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Preface 

The incredible power of the invisible kingdom of microbes is continuously gaining 
appreciation for their vital role in health and disease. Recent advances in research 
revealed that microbes constitute nearly 20% of the total living biomass and hence 
can benefit mankind in many ways. In other words ‘Microorganisms will give you 
anything you want if you know how to ask them’. This statement by Kinichiro 
Sakaguchi rightfully exemplifies the unequivocal contribution of microorganisms in 
the functioning of virtually every aspect of life on earth. The ubiquitous nature of 
microbes, their co-evolution, co-diversification, and the function they perform 
together with humans have laid the foundation for the concept of the human 
microbiome. Microbiome has become a critical component of the human existence, 
with a diverse array of roles in human health as well as the development of 
sustainable ecosystem. While studies on the diversity of human microbes date 
back to the 1860s when Antonie van Leeuwenhoek studied and compared his oral 
and faecal microflora, we now know that microbiome is a complex ecosystem 
consisting of archaea, bacteria, protozoa, viruses and fungi. The composition of 
microbial communities or microbiome varies not only in different individuals but in 
different organs of the same individual. Thus, microbiome-based treatment specific 
to each population may take the conventional line of treatment towards personalized 
medical intervention. In the last decade, we have witnessed rapid progress in 
research on various aspects of the human microbiome, particularly the gut 
microbiome and its influences on and vital role in modulating key markers of health 
and disease. 

Under normal conditions, microflora particularly of the gut are involved in a 
symbiotic association with the host wherein the latter provides the gut microbiome 
with a nutrient-rich environment for its survival as well as proliferation, and gut 
microbes, in turn, perform important functions within the host that human genes 
cannot perform. The production of essential vitamins, absorption of iron, induction 
of immunity to confer protection from various pathogenic organisms along with 
directly competing with these harmful bacteria by production of various antibacterial 
substances are some of the examples of functions that can only be carried out by 
microbial genes in the human body. This association is quintessential in determining 
the host health status, and any deviation from this leads to a state of dysbiosis. There 
is growing evidence that dysbiosis can lead to several manifestations ranging from
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irritable bowel syndrome and obesity to diabetes, cardiovascular diseases and even 
the development of cancers. 

vi Preface

Besides the role of the microbiome or commensals in maintaining homeostasis or 
symbiosis, the contribution of microorganisms to human health can also be traced 
back to the discovery of microbially derived antibiotics, i.e. penicillin, which marked 
the beginning of the antibiotic era. Since then, a wide range of life-saving antibiotics 
have been produced using microbes. Antibiotics prove to be the miraculous drugs for 
treating several infections; however clinical medicine started facing challenges in 
view of the emergence of antimicrobial resistance, for which the potential use of 
beneficial microbes is being looked into. 

The potential of microbes is being exploited for developing vaccines against 
several infections. The current era of the Covid-19 pandemic has underpinned the 
fundamental role played by microorganisms in shaping human life. While the 
disease itself is caused by a microbial agent (SARS CoV-2), the most effective 
weapons developed by humans against this virus, i.e. the vaccines, are also 
microbially derived. Thus, there have been a wide range of microbes-driven 
applications in disease prophylaxis and treatment, be it in the form of probiotics, 
vaccines, and antibiotics, or protein therapeutics. 

Microorganisms are believed to be smarter than humans, but, if mankind exploits 
their potential more intelligently, problems being faced by the world today including 
food, health and well-being can be adequately taken care of. Keeping this essence, 
the present book aims to present the reader with recent advances being made in the 
field. 

New insights concerning the role of microbiome in human health as well as in 
diseases have been discussed in some chapters. The section discusses how a bal-
anced microbiota composition confers health benefits to the human host and the role 
of probiotics in maintaining the gut homeostasis. Further, the role of microbiome in 
various manifestations such as metabolic disorders, reproductive diseases, cardio-
vascular diseases and cancer has been elaborated. 

Chapters on the emerging microbial technologies in microbiome research, such as 
Crisper-Cas, genome engineering, and development of nanoparticles, have also been 
included. The possible exploration of such technologies to interrogate the potential 
of gut microbiota in human health has been discussed. 

The book includes chapters on the application of microbial products that impact 
human health. These provide relevant information about the exploitation of microbes 
in the production of vaccines and microbes induced calcite precipitation approach. 
Since good health starts with good food, any human deprived of daily nutritional 
requirements cannot remain healthy and is more prone to diseases. From this 
perspective, the contribution of microbial functional foods and nutraceuticals to 
human health has also been described. 

In addition to chapters on the applications of beneficial bacteria, the concept of 
fungi and bacteriophages is envisaged for the treatment of various infectious 
diseases. 

The volume has been prepared with the wholehearted support of all the 
contributors.
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Microbial Diversity and Their Role 
in Human Health and Diseases 1 
Musadiq Husain Bhat, Younis Ahmad Hajam, Neelam, 
Rajesh Kumar, and Diksha 

Abstract 

Micro-organisms are as old as human civilization and have co-evolved with 
human beings by inhabiting either inside or outside their body for deriving 
food and nutrition. Since time immemorial, these tiny animals/microbes have 
played a vital role in human health both in positive and negative manners. There 
is a close association between human health and microbial disease; however, the 
survival of these microbes/pathogens in the bodies of human beings gets affected 
in several ways, one of which is an environmental factor that immensely 
interferes with human–microbial interaction. Modern studies/research on micro-
organisms affecting human health have become much more refined and inclusive. 
Therefore, in depth research should be conducted on the human–microbe 
interactions that may lead to understanding the role of microbiota inhuman health 
and disease and provide new therapeutic goals and treatment approaches in 
clinical practices. The present chapter has been designed to summarize the role 
of human health in the development of major human diseases, such as liver
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diseases, gastrointestinal, metabolic, respiratory, mental or psychological, and 
autoimmune disorders.

2 M. H. Bhat et al.

Keywords 
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1.1 Introduction 

Microbes, due to their distinctive capability to adapt to extreme situations, have so 
far been found in almost every imaginable environment. Advanced techniques have 
revealed enormous diversity within microorganisms. This group now represents 
three distinct life domains, viz. Bacteria, Archaea, and Eucarya, and perhaps still 
hiding many undiscovered types (Woyke and Rubin 2014; Fuerst 2014). Therefore, 
methods usually used for the characterization of bacteria and archaea in natural 
communities are nowadays also applied to uncultured eukaryotes and viruses. 
Microbial diversity is actually staggering; however, all these micro-organisms can 
be classified into five groups, viz. Bacteria, Archaea, Fungi, Protozoa, and Viruses 
(Cuvelier et al. 2010; Breitbart et al. 2002). Indeed, microorganisms are pioneer 
colonizers and have had a profound effect on climate and environment, over 
geologic time. The limitations of microbial life are still unknown. 

1.2 Main Types of Microorganisms 

Microorganisms may be grouped into five major types that include Bacteria, 
Archaea, Fungi, Protozoa, and Viruses. 

Bacteria: Bacteria are found in almost every habitat on earth, including the 
human body. Besides showing the least complex structures, they have the highest 
metabolic flexibility and are highly diverse. It is estimated that there are more than 
50 phyla of this group, which have so far been estimated on the basis of the 
conserved 16S rRNA sequence analysis. Bacteria are prokaryotic with cell walls 
containing mainly peptidoglycan. Bacteria are usually described according to their 
general shapes that “include rod-shaped (bacillus), spherical (coccus), or curved 
(spirochete, spirillum, or vibrio)”. The characteristics of these bacteria are high 
replication rate, high surface area, and genetic flexibility. The basic simple features 
of the bacterial cell enable it to respond quickly to adaptations to extreme environ-
mental circumstances (Schloss and Handelsman 2004; Roane et al. 2009). Mostly, 
bacteria are harmless or beneficial, but some are pathogenic and cause various 
diseases in animals including humans. 

Archaea: Archaea are microbes that resemble bacteria in shape and size when 
observed under the light microscope but they are distinct at the genetic and 
bio-chemical levels. They may be the oldest life form on Earth as they appear to 
be the simplest form of life. On the basis of their habitat, Archaeans can be divided



into halophiles (salty environment), psychrophiles (cold-temperature habitat), and 
thermophiles (extremely hot temperatures). It is believed that Archaea reside in 
extreme environments and, hence, were called extremophiles, but recent 
observations suggest that they inhabit a variety of normal environments as well 
including soil, seawater, or even sewage (Giovannoni and Stingl 2005). So far, no 
pathogenic archaea have been isolated (Cavicchioli et al. 2003). 
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Fungi: The cell wall of fungi is composed of chitin rather than cellulose. Fungi 
comprise a large of eukaryotic micro-organisms, having the maximum biomass. 
About 1.5 million fungal species have been reported in the world; however, only 7% 
of them explored so far. Based on morphology, fungi are further grouped as moulds, 
mushrooms, and yeasts. 

Protozoa: Protozoa are unicellular eukaryotic micro-organisms having relatively 
complex structures. All protozoa live in water bodies and mostly inhabit freshwater 
and marine habitats, although some are terrestrial in moist soils and gastrointestinal 
tracts of animals. Nearly 50,000 species of protozoa have been explored so far, 
which are mostly free-living organisms. It has been revealed that the single-celled 
protozoa are polyphyletic eucaryotic microorganisms. Parasitic protozoa in humans 
are usually less than 50 μm in size. The smallest is 1–10 μm long. Balantidium coli 
may measure 150 μm. 

Viruses: Viruses are acellular microorganisms (not composed of cells) consisting 
of proteins and genetic material (DNA or RNA), which are inert outside of their host. 
These are biological entities having nucleic acid encapsulated within a protein coat 
called capsid in different sizes and shapes. Their growth cycle can be defined in five 
steps, viz. adsorption, penetration, replication, maturation, and release. 

Trillions of symbiotic microorganisms live on and within the body of human 
beings and contribute to human health and disease. The microbiota of the human 
body, particularly the gut microbiota, carries about 150 times more genes than that of 
the entire human genome (Ursell et al. 2014). Advanced studies have shown that the 
microbiome is involved in regulating epithelial development, amending the meta-
bolic phenotype, and inducing innate immunity (Savage 1977; Whitman et al. 1998; 
Ley et al. 2006, b; Wang and Li 2015). Chronic diseases, such as diabetes mellitus, 
obesity, metabolic syndrome, inflammatory bowel disease, atherosclerosis, alcoholic 
liver disease, cirrhosis, non-alcoholic fatty liver disease, and hepatocellular carci-
noma, have been associated with the human microbiota (Ley et al. 2006, b; Wang 
et al. 2016) (Figure 1.1). In recent times, evidence has strongly suggested the vital 
role of the microbiota in human health and disease (Ley et al. 2006, b; Gill et al. 
2006; Roberfroid et al. 1995; Cash et al. 2006; Hooper et al. 2003; Schauber et al. 
2003; Bouskra et al. 2008; Rakoff-Nahoum and Medzhitov 2008; Macpherson and 
Harris 2004; Sekirov et al. 2010; Sartor 2008; Liu et al. 2004; Scanlan et al. 2008; 
Verhulst et al. 2008; Finegold et al. 2002; Wen et al. 2008) through a number of 
mechanisms. The microbiota contains more versatile genes as compared to those 
found in the human genome, which provides the human body with exceptional and 
specific enzymes and pathways (Gill et al. 2006). Furthermore, a large number of 
metabolic microbiotic processes that are beneficial to the host include the metabo-
lism of undigested sugars and vitamin synthesis (Roberfroid et al. 1995). The human



microbiota also provides a barrier, protecting the host body against pathogens by 
producing antimicrobial substances and competitive exclusion (Cash et al. 2006; 
Hooper et al. 2003; Schauber et al. 2003). Moreover, studies have shown the crucial 
role of microbial symbiosis in the development of many diseases, such as infections, 
liver diseases, gastrointestinal malignancy, metabolic disorders, respiratory diseases, 
mental disorders, and autoimmune diseases (Ley et al. 2006, b; Sartor 2008; Liu 
et al. 2004; Scanlan et al. 2008; Verhulst et al. 2008; Finegold et al. 2002; Wen et al. 
2008). In this chapter, we provide an overview of the role of micro-organisms in 
human health and diseases, and potential advancement in the improvement of 
clinical applications to prevent and treat human diseases. 
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Fig. 1.1 Human microbial interaction causing various diseases 

1.3 Microorganisms in Human Health 

The microbiome in humans affects the host body structure to an exquisite extent. 
Trillions of microbes in the form of colonies are present in the human body, which 
includes bacteria, archaea, viruses, and eukaryotic ones. Microbial composition and 
function vary with host location, age, race, sex, and diet (Hollister et al. 2014). 
Symbiotic bacteria colonize the host immediately after birth. This community slowly



evolves into a highly diverse ecosystem along with the development of hosts. With 
time, the host–bacteria relationship has evolved into a favourable one. Commensal 
bacteria digest indigestible compounds, supply essential nutrients, and prevent 
colonization by foreign pathogens (Round and Mazmanian 2009). For instance, 
the human gut microbiota is involved in the digestion of certain indigestible in the 
stomach and small intestine and plays a vital role in energy homeostasis mainte-
nance. These foods include fibres, e.g. xyloglucans, usually found in vegetables and 
digested by certain species of Bacteroidetes (Larsbrink et al. 2014). Other indigest-
ible fibres like fructo-oligosaccharides and oligosaccharides are consumed by bene-
ficial microbes like Lactobacillus and Bifidobacterium (Goh and Klaenhammer 
2015). Several studies have revealed the role of gut microbes in protein and lipid 
homeostasis and the biosynthesis of some essential vitamins (Morowitz et al. 2011). 
However, all microbes are not beneficial for health, and some microbes induce 
inflammation under certain conditions. 
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Fig. 1.2 Interaction of microbiota with the human body 

The human body is inhabited by a large number of microorganisms distributed in 
various body parts. It is estimated that the abundance of microbiota is higher than the 
cell number in the body and directly affects the immune system and better utilization 
of food (Fig. 1.2).
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1.4 Microbes on Skin 

Skin is the largest human organ that is in contact with the world and is the home of 
diverse microbe populations. Nearly, 1000 species of bacteria, fungi, viruses, and 
other microorganisms inhabit the skin, mostly they are beneficial for human beings. 
Formation of colonies on the skin shows variations depending on endogenous host 
factors, topographical location, and exogenous environmental variables. Symbiotic 
microorganisms occupy the skin and prevent the invasion of pathogens or harmful 
micro-organisms. Bacillus subtilis protects the skin by bacitracin on the skin, which 
fights to protect the skin from different microbes. Microbiota of the skin helps in the 
production of billions of T cells and keeps them ready against the attack of the 
pathogen (Cogen et al. 2008). Primary bacterial colonizers are Staphylococcus 
epidermidis and other coagulase-negative Staphylococci. Other microorganisms 
that are generally regarded as skin colonizers are species of Corynebacterium, 
Propionibacterium, and Brevibacterium. Most commonly isolated fungal species 
is Malassezia sp., which is especially prevalent in sebaceous gland areas of the skin 
The Demodex mites, viz. Demodex folliculorum and Demodex brevis are micro-
scopic arthropods and these are also regarded as part of the normal skin flora (Grice 
and Segre 2011). 

