the role of the gut microbiota in health and disease

unabsorbable carbohydrates like starch, pectin, and cellulose. Therefore, it helps to 
recover energy and substrates to the host cell and can also be used for the growth 
and survival of the bacteria in the gut (Vyas and Ranganathan 2012). The GIT com-
prises the many molecules that can be used as nutrients by microbes majorly colo-
nized in the colon or large intestine, harboring harmful and beneficial bacteria. 
Advanced technologies like DNA sequencing and computational methods helped us 
understand microbiota’s impact on human health and how the microbiota relates to 
extending the influence from physiological to psychological (Fig. 12.1).

12.2.2  Gut Microbiomes in Metabolism

It was proven that the metagenome of gut microbes is about 150-fold higher than the 
human genome (Qin et al. 2010). Metabolic pathways are linked with major func-
tions related to host maintenance, such as nervous system development and intestine 
development and regulation. In general, the digestion of dietary foods such as car-
bohydrates, proteins, and fat and fermentation occur to provide energy through 
these metabolic pathways. Human beings cannot degrade complex polysaccharides 
to convert them into energy. Consequently, these undigested materials enter the 
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colon and are processed by microbiota inhabited in the colon. Normally, 10–60 g of 
carbohydrates, mostly insoluble starch, oligosaccharides, raffinose, and lactose, are 
converted into useful compounds by the action of microbiota (Ouwehand et  al. 
2005). By a sequence of fermentation processes, the complex carbohydrates convert 
into glucose by producing different hydrolytic enzymes from microorganisms. The 
microbial metabolic degradation process is continued depending on the type of 
functional groups of the dietary compounds (Rossi et al. 2005). The initial degrada-
tion starts with microbial species of Bacteroides sp. and Ruminococcus sp. (Flint 
et al. 2008). Gases including H2, CO2, methane, short-chain fatty acids, butyrate, 
and propionate are major by-products formed during fermentation. In this process, 
a short-chain fatty acid, butyrate, is produced by Clostridium cluster XIVa that 
mediates using CoA transferase, alternately using a rare pathway butyrate-kinase 
activity (Louis et al. 2014).

In contrast, propionate is synthesized by three major pathways called succinate 
pathway (Bacteroidetes), propanediol pathway (Roseburia inulinivorans), and acry-
late pathway (Megasphaera elsdenii) (Reichardt et al. 2014). It is a continuous and 
chain-linked process in which a product of one microorganism acts as a substrate 
for another organism. It was also observed that metabolites formed from fermenta-
tion are not found in feces, indicating the effective degradation of carbohydrates 
(Samuel and Gordon 2006).

The commonly found bacteria in proteolysis are Bacteroides, Clostridium, 
Propionibacterium, Fusobacterium, Lactobacillus, and Streptococcus. Initially, 
complex proteins are cleaved into free amino acids and short peptides with the 
action of bacterial peptidases and proteases. Then, these components undergo fer-
mentation and produce metabolites such as branched-chain fatty acids, gases, and 
trace amounts of ammonia and phenolic compounds (Macfarlane and Macfarlane 
2006). Propionate short-chain fatty acid is synthesized from amino acids such as 
aspartate, alanine, threonine, and methionine. In contrast, butyrate is produced from 
glutamate, lysine, and histidine, respectively, cysteine, serine, and methionine. For 
the fermentation of complex proteins, exfoliated epithelial cells and pancreatic 
enzymes are also involved in the colon (Macfarlane and Macfarlane 2006). From 
the proteins, by-products like amines and ammonia act as toxins, increasing colon 
cancer chances (Bingham et al. 1996). Aromatic amino acids, including tyrosine, 
phenylacetic acid, and tryptophan, are fermented by bacterial species belonging to 
Clostridium, Bacteroides, Bifidobacterium, Lactobacillus, and Peptostreptococcus. 
Tryptophan is an essential amino acid that converts into indole propionic acid. 
Kynurenine is a major product of tryptophan fermentation by Clostridium sporo-
genes and Lactobacillus spp. and forms quinolinic acid and kynurenic acid, which 
act as an agonist and antagonist of glutamate receptors, respectively (Kim and Park 
2013). A minor part of tryptophan is used to synthesize serotonin, which is used by 
the brain, and serotonin is regulated by tryptamine, which is formed by the decar-
boxylation of tryptophan (Sandyk 1992). The sulfur amino acids such as cysteine 
and methionine are very important in the cellular functions of a host. These amino 
acids are produced by amino acid fermentation and bacterial sulfate reduction, in 
which 200 bacterial species were identified to reduce sulfate in the gastrointestinal 
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tract (Leloup et al. 2009). Lipids digest in the liver and convert into bile acids. Gut 
microbes degrade bile acid and its conjugate amino acid using bile salt hydrolase 
enzyme, which helps to detoxify the bile acids. The bacterial species belonging to 
Bacteroides, Bifidobacterium, Clostridium, Lactobacillus, and Listeria are known 
to involve in this process (Jones et al. 2008). Approximately, 30 types of bile acids 
maintained by the gut microbiota only are circulating in human body (García- 
Cañaveras et al. 2012).

12.2.3  Symbiotic and Dysbiosis Relationship with Microbiomes

The gut microbiota helps develop cells and tissues and secretes butyrate that helps 
regulate cell growth and differentiation. These microbiota help the cells degenerate 
from a neoplastic to a nonneoplastic phenotype. Studying the germ-free mice colo-
nized with B. thetaiotaomicron explained the importance of microbes in the struc-
tural and morphological development of the gut (Stappenbeck et al. 2002).

Most of the gut bacterial lineages produce antimicrobial components to compete 
with other microbes for nutrients, thereby helping to control the pathogen entities 
and influencing the host immune system’s development. The development of B 
cells, T cells, and regulatory T helper cells depends on gut microbial signals. It was 
evidenced that butyrate synthesized by microbes in the gut inhibits NF-kB and 
employs immunomodulatory effects (Maslowski et  al. 2009). An innate immune 
system triggers toll-like receptors that bind to specific microbial compounds such as 
lipopolysaccharide, flagellin, and peptidoglycan in the mucosa. Further, this innate 
immune system activates nuclear factor-kB pathways, mitogen-activated protein 
kinase, and caspase-dependent signaling cascade pathways to produce cytokines, 
chemokines, and phagocytes, respectively, resulting in protection to commensal 
bacteria and helps to develop homeostasis of the immune system and inflammatory 
response to foreign bacteria (Fig 12.2) (Kinross et al. 2011).

In general, changes in the intestine ecosystem lead to host illness. The alteration 
or imbalance of normal gut microbiota triggers the development of dysbiosis. 
Intestinal enzymes and IgA establish the first line of defense against pathogens. 
Dysbiosis may cause diseases such as inflammatory bowel disease, cancer, hyper-
cholesterolemia, obesity, diabetes, and infections. The lung is one of the important 
organs that is exposed to microbes through inhalation. Over the last decade, culture- 
independent technology had changed our understanding of the interaction between 
the microbiota and the lung, revealing that the lung is not sterile (Dickson et al. 
2016). The pathogens associated with lung disease and pneumonia include 
Streptococcus pneumoniae, Staphylococcus aureus, Klebsiella pneumoniae, 
Haemophilus influenzae, Chlamydophila psittaci, Mycoplasma pneumoniae, and 
Legionella pneumophila. Most bacteria on the skin play an important role as either 
commensal or mutualistic. Microbiota on the skin is important in the maturation and 
homeostasis of cutaneous immunity, which helps to produce antimicrobial peptides 
from keratinocytes and interleukins. It was found that the major microbiota on the 
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skin is Corynebacterium. Diseases associated with microorganisms are given in 
Table 12.1 (Fig. 12.2).

12.2.4  Microbiomes in Cancer

Microbial dysbiosis in the gut can induce carcinoma by activating the pathways 
involved in carcinogenesis. It also encourages the pro-inflammatory effects by acti-
vating the toll-like receptors (TLRs), resultantly increasing the production of pro- 
inflammatory factors from mucosal cells, thereby increasing carcinogenesis (Lam 
et al. 2017). Alteration in the gut microbiota initiates and develops cancer (gastric 
cancer, colorectal cancer (CRC), hepatocellular carcinoma (HCC), pancreatic can-
cer, breast cancer, and melanoma) in the host. In a study comparing fecal microbiota 
between cancer and normal patients, the fecal microbiota from cancer patent was 
induced into a carcinogen received germ-free mice and observed that these mice 
developed carcinogenic properties (Wong et al. 2017). It was also found that long- 
term antibiotic exposure altered the microbiota and increased the risk of colorectal 
cancer in mice (Bullman et al. 2017).

Microorganisms such as Human papillomavirus, Helicobacter pylori, and 
Hepatitis B virus are considered etiological factors and contribute to 20% of cancer 
worldwide. Most of the bacteria are found to trigger carcinogenic pathways by pro-
ducing metabolites in the host. It was noticed that H. pylori produces a virulence 
factor, CagA, and activates chronic gastritis and gastric carcinogenesis. The CagA 
activates NF-κB, ERK/MAPK, Wnt/β-catenin, Ras, and STAT3 pathways, resul-
tantly increase inflammatory cytokine production (IFN-γ, TNF-α, IL-1, IL-6, and 
IL-10) and activate immune responses, thereby promote cell scattering and prolif-
eration. The details of bacterial pathogens associated with cancer, mode of action, 
and triggered and suppressed pathway are given in Table 12.2.

12.2.5  Microbiomes in Obesity

Gut microbes play an important role in the host immune system. Microbes can con-
tact the epithelium due to dysbiosis, resulting in an inflammatory response mediated 
by toll-like receptors (TLR). The TLRs play an important role in recognizing bacte-
rial cells through lipopolysaccharides present in bacterial cell walls. TLR4 and 
TLR5 receptors bind to bacterial flagellin (Ringel 2017). These reactions trigger the 
production of cytokines and chemokines, which are pro-inflammatory compounds 
(Ringel 2017), and then activate the tumor necrosis factor-alpha (TNF-α) (O’Neill 
et al. 2013). The TLR4 involved in the inflammatory reaction is linked with insulin 
resistance in mice (Cani et  al. 2007). An animal model experiment observed 
increased plasma LPS, elevated glucose levels, hyperinsulinemia, and weight gain 
in mice fed a high-fat diet (Vijay-Kumar et al. 2010). In another study, mice with 
high lipopolysaccharides lead to a decreased Bifidobacterium spp. Humans with 
diabetes and obesity showed high levels of lipopolysaccharides and inflammation, 
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Table 12.1 A partial list of microbial-associated diseases in human

Diseases
Related microbiome 
community Description of relation Reference

Autism Gut-associated 
Clostridium and 
Sutterella species

Toxin production and 
aberrations in the fermentation 
of products by altered gut 
microbes

Ding et al. 
(2017)

Cardiovascular 
disease

Gut microflora The gut microbiome is linked 
to trimethylamine (TMA) and 
TAM-N-oxide formation

Tang and 
Hazen (2014)

Atherosclerosis Gut microflora Gut microbiome metabolism of 
cholesterol and lipid can affect 
the atherosclerotic plaque 
formation

Jonsson and 
Bäckhed 
(2017)

Chronic skin 
wounds

Staphylococcus aureus, 
Pseudomonas 
aeruginosa, Proteus 
mirabilis

Play a role in the development 
of chronicity and delaying 
wound healing

Bessa et al. 
(2015)

Atopic 
dermatitis

Staphylococcus aureus, 
Corynebacterium bovis

Eczema formation and T-helper 
two-cell responses trigger the 
dysbiosis of skin microbial 
flora

Kobayashi 
et al. (2015)

Colorectal 
cancer

Gut-associated 
pathogens (S. bovis, 
Bacteroides fragilis, 
Fusobacterium 
nucleatum, etc.)

Microorganisms possibly cause 
DNA damage in epithelial cells 
and initiate to develop the 
cancer

Gao et al. 
(2017)

Cystic fibrosis Pseudomonas 
aeruginosa

Colonization of hypermutable 
strains in respiratory airways 
and evaluation of antibiotic 
resistance and virulence 
potentially linked to the disease

Oliver et al. 
(2000) and 
Lynch and 
Bruce (2013)

Type 1 diabetes Gut microbiota A significant decrease in 
microbiome alpha diversity is 
linked to the development of 
clinical symptoms

Kostic et al. 
(2015)

Type 2 diabetes Gut microflora Increased virulence factors and 
antibiotic resistance genes of 
the gut microbiome may induce 
insulin resistance

(Wang et al. 
2017)

Irritable bowel 
syndrome

Mucosal and fecal gut 
microbiota

Changes in gut microbiota 
activate the mucosal innate 
immune response and 
nociceptive sensory pathways, 
leading to dysregulation of the 
enteric nervous system

Simrén et al. 
(2013)

Parkinson’s 
disease

Gut microbiota Alterations of gut bacteria lead 
to failure to regulate motor 
deficits, microglia activation, 
and αSyn protein aggregation, 
representing disease risk factors

Sampson et al. 
(2016)
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Fig. 12.2 Effect of dysbiosis on human health occurred by altered gut microbiome

and it can be concluded that LPS can increase insulin sensitivity (van der Crabben 
et  al. 2009). The fecal content of the obese mice contained increased levels of 
Firmicutes and decreased levels of Bacteroidetes compared with control mice 
(Turnbaugh et al. 2009) and also noted increased levels of butyrate and acetate (Ley 
et  al. 2006b). Similar results were observed in human with obese microbiota 
(Fernandes et al. 2014). An increased level of Actinobacteria, decreased levels of 
Bacteroidetes, and no significant difference in Firmicutes were observed (Schwiertz 
et al. 2010). Another study found high levels of Bacteroidetes and lower levels of 
Firmicutes than their lean counterparts (Allin et al. 2018).

Recent studies found that the major microbial clusters are Firmicutes and 
Bacteroidetes. Still, decreased diversity is linked to increased BMI in healthy 
humans. In contrast, Proteobacteria was higher, and an abundance of Bifidobacterium, 
Faecalibacterium, and butyrate-producing bacteria was decreased in obese than 
overweight or healthy humans. Insulin signaling pathways trigger enzymes to be 
downregulated, resulting in changes in short-chain fatty acid production, and insu-
lin regulation leads to obesity development (Jia et al. 2017).

12.2.6  Microbiomes in Diabetes

Diabetes is a metabolic disorder mediated by an imbalance in glucose metabolism. 
Type 1 represents 10%, and type 2 diabetes represents 90% (Mohammad and Ahmad 
2016). Fewer butyrate-producing microbes and increased Lactobacillus sp. were 
observed in type 2 diabetes human patients. Likewise, a positive correlation between 
Bacteroidetes to Firmicutes ratio and the glucose levels in plasma as well as a group 
of bacterial clusters such as Bacteroides-Prevotella and Clostridium coccoides- 
Eubacterium rectal were found in humans with type 2 diabetes. It was also observed 
elevated levels of Betaproteobacteria in type 2 diabetes. This might be possible 
because of high levels of endotoxin production, wherein the LPS play a key role in 
enhancing the pathogenesis of type 2 diabetes (Larsen et al. 2010). In patients with 
metabolic syndrome, the antibiotic treatment with vancomycin reduced the 
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Table 12.2 A partial list of gut pathogens and their associated gastrointestinal cancers with pos-
sible mechanisms

Bacterial species Cancers
Virulence 
factor Mechanisms Reference

Helicobacter 
pylori

Gastric cancer VacA 1. Activate ERK/MAPK, 
VEGF, and Wnt/β-catenin 
pathway
2. Induce cell autophagy 
and vacuolation
3. Methylate CpG islands 
of E-cadherin, TFF2, and 
FOXD3
4. Inhibit PI3K/Akt and 
GSK3 pathway

Mashima 
et al. (2008) 
and Ricci 
(2016)

CagA 1. Activate NF-κB, ERK/
MAPK, Wnt/β-catenin, 
Ras, and STAT3 pathway
2. Promote cell scattering 
and proliferation
3. Increase inflammatory 
cytokine production 
(IFN-γ, TNF-α, IL-1, IL-6, 
and IL-10)
4. Activate immune 
responses

Odenbreit 
et al. (2000), 
Wang et al. 
(2014) and 
Yong et al. 
(2015)

Fusobacterium 
nucleatum, 
Peptostreptococcus 
stomatis

Gastric cancer NR NR Coker et al. 
(2018) and 
Dias-Jácome 
et al. (2016)

Enteropathogenic
Escherichia coli

Colorectal 
cancer

CIF 1. Modify cytoskeleton
2. Induce G2/M arrest
3. Induce DNA damage

Collins et al. 
(2011) and 
Khan (2015)

CNF 1. Promote cell 
proliferation
2. Inhibit the process of 
program cell death
3. Stimulate rho GTPases
4. Trigger G1–S 
transition and induce DNA 
replication

Collins et al. 
(2011) and 
Nougayrède 
et al. (2005)

CDT 1. Induce DNA damage
2. Induce pro- 
inflammatory molecule 
production (TNF-a, 
COX-2, NF-κB, and IL-6)

Khan (2015) 
and Nesić 
et al. (2004)

Intimin 1 Downregulate DNA 
mismatch repair

Maddocks 
et al. (2009)

Colibactin 1. Induce DNA double- 
strand breaks
2. Induce chromosomal 
instability
3. Induce senescence- 
associated secretory 
phenotype

Bonnet et al. 
(2014), 
Cougnoux 
et al. (2014), 
and Cuevas- 
Ramos et al. 
(2010)

(continued)
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Table 12.2 (continued)

Bacterial species Cancers
Virulence 
factor Mechanisms Reference

Fusobacterium 
nucleatum

Colorectal 
cancer

Fap2 1. Induce microRNA-21 
and NF-κB expression
2. Activate TLR4 and 
Wnt/β-catenin pathway
3. Combine with 
gal-GalNAc

Abed et al. 
(2016) and 
Yang et al. 
(2017)

FadA 1. Upregulate NF-κB 
signaling
2. Activate Wnt/β-catenin 
pathway
3. Form bacterial 
aggregation

Allen-Vercoe 
and Jobin 
(2014), Hold 
(2016), and 
Rubinstein 
et al. (2013)

NR 1. Activate autophagy 
pathway
2. Mediate CRC 
chemoresistance

Yu et al. 
(2017)

Enterotoxigenic 
Bacteroides 
fragilis

Colorectal 
cancer

BFT 1. Activate Wnt/β- -
catenin, STAT3, and NF-κB 
pathway
2. Induce E-cadherin 
cleavage
3. Induce Th17 T cell 
responses
4. Promote cell 
proliferation
5. Increase the expression 
of c-Myc and cyclin-D1
6. Promote the release of 
pro-inflammatory factors

Chung et al. 
(2018), 
Goodwin 
et al. (2011), 
Wu et al. 
(2009), and 
Zhou and 
Fang (2018)

Streptococcus 
bovis

Colorectal 
cancer

WEA 1. Increase the production 
of COX-2 and IL-8
2. Promote cell 
proliferation

Alazmi et al. 
(2006) and 
Biarc et al. 
(2004)

Helicobacter 
pylori

Colorectal 
cancer

BabA
CagA, 
VacA,

1. Produce ROS and NO
2. Promote cell 
proliferation
3. Decrease cell apoptosis
4. Increase the production 
of COX-2 and IL-8

Collins et al. 
(2011) and 
Papastergiou 
et al. (2016)

Peptostreptococcus 
anaerobius

Colorectal 
cancer

NR 1. Activate SREBP-2 and 
increase cholesterol 
synthesis
2. Regulate TLR and 
AMPK pathway
3. Increase the level of 
ROS
4. Promote cell 
proliferation

Tsoi et al. 
(2017)

(continued)
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Table 12.2 (continued)

Bacterial species Cancers
Virulence 
factor Mechanisms Reference

Streptococcus 
gallolyticus

Colorectal 
cancer

NR 1. Promote cell 
proliferation
2. Increase the level of 
c-Myc, β-catenin, and 
PCNA

Kumar et al. 
(2017)

Enterococcus
faecalis

Colorectal 
cancer

NR 1. Elicit high levels of 
ROS
2. Induce genetic 
instability
3. Activate Wnt/β-catenin 
pathway

de Almeida 
et al. (2018), 
Fearon 
(2011), and 
Wang et al. 
(2012)

Desulfovibrio sp. Colorectal 
cancer

H2S 1. Increase the production 
of sulfur radicals and ROS
2. Induce direct DNA 
damage
3. Transform CA to DCA
4. Promote cell 
proliferation

Balamurugan 
et al. (2008), 
Deplancke 
and Gaskins 
(2003), 
Ridlon et al. 
(2005), and 
Scanlan et al. 
(2009)

Helicobacter 
hepaticus

Hepatocellular 
carcinoma

CDT 1. Mediate γ-H2AX foci 
formation
2. Remodel cytoskeleton
3. Induce nuclear 
translocation of NF-κB
4. Increase the expression 
of p21 and Ki-67

Péré- 
Védrenne 
et al. (2016) 
and Péré- 
Védrenne 
et al. (2017)

NR 1. Induce oxidative DNA 
injury
2. Impair metabolic 
detoxification
3. Activate immune 
response
4. Promote cell 
proliferation
5. Activate Wnt/β-catenin 
pathway

Alyamani 
et al. (2007), 
Fox et al. 
(2010), and 
García et al. 
(2011)

Helicobacter 
pylori

Hepatocellular 
carcinoma

VacA, 
CagA, 
LPS

1. Activate NF-κB 
pathway
2. Increase the production 
of IL-8 and AP-1

Fox et al. 
(2010), 
Queiroz et al. 
(2006), and 
Sakr et al. 
(2013)

(continued)
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Table 12.2 (continued)

Bacterial species Cancers
Virulence 
factor Mechanisms Reference

Porphyromonas 
gingivalis

Pancreatic 
cancer

LPS 1. Trigger innate and 
adaptive immunity
2. Activate NF-κB and 
STAT3 pathway
3. Stimulate TLR2 and 
TLR4

Michaud 
(2013)

Helicobacter 
pylori

LPS, 
ammonia

1. Increase K-ras gene 
mutation
2. Activate NF-κB, 
STAT3, and MAPK 
pathways
3. Increase the production 
of IL-8 and AP-1
4. Activate immune 
responses
5. Increase the production 
of antiapoptotic and 
pro-proliferative proteins

Daniluk et al. 
(2012), di 
Magliano and 
Logsdon 
(2013), and 
Fukuda et al. 
(2011)

AP-1 activator protein-1, BabA blood group antigen-binding adhesin, BFT Bacteroides fragilis 
toxin, CA cholic acid, CagA cytotoxin-associated gene A, CDT cytolethal distending toxin, CIF 
cycle-inhibiting factor, CNF cytotoxic necrotizing factor, COX-2 cyclo-oxygenase 2, CRC 
colorectal cancer, DCA deoxycholic acid, ERK extracellular signal-regulated protein kinases, 
FadA fusobacterium adhesion A, FOXD3 forkhead box D3, H2S hydrogen sulfide, IFN-γ 
interferon-γ, IL interleukin, LPS lipopolysaccharide, MAPK mitogen-activated protein kinase, 
NF-κB nuclear factor-κB, NO nitric oxide, NR not reported, γ-H2AX phosphorylated form of H2A 
histone family member X, PCNA proliferating cell nuclear antigen, ROS reactive oxygen species, 
SRB sulfate-reducing bacteria, SREBP sterol regulatory element binding proteins, STAT3 signal 
transducers and activators of transcription 3, TFF2 trefoil factor 2, TLR toll-like receptor, TNF-α 
tumor necrosis factor-α, VacA vacuolating cytotoxin A, VEGF vascular endothelial growth factor, 
WEA wall-extracted antigen

abundance of gram-positive bacteria, which is involved in the production of butyrate. 
This condition was correlated with impaired insulin sensitivity. It was well understood 
that the occurrence of disease pathogenesis might be due to lowered levels of butyrate-
producing gut microorganisms in type 2 diabetes patients (Vrieze et  al. 2012). In 
exploring gut microbiota in 345 type 2 diabetes patients and control subjects, it was 
found that through a study, Qin et al. studied 345 type 2 diabetes and control sub-
jects’ gut microbial data using a metagenome-wide association study and found that 
Bacteroides caccae, Clostridium hathewayi, Clostridium ramosum, Clostridium 
symbiosum, Eggerthella lenta, E. coli Clostridiales sp. SS3/4, E. rectale, 
Faecalibacterium prausnitzii, Roseburia intestinalis, and Roseburia inulinivorans are 
well documented opportunistic pathogens that causes the infection (Qin et al. 2012). 
The gut microbes can be a biomarker for predicting type 2 diabetes. However, little is 
known about type 1 diabetes and microorganisms. In a clinical study with 81 patients 
with type 1 diabetes and 40 control subjects, it was shown that intestinal permeability 
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was significantly increased in type 1 diabetes, which means that intestinal barriers are 
significantly not functioning (Bosi et al. 2006).