1.5 Microbes in the Nasal Cavity 

Evidence suggests that microbes of the nasal cavity contribute to the importing of the 
reactions of the mucosal and immune systems. Studies reported that Gram-negative 
bacteria are absent in the nasal cavity but are present in the pharynx. However, 
viridans type Streptococci is sporadically present in the nasal cavity. Conversely, 
species of Corynebacterium, Aureobacterium, Staphylococcus, and Rhodococcus 
have been found predominately present. This suggests that microbiota present in the 
nasal cavity of adult humans is extremely different from the pharynx (Rasmussen 
et al. 2000). A study by Savolainen and his co-workers (Savolainen et al. 1986) 
showed that out of examined nasal cavities of 97 young healthy persons all had 
aerobic bacteria and 76.5% cavities had anaerobic bacteria. They concluded that the 
most common aerobic bacteria found was Staphylococcus epidermidis in 79% of 
cases, whereas diphtheroids were found in 41% of cases and Staphylococcus aureus 
in 34% of examined cases. They also found Haemophilus influenzae and Strepto-
coccus pneumoniae in 5% and 0.5% of cases, respectively. The anaerobic bacteria 
found were Propionibacterium acnes and Peptococcus magnus in 74.5% and 3.5% 
of cases.
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1.6 Microbes in the Oral Cavity 

The oral microbiota comprises over 600 species. Most organisms that colonize the 
oral cavity are beneficial to human health but some transit from a commensal 
relationship to pathogenicity, which may be due to environmental changes or 
personal hygiene (Dewhirst et al. 2010). The oral microbiota includes the species 
of Actinobacteria, Fusobacteria, Bacteroidetes, Chlamydiae, Proteobacteria, 
Firmicutes, Synergistetes, Chloroflexi, Spirochaetes, Euryarchaeota, Streptococcus, 
and Tenericutes. 

Both agonist and antagonist interactions have been found among these microbes. 
For instance, the relationships between Actinomyces naeslundii and Streptococcus 
gordonii are both agonists and antagonists in nature as both are involved in biofilm 
production. The A. naeslundii allows S. gordonii to grow in the absence of arginine 
and removes hydrogen peroxide from cultures, which leads to decreased protein 
oxidation in S. gordonii. On the other hand, hydrogen peroxide produced by 
S. gordonii obstructs the growth of A. naeslundii (Jakubovics et al. 2008). 

1.7 Microbes in Human Gut 

In the gut of humans, various microbes are present which assist in digestion and 
prevent pathogenic microbes. In newborns, the diversity of microbiota of the 
intestines is very less diverse and dominance of the phyla Proteobacteria and 
Actinobacteria. Initially, microbial colonization of the gut in infants seems to be 
dependent on delivery mode. Vaginally delivered babies obtain microbiota similar to 
those of the mother’s vagina, which is mostly dominated by Lactobacillus and 
Prevotella (Rutayisire et al. 2016). The type of delivery influences the diversity 
and pattern of colonization in the gut during the infants' early years. Feeding habits 
also affect the diversity and forms in the gut microbiota. It is found that at the age of 
2.5 years, the microbiota composition in the gut resembles fully that of an adult. The 
gut microbiota becomes more diverse with the advent of the dominance of Clostridia 
and Bacilli, Bacteroides fragilis and B. thetaiotaomicron, which resemble the adult 
microbiota composition (Hsiao et al. 2008). The microbiota composition is 
influenced by age, diet, and socio-economic situations. Host–microbe interactions 
have been well studied. For instance, the ability of bacterial disaccharidases to 
recover unabsorbed dietary sugars and convert them into short chain fatty acids, 
which are later utilized as an energy source by the colonic mucosa (Wong et al. 2006; 
den Besten et al. 2013). The gut microbiota also plays a vital role in guarding the 
host against pathogenic colonization. Intestinal bacteria produce a number of 
substances, like fatty acids, peroxides, and bacteriocins, which can inhibit potentially 
pathogenic bacteria. Some strains also produce proteases having the potential of 
denaturing bacterial toxins (Quigley 2013).
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1.8 Microbes in the Reproductive Tract 

Successful reproduction in humans is possible only due to a healthy microbial 
community in the reproductive tract. Microbes exist throughout the entire female 
reproductive tract in variable compositions and densities. These play an important 
role in gametogenesis, pregnancy, reproductive cyclicity, and successful delivery of 
babies. Vaginal microbiota plays an important role in the prevention of various 
diseases like bacterial vaginosis, sexually transmitted diseases, yeast infections, 
urinary tract infections, and human immunodeficiency virus (Haldar et al. 2016). 
Lactobacillus sps. in the vagina is believed to play the protective role as they lower 
the pH through lactic acid production and by producing some bacteriocidal and 
bacteriostatic substances or through exclusion. The levels of Lactobacilli fluctuate 
with menstrual periods with a prominent increase in Gardnerella vaginalis, which 
may be attributed to increased iron because of the presence of vaginal blood. A 
healthy vagina contains a low number of Lactobacillus species with L. crispatus, 
L. jensenii, L. iners, and L. gasseri being predominant. The microbiota of the male 
genital tract has an important role to play in the reproductive life of the person. 
Studies have revealed the presence of microbiota in the urethra and coronal sulcus of 
the male genital tract. Mostly, the upper genital tract has been reported to be free 
from these microorganisms. Allhough, the presence of coryneform bacteria has been 
reported, which plays a key role in the male urogenital tract. The interactions 
between the microbiota of male and female genital tracts have not been observed 
(Mändar 2013). 

1.9 The Microorganisms in the Disease 

Microorganisms and Infectious Diseases 

1.9.1 Infection with Clostridium difficile 

The bacterium originally known as Bacillus difficilis was later renamed Clostridium 
difficile due to the difficulty related with its isolation in the laboratory. C. difficile 
results in human-associated diarrhoea, which is now called C.difficile infection 
(CDI), the main causes of nosocomial infection, mainly occur in developed 
countries. Alterations in antibiotics strategies result in the development of toxins 
that are responsible for the higher mortality rates associated with CDI; hence, the 
epidemiology and seriousness of CDI have been changed. In addition to CDI, 
C. difficile is also responsible for conditional infections in the gut of humans 
generally when the microbiota of gut is interrupted by a wide spectrum of antibiotics. 
The disruption of normal microbiota occurs as spores of C. diffcile germinate and 
spread in the gut mucosa by binding with the mucosal layer of the epithelium 
through flagella where various proteins are associated with the binding of C. diffcile.
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Clostridum difficile is a Gram-positive, anaerobic, spore-bearing, toxin-forming 
bacillus, which was formally renamed in 2016 to Clostridioides difficile. Spores of 
C. dfficile spread through the faecal–oral route, and the pathogen is broadly present 
in the environment. The potential source of C. difficile includes asymptomatic 
carriers, infected patients, the polluted environment, and intestinal tract of animals 
(canine, feline, porcine, avian). About 5% of adults and 15–79% of infants are 
colonized by C. difficile, and the colonizing ability is many times higher in patients 
admitted in hospitals or those admitted nursing homes (Czepiel et al. 2019). “Prior to 
the insertion of antibiotics, the prevalence of C. difficile in the pathogenesis of large 
intestine diseases rises”. 

CDI is one of the main causes of nosocomial infectious disease which mainly 
occurs in developed countries (Khanna et al. 2012; Hung et al. 2013; Loo et al. 
2011). It has been reported that 75% of antibiotic-related cases are caused by 
C. difficle, and 90–100% are caused by pseudomembranous colitis (Eyre et al. 
2013). Initially, for certain years, C. difficle has remained vague; however, after a 
decade, this causative agent shown a striking increase in CDI cases, and then after, 
the cases of CDI have become a very common cause of nosocomial diarrhoea, 
especially in developed countries. However, a higher prevalence of CDI was 
recorded in North America, Europe, Australia, and various parts of Asia (Oren and 
Garrity 2019; Khanna et al. 2012; Clabots et al. 1992). The Centres for Disease 
Control and Prevention (CDC; Atlanta, GA) estimated that 2,50,000 individuals 
were found infected per year, and 14000 died due to CDI in the United States alone 
(Clabots et al. 1992). 

A sudden rise in the prevalence and pathogenicity has been found to increase in 
other parts of the world. This consistent increase in CDI is related to hospital 
emergence in Europe. Clostridiodes difficile infection in children (CDI) is like a 
consistent or severe disease. Most children suffering from Clostridiodes difficile 
infection (CDI) have been observed with mild to moderate diarrhoea and with the 
administration of antibiotics having a continuous clinical cure. Whereas in some 
patients who suffer from other complications, 20–30% suffer continuous and seri-
ous, or fulminant CDI has led to poor outcomes in children. 

1.9.2 Infection with Helicobacter pylori 

In our gastrointestinal tract, a diverse type of micro-biome is present, which 
constitutes 80% of the overall microbial biomass. Previously, it was believed that 
the stomach is sterile. In the 1980s, Marshall and Warren isolated Helicobacter 
pylori (H. pylori) from gastric biopsies collected from patients suffering from 
chronic gastritis and peptic ulceration and were awarded Nobel Prize in 2005 in 
Physiology or Medicine for their discovery (Pattison et al. 1997). Moreover, other 
than H. pylori, other micro-organisms are also present in the stomach, which 
mutually constitutes a microbial environment in the stomach and might be associated 
with the presence of various gastrointestinal diseases. It has been examined that 
approximately 1014 bacteria are pre-set in the intestines of a normal healthy person,



which creates a microbiome and maintains an dynamic equilibrium ecosystem 
(Honda and Littman 2012). Commonly, the number of bacteria varies from stomach 
to intestines and is present in large numbers; however, the concentration of bacteria 
increases successively. However, in the buccal cavity, a number of bacteria are 
higher, whereas in the stomach, the bacterial count is very less. In the small intestine, 
a large number of bacterial colonies are present, whereas in the colon part of the 
intestine constitutes, a higher number, viz. 1010 times higher number than the 
stomach (Hattori and Taylor 2009; Arweiler and Netuschil 2016). Few studies 
have reported that microbes present in the stomach and duodenum are mostly 
because of specific physiological processes like gastric acid secretion, secretion of 
bile, and motility of gastrointestinal tract. 
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1.10 Interactions Between Microbes in the Stomach 

The gastrointestinal micro-ecosystem constitutes a unity developed by the interac-
tion and effect of the gastrointestinal flora, its host, and also external environment. 
The function of gastrointestinal flora maintains the stability and equilibrium of the 
gastrointestinal micro-ecosystem via several regulatory systems and signalling 
pathways. If this balance is disturbed, this results in an imbalance in microecology 
and causes various diseases. Recent studies reported that non-H. pylori gastric 
micro-organisms are associated with gastric diseases, and H. pylori gastric micro-
organisms also interact with other gastric micro-organisms. When H. pylori forms 
colonies within the gastric mucosa, it alters the environment in the gastric system 
through the decomposition of the mucosal layer and alkalizing gastric juice (Kelly 
et al. 1993). Other studies explored that non-H. pylori of gastric micro-organisms are 
associated with the development of gastric cancer. When Ins-GAS mice were 
administered antibiotics, they developed gastric cancer (Lofgren et al. 2011). 
Alterations in the gastric eco-microbiological environment following H. pylori 
elimination revealed that H. pylori influences the association of other micro-
organisms in the stomach, probably promoting the development of inflammation 
and cancer in patients (Sung et al. 2020). By the elimination of H. pylori it is able to 
prevent the development of gastric mucosal lesions (Sung et al. 2000; Doorakkers 
et al. 2018); however, in some patients, continuous development of precancerous 
lesions, such as gastric atrophy (GA) and intestinal metaplasia (IM), following the 
radical treatment with H. pylori was observed (Soeta et al. 2009). It has been 
reported that only 3% or less than that who were found infected with H . pylori 
develop gastric cancer (Hooi et al. 2017) and approximately 20% of patients 
suffering from chronic gastritis were found negative for H .pylori, which indicates 
that other micro-organisms could induce gastritis and sometimes gastric cancer 
(Zavros et al. 2002). 

Even though H. pylori initiates the inflammation in the gastric tract, and other 
micro-organisms having the ability to secrete pro-inflammatory cytokines might be 
playing an essential role in the maintenance of the development of inflammation and 
unusual hyperplasia, which, in turn, results in the progression of gastric cancer.



Recent studies reported that H. pylori and EBV combined develop gastritis, peptic 
ulcer, dyspepsia, and gastroesophageal reflux disease (GERD). During the coinfec-
tion process caused by H. pylori and EBV, the deployment of immune cells at the 
site of infection considerably enhances, hence exacerbating gastric inflammation and 
damaging tissues also (Dávila-Collado et al. 2020). Monochoramine is a good 
antioxidant produced in the stomach when H. pylori causes infection, which is 
able to induce the transition of EBV from the latent phase to the cleavage phase 
(Minoura-Etoh et al. 2006), and H. pylori results in the secretion of interferon γ 
(INF-γ), which promotes the inflammatory process and aggravates the seriousness of 
the disease (Dávila-Collado et al. 2020). The microbiota in the intestines can control 
infection caused by H .pylori, and vice versa, H. pylori modulates the composition of 
the microbiota of the stomach (Espinoza et al. 2018; Coker et al. 2018; Alarcón et al. 
2017). However, the microbiota present in various human niches directly or indi-
rectly affects the infection caused by viruses including EBV and human papilloma-
virus (Wakabayashi et al. 2019). 
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Recently, changes in lifestyle such as dieting habits are associated with increased 
blood pressure, and the prevalence of H. pylori infection and gastric ulcer has 
become very high. It has been assumed that H. pylori infection is a major risk factor 
for the occurrence of gastric cancer and gastric ulcer, and it may also change into a 
malignant state. Hence, H. pylori infection and gastric ulcer have become very 
common and life-threatening health burden that needs to be treated. 

1.10.1 Bacterial Vaginosis 

The microbiome of humans is essential for health and diseases (Bernabe et al. 2018). 
The micro-environment of the vagina is a complex one in females, as it is playing a 
crucial contribution to reproduction and to protect against diseases (Guven-Maiorov 
et al. 2017). The disruption of vaginal microbiota affects the reproductive health of a 
woman and sometimes may cause infertility (Ma et al. 2019). The microbiota of a 
normal vagina includes aerobic bacteria, particularly Lactobacillus is predominantly 
present in the vagina, it suppresses the growth and colony formation of pathogenic 
micro-organisms by the production of lactic acid, H2O2, bacteriocins, probiotics, 
biofilms and bio-surfactants, and so on. The unusual interruption of the vaginal 
microbiota induces alterations in hormonal profile, smoking, use of antibiotics, and 
recurrent sexual intercourse could cause a considerable decrease in the population of 
Lactobacillus and elevate the chances of vaginal infection. These infections might be 
caused due to conditional pathogens, such as Bacterial Vaginosis (BV) (Hawes et al. 
1996), aerobic vaginitis (Donders et al. 2002), and sexually transmitted infections. 
BV is one of the most widespread reproductive infections in females having a broad 
prevalence of about 21.2 million (29.2%) (Javed et al. 2019). Moreover, BV is most 
widespread in black females in comparison to their white counterparts, whereas its 
geographical distribution is barely affected (Javed et al. 2019). The features of BV 
include environmental shifts from a Lactobacillus-dominating mixture into the 
facultative and stringent anaerobic polymicrobial mixture, such as Gardnerella,



Atopobium, Mobiluncus, Prevotella, Mycoplasma, Urea plasma, and Sneathia. 
Moreover, the prevalence of BV is comparatively higher in infertile females 
(Verstraelen et al. 2016, b). Females having infertility are more prone to asymptom-
atic vaginosis and a higher degree of BV-associated bacteria than their healthy ones 
(Babu et al. 2017). 
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It has been reported that BV is associated with other reproductive problems, such 
as miscarriage, premature birth, preterm premature rupture of membrane and other 
issues. Other studies also reported that bacterial infections in the vagina spread into 
the uterus, and the microbiota of the vagina is essential for the formation of bacterial 
colonies within the endometrium in non-pregnant women; however, the endome-
trium contains some peculiar types of bacterial species (Verstraelen et al. 2016; Chen 
et al. 2017) (Table 1.1). 

1.11 Infection with HIV 

The human gastrointestinal (GI) tract contributes a particular role in structural and 
immunological protection against exposure from outside the environment. In the GI 
tract, the mucosal surface comes in contact with food, environmental antigens, as 
well as with micro-organisms like bacteria, fungi, and viruses. Due to this reason, the 
GI tract is an essential immunological site for the maintenance of the equilibrium 
between tolerance and reactivity. The connection between innate and adaptive 
immunity in gut-related lymphoid tissues (GALT) is crucial for quick protection 
from pathogens for a prolonged time. Studies reported that HIV-1 (HIV) and its 
non-human primate corresponding partners SIV target GALT as principal sites for 
the transmission of the virus, its replication and seeding, and depletion of CD4+ T 
cells During HIV and SIV infection, CD4+ T cells become depleted at a very higher 
rate than their depletion in the peripheral blood During HIV and SIV infection, 
several factors are responsible for the rapid depletion of CD4+ T cells, such as (IL-1β 
induced pyroptosis, Fas-ligand, and TNF-α) and viral factor (HIV-1 Tat and Nef). 

HIV infection alters the constitution of the microbiota of the gut rapidly after the 
infection, which damages the intestinal barriers and also changes mucosal immune 
responses. HIV infection results in the shift of gut microbiota or dysbiosis until the 
treatment with anti-retroviral therapy (ART). ART actively inhibits the rate of 
replication in HIV; however, it does not eliminate the HIV pool or wholly reverse 
the CD4+T cells in the gut as well as in the periphery in HIV-infected persons. In 
HIV-infected individuals, an unconventional microbiota has the ability to systemic 
inflammation or may also maintain it. The alterations in microbiota take place in two 
ways in HIV-infected patients. The first trend is related to sexual activity, indepen-
dent of HIV infection. HIV-induced dysbiosis was found related to the decreased 
alpha diversity, abundance of Gamma proteobacteria, such as Enterpbacteriaceae, 
and reduction in Lachinospiraceae and Ruminococcaceae (Vujkovic-Cvijin et al. 
2020). HIV-induced decrease in alpha diversity is predominantly found in patients 
having low CD4 count (Monaco et al. 2016; Parbie et al. 2021; Ishizaka et al. 2021). 
Enterobacteriaceae and Desulfovibrionaceae are related to different chronic



S. no. Example Effect

(continued)
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Table 1.1 Showing the antimicrobial activity of different antibiotics against different types of 
microbes 

Alternative 
treatments 
for BV 

1. Antimicrobials Rifaximin Suppresses the growth of 
different bacterial species 
(Atopobiumvaginae, Prevotella, 
Megasphaera, Mobiluncus, and 
Sneathia) 

Secnidazole Shows antimicrobial activity 
against the BV-associated 
bacterial species 

2. Antimicrobial 
peptides 

Retrocyclin Suppresses the function of 
vaginolysin and reduces the 
formation of biofilm 

Subtilisin Suppresses the growths of 
G. vaginalis by the formation of 
pores in the plasma membrane 

3. Antiseptics Dequalinium chloride Shows antibacterial activity due 
to their non-specific binding on 
the plasma membrane and its 
disruption 

Povidone iodide 

Hydrogen peroxide 

Chlorhexidine 

Octenidine 

4. Surfactants Coamphopropionate Shows a broad spectrum of 
antibacterial activities 

5. Natural 
compounds 

“Prangosferulacea, Myrtus 
communis, Berberis vulgaris, 
“Zataria multiflora 
Thymus vulgaris, 
Eugenia caryophyllata, 
Calendula officinalis”, Tribulus 
terrestres, “Myrtus communis, 
Foeniculum vulgare, 
Tamarindus indica, Thymbra 
capitata, 
Artemisia princeps Pamp” 

suppression of growth in 
“G. vaginalis, antibiofilm 
activity or improves the 
symptoms like itching of vagina, 
burning sensation, odour, dysuria 
and dyspareunia)” 

6. Acidifying 
agents 

Vitamin C, lactic acid, 
polycarbophil and boric acid 

These are having potential to 
decrease the pH below 4.5, 
normalizes the pH of vagina 

7. Probiotics L. reuteri, “L. rhamnosus, 
L. plantarum, L. crispatus, 
L. fermentum, L. gasseri, 
L. brevis and L. acidophilus” 

Re-creates saprophytic vaginal 
flora 

8. Prebiotics: Fructo oligosaccharides, sugar 
alcohols, galacto-
oligosacchrides, lactulose, 
raffinose 

Supports the selective growth of 
beneficial micro-organisms



S. no. Example Effect

inflammatory conditions like inflammatory bowel disease (Figliuolo et al. 2017), 
suggesting that there exists a potential relationship between HIV-associated 
dysbiosis and chronic inflammation.
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Table 1.1 (continued)

Alternative 
treatments 
for BV 

9. Other 
substances 

Nifuratel Shows antimicrobial activity 
against G. vaginalis and 
A. vaginae 

10. Benzoyl peroxide Shows effectiveness against 
G. vaginalis 

DNase Suppresses the growth of 
G. vaginalis 

1.12 Microorganisms and Liver Diseases 

In human beings, the microbiota of the gut comprises trillions of microbes and plays 
an important role in health and diseases via different mechanisms. It has been 
reported that numerous novel activities of gut microbiota associate the gut with the 
liver (Tripathi et al. 2018; Sanduzzi Zamparelli et al. 2017). Amendments in 
microbiota cause various diseases like inflammatory bowel disease (IBD), colon 
cancer, diabetes, and hepatic diseases (Marchesi et al. 2016). Hepatic diseases cause 
about two million deaths every year in the world (Eshraghian et al. 2020), which 
includes cirrhosis and hepatocellular carcinoma and are the main cause of mortality 
and morbidity. Chronic liver diseases result due to different aetiologies, such as viral 
infections, alcoholic liver diseases (ALD), and non-alcoholic fatty liver diseases 
(NAFLD). Chronic liver disease causes fibrosis and cirrhosis in the liver having a 
higher threat of hepatocellular carcinoma. About 75% of blood for the liver is 
supplied by the portal vein, which receives blood from the intestines and spleen. 
This unique physiological constitution of the liver reflects its association with the 
gut-resident microorganisms and their metabolites. 

1.13 Non-Alcoholic Fatty Liver Disease (NAFLD) 

Non-alcoholic fatty liver disease (NAFLD) comprises a broad spectrum of hepatic 
diseases, ranging from steatosis to non-alcoholic steatohepatitis (NASH), liver 
fibrosis, and cirrhosis. The pathological process of NASH was first hypothesized 
due to the result of two hits, which are specified by hepatic steatosis and lipid 
peroxidation (Day and James 1998). However, this theory was later modified into 
multiple hits consisting of signals received from the gut or the adipose tissues like 
endotoxins, adiponectin, IL-6, and TNF-α (Tilg and Moschen 2010). In addition to



dietary and genetic factors, the microbiota of gut plays an important role in the 
pathogenesis of liver diseases involving all multiple hits (Tilg and Moschen 2010; 
Wieland et al. 2015). 
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1.14 Alcoholic Liver Diseases 

Alcohol has been considered as a potent hepatotoxin, and alcoholic liver disease is 
one of the major causes of chronic liver disease in the world (Bataller et al. 2019). 
The ALD pathogenesis involves the toxicity of acetaldehyde, hepatic steatosis, and 
inflammation. Other contributory factors involved in liver diseases are genetic and 
non-genetic, contributing to inter-individual changes in the development of diseases. 
Gut microbiota contributes significantly to the pathogenesis of alcohol-induced liver 
injury. Regular consumption of alcohol accelerates the excess growth of bacteria, 
dysbiosis, and interrupts the function of the gut barrier. The consequent transport of 
bacterial products via the portal vein initiates hepatic inflammation and metabolic 
disorders (Vassallo et al. 2015). 

1.14.1 Cirrhosis 

Cirrhosis is the last phase of chronic hepatic disease, the features of these hepatic 
diseases include the formation of nodules, regeneration of parenchyma, and some-
times goes with portosystemic shunts. Other factors associated with the pathogenesis 
of liver dysfunction included gender and socio-economic status (Eshraghian et al. 
2020). 

1.14.2 Liver Cancer 

The progress of hepatic cancer is a multiple stage process that involves various 
factors genetics, environmental factors, metabolism, and the immune system. 
Changes in the microbiota contribute to the progression of cancer and modulate 
the potency of cancer therapy (Fessler et al. 2019). In patients suffering from 
cirrhosis along with HCC, faecal microbiota dysbiosis is signified by the excessive 
growth of E. coli (Grąt et al. 2016). In human beings, Helicobacter has been detected 
in hepatic carcinoma; however, Helicobacter was not found in patients devoid of 
malignancy (Huang et al. 2004). In addition to the faecal microbiota, microbiota 
from other origins are also associated with hepatic diseases, including saliva (Bajaj 
et al. 2015, b), colonic mucosa (Bajaj et al. 2012), sigmoid mucosa (Bajaj et al. 
2015, b), and the small intestine (Chen et al. 2016). In addition to this, studies also 
reported that other constituents of the gut microbiota, such as fungi, archaea, and 
viruses, contribute to liver diseases (Lloyd-Price et al. 2016). Fungal dysbiosis is 
associated with liver cirrhosis (Bajaj et al. 2018). However, with the administration 
of antibiotics, the population of fungi has been found to reduce associated with the



incidence of Candida (Bajaj et al. 2018). Patients suffering from alcoholic liver 
diseases also show a reduction in fungal diversity. An excessive growth of Candida 
was discovered in various stages of alcoholic liver diseases, such as alcoholic 
hepatitis and cirrhosis patients (Yang et al. 2017). Viruses comprise an essential 
group of microorganisms including microbes of the gut. Histologically, the serious-
ness of NAFLD is related to the reduction in gut virome diversity (Lang et al. 2020). 
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In addition to live microorganisms, portions and extracts from bacteria, 
recognized as ‘postbiotics’, have been predominantly influencing the health of the 
host (Aguilar-Toalá et al. 2018). Postbiotics are bioactive compounds produced by 
food-grade micro-organisms. The postbiotics activities include anti-inflammatory, 
anti-hypertensive, and antioxidant (Haileselassie et al. 2016). The association 
between dysbiosis of the gut microbiome and several hepatic diseases had been 
explained at clinical and preclinical levels. Various microbes play an important role 
in different stages of liver diseases. Nutrients and metabolites produced by commen-
sal gut bacteria reach into the hepatocytes via the portal vein and affect the metabo-
lism of hepatocytes and ultimately cause liver injuries (Tripathi et al. 2018; Ridlon 
and Bajaj 2015). Bacterial and bacterial-derived products like lipo-polysaccharides 
are associated with the progression of local and systemic immunity and contribute to 
the development of hepatic diseases by disrupting the gut barrier and activating the 
inflammatory processes (Lambertucci et al. 2018). 

1.15 Microbiota in Therapeutics of Liver Diseases 

Current researchers are engaged in the development of therapeutic molecules for the 
prevention of hepatic diseases. Treatment with antibiotics (Bergheim et al. 2008), 
prebiotics (Li et al. 2003), and probiotics (Cani et al. 2007; Wagnerberger et al. 
2013) plays an important role in the inhibition of NAFLD development. The 
mechanism associated with these molecules includes hindrance in the translocation 
of bacterial endotoxins and the simultaneous stimulation of Kupffer cells and 
induction of TNF-α. 

1.16 Potential Impact of Microbiota on Liver Injury in COVID-19 
Patients 

Various studies reported that microbiota and hepatic diseases have some kind of 
relationship between them. Particular and specific microbes of the gut contribute to 
the pathogenesis and therapeutic of hepatic diseases (Oh et al. 2020). Screening 
through computational techniques and experimental studies has evidenced that a 
combined analysis between microbiota along with assessment at a clinical level will 
serve as a standard to confirm the liver disease, its stage, and the sensitivity of the 
disease. Moreover, an intrahepatic bacterial metataxonomic signature has been 
found in NAFLD patients who provided further evidence for the association of 
microbiota in the pathogenesis of diseases and associated mechanisms.
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1.16.1 Gastric Cancer 

Gastric cancer (GC) is generally diagnosed as cancer and is the fifth leading cause of 
death in the entire world (Majewski et al. 2022, b). It has been reported that GC 
caused 780,000 deaths (8.8% among all cancer deaths) in 2018. World Health 
Organization (WHO) reported that in 2020, 1,089,103 cases of GC were registered 
in the world, which constitutes about 5.6% among all cancer cases in the world. GC 
is a heterogenic type of cancer and is diagnosed at a late stage, and the preventive 
measures for this type of cancer are very complicated (Patel et al. 2017; Lee and 
Derakhshan 2013). There are various risk factors and causes of GC (Yang et al. 
2020; Sitarz et al. 2018) changes in the constitution of gastric and intestinal 
microflora (micro-biological dysbiosis and Helicobacter pylori also participate), 
inappropriate diet, environmental and genetic factors, and weakening of immuno-
logical homeostasis. 

H. pylori is most commonly associated with the development of cancer (Primo 
et al. 2022), which comprises 89% of non-cardia GC (Flood et al. 2022). Some 
studies reported that GC includes intermediate stages, such as premalignant lesions 
(atrophy, metaplasia. and dysplasia), considering the intestinal-type of GC these are 
identified as stages of carcinogenic development as stated by Correa’s hypothesis 
(Taja-Chayeb et al. 2022). H. pylorus is one of the predominant bacteria found in 
normal gastric mucosa as well as in non-atrophic gastritis (Luo et al. 2018). 
However, following the infection by H. pylori, the population of microbiome 
decreases parallelly with the reduction in H. pylori, like premalignant lesions 
(Kwak et al. 2020; Becerril-Rico et al. 2021). Lower pH (acidic) in the stomach 
creates a probable barrier for various microorganisms (Chen et al. 2019). In the 
stomach, the result of the common gastric microbiome is designated by an acidic 
micro-environment. 

Elimination of H. pylori decreased the rate of metachronous GC after the endo-
scopic resection during the initial phase of GC or higher grade of adenoma (Taylor 
et al. 2015) (Yiannakou et al. 2022). Various studies reported that the prevalence of 
H. pylori infection has declined in different countries of the world, partially con-
stantly with the decrease in GC (Zhu et al. 2013). Chronic infection of H. pylori 
causes gastritis, and in some patients, peptic ulcer disease in approximately 1% 
causes gastric cancer (Kumar et al. 2021; Zhang et al. 2016). 