12.2.7  Microbiomes in Psychotic Disorders

Autism spectrum disorder (ASD) is a neurobehavioral disorder characterized by 
impaired social interaction and communication, resulting in restricted and repetitive 
behavior. Autism is considered the most important disorder in ASD (Fig 12.2). The 
gut microbiota was studied in an affected person and compared with normal humans. 
The bacterial population belonging to the Clostridium genus was found to be ten 
times higher in affected human fecal samples (Favier et al. 2002). Another study 
also observed an imbalance of Bacteroidetes and Firmicutes phyla. Other bacterial 
communities belonging to genera such as Bifidobacterium, Lactobacillus, Sutterella, 
Prevotella, and Ruminococcus and family Alcaligenaceae were also increased com-
pared with control fecal samples (Finegold et al. 2010).

Changes in the microbial ecosystem alter the production of potent pro- 
inflammatory endotoxin lipopolysaccharides. These lipopolysaccharides greatly 
impact the modulation of the central nervous system and increase the emotional 
control such as the amygdala, leading to alteration in psychological brain activities 
and neuropeptide synthesis (Kastin and Pan 2010).

12.2.8  Clinical Applications

In a study, Lactobacillus reuteri was able to repair the damaged intestinal mucosa. 
Antibiotics, stress, food, and infection with pathogens are general factors causing 
inflammation in the intestine. Microbiota plays an important role in maintaining the 
mucosal barrier and invasion of pathogens. Tumor necrosis factor (TNF) is an 
important key factor in regulating autoimmune diseases such as arthritis, inflamma-
tory bowel disease, and acute inflammation states, including sepsis, necrotizing 
enterocolitis, and intestinal hypoxia. By administrating with Lactobacillus in the 
intestinal epithelia of mice, it has been observed that damaged mucosa was repaired 
and intestinal organoids grew well (Wu et al. 2020).

Prebiotics are considered nondigestible food components that promote the com-
munal microbiota’s growth. Prebiotics with dietary supplements help to improve 
health. In addition to prebiotics, probiotics also give tremendous health benefits. 
Probiotics are defined as living microorganisms introduced into the gut for potential 
beneficial effects. It was proven that probiotics shift microbial communities, help 
grow beneficial microbes, reduce inflammation, and reduce obesity and diabetes 
(Casacchia et al. 2019).
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12.3  Conclusions and Future Perspectives

At present, the understanding of bacterial evolution and its association with animals 
reveals the interaction of microbes with animals and their biological functions. New 
technologies such as whole genome sequencing, genome array, and culture- 
independent technologies have changed our perspective of the microbial world and 
revealed that microorganisms are the centrality to the biological process of animals 
and can be considered a macrobiological world of the microbiota. From this chap-
ter, we can understand that resident microbes play decisive roles in determining the 
metabolic and regulatory networks that define good health and a spectrum of dis-
ease states.
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Abstract

Antibiotic resistance/drug resistance occurs in some, or less commonly all, sub-
populations of microbes, usually bacteria, which can survive after exposure to 
one or more antibiotic environments. A microbiome is a community of bacteria, 
archaea, fungi, protozoa, and viruses that inhabit an ecosystem or an organism. 
Microorganisms are ubiquitous, existing in, on, and around biotic and abiotic 
systems, and their habitats are redundant with diversity. They are generally inter-
connected with their host with a live-in relationship which is often beneficial and 
essential to both the host and the residential microorganisms. Scientists are just 
beginning to revise microbiomes to address the risk of emerging antibiotic resis-
tance. The present book chapter deals with the causes for the emergence of drug 
resistance and the counterstrategies to nullify antibiotic resistance through 
advanced research ranging from conventional drug therapy to microbiome- 
targeted therapies (MTT). The ideal way to address the threat of antimicrobial 
resistance (AMR) with enriched resistomes is to manipulate the microbiome 
composition via lifestyle alterations and personalized diet recommendations, 
fine-tuning the microbiota toward a healthy state.
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13.1  Introduction

Antibiotic resistance (AR) or antimicrobial resistance (AMR) is acknowledged as 
one of the significant universal health catastrophes of the twenty-first century that 
jeopardizes the accomplishments of modern medicine by reducing clinical efficacy 
and increasing treatment costs. Currently, AMR mechanisms are creating havoc on 
healthcare systems worldwide, contributing to the emergence of epidemic and pan-
demic superbugs such as Staphylococcus aureus, Neisseria gonorrhoea, Clostridium 
difficile, Klebsiella spp., Enterobacter spp., etc. The international food trade and 
travel have also been responsible for the global emergence and spread of antibiotic 
resistance, especially for species of the Enterobacteriaceae residing in the human 
gut leading to cephalosporin (ESBLs) antibiotic pollution worldwide (Geser et al. 
2012). Enterococcus faecium, S.aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, P. aeruginosa, and Enterobacter displayed antibiotic resistance (carbapen-
ems, fluoroquinolones, chloramphenicol, and aminoglycosides) referred to as 
ESKAPE pathogens that are responsible for six most fatal hospital-acquired dis-
eases (Burcham et al. 2019).

Understanding microbial diversity and antibiotic resistance may be insightful in 
disease diagnosis and treatment. It is understood that the treatment with a broad- 
spectrum antibiotic causes a dramatic loss of in-house microbial diversity with the 
insurgence of antibiotic-resistant strains and upregulation of antibiotic resistance 
genes within the host systems (Tanwar et al. 2014). Therefore, human microbiome 
warrants special attention as possibly the most accessible reservoir of resistance 
genes due to their high prospects of contact and genetic exchange with potential 
pathogens (John et al. 2013). Further, microbiome analysis in more diverse popula-
tions enables the generation of worldwide databases, which include epidemiologi-
cal and host genetic information with a better understanding of host-microbe 
interactions and their crucial role in the origin and progression of diseases. Currently, 
metagenomics with complementary studies such as metabolomics and metatran-
scriptomics would stem the mechanistic models of host-microbe communications 
(Langdon et al. 2016).

13.2  Antimicrobial Resistance (AMR)

Antimicrobial resistance (AMR) is the mechanism by which a drug renders ineffec-
tive over a pathogen or a disease caused by the pathogen, which was earlier effective 
over a range of microorganisms (mostly bacteria). The susceptible microorganisms 
develop resistance to a drug during the period and will no longer be controlled or 
killed by the antibiotics. When an organism resists more than one antimicrobial, it 
is called a multidrug-resistant (MDR) organism/superbugs, a common scenario 
recorded in nosocomial infections. Microbes acquire antibiotic resistance either 
genetically or by nongenetic mechanisms. Nongenetic resistance is acquired either 
by evasion or in the form of L-forms. Some microorganisms, such as mycobacteria, 
exhibit an evasion or escape mechanism that causes tuberculosis, which persists in 
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the tissues escaping the harsh effects of antibiotics and later reverting to parasitism. 
Some bacterial strains shed their cell walls temporarily and change to L-forms or 
wall-deficient forms exhibiting antibiotic resistance (Davies and Davies 2010; 
Black 2015). Mutations or gene rearrangements frequently occur in bacterial popu-
lations (one in 107/109), favoring natural selection habitually and resulting in genetic 
resistance. Auxotrophs (mutants), which resist antimicrobials, multiply over a short 
period, resulting in the progeny that exhibits AMR genetic resistance being acquired 
through mutations or horizontal gene transfer (HGT), which is chromosomal or 
extrachromosomal. Extrachromosomal resistance is conferred by the plasmids 
(mobile genetic elements), which are autonomous, self-replicating extranuclear bits 
of DNA that carry the R factor (R-plasmids) (Deschamps et al. 2009).

13.3  Antimicrobial Resistance Mechanisms

Since the dawn of the antibiotic era, resistance to antibiotics has been identified. 
Paul Ehrlich, the father of modern chemotherapy, demonstrated resistance that, 
once acquired, would be stably inherited either by substituting the “target” for “che-
moreceptor” or inactivating the drug (Fig. 13.1). The following are the mechanisms 
responsible for AMR:

Fig. 13.1 Different mechanisms of AMR
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 1. Alteration of targets: Alteration of the bacterial transcription changing the gene 
product or target (Eg-PBPs) to which the antibiotic has to bind. Resistance to 
penicillins, rifamycins, erythromycins, and antimetabolites has been tagged with 
this mechanism.

 2. Alteration of membrane permeability: Mutations lead to changes in membrane 
proteins, altering the membrane permeability with modified pore size and mem-
brane transport mechanisms. This mechanism reduces drug accumulation and 
enhances the antibiotic’s active efflux (pumping out) across the cell surface. 
Resistance to aminoglycosidic antibiotics (streptomycin, kanamycin), tetracy-
clines, and quinolones has occurred through this mechanism.

 3. Development of enzymes: The development of enzymes conferred cross- 
resistance to many antimicrobials via a common mechanism. Enzymes such as 
β-lactamases break down the β-lactam ring in penicillin and cephalosporin anti-
biotics. Chloramphenicol and aminoglycosidic antibiotics are destroyed by 
developing peptidases and acetyltransferases, respectively.

 4. Alteration of enzymes: Resistance for sulfonamide drugs is due to the alteration 
of bacterial enzymes, which shows high affinity toward PABA (para- 
aminobenzoic acid, a precursor for synthesizing folic acid) and significantly less 
affinity to sulfonamide, allowing the bacteria to function normally.

 5. Alteration of the metabolic pathway: This resistance mechanism is identified for 
sulfonamide drugs. The organisms bypass their common metabolic pathway by 
acquiring the ability to use folic acid instantaneously instead of developing 
from PABA.

 6. Ribosome splitting and recycling: Heat shock proteins (HSP) identified in 
Listeria monocytogenes are responsible for installing ribosomes and successful 
bacterial translation of functional proteins. This type of mechanism confers 
resistance to macrolide drugs like lincomycin and erythromycin (Dinos 2017).

13.4  Resistome/Antibiotic Resistance Genes (ARG)

Antibiotic resistance genes (ARG) or antimicrobial genes (AMG) are ubiquitous in 
community environments, reflecting the widespread usage of drugs over the past 
90 years. The resistome constitutes many antibiotic resistance genes (ARGs) from 
environmental and commensal bacterial communities. Intense selection pressures, 
such as exposure to high concentrations of antibiotics and their prolonged usage, 
can enrich the abundance and diversity of ARGs (Cheng et al. 2012; Sultan et al. 
2018). Besides the microbiota in the gut, other microbial communities can also act 
as hubs for ARG exchange in clinical settings, both in the patient (e.g., nasal cavity, 
vagina, or cystic fibrosis lung) and in the hospital environment (e.g., washbasins and 
drains). Studying the mechanisms of evolution and the mobility of antibiotic resis-
tance genes into human pathogens can facilitate early surveillance of disease diag-
nostics and their treatments. The diversity and extent of resistome dissemination 
within the human population are determined by cultural and sequencing methods, 
either by stool sampling or postmortem microbiome sampling (Perry et al. 2014).
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Resistomes were generally constrained by the phylogenetic diversity of their 
underlying microbiota. The microbiome resistome can be classified into intrinsic 
and mobile resistance genes (MGEs). The intrinsic resistance genes are nonmobile 
resistance genes inherited and provide tolerance to a particular drug without prior 
exposure. Plasmids, episomes, integrons, transposons, conjugative elements, 
phages, and genomic islands are mobile DNA elements that can render resistance to 
bacterial metagenome through horizontal gene transfer (HGT) involving conjuga-
tion, transduction, and transformation (Fig. 13.2). The flow of genetic information 
through HGT might have unfavorable consequences for the gut community since 
resistant pathogens serve as more venerable adversaries to the residential microbes 
of the host. Some commensal bacteria can rapidly increase and acquire pathogenic 
features known as pathobionts, such as Clostridium difficile or vancomycin- resistant 
Enterococcus.

Further, the use of a safe antibiotic, avoparcin, in animal feed is found to be 
responsible for enhancing AMR in human microflora (van Bogaard and Stobberingh 
2000; Angulo et al. 2004). The ARGs with versatile diversity in gut microbiota and 
human-associated environments will likely promote multiple drug resistance in 
pathogens. However, the dissemination of resistome into clinical environments is 
still unclear and is essential in understanding their impact on microbiota (Sommer 
et al. 2010).

MGEs offer bacteria the capacity for niche expansion and functional diversifica-
tion and can constitute up to 15–20% of prokaryotic genomes. Resistance islands 
(RIs) are formed by the accumulation of ARGs into particular regions of genomic 
DNA, leading to multiple drug resistance. The largest RIs (86 kb) of ARGs were 
recorded in Acinetobacter baumannii (Ji Youn Sung et al. 2012). Resistant ESBL 
genes were identified from Kluyvera species (Canton and Coque 2006) and the wide 
distribution of type A streptogramin acetyltransferases across bacterial species 
(Peterson and Kaur 2018). Microbial species with the maximum number of ARGs 
have been identified for Escherichia coli with 5386 potential resistance genes, 
Enterobacter cloacae with 2098 resistant genes, Staphylococcus aureus with 297, 

Bacterial DNA Plasmid

Bacterial
pilus

i
Conjugation

ii
Transduction

iii
Transformation

Extracellular
DNA

Fig. 13.2 Horizontal gene transfer (https://doi.org/10.1172/JCI72333)
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251 in Bacteroides uniformis, 229 in Campylobacter jejuni, and 222 in Klebsiella 
pneumoniae followed by 214  in Enterococcus faecalis, respectively (Raymond 
et al. 2019). Metagenomic analyses of the human gut microbiome showed a high 
percentage of ARGs displaying resistance toward mostly tetracycline, macrolides, 
vancomycin, and bacitracin (Lobanovska and Pilla 2017). Metagenomic analysis of 
viruses revealed consistent viral populations with lysogenic and integrase genes. 
Viral metagenomes with CRISPR (clustered regularly interspaced short palindromic 
repeat) identified variability of virotypes, implying viruses are employed as trans-
ducing vehicles rather than predatory agents (Sheetal et al. 2014).

13.5  Human Microbiome

Several microbes encounter the human system within and on the external surface of 
the cells. The prevalence of microbes is more compared to the body cells. Microbial 
organisms have beneficial and harmful effects on the system (Sanapala and Pola 
2021). Joshua Lederberg first defined the microbiome as the collective genomes of 
microbes within a community of commensal, symbiotic, and pathogenic microor-
ganisms. The human microbiome, also called the human metagenome, constitutes 
the communal genomes of all residential microorganisms, including bacteria, fungi, 
archaea, protozoa, and viruses (Amon and Sanderson 2017). Microbiota is the 
aggregate of microbes colonized within their tissues and anatomical sites, namely, 
the skin, gut, viscera, and urogenital tracts. The working of the Human Microbiome 
Project (2012) (Consortium HMP) has revealed approximately 37.2 trillion microbes 
with an average occurrence of a 3:1 ratio of microbial cells in the human body to the 
human cells (Jack A Gilbert et al. 2018). Recent advances in metagenomics have 
revealed the gut microbiota with a rough estimate of 1000 bacterial species (approx-
imately 2000 genes per species amounting to 2,000,000 genes), 100 times the num-
ber of human genes according to HGP (Morgan and Huttenhower 2012).

The human microbiome is dynamic and is influenced by developmental and 
environmental factors such as age, diet, lifestyle, habitat, and diseases (Gilbert et al. 
2018). Comparative studies on microbiome composition, such as microbiome/
metagenome-wide association studies (MWAS), in parallel to genome-wide asso-
ciation studies (GWAS), are carried out to discover potential mechanisms under the 
origin, progression, and effects of the disease based on the monitoring or modula-
tion of key elements of the microbiota (Crofts et al. 2017).

13.6  Types of Microbes in the Human Microbiome

Microbiomes are biological systems with functional gene diversity to adapt and 
respond to environmental changes, thereby playing a critical role in fighting debili-
tating and chronic diseases. The most remarkable changes in microbiome composi-
tion occur in infancy and early childhood, which is alleged to be imperative in 
maintaining homeostasis with the host’s immune system that impacts health in later 
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years (Nogueira et al. 2019). Normal-born babies are colonized predominantly by 
Lactobacillus, Prevotella, or Sneathia genera from the mother’s vaginal microbiota. 
Cesarean-born babies with bacterial communities originated from the skin 
Staphylococcus, Corynebacterium, and Propionibacterium genera (Dominguez- 
Bello et al. 2010). The microbiome adapts during the infant’s early years, stabilizing 
at around 3–4 years, with a stable adult microbial configuration. The microbiome 
comprises different cluster profiles called enterotypes (Bacteroides, Prevotella, and 
Ruminococcus), representing the abundance of one or a few organisms that remain 
stable over time (Arumugam et al. 2011). However, the concept of enterotypes is 
unclear, and researchers prefer a cluster-centric approach to microbial communities 
with defined boundaries (Costea et al. 2018).

Microbial populations invade dermal and mucosal surfaces of the human body 
with distinctive microbial communities restricted to different regions. The skin and 
genital sites show less diversity compared to the mouth and gut microbiota. The 
human microbiome lodges 2–7 microbial community types (Fig. 13.3), with relative 
abundances of at least 63 bacterial genera, besides various species of archaea, fungi, 
protozoa, viruses, and other microorganisms. However, summative knowledge pro-
vides evidence of about 55 bacterial divisions in our body, including mainly 
Bacteroidetes (48%) and Firmicutes (51%), with the remaining 1% of phylotypes 

Fig. 13.3 The human microbiome is critical in monitoring vital homeostatic mechanisms in the 
body (Amon and Sanderson 2017)
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comprising Proteobacteria, Verrucomicrobia, Fusobacteria, Cyanobacteria, 
Actinobacteria, and Spirochaetes (Andersson et al. 2008). Archea domain popula-
tion is also recorded in the microbiome dominated by methanogenic bacteria such 
as Methanobrevibacter smithii and Methanosphaera stadtmanae (Nkamga et  al. 
2017). The mycobiota constitutes yeasts such as Malassezia species in sebaceous 
glands, and Acremonium is dominant on dandruff-afflicted scalps (Kamamoto et al. 
2017) particularly. Viruses, especially bacteriophages, reside in the skin, gut, lungs, 
and oral cavity (Manrique et  al. 2016). Bacterial species in the mouth, such as 
Actinomyces viscosus and A. naeslundii, form apart of a sticky substance called 
plaque. In contrast, vaginal microflora consists of various Lactobacillus species 
such as Lactobacillus acidophilus, L. iners, L. crispatus, L. jensenii, L. delbrueckii, 
and L. gasseri (Ravel et al. 2011). Conjunctival microflora includes bacterial gram- 
positive cocci (e.g., Staphylococcus and Streptococcus) and gram-negative rods and 
cocci (e.g., Haemophilus and Neisseria) and fungal organisms (Candida, Aspergillus, 
and Penicillium) (Suto et al. 2012).

13.7  Host-Microbiome Interactions

The human microbiome has widespread functions like defense against pathogens; 
development of immunity; host nutrition aiding in energy metabolism by short- 
chain fatty acids, synthesis of vitamins (vitamins B12, thiamine and riboflavin, and 
vitamin K), and fat storage; as well as influence on human behavior. Intestinal 
microflora utilizes dietary components to produce energy and metabolites, many of 
which are taken up and further metabolized or affect the host metabolism (Kinross 
et al. 2011). The effects of bacterial metabolites on host metabolism can be benefi-
cial and harmful. For example, short-chain fatty acids (SCFAs), derived from other-
wise undigestible fiber, have generally beneficial effects on the host, including 
anti-obesity and antidiabetic actions (Siegfried Ussar et  al. 2016). On the other 
hand, N-nitroso compounds, ammonia, and hydrogen sulfide derived by bacteria 
from dietary protein can induce reactive oxygen species (ROS) and DNA damage 
activating inflammatory pathways. Deoxycholic acid, a secondary bile acid pro-
duced by the gut microbiota, promotes the development of hepatocellular carci-
noma (Dzutsev et al. 2015). Trimethylamine-N-oxide (TMAO), an end metabolite 
of dietary choline, has been shown to promote arteriosclerosis and correlate with 
cardiovascular disease (CVD), stroke, and death. Microbiomes with Bifidobacteria 
are believed to be protective, while Proteobacteria has a reported risk factor (Sanz 
et al. 2015).

The Bacteroidota phylum includes several bacterial species that protect the host 
against pathogens. For example, Bacteroides thetaiotaomicron confers protection 
against gram-positive (C-type lectins REGIIIγ and REGIIIβ) and viral infections 
(type I IFN-induced GTPases). In the Firmicutes phylum, Lactobacillus spp. main-
tains intestinal colonization by producing short-chain fatty acids (SCFAs) and aid-
ing bile acid metabolism. The function of SCFAs relies on their capacity to suppress 
histone deacetylase activity, indicating the presence of epigenetic regulation. 
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Different receptors for SCFAs with an essential role in immune regulation and 
metabolism have been identified in intestinal epithelial cells, immune cells, and 
adipocytes. Further, the production of SCFAs is one of the protective mechanisms 
employed by the endogenous microbiota to prevent the attachment and invasion of 
enteric pathogens to the intestinal epithelium (Riiser 2015). Besides influencing 
localized immune responses, the microbiota has broader effects on innate and adap-
tive immunity at multiple levels (Nikoopour and Bhagirath 2014).

13.8  Human Microbiome: Analysis

The composition of the microbiome is studied by essentially identifying the mem-
bers of the microbial community based on DNA/RNA or protein analysis either by 
amplicon studies or shotgun metagenomic approaches (culture, cloning and 
sequencing, pyrosequencing, and NGS) (Andersson et al. 2008; Li et al. 2012; Hu 
et al. 2013; Gupta et al. 2014). The amplicon studies involve specific known marker 
genes to designate the microbial population taxonomically, whereas metagenomic 
studies reveal the functional potentialities of the microbial community (Martiny 
et al. 2011). The screening strategies rely on identifying particular microorganisms 
on selective media, followed by statistical analysis with bioinformatic pipeline data-
bases. The more significant challenge in the genomic analysis of microbiota is the 
complete core analysis of microbial community, which is highly variable not only 
from person to person but also from different sites within the same person and fur-
ther by carefully avoiding the host DNA in the studies. Phylogenetic analysis is 
based on ribosomal editing (16s rRNA) or oligotyping to discriminate closely 
related distinct taxa in the microbiota (Dethlefsen et al. 2008).

Both 16S and WGS approaches have been extensively used to study the human 
gut microbiome (MetaHIT) (Qin et  al. 2010) and HMP (Human Microbiome 
Project) developed by the National Human Genome Research Institute (NHGRI) to 
understand the role of the microbiota in health, immunity, nutrition, and diseases. 
Assembling metagenomes requires sophisticated biocomputational tools and soft-
ware for annotating the target genes and resolving their functional potentialities by 
creating genomic data banks (Qin et  al. 2010). Integrated Microbial Genomes-
Expert Review (IMG/ER) system and the National Microbial Pathogen Data 
Resources’ RAST (Rapid Annotation using Subsystems Technology) server, JCVI 
(J. Craig Venter Institute), are annotation servers for microbiome analysis. In this 
line, the use of metatranscriptomics and metabolomics approaches can complement 
metagenomic approaches. Metatranscriptomics is the sequencing-based analysis of 
expressed transcripts in a sample, which provides information on the active genes 
during the experiment. Metatranscriptomics can help to elucidate biological func-
tions underlying microbial dysbiosis associated with multiple diseases (Franzosa 
et al. 2014) and its relationship with disorders such as inflammatory bowel disease 
(IBD) (Ahmed et al. 2016).

Metagenomics enabled a complementary view of a bacterial community, includ-
ing its ARGs, through alignment-based homology searches against an ARG 
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reference database such as ARDB, SARG, CARD, Resfams, P.C.M., and ResFinder 
(Yin et al. 2018). Although these reference databases reveal thousands of character-
ized ARGs, they only reflect a small proportion of the total resistome (Gupta et al. 
2014). Recently, deepARG was recently published to find novel ARGs directly from 
shotgun metagenomic data based on artificial neural networks, followed by fAR-
Gene (https://github.com/fannyhb/fargene) based on probabilistic HMM gene mod-
els optimized to accurately identify previously uncharacterized resistance genes 
(Arango-Argoty et al. 2018; Berglund et al. 2019).

13.9  The Human Microbiome and Diseases

The main criteria in studying the microbiome is understanding the microbial imbal-
ance or maladaptation that results in disease, sometimes termed “dysbiosis” 
(Pflughoeft and Versalovic 2012). Gut microbes and their metabolites showed a 
major influence on the host immune response, thereby activating pro-inflammatory 
mediators such as cytokines, interleukin-6 (IL-6), and tumor necrosis factor-α 
(TNF-α), which damage epithelial cells inducing dysfunction (Cho and Blaser 
2012; Rooks and Garrett 2016). Dysbiosis-related inflammation and the biosynthe-
sis of chemical carcinogens (e.g., acetaldehyde, N-nitroso compounds) by microbes 
are among several possible mechanisms through which the microbiota may have a 
role in carcinogenesis. Enterotoxin-producing bacteria such as Enterococcus faeca-
lis produce toxins that can trigger inflammatory responses damaging the gut cells. 
Further, some gut biota, Bacteroides fragilis, produce ROS that damage the oxida-
tive DNA, activating β-catenin nuclear signaling and leading to cellular prolifera-
tion. Similarly, Fusobacterium nucleatum induces inflammatory changes by 
adhering to colonic epithelial cells by the FadA surface protein, which interacts 
with E-cadherin to mediate changes in β-catenin and Wnt signaling (Lynch and 
Pedersen 2016; Sofia and Elena 2020).

The colon is the most heavily colonized section of the digestive tract, with 
approximately 70% of the estimated microflora. It has been identified that more 
than 20% of the cancer burden worldwide is attributed to known intestinal infec-
tious gut microbiota (Rubinstein et  al. 2013). The gut microbiome helps uphold 
mucosal homeostasis and epithelial barrier function, compartmentalizing bacteria 
to the lumen. However, perturbations in gut barrier function lead to increased “intes-
tinal permeability,” which is shown to be coupled with a variety of gastrointestinal 
disorders and diseases (Table  13.1), such as IBD (inflammatory bowel disease), 
irritable bowel syndrome (IBS), necrotizing enterocolitis (NEC), celiac disease, 
chronic inflammation, and colorectal cancer development (Jalanka-Tuovinen et al. 
2011; Grishin et al. 2013; Vancheswaran Gopalakrishnan et al. 2018). Atopic dis-
eases such as eczema, asthma, and food allergies are increasing, often linked to the 
lack of early-life exposure to microbial antigens in hygienic developed countries. 
The microbiota plays a crucial role in human pathogenesis, although other environ-
mental factors such as diet, stress, genetic susceptibility, habits, and habitats also 
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Table 13.1 List of some of the diseases recorded due to altered microbiome

S. 
no. Diseases

Organ/
body Altered microbiome References

1 Acne, eczema, allergy Skin Dysregulation of immune 
system due to increased 
pathogenic strains

2 Inflammatory bowel 
syndrome, irritable bowel 
syndrome, and gut infections

Gut Altered mucosal barrier and 
dysregulated immune 
response

Grishin et al. 
(2013)

3 Cardiovascular disease Heart Production of pro- 
inflammatory metabolites

4 Autism spectrum disorder Brain Abundance of bacterial 
toxins/disrupted 
fermentation

5 Asthma and cystic fibrosis Lung Reduced immunological 
tolerance and altered gene 
expression

Riiser (2015)

6 Nonalcoholic fatty liver 
disease

Liver Bile acid metabolism altered

7 Diabetes type 1 and type 2 Pancreas Reduction in insulin 
sensitivity

Sanz et al. 
(2015)

8 Metabolic syndrome or 
obesity

Adipose 
tissue

Reduced intestinal 
gluconeogenesis and insulin 
resistance

Ahmed et al. 
(2016)

contribute to diseases. However, research on the human microbiome concerning 
diseases is still vague and inconsistent.

13.10  Microbiome and Disease Diagnosis

Recent advances in metagenomic studies have made it possible to utilize microbi-
ome signatures in cancer diagnostics where a specific species or sets of species 
could act as key indicators (Nishiumi et al. 2012). F. nucleatum has been consis-
tently found to be associated with colorectal cancers serving as indicative species 
(Chung et al. 2017). Culture-based analysis of AMR showed E. coli and Niesseria 
gonorrhea as indicator microorganisms for gut and urinary tract infections, respec-
tively (Okeke et al. 2011). Proteobacteria are natural residents of the gut homeo-
static microbiota that serve as potential diagnostic signature organisms of dysbiosis 
(Shin et al. 2015, Gorvitovskaia et al. 2016).

13.11  Antibiotics and Microbiome

Antibiotics are vital paraphernalia in modern medicine, essential for treating infec-
tious diseases and as a critical prop-up therapy in key medical interventions such as 
surgery and cancer chemotherapy. The misuse of antibiotics plays a significant role 
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Fig. 13.4 Effects of antibiotics on the gut microbiome (J Clin Invest. 2014; 124(10): 4212–4218. 
https://doi.org/10.1172/JCI72333)

in the pathogenesis of several diseases associated with the destruction of microbiota 
(Fig. 13.4). However, genetic mutations in the microbiome can confer biomedically 
relevant traits, such as the ability to extract nutrients from food, metabolize drugs, 
evade antibiotics, and communicate with the host immune system (Kim et al. 2011; 
Nandita and Katherine 2020). “Genome-mining” approaches have revealed the 
abundance and diversity of antibiotic resistance genes, which might be insightful for 
novel drug developments (Langdon et al. 2016). Antibiotics, such as clindamycin, 
clarithromycin, metronidazole, and omeprazole, have typically caused the longest- 
lasting effects on pharyngeal and gut community composition (Ferrer et al. 2017).

Dethlefsen et al. identified ciprofloxacin to decrease taxonomic richness in the 
gut biota (2008). Aminoglycosidic resistance was recorded in patients admitted into 
the intensive care unit (ICU), and the administration of cephalosporin, cefprozil, 
increased Lachnoclostridium bolteae and Enterobacter cloacae (Climent et  al. 
2018; Raymond et  al. 2019). High-level azithromycin and ceftriaxone-resistant 
Neisseria gonorrhea were identified in March 2018 by the Public Health England 
Reference Laboratory. Aminosalicylate drugs have been reported to mainly influ-
ence only members of Firmicutes where polymyxins, polyenes, and sulfonamides 
seem to affect only Bacteroidetes and Firmicutes. Quinolones have been reported to 
affect only Firmicutes and Proteobacteria, while beta-lactams (amoxicillin), lincos-
amides (clindamycin), and phosphoglycolipids (flavomycin) affected Fusobacteria, 
and cephalosporin (ceftriaxone) affect Verrucomicrobiota/Akkermansia, respec-
tively (Buffie and Pamer 2013; Ferrer et al. 2017). Table 13.2 lists some antibiotics 
susceptible to microbial pathogens and their AMR mechanisms.

The administration of antibiotics may contribute to dysbiosis by directly elimi-
nating the bacterial populations that confer colonization resistance to the intestinal 
microbiome antibiotics. Colonization resistance develops either by:

 (a) Direct mechanisms, through direct competition, nutrient depletion, and secre-
tion of bacteriocins.
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Table 13.2 List of some of the common antibiotics with resistant microorganisms and their anti-
microbial mechanisms

Name of antibiotic

Mode of 
action of 
antibiotic

List of resistant 
microorganisms

AMR 
mechanisms References

Antibacterial 
penicillin

Binds to PBPs 
(penicillin- 
binding 
proteins), 
inhibiting 
peptidoglycan 
synthesis

Staphylococcus 
aureus, E. coli, H. 
influenzae, N. 
gonorrhoeae, 
Streptococcus, K. 
pneumoniae, 
methicillin- resistant 
Staphylococcus 
aureus (MRSA)

Plasmid- encoded 
beta-lactamase, 
breaking the 
beta-lactam ring 
and inactivating it 
(e.g., TEM-1, 
TEM-2, and 
SHV-1)

Mariya and 
Giulia (2017)

Cephalosporins 
(ceftizoxime, 
cefotaxime, 
ceftriaxone, 
cephamycins, 
cefoxitin, or 
cefotetan and 
ceftazidime)

Inhibits 
peptidoglycan 
and cell wall 
synthesis

E. cloacae, C. 
freundii, S. 
marcescens, and P. 
aeruginosa, K. 
pneumoniae, 
Salmonella spp., P. 
mirabilis, 
Campylobacter spp.

Chromosomal 
class C 
β-lactamase 
production 
(TEM- or 
SHV-type 
ESBLs)

Adesoji et al. 
(2016)

Ampicillin Inhibits 
peptidoglycan 
synthesis

E. coli, H. 
influenzae, and N. 
gonorrhoeae and K. 
pneumoniae

The amino acid 
substitutions 
(TEM1)

Kaczmarek 
et al. (2004)

Aminoglycosides 
(streptomycin, 
gentamicin)

Inhibits 
protein 
synthesis by 
binding to 
30S ribosome 
subunit

E. coli, 
Pseudomonas 
aeruginosa, K. 
pneumoniae, 
Mycobacterium 
tuberculosis (MDR 
TB)

Plasmid- encoded 
enzymes (e.g., 
mexAB-oprM, 
mexXY) that 
chemically 
inactivate the 
drug (acetylation 
or 
phosphorylation), 
S12 ribosomal 
mutations

Sylvie and 
Kristin(2016)

Macrolides 
(erythromycin, 
azithromycin, 
clindamycin)

Inhibits 
protein 
synthesis by 
binding to 
50S ribosome 
subunit

Campylobacter, 
Streptococcus 
pyogenes, 
Staphylococcus 
aureus,
methicillin- resistant 
Staphylococcus 
aureus (MRSA), 
Neisseria 
gonorrhoeae, S. 
pneumoniae, H. 
influenzae

Resistance occurs 
through SNPs in 
the 23S rRNA 
gene mutations 
and modifying 
the 50S ribosome 
subunit

Dinos (2017)

(continued)

13 The Microbiome Antibiotic Resistome: Significant Strategies…



254

Table 13.2 (continued)

Name of antibiotic

Mode of 
action of 
antibiotic

List of resistant 
microorganisms

AMR 
mechanisms References

Fluoroquinolones 
(ciprofloxacin, 
moxifloxacin, 
and levofloxacin)

Inhibits DNA 
synthesis by 
binding to 
DNA 
topoisomerase

Clostridium difficile, 
Escherichia coli and 
Salmonella,
Mycoplasma 
genitalium

Alteration of 
DNA 
topoisomerase 
enzyme and also 
widespread usage 
of antibiotics in 
livestock

Kim and 
Hooper(2014)

Tetracycline 
(doxycycline, 
tigecycline)

Inhibits 
protein 
synthesis by 
blocking 
tRNA

Staphylococcus 
aureus,
methicillin- resistant 
Staphylococcus 
aureus (MRSA), S. 
dysenteriae, 
Mycoplasma 
genitalium, E. coli, 
Shigella dysenteriae

Epigenetic 
inheritance, 
alteration of 
membrane 
permeability

JanaMarkeley 
and Timothy 
Wencewicz 
(2018)

Carbapenems 
(imipenem, 
meropenem)

Inhibition of 
cell wall 
synthesis and 
transpeptidases

Enterobacter spp. 
(carbapenem- 
resistant 
Enterobacteriaceae 
(CRE)), K. 
pneumoniae, 
Serratia marcescens, 
Acinetobacter spp.

Carbapenemase- 
producing 
Enterobacteriaceae 
(CPE), NDM-1 
(New Delhi 
metallo-beta-
lactamase 1), 
Klebsiella 
pneumoniae 
carbapenemase 
(KPC)

Gupta et al. 
(2011)

Linezolid Protein 
synthesis 
inhibitor; 
prevents the 
initiation step

Enterococcus 
faecalis, linezolid- 
resistant 
Enterococcus

23S RNA 
mutations (Cfr 
methyltransferase)

Brickner 
et al. (2008)

Polymyxins Affects 
cytoplasmic 
membrane 
permeability

Klebsiella 
pneumoniae, 
Pseudomonas 
aeruginosa, and 
Acinetobacter 
baumannii

Plasmid- mediated 
resistance 
(MCR-1) and 
alteration of cell 
membrane 
integrity

Falagas et al. 
(2010)

Rifampin Inhibits RNA 
synthesis by 
binding to the 
RNA 
polymerase

Mycobacterium 
tuberculosis
(MDR TB)

Alteration of 
polymerase 
enzyme

Goldstein 
(2014)

(continued)
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Table 13.2 (continued)

Name of antibiotic

Mode of 
action of 
antibiotic

List of resistant 
microorganisms

AMR 
mechanisms References

Trimethoprim Inhibit the 
folic acid 
pathway

Klebsiella 
pneumoniae,
P. aeruginosa, 
Serratia marcescens, 
S. aureus, 
Staphylococcus 
haemolyticus, 
Campylobacter 
jejuni, and 
Helicobacter pylori

Alteration of 
enzymes and 
antimetabolites

George and 
Huovinen 
(2001)

Chloram- 
phenicol

Inhibits 
protein 
synthesis by 
binding to 
50S ribosome 
subunit and 
translocation 
by inhibiting 
the formation 
of peptide 
bonds

S. aureus (MRSA)S.
epidermidis (MRSE)
CoNSStreptococcus-
Pseudomonas 
Corynebacteria

Plasmid- encoded 
enzyme that 
acetylates the 
drug

Čivljak et al. 
(2014)

Isoniazid Inhibition of 
mycolic acid 
synthesis

Mycobacterium 
tuberculosis
(MDR TB)

Resistance is 
primarily 
mediated by 
mutations in katG 
and inhA, ndh, 
etc.

Catherine 
et al. (2014)

Daptomycin Binds to the 
membrane and 
causes rapid 
depolarization, 
resulting in a 
loss of 
membrane 
potential 
leading to 
inhibition of 
protein, DNA, 
and RNA 
synthesis

MRSA, 
Enterococcus 
faecalis

Cell wall 
thickening

William et al. 
(2016)

Vancomycin Inhibits 
peptidoglycan 
synthesis

Vancomycin- 
resistant 
Staphylococcus 
aureus, vancomycin- 
resistant 
Enterococcus 
faecium

Plasmid- mediated 
antibiotic 
resistance, 
D-Ala-D-Ala 
replacement

Howden et al. 
(2010)

(continued)
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Name of antibiotic

Mode of 
action of 
antibiotic

List of resistant 
microorganisms

AMR 
mechanisms References

Antifungal 
fluconazole, 
caspofungin, 
amphotericin B, 
azoles, and 
echinocandins

Disruption of 
cell 
membrane 
integrity

Candida, 
Cryptococcus 
neoformans, and 
Aspergillus 
fumigatus

Point mutations 
within the ERG11 
gene
CYP51A gene 
cause 
microbiologic 
resistance

Nathan 
(2017)

Antiprotozoal 
artemisinin, 
pentamidine, 
suramin, 
benznidazole, 
and nifurtimox

Interferes with 
metabolic 
processes, 
reproduction, 
and larval 
physiology and 
neuromuscular 
physiology of 
parasites

Malarial parasitr---
Plasmodium spp., 
Trypanosoma spp., 
and
Leishmania spp. and 
Entamoeba spp.

Export and 
decrease of drug 
uptake and 
alteration of drug 
targets. The 
amino acid 
substitutions

Capela et al. 
(2019)

Antivirals 
oseltamivir, 
acyclovir, 
amantadine, 
3'-azido-3'-
deoxythymidine 
(AZT), etc.

Neuraminidase, 
protease and 
nucleic acid 
analogues, 
anti-HIV drugs, 
including 
NRTIs and 
NNRTIs, which 
target reverse 
transcriptase

HIV, hepatitis B, 
hepatitis C, 
influenza, herpes 
viruses including 
varicella zoster virus, 
Cytomegalovirus, 
and Epstein-Barr 
virus

Resistance 
acquired through 
mutations in the 
genes that encode 
the protein targets 
of the drugs.
Mutations are in 
viral thymidine 
kinase gene, 
HIV-1 reverse 
transcriptase, etc.

Warnke et al. 
(2007) and 
Kristen et al. 
(2016)

Table 13.2 (continued)

 (b) Indirect mechanisms involve the activation of innate immune defenses in the 
mucosa and the production of protective secondary metabolites such as second-
ary biliary acids, antimicrobial peptides, and short-chain fatty acids.

The ability of the microbiota to restore a healthy microbiome ecosystem (“resil-
ience”) depends on age, diet, class of antibiotic, pharmacokinetics, pharmacody-
namics, range of action, dosage, duration, and administration route (Yang et  al. 
2017; Climent et al. 2018). Antibiotic resistance genes and their evolutionary mech-
anisms are mostly unexplored in humans and, therefore, necessary to account for 
the entire microbial ecosystem within the human landscape (Burcham et al. 2019). 
National and international antibiotic stewardship programs for monitoring and map-
ping AMR were carried out globally. ResistanceOpen is an online global mapping 
program displaying AMR aggregate data. ResistanceMap is a website developed by 
the Center for Disease Dynamics, Economics & Policy, which provides worldwide 
data on AMR WHO has organized a global action plan to tackle the mounting prob-
lem of AMR and has promoted the first World Antimicrobial Awareness Week from 
November 16 to 22, 2015.
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13.12  Recent Advances in Limiting Drug Resistance 
Through MTT

Recent advances in microbiome research suggest manipulating the microbiota as a 
therapeutic tool in limiting drug resistance. Microbiome-targeted therapies (MTT) 
are recently exploited by managing microbes and their metabolism, ranging from 
simple dietary manipulation to high precision (Hartstra et al. 2015). Enrichment of 
microbiota through probiotics, prebiotics, phage therapies, and fecal microbiota 
transplantation restores the beneficial microbiota reversing dysbiosis (Schmidt et al. 
2018). Immunologic stimulation by Bacteroides spp. and Bifidobacterium spp. was 
found to have a profound effect on therapy efficacy (Gorvitovskaia et  al. 2016). 
Further, imbalance in dietary sphingolipids significantly impacted the therapeutic 
efficacy of chemotherapy and radiation (Camp et  al. 2017). Dietary approaches 
such as foods rich in polyphenols, including fiber, and moderation of high-fat foods 
or specific food additives that preserve beneficial microbial communities are poten-
tially effective long-term preventive strategies (Maruvada et al. 2017).

Prebiotics and probiotics can benefit the microbiome’s development by introduc-
ing nutrients that benefit the existing and new benign/symbiotic bacteria (Kashima 
et  al. 2015). Administration of bacterial consortia or “designer probiotics” could 
also provide a more feasible method of microbial manipulation in the clinical set-
ting (Conlon and Bird 2015). Probiotics help to preserve healthy microbiota by 
regulating pathogenic bacteria and immune system response, which may reduce 
blood cholesterol and colitis and prevent chronic inflammations and cancers 
(Fernández et al. 2016). Various prebiotics can prevent cancers by different mecha-
nisms: releasing detoxifying agents, anti-inflammatory factors, anticancer com-
pounds (antiangiogenesis, promoting anti-PDL1 drugs), and short-chain fatty acids 
(SCFA) that improve the intestinal barrier function (Pandey et al. 2015).

It has been reported that the butyrate-producing species Clostridium butyricum 
and Bacillus subtilis may have an antitumor effect in a colorectal cancer mouse 
model (Chen et al. 2015). L. casei has been reported to produce ferrichrome, which 
inhibits colon cancer progression through apoptosis mediated by utilizing the c-Jun 
N-terminal kinase pathway (Konishi et al. 2016). Another L. casei strain (variety 
rhamnosus, Lcr35) showed to prevent induced intestinal mucositis in CRC-bearing 
mice (Chang et al. 2018). Recent clinical studies also revealed that Bifidobacterium 
probiotics restore the equilibrium of gut dysbiosis and reduce intestinal perturba-
tions (Liang et al. 2017). Synbiotic therapies/synbiotics are the amalgamations of 
prebiotics and probiotics in dietary supplements such as Bifidobacterium animalis 
subsp. Lactis spp. combinations or oat fiber/L. plantarum and FOS/L. sporogenes 
formulations can modulate host immunity by regulating cytokine production and 
the proliferation and differentiation of macrophages, lymphocytes, and intestinal 
epithelial cells (Bozkurt et al. 2019).
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13.12.1  Fecal Microbiota Transplantation (FMT)

FMT is a medical practice for restoring and reestablishing colonization resistance 
and other functions associated with the normal intestinal microbiota. FMT was first 
described in 1958 by Eiseman et al. while treating Clostridium difficile infection 
(CDI). Fecal microbial transplantations are possible through gastroscopy/colonos-
copy or oral administration of lyophilized pills (Lee et al. 2016). Presently, FMT has 
been reevaluated as a hopeful therapeutic method to treat other disorders involving 
gut dysbiosis, such as colorectal cancer, ulcerative colitis, IBD, IBS, metabolic syn-
drome, types 1 and 2 diabetes, atopy, obesity, multiple sclerosis, and autism (Filip 
et al. 2018).

13.13  Phage Therapy

Conventionally, phage therapy involves using naturally occurring phages to infect 
and lyse bacteria at the site of infection. Biotechnological advances have extended 
potential phage therapeutics’ repertoire to include novel strategies using bioengi-
neered phages and purified phage lytic proteins to restore a desired bacterial equi-
librium (Paule et al. 2018). Research on phages and their lytic proteins, specifically 
against multidrug-resistant bacterial infections, is regarded as the potential therapy 
to supplement antibiotic resistance (Derek et al. 2017).

13.14  Conclusions and Future Perspectives

It is understood from the rate of emergence of AMR that the microbes naturally 
evolve to resist the drugs gradually. Yet, unfortunately, the abuse or misuse of anti-
biotics in hospitals and clinics is speeding up their evolution resulting in the specia-
tion of superbugs. It was predicted by the UK government that by 2050, the mortality 
rates through AMR infections will be more than the current toll from cancer. AMR 
infections are associated with 23,000 deaths and 2  million illnesses in the USA 
annually (Fortman and Mukhopadhyay 2016). Therefore, there is an immediate 
need to circumvent the undesirable effects on the microbiota, resulting in NCDs 
(noncommunicable diseases) such as colon cancer, autism, and obesity. Microbiome 
research is poised to influence human health by developing low-risk probiotics, 
prebiotics, phage therapy, and FMT treatments to fight infections, malnourishment, 
metabolic disorders, and vaccine efficacy. Research quests in these areas might lead 
to the design of biologically inspired therapeutics, such as consortia-based solu-
tions/multi-organism cocktails to reboot dysbiotic ecosystems.

The emergence of resistance to the “last line” of drugs such as methicillin and 
vancomycin is a significant public health threat. It is, therefore, critical to under-
stand AMR in medical environments. Shortly, the capacity of microbes to develop 
resistance outruns the production of new and novel drugs, provoking a need for 
alternate strategies to be implemented by governments and pharmaceutical 
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industries. The discovery of new antimicrobials is important, but in reality, the 
major solution to address the problem of AMR is the rational usage of existing anti-
biotics and encouraging MTT.  The surveillance of ARG dissemination across 
human populations would allow source tracking, outbreak preparation, and treat-
ment alternatives which helps to focus on preventative measures instead of reactive 
medicine.
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Abstract

A vast microbial diversity is associated with different ecologies, including 
humans, animals, and plants, challenging the microbiologists in the perspective 
of their identification, potential applications, and clinical diagnostics. 
Microorganisms, including archaea, bacteria, fungi, and viruses, harbored and 
colonized on humans’ skin and gastrointestinal and gut, play a key role in various 
diseases. Identifying and characterizing this vast, diverse microbiome and diag-
nosing clinically important pathogens have triggered the establishmentof mas-
sive DNA sequencing technologies.In the modern era, these new sequencing 
technologies have allowed scientists to precisely identify any organism’s taxo-
nomic status. This chapter described a few pathogenic microbiomes and their 
identification approaches, like in situ microbiome engineering, microfluidic sys-
tems, engineered organoids, and single-cell imaging approaches.

Keywords
Diagnostic methods · Microorganisms · Biosensor · Engineered microbes · 
Microfluidic diagnostic · Antimicrobial peptides

14.1  Introduction

Microbial diversity is a core factor and influences the stability of microbes and their 
related health of the population (Coyte et al. 2015). The alterations in microbiota in 
an ecosystem have been associated with pathological conditions such as metabolic 
dysfunction, neurodegenerations, and cancer. The finding of functional diversity of 
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microbes rather than taxonomic diversity is a most important and emerging state in 
the future (Li and Convertino 2019). At present, microbiome research related to the 
effect on human health is more concerned (Martin et al. 2018). A healthy environ-
mental microbiome governs a healthy human microbiome (Lloyd-Price et al. 2016). 
Hence, it is important to study microbiomes and the ecosystem where they exist. 
Diagnostic and therapeutic study of the microbiome is an emerging need regarding 
their potential metabolic use and contribution to human health.