1.16.2 Colorectal Cancer 

According to the World health organization (WHO), colorectal cancer has become a 
big and life-threatening health issue in the entire world. In the year 2011, cancer 
became a leading cause of death followed by stroke and coronary diseases. About 
half of these deaths were reported due to lung, stomach, and colon, breast cancer. 
Colorectal cancer (CRC) has been ranked the third disease having a higher preva-
lence in males followed by females (1.4 million in the year 2004). It has been ranked 
third as it has caused 6.9 lakh deaths annually (Jacques Ferlay et al. 2014).



Moreover, this disease is age dependent about 75% of the CRC deaths have occurred 
in people with age more than 65 years, affecting mostly males. In Europe, the 
prevalence of CRC showed a considerable decrease in countries such as Austria, 
France, Ireland, Sweden, and Norway, unlike Eastern and Mediterranean countries 
including Spain, Italy, and France (Bosetti et al. 2011). There are significant 
differences in the prevalence of CRC across the countries, which is mainly due 
to diet. 
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There are various environmental and person-specific factors associated with the 
development of CRC. In 1981, it has been reported that 90% of gastrointestinal 
cancers are due to variations in diet (Ames and Gold 1998). In the African race, the 
prevalence of CRC is rare, which is associated with the avoidance of consumption of 
animal flesh and fat within this ethnic group (O’Keefe et al. 1999). It has been 
evidenced that people migrate from low-prevalence countries to higher-prevalence 
areas showing higher rates of CRC (McMichael and Giles 1988). The essential 
contribution of environmental factors was also found in the age structure of CRC in 
developing countries. These countries are having a prevalence of CRC during their 
young age and with lower levels in the old group. There are various factors 
associated with the increased prevalence of CRC, such as a sedentary lifestyle, and 
a diet rich in meat, fat, and low in fibre. Least physical activity, higher consumption 
of caloric diet, and alteration in eating habits were found in more Western people 
(Eastern Asia, Europe, and North Africa) and were found to increase the rate of 
obesity and CRC in these emerging countries (Center et al. 2009; Minami et al. 
2006). Previous studies have reported that patients suffering from obesity and 
metabolic disorder are having a higher risk of adenomas and CRC, which is related 
to economic growth and globalization (Kim et al. 2012; Yang et al. 2013). It revealed 
that insulin-like growth factors and IGF-1 are found more in obese people with 
insulin resistance, promoting cellular growth and suppressing signalling pathways of 
apoptosis leading to carcinoma (Becker et al. 2009). 

1.16.3 Oesophageal Cancer 

Oesophageal cancer (EC) is a common type of upper gastrointestinal cancer, pro-
ducing a global threat of cancer burden, particularly in developing countries. EC has 
been ranked as the 9th most common type of cancer and the 6th leading cause of 
death in the entire world, about 572,034 cases and 508,585 deaths have been 
recorded in 2018 (Bray et al. 2018); in this whole scenario, China has contributed 
50% of EC cases in the world (Abnet et al. 2018). The pathogenesis and progression 
of EC is a very complex process; however, in the majority of cases, EC remains does 
not show any symptoms till cancer reached an advanced stage (Torre et al. 2015). 
Hence, an initial diagnosis of EC shall immensely improve cancer treatment and 
increase the rate of survival. It is essential to design non-invasive biomarkers having 
higher sensitivity and that are precisely specific. The human intestinal tract has the 
capacity to host around 36,000 bacterial species constituting about 100 trillion 
micro-organisms, collectively known as the microbiota of intestines (Frank et al.



2007; Neish 2009; Qin et al. 2010). Gut microbiota plays a significant role in the 
maintenance of host health (Nardone and Compare 2015), which includes absorption 
of nutrients, maintenance of mucosal integrity, and the regulation of homeostasis in 
intestines (Nelson et al. 2015). Some studies reported that disorders of intestinal 
microbiota are associated with various diseases including diabetes, non-alcoholic 
fatty liver diseases, inflammatory bowel diseases, and some other cancers (Cani et al. 
2008; Henao-Mejia et al. 2012; Parkes et al. 2012; Gao et al. 2015; Pushalkar et al. 
2018; Goedert et al. 2015). Definitely, some researchers have also examined the 
microbial features of oesophageal diseases, including reflux-associated oesophagitis, 
Barrett’s oesophagus, and oesophageal adenocarcinoma. In the whole intestinal 
network, the colon contains the highest microbiota in the whole body (Neto et al. 
2016), there are numerous proofs that reveal that the microbes in the gut play an 
essential role in the development of cancer and patho-physiology of extra-intestinal 
cancers. It has been assumed that the bacteria present in the gut affect the progression 
of breast cancer by modulating the metabolism of oestrogen (Kwa et al. 2016; Flores 
et al. 2012). It has been reported that microbial diversity decreases in patients 
suffering from leukaemia (Rajagopala et al. 2016). In animal models, it has been 
studied that the microbiota of intestines promotes the development of hepatocellular 
carcinoma via the gut microbiota-liver axis (Dapito et al. 2012; Schnabl and Brenner 
2014). Moreover, in the mouse model, it has been studied that there exists a 
relationship between microbiota-immune crosstalk and the progression of lung 
cancer (Jin et al. 2019). Some studies reported that a particular gut and tumour 
microbiome in murine models of pancreatic ductal adenocarcinoma suggests a 
strong bacterial translocation from the intestinal tract into the peri-tumoural milieu 
(Pushalkar et al. 2018). 
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Oesophageal cancer has been ranked as 7th most common cause of cancer 
associated with death in the entire world, constituting more than 400,000 deaths 
per year (Fitzmaurice et al. 2018). It is divided into two types on the basis of 
histology, viz. oesophageal squamous carcinoma (OSCC) and oesophageal adeno-
carcinoma (OAC), having distinct prevalence patterns and risk factor profiles 
(Lagergren et al. 2017; Arnold et al. 2015). Both of these histological types share 
a weak prognosis and an estimated 5 year survival below 20%, and this has been low 
in patients diagnosed at advanced phases of tumour (Lagergren et al. 2017). Preven-
tion and initial identification might be important in decreasing the load of this cancer. 
The prevalence of oesophageal squamous cell carcinoma (OSCC) constitutes more 
than 80% of all oesophageal cancer in the world and has attained a dominant position 
in less developed countries (Arnold et al. 2015). The prevalence of OSCC has been 
found to be highest in Central and South-East Asia, where there was about 80% of all 
OSCC cases; in the year 2012, 80% of the cases of OSCC were recorded (Arnold 
et al. 2015). However, 50% of these cases of OSCC in the world have been reported 
in China per year (Arnold et al. 2015; Abnet et al. 2018). The prevalence of OSCC in 
males showed reduction during the past certain decades in the world. In females, the 
prevalence of OSCC has been found considerably reduced or stabilized in most 
regions; however, in some countries, cases of OSCC showed an increase, such as 
Japan, the Netherlands, New Zealand, Norway, and Switzerland (Wang et al. 2018).



The prevalence of OSCC increased considerably in rural areas in comparison to 
urban areas in China and in some other Asian populations (Pan et al. 2017; Xie and 
Lagergren 2018). 
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1.17 Incidence of Oesophageal Adenocarcinoma 

Over the past four decades, a significantly increased prevalence of OAC has been 
observed in western regions such as Europe, Northern America, and Australia and 
the prevalence of OAC has increased than those of OSCC in various Western 
countries (Edgren et al. 2013; Coleman et al. 2018; Xie et al. 2017, b). 
The prevalence of OAC has considerably more in whites than in other races in the 
United States (Xie et al. 2017, b). However, OAC affects predominantly males, the 
ratio of OAC in males to females is 6:1, and in some populations, the ratio is 8:10 
(United States) (Coleman et al. 2018; Xie and Lagergren 2016). 

1.18 Risk Factors for Oesophageal Squamous Cell Carcinoma 

1.18.1 Socio-Economic Status 

Lower socio-economic status revealed by low income or education has been contin-
uously been found related to the increased threat of oesophageal squamous cell 
carcinoma (OSCC) as per research conducted in developing and developed countries 
(Abnet et al. 2018; Xie and Lagergren 2018). A control study was conducted and 
reported that 4-fold increased risk of OSCC in skilled manual workers in comparison 
to professionals, after change in tobacco smoking and consumption of alcohol 
(Jansson et al. 2005). These differentiations in socioeconomic position might play 
an essential role in the rural–urban dis-similarity in the prevalence of OSCC. 

1.18.2 Tobacco Smoking and Smoking Cessation 

Tobacco smoking is another main risk factor for OSCC in developed as well as in 
developing countries, even though the relation looks to be very powerful in people 
living in developed countries. Meta-analysis of 52 studies showed that around five-
fold higher risk of OSCC in current smokers than non-smokers in Western countries, 
and an equivalent Three-fold higher threat in Asia and South America (Qiao-Li et al. 
2017). About 50% of the OSCC cases are those who are tobacco smokers in the 
United States (Freedman et al. 2007; Engel et al. 2003). The consumption of tobacco 
products other than cigarettes might increase the threat of OSCC with apparently the 
same intensity of relation as cigarette use but it is more precisely population-specific 
(Abnet et al. 2018, b). About 41 research reports revealed a 66% reduction in risk of 
OSCC in patients who stopped smoking from last 20 years ago (odds ratio 0.34, 95%



confidence interval [CI] 0.25e0.47) compared with current smokers (Qiao-Li et al. 
2017). 
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1.18.3 Alcohol Overconsumption 

Addictions of alcoholic beverages are associated with a higher threat of OSCC. The 
relation looks very strong in lower incidence Western countries in comparison to 
higher prevalence Asian countries (Abnet et al. 2018). It has been reported that in the 
United States, higher consumption of alcohol is related to a Nine-fold increased 
threat of OSCC and might describe the higher incidence of OSCC cases (Engel et al. 
2003; Morris Brown et al. 2001). In Asian countries, the risk associated with the 
OSCC ranges from 1.6 to 5.3 in people consuming alcohol (Abnet et al. 2018). This 
variation in the threat of OSCC might be due to the differences in exposure 
strategies, susceptibility of the considered population, study design, and capability 
to adjust for cofounders (Pan et al. 2017; Xie and Lagergren 2018). 

1.18.4 Dietary Factors 

Numerous studies carried out around the entire world have examined the relationship 
between different dietary factors and the threat of OSCC, whereas, the present 
literature is restricted to relating OSCC threat with any particular nutrient of food 
stuff. This might be due to the complex nature of dietary assessment, specifically 
inter-correlations among individual items and confusing from other threatening 
agents, e.g. tobacco smoking, alcohol consumption, and socioeconomic status. 
Various studies reported that a higher threat of OSCC is related to a higher con-
sumption of pickled vegetables and low consumption of fresh fruits and vegetables 
(Qiao-Li et al. 2017; Islami et al. 2009; Liu et al. 2013), but substantial evidence 
from high-quality potential studies remained highly lacking. International Agency 
for Research on Cancer (IARC) has reported that research reports conducted on 
humans have been restricted about the carcinogenicity of pickled vegetables and the 
evidence from experimental animal models are not sufficient (Loprieno 1975). 

People consuming hot food and beverages have been found associated with 
OSCC threat (Kamangar and Freedman 2018). Some metaanalysis studies revealed 
that a Two-fold higher threat of OSCC associated with the consumption of hot food 
or drinks, and pooled odds ratios were found in developing countries (2.80, 95% CI 
2.05e4.02) in comparison to developed countries (1.65, 95% CI 1.17e2.33) (Andrici 
and Eslick 2015).
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1.19 Microorganisms and Metabolic Disorders 

1.19.1 Type-2 Diabetes 

The characteristics of diabetes (Type 1 and Type 2) are the same, i.e. hyperglycaemic 
state of the body due to the irregular synthesis of insulin, insulin resistance, or both. 
In the case of type 2 diabetes, insulin resistance is a major cause of hyperglycaemia. 
Various evidence have associated type 2 diabetes with the modulation in the 
diversity of gut microbiota. Hence, gut microbiota has become an emerging target 
for the management of type 2 diabetes. This gut microbiota included micro-
organisms (bacteria, fungi, archaea, and viruses) present in the gastro-intestinal 
tract (Thursby and Juge 2017). Among the entire microbiota, bacteria are gaining 
more interest, it has been reported that around a hundred trillion bacterial species 
inhabit the gastrointestinal tract in humans (Cani 2018). These bacteria are classified 
into more than 1000 species; however, 99% of them belong to 30–40 species 
(Almeida et al. 2019). However, the distributions of these bacteria are not uniform. 
The most predominant bacterial species present in the gut of human beings are 
Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. Mostly these bacteria 
belong to the genera Bacteroides, Clostridum, Faecali bacterium, Eubacterium, 
Ruminococcus, Peptococcus, Peptostreptococcus, and Bifidobacterium (Arumugam 
et al. 2011). Some researchers consider microbiota as a special organ that contributes 
a significant role in the maintenance of human health. Similar to the other organs, gut 
microbial diversity may cause loss of homeostasis that in turn leads to various 
diseases like allergies, Celiac’s disease, gastric cancer, and obesity (Carding et al. 
2015). During the last two decades, research at a large scale has been conducted to 
associate gut micro-biota with T2D (Cardoso 2021). It has been reported that 
intestinal flora affects T2D by regulating bacterial metabolites. Bacterial metabolites 
play an essential role in flora-mediated sugar metabolism. It has been reported that 
imidazole propionate, a histidine-derived metabolite generated by micro-organisms, 
might be acting as a bridge connecting intestinal flora with T2D. Increased imidazole 
propionate level in the circulatory blood has been observed in T2D patients and 
might be a causative agent for the destruction of glucose tolerance and insulin 
signallingpathways (Koh et al. 2018). 