Understanding the microbiome and its biological process in host cells can help 
us use microbes as a low-cost diagnostic tool and microbiome as an evaluative tool. 
In the last decade, microbiomes have been used for disease diagnosis and prognosis 
tools, for example, inflammatory bowel disease diagnosis (Zhou et al. 2018) and 
progression of diabetes (Leustean et al. 2018). Among microbial diseases, bacterial 
diseases have more considerable morbidity and mortality, representing a significant 
public health threat in developed and developing countries. Over 2.5 million deaths 
occur yearly due to water-associated diseases worldwide (Prieto et al. 2015). In this 
context, developing diagnostic tools is extremely important to prevent bacterial dis-
ease spread and public health. It can also prevent millions of deaths caused by the 
lack of these facilities (Yager et al. 2006). Clinical microbiology deals with diag-
nostics, identifying pathogens from clinical samples, treatment strategies for 
patients, and surveys and monitoring in public for outbreaks. The traditional meth-
ods are reliable, isolating and culturing pathogens from specimens and detecting 
pathogen-specific antibodies (serology) or antigens. Still, it isn’t easy to maintain in 
the laboratory every time. However, gene-based molecular identification via PCR 
targets only a limited number of pathogens using specific primers or probes. The 
metagenomic approaches illustrate all nucleic acid material in a sample, enabling 
analysis of the entire microbiome and the host genome in patient samples. Still, it is 
an expensive method (Chiu and Miller 2019). The diagnostic method should be 
economical, and importantly, the test should be rapid, simple to use, easily interpre-
table, and stable when transported and stored under extreme conditions. Diseases 
caused by multiple causative agents, for example, acute lower respiratory infections 
and diarrheal diseases, have to be diagnosed using multiplex tests and individual 
tests for emerging and reemerging diseases. Firstly, we emphasized to provide 
imperative knowledge on molecular-based detection methods; modern diagnostic 
inventions like impedance spectroscopy, electrochemical, and combined dielectro-
phoresis and impedance methods; biosensor-based designs; and advanced microflu-
idic methods in microbial identification. Secondly, the development of engineered 
microbes in diagnostic and therapeutic application has been discussed.

14.2  Molecular Methods for Microbial Diagnostics

The advantages of PCR-based methods are that they do not require intensive micro-
bial biomass cultivation and stable genotypic characteristics. The organism’s patho-
genicity coded by the virulence factors or toxin loci in variable regions can be used 
to detect pathogens. After the whole-genome sequencing approach was established, 
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advanced methods, including nucleic acid hybridization (Procop 2007), ligase chain 
reaction (Drancourt et al. 2000), strand displacement amplification (Walker et al. 
1992), and transcription-based amplification (Compton 1991; Fahy et  al. 1991) 
methods, have been implemented to detect and for genotyping of both common and 
uncommon microorganisms. Microarray-based assay and universal broad-range 
16S rDNA PCR methods are the most commonly used methods of detection of 
microbes. Moreover, next-generation sequencing technologies are also effectively 
employed for pathogen detection and discovery.

14.3  Broad-Range PCR

Clinical diagnostic labs are using molecular approaches because of rapid detection, 
the potentiality to bypass the time-consuming culture techniques and the potential 
to detect critical culture-negative pathogens as it detects and amplifies the target 
nucleic acid region in the sample. Broad-range PCR is nonselective and extensively 
used to detect multiple organisms simultaneously rather than performing multiple 
monoplex PCR approaches in clinical samples. However, this approach must clone 
the amplicons for accurate detection before sequencing (Grahn et al. 2003). This 
approach has been widely used to diagnose various pathogenic microbes, including 
invasive bacterial and fungal organisms, culture-negative endocarditis and meningi-
tis, and pathogens responsible for inflammatory diseases (Sibley et  al. 2012). 
Despite its application in the diagnostics of various pathogens and sensitivity of 
detection rates, this approach has its limitations with DNA contamination. The uni-
versality of the 16S rRNA gene can be a limitation with the high sensitivity of 
PCR. A small amount of DNA from a test sample can give false-positive results 
after amplification (Vandecasteele et al. 2002).

14.4  Combined PCR and Electrospray Ionization Mass 
Spectrometry (PCR/ESI-MS)

Broad PCR and electrospray ionization mass spectrometry (PCR/ESI-MS) has been 
developed. It has become a promising diagnostic approach for a broad range of 
pathogens with prior nucleic acid sequence information knowledge. It can detect 
pathogens by targeting several genes and their products analyzed by electrospray 
ionization mass spectrometry (Baldwin et  al. 2009). The PCR/ESI-MS provides 
information not only on the taxonomical status of the organism but also on its geno-
type, resistance, and virulence factors. This method is widely used in epidemiologi-
cal and genomic studies because of its diagnostic application and ability to detect 
and characterize organisms from nearly 300 samples within 24  h (Sibley et  al. 
2012). After developing PCR/ESI-MS, several studies have demonstrated its poten-
tiality in human pathogen diagnostic applications, bacteremia, and identification 
and typing of a wide range of human pathogens, including S. aureus, Mycobacterium 
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spp., Candida spp. and Ehrlichia spp., and respiratory-related influenza and pan- 
orthopoxviruses (Kaleta et al. 2011; Hall et al. 2009).

14.5  Microarrays

Microarray approaches are the most advanced and powerful tools for identifying 
and characterizing many gene sequences derived from an organism that can reveal 
a hundred thousand genes compared with other molecular approaches. This geno-
typing approach can also potentially detect new genes or identify the polymorphism 
by oligonucleotide hybridization (Miller and Tang 2009). Microarray consists of a 
solid surface called a matrix with predesigned oligonucleotide probes immobilized 
in millions of numbers complementary to target nucleic acids. In this method, target 
nucleic acids extracted from clinical specimens or pathogenic organisms are labeled 
with fluorescence and hybridized with immobilized probes on the array matrix. The 
fluorescence can be scanned and detected by fluorescent scanners when the target 
DNA is hybridized with a complimentary probe nucleotide emits fluorescence. The 
data generated from microarrays can also be analyzed using sophisticated bioinfor-
matic tools and algorithms (Loewe and Nelson 2011).

Several commercial suppliers have developed microarrays based on several pur-
poses, such as pathogen diagnostic applications, customer-specified assays, and 
detection of a large panel of respiratory viruses, including influenza A and B and 
FDA-approved xTAG Respiratory Viral Panel FAST (Pabbaraju et al. 2008). Later 
on, microarray methods have also been used in the detection and genotyping of 
human papillomavirus (HPV), a causative agent of cervix cancer and cervical dys-
plasia (Albrecht et al. 2006; Cho et al. 2011).

14.6  Foodborne Pathogen Detection Using 
Impedimetric Biosensors

The outbreaks of foodborne epidemics in both developing and developed countries 
are seriously considered public health issues. Over 250 known diseases transmit 
through foodborne pathogens such as Staphylococcus aureus, Salmonella spp., and 
Listeria monocytogenes (Singh et al. 2013). On a priority basis, rapid detection of 
foodborne pathogens is important to control and prevent epidemics in humans and 
reduce mortality rates drastically. Different diagnostic methods such as (1) micro-
biological culturing, (2) immunological technologies, (3) DNA/RNA-based meth-
ods, (4) loop-mediated isothermal amplification, (5) rolling circle amplification 
methods, and (6) biosensor detection methods are available at present for control-
ling several foodborne pathogens.

Microbiological culture methods are known as traditional culture methods utiliz-
ing the chromogenic medium to detect foodborne pathogens. These are considered 
highly accurate methods to detect pathogens. However, these methods’ main disad-
vantages include requiring 5–7 days of incubation, laborious, and poor sensitivity 
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and specificity (Ngwa et al. 2013). Immunological methods such as ELISA, immu-
nomagnetic separation (IMS), and immune colloidal gold technique (GICT) are 
commonly used in foodborne pathogen detection. It is well known as a rapid method 
requiring 4 h to get the results, with relatively high sensitivity and specificity. The 
important disadvantage of this method is its false-positive rate and poor stability 
(Jin et al. 2012; Chen et al. 2015). DNA/RNA-based methods mainly rely on gene 
amplification and quantification by PCR and real-time PCR, respectively, and are 
recognized as rapid methods requiring only ≤2 h and are relatively sensitive and can 
be used to detect multiple pathogens in several samples. However, the drawback of 
these methods is that they are expensive and well-trained personnel should perform 
the tests (Kordas et al. 2016). Isothermal amplification assays such as LAMP, roll-
ing circle amplification (RCA), and saltatory rolling circle amplification (SRCA) 
are considered advanced technologies with high sensitivity and selectivity and 
require only ≤2 h for the detection of pathogens. However, these methods are not 
suitable for the on-site detection of organisms (Wang et  al. 2018). Among these 
diagnostic methods, biosensor strategies are highly prevalent and useful with their 
very fast responsiveness, robustness, and cost-effectiveness. They are known to pro-
duce results with high sensitivity and selectivity. Also, these biosensors can detect 
pathogens on-site in real time with minimal sample preparation (Arora et al. 2011).

14.7  Biosensors

Biosensors are devices used for disease monitoring and drug discovery and also for 
detecting pollutants, disease-causing microorganisms, and markers that are indica-
tors of disease in bodily fluids (blood, urine, saliva, sweat). Biosensor acts as an 
indicator in analyzing a single pathogen or multiple pathogens. Generally, these 
methods depend on DNA/RNA components, substrate utilization by pathogens, and 
interaction with eukaryotic cells and antibodies. Different biosensors are developed 
using physical and genetic properties (Arora et al. 2011). Biosensors are commonly 
composed of two parts, such as a bioreceptor and transducer, including others as 
mentioned below. The types and applications of biosensors are depicted in 
Table 14.1:

• Analyte is a target component that has to be detected in the biosensor.
• Bioreceptor is a molecule that recognizes the target component/molecule—for 

example, enzymes, aptamers, antibodies, and nucleic acid material. When the 
analyte interacts with a bioreceptor and generates, a signal is known as 
bio-recognition.

• Transducer is an element that converts the bio-recognition energy into measur-
able energy; the whole process is known as signalization. Most of the transducers 
are of optical or electrical signals.

• Electronics are a part of biosensors, which help to generate signals in analog 
amplification and convert them into digital form.
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Table 14.1 A partial list of modern diagnostic methods and their target pathogenic bacteria

Method

Pathogen 
recognizing 
agent

Name of the 
agent AMP/
Aptamer

Pathogen targeted 
(bacteria/virus/
parasite) Reference

Impedance-metry Antimicrobial 
peptides 
(AMPs)

Magainin I E. coli O157:H7,
S. typhimurium

Mannoor 
et al. (2010)

E. coli K12,
B. subtilis,
S. epidermis

Li et al. 
(2014)

Clavanin A K. pneumoniae,
E. faecalis,
E. coli,
B. subtilis,
S. typhimurium,
S. aureus

Andrade et al. 
(2015) and de 
Miranda et al. 
(2017)

Human 
lactoferrin 
(residues 
1–11)

S. sanguinis Hoyos- 
Nogués et al. 
(2016)

Cecropin (A, 
B, and P) 
parasin, 
magainin I
Polymyxin (B 
and E)
Melittin, 
bactenecin

C. burnetii,
B. melitensis, VEE,
vaccinia virus

Kulagina 
et al. (2007)

Leucocin A L. monocytogenes,
S. aureus

Etayash et al. 
(2014)

Aptamers H63SL2-M6 Tuberculosis Lavania et al. 
(2018)

Thiolated 
MPT64

Tuberculosis Sypabekova 
et al. (2019)

Apt-E. coli, 
Apt-S. typ

Salmonella Li et al. 
(2018)

Chimeric S. 
aureus 
aptamer

Staphylococcus 
aureus

Cai et al. 
(2019)

LM6-116 Listeria 
monocytogenes

Suh et al. 
(2018)

EcA5-27 Urethropathogenic
E. coli

Savory et al. 
(2014)

Antitat Human 
immunodeficiency 
virus (HIV)

Caglayan and 
Üstündağ 
(2020)

(continued)
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Table 14.1 (continued)

Method

Pathogen 
recognizing 
agent

Name of the 
agent AMP/
Aptamer

Pathogen targeted 
(bacteria/virus/
parasite) Reference

A thiol- 
modified 
aptamer 
against 
HBsAg

Hepatitis B virus Xi et al. 
(2018)

HPV-07 Human 
papillomavirus

Trausch et al. 
(2017)

ssDNA SARS-CoV Zhou et al. 
(2020)

Apt68 Trypanosoma cruzi Babamiri 
et al. (2018)

P38 or NG3 Plasmodium for 
malaria

Xi et al. 
(2018)

Electrochemical 
impedance 
spectroscopy

Antibodies Anti-E. coli 
(PA1-7213)

E. coli O157:H7 Barreiros dos 
Santos et al. 
(2013)

Nucleic acids DNA 
(acpcPNA)

M. tuberculosis Teengam et al. 
(2018)

ssDNA Salmonella spp. Ma et al. 
(2014)

DNA (NS5) Zika virus Faria and 
Zucolotto 
(2019)

Electrochemical Graphene 
quantum
Dots, GQD

Antibodies Yersinia 
enterocolitica

Savas and 
Altintas 
(2019)

Fluorescence 
quenching

Graphene 
quantum
Dots, GQD

Gold 
nanoparticles 
(AuNPs)

E. coli O157:H7 Saad and 
Abdullah 
(2019)

AuNP S. typhimurium
S. enteritidis

Wu et al. 
(2018)

Combined 
dielectrophoresis 
and impedance

Polyclonal 
antibodies

E. coli
Strain K12

Suehiro et al. 
(2003)

Fluorescent 
beads (2 μm)

B. subtilis spores Sabounchi 
et al. (2008)

Microfluidics Escherichia coli
Staphylococcus 
aureus

D’Amico 
et al. (2017)

Escherichia coli, 
Staphylococcus 
aureus, Pseudomonas 
aeruginosa

Yoon et al. 
(2019)
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• The display consists of hardware and software that generates the biosensor 
results. The output signal on the display can be numeric, graphic, tabular, or an 
image, depending on the requirement of the end user.

Bioreceptors interact with the target molecule, whereas transducers convert this 
interaction into electric signals. Based on the receptor type, biosensors are catego-
rized into different types, such as antibody biosensors, DNA biosensors, enzyme 
biosensors, whole-cell biosensors, and phage biosensors. In contrast, according to 
transducers, these can be classified into electrochemical biosensors, piezoelectric 
biosensors, calorimetric biosensors, and optical biosensors, etc. (Wu et al. 2019).

14.7.1  Biosensor-Based Diagnostic Methods

Based on the bioreceptor type and transducer, the analyte biosensors can be classi-
fied into different types. Some biosensor types are discussed below (Arora 
et al. 2011).

14.7.2  Optical Biosensor

Based on the selectivity and sensitivity of this method, it is being used widely in 
pathogen detection. Fiber-optic biosensors are commercially available. The basic 
principle is that the pathogen or analyte is labeled with the fluorescence material. 
When the analyte hits, the biosensor gets excited by the laser waves at 635 nm. The 
fluorescent compound in conjugation with antibodies can be used to detect patho-
genic bacteria. In this method, fluorescein isothiocyanate and some lanthanides are 
used as markers. Very useful methods were developed using fiber-optic biosensors 
and antibodies for detecting botulinum toxin, staphylococcal enterotoxin, Listeria, 
and Salmonella.

14.7.3  Surface Plasmon Resonance Biosensor

SPR biosensors are label-free techniques for monitoring biomolecular interactions 
in real time. It determines the specificity and affinity during the bond formation 
between protein-protein (Madeira et  al. 2011), protein-nucleic acids (Majka and 
Speck 2007), enzyme-substrates (Fong et al. 2002), receptor-drug (Salamon et al. 
2000), protein-lipid membrane/polysaccharides (Erb et  al. 2000; Beccati et  al. 
2005), and cell/virus-protein (Miyoshi et al. 2006; Zhang et al. 2014a). This optical 
technique measures the changes in refractive index near thin metal layers (i.e., gold, 
silver, or aluminum films) in response to biomolecular interactions. When light hits 
a metal surface at a certain angle, the photon couples with an electron in the metal 
surface layer, which then move to excitation state, and the movement of electron is 
known as plasmon. This oscillation generates as electric field between metal surface 
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and the target solution. If there is a change in the refractive index of the sensing 
medium, plasmon cannot be formed (Homola et al. 1999). This detection method 
detected whole cells of E. coli O157:H7, Salmonella, and Listeria at traceable con-
centrations. Also, small quantities of staphylococcal or botulinum toxins were 
detected (Zhang et al. 2014b).

14.7.4  Piezoelectric Biosensors

Piezoelectric biosensors are pathogen detection biosensors considered as mass- 
sensitive sensors, which can detect additional mass attached to the sensor and detect 
changes in the frequency of quartz crystal microbalance (QCM) (Lazcka et  al. 
2007). The sensor is generally coated with specific antibodies. When the bacteria 
bind with the antibodies, the mass on QCM increases the transducer surface. The 
probes were modified with protein-A antibody for detecting pathogen Salmonella 
typhimurium (Taitt et al. 2004).

14.7.5  Electrochemical DNA Biosensors

In electrochemical DNA biosensors, single-stranded nucleic acids or aptamers are 
used as receptors, and commonly used transducers are of gold electrodes (Nazari- 
Vanani et al. 2018). The basic principle of these biosensors is that the biological 
reaction between bioreceptor and analyte can produce electrons, which change the 
solution’s electric current, potentiality, or other electrical properties. In this method, 
the bioreceptor is DNA, i.e., either naturally occurring DNA elements (nanosen-
sors) or artificially synthesized aptamers (aptasensors) (Gaudin 2017). The probes 
immobilized on the electrode surface recognize and hybridize with target DNA by 
complementary base pairing.

Aptamers: Aptamers are single-stranded DNA/RNA molecules that bind to the 
target molecules as antigen-antibody molecules (Bini et  al. 2008). In general, 
aptamers can target diverse molecules, as they can bind to a wide range of targets, 
including proteins, drugs, and organic compounds (Zhou et  al. 2014). The main 
advantages of aptamers are that they can be amplified using PCR, very stable at 
extreme environmental conditions with a long lifetime and are economical for 
detection. When recognizing and interacting with target molecules, aptamers are 
folded into 3D form. The elongated primary structure of aptamer is normally unsta-
ble and interacts with each other and forms a tertiary structure. To avoid these prob-
lems, three different binding methods are being used in pathogen detection: (1) 
direct binding mechanism, the aptamer immobilized onto the electrode that binds to 
the pathogen directly and leads to conformational changes; (2) target-induced dis-
sociation method, the aptamer is in a complementary state when no targets are avail-
able, and when the target binds to the aptamer, it releases from the self-complementary 
pairing and changes the electrochemical signal (Ge et al. 2018); and (3) dual aptamer 
detection mechanism, these are of sandwich-type aptasensors types, in which the 
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first aptamer is immobilized as capture probe to bind with the target and the second 
aptamer acts as a signal probe. By using these methods, nanoporous glassy carbon 
electrodes to detect Salmonella DNA sequences (Amouzadeh Tabrizi and Shamsipur 
2015), electrochemical DNA-based biosensors for detection of Bacillus cereus in 
milk and infant formula (Izadi et al. 2016), and label-free impedimetric biosensor to 
detect S. typhimurium in apple juice (Sheikhzadeh et al. 2016) were developed.

14.7.6  Impedimetric Biosensor

In an impedimetric biosensor, a small amplitude sinusoidal excitation in the system 
measures the changes in the electrical impedance of the medium. Based on the 
changes in conductance, capacitance and impedance analysis has to be done. In this 
biosensor, conductance and capacitance increase, whereas impedance decreases 
when applied to microbial metabolic processes (Ivnitski et al. 2000). These methods 
are more reliable diagnostic technologies in pathogen detection. The major applica-
tion of this technique is to detect Salmonella among the various foodborne patho-
gens. In 1992, the Association of Analytical Communities International (AOAC) 
also accepted the impedance technique as the initial screening method for Salmonella 
in food (Bolton and Gibson 1995) and as a final action method for Salmonella in 
1996.In addition, these methods are also useful for detecting Enterobacteriaceae, 
coliforms, and L. monocytogenes. Applying these methods can also analyze more 
samples in a single run. The main disadvantage of this technique is that the sensitiv-
ity of impedimetric sensors is less when compared to other sensors.

14.8  Microfluidic Diagnostic Technologies

Microfluidic methods are recognized as advanced platforms for detecting blood-
stream pathogens. Pathogen concentration in the bloodstream is significantly less 
when compared with whole blood components. Moreover, many blood components 
have similar physical characteristicsto E. coli. These two issues made microfluidic 
methods of detecting and isolating pathogens from whole blood more difficult and 
challenging than detecting pathogens from other simple fluids. For rapid detection 
and isolation of pathogens, a variety of microfluidic methods were developed, which 
include acoustophoresis, dielectrophoresis, immunoaffinity-based methods, inertial 
fractionation, and adhesion-based separation methods, and all of these methods are 
considered as commonly applied approaches for on-chip microfluidic diagnosis 
(Cho et al. 2007; Hwang et al. 2008; Ai et al. 2013; Kang et al. 2014).

14.8.1  Antimicrobial Peptides as Diagnostic Tools

Antimicrobial peptides (AMP) are mainly used as diagnostic tools in patients suf-
fering from infections by bearing biomedical devices like catheters, artificial heart 

M. B. Vadela et al.



275

valves, prosthetic joints, and other implants, as these patients develop a biomaterial- 
associated infection (BAI). Bacterial species such as Staphylococcus aureus and 
Staphylococcus epidermidis are the most causative organisms for BAI in patients 
(Zimmerli 2006). Bacterial biofilm formation and colonization around the tissue are 
considered to play a major role in the pathogenesis of BAI. As per the World Health 
Organization, bacteria belonging to ESKAPE panel (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter spp.) are increasingly prevalent and 
resistant to antibiotics, thereby known as a specifically dangerous group of bacteria 
(Rice 2008). Antimicrobial peptides are one of the best methods to avoid the post- 
antibiotic era, especially in developing an antimicrobial drug with a different mode 
of action (World Health Organization 2015). Antimicrobial peptides have been used 
to design biosensors by the solid-phase peptide synthesis method. AMP binds to the 
receptor surface with the chemical groups such as spacers and anchors, and small 
molecule-sized peptides allow efficient immobilization on the sensor surface. The 
main advantage of these AMP biosensors is their stability, as they are more stable 
than enzymes and antibodies, even in harsh environments (Zasloff 2002) (Fig. 14.1).

The antimicrobial peptides magainin I is used in a fluorescence-based biosensor 
to detect Escherichia coli (E. coli) O157:H7 and Salmonella typhimurium 
(S. typhimurium). The binding of peptide on sensor surface allowed to bind 
6.5 × 104 cells/mL for E. coli and S. typhimurium, respectively. Kulagina and col-
leagues (2006) also studied different antimicrobial peptides magainin I, cecropin A, 
parasin, polymyxin B, and polymyxin E with a different concentration on silanized 
glass slides against the same pathogens; they observed that the nonpathogenic E.coli 
did not interact with these peptides and concluded that AMP-based sensors could be 

Fig. 14.1 Schematic representation of antimicrobial peptides’ (AMPs’) biosensor used for bacte-
rial detection. (a) Design biosensors by the solid-phase peptide synthesis (AMP) covalently linked 
to the receptor surface with the spacers and anchors. (b) Binding of live bacterial cells to immobi-
lized AMPs attched to biosensor chip, thus enabling the detection
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used to differentiate bacterial species as well different strains in the same species. 
The selectivity and sensitivity of the AMPs can be improved by using nanomaterials 
as signal amplifiers (Cui et al. 2012; Hammond et al. 2016). Using carbon nano-
tubes and antimicrobial peptides to detect Klebsiella pneumoniae, Enterococcus 
faecalis, Escherichia coli, and Bacillus subtilis, they developed nanostructured bio-
sensors based on carbon nanotubes and surface-immobilized clavanin A antimicro-
bial peptides. This method detected the bacterial concentration from 102 to 106 per 
ml and diagnosed gram-positive and gram-negative bacteria; clavanin A showed 
different affinities toward the pathogenic bacteria species (Andrade et al. 2015)..

14.8.2  Microbiome Engineering in Diseases Diagnostics

Most human diseases are aroused due to alterations in the gut microbiome popula-
tion and metabolic alterations (Bober et al. 2018). Such diseases can be diagnosed 
by synthetically constructed bacteria engineered with genetically encoded sensors 
and genetic circuits. Bacteria naturally have evolved with several genetic markers, 
which can apparently be used as biosensors for diagnostic purposes against a wide 
range of diseases. This can be achieved by understanding the host’s microbiome and 
biological process.