Another key mechanism through which intestinal flora influences T2D is the 
metabolism of BCAAs, which includes three essential amino acids, viz Leucine, 
isoleucine, and valine. An essential signalling molecule for nutritional metabolism 
for the human body and BCAA synthesis is directly associated with the position of 
the intestinal flora (He and Li 2020). BCAAs and aromatic amino acids (AAAs) are 
related to insulin resistance and the progression of diabetes (Holeček 2018). Recent 
studies evidenced revealed that the alteration in the composition of the gut 
microbiota can amend BCAA metabolism and hence contributes to the progression 
of diabetes. Ultimately, the intestinal flora is having the ability to influence T2D 
through the regulation of LPS-induced inflammation. Different pro-inflammatory 
cytokines are responsible for the induction of T2D pathogenesis (Tsalamandris et al. 
2019). Dysfunction in the intestinal flora generates a huge quantity of LPS (Fuke



et al. 2019), which consequently results in various changing activities in the 
biosystem. Li and co-authors observed two kinds of lactobacilli, G15 and Q14, 
which can considerably decrease the number of Gram-negative bacteria, decrease the 
level of LPS and inflammatory cytokines, and improve T2D (Li et al. 2017). 
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1.20 Future Perspectives 

The human microbiota plays a pivotal role in the well-being of humans and actively 
participates in the development of numerous diseases. Due to the extensive influence 
of micro-organisms on the human body, it is proposed that extensive research on 
host–microbiota interactions should be carried out beyond the characterization of the 
community composition. Besides the structure and function of the microbiota, future 
research should focus to explain their causalities. With the advent of new techniques 
for the prediction of the microbiota function, novel analytical and simulation 
methods and advanced microbiota interaction models should be used that may 
further help to clarify the human–microbiota interactions and their possible role in 
the development of various diseases. The central role of the human microbiota 
should be investigated critically; proper diagnoses and advanced strategies for 
treatment should be used in the future. 
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There is enormous potential for clustered regularly interspaced short palin-

Moreover, the integration of DNA-based identification techniques, including
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Abstract 

The field of microbial identification is witnessing significant technological 
advancements in biomedical sciences. The current state of microbial identifica-
tion research and future directions are very much dependent on the integration of 
OMICS technologies, such as genomics, proteomics, and metabolomics. These 
technologies have revolutionized microbial identification by providing a compre-
hensive understanding of microorganisms’ genetic composition, protein expres-
sion, and metabolic profiles. Combining contemporary techniques, including 
matrix-assisted laser desorption/ionization time-of-flight, polymerase chain reac-
tion, and spectroscopic methods, for the identification of microbial targets and 
biomarkers enhances the sensitivity and specificity. 

dromic repeats (CRISPR)-based assays, which utilize the CRISPR system, for 
microbial identification. CRISPR enables precise targeting and modification of 
nucleotide sequences and has shown promise in molecular diagnostics and 
therapeutics. Various signal readout techniques, such as fluorescence, colorimet-
ric, lateral flow, electrochemical biosensors, and nanopore sensors, are explored 
to enhance the efficiency of CRISPR-based assays. 

16S rRNA gene sequencing, whole genome sequencing, metagenomic sequenc-
ing, and comparative genomics, is a robust identification intervention. These 
methods provide accurate and rapid identification of microorganisms in medical, 
environmental, and industrial contexts. 
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While these advancements have significant implications for medical

38 M. Riyaz and K. Raj

diagnostics, food safety, and environmental monitoring, further research is nec-
essary to fully comprehend the capabilities and limitations of these techniques. 
Responsible utilization of these tools can help in harnessing their potential in 
microbial identification and disease management. 
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2.1 Introduction 

As technological advances are happening in biomedical sciences, parallelly the 
global microbes disease burden is also growing. The identification and characteriza-
tion of microorganisms is a crucial aspect of any research of biotechnology and 
microbiology. These domains address various applications in various fields, such as 
medical, environmental, and industrial microbiology. The recent development of 
new OMICS technologies has greatly advanced the field of microbial identification, 
allowing for more accurate and efficient characterization of microorganisms. After 
the advent of sequencing technologies, thousands of microorganisms are sequenced, 
and the database is available in the public domain. Sequencing involves hypervari-
able region sequencing, 16S amplicon sequencing, whole genome sequencing, and 
metagenome sequencing providing information on the genome. This information 
can be harnessed to achieve a rational diagnosis and is an attribute to global disease 
pattern management. Apart from sequencing, there are many other contemporary 
technologies, like matrix-assisted laser desorption/ionization time-of-flight (MALDI 
TOF), polymerase chain reaction (PCR), and spectroscopic techniques, which do 
identify the microbial target or the biomarkers. The biomarkers can be identified as 
proteins or peptides and also as unique secondary metabolites of the organism. 
OMICS technologies, for example, genomics, proteomics, and metabolomics, pro-
vide a holistic view of the microorganism’s genetic makeup, protein expression, and 
metabolic profile. The sensitivity and specificity of these tests can be enhanced by 
coupling two or more techniques. In conventional methods, culturing and biochemi-
cal testing was the only way to achieve the identification in appropriation. It was 
time-consuming and labor-intensive. Now, with the rapid advancement of technol-
ogy, we are witnessing the genome editing tools; cluster regularly interspaced short 
palindromic repeats (CRISPR); when performed on a nano platform, the detection of 
unamplified DNA for microbe identification at the point of care with efficiency at 
pico levels is achieved. Along with this discussion in this chapter, the integration of 
multiple OMICS technologies is also discussed, highlighting the potential of multi-
omics approaches for enhanced microbial identification. This chapter aims to give a 
summary of the current state of microbial identification research and its future 
directions. 

2.2 Microbial Identification 

Microbial identification is the procedure for figuring out the identity of a microor-
ganism according to its characteristics and properties. Historically, microbial identi-
fication has been based on morphological and physiological characteristics, such as 
colony shape, size, color, and growth on specific media. However, these methods are 
often time-consuming, labor-intensive, and not always reliable. With the advent of 
molecular biology techniques, DNA-based microbial identification methods have 
become increasingly popular, providing a more accurate and efficient way to identify



microorganisms (Ghazi et al. 2022; Branysova et al. 2022; van Dongen et al. 2020; 
Rittmann et al. 2008; Nguyen et al. 2021). 
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DNA-based methods rely on the analysis of genetic markers, such as all bacteria 
and archaea containing the 16S rRNA gene. The identification of microorganisms at 
the genus or species level is possible by the sequencing of the 16S rRNA gene. The 
development of whole genome sequencing has also allowed for even more detailed 
identification, as the entire genome of a microorganism can be sequenced and 
compared to known genomes in databases (1,2,6). Protein-based identification 
methods, such as mass spectroscopy with MALDI-TOF, rely on the analysis of the 
microorganism’s protein expression pattern, while metabolite-based methods, such 
as metabolomics, focus on the analysis of the microorganism’s metabolic profile 
(Ashfaq et al. 2022; Tsuchida and Nakayama 2022). A more complete picture of the 
features of the microbe can be provided by combining many OMICS technologies, 
such as multi-omics techniques, which can also increase the precision of microbial 
identification (Jiang et al. 2022; Rajczewski et al. 2022). 

2.3 OMICS Interventions 

The term “OMICS technologies” refers to a group of methods that enable the 
simultaneous study of numerous biological molecules, including proteins, 
metabolites, DNA, and RNA. These technologies have greatly advanced the field 
of microbial identification, providing a more comprehensive view of the 
microorganism’s characteristics (Jiang et al. 2022; Rajczewski et al. 2022). 

Studying an organism’s entire DNA, including its genes, genome structure, and 
function, is known as genomics. Whole genome sequencing, which involves 
sequencing the entire genome of a microorganism, has developed into a potent 
technique for identifying microorganisms, as it allows for the comparison of a 
microorganism’s genome to known genomes in databases (Rajczewski et al. 2022; 
Chiu and Miller 2019). Comparative genomics is a technique that compares the 
genomes of different microorganisms to identify similarities and differences, which 
can be used for identification. The study of an organism’s entire protein repertoire, 
including its structure, function, and connections, is known as proteomics 
(Rajczewski et al. 2022; Chiu and Miller 2019). Protein-based identification 
methods, such as MALDI-TOF mass spectrometry (MS), rely on the analysis of 
the microorganism’s protein expression pattern and can provide a rapid and accurate 
way to identify microorganisms (Ashfaq et al. 2022; Tsuchida and Nakayama 2022). 

The comprehensive study of an organism’s tiny molecules involved in metabo-
lism, such as lipids and carbohydrates, is called metabolomics. Metabolite-based 
identification methods, such as metabolic fingerprinting, rely on the analysis of the 
microorganism’s metabolic profile and can provide a unique way to identify 
microorganisms. Integrative analysis of multiple OMICS technologies, such as 
multi-omics approaches, can provide a more comprehensive view of the 
microorganism’s characteristics and improve the accuracy of microbial identification 
(Kumar et al. 2022).
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2.4 CRISPR 

Precisely targeting nucleotide, identifying, and modification are enabled because of 
the cluster regularly interspaced short palindromic repeats (CRISPR) and CRISPR 
associated (Cas) proteins or effectors system. These are programmable nucleases 
guided by RNA, identifying the nucleotide and then modifying it. This ability can be 
harnessed in the field of molecular diagnostics and therapeutics. To date, two 
CRISPR Cas systems are divided into two classes, i.e., Class 1 and Class 2, which 
are further divided into I, III, and IV, and II, V, and VI, respectively. Class 1 degrades 
DNA by guided multiple RNA and class 2 cleaves DNA using a single large 
RNA-guided Cas effector. These VI types are subdivided into 19 subtypes. CRISPR 
sensitively and specifically differentiates between the single nucleotide variants 
(SNVs) and can detect SNVs instead of doing complete sequencing (Lino et al. 
2018; Bock et al. 2022). Technological interventions are enhancing the specificity of 
detection at every level from DNA recognition to readout signal detector sensitivity. 
CRISPR-based assays are being clubbed with different signal readout techniques, 
such as colorimetric, electrochemical, electronic, fluorescence, lateral flow, and 
microfluidics (Katti et al. 2022; Phan et al. 2022). 

CRISPR can be used for microbial identification by targeting and cutting specific 
sequences in the DNA of a microbe that are unique to that organism. The CRISPR-
Cas system is a prokaryotic adaptive immune system that provides resistance to 
foreign genetic elements, such as those present within plasmids and phages 
(Barrangou and Marraffini 2014). 

In the context of microbial identification, the CRISPR array identify specific 
sequences in the DNA of a microbe that are unique to that organism. The process 
begins by extracting DNA from a sample, amplifying specific regions of the genome 
using PCR, and then using the CRISPR-Cas system to target and cleave specific 
sequences within the amplified DNA (Kumar et al. 2022). 

CRISPR-based microbial identification has several advantages over traditional 
methods. For example, it is highly specific, as it targets unique sequences within the 
genome of a microbe, and it is also very sensitive, as it can detect even small 
amounts of DNA. Additionally, it is relatively simple and inexpensive to perform, 
making it a valuable tool for both research and clinical applications (van Dongen 
et al. 2020). 

However, there are also limitations to CRISPR-based microbial identification. 
For example, it can only detect microbes that have been previously characterized and 
whose DNA sequences are available in databases, and it is also not able to distin-
guish between live and dead microbes. Furthermore, the specificity of the CRISPR-
Cas system can be affected by variations in the spacer sequences of the CRISPR 
array, which can lead to false positives or negatives (Pursey et al. 2018; Li et al. 
2022). 

CRISPR-based microbial identification is a powerful tool for identifying and 
tracking microorganisms. It has the potential for applications in medical, food safety, 
and environmental monitoring. However, more research is needed to fully under-
stand its potential and limitations and to ensure that it is used responsibly.
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2.4.1 PCR Clubbed Detection 

Direct probe-based detection frequently produces misleading results and 
non-specific binding of the probes. Therefore, polymerase chain reaction-based 
diagnostics have been extensively used for nucleic acid detection because of the 
target amplification. Adding to this, if PCR is clubbed with CRISPR, it can enhance 
the specificity by amplifying the probes. Cas9 effector-based diagnostic platform 
NASBACC (nucleic acid sequence-based amplification CRISPR cleavage) was used 
for the ZIKA virus detection, which then further explored the use of Cas 12, Cas 
13, and Cas14 (Wang et al. 2021a). By trans cleaving fluorescently labeled nucleic 
acid probes, Cas effectors recognize the complementary activator sequence after 
being activated by gRNA. The cas13-based ssRNA sequence-based platform is 
named SHERLOCK (Specific High-Sensitivity Enzymatic Reporter UnLOCKing), 
a rapid and sensitive test that can differentiate the ZIKA and Dengue virus at the 
strain level (Kellner et al. 2019; Li et al. 2019). 

2.4.2 Fluorescence Clubbed Detection 

Ease of fluorescence intensities detection makes it a commonly clubbed technique to 
the CRISPER. These fluorescence intensities are either fluorophore-quencher 
labeled or fluorophore-biotin labeled ssDNA/ssRNA. This sensitive output suits 
well to the Cas effector, as a strong fluorescent signal of the readout is found 
following the reporter probe’s trans-cleaving action. Fluorescence is preferred but 
in resource-limited conditions and at point-of-care not feasible. Biochemical readout 
and UV/Vis use along with the different Cas CRISPR systems can curb these 
limitations. Plate readers that use fluorescence detection may adjust to higher 
throughput (Ang et al. 2022; Choi et al. 2021). 

2.4.3 Colorimetric Assays 

Colorimetric CRISPR-based assay uses a color change to indicate the presence or 
absence of a specific target sequence. These assays are often used in field settings 
because they do not require specialized equipment or a UV/blue light source for 
fluorescence detection. They also often use structured single-stranded DNA 
reporters, such as hairpin-DNA or G-triplex DNA, which can make the reaction 
more sensitive. Overall, colorimetric assays are a simple, cost-effective, and easy-to-
use method for detecting specific sequences in a sample (Cheng et al. 2021; Zhang 
et al. 2021).



44 M. Riyaz and K. Raj

2.4.4 Lateral Flow Assays 

Lateral flow CRISPR-based assay uses a visual readout to indicate the presence or 
absence of a specific target sequence. These assays are often used as a point-of-care 
option, as they are simple to use and can provide quick results. Gold nanoparticles 
(AuNPs) are used to capture fluorescently labeled ribonucleoprotein (RNP) 
biotinylated substrate molecules that are bound or cleaved, often on a strip of 
paper. As a result, a clear test line appears on the paper strip, indicating the target 
sequence is present. LFAs are a practical and simple procedure, although they can be 
time consuming when working with a lot of samples (Kumar et al. 2022). 

2.4.5 Electrochemical Biosensors 

Electrochemical biosensor CRISPR-based assay uses electronic or electrochemical 
signals to indicate the presence or absence of a specific target sequence. These assays 
are particularly useful for high-throughput applications because they have high 
sensitivity and can detect very low levels of target sequences. Studies have reported 
the use of various electrochemical biosensors, such as graphene-based field-effect 
transistors (gFET), toehold switch sensors, hairpin-DNA electrochemical reporters, 
and electrochemical microfluidic biosensors. These sensors can detect target 
sequences in the range of femtomolar to attomolar concentrations. The use of 
electrochemical biosensors can increase the throughput of the assay, and reusing 
or regenerating the biosensor platforms can also contribute to waste reduction (Chen 
et al. 2021; Xu et al. 2022). 

There are several ways to increase the sensitivity of electrochemical biosensors 
without the need for amplification steps. One strategy is to decrease the reaction 
volume and raise the target concentration, which can be achieved by using droplet 
microfluidics technology. This technology uses picoliter-sized systems or 
microchamber-array technologies to more than a thousand times raise the local 
target concentration and boost the detection sensitivity, enabling the identification 
of even a single molecule. The assay’s sensitivity can also be increased by utilizing 
more sensitive electrical or electrochemical biosensors and by amplifying the output 
signal through cascade or circuitry phases. These highly sensitive systems can 
provide absolute target nucleic acid quantification, which is useful for applications, 
such as disease diagnosis, pathogen detection, and genetic analysis (Fang et al. 2022; 
Pan et al. 2022). Such techniques offer absolute target nucleic acid quantification in 
addition to being extremely sensitive. 