While genetically engineered bacteria are the potential to diagnose a variety of 
diseases associated with gastrointestinal tract, diabetes, cancer, and viral diseases 
(Lim and Song 2019), synthetic biology is widely used to engineer indigenous 
microbiota and probiotics for therapeutics to improve human health and various 
biomedical applications (Bober et  al. 2018). Briefly, synthetic biology is a fast-
growing discipline that evolved to develop programmed cellular behavior, which 
has enormous biomedical applications, including therapeutics. This can be achieved 
by using natural and synthetic biological means (Ullah et al. 2016). Previous studies 
on microbial communities focused on metagenomics and transcriptomics to iden-
tify genes expressed in microbes to find a correlation between microbes and health. 
Sequencing studies, however, limit our knowledge to understand individual 
microbes’ relationship with their host fully. Recent developments in synthetic biol-
ogy enable scientists to engineer bacteria with sensors, genetic circuits, and genes 
necessary for diagnostics and therapeutics. To achieve this facility, identification of 
host-adapted strains, stability, and performance of programmed microbe like effect 
of growth rate, detection threshold, circuit computation speed, and stability of 
genetic system of engendered organism must be considered. Engineering of smart 
probiotics with both capabilities of detection and treat diseases can be employed to 
reach such performance metrics (Landry and Tabor 2017). The details of the engi-
neered bacteria in disease diagnosis and therapeutic are given in Table 14.2.

Microbial engineering is the technology that modifies microorganisms by manip-
ulating the genes that are important in a trait. The developed recombinant technol-
ogy and microbial application make a unique technology in microbial engineering. 
For example, a novel phenotype had developed by adopting a functional or 
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Table 14.2 Few examples of engeneered becteria for diagnosis and theraputics

Engeneered 
bacteria

Target 
recognization

Therapeutic 
compound

Disease 
targeted Reference

E. coli BW25113 Fucose Citrobacter 
rodentium

Pickard et al. 
(2014)

E. coli Nissle 
1917

Tetrathionate Colitis Daeffler et al. 
(2017)

E. coli NGF-1 Tetrathionate Colitis Riglar et al. 
(2017)

E. coli Nissle 
1917

Thiosulfate Colitis Daeffler et al. 
(2017)

Streptococcus 
thermophilus

Lactose Diet sensor Drouault et al. 
(2002)

E. coli NGF-1 ATC Diet sensor Kotula et al. 
(2014)

B. 
thetaiotaomicron

Arabinogalactan, 
IPTG, rhamnose

Diet sensor Mimee et al. 
(2015)

Lactococcus 
lactis

Secreted hIL-10 
(C)
Secreted mIL-27 
(C)
Secreted hTFF1 
(C)
Secreted hIL-10; 
proinsulin (C)

Crohn’s 
disease
Colitis/IBD
Oral 
mucositis
Type 1 
diabetes

Forkus et al. 
(2017), Hanson 
et al. (2014), 
Caluwaerts et al. 
(2010) and 
Takiishi et al. 
(2017)

E. coli E56b Chimeric 
lipopolysaccharide

Cholera Focareta et al. 
(2006)

L. lactis Insulin Diabetes Ng and Sarkar 
(2011)

E. coli Nissle 
1917

GLP-1 Diabetes Duan et al. 
(2008)

E. coli MG1655 Bacteriocin P. 
aeruginosa

Gupta et al. 
(2013)

phenotypic characteristic gene into a host gene for heterologous expression. The 
capability of synthesizing DNA molecules is a key technology for new rDNA-based 
applications in microbial research, such as synthetic biology, which has revolution-
ized microbial engineering, whereas molecular modeling technology anchors syn-
thetic biology toward designing, fabricating, and installing de novo genetic devices 
and pathways in a plug-and-play fashion (Ellis et al. 2009). Microorganisms can 
grow quickly, potentially making them feasible for large and broad applications 
extended. For example, delivering drugs for cancer treatment; in colon cancer treat-
ment, therapeutic products of bacteria hold them as emerging novel anticancer 
agents. In targeted cancer therapy, bacteria target cancer cells without affecting nor-
mal cells. Some other bacteria can multiply selectively in tumors and inhibit their 
growth (Yaghoubi et al. 2020).
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14.9  Genetic Circuits and Encoded Sensors to Program 
Cellular Behavior

Genetic circuits are synthetically designed to control cellular behavior for diagnos-
tic and therapeutic use. Genetic circuits consist of processors, sensors, and thera-
peutic actuators which act as switches, oscillators, logic gates, and biosensors to 
alter cellular behavior (Brophy and Voigt 2014). Component systems expressed in 
the bacteria are the naturally evolved sensors categorized into one-component 
(OCSs) and two-component systems (TCSs). Cytoplasmic transcription factors 
(OCSs) are allosterically altered by interacting with chemical or physical inputs, 
which are considered as large class of sensors on bacteria (Ulrich et al. 2005). This 
sensing capability can be used in gut microbiome-related applications. In an in vitro 
study, biologists have monitored communication between E. coli and Pseudomonas 
aeruginosa by altering the cellular communication of E.coli by using acyl- 
homoserine lactone quorum-sensing responding OCSs (Gupta et al. 2013). Various 
experiments have been conducted on dietary issues to sense lactose, fucose, rham-
nose, and xylan by programing administered gut-adopted bacteria (Drouault et al. 
2002; Bäckhed et al. 2004; Hamady et al. 2010; Mimee et al. 2016). However, it has 
limitations in applying biomedical gut-associated conditions like inflammations, 
and pH has become challenging. But a study was done to develop a gut inflamma-
tion EcN (Escherichia coli Nissle) biosensor to sense pro-inflammatory thiosulfate 
and tetrathionate. The programmed thiosulfate biosensor has successfully detected 
inflammation by expressing a florescent protein in inflammation-induced mouse 
GIT. Still, the tetrathionate sensor failed to detect the pro-inflammatory molecule 
(Daeffler et al. 2017).

14.10  Conclusions and Future Perspectives

A revolution in designing microbial diagnosis tools has occurred by using advanced 
technologies of the modern era to control disease-causing organisms. Though sev-
eral technologies have erased the conventional culturing methods, these methods 
still have an important role in identifying and characterizing novel bacterial patho-
gens. PCR-based methods can be considered a boon to diagnose novel or outbreaks 
of viruses and bacteria. However, these PCR methods have limitations, especially 
since tests cannot be performed in required places and also the results cannot be 
obtained on time. The sensor-based and microfluidic methods can replace the 
molecular methods. Different sensor-based methods have been developed as per the 
requirement and targeted samples. The expanding genetic tools and knowledge in 
the field of diagnosis of the microbiome can create good opportunities for microbial 
engineering, diagnostic designs, and health applications.

M. B. Vadela et al.



279

References

Ai Y, Sanders CK, Marrone BL (2013) Separation of Escherichia coli bacteria from peripheral 
blood mononuclear cells using standing surface acoustic waves. Anal Chem 85:9126–9134. 
https://doi.org/10.1021/ac4017715

Albrecht V et al (2006) Easy and fast detection and genotyping of high-risk human papillomavi-
rus by dedicated DNA microarrays. J Virol Methods 137:236–244. https://doi.org/10.1016/j.
jviromet.2006.06.023

Amouzadeh Tabrizi M, Shamsipur M (2015) A label-free electrochemical DNA biosensor based 
on covalent immobilization of salmonella DNA sequences on the nanoporous glassy carbon 
electrode. Biosens Bioelectron 69:100–105. https://doi.org/10.1016/j.bios.2015.02.024

Andrade CA et al (2015) Nanostructured sensor based on carbon nanotubes and clavanin a for 
bacterial detection. Colloids Surf B Biointerfaces 135:833–839. https://doi.org/10.1016/j.
colsurfb.2015.03.037

Arora P, Sindhu A, Dilbaghi N, Chaudhury A (2011) Biosensors as innovative tools for the 
detection of food borne pathogens. Biosens Bioelectron 28:1–12. https://doi.org/10.1016/j.
bios.2011.06.002

Babamiri B, Salimi A, Hallaj R (2018) A molecularly imprinted electrochemiluminescence sen-
sor for ultrasensitive HIV-1 gene detection using EuS nanocrystals as luminophore. Biosens 
Bioelectron 117:332–339. https://doi.org/10.1016/j.bios.2018.06.003

Bäckhed F et al (2004) The gut microbiota as an environmental factor that regulates fat storage. 
Proc Natl Acad Sci U S A 101:15718–15723. https://doi.org/10.1073/pnas.0407076101

Baldwin CD et al (2009) Usefulness of multilocus polymerase chain reaction followed by elec-
trospray ionization mass spectrometry to identify a diverse panel of bacterial isolates. Diagn 
Microbiol Infect Dis 63:403–408. https://doi.org/10.1016/j.diagmicrobio.2008.12.012

Barreiros dos Santos M, Agusil JP, Prieto-Simón B, Sporer C, Teixeira V, Samitier J (2013) Highly 
sensitive detection of pathogen Escherichia coli O157:H7 by electrochemical impedance spec-
troscopy. Biosens Bioelectron 45:174–180. https://doi.org/10.1016/j.bios.2013.01.009

Beccati D et al (2005) SPR studies of carbohydrate-protein interactions: signal enhancement of 
low-molecular-mass analytes by organoplatinum(II)-labeling. Chembiochem 6:1196–1203. 
https://doi.org/10.1002/cbic.200400402

Bini A, Centi S, Tombelli S, Minunni M, Mascini M (2008) Development of an optical RNA-based 
aptasensor for C-reactive protein. Anal Bioanal Chem 390:1077–1086. https://doi.org/10.1007/
s00216- 007- 1736- 7

Bober JR, Beisel CL, Nair NU (2018) Synthetic biology approaches to engineer probiotics 
and members of the human microbiota for biomedical applications. Annu Rev Biomed Eng 
20:277–300. https://doi.org/10.1146/annurev- bioeng- 062117- 121019

Bolton FJ, Gibson DM (1995) Automated electrical techniques in microbiological analysis. In: 
Patel PD (ed) Rapid analysis techniques in food microbiology. Springer, Boston, pp 131–169

Brophy JA, Voigt CA (2014) Principles of genetic circuit design. Nat Methods 11:508–520. https://
doi.org/10.1038/nmeth.2926

Caglayan MO, Üstündağ Z (2020) Spectrophotometric ellipsometry based tat-protein RNA- 
aptasensor for HIV-1 diagnosis. Spectrochim Acta A Mol Biomol Spectrosc 227:117748. 
https://doi.org/10.1016/j.saa.2019.117748

Cai R, Yin F, Zhang Z, Tian Y, Zhou N (2019) Functional chimera aptamer and molecular beacon 
based fluorescent detection of Staphylococcus aureus with strand displacement-target recy-
cling amplification. Anal Chim Acta 1075:128–136. https://doi.org/10.1016/j.aca.2019.05.014

Caluwaerts S et al (2010) AG013, a mouth rinse formulation of Lactococcus lactis secreting human 
trefoil factor 1, provides a safe and efficacious therapeutic tool for treating oral mucositis. Oral 
Oncol 46:564–570. https://doi.org/10.1016/j.oraloncology.2010.04.008

Chen Z-Z, Cai L, Chen M-Y, Lin Y, Pang D-W, Tang H-W (2015) Indirect immunofluorescence 
detection of E. coli O157:H7 with fluorescent silica nanoparticles. Biosens Bioelectron 
66:95–102. https://doi.org/10.1016/j.bios.2014.11.007

14 New Paradigms on Microbiome Diagnostic Design and Engineering

https://doi.org/10.1021/ac4017715
https://doi.org/10.1016/j.jviromet.2006.06.023
https://doi.org/10.1016/j.jviromet.2006.06.023
https://doi.org/10.1016/j.bios.2015.02.024
https://doi.org/10.1016/j.colsurfb.2015.03.037
https://doi.org/10.1016/j.colsurfb.2015.03.037
https://doi.org/10.1016/j.bios.2011.06.002
https://doi.org/10.1016/j.bios.2011.06.002
https://doi.org/10.1016/j.bios.2018.06.003
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1016/j.diagmicrobio.2008.12.012
https://doi.org/10.1016/j.bios.2013.01.009
https://doi.org/10.1002/cbic.200400402
https://doi.org/10.1007/s00216-007-1736-7
https://doi.org/10.1007/s00216-007-1736-7
https://doi.org/10.1146/annurev-bioeng-062117-121019
https://doi.org/10.1038/nmeth.2926
https://doi.org/10.1038/nmeth.2926
https://doi.org/10.1016/j.saa.2019.117748
https://doi.org/10.1016/j.aca.2019.05.014
https://doi.org/10.1016/j.oraloncology.2010.04.008
https://doi.org/10.1016/j.bios.2014.11.007


280

Chiu CY, Miller SA (2019) Clinical metagenomics. Nat Rev Genet 20:341–355. https://doi.
org/10.1038/s41576- 019- 0113- 7

Cho YK, Lee JG, Park JM, Lee BS, Lee Y, Ko C (2007) One-step pathogen specific DNA extrac-
tion from whole blood on a centrifugal microfluidic device. Lab Chip 7:565–573. https://doi.
org/10.1039/b616115d

Cho EJ, Do JH, Kim YS, Bae S, Ahn WS (2011) Evaluation of a liquid bead array system for 
high-risk human papillomavirus detection and genotyping in comparison with hybrid capture 
II, DNA chip and sequencing methods. J Med Microbiol 60:162–171. https://doi.org/10.1099/
jmm.0.021642- 0

Compton J (1991) Nucleic acid sequence-based amplification. Nature 350:91–92. https://doi.
org/10.1038/350091a0

Coyte KZ, Schluter J, Foster KR (2015) The ecology of the microbiome: networks, competition, 
and stability. Science 350:663–666. https://doi.org/10.1126/science.aad2602

Cui Y, Kim SN, Naik RR, McAlpine MC (2012) Biomimetic peptide nanosensors. Acc Chem Res 
45:696–704. https://doi.org/10.1021/ar2002057

D’Amico L, Ajami NJ, Adachi JA, Gascoyne PR, Petrosino JF (2017) Isolation and concentration 
of bacteria from blood using microfluidic membraneless dialysis and dielectrophoresis. Lab 
Chip 17:1340–1348. https://doi.org/10.1039/c6lc01277a

Daeffler KN, Galley JD, Sheth RU, Ortiz-Velez LC, Bibb CO, Shroyer NF (2017) Engineering 
bacterial thiosulfate and tetrathionate sensors for detecting gut inflammation. Mol Syst Biol 
13:923. https://doi.org/10.15252/msb.20167416

de Miranda JL, Oliveira MDL, Oliveira IS, Frias IAM, Franco OL, Andrade CAS (2017) A simple 
nanostructured biosensor based on clavanin a antimicrobial peptide for gram-negative bacteria 
detection. Biochem Eng J 124:108–114. https://doi.org/10.1016/j.bej.2017.04.013

Drancourt M, Bollet C, Carlioz A, Martelin R, Gayral JP, Raoult D (2000) 16S ribosomal DNA 
sequence analysis of a large collection of environmental and clinical unidentifiable bacterial 
isolates. J Clin Microbiol 38:3623–3630

Drouault S, Anba J, Corthier G (2002) <em>Streptococcus thermophilus</em> is able to produce 
a β-Galactosidase active during its transit in the digestive tract of germ-free mice. Appl Environ 
Microbiol 68:938–941. https://doi.org/10.1128/aem.68.2.938- 941.2002

Duan F, Curtis KL, March JC (2008) Secretion of Insulinotropic proteins by commensal bac-
teria: rewiring the gut to treat diabetes. Appl Environ Microbiol 74:7437–7438. https://doi.
org/10.1128/aem.01019- 08

Ellis T, Wang X, Collins JJ (2009) Diversity-based, model-guided construction of synthetic gene 
networks with predicted functions. Nat Biotechnol 27:465–471. https://doi.org/10.1038/
nbt.1536

Erb EM et al (2000) Characterization of the surfaces generated by liposome binding to the modi-
fied dextran matrix of a surface plasmon resonance sensor chip. Anal Biochem 280:29–35. 
https://doi.org/10.1006/abio.1999.4469

Etayash H, Jiang K, Thundat T, Kaur K (2014) Impedimetric detection of pathogenic gram-positive 
bacteria using an antimicrobial peptide from class IIa bacteriocins. Anal Chem 86:1693–1700. 
https://doi.org/10.1021/ac4034938

Fahy E, Kwoh DY, Gingeras TR (1991) Self-sustained sequence replication (3SR): an isother-
mal transcription-based amplification system alternative to PCR. PCR Methods Appl 1:25–33. 
https://doi.org/10.1101/gr.1.1.25

Faria HAM, Zucolotto V (2019) Label-free electrochemical DNA biosensor for zika virus identifi-
cation. Biosens Bioelectron 131:149–155. https://doi.org/10.1016/j.bios.2019.02.018

Focareta A, Paton JC, Morona R, Cook J, Paton AW (2006) A recombinant probiotic for treat-
ment and prevention of cholera. Gastroenterology 130:1688–1695. https://doi.org/10.1053/j.
gastro.2006.02.005

Fong CC, Lai WP, Leung YC, Lo SC, Wong MS, Yang M (2002) Study of substrate-enzyme 
interaction between immobilized pyridoxamine and recombinant porcine pyridoxal kinase 
using surface plasmon resonance biosensor. Biochim Biophys Acta 1596:95–107. https://doi.
org/10.1016/s0167- 4838(02)00208- x

M. B. Vadela et al.

https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.1039/b616115d
https://doi.org/10.1039/b616115d
https://doi.org/10.1099/jmm.0.021642-0
https://doi.org/10.1099/jmm.0.021642-0
https://doi.org/10.1038/350091a0
https://doi.org/10.1038/350091a0
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1021/ar2002057
https://doi.org/10.1039/c6lc01277a
https://doi.org/10.15252/msb.20167416
https://doi.org/10.1016/j.bej.2017.04.013
https://doi.org/10.1128/aem.68.2.938-941.2002
https://doi.org/10.1128/aem.01019-08
https://doi.org/10.1128/aem.01019-08
https://doi.org/10.1038/nbt.1536
https://doi.org/10.1038/nbt.1536
https://doi.org/10.1006/abio.1999.4469
https://doi.org/10.1021/ac4034938
https://doi.org/10.1101/gr.1.1.25
https://doi.org/10.1016/j.bios.2019.02.018
https://doi.org/10.1053/j.gastro.2006.02.005
https://doi.org/10.1053/j.gastro.2006.02.005
https://doi.org/10.1016/s0167-4838(02)00208-x
https://doi.org/10.1016/s0167-4838(02)00208-x


281

Forkus B, Ritter S, Vlysidis M, Geldart K, Kaznessis YN (2017) Antimicrobial probiotics reduce 
salmonella enterica in Turkey gastrointestinal tracts. Sci Rep 7:40695. https://doi.org/10.1038/
srep40695

Gaudin V (2017) Advances in biosensor development for the screening of antibiotic residues in 
food products of animal origin – a comprehensive review. Biosens Bioelectron 90:363–377. 
https://doi.org/10.1016/j.bios.2016.12.005

Ge C et al (2018) Target-induced aptamer displacement on gold nanoparticles and rolling circle 
amplification for ultrasensitive live salmonella typhimurium electrochemical biosensing. J 
Electroanal Chem 826:174–180. https://doi.org/10.1016/j.jelechem.2018.07.002

Grahn N, Olofsson M, Ellnebo-Svedlund K, Monstein HJ, Jonasson J (2003) Identification of 
mixed bacterial DNA contamination in broad-range PCR amplification of 16S rDNA V1 and 
V3 variable regions by pyrosequencing of cloned amplicons. FEMS Microbiol Lett 219:87–91. 
https://doi.org/10.1016/s0378- 1097(02)01190- 4

Gupta S, Bram EE, Weiss R (2013) Genetically programmable pathogen sense and destroy. ACS 
Synth Biol 2:715–723. https://doi.org/10.1021/sb4000417

Hall TA et al (2009) Rapid molecular genotyping and clonal complex assignment of Staphylococcus 
aureus isolates by PCR coupled to electrospray ionization-mass spectrometry. J Clin Microbiol 
47:1733–1741. https://doi.org/10.1128/jcm.02175- 08

Hamady ZZR et al (2010) Xylan-regulated delivery of human keratinocyte growth factor-2 to the 
inflamed colon by the human anaerobic commensal bacterium <em>bacteroides ovatus</em>. 
Gut 59:461–469. https://doi.org/10.1136/gut.2008.176131

Hammond JL, Formisano N, Estrela P, Carrara S, Tkac J (2016) Electrochemical biosensors and 
nanobiosensors. Essays Biochem 60:69–80. https://doi.org/10.1042/ebc20150008

Hanson ML et al (2014) Oral delivery of IL-27 recombinant bacteria attenuates immune colitis in 
mice. Gastroenterology 146:210–221.e213. https://doi.org/10.1053/j.gastro.2013.09.060

Homola J, Yee SS, Gauglitz G (1999) Surface plasmon resonance sensors: review. Sensors 
Actuators B Chem 54:3–15. https://doi.org/10.1016/S0925- 4005(98)00321- 9

Hoyos-Nogués M et  al (2016) Impedimetric antimicrobial peptide-based sensor for the early 
detection of periodontopathogenic bacteria. Biosens Bioelectron 86:377–385. https://doi.
org/10.1016/j.bios.2016.06.066

Hwang KY et  al (2008) Bacterial DNA sample preparation from whole blood using surface- 
modified Si pillar arrays. Anal Chem 80:7786–7791. https://doi.org/10.1021/ac8012048

Ivnitski D, Abdel-Hamid I, Atanasov P, Wilkins E, Stricker S (2000) Application of electrochemi-
cal biosensors for detection of food pathogenic bacteria. Electroanalysis 12:317–325

Izadi Z, Sheikh-Zeinoddin M, Ensafi AA, Soleimanian-Zad S (2016) Fabrication of an electro-
chemical DNA-based biosensor for Bacillus cereus detection in milk and infant formula. 
Biosens Bioelectron 80:582–589. https://doi.org/10.1016/j.bios.2016.02.032

Jin M et  al (2012) A rapid subtractive immunization method to prepare discriminatory mono-
clonal antibodies for food E. coli O157:H7 contamination. PLoS One 7:e31352. https://doi.
org/10.1371/journal.pone.0031352

Kaleta EJ et al (2011) Use of PCR coupled with electrospray ionization mass spectrometry for 
rapid identification of bacterial and yeast bloodstream pathogens from blood culture bottles. J 
Clin Microbiol 49:345–353. https://doi.org/10.1128/jcm.00936- 10

Kang DK et al (2014) Rapid detection of single bacteria in unprocessed blood using integrated 
comprehensive droplet digital detection. Nat Commun 5:5427. https://doi.org/10.1038/
ncomms6427

Kordas A, Papadakis G, Milioni D, Champ J, Descroix S, Gizeli E (2016) Rapid salmonella detec-
tion using an acoustic wave device combined with the RCA isothermal DNA amplification 
method. Sens BioSensing Res 11:121–127. https://doi.org/10.1016/j.sbsr.2016.10.010

Kotula JW et al (2014) Programmable bacteria detect and record an environmental signal in the 
mammalian gut. Proc Natl Acad Sci 111:4838–4843. https://doi.org/10.1073/pnas.1321321111

Kulagina NV, Shaffer KM, Anderson GP, Ligler FS, Taitt CR (2006) Antimicrobial peptide-based 
array for Escherichia coli and salmonella screening. Anal Chim Acta 575:9–15. https://doi.
org/10.1016/j.aca.2006.05.082

14 New Paradigms on Microbiome Diagnostic Design and Engineering

https://doi.org/10.1038/srep40695
https://doi.org/10.1038/srep40695
https://doi.org/10.1016/j.bios.2016.12.005
https://doi.org/10.1016/j.jelechem.2018.07.002
https://doi.org/10.1016/s0378-1097(02)01190-4
https://doi.org/10.1021/sb4000417
https://doi.org/10.1128/jcm.02175-08
https://doi.org/10.1136/gut.2008.176131
https://doi.org/10.1042/ebc20150008
https://doi.org/10.1053/j.gastro.2013.09.060
https://doi.org/10.1016/S0925-4005(98)00321-9
https://doi.org/10.1016/j.bios.2016.06.066
https://doi.org/10.1016/j.bios.2016.06.066
https://doi.org/10.1021/ac8012048
https://doi.org/10.1016/j.bios.2016.02.032
https://doi.org/10.1371/journal.pone.0031352
https://doi.org/10.1371/journal.pone.0031352
https://doi.org/10.1128/jcm.00936-10
https://doi.org/10.1038/ncomms6427
https://doi.org/10.1038/ncomms6427
https://doi.org/10.1016/j.sbsr.2016.10.010
https://doi.org/10.1073/pnas.1321321111
https://doi.org/10.1016/j.aca.2006.05.082
https://doi.org/10.1016/j.aca.2006.05.082


282

Kulagina NV, Shaffer KM, Ligler FS, Taitt CR (2007) Antimicrobial peptides as new recognition 
molecules for screening challenging species. Sens Actuators B Chem 121:150–157. https://doi.
org/10.1016/j.snb.2006.09.044