Electrochemical biosensors are a promising option for high-throughput CRISPR-
based detection assays. They have the ability to detect substrates at very low 
concentrations and can be easily integrated into microfluidic systems to increase 
sensitivity even further. Another example of an electrochemical biosensor is the 
E-CRISPR, which monitors Cas12a trans-cleavage activity using a three-electrode 
sensor and a ssDNA reporter connected to methylene blue (MB). These techniques



provide absolute target nucleic acid quantification and have a high sensitivity (Kato 
et al. 2022). 
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2.4.6 Nanopore Sensor 

Nanopore sensors are a direct detection method that can detect single molecules 
without the need for nucleic acid amplification. They can be combined with 
microfluidics to enable the simultaneous quantification of several target RNAs 
without the need for amplification (Zhang et al. 2022). Target DNA activator 
molecules are used in the CRISPR-based improved electrochemical DNA system 
as a double-stranded DNA reporter for Cas9 or Cas12a-mediated cis-cleavage, 
providing a signal by the dissociation of the electrochemical tag from the probe. 
Another example is the use of the CRISPRChip, a graphene-based field-effect 
transistor that can quickly and accurately detect unamplified genomic DNA and 
catalytically inactive, dead Cas9 (dCas9) (Balderston et al. 2021). 

2.4.7 Identification and Applications 

With just one base change, the Cas systems can distinguish between different 
sequences, which has opened new possibilities for the detection of single nucleotide 
variations (SNVs) and subsequent analysis of genetic variations. These systems have 
been used to develop point-of-care diagnostics for SNV detection across DNA/RNA 
substrates. The first method for SNV detection using Cas systems depended on 
mutant or mismatched nucleotides being present at the cleavage site or inside the 
PAM sequence. However, this method has limited applicability as the PAM 
sequence is occasionally missing from the target DNA/RNA sequences. Cas13a 
has been used to find a single-nucleotide difference between the American and 
African Zika virus strains. Different CRISPR-based SNV detection platforms have 
been created by researchers using various Cas effectors and various detection 
readouts. However, based on the base-pairing off-target sequences and modified 
gRNA, the created gRNAs with mismatched nucleotides may develop a new set of 
potential off-targets. Therefore, when employing changed gRNA for in vitro or 
in vivo SNP detection, it is crucial to look for off-targets. Human HERC2 gene 
DNA substrates with an eye color-related SNP can be distinguished using Cas14a. 
For CRISPR-based single nucleobase discrimination, a very sensitive graphene-
based field-effect transistor (gFET) has also been created. The gFET-based readout 
can distinguish even minute differences between the electrical responses that Cas9 
binds to wild-type and mutant sequences. This detection technology, known as the 
SNP-Chip, is quick, inexpensive, and small, but it needs specialized instrumentation, 
which can restrict its use in environments with limited resources.
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2.4.8 Addons and Interventions to Enhance the Readability 

Various methods have been developed to increase the sensitivity of CRISPR-based 
detection, including cascade signal amplification, droplet microfluidics, electro-
chemical biosensors, nanopore sensors, and the use of Cas effectors to create 
positive feedback circuits. These methods have been used to achieve highly sensitive 
detection of target nucleic acids, even at the single-molecule level, without the need 
for amplification steps. To increase the sensitivity of CRISPR-based detection, a 
variety of methods have been investigated, including the use of Csm6 RNA 
endonucleases complex with Cas13a, chemically stabilized activators, ST-HP acti-
vator, casCRISPR system, the use of ssDNA collateral cleavage with more sensitive 
readouts like SERS, and dis-aggregation of gold nanoparticles (Kellner et al. 2019). 

There are various strategies that have been developed to enhance the sensitivity of 
CRISPR-based biosensors, including signal amplification, increasing the target 
concentration, and using more sensitive detection methods. To achieve high sensi-
tivity and substrate detection in the range of femtomolar to attomolar concentrations. 
Another strategy that has been explored is the use of nanopore sensors, which have 
the ability to directly detect single molecules without the need for nucleic acid 
amplification (Bock et al. 2022). Furthermore, multiple target RNAs can be 
quantified simultaneously without the need for amplification by integrating an 
electrochemical biosensor with microfluidics. 

2.4.9 Cas Integration and Application 

Different Cas effector activities are coupled in Cas-based cascade signal amplifica-
tion to produce a louder signal. This is accomplished either by employing a specifi-
cally created ST-HP activator for the casCRISPR system, which can boost the 
detection limit by 1000 times when compared to using Cas13a alone or by combin-
ing the Csm6 RNA endonucleases complex with Cas13a. Signal amplification is also 
possible when a Cas effector is used to build a positive feedback circuit, as in the 
CONAN technique. In order to enable single molecule direct DNA detection, new 
amplification-free Cas12a nucleic acid assays have been created by combining 
ssDNA collateral cleavage with more sensitive readouts including SERS (surface-
enhanced Raman scattering) and disaggregation of gold nanoparticles (Azhar et al. 
2021; Wang et al. 2021b). 

Nucleic acid detection assays based on CRISPR have lately gained popularity 
because of their quick, one-pot reaction enhanced sensitivity and throughput. For a 
variety of uses, including genotyping of viral and bacterial strains, agriculture, 
pathogens and infection diagnostics, food safety, and industrial biotechnology, 
they have been altered, improved, and customized. The sensitivity of these assays 
can be increased by using different techniques. 

In Cas systems for detecting nucleic acids using the RNA-targeting and cleavage 
ability of Cas13a a diagnostic platform called SHERLOCK has been developed 
(Specific High-Sensitivity Enzymatic Reporter UnLOCKing) (Kellner et al. 2019).



This platform can distinguish between several strains and detect the presence of 
viruses like Zika and Dengue through a three-step process: direct amplification or 
reverse transcription–amplification, treatment with a Cas effector, and signal readout 
from the assay. 
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The sensitivity of the various Cas effectors to reaction temperatures varies, which 
can affect the selection of amplification methods. These methods can be classified as 
isothermal or temperature-dependent amplification techniques. 

Temperature-dependent amplification methods are those in which the reaction 
temperature is crucial for the amplification process to work. These methods typically 
require a thermal cycler to change the temperature of the reaction at specific 
intervals. The Cas/crRNA effector and the amplification step are done as a single 
reaction, so the active temperature range of the Cas protein must match the tempera-
ture range required for the amplification method (Zhang et al. 2021). 

Isothermal amplification methods, on the other hand, do not require a thermal 
cycler and can be done at a single constant temperature. This can be beneficial for 
point-of-care testing as it eliminates the need for specialized equipment (Ang et al. 
2022). However, the sensitivity of the Cas protein to temperature must still be 
considered when selecting an isothermal amplification method as it can affect the 
performance of the assay. 

In addition to the amplification step, the signal readout from the assay can also 
affect the sensitivity and scalability of the CRISPR-based molecular diagnostic 
assays. Different methods, such as fluorescence, colorimetric, or electrochemical 
detection, can be used depending on the specific application and the sensitivity 
required. 

Overall, CRISPR-based molecular diagnostic assays for nucleic acid detection 
may become more sensitive and scalable by combining various amplification 
techniques with post-detection signal readouts. 

2.5 DNA-Based Identification Techniques 

DNA-based microbial identification techniques are methods used to identify and 
differentiate between different microorganisms using their DNA sequences. These 
techniques include PCR-based methods, such as 16S rRNA gene sequencing and 
whole genome sequencing, as well as DNA–DNA hybridization methods, such as 
DNA–DNA reassociation and DNA–DNA hybridization. These techniques allow 
for rapid and accurate identification of microorganisms, providing important infor-
mation for applications, such as medical diagnosis, food safety, and environmental 
monitoring. 

2.5.1 16S rRNA Gene Sequencing 

This involves the sequencing of the 16S rRNA gene, which is present in all bacteria 
and archaea. The sequencing of the 16S rRNA gene allows for the identification of



microorganisms at the genus or species level. The 16S rRNA gene is highly 
conserved in microorganisms, and small variations in the gene sequence can be 
used to distinguish various microorganisms (Fraser et al. 2000). This technique is 
widely used in medical and environmental microbiology, as it can identify 
microorganisms in a sample without the need for culturing them. 
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2.5.2 Whole Genome Sequencing 

Whole genome sequencing is sequencing the entire genome of a microorganism and 
comparing it to known genomes in databases. Whole genome sequencing provides a 
more detailed identification, as it allows for the comparison of the microorganism’s 
entire genetic makeup (Rittmann et al. 2008). Whole genome sequencing can 
provide information on a microorganism’s virulence factors, antibiotic resistance 
genes, and other genetic elements that can be used for identification. 

2.5.3 Metagenomic Sequencing 

It involves sequencing the DNA of a mixed microbial population, such as a sample 
from the soil, water, and fecal. Metagenomic sequencing allows for the identification 
of multiple microorganisms present in a sample as well as providing information on 
the microbial community structure and function (Chiu and Miller 2019). 
Metagenome sequencing is widely used in environmental microbiology to study 
the diversity of microorganisms in different ecosystems. Along with this to study the 
gut microbiome, metagenome sequencing is used very frequently. 

2.5.4 Comparative Genomics 

Comparative genomics involves comparing the genomes of different 
microorganisms to identify similarities and differences, which can be used for 
identification. Comparative genomics can be used to identify new microorganisms 
as well as to classify microorganisms that are difficult to identify using traditional 
methods. This technique is widely used in medical and industrial microbiology, as it 
can identify microorganisms that are responsible for infections and product spoilage 
(Chen et al. 2019). 

Overall, DNA-based identification techniques provide a more accurate and effi-
cient way to identify microorganisms, as they rely on the analysis of genetic markers 
that are unique to each microorganism. These techniques can be used to identify 
microorganisms in a wide range of samples, including clinical, environmental, and 
industrial samples.
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2.6 Protein-Based Identification Techniques 

Protein-based identification techniques rely on the analysis of the microorganism’s 
protein expression pattern, providing a rapid and accurate way to identify 
microorganisms. These techniques include the following: 

2.6.1 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight 
Mass Spectrometry (MALDI-TOF MS) 

It involves the analysis of the microorganism’s protein expression pattern through 
the use of a laser to ionize the proteins, and a mass spectrometer to measure the mass-
to-charge ratio of the ions. The resulting protein expression pattern, also known as a 
“fingerprint,” can be compared to a database of known fingerprints to identify the 
microorganism. MALDI-TOF MS is a rapid and accurate method for identifying 
bacteria and yeasts and is widely used in medical and industrial microbiology 
(Ashfaq et al. 2022; Tsuchida and Nakayama 2022). 

2.6.2 SDS-PAGE Gel Electrophoresis 

SDS-PAGE involves the separation of proteins based on their size and charge 
through the use of an electric field and a gel matrix. The separated proteins can 
then be visualized using a variety of staining methods, such as Coomassie Brilliant 
Blue or silver staining. SDS-PAGE gel electrophoresis can provide information on 
the microorganism’s protein expression pattern and can be used for identification in 
conjunction with other techniques (Su et al. 2021). 

2.6.3 2D Gel Electrophoresis 

2D gel electrophoresis is an extension of SDS-PAGE gel electrophoresis and 
involves the separation of proteins based on both their size and charge in two 
dimensions. The separated proteins can then be visualized using a variety of staining 
methods, such as Coomassie Brilliant Blue or silver staining. 2D gel electrophoresis 
can provide a more detailed view of the microorganism’s protein expression pattern 
and can be used for identification in conjunction with other techniques. 

2.6.4 Proteomic Analysis 

It involves the analysis of the microorganism’s complete set of proteins, including 
their structure, function, and interactions. Proteomic analysis can provide a compre-
hensive view of the microorganism’s protein expression pattern and can be used for 
identification in conjunction with other techniques (Dayon et al. 2022).



50 M. Riyaz and K. Raj

Protein-based identification techniques provide a rapid and accurate way to 
identify microorganisms, as they rely on the analysis of the microorganism’s protein 
expression pattern, which is unique to each microorganism. These techniques can be 
used to identify microorganisms in a wide range of samples, including clinical, 
environmental, and industrial samples. It is important to note that while these 
techniques are very useful in identifying microorganisms, they are not 100% accu-
rate and are best used in conjunction with other techniques, such as DNA-based 
identification to confirm and validate the result (Rajczewski et al. 2022). 

2.7 Metabolite-Based Identification Techniques 

Metabolite-based microbial identification techniques are methods for identifying 
microorganisms based on the unique metabolic profiles or fingerprints that they 
produce. These techniques can include mass spectrometry-based methods, such as 
Fourier transform infrared spectroscopy (FTIR) and matrix-assisted laser desorption/ 
ionization-time of flight mass spectrometry (MALDI-TOF MS), as well as 
chromatography-based methods, such as gas chromatography (GC) and liquid 
chromatography (LC) (Zhang et al. 2012). Metabolite-based identification methods 
are useful for identifying microorganisms in complex samples, such as in clinical or 
environmental samples, and can provide rapid, accurate identification of 
microorganisms without the need for culturing. 

2.7.1 Metabolomics 

Metabolomics is the study of an organism’s complete set of small molecules, such as 
lipids and sugars, which are involved in metabolism. Metabolomics allows for the 
identification of the microorganism’s metabolic pathways and can provide a unique 
metabolic fingerprint that can be used for identification (Tsuchida and Nakayama 
2022). Metabolomics can be used to identify microorganisms in a wide range of 
samples, including clinical, environmental, and industrial samples. 

2.7.2 Lipidomics 

Lipidomics is a subfield of metabolomics that focuses on the analysis of lipids, 
which are a diverse group of molecules that are important for energy storage, cell 
membrane structure, and signaling. Lipidomics allows for the identification of the 
microorganism’s lipid metabolism and can provide a unique lipid fingerprint that can 
be used for identification (Han and Gross 2022). Lipidomics can be used to identify 
microorganisms in a wide range of samples, including clinical, environmental, and 
industrial samples.
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2.7.3 Metabolic Fingerprinting 

Metabolic fingerprinting involves the analysis of a microorganism’s metabolic 
profile and can provide a unique metabolic fingerprint that can be used for identifi-
cation. Metabolic fingerprinting can be used to identify microorganisms in a wide 
range of samples, including clinical, environmental, and industrial samples. 

One of the advantages of metabolite-based identification techniques is that they 
can be used to identify microorganisms that cannot be cultured or that have not been 
previously described. For example, metabolomics can be used to identify 
microorganisms in environmental samples, such as soil or water, where traditional 
culture-based methods may not be effective. Additionally, metabolomics can be 
used to identify microorganisms in clinical samples, such as blood or urine, where 
traditional culture-based methods may not be sensitive enough to detect the micro-
organism (Ashfaq et al. 2022). 

Another advantage of metabolite-based identification techniques is that they can 
provide information on the microorganism’s metabolic pathways, which can be used 
to infer its ecological role or potential virulence. For example, the identification of 
specific metabolic pathways in a microorganism can indicate its ability to degrade 
certain compounds and can be used to infer its role in a particular ecosystem. 
Additionally, the identification of specific metabolic pathways in a microorganism 
can indicate its ability to produce certain virulence factors and can be used to infer its 
potential virulence (Rajczewski et al. 2022). 

However, metabolite-based identification techniques also have some limitations. 
One limitation is that the analysis of the microorganism’s metabolic profile can be 
complex and time consuming. Additionally, the interpretation of the data can be 
challenging, as the metabolic profile of a microorganism can be affected by a variety 
of factors, such as the growth conditions or the presence of other microorganisms. 

Metabolomics has been used to identify microorganisms responsible for 
infections and to study the metabolic changes that occur during infection. This can 
aid in the diagnosis of infections and the development of new treatments. Addition-
ally, metabolomics has been used to study the metabolic changes that occur during 
the development of antibiotic resistance and to identify potential targets for new 
antibiotics (Kok et al. 2022). 

Environmental metabolomics defines the diversity and function of 
microorganisms in various ecosystems. This can provide insight into the role of 
microorganisms in nutrient cycling and the degradation of pollutants. Additionally, 
metabolomics has been used to study the impact of environmental changes, such as 
climate change, on the diversity and function of microorganisms. 

The metabolic profile of a microorganism can be affected by a variety of factors, 
such as the growth conditions or the presence of other microorganisms, which can 
make the identification process more difficult. To overcome these limitations, it is 
essential to combine metabolite-based identification techniques with other OMICS 
technologies, such as genomics and proteomics, to provide a more comprehensive 
view of the microorganism’s characteristics and improve the accuracy of microbial 
identification. The integration of metabolite-based identification techniques with



other OMICS technologies can provide a more comprehensive view of the 
microorganism’s characteristics and improve the accuracy of microbial 
identification. 
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2.8 Multi-Omics Identification Techniques 

Multi-omics identification techniques involve the integration of multiple OMICS 
technologies, such as genomics, proteomics, and metabolomics, to provide a more 
comprehensive view of the microorganism’s characteristics and improve the accu-
racy of microbial identification. These techniques include the following. 

2.8.1 Genome–Metabolome Integration 

It involves the integration of whole genome sequencing with metabolomics to 
provide a more comprehensive view of the microorganism’s characteristics. The 
genome provides information on the microorganism’s genetic makeup, while the 
metabolome provides information on the microorganism’s metabolic profile 
(Gonzalez-Covarrubias et al. 2022). The integration of these two data sets can 
provide a more detailed view of the microorganism’s characteristics and improve 
the accuracy of microbial identification. 

2.8.2 Proteome–Metabolome Integration 

It gives the integration of proteomics with metabolomics to provide a more compre-
hensive view of the microorganism’s characteristics. The proteome provides infor-
mation on the microorganism’s protein expression pattern, while the metabolome 
provides information on the microorganism’s metabolic profile (Man et al. 2021). 
The integration of these two data sets can provide a more detailed view of the 
microorganism’s characteristics and improve the accuracy of microbial 
identification. 

2.8.3 Genome–Proteome–Metabolome Integration 

It involves the integration of whole genome sequencing, proteomics, and 
metabolomics to provide a comprehensive view of the microorganism’s 
characteristics. The genome provides information on the microorganism’s genetic 
makeup, the proteome provides information on the microorganism’s protein expres-
sion pattern, and the metabolome provides information on the microorganism’s 
metabolic profile. The integration of these three data sets can provide a most detailed 
view of the microorganism’s characteristics and improve the accuracy of microbial 
identification (Jiang et al. 2022; Man et al. 2021).



2 Emerging Microbial Identification Technologies in the Era of OMICS. . . 53

Multi-omics identification techniques provide a more comprehensive view of the 
microorganism’s characteristics, which can improve the accuracy of microbial 
identification. For example, the integration of whole genome sequencing with 
metabolomics can provide information on the microorganism’s genetic makeup, its 
metabolic pathways, and potential virulence factors. Additionally, the integration of 
proteomics with metabolomics can provide information on the microorganism’s 
protein expression pattern, its metabolic pathways, and potential virulence factors. 
In this way, multi-omics identification techniques can provide a more complete 
picture of the microorganism’s characteristics, leading to a more accurate identifica-
tion (Ares-Arroyo et al. 2022). 

Furthermore, multi-omics identification techniques have the potential to provide 
new insights into the ecology and physiology of microorganisms. For example, the 
integration of whole genome sequencing with metabolomics can provide informa-
tion on the microorganism’s genetic makeup, its metabolic pathways, and potential 
virulence factors, which can be used to infer its ecological role or potential virulence 
(Tsuchida and Nakayama 2022). Additionally, the integration of proteomics with 
metabolomics can provide information on the microorganism’s protein expression 
pattern, its metabolic pathways, and potential virulence factors, which can be used to 
infer its ecological role or potential virulence. 

Despite the advantages, multi-omics identification techniques still have some 
limitations. One limitation is that the analysis of multiple omics data sets can be 
complex and time consuming. Additionally, the interpretation of the data can be 
challenging, as the integration of multiple omics data sets requires advanced bioin-
formatics and computational skills. Additionally, the cost of multi-omics identifica-
tion techniques can be high, making it difficult for some laboratories to 
implement them. 

Multi-omics identification techniques, such as genome–metabolome integration, 
proteome–metabolome integration, and genome–proteome-metabolome integration, 
provide a more comprehensive view of the microorganism’s characteristics and 
improve the accuracy of microbial identification. 

2.9 Machine Learning-Based Identification Techniques 

Machine learning-based identification techniques involve the use of artificial intelli-
gence algorithms to analyze and interpret large sets of data, such as genomics, 
proteomics, and metabolomics data, to identify microorganisms. 

2.9.1 Random Forest 

Random forest is a type of machine learning algorithm that can be used to classify a 
dataset of microorganisms based on their genomic, proteomic, or metabolomic 
information. Random forest is a supervised learning algorithm that can learn from



a training dataset and classify new microorganisms based on their characteristics 
(Weis et al. 2020). 
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2.9.2 Deep Learning 

Deep learning is a type of machine learning algorithm that can be used to classify 
microorganisms based on their genomic, proteomic, or metabolomic data. Deep 
learning algorithms learn from a training dataset and classify new microorganisms 
based on their characteristics (genomic, proteomic, or metabolomic). Deep learning 
can provide high accuracy in microbial identification and can also identify 
microorganisms that cannot be identified by traditional methods (Yu et al. 2022). 

2.9.3 Support Vector Machine 

Support vector machine (SVM) is a type of machine learning algorithm similar to 
random forest and deep learning that can be used to classify microorganisms based 
on their genomic, proteomic, or metabolomic data. It also learns from a training 
dataset and classifies new microorganisms based on their characteristics. 

Machine learning-based identification techniques provide a powerful tool for the 
identification and characterization of microorganisms. These techniques can analyze 
and interpret large sets of data, such as genomics, proteomics, and metabolomics 
data, to identify microorganisms (Weis et al. 2020). 

One of the advantages of machine learning-based identification techniques is that 
they can handle large sets of data and can identify patterns that are not visible to the 
human eye. Additionally, machine learning-based identification techniques can be 
trained to identify microorganisms based on different characteristics, such as genetic 
makeup, protein expression pattern, or metabolic profile. This allows for the identi-
fication of microorganisms based on multiple criteria, which can improve the 
accuracy of microbial identification (Man et al. 2021). 

Another advantage of machine learning-based identification techniques is that 
they can be updated and re-trained with new data. This allows for the identification 
of new microorganisms that may not have been included in the original training 
dataset. Additionally, machine learning-based identification techniques can be used 
to identify microorganisms in real-time, which can be useful in medical, environ-
mental, and industrial microbiology (Ashfaq et al. 2022). 

However, machine learning-based identification techniques also have some 
limitations. One limitation is that the accuracy of the algorithm depends on the 
quality and quantity of the training dataset. Additionally, machine learning-based 
identification techniques require advanced computational skills and specialized 
software, which can be difficult for some laboratories to implement. 

In conclusion, machine learning-based identification techniques, such as random 
forest, deep learning, and support vector machine, provide a powerful tool for the 
identification and characterization of microorganisms. These techniques can analyze



and interpret large sets of data, such as genomics, proteomics, and metabolomics 
data, to identify microorganisms. 
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2.9.4 Single-Cell Identification Techniques 

Single-cell identification techniques involve the analysis of individual 
microorganisms at the single-cell level rather than analyzing populations of 
microorganisms. 

2.9.5 Single-Cell Genomics 

Single-cell genomics involves the isolation and sequencing of individual 
microorganisms at the single-cell level. This technique allows for the identification 
of microorganisms that are present in low numbers or are difficult to culture and can 
also provide information on the microorganism’s genetic makeup, including the 
presence of virulence genes or antibiotic resistance genes. 

2.9.6 Single-Cell Proteomics 

Single-cell proteomics involves the isolation and analysis of individual 
microorganisms at the single-cell level, with a focus on the microorganism’s protein 
expression pattern. This technique can provide information on the microorganism’s 
protein expression pattern, which can be used to infer its ecological role or potential 
virulence (Kashima et al. 2020). 

2.9.7 Single-Cell Metabolomics 

Single-cell metabolomics involves the isolation and analysis of individual 
microorganisms at the single-cell level, with a focus on the microorganism’s meta-
bolic profile. This technique can provide information on the microorganism’s meta-
bolic pathways, which can be used to infer its ecological role or potential virulence. 

One of the advantages of single-cell identification techniques is that they can 
provide information on the genetic diversity within a population of microorganisms. 
This can be particularly useful in the study of microbial populations in complex 
environments, such as the human gut microbiome, where traditional methods may 
not be able to accurately identify the diversity of microorganisms present (Abril et al. 
2023). 

Another advantage of single-cell identification techniques is that they can provide 
information on the ecological role and potential virulence of individual 
microorganisms rather than just the population as a whole. This can be particularly



useful in the study of infectious diseases, where the identification of individual 
virulent microorganisms can aid in the development of new treatments. 
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2.10 DNA Microarray 

DNA microarray is a powerful tool used in molecular biology and genomics, which 
allows for the simultaneous analysis of the expression levels of thousands of genes in 
a single experiment. This is achieved by immobilizing a large number of DNA 
probes, each corresponding to a specific gene, on a solid surface, such as a glass slide 
or a silicon chip. These probes are then hybridized with labeled target DNA, which is 
typically obtained from a biological sample of interest. 

The process of hybridization occurs when the target DNA binds to the probes that 
have a complementary sequence. The degree of binding is measured by the amount 
of label that is detected on the microarray. This measurement provides a quantitative 
measure of the expression level of the corresponding gene in the sample (Ang et al. 
2022). 

There are two types of microarray, cDNA and oligonucleotide arrays. cDNA 
arrays are made by reverse transcribing mRNA into cDNA and then printing the 
cDNA on the array surface. Oligonucleotide arrays are made by printing the short 
pieces of DNA on the array surface. 

Microarrays also have applications in the study of epigenetics by using ChIP-on-
chip to identify specific regions of the genome that are bound by particular proteins. 

2.11 Nanopore-Based Technologies 

Nanopore-based technologies are a third-generation, ultrasensitive, label-free 
sequencing technique used to analyze nucleic acids, proteins, metabolites, and 
protein–DNA complexes. This technology works by analyzing characterized 
molecules under ionic current and frequency modulation in a geometrically confined 
system. The detectable results are achieved when the nanopore dimensions and 
analyte are in range and beyond the noise level. 

The biological nanopore is created by self-assembling the analyte or analyte 
complex in an atomically precise dimension of a lipid bilayer or biopolymer. This 
allows the detection of smaller molecules on the 1–10 nm scale. Larger molecules of 
a hundred or thousand nanometer scale can also be detected using thin plastic or 
inorganic membranes. This is achieved through the dielectric breakdown of micro or 
nano membranes, laser-based optical stacking, and ion/electron milling. While the 
detection size can be manipulated, it cannot be reduced to the size of the natural 
nanopore (Zhang et al. 2022). 

Nanopore technology can also be used beyond sequencing, as it can detect 
molecular heterogeneity by capturing numerous single molecules at high rates and 
analyzing the ionic current signals, even detecting enantiomeric level changes. It can 
discriminate more than one analyte, is label-free, and hence provides ease in



detecting organisms that have less signal amplification labels. Nanopore systems 
also provide scaffolds for biomimetic systems and can track analyte interactions and 
clarify ongoing biological processes. Additionally, it can align chemical entities 
spatially in the protein environment to achieve nanoreactors of proteins. 
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2.12 Microbial Identification in Clinical Settings 

Microbial identification is an essential aspect of clinical microbiology, as it allows 
for the accurate diagnosis of infectious diseases and the selection of appropriate 
treatments. In recent years, there have been significant advances in microbial 
identification techniques, which have led to the development of faster and more 
accurate methods for identifying microorganisms. 

2.12.1 MALDI-TOF Mass Spectrometry 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF MS) is a rapid and accurate method for identifying microorganisms. 
MALDI-TOF MS uses the protein patterns of microorganisms to identify them and 
can provide results in as little as 15 min. This technology is widely used in clinical 
microbiology laboratories and has been shown to have high accuracy and specificity 
for the identification of microorganisms. 

2.12.2 Next-Generation Sequencing 

Next-generation sequencing (NGS) is a powerful tool for identifying 
microorganisms in clinical settings. NGS can provide high-resolution data on the 
microorganism’s genetic makeup and can be used to identify microorganisms that 
cannot be identified by traditional methods. NGS can also be used to identify 
antibiotic resistance genes and virulence factors, which can be useful for selecting 
appropriate treatments. 

2.12.3 Microbial Fingerprinting 

Microbial fingerprinting is a technique that involves the analysis of the 
microorganism’s metabolic profile, which can be used to identify microorganisms. 
This technique can provide information on the microorganism’s metabolic 
pathways, which can be used to infer its ecological role or potential virulence. 
Microbial fingerprinting has been used to identify microorganisms that are difficult 
to culture and can be useful for the identification of microorganisms in clinical 
settings.
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2.13 Microbial Identification in Environmental Settings 
(Agriculture) 

Microbial identification is an essential aspect of environmental settings, as it allows 
for the understanding of the diversity and complexity of microorganisms in various 
environments. Recent advances in microbial identification techniques have led to the 
development of more efficient and accurate methods for identifying microorganisms 
in environmental settings. 

2.13.1 Metagenomics 

Metagenomics is a powerful tool for identifying microorganisms in environmental 
settings. Metagenomics involves the sequencing of the entire microbial genome 
present in a sample and can provide information on the genetic makeup of 
microorganisms as well as their functional roles and interactions. This technique 
can be used to identify microorganisms that are difficult to culture and can also be 
used to study the diversity of microorganisms in different environments, such as soil, 
water, and air. 

2.13.2 Metaproteomics 

Metaproteomics is a technique that involves the analysis of the protein expression 
patterns of microorganisms in a sample. This technique can provide information on 
the functional roles of microorganisms in an environment and can also be used to 
study the interactions between microorganisms. Metaproteomics can be used to 
identify microorganisms that are difficult to culture and can also be used to study 
the diversity of microorganisms in different environments, such as soil, water, 
and air. 

2.13.3 Metabolomics 

Metabolomics is a technique that involves the analysis of the metabolic profile of 
microorganisms in a sample. This technique can provide information on the meta-
bolic pathways of microorganisms as well as their functional roles and interactions. 
Metabolomics can be used to identify microorganisms that are difficult to culture and 
can also be used to study the diversity of microorganisms in different environments, 
such as soil, water, and air.
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2.14 Microbial Identification in Industrial Settings (Food 
and Beverage Industry) 

Microbial identification is an essential aspect of industrial microbiology, as it allows 
for the control of microorganisms that can cause contamination or degradation of 
products, as well as the optimization of microorganisms used in industrial processes. 
In recent years, there have been significant advances in microbial identification 
techniques, which have led to the development of more efficient and accurate 
methods for identifying microorganisms in industrial settings. 