Landry BP, Tabor JJ (2017) Engineering diagnostic and therapeutic gut bacteria. Microbiol Spectr 
5:5. https://doi.org/10.1128/microbiolspec.BAD- 0020- 2017

Lavania S et al (2018) Aptamer-based tb antigen tests for the rapid diagnosis of pulmonary tuber-
culosis: potential utility in screening for tuberculosis. ACS Infect Dis 4:1718–1726. https://doi.
org/10.1021/acsinfecdis.8b00201

Lazcka O, Campo FJD, Muñoz FX (2007) Pathogen detection: a perspective of traditional methods 
and biosensors. Biosens Bioelectron 22:1205–1217. https://doi.org/10.1016/j.bios.2006.06.036

Leustean AM et al (2018) Implications of the intestinal microbiota in diagnosing the progression 
of diabetes and the presence of cardiovascular complications. J Diabetes Res 2018:5205126. 
https://doi.org/10.1155/2018/5205126

Li J, Convertino M (2019) Optimal microbiome networks: macroecology and criticality. Entropy 
21:506. https://doi.org/10.3390/e21050506

Li Y et al (2014) Impedance based detection of pathogenic E. coli O157:H7 using a ferrocene- 
antimicrobial peptide modified biosensor. Biosens Bioelectron 58:193–199. https://doi.
org/10.1016/j.bios.2014.02.045

Li L, Li Q, Liao Z, Sun Y, Cheng Q, Song Y (2018) Magnetism-resolved separation and fluo-
rescence quantification for near-simultaneous detection of multiple pathogens. Anal Chem 
90:9621–9628. https://doi.org/10.1021/acs.analchem.8b02572

Lim D, Song M (2019) Development of bacteria as diagnostics and therapeutics by genetic engi-
neering. J Microbiol 57:637–643. https://doi.org/10.1007/s12275- 019- 9105- 8

Lloyd-Price J, Abu-Ali G, Huttenhower C (2016) The healthy human microbiome. Genome Med 
8:51. https://doi.org/10.1186/s13073- 016- 0307- y

Loewe RP, Nelson PJ (2011) Microarray bioinformatics. Methods Mol Biol 671:295–320. https://
doi.org/10.1007/978- 1- 59745- 551- 0_18

World Health Organization (2015) Global action plan on antimicrobial resistance. In: In. World 
Health Organization, Geneva

Ma X, Jiang Y, Jia F, Yu Y, Chen J, Wang Z (2014) An aptamer-based electrochemical biosen-
sor for the detection of salmonella. J Microbiol Methods 98:94–98. https://doi.org/10.1016/j.
mimet.2014.01.003

Madeira A, Vikeved E, Nilsson A, Sjögren B, Andrén PE, Svenningsson P (2011) Identification of 
protein-protein interactions by surface plasmon resonance followed by mass spectrometry. Curr 
Protoc Protein Sci Chapter 19(Unit19):21. https://doi.org/10.1002/0471140864.ps1921s65

Majka J, Speck C (2007) Analysis of protein-DNA interactions using surface plasmon resonance. 
Adv Biochem Eng Biotechnol 104:13–36

Mannoor MS, Zhang S, Link AJ, McAlpine MC (2010) Electrical detection of pathogenic bacteria 
via immobilized antimicrobial peptides. Proc Natl Acad Sci U S A 107:19207–19212. https://
doi.org/10.1073/pnas.1008768107

Martin CR, Osadchiy V, Kalani A, Mayer EA (2018) The brain-gut-microbiome axis. Cell Mol 
Gastroenterol Hepatol 6:133–148. https://doi.org/10.1016/j.jcmgh.2018.04.003

Miller MB, Tang YW (2009) Basic concepts of microarrays and potential applications in clinical 
microbiology. Clin Microbiol Rev 22:611–633. https://doi.org/10.1128/cmr.00019- 09

Mimee M, Tucker Alex C, Voigt Christopher A, Lu Timothy K (2015) Programming a human com-
mensal bacterium, bacteroides thetaiotaomicron, to sense and respond to stimuli in the murine 
gut microbiota. Cell Systems 1:62–71. https://doi.org/10.1016/j.cels.2015.06.001

Mimee M, Tucker Alex C, Voigt Christopher A, Lu Timothy K (2016) Programming a human com-
mensal bacterium, bacteroides thetaiotaomicron, to sense and respond to stimuli in the murine 
gut microbiota. Cell Systems 2:214. https://doi.org/10.1016/j.cels.2016.03.007

Miyoshi H et al (2006) Binding analyses for the interaction between plant virus genome-linked 
protein (VPg) and plant translational initiation factors. Biochimie 88:329–340. https://doi.
org/10.1016/j.biochi.2005.09.002

M. B. Vadela et al.

https://doi.org/10.1016/j.snb.2006.09.044
https://doi.org/10.1016/j.snb.2006.09.044
https://doi.org/10.1128/microbiolspec.BAD-0020-2017
https://doi.org/10.1021/acsinfecdis.8b00201
https://doi.org/10.1021/acsinfecdis.8b00201
https://doi.org/10.1016/j.bios.2006.06.036
https://doi.org/10.1155/2018/5205126
https://doi.org/10.3390/e21050506
https://doi.org/10.1016/j.bios.2014.02.045
https://doi.org/10.1016/j.bios.2014.02.045
https://doi.org/10.1021/acs.analchem.8b02572
https://doi.org/10.1007/s12275-019-9105-8
https://doi.org/10.1186/s13073-016-0307-y
https://doi.org/10.1007/978-1-59745-551-0_18
https://doi.org/10.1007/978-1-59745-551-0_18
https://doi.org/10.1016/j.mimet.2014.01.003
https://doi.org/10.1016/j.mimet.2014.01.003
https://doi.org/10.1002/0471140864.ps1921s65
https://doi.org/10.1073/pnas.1008768107
https://doi.org/10.1073/pnas.1008768107
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1128/cmr.00019-09
https://doi.org/10.1016/j.cels.2015.06.001
https://doi.org/10.1016/j.cels.2016.03.007
https://doi.org/10.1016/j.biochi.2005.09.002
https://doi.org/10.1016/j.biochi.2005.09.002


283

Nazari-Vanani R, Sattarahmady N, Yadegari H, Heli H (2018) A novel and ultrasensitive electro-
chemical DNA biosensor based on an ice crystals-like gold nanostructure for the detection of 
enterococcus faecalis gene sequence. Colloids Surf B Biointerfaces 166:245–253. https://doi.
org/10.1016/j.colsurfb.2018.03.025

Ng DTW, Sarkar CA (2011) Nisin-inducible secretion of a biologically active single-chain insu-
lin analog by Lactococcus lactis NZ9000. Biotechnol Bioeng 108:1987–1996. https://doi.
org/10.1002/bit.23130

Ngwa GA, Schop R, Weir S, León-Velarde CG, Odumeru JA (2013) Detection and enumeration 
of E. coli O157:H7 in water samples by culture and molecular methods. J Microbiol Methods 
92:164–172. https://doi.org/10.1016/j.mimet.2012.11.018

Pabbaraju K, Tokaryk KL, Wong S, Fox JD (2008) Comparison of the luminex xTAG respiratory 
viral panel with in-house nucleic acid amplification tests for diagnosis of respiratory virus 
infections. J Clin Microbiol 46:3056–3062. https://doi.org/10.1128/jcm.00878- 08

Pickard JM et al (2014) Rapid fucosylation of intestinal epithelium sustains host–commensal sym-
biosis in sickness. Nature 514:638–641. https://doi.org/10.1038/nature13823

Prieto M, Colin P, Fernández-Escámez P, Alvarez-Ordóñez A (2015) Epidemiology, detection, and 
control of foodborne microbial pathogens. Bio Med Res Int 2015:617417–617417. https://doi.
org/10.1155/2015/617417

Procop GW (2007) Molecular diagnostics for the detection and characterization of microbial 
pathogens. Clin Infect Dis 45(Suppl 2):S99–s111. https://doi.org/10.1086/519259

Rice LB (2008) Federal funding for the study of antimicrobial resistance in nosocomial pathogens: 
no ESKAPE. J Infect Dis 197:1079–1081. https://doi.org/10.1086/533452

Riglar DT et al (2017) Engineered bacteria can function in the mammalian gut long-term as live 
diagnostics of inflammation. Nat Biotechnol 35:653–658. https://doi.org/10.1038/nbt.3879

Saad SM, Abdullah J (2019) A fluorescence quenching based gene assay for Escherichia coli 
O157:H7 using graphene quantum dots and gold nanoparticles. Mikrochim Acta 186:804. 
https://doi.org/10.1007/s00604- 019- 3913- 8

Sabounchi P, Morales AM, Ponce P, Lee LP, Simmons BA, Davalos RV (2008) Sample con-
centration and impedance detection on a microfluidic polymer chip. Biomed Microdevices 
10:661–670. https://doi.org/10.1007/s10544- 008- 9177- 4

Salamon Z, Cowell S, Varga E, Yamamura HI, Hruby VJ, Tollin G (2000) Plasmon resonance 
studies of agonist/antagonist binding to the human delta-opioid receptor: new structural 
insights into receptor-ligand interactions. Biophys J 79:2463–2474. https://doi.org/10.1016/
s0006- 3495(00)76489- 7

Savas S, Altintas Z (2019) Graphene quantum dots as nanozymes for electrochemical sensing of 
Yersinia enterocolitica in milk and human serum. Materials 12:2189. https://doi.org/10.3390/
ma12132189

Savory N et al (2014) Selection of DNA aptamers against uropathogenic Escherichia coli NSM59 
by quantitative PCR controlled cell-SELEX.  J Microbiol Methods 104:94–100. https://doi.
org/10.1016/j.mimet.2014.06.016

Sheikhzadeh E, Chamsaz M, Turner APF, Jager EWH, Beni V (2016) Label-free impedimetric 
biosensor for salmonella typhimurium detection based on poly [pyrrole-co-3-carboxyl-pyrrole] 
copolymer supported aptamer. Biosens Bioelectron 80:194–200. https://doi.org/10.1016/j.
bios.2016.01.057

Sibley CD, Peirano G, Church DL (2012) Molecular methods for pathogen and microbial commu-
nity detection and characterization: current and potential application in diagnostic microbiol-
ogy. Infect Genet Evol 12:505–521. https://doi.org/10.1016/j.meegid.2012.01.011

Singh A, Poshtiban S, Evoy S (2013) Recent advances in bacteriophage based biosensors for food-
borne pathogen detection. Sensors 13:1763–1786. https://doi.org/10.3390/s130201763

Suehiro J, Hamada R, Noutomi D, Shutou M, Hara M (2003) Selective detection of viable bacteria 
using dielectrophoretic impedance measurement method. J Electrost 57:157–168. https://doi.
org/10.1016/S0304- 3886(02)00124- 9

14 New Paradigms on Microbiome Diagnostic Design and Engineering

https://doi.org/10.1016/j.colsurfb.2018.03.025
https://doi.org/10.1016/j.colsurfb.2018.03.025
https://doi.org/10.1002/bit.23130
https://doi.org/10.1002/bit.23130
https://doi.org/10.1016/j.mimet.2012.11.018
https://doi.org/10.1128/jcm.00878-08
https://doi.org/10.1038/nature13823
https://doi.org/10.1155/2015/617417
https://doi.org/10.1155/2015/617417
https://doi.org/10.1086/519259
https://doi.org/10.1086/533452
https://doi.org/10.1038/nbt.3879
https://doi.org/10.1007/s00604-019-3913-8
https://doi.org/10.1007/s10544-008-9177-4
https://doi.org/10.1016/s0006-3495(00)76489-7
https://doi.org/10.1016/s0006-3495(00)76489-7
https://doi.org/10.3390/ma12132189
https://doi.org/10.3390/ma12132189
https://doi.org/10.1016/j.mimet.2014.06.016
https://doi.org/10.1016/j.mimet.2014.06.016
https://doi.org/10.1016/j.bios.2016.01.057
https://doi.org/10.1016/j.bios.2016.01.057
https://doi.org/10.1016/j.meegid.2012.01.011
https://doi.org/10.3390/s130201763
https://doi.org/10.1016/S0304-3886(02)00124-9
https://doi.org/10.1016/S0304-3886(02)00124-9


284

Suh SH, Choi SJ, Dwivedi HP, Moore MD, Escudero-Abarca BI, Jaykus LA (2018) Use of DNA 
aptamer for sandwich type detection of listeria monocytogenes. Anal Biochem 557:27–33. 
https://doi.org/10.1016/j.ab.2018.04.009

Sypabekova M, Jolly P, Estrela P, Kanayeva D (2019) Electrochemical aptasensor using optimized 
surface chemistry for the detection of mycobacterium tuberculosis secreted protein MPT64 in 
human serum. Biosens Bioelectron 123:141–151. https://doi.org/10.1016/j.bios.2018.07.053

Taitt CR, Shubin YS, Angel R, Ligler FS (2004) Detection of salmonella enterica serovar 
typhimurium by using a rapid, array-based immunosensor. Appl Environ Microbiol 70:152–158. 
https://doi.org/10.1128/aem.70.1.152- 158.2004

Takiishi T et al (2017) Reversal of diabetes in NOD mice by clinical-grade proinsulin and IL-10- 
secreting Lactococcus lactis in combination with low-dose anti-CD3 depends on the induction 
of Foxp 3-positive T cells. Diabetes 66:448–459. https://doi.org/10.2337/db15- 1625

Teengam P, Siangproh W, Tuantranont A, Vilaivan T, Chailapakul O, Henry CS (2018) 
Electrochemical impedance-based DNA sensor using pyrrolidinyl peptide nucleic acids 
for tuberculosis detection. Anal Chim Acta 1044:102–109. https://doi.org/10.1016/j.
aca.2018.07.045

Trausch JJ, Shank-Retzlaff M, Verch T (2017) Development and characterization of an HPV 
Type-16 specific modified DNA Aptamer for the improvement of potency assays. Anal Chem 
89:3554–3561. https://doi.org/10.1021/acs.analchem.6b04852

Ullah MW, Khattak WA, Ul-Islam M, Khan S, Park JK (2016) Metabolic engineering of syn-
thetic cell-free systems: strategies and applications. Biochem Eng J 105:391–405. https://doi.
org/10.1016/j.bej.2015.10.023

Ulrich LE, Koonin EV, Zhulin IB (2005) One-component systems dominate signal transduction in 
prokaryotes. Trends Microbiol 13:52–56. https://doi.org/10.1016/j.tim.2004.12.006

Vandecasteele SJ, Frans J, Van Ranst M (2002) Contamination management of broad-range 
ribosomal DNA PCR: where is the evidence? J Clin Microbiol 40:3885–3886. https://doi.
org/10.1128/jcm.40.10.3885- 3886.2002

Walker GT, Fraiser MS, Schram JL, Little MC, Nadeau JG, Malinowski DP (1992) Strand dis-
placement amplification--an isothermal, in vitro DNA amplification technique. Nucleic Acids 
Res 20:1691–1696. https://doi.org/10.1093/nar/20.7.1691

Wang Z, Yang Q, Zhang Y, Meng Z, Ma X, Zhang W (2018) Saltatory rolling circle amplification 
(SRCA): a novel nucleic acid isothermal amplification technique applied for rapid detection 
of Shigella Spp. in vegetable salad. Food Anal Methods 11:504–513. https://doi.org/10.1007/
s12161- 017- 1021- 0

Wu R et  al (2018) Efficient capture, rapid killing and ultrasensitive detection of bacteria by a 
nano-decorated multi-functional electrode sensor. Biosens Bioelectron 101:52–59. https://doi.
org/10.1016/j.bios.2017.10.003

Wu Q, Zhang Y, Yang Q, Yuan N, Zhang W (2019) Review of electrochemical DNA biosensors for 
detecting food borne pathogens. Sensors 19:4916. https://doi.org/10.3390/s19224916

Xi Z, Gong Q, Wang C, Zheng B (2018) Highly sensitive chemiluminescent aptasensor for 
detecting HBV infection based on rapid magnetic separation and double-functionalized gold 
nanoparticles. Sci Rep 8:9444. https://doi.org/10.1038/s41598- 018- 27792- 5

Yager P et  al (2006) Microfluidic diagnostic technologies for global public health. Nature 
442:412–418. https://doi.org/10.1038/nature05064

Yaghoubi A, Khazaei M, Avan A, Hasanian SM, Soleimanpour S (2020) The bacterial instrument 
as a promising therapy for colon cancer. Int J Color Dis 35:595–606. https://doi.org/10.1007/
s00384- 020- 03535- 9

Yoon T, Moon HS, Song JW, Hyun KA, Jung HI (2019) Automatically controlled microfluidic 
system for continuous separation of rare bacteria from blood. Cytometry A 95:1135–1144. 
https://doi.org/10.1002/cyto.a.23909

Zasloff M (2002) Antimicrobial peptides of multicellular organisms. Nature 415:389–395. https://
doi.org/10.1038/415389a

M. B. Vadela et al.

https://doi.org/10.1016/j.ab.2018.04.009
https://doi.org/10.1016/j.bios.2018.07.053
https://doi.org/10.1128/aem.70.1.152-158.2004
https://doi.org/10.2337/db15-1625
https://doi.org/10.1016/j.aca.2018.07.045
https://doi.org/10.1016/j.aca.2018.07.045
https://doi.org/10.1021/acs.analchem.6b04852
https://doi.org/10.1016/j.bej.2015.10.023
https://doi.org/10.1016/j.bej.2015.10.023
https://doi.org/10.1016/j.tim.2004.12.006
https://doi.org/10.1128/jcm.40.10.3885-3886.2002
https://doi.org/10.1128/jcm.40.10.3885-3886.2002
https://doi.org/10.1093/nar/20.7.1691
https://doi.org/10.1007/s12161-017-1021-0
https://doi.org/10.1007/s12161-017-1021-0
https://doi.org/10.1016/j.bios.2017.10.003
https://doi.org/10.1016/j.bios.2017.10.003
https://doi.org/10.3390/s19224916
https://doi.org/10.1038/s41598-018-27792-5
https://doi.org/10.1038/nature05064
https://doi.org/10.1007/s00384-020-03535-9
https://doi.org/10.1007/s00384-020-03535-9
https://doi.org/10.1002/cyto.a.23909
https://doi.org/10.1038/415389a
https://doi.org/10.1038/415389a


285

Zhang H et  al (2014a) Investigation of biological cell-protein interactions using SPR sensor 
through laser scanning confocal imaging-surface plasmon resonance system. Spectrochim Acta 
A Mol Biomol Spectrosc 121:381–386. https://doi.org/10.1016/j.saa.2013.10.100

Zhang X et al (2014b) Development of a simultaneous detection method for foodborne pathogens 
using surface plasmon resonance biosensors. Food Sci Technol Res 20:317–325. https://doi.
org/10.3136/fstr.20.317

Zhou L, Wang J, Li D, Li Y (2014) An electrochemical aptasensor based on gold nanoparticles dot-
ted graphene modified glassy carbon electrode for label-free detection of bisphenol a in milk 
samples. Food Chem 162:34–40. https://doi.org/10.1016/j.foodchem.2014.04.058

Zhou Y et  al (2018) Gut microbiota offers universal biomarkers across ethnicity in inflamma-
tory bowel disease diagnosis and infliximab response prediction. mSystems 3:e00188–e00117. 
https://doi.org/10.1128/mSystems.00188- 17

Zhou P et al (2020) A pneumonia outbreak associated with a new coronavirus of probable bat 
origin. Nature 579:270–273. https://doi.org/10.1038/s41586- 020- 2012- 7

Zimmerli W (2006) Prosthetic-joint-associated infections. Best Pract Res Clin Rheumatol 
20:1045–1063. https://doi.org/10.1016/j.berh.2006.08.003

14 New Paradigms on Microbiome Diagnostic Design and Engineering

https://doi.org/10.1016/j.saa.2013.10.100
https://doi.org/10.3136/fstr.20.317
https://doi.org/10.3136/fstr.20.317
https://doi.org/10.1016/j.foodchem.2014.04.058
https://doi.org/10.1128/mSystems.00188-17
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1016/j.berh.2006.08.003


287© The Author(s), under exclusive license to Springer Nature Singapore Pte 
Ltd. 2023
P. Veera Bramhachari (ed.), Human Microbiome in Health, Disease, and 
Therapy, https://doi.org/10.1007/978-981-99-5114-7_15

15Microbiome Therapeutics: Emerging 
Concepts and Challenges 
in Translational Microbial Research

Mani Jayaprakashvel, Swarnakala Thamada, 
Kuraganti Gunaswetha, and Veera Bramhachari Pallaval

Abstract

The microbiome is an umbrella terminology that refers to an ecological commu-
nity of symbiotic and pathogenic microorganisms. The microbiome is crucial in 
ecology, environment, human health, and disease. The human microbiome is one 
of the largest microbial communities of bacteria. The human microbiome has 
extensive functions such as the development of immunity, defense against patho-
gens, host nutrition, synthesis of vitamins, and fat storage, making it an essential 
body organ without which we would not function correctly. Hence, attempts 
have been to leverage the associations between the microbiome and the human 
host. Microbiome therapeutics implies the modulation of microbiomes with 
microbes, microbiomes, molecules, and synthetics. Besides, treatment of some 
internal diseases or ailments through microbiomes is also a factor in microbiome 
therapeutics. The microbiome therapeutic approach is used to diagnose diseases, 
alter microbial community ecology, and enhance the production of inhibitory or 
therapeutic proteins. The agents or principles used in microbiome therapeutics 
include genetically engineered probiotics, engineered consortia, chemicals, pep-
tides, bacteriophages, bacteriocins, small-molecule antibiotics, etc. Recent 
advances in the field of synthetic biology and our knowledge and understanding 
of the host-associated microbiome have enhanced the scope and applications of 
microbiome therapeutics. However, there have been many challenges to be 
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addressed. Many research studies on microbiome therapeutics were done on ani-
mal models. Being very distinctive to every individual, the suitability of the 
research answers to the personalized usage of microbiome therapeutics is a major 
challenge. A comprehensive assay model needs to be developed. Genetic knowl-
edge of the facts and principles behind the host-microbiome association is essen-
tial for the implementation of microbiome therapeutics. In the personalized 
therapeutic era, the development of suitable biosensors and genetic circuits is 
essentially needed for the development of completely autonomous cellular thera-
pies. A translational approach to developing basic scientific research into techno-
logically intense applied products is the need of the hour. In this context, this 
chapter would provide an insight into the basic science behind microbiome ther-
apeutics, the challenges faced in the field, and the scope and diverse applications 
of microbiome therapeutics.

Keywords

Microbiome · Therapeutics · Microbiota · Synthetic biology · Human

15.1  Introduction

The microbiome evolves from the first moments of life and gradually diversifies 
along with the physiological development of the host individual (Sommer et  al. 
2017). The microbiome is an umbrella terminology that refers to an ecological com-
munity of a variety of symbiotic and pathogenic microorganisms (Tipton et  al. 
2019). Microbiome composition is influenced by several environmental factors, 
including breastfeeding, mode of delivery, gestational age, diet, and antibiotic use 
(Dong and Gupta 2019). The microbiome is crucial in ecology, environment, human 
health, and disease. The human microbiome is the collection of microorganisms in 
and on the human body, such as bacteria, viruses, archaea, and single-celled eukary-
otes (Dekaboruah et al. 2020). The human microbiome has extensive functions such 
as the improvement of immunity, defense against pathogens, host nutrition, synthe-
sis of vitamins, and fat storage, making it an essential body organ without which we 
would not function correctly (Amon and Sanderson 2017). However, an imbalance 
in commensal microbiota has been associated with a wide range of medical condi-
tions such as diabetes (Giongo et al. 2011), irritable bowel syndrome (Saulnier et al. 
2011), and different types of cancer (Schwabe and Jobin 2013). Hence, attempts 
have been made to leverage the associations between the microbiome and the 
human host.

The human gut microbiome is a huge supporter of human digestion and prosper-
ity, comprising of trillions of microorganisms colonized in the human gut (Milani 
et al. 2017). The microbiota in the gastrointestinal tract can play out an assortment 
of capacities for the human host, including physiological, nutritional, and immuno-
logical capacities independent of the host’s inborn assets. As a result, the gut micro-
biome is viewed as a human organ with special capacities and intricacies. Because 
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of the trouble of culturing many of these gut microbial species in lab conditions, gut 
microbiome research has been restricted before (Brüssow 2020). The advancement 
of next-generation sequencing-based metagenomics has empowered us to acquire a 
superior comprehension of the gut microbiome’s diversity, structure, and roles in 
human well-being and illness. Such genome-driven high-throughput strategies, then 
again, offer minimal unthinking bits of knowledge into how gut microbiota com-
municate with one another and with the host and what these connections mean for 
the host metabolome.

Microbiome therapeutics implies the modulation of microbiomes with either 
microbes, microbiomes, molecules, or synthesis (Li et al. 2017). Besides, treatment 
of some internal diseases or ailments through microbiomes is also a factor in micro-
biome therapeutics. The microbiome therapeutic approach is used to diagnose dis-
eases, alter microbial community ecology, and enhance the production of inhibitory 
therapeutic proteins (Mimee et al. 2016). The agents or principles used in microbi-
ome therapeutics include genetically engineering probiotics, engineered consortia, 
chemicals, peptides, bacteriophages, bacteriocins and small-molecule antibiotics, 
etc. In this context, this chapter would provide insight into the basic science behind 
microbiome therapeutics and the diverse applications of microbiome therapeutics.

15.2  Microbiome

The microorganisms living on or inside another organism are called a “microbi-
ome” (Riiser 2015). They can be sorted as symbiotic or pathogenic depending on 
how they communicate with one another and their host. From birth to death, the 
microbiome calibrates itself inside a steady host to maintain homeostatic equilib-
rium with the immune system (Rooks and Garrett 2016). The adaptive and innate 
immune systems, just as external factors such as medication, diet, and toxin expo-
sure, impact the human microbiome’s advancement after birth. In people, the micro-
biome represents 90% of the cells in a 10:1 proportion (Ley et al. 2006). As indicated 
by ongoing research, the quantity of microorganisms in the body is comparable to 
the number of human cells (Sender et al. 2016). Most of these microorganisms are 
gut inhibitors. The microbiome adds numerous qualities to the human genome, pos-
sibly growing it by 200 overlaps (Maurice et al. 2013). As an outcome, the human 
microbiome’s organization could be fundamental regarding health and sickness.

15.3  Human Microbiome

Notwithstanding how people have almost indistinguishable hereditary makeup, the 
slight contrasts in DNA bring about colossal phenotypic variety across the popu-
lace. The human microbiome’s metagenome, or absolute DNA substance of organ-
isms occupying our bodies, is substantially more factor, with only 33% of its 
constituent genes present in most healthy people. The full genome of all microbes 
in and on the human body is called the human microbiome, which normally refers 
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to the population of all microorganisms in this habitat (Rajpoot et al. 2018). The 
human microbiome consists of 10–100 trillion symbiotic microbial cells in which 
the trillions of microbes would struggle to break down essential nutrients (O’Neal 
2017). At the point when we liken the human gene list to our microbiota, we find 
that our human hereditary variety could not hope to compare. There are 3.3 million 
qualities in the gut alone, which houses most of our microbiota, contrasted with 
22,000 qualities in the human genome (Munro 2016).

15.4  Gut Microbiome

The human gastrointestinal tract is a mind-boggling biological system of billions of 
organisms. Changes in supplement supply, pH, oxygen fixation, and bile salts 
impact the overall abundance of bacteria, archaea, protists, and parasites from all 
domains of life (Carey and Assadi-Porter 2017). Bacteria are the most very concen-
trated of these microorganisms, representing most of the DNA arrangements and 
biomass. This bacterial gathering is likewise fundamental for mammalian gut physi-
ology, as it helps metabolic capacities, ensures against microbes, and balances the 
immune system. Likewise, the bacterial community’s composition and plenitude 
changes are much connected to infections like colorectal cancer, inflammatory 
bowel disease, obesity, and neurological issues. The powers that structure the design 
of these bacterial species’ design are still ineffectively comprehended, which has 
frustrated the creation of microbiome-based therapeutics.

The human gut microbiome hugely supports human digestion and prosperity, 
with trillions of microorganisms colonizing the human gut (Milani et  al. 2017). 
Given the significance of the gut microbiome in human well-being, a superior com-
prehension of the transient elements of intestinal microbial species, just like the 
host, is required (Lamont et al. 2018). The microbiota in the gastrointestinal tract 
can play out an assortment of capacities for the human host, including physiologi-
cal, dietary, and immunological capacities that are discrete from the host’s intrinsic 
assets (Ewald and Sumner 2018). Accordingly, the gut microbiome is viewed as a 
human organ with exceptional capacities and intricacies. Because of the trouble of 
refining large numbers of these gut microbial species in lab conditions, gut micro-
biome research has been restricted previously. The advancement of next-generation 
sequencing-based metagenomics has empowered us to better comprehend the gut 
microbiome’s structure, variety, and parts in human well-being and illness. Such 
genome-driven high-throughput strategies, then again, offer minimal robotic experi-
ences into how gut microbiota communicate with each other and with the host and 
how these connections identify with the host metabolic machinery.
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15.5  Microbiome and Human Health

The gut microbiome is fundamental for human well-being (Fig. 15.1), as it helps the 
host collect and store energy through different metabolic functions (Clemente et al. 
2012). The gut microbiota was characterized by two gatherings of good health: 
commensal pathobionts and commensal symbionts. Commensal microbes have for 
quite some time been perceived as valuable to have physiology by providing essen-
tial supplements and securing against opportunistic pathogen colonization (Kamada 
et al. 2013). Ecological factors, for example, way of life and a Westernized diet, 
have generally affected the gut microbiota (Voreades et al. 2014). Shockingly, there 
is mounting proof that natural components like obesity and diet are connected to 
improving colorectal cancer (CRC). Since the reason for irregular CRC is obscure, 
a person’s gut microbiota can address dietary propensities that advance or ensure 
against the disease (Bultman 2017).

The bacterial synthesis of the gut assists with safeguarding the mucosal and sys-
temic immunity homeostasis of its hosts, forestalling invulnerable triggers that may 
cause physiological hindrance. Dysbiosis is an illness set apart by adjusting the gut 

Fig. 15.1 Microbiome and human health
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commensal microbiota toward opportunistic pathogenic microorganisms (Barman 
et al. 2008). As indicated by an ongoing examination, dysbiosis influences an assort-
ment of physiological capacities and irritates the colon, which raises the danger of 
CRC (Nistal et al. 2015). Numerous new examinations have uncovered that the gut 
microbiome is significant in oncogenesis, where their relationship with the immune 
system can either keep the host healthy or trigger tumor progression (Gagliani 
et al. 2014).

Alongside acknowledging the gut microbiome’s role in health and infection, pro-
gresses in next-generation sequencing have brought about various forward leaps in 
phylogenetic, taxonomic, and functional profiling of the gut microbiome. A metage-
nomic way to deal with gut microbiome profiling has the additional advantage of 
giving answers on metagenome populace characterization and physiological 
impacts on the human host.

15.6  Microbiome Therapeutics

In various gastrointestinal and non-gastrointestinal diseases, the microbiome has 
become a more appealing focus for future therapeutics (Fig.  15.2). Exogenous 
administration of live microbes within the gut is the aim of current microbiome- 
based therapeutics. These slants are referred to as probiotics, and they have grown 
in popularity over the last decade. Nonetheless, determining cause-effect relation-
ships and designing microbiome-based therapies to achieve predictable effects on 
the microbial community and host health is a major challenge in microbiome study. 
Due to less evidence to support the efficacy of probiotics, an alternative approach 
termed prebiotics was evolved. Prebiotics are compounds that are consumed to 
induce the growth or activity of beneficial microbes (Böger et al. 2019). The most 
communal example is in the gastrointestinal tract, where prebiotics can alter the 
composition of organisms in the gut microbiome. Further studies are warranted to 

Fig. 15.2 Microbiome therapy
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complete the characterization of the effect of prebiotics on different bacterial spe-
cies (Holscher 2017).

15.7  Efforts to Harness and Engineer the Microbiota

The microbiome’s importance to human health and disease has been established 
through several decades of study. Recent attempts to capitalize on this relationship 
to develop microbiome-based therapies have been made. There are three major par-
adigms for these treatments: modulatory, subtractive, and additive therapies. The 
host-microbiota is, however, replaced with individual strains or a mixture of natural 
and engineered microorganisms in additive care. To treat the disease, subtractive 
therapies lead to the specific elimination of harmful microbiome members. 
Nonetheless, modulatory treatments require the utilization of nonliving synthetic 
substances, for example, prebiotics, to modify the construction or activity of the 
endogenous microbiome. The original microbiome treatments, probiotics, and pre-
biotics have been widely investigated elsewhere. With recombinant probiotics, par-
ticular antimicrobials, and microbial consortia, we will zero in with the microbiome 
treatment. Up to this point, restorative bacterial consortia were mostly comprised of 
regular strains, though genetically engineered bacteria have generally been utilized 
as monotherapies. Genetically engineered networks, then again, can be intended to 
join the variety and vigor of microbial consortia with the additional adequacy and 
controllability of synthetic gene circuits. We’ll begin with ongoing progressions in 
microbiome treatment and proceed to the incredible difficulties of transforming the 
microbiota’s capacity into natural treatments.

15.8  Genetically Engineered Probiotics

The rationale of probiotic therapies is that naturally occurring human-associated 
microbes provide myriad of health benefits. Many diseases have been scientifically 
proven to be remedied, such as oral ingestion of Lactobacillus spp., E. coli, and 
Bifidobacterium spp. The use of cells as drug delivery vehicles may allow for in situ 
biotherapeutic production, addressing issues like bioavailability and drug inactiva-
tion that can occur with oral administration. Protein therapy synthesis may depend 
upon identifying and incorporating particular disease-related environmental indica-
tions. This conditional, on-demand release of drugs is an especially enticing advan-
tage of cell-based therapies, which could require for new pharmacological 
paradigms. If the therapeutic organism can stably colonize the host, the engineered 
microbe may be able to dynamically correct disease-induced disturbances and 
restore homeostasis in the host. The idea of completely autonomous “smart” cell- 
based therapy is still far off. The ongoing examination has shown that cell-based 
bacterial treatments are powerful in forestalling infection, treating metabolic disor-
ders, and reducing inflammation.
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Natural colonization resistance offered by native members of normal flora has 
been improved, thanks to cellular engineering. Ozdemir et al. (2018) looked into 
probiotic E. coli for prophylaxis; Nissle 1917 was created to reduce Vibrio cholerae 
virulence in infant mouse models. Extracellular quorum sensing molecules, which 
modulate density-dependent gene expression, play a role in V. cholerae virulence. 
At the point when bacterial numbers are low, V. cholerae communicates the viru-
lence factors expected to infect the host; when numbers are high, the virulence fac-
tors are quelled, permitting the bacteria to get away. E. coli has been intended to 
meddle with quorum sensors, forestalling disease. The utilization of therapeutic 
cells brought about an expansion in endurance just as a diminishing in bacterial 
weight and cholera toxin articulation. In a rhesus macaque model, hereditarily 
altered Lactobacillus jensenii was used to forestall the chimeric simian/human 
immunodeficiency infection (SHIV) transmission. Bacteria are genetically engi-
neered to produce the antiviral cyanovirin-N. Despite many problems, prophylactic 
macaque therapy reduced both the incidence of SHIV and the peak viral load. As a 
result, engineered bacteria may be used to treat both bacterial and viral infections. 
IBD has gotten a ton of consideration as a promising possibility for cell-based treat-
ments because of the role of gut microbiota in infection and the absence of long- 
term, cost-effective treatments.

Preliminary studies looked at using Lactococcus lactis to secrete recombinant 
interleukin-10 (IL-10), a powerful anti-inflammatory cytokine that is deficient in 
IBD patients. Breyner et al. (2019) used chemical and genetically induced mouse 
models of colitis to show that recombinant microorganisms may be used to reduce 
pathology and suppress pro-inflammatory cytokine secretion. The recombinant 
L. lactis therapy was also well tolerated in a small Crohn’s disease population in 
Phase I clinical trials, though efficacy was modest. IL-10-secreting L. lactis was 
further modified to develop either autoantigenic proinsulin or glutamic acid decar-
boxylase- 65 to treat autoimmune diabetes. When utilized for anti-CD3 treatment, 
both recombinant species had the option to induce tolerance, increment the number 
of administrative T cells, and opposite hyperglycemia in mice. Microbial improve-
ment of mitigating cytokines, including changing development factor-β1 and against 
tumor necrosis factor α-nanobodies, just as the tissue repair factor keratinocyte 
development factor-2, has appeared to protect mice from colitis in IBD models. 
Furthermore, the protease inhibitor elafin produced by lactic acid bacteria has been 
shown to restore proteolytic homeostasis and protect against inflammation in mouse 
colitis models.

Oral mucositis, a condition described by ulcerative lesions and a successive 
symptom of chemotherapy, was additionally treated with recombinant bacteria. In 
hamster models, effective utilization of L. lactis designed to emit factor-1 was pow-
erful in treating oral mucositis. Early clinical preliminary discoveries demonstrate 
that the drug is much endured and might be viable in lessening occurrence. 
Recombinant cell therapies can be useful therapeutic agents for treating inflamma-
tion, according to this report. In treating metabolic disorders, including obesity and 
diabetes, recombinant microbes have been successfully incorporated into the host 
microbiota. Probiotics gave standard taking care of E. coli changed to integrate 
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anorexigenic lipid precursors decreased weight, adiposity, and food utilization in 
mice with high-fat eating regimens. Such defensive impacts were kept up for weeks 
after bacterial treatment ended. Lactobacillus gasseri has additionally been utilized 
as a delivery medium for GLP-1, a protein that makes intestinal epithelial cells con-
vert into insulin-producing cells. In a rodent model, the organization of the designed 
probiotic expanded the number of cells producing intestinal insulin while addition-
ally bringing down hyperglycemia.

15.9  Microbiome Engineered Consortia

Designing the entire microbial populace is another strategy to treating intermittent 
C. difficile infection that has had much achievement in the facility. A fecal micro-
biota transplant, which includes injecting stool from healthy donors into unhealthy 
patients, has a triumph pace of more than 90% in settling intermittent diseases and 
is more than twice as compelling as an antimicrobial treatment alone. Regardless of 
their clinical achievement, fecal microbiota transplants present security worries 
inspired by a paranoid fear of pathogens or opportunists being presented, which 
could worsen the sickness. A regulatory structure and strict donor screening guide-
lines were established, but deciphering the minimum subset of therapeutic microbes 
was a priority for mitigating safety issues and treatment reliability. Except for the 
occasional C. difficile infections, many agree that fecal microbiota transplants are 
promising in treating IBD and early studies have shown moderate success. Due to 
the more complex nature of the disease and a higher frequency of adverse effects, 
more research is required to determine if stool transplants or infusions of proven 
microbial communities are feasible treatment option for IBD. Identifying and tailor-
ing microbial communities that can tackle the dynamics of human disease and 
human-associated microbiota diversity will continue to be an ongoing challenge in 
the production of microbiota-based therapies. In mouse models, the reconstitution 
of microbiota has proven effective in altering urea’s metabolic activity across the 
population. Systemic ammonia accumulation correlates with neurotoxicity and 
encephalopathy in hepatic deficient patients. In a model of hepatic injury, the reclas-
sified microbiota expanded endurance and shielded against cognitive deficits 
brought about by hyperammonemia. This examination exhibits the attainability of 
reasonably chiseling a host-related microbial culture to secure against metabolic 
illnesses.

The construction and capacity of the gut microbiome have critical ramifications 
for human health. The gut epithelium’s respectability, energy equilibrium, and host 
immune reactions are influenced by the huge network of intestinal microbial metab-
olites (Fessler et  al. 2019). While certain genera are known to prevail in many 
adults’ microbiomes, the variety of microorganisms colonizing the human digestive 
tract is an exceptional factor, especially at the species level. A dysbiosis of the gut 
microbiota, or the breakdown of homeostasis among destructive and defensive 
intestinal bacteria, can be connected to and even reason for those infections 
(Verdugo-Meza et  al. 2020). These alterations were related, among others to 
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inflammatory bowel disease (IBD), diabetes, asthma, obesity, and allergy 
(Gholizadeh et al. 2019).

Efforts were made to recover toxic microbiomes using probiotics. Probiotics are 
live microorganisms that provide beneficial health effects when ingested in ade-
quate quantities (Kleerebezem et al. 2019). They’ve appeared to improve manifesta-
tions of pouchitis, bacterial diarrhea, peevish inside disorder, Helicobacter pylori 
disease, Clostridium difficile contamination, and antimicrobial-related diarrhea 
(Cameron et al. 2017). However, they also colonize the host only transiently and are 
not maintained in the long run (Zhang et al. 2016). In addition, current probiotics 
are not intended to treat a particular condition but provide general health benefits. 
This issue raises the potential to use genetic engineering to create more functional 
probiotics capable of generating substances important for treating specific condi-
tions. With enhanced awareness of the gut microbiome and the role of different 
keystone microbes in our health, coupled with the creation of modern synthetic 
biology tools, probiotic microorganisms were engineered to diagnose and treat 
inflammation of the intestines. These microorganisms were designed to detect in 
situ inflammation-related biomarkers with sensitivity and precision. Besides, live 
biotherapeutics were made with various capacities going from constitutive thera-
peutic specialist articulation to more complex sensing components. This audit aims 
to give a state-of-the-art outline of late advancements in the finding and treatment of 
inflammatory bowel diseases utilizing live biotherapeutics.

15.10  Microbiome-Targeted Drug Delivery

Microorganisms with distinct, targeted therapeutic roles are the objective of another 
field of microbial drug development. Our capacity to design works all the more 
accurately on account of the approach of synthetic biology strategies, just as our 
capacity to comprehend the mechanistic effect of microorganisms on human health 
because of microbiome study, has powered this arranged activity (Mimee et  al. 
2016). Drug companies normally plan their medications for systemic absorption to 
accomplish the ideal outcomes. Drug companies forming treatments for conveyance 
into the intestinal microbiome, then again, commonly mean to restrict systemic 
absorption and keep restorative impacts inside the digestion tracts’ lumen. Various 
contemplations are required for these two entirely opposed strategies for successful 
medication convenience (Bristol and Hubert 2019). Creating therapeutics that is 
dynamic against the intestinal microbiota requires managing them to the substance 
and lining of the digestion tracts in an operational structure. Managing prescriptions 
to the intestines accompanies its assortment of troubles. Most of the materials in the 
digestive tract are catabolized into basic structure impedes, that can also be retained 
and utilized by the body (Finlay and Finlay 2019).
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15.10.1  Synthetic Microbes as Optimistic Drug 
Delivery System

Synthetic cell therapy is a region with a great deal of guarantee for treating human 
diseases later on. Designed bacterial strains equipped for diagnosing illness, creat-
ing and distributing therapeutics, and checking their numbers to meet regulation and 
security concerns will make up next-generation therapies (Claesen and Fischbach 
2015). The advantages of in vivo synthesis and delivery through cell therapy are 
numerous, for example, by reducing the requisite dose of the therapeutic agent by 
many orders of magnitude to achieve a comparable therapeutic effect or by reducing 
undesired side effects, both at the site of delivery and elsewhere throughout the 
body (Senapati et al. 2018). Multiple therapeutic agents can be generated by the 
same cell simultaneously as a combination therapy, and certain diseases of the gas-
trointestinal tract could be treated by oral administration of a synthetic bacterium 
that can traverse to the target site, engraft, and start delivering a medication (Claesen 
and Fischbach 2015). Notwithstanding the numerous benefits, manufactured cell 
treatment raises issues encompassing well-being, regulation, and the general assess-
ment of utilizing hereditarily altered life forms in medication. Flow instances of 
utilized modules incorporate recognizing small molecules or cell markers con-
nected to a particular human disease (Verstraelen et al. 2016). A serious level of 
molecular particularity, affectability, and dose-dependency are alluring attributes of 
such a module. When detection systems for the ideal molecules or conditions are 
accessible, they can be utilized to assemble diagnostic sensing modules (Chellappan 
et al. 2019). The synthesis and dispersion of the active compound is an introductory 
module in a synthetic therapeutic system. Heterologous articulation of a therapeutic 
protein, a gene cluster encoding the biosynthesis of a small molecule, or knockdown 
of eukaryotic gene expression by bacterially delivered small RNAs is a regular strat-
egy for production (Trosset and Carbonell 2015).

15.11  Conclusions and Future Perspectives

Microbial species’ tremendous effects on human health are opening up new diag-
nostic and therapeutic avenues for disease treatment. Conversely, current therapeu-
tic methods for modulating microbiomes in the clinic are still fairly crude. Improved 
designing ways to deal with permit the alteration of an expansive scope of bacterial 
hosts, just as the advancement of disease-relevant sensors that can drive contingent 
heterologous therapeutic yield can aid in implementing microbiome therapeutics in 
the real world. A solid comprehension of the fundamental molecular basis for 
human infections and the environment of sound bacterial populaces is basic for the 
headway of manufactured bacterial “physicians.” Not only can these bits of knowl-
edge assist with the advancement of explicit therapeutic systems, but engineered 
science can assist with these key investigations. The determination of a powerful 
suspension that engrafts steadily and discusses profitably with the occupant popu-
lace in novel body specialties would profit from a point-by-point comprehension of 
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the microbial environment of the human body and the collaboration of microbes 
with the immune system.
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Research and the Microbial World
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Abstract

Over the decades, omics-based research intensely changed our understanding of 
microorganisms and their importance in animal and human life. Different strate-
gies are exploited to understand microbes and their mechanisms in various envi-
ronments. The microbiome research enhanced our knowledge from understanding 
the microbes to surprising associations with Parkinson’s disease and depression. 
It is also understood that the microbiome can change health status by influencing 
the life bodies regarding several diseases such as allergies, cancer, cardiometa-
bolic disorders, and obesity. In such cases, nutrients, metabolites, and microor-
ganisms play an important role. Moreover, microbial characteristics can change 
rapidly with environmental conditions, including temperature and air. The prog-
ress of microbiome research depends on designing and standardizing methodolo-
gies and protocols, modifying existing procedures, or adapting novel technologies 
and models. Thus, it is necessary to develop standard protocols for microbiome 
research, including ideal protocols for sampling microbiomes and their data 
analysis. To develop standard protocols for metagenomics, Human Microbiome 
Project Consortium (NIH) established quality-controlled high-throughput 
metagenomic data for scientific communities. The questions raised toward 
microbiome standard protocol are developing an ideal protocol for collecting a 
microbiome sample for analysis and proper tools for data analysis. In this chap-
ter, we described the new-generation technologies and capabilities of bioinfor-
matic tools to understand the microbiome and microbial world.
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16.1  Introduction

Depending on the type of study and specimen collections, the microbial research 
process leads to a variability between labs and results in bias microbial profile, 
sometimes complete loss of the required important information. For example, in a 
publication from an American gut project (McDonald et al. 2018), the unwanted 
bacteria grew that flourished due to the protocol followed to collect the fecal sam-
ple, transportation, and compromises with the quality of the microbiome profile 
estimation. So, immediate sample preservation is important because it plays a key 
role in the results. The sample collection should be static to avoid temperature fluc-
tuations and freeze-thawing issues from collecting samples for DNA extraction.

DNA extraction is also the most malign source of variability from the microbial 
population in a sample. In metagenomic analysis, DNA extraction is the most sig-
nificant factor to consider, such as the size of the microorganisms, cellular structure, 
and methods used for lysis (Costea et al. 2017). For example, few DNA extraction 
methods favor gram-negative bacteria more than gram-positive bacteria due to their 
cell wall so these species will be underestimated in the resulting analysis. Other 
microbiota, such as yeast, are also difficult to lysis. DNA amplification is also an 
important step in creating a genomic library. The amplification of DNA also some-
times produces false results. For example, metagenomic studies can be conducted 
based on the small ribosomal subunit called 16S rDNA genome-based sequencing. 
In the region selected for the amplification and sequencing for complete microbial 
population diversity, commonly used primers may amplify bacterial species but 
may lose the data of other microbiomes. The bioinformatic tools used to classify 
bacteria based on sequencing, 11 tools interpreting shotgun metagenomic data, con-
cluded with different conclusions (McIntyre et al. 2017).

The rising interest in microbial research has impacted experimental practice; 
microbial research has been flagged with improved molecular and analytical tools. 
The progression in the research area of gut microbiome depends on the computa-
tional and other developed techniques. Researchers weigh the strengths and weak-
nesses of their methods. So, “normalize our methods to the science,” says Cano. 
Vast data produced in microbial studies has to be analyzed using bioinformatic 
tools; statistical tools help to evaluate microbial association. After characterization 
and functional modeling of the experiments, the in vitro and in vivo experiments 
should be established to consider the cause and effect of microbial communities in 
pathogenicity. An important step was established to regulate the marketing of 
microbial products by adopting the standard operating procedures (SOPs) and also 
important in producing reliable, enabling comparisons between studies.
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16.2  Applications of DNA Sequencing Technologies

Microbial identification and genotyping of microbes are carried out by marker gene 
amplification and shotgun metagenomics.

In the early days, microbial characterization was performed by conventional cul-
ture methods; this studying of genotyping was difficult. For the last 25 years, molec-
ular sequencing has been the primary method for identifying and taxonomically 
classifying microbes and commonly used marker genes16S ribosomal RNA genome 
for bacterial sequencing and internal transcribed spacer (ITS) region for fungal 
identification.

The highly conserved 16S rRNA gene (∼1542  bp) consists of nine variable 
regions (V1–V9). Most 16S rRNA-based genotyping protocols use V5–V6, V3–V4, 
or V4 hypervariable regions for bacterial taxonomic classification (Woo et al. 2008). 
Identification of rare species and phenotypic characterization using these marker 
genes can identify >90% of cases; 65–83% of these sequences are identified at the 
species level (Drancourt et al. 2000). Woo PC et al. studied that amplification of a 
first 527-bp fragment of the 16S rRNA genes using conventional sequencing method 
and sequencing also biochemical profile was generated. Among 37 clinically sig-
nificant bacterial strains, 37 aerobic gram-positive, gram-negative, and 
Mycobacterium species were characterized. MicroSeq 500 16S rRNA-based bacte-
rial sequencing method also identified 30 (81.1%) of them properly, and five 
(13.5%) isolates were misidentified at the genus level. The misidentification of 
these isolates was due to a lack of the 16S rRNA gene sequences of these bacteria 
in the database of the MicroSeq 500 16S rDNA-based bacterial identification sys-
tem. This study concluded the MicroSeq 500 16S rDNA-based method for bacterial 
identification, but MicroSeq 500 16S rDNA-based databases must be expanded to 
cover the rare bacterial species (Woo et al. 2003).

16.3  Protocols for Microbial Analysis

16.3.1  Sample Collection Methods

The first step in microbial analysis is establishing the proper pipelines for sample 
collection. Samples, environmental samples such as water, soil, or animals, and 
normal controls are collected from the patients. Proper handling of the samples, like 
transportation, temperature, and transport time, can promote microbes’ growth. The 
sample collection allows the transfer of contaminated microbes from the environ-
ment to the laboratory, is an important step to prevent a fundamental awareness of 
sample collection from various specimens.
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16.3.2  The Basic Protocol for Environmental Sample Collection

The standard method for a sample collection from the environment contains the col-
lection of samples, which are kept with ice packs or dry ice and then transported to 
the laboratory. Recently, a biopolymer called acacia gum was replaced with the 
methods mentioned above; it uses as a preservative agent in collected samples with-
out damage during transport. For example, a sample is filtered, and the filter with 
microbes is immobilized in a biopolymer solution and transferred to the laboratory 
in small ziplock bags. This method is significantly used in the environmental sam-
pling process. In this method, the transport weightage can be reduced, and loss or 
damage of the microbial population can be controlled; thereby, chance of false-
positive/negative results can be controlled. In an experiment, a water sample with 
E. coli transported with biopolymer increased the efficiency by 260% and viability 
by four times (Krumnow et  al. 2009). The samples can be recovered by adding 
water, and microbes can be alive for the 6 months at room temperature and up to 
16 months at refrigerated temperatures in the immobilized biopolymers (Krumnow 
et al. 2009; Sorokulova et al. 2012). It mainly involves immobilization and polym-
erization; it provides structural integrity to the microbial cells and protects them 
from mechanical stress during transportation. It stabilizes keeping in a dormant 
state by decreasing the microbial cells’ metabolic rate, water retention, and molecu-
lar stability. It protects from structural changes and releases mechanical stress.

The air samples are collected by filtering the large volumes of air using pumps; 
the filtered samples should be positioned at the bottom of the petri dish, and add 
liquid polymer. If the water is of interest, the sample is collected using a dipper, 
added to a volumetric flask, and filtered through a syringe filter; the filter should be 
kept in the liquid polymer. Soil samples were inoculated using sterile water and fol-
lowed the procedure as a liquid sample (Sorokulova et al. 2015).

16.3.3  The Basic Protocol for Clinical Sample Collection

Clinical samples are collected from patients; it is also important to collect normal 
samples from healthy humans as the control. Clinical samples are collected from 
different body parts of the patients for diagnostic purposes. However, oral, fecal, 
and virgin clinical samples are predominant in microbial research for comparative, 
probiotic development and engineering the indigenous organism to improve health.

Oral sample collection. Oral samples can be collected in two ways: one is the 
collection of saliva in sterile collection tubes, and the other is the collection of 
swabs by swabbing inside the cheeks.

16.4  Materials

Collection tubes: Many sterile plastic tubes are commercially available, but 
researchers use 50 mL conical tubes in some laboratories.
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Swabs: Any sterile cotton can be used, and today, suitable collection swabs are 
available and can be obtained from scientific companies like Thermo Fisher 
Scientific.

16.4.1  Directions to Collect the Saliva

 1. Wait 30–40 min before eating, drinking, or chewing anything.
 2. Take the sterile plastic or conical tube and open it.
 3. Carefully split into tubes until the required quantity of liquid saliva is reached 

(5 mL is enough).
 4. Close the tube with its original lid and store it at −20 or −80° until the sample is 

processed.

16.4.2  Directions to Collect Swabs

 1. Carefully insert the cotton swabs into the mouth and rub smoothly on the inner 
surface of the cheeks to collect microbes attached to the cheeks.

 2. Store the swabs at −20 or −80° until further processing.

16.5  Basic Protocol on Media Preparation 
for Bacteria Culturing

For the required media (minimal media/selective media), prepare in a flask and heat 
till all the media components dissolve. Transfer into a separate bottle and autoclave 
at 15  lb./in2 for 15  min. Antibiotic and mineral solutions should be added after 
reaching a temperature < 50 °C, mixed thoroughly, and plated into petri plates. The 
streak plate method has to be carried out for single colony isolation. Characterization 
of isolated colonies is carried out using biochemical methods. The conventional 
culture methods have not been detailed here; the molecular techniques used for 
genotyping are explained in this book chapter.

16.6  Molecular Techniques for Analysis of Microbes

16.6.1  Applications of Molecular Techniques in Microbial Analysis

Due to the developed technologies, microarray, next-generation sequencing, etc. the 
complex microbial communities that cause diseases in a human were studied vastly. 
The questions raised to study mainly a group of microbes in any region, such as 
organ specific, habitat, or any specific environment, are further studied to identify 
genes and their products in a habitat. These investigations enable the creation of the 
metagenomic field; it helps bypass the conventional culture analysis of microbiota 
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to characterize the metabolic and functional activity of the microbial community in 
an ecosystem (Riesenfeld et  al. 2004). Metagenomics is the analysis of genetic 
material extracted directly from environmental samples (Tringe and Rubin 2005). 
These developed technologies improved our knowledge of the diversity and func-
tion of microbes and developed applications in human health and agriculture. In 
human health, research focuses on the impact of microbial communities on the dis-
ease; also, understanding the imbalance in the microbial communities and individ-
ual species is related to different disease states; altered gut microbes leads to obesity 
(Maruvada et  al. 2017), diabetes (Jamshidi et  al. 2019), cardiovascular disease 
(Ahmadmehrabi and Tang 2017), cancer (Scott et al. 2019), and other neurodegen-
erative conditions (Shen and Ji 2019). In agriculture, the soil- and plant- associated 
bacteria and its benefits in the growth and resilience of crops have been studied, 
further potentially improving the crop yield.

Protocol for amplification and sequencing involves the following steps: (1) DNA 
extraction or isolation from the bacterial cell culture. (2) quantification of the DNA 
and amplification, (3) sequencing and taxonomical classification, and (4) functional 
or metabolic or rare phenotypic character gene identification using computational 
methods.

16.6.2  Basic Protocol on DNA Isolation

Marmur developed a protocol for DNA extraction from bacteria (Marmur 1961). It 
was an invaluable contribution to microbiology and has been modified by research-
ers for their specific needs (Amaro et al. 2008; Ogg and Patel 2009; Adelskov and 
Patel 2016). We present a modified DNA extraction method from Wright et al. (2017).

Reagents
 1. 10% sodium dodecyl sulfate (SDS): It solubilizes cell membrane lipids.
 2. RNase A (100  U/mL) dissolves in 50  mM Tris-Cl (pH 8.0), 10  mM EDTA: 

Degrades single-stranded RNA.
 3. Achromopeptidase (50 kU/mL): Lysis of gram-positive bacterial cell walls (if 

the target bacteria is gram-negative only).
 4. Lysozyme (24,000 kU/mL): Lysis of enzyme with bacteriolytic activity against 

gram-negative bacterial cell walls (if the target bacteria is gram-positive only).
 5. Proteinase K (20 mg/mL): Digestion of proteins.
 6. Phenol-chloroform-isoamyl alcohol (PCI) solution (25:24:1): Separation of 

DNA from other cellular components.
 7. Ethanol (100%): Precipitates DNA from solution.
 8. Tris-EDTA (TE) buffer [10 mM Tris (pH 8.0), 1 mM EDTA]: Used to store puri-

fied DNA.

Procedure
 1. Take 10 mL of late log phase culture into a falcon tube and centrifuge at 7500 rpm 

for 10 min. Discard the supernatant and wash the pellet with phosphate-bufferred 
saline by repeating the same step.
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 2. Resuspend the pellet with 4 μL RNase A, 8 μL lysozyme, and 5 μL achromopep-
tidase; mix gently and incubate for 60 min at 37 °C.

 3. After incubation, add 30 μL 10% SDS and 3 μL proteinase K, mix properly, and 
incubate at 50 °C for 60 min.

 4. Add 525 μL of PCI (phenol-chloroform-isoamyl) solution and mix properly for 
10 min by gentle inversion. After mixing, centrifuge the mixture at 12,000 rpm 
for 15 min (phenol is corrosive and may cause skin damage. Proper care should 
be taken while working with phenol).

 5. Separate the upper layer into a sterile microcentrifuge without disturbing 
the layers.

 6. Mix thoroughly with an equal volume of chilled ethanol (100%). Now, centri-
fuge at 12,000 rpm for 20 min.

 7. Discard the supernatant and dry the pellet at room temperature or in a dry bath 
at 50 °C.

 8. Resuspend the pellet in 50 μL TE (Tris-EDTA) buffer, allow the pellet to dis-
solve, and store it in the refrigerator. For long-time storage, keep it in −20 °C 
refrigerator. Confirm the quality of the bacterial DNA by running 5 μL of prod-
uct on a 1.5% agarose gel.

Different kit methods are also developed to eliminate the laborious work and time 
taking protocols. Kit methods are easy to use and can be completed in hours, and 
good yield quality can be observed in these methods. Kit methods include Qiagen 
kit, Promega kit, Sigma-Aldrich, Zymo Research, etc. All the necessary reagents are 
provided along with the kit.

16.7  Amplification of Desired Gene Product Using PCR

Once the DNA quantity is checked, PCR is used to amplify the bacterial 
DNA. Generally, 16S rRNA gene should be selected to design primers in bacterial 
identification. The V4 to V9 regions are used most frequently for amplification. 
Different kit methods are available to amplify the desired gene to create an ampli-
con library. The PCR product was confirmed by running a sample in an agarose gel 
and visualized by UV illumination—the purified PCR product sequencing for iden-
tifying bacterial species.

16.8  Materials Required

PCR primers (10 μM/rxn): Primers order at the concentration of 50 nmol scale with 
desalting purification. The stock solution should be diluted to 10 μM for use in PCR 
reactions.

Taq DNA polymerase (5  units/μL): A thermostable enzyme derived from the 
Thermus aquaticus bacteria that amplify DNA fragments in the PCR reaction and 
can withstand up to 95 °C without losing activity. PCR reaction will be carried out 
using kit methods. Here, we are introduced to Sigma. This protocol was adapted 
from the Sigma protocols.
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16.9  How to Perform PCR?

PCR setup consists of four steps: (1) Add all the reagents or ready-to-use mixture 
along with the template. (2) Mix and centrifuge thoroughly. (3) Amplify per thermo 
cycler. (4) Evaluate amplified DNA by agarose gel electrophoresis.

16.10  Procedure

Add the reagents to an appropriately sized tube. If different reactions are needed, a 
mix without the template should be prepared and aliquoted into reaction tubes. In 
the end, the template should be added to the appropriate tubes (Table 16.1).

After preparing the reaction mixture, mix gently by vortex and briefly centrifuge 
to collect all components to the bottom of the tube, and then amplify. The amplifica-
tion parameters will vary depending on the amplification primers and the thermal 
cycle used. It is important to optimize the amplification conditions. The PCR condi-
tions for the 16S rRNA amplification conditions are as follows; [Initial denaturation 
at 94 °C/1 min (denaturation at 94 °C/30s, annealing at 50 °C/1 min, extension at 65 
°C/1 min), 65 °C/3 min hold at 4 °C.

Load the PCR reaction on a 1.0% agarose/Tris-borate-EDTA gel and electropho-
rese. The PCR product is approximately 380 base pair predicted product size. 
Visualize by UV illumination and photograph. The targeted DNA band will be 
excised and purified using commercially available kits.

16.11  Sequencing of the Amplified Product

The order of polynucleotide chains has the information for the hereditary and life. 
Hence, the ability to infer such sequence is dominant and essential in biological 
research.

Table 16.1 PCR reaction mixture components and final concentration

Component Final concentration
Water X volume
10x PCR buffer
(P2192 or P2317)

1x

Deoxynucleotide mix 200 μM (1 μL)
Forward primer
(typically 15–30 bases in length)

0.1–0.5 μM

Reverse primer
(typically 15–30 bases in length)

0.1–0.5 μM

Taq DNA polymerase 0.05 units/μL
Template DNA
(typically 10 ng)

200 pg/μL

25 mM MgCl2
(use only with buffer P2317)

0.1–0.5 mM
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[A] knowledge of sequences could contribute much to our understanding of living matter. 
Frederick Sanger (Frederick 1980).

Watson and Crick discovered the 3D structure of DNA in 1953 by working from 
Rosalind Franklin and Maurice Wilkins’ crystallographic data (Watson and Crick 
1953; Zallen 2003). Later, the strategies developed to analyze the sequence of pro-
tein chains did not work out with the nucleic acid chain due to longer chain than 
protein. In Maxam and Gilbert’s technique, instead of depending on DNA poly-
merase to generate fragments, radiolabeled DNA is treated with chemicals that 
break the chain at specific bases. This was the first-generation DNA sequencing 
method (Maxam and Gilbert 1977). In 1977, a major invention that forever altered 
DNA sequencing technology’s progress was developed by Sanger’s “chain termina-
tion” or dideoxy technique (Sanger et  al. 1977). The next developed sequencing 
method relies on the luminescent method, which has two enzymes. ATP sulfurylase 
is used to convert pyrophosphate into ATP. This product is used as a substrate for 
luciferase; hence, the amount of pyrophosphate produced is proportional to the light 
emitted (Nyrén and Lundin 1985). The Sanger’s and pyrosequencing methods 
require DNA polymerase to produce the visible output. These two methods are 
sequence-by-synthesis (SBS) techniques and observed in real time; it is established 
by PålNyrén and colleagues (Nyrén 1987; Ronaghi et al. 1996; Ronaghi et al. 1998).

Later, pyrosequencing was licensed to 454 Life Sciences, which evolved as a 
next-generation sequencing (NGS), also called the second- generation sequencing 
method. The recently developed advanced sequencing technologies of single mol-
ecule sequencing in real time, are undeniably different from previous sequencing 
technology platforms and have been defined as third-generation sequencing meth-
ods. This technology was first developed in the lab of Stephen Quake (Braslavsky 
et al. 2003). The Roche/454 FLX, the Illumina/Solexa Genome Analyzer, and the 
Applied Biosystems SOLiDTM Systems are the three commonly used platforms in 
next-generation sequencing. Recently, the HelicosHeliscopeTM and Pacific 
Biosciences SMRT instruments have been commercialized for sequencing. Though 
different NGS platforms have been established, the working protocol follows three 
steps: sample preparation, (2) sequencing, and (3) data analysis. The platform and 
its specifications and sequencing methods were reviewed by Goodwin et al. (2016). 
The comparison of technologies and workflow application of technologies is given 
in Table 16.2 (Kumar et al. 2019) (Fig 16.1).

Roche/454 FLX Workflow Adopted from https://allseq.com/
 1. The first step of the DNA is breakup into more fragments of approximately 

200–600 base pairs.
 2. A short stretch of DNA called an adaptor attaches to the DNA fragments. 

Incubate the fragments with sodium hydroxide to make a single strand of the 
adaptor and DNA fragment.

 3. The DNA fragments are washed across the flow cell, the complementary binds 
to primer stay on the surface of the flow cell, and the unbonded will be 
washed out.

16 Insights on the New-Generation Technologies and Role of Bioinformatics Tools…
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Fig. 16.1 Short-read and long-read sequencing technologies. (a) Illumina sequencing; (b) PacBio 
sequencing involves a circular consensus sequencing (CCS) SMRTbell technique. (c) Nanopore 
sequencing

 4. DNA replicates to form a small cluster with identical sequences. These clusters 
emit a signal that a camera can detect.

 5. Unlabeled nucleotides and DNA polymerase are added to lengthen and join the 
strands of DNA attached to the flow cell. This establishes bridges of dsDNA 
between primers.

 6. The double-stranded DNA is then broken down into single-stranded DNA using 
heat, leaving several million dense clusters of identical DNA sequences.

 7. Labeled terminators (terminators are a version of nucleotide base—A, C, G, or 
T—that stop DNA synthesis) are added to the flow cell.

 8. The DNA polymerase binds to the primer and adds the first fluorescently labeled 
terminator to the new DNA strand. Once a base has been added, no more bases 
can be added to the DNA strand until the terminator base is cut.

 9. Lasers are passed over the flow cell to activate the fluorescent label on the 
nucleotide base. This fluorescence is detected by a camera and recorded on a 
computer. Each terminator base (A, C, G, and T) gives off a different color.

 10. The fluorescently labeled terminator group is then removed from the first base, 
and the next fluorescently labeled terminator base can be added. And so, the 
process continues until millions of clusters have been sequenced.

 11. The DNA sequence is analyzed base-by-base during Illumina sequencing, mak-
ing it a highly accurate method. The sequence generated can then be aligned to 
a reference sequence; this looks for matches or changes in the sequenced DNA 
(Fig. 16.2).
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16.12  Microbiome Data Analysis

The data generated analysis by QIIME (Quantitative Insights Into Microbial 
Ecology) has many useful and important bioinformatic tools needed for microbi-
ome analysis. The data generated is also compatible with other program tools 
(Navas-Molina et al. 2013). The data analysis should be supported by different tools 
listed here. QIIME wrapper QWRAP guides users to use publicly available tools 
like FASTQC for quality checking and FASTX quality filtering, followed by QIIME 
tools to perform microbiome analysis. QWRAP used the bash, Perl, python, and R 
languages to work on Illumina fastq files (GitHub at https://github.com/QWRAP/
QWRAP). QWRAP is designed for de- multiplexed datasets.

The user should have ideas on software on a Linux operating system. These can 
be installed in Linux or QIIME virtual box (see http://qiime.org/install/virtual_
box.html):
 (a) QIIME: There are several ways to install QIIME (http://qiime.org/install/

index.html).

Fig. 16.2 Overview of Roche/454 FLX pyrosequencing platform workflow

16 Insights on the New-Generation Technologies and Role of Bioinformatics Tools…

https://github.com/QWRAP/QWRAP
https://github.com/QWRAP/QWRAP
http://qiime.org/install/virtual_box.html
http://qiime.org/install/virtual_box.html
http://qiime.org/install/index.html
http://qiime.org/install/index.html


314

 (b) USEARCH (http://www.drive5.com/usearch/). After downloading the 32bit 
Linux binary, rename the binary file to usearch61.

 (c) FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
 (d) FASTX (http://hannonlab.cshl.edu/fastx_toolkit/).
 (e) R (http://www.r- project.org/).

Protocol
 1. First, always create a new directory for storing files created during the analysis.
 2. Transfer all the raw data files to a fastq format folder. One fastq file indicates one 

sample here. The QWRAP program only works on the files in a given folder with 
fastq/fastq.gz format.

 3. We run the quality check on the data in the files; it is performed in two steps.
 4. First, all the sequences are trimmed to a defined sequence length as programmed 

by the user.
 5. The final check generates the quality report for the filtered data reads, followed 

by further checks with a QScore>20 over at least 80% of the bases retained. The 
generated input files compatible with QIIME files present in the dictionary will 
be included in the analysis.

 6. The program runs to analyze the data and generate several files. It generates 
seqs.fna;mapping.txt; sample_order.txt; script.sh.

 7. The generated results can be summarized into an HTML report. This format is 
stable and easy to transfer to another user. The HTML report is generated by 
running the program (report_microbiome.sh.)

 8. Then, it creates a html file named “ microbiome_report.html” in the Analysis 
directory (Fig 16.3).

16.13  Standards Followed in the Microbiome Research

Microbial research has tremendously increased after next-generation sequencing 
technology development. DNA amplicon sequencing is a key stem for microbial 
characterization and has complications too. It is clear and well said that DNA 
extraction results from microbiome analysis (Sinha et al. 2017). Due to the different 
methods used to process the samples, the same and reliable results do not overlap 
for the same samples (Angelakis et al. 2016), and interpretation will be difficult. A 
major problem faced is the lack of control in the sample processing. It is a very 
important and good practice to perform control in all the steps of experimental 
methods. The significance of microbial studies identified might have been due to a 
lack of knowledge and inaccessibility of positive controls (Hornung et al. 2019). 
There are several factors that must be considered in microbial research.
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Fig. 16.3 QIIME (Quantitative Insights Into Microbial Ecology) workflow overview. PCoA, prin-
cipal coordinates analysis; OTU, operational taxonomic unit; ANCOM, analysis of composition of 
microbiomes

16.14  Positive Controls Should Be Considered 
in Microbial Research

The selection of positive organisms is important in an experimental pool. We should 
know what microbes are present in the sample before using a positive control. Most 
of the microorganisms are commercially available to select as a positive control. If 
commercially not available, custom-designed positive controls could be needed. 
Interdependency between the DNA extraction kit and positive control is important 
(Hornung et al. 2019). The kit methods will be standardized using the positive con-
trol developed by the manufacturer. They can extract the DNA from the positive 
control manufacturer’s use, but the sample results can’t be guaranteed while using 
it for the other microbial communities. Many factors influencing the DNA extrac-
tion metabolites produced by microbial communities may interact with the extrac-
tion process (Angelakis et al. 2016). Amplification of the microbiome with bias and 
errors will be observed if an amplification protocol is adjusted to an average GC 
content. Microbes containing high and low GC content may not be amplified. It 
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results if amplification biases exist (Benjamini and Speed 2012). Positive controls 
can identify these problems, which helps distinguish amplification bias and errors 
from DNA isolation protocols (Costea et al. 2017). Computational analysis chal-
lenges influence the communities’ classification and taxonomic assignment. Using 
multiple microorganisms with the same strains in the sample of different richness in 
a positive control can help to get accurate binning results during the parameter like 
GC content as a specific parameter in the binning process (Sangwan et al. 2016).

16.15  Negative Controls Considered in Microbiome Analysis

Also, negative controls in microbiome research play a key role. It should be consid-
ered at which step it is important to consider and in what way it has to be used—a 
few of the points discussed here. Sampling is an important step; a negative sample 
should always be considered. For instance, if a cohort sampling is obtained from a 
patent in a given location, there may be a chance of contamination from the 
researcher who is collecting a sample and the equipment used for sampling. 
Additionally, the researchers must also handle negative swabs, and DNA extraction 
must be carried out with the same samples. If no DNA is observed in the control, the 
experiment shall be carried for further analysis (Vandeputte et al. 2017). Index hop-
ping is another problem in data analysis; if samples are multiplexed during the same 
run, the non- ligated adopters from one sample will vary and be inaccurately assigned 
to another.

In some cases, the negative controls might have the data as of the sample profile. 
In these cases, it is difficult to decide the true contamination and index hopping, and 
carrying a control sample from the first step of the experiment is useless (Edmonds 
and Williams 2017). The figure below indicates the possible chances of contamina-
tion and bias resulting in stages while working in microbiome research and analysis 
(Fig. 16.4).

Fig. 16.4 Schematic overview of experimental and data analysis challenges associated with 
microbiome research
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Solving all the associated problems is difficult, but negative control is always 
important (Zhong et al. 2018). New methods developed to reduce contamination are 
also tried, but the standardization of new method in laboratories is not easy (Minich 
et al. 2018). A negative control is crucial for data analysis, and number reads are 
also considered. While extracting DNA from a sample, we should ensure that the 
desired microbes are abundant enough while using positive control. In sequencing, 
the positive control should not introduce any sequences or errors. Good scientific 
practice should be applied throughout the experiment. Trials with newly developed 
methods in research and publishing papers are important; it will help to interpret 
other data. Microbiome research has become an emerging and important area of 
research in human health and benefit; developed and modified methods without a 
proper control sample and standards generated biased results.
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