2.14.1 PCR-Based Methods 

Polymerase chain reaction (PCR) is a powerful tool for identifying microorganisms 
in industrial settings. PCR-based methods, such as PCR-DGGE and PCR-TTGE, 
can be used to identify microorganisms based on their genetic makeup and can be 
used to detect specific microorganisms that may cause contamination or degradation 
of products. 

2.14.2 Biochemical Tests 

Biochemical tests are a traditional method for identifying microorganisms in indus-
trial settings. These tests involve the analysis of the microorganism’s metabolic 
profile and can be used to identify microorganisms based on their ability to ferment 
or hydrolyze specific substrates. 

2.14.3 Flow Cytometry 

Flow cytometry is a technique that can be used to identify microorganisms in 
industrial settings. This technique involves the analysis of the microorganism’s 
physical and metabolic characteristics and can be used to identify microorganisms 
based on their size, shape, and fluorescence. Flow cytometry can be used to identify 
microorganisms that are difficult to culture and can also be used to analyze large 
numbers of microorganisms in a short period of time. 

2.15 Conclusion 

The emerging microbial identification technologies in the era of omics have 
revolutionized the way we study and understand microbial organisms. These 
technologies involve the use of various high-throughput and sensitive methods to 
analyze different aspects of microbial biology, such as genetics, transcriptomics, 
proteomics, and metabolomics.
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Genomics, for example, allows for the sequencing and annotation of entire 
microbial genomes. This information can be used to identify the presence of specific 
genes or genetic markers associated with certain microbial species or functional 
traits. Techniques, such as PCR and qPCR, can also be used to specifically target and 
amplify specific genetic sequences, making it possible to detect and quantify specific 
microbial targets. 

Transcriptomics, on the other hand, allows for the study of the entire set of RNA 
molecules expressed by a microorganism, providing insights into the functional 
activities and metabolic processes of a microbial population. Proteomics, similarly, 
allows for the identification and characterization of the entire set of proteins 
expressed by a microorganism. 

Next-generation sequencing technologies, such as Illumina and PacBio, have 
made it possible to sequence entire microbial genomes at high-throughput and 
high-resolution. This has allowed for the identification of new microbial species, 
the detection of rare microbial populations, and the study of microbial diversity at a 
global scale. 

Nanopore-based technologies is a third generation ultrasensitive label-free 
sequencing technique that can analyze nucleic acid, protein, metabolites, and protein 
DNA complexes. It works stochastically by analyzing the characterized molecules 
under ionic current and frequency modulation in a geometrically confined system. 
This technology is highly sensitive and can detect molecules in the range of 1–10 nm 
scale. 

In conclusion, the advancements in microbial identification technologies have 
greatly expanded our understanding of the microbial world and have provided 
powerful tools for identifying and characterizing microbial populations. These 
technologies are increasingly being used in various ecological and biomedical 
situations to study the diversity, function, and interactions of microbial communities. 
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Abstract 

The phrase “gut microbiome” refers to the huge array of symbiotic bacteria in the 
gastrointestinal tract of humans as well as their genomes that interact collectively. 
The latest research suggests that the gut microbes mount multiple crucial bio-
chemical roles for the host as well as those microbiome abnormalities are linked 
to a wide range of human disease processes. Trillions of microorganisms (alto-
gether referred as the gut microbiota) live in the gastrointestinal system and 
perform critical roles which are related to host physiology and health. Pathogen-
esis research has found certain species, bacterial genes, as well as metabolites that 
have roles in different illnesses and medicinal targets. The gut microbiota has a 
functional part in macronutrient metabolism, immune system development, and 
the synthesis of pro or anti-inflammatory signalling molecules and peptides. It has 
been demonstrated that the gut microbiome has a role in the development of a 
number of systemic disease states, including obesity and cardiovascular disease, 
as well as intestinal disorders like inflammatory bowel disease. Active investiga-
tion on the roles of the microbes along with the processes underpinning host– 
microbe interactions will result in a higher understanding function of the 
microbiota in health moreover illness. Thus, knowing microbiome action is 
critical for the creation of future customised healthcare methods, and possibly 
giving novel potential pharmacological targets and research pathways in this
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rapidly increasing sector in terms of future personalised healthcare strategies. The 
present chapter focuses on composition, manipulation, and biological factors 
related to gut microbiota. It also discusses technical challenges related to the 
gut microbiome and host interactions. Furthermore, future perspectives and 
utilisations of the gut microbiome are also highlighted.
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3.1 Introduction 

The mammalian gastrointestinal system is a suitable habitat to variety of microbes 
identified as the gut microbiota. The makeup of this microbial population is host-
specific, varying during a person’s lifespan in addition to sensitive to both exoge-
nous as well as endogenous alterations (Grond et al. 2018). The recent resurgence of 
study in the anatomy as well as the role of this “organ” has shed light on its essential 
role in health along with sickness. Numerous aspects of typical host physiology are 
impacted by the microbiota, including behaviour, nutritional status, as well as stress 
response. Furthermore, they could be a primary or secondary reason for many 
illnesses, affecting both nearby as well as distant organ systems (Moya and Ferrer 
2016). 

The balance of the gut’s microbial population generally, and the presence and 
absence of certain strains that might trigger specific responses, is critical in 
guaranteeing or preventing homeostasis at the gut mucosa (Chow et al. 2010). The 
methods via which microbes exerts helpful or adverse outcomes are largely 
unknown, although they include the synthesis of signalling molecules along with 
the ability of intestinal epithelial and mucosal immune cells to recognise bacterial 
epitopes (Sekirov et al. 2010). Advancements in gut microflora modelling and 
examination will expand our understanding of their function in health and illness, 
enabling for the customisation of present and future therapeutic and preventive 
methods (Kostic et al. 2014). A population of microorganisms called a microbiota, 
which includes archaea, viruses, bacteria along with certain unicellular eukaryotes, 
resides in a particular habitat. Metagenomics is the discipline of molecular study that 
explores the intricacies of microbiome, whereas a microbiome is the whole of all the 
genetic components within a given microbiome (Sood et al. 2022). 

The curiosity of researchers in microbiota has been increased over the last 
15 years. Despite the finding that intestinal bacteria have researched for several 
years, research into the function of microbes that live within human gut has attained 
considerable interest outside of typical infectious disorders. Numerous studies have 
found changes in the gut microbiome throughout not just liver disease, diabetes as 
well as obesity, but also neurological illnesses and cancer (Cani 2018). The 
microbiome of the human intestine possibly a reservoir of novel medications.



Intestinal bacteria in humans are believed to be potential sources of new treatments 
and have a profound effect in the metabolism of host (Cani and de Vos 2017). 
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In this context, the human microbiota describes the whole community of 
microbes that inhabit outside as well as within bodies (Barr 2017). The microbial 
load in the stomach is substantially smaller, and it rises exponentially along the 
digestive tract out of the stomach through the duodenum, jejunum, along with ileum, 
and at last to the colon, which comprises around 109 and 1013 microorganisms 
(Friedman et al. 2018). These communities play critical roles in digestion, immune 
system development, human physiology as well as detoxification processes (Tanaka 
and Nakayama 2017). Furthermore, a few of these bacteria in the gut produce 
proteins and enzymes important for the digestion of some undigested dietary 
components, among other essential functions for the host health (Flint et al. 2012). 

As a result, we have two genomes in microbiome; one is inherited from parents 
and another is acquired (Rosenberg and Zilber-Rosenberg 2011). This idea 
underpins the classification of living being as “superorganisms.” First most crucial 
distinction among both of these genomes, is that, the inherited genome is still mostly 
steady throughout life and the microbiome is very active and may be changed with a 
variety of circumstances, including age, nutrition, hormone cycles, travel, 
medicines, and sickness (D’Argenio and Salvatore 2015). 

3.2 Biological Factors to Consider While Determining 
a Healthy Gut Microbiome 

The gut of an organism has a particular environment that supports specialised 
microbes (Kwong and Moran 2016). The gut microbiome, which is frequently 
regarded as a complex property, is made up of several aspects, and its traits are 
affected by a mixture of both internal and external forces. Some of them are covered 
below. 

3.2.1 Infections 

The microbiota in the stomach influences viral and bacterial illnesses, these micro-
bial illnesses continue to cause significant morbidity and mortality worldwide 
(Dudek-Wicher et al. 2018). Several microbes can cause an immune response to 
be triggered in order to eradicate the microbes. Nonetheless, there is emerging proof 
that aberrant actions are to blame for catastrophic consequences as well as other 
inflammatory disorders (Bartold and Van Dyke 2013; Bergström and Lindholm 
2000). Patients with severe illness have elevated concentrations of inflammatory 
cytokines as well as inflammation-related indicators in their blood plasma, for 
instance, IL 6, 8, and 10, and C reactive protein (CRP) as well as numerous enzymes 
that represent immunological response and infection-related tissue damage 
(Kasperska-Zajac et al. 2011). Recent increases in these disorders are almost cer-
tainly the consequence of complex and multidimensional external reasons such as



changes in climate, greater commodities and people mobility, as well as a quick 
demographic shift. Parallel to these extrinsic influences, a greater knowledge of the 
inside components related with immunity against viruses has been acquired. The gut 
microbiome tract is acknowledged as an imperative component of the host system of 
defence, operating like a critical regulator of host protection mechanisms along with 
immune systems (Patel et al. 2022). 
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3.2.2 Genetics 

The genetic makeup of the host, which impacts host metabolism, as well as health, 
influences the population of specific bacteria found in microbiome of gut (Boulund 
et al. 2022; Maglione et al. 2021). Although the variety of gut microbiome varies 
greatly among humans, members of same family are frequently found to have 
comparable microbiota than members belong to different family. Familial 
resemblances are typically linked to common environmental effects, such as food 
choice, which is a significant shaper of microbiome makeup (Rodríguez-Frías et al. 
2021). However, related people have a greater degree of genetic identity, suggesting 
the likelihood that familial microbiome commonalities are due to shared genetic 
makeup. Living beings and the associated microorganisms that live in them have 
developed considerably, resulting in a diverse assemblage of thousands of microbial 
species coexisting in their digestive tracts in a mutualistic manner (Hernandez and 
Moeller 2021). Therefore, because gut microbiome is acquired in the environment 
from birth, it may operate as both an environmental element which interact with the 
DNA of the host to create phenotypic and a genotypic resolute feature which is 
influenced via communicates with the host (Maglione et al. 2021; Sedghi et al. 
2021). Because the microbes may be manipulated for medicinal purposes, it is an 
appealing target for modification. In fact, a carefully balanced interaction among 
microbes as well as human physiologies can have a variety of effects on health and 
growth, making dysbiosis frequently linked to disease (Rogers et al. 2016; Elias-
Oliveira et al. 2020). Due to this, growing data suggests that human genetic 
variability affects the composition and regulation of their gut flora. 

3.2.3 Drugs 

Pharmacological reactions and effectiveness in living being had now been linked to 
their gut microbiota, as well as the chemicals in these medications could also impact 
the gut microbes (Weersma et al. 2020). Understanding pharmacological processes 
and how specific drug side effects occur requires a considerate of the relationship 
among pharmaceuticals as well as the makeup of gut microbiome. Antibiotics have 
long been recognised to modify the gut microbiome’s constitution, but research in 
population-based cohorts has revealed connections between certain drug classes and 
specific gut microbe’s patterns (Francino 2016; Schwartz et al. 2020; Patangia et al. 
2022). Antibiotics are routinely administered treatments that have prevented



millions of living beings from illnesses; nonetheless, medications significantly affect 
the normal gut flora. The impact is immediate and sometimes long-lasting. 
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Specifically, an elevation in bacteria that make fatty acids of short chain that has 
been linked to shifts in the intestinal microbial makeup including both vivo and in 
animals after taking the drug Metformin, a type II diabetes medication that is often 
used (Foretz et al. 2019). A modified gut microbiome composition has been 
associated with number of medicines, according to a latest report in a general 
population dataset (Wang et al. 2020). In a similar vein, an in vitro examination of 
more than thousand commercially available medications revealed that non-antibiotic 
medicines can indeed hinder the development of gut bacterial strains (Maier et al. 
2018). The relationship within intestinal microbiota as well as routinely prescribed 
non-antibiotic medications is complicated as well as multidirectional: the gut flora 
can affect a person’s response toward a medication via enzymatically changing the 
drug’s architecture thus affecting its bioactivity, bioavailability, even toxicity 
(Le Bastard et al. 2021; Lindell et al. 2022). Indirectly, the gut flora can also affect 
a person’s response towards immunotherapy for the cancer therapy (Xavier et al. 
2020). 

3.3 Delivery Methods at Birth 

Right from birth to early life, the gut flora is crucial. Health of neonatal may be 
impacted by gut microbiome populations because they guard against harmful 
pathogens (Martin and Sela 2013), assisting in the metabolisation as well as diges-
tion of breast milk but also formula milk (Koropatkin et al. 2012), promoting 
immune system development (Ge et al. 2021), sustaining intestinal homeostasis 
(Chen 2014), as well as having an impact on neurodevelopment (Collins et al. 
2012). Early in childhood, there is a progressive and dynamic process of microbiome 
succession. Neonatals tend to have fewer microbial communities than an adolescent 
because the makeup and complexity of the gut flora settle throughout time (Dicks 
et al. 2018; Sumich et al. 2022). Microbes in the gut of newborns are mainly made up 
of the phylum Actinobacteria, Proteobacteria, as well as Bacteroidetes, which 
comprise the genera Escherichia, Clostridium, Bifidobacterium, Lactobacillus, 
Prevotella along with Bacteroides (Pushpanathan et al. 2019). Numerous elements, 
such as delivery method, newborn food (breast milk vs. formula milk), usage of 
antibiotics, as well as geographical area, may affect the variety of the newborn 
microbiota (Marques et al. 2010). Sixteen percent of caesarean sections (CS) are 
performed globally. Microbes from the mother’s vagina as well as gut are initially 
present in the newborns that are born vaginally (VD). In fact, children delivered by 
caesarean sections have a higher percentage of genes associated with antibiotic 
resistance and are invaded by bacteria discovered on the mother’s body (Rutayisire 
et al. 2016). Birth through caesarean sections may influence the gut microbes of the 
infant as well as encourage the invasion of harmful microorganisms. In later life, it 
could increase the chance of immunological and metabolic illnesses such obesity, 
type II diabetes, and allergies (Takiishi et al. 2017).
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3.4 Nourishment of Infant 

Breastfeeding can also have a substantial impact on the bacterial makeup of an 
infant’s gut. Breast milk is mostly constituted of carbohydrates, particularly HMOs 
that are human milk oligosaccharides, which encourage Bifidobacterium develop-
ment in the infant’s stomach (Lawson et al. 2020). Numbers of studies have found 
that newborn gut flora contains more Bifidobacterium and Lactobacillus during 
nursing, resulting in a consistent colonisation model when contrasted with the gut 
microbiome of infants who were not nursed by breastfed (Selvamani et al. 2021; 
Taylor et al. 2021). As breast feed is not sterile, newborn nutrition is another crucial 
aspect in creating the bacterial population in the gut (Khor et al. 2020). Breast 
feeding has been found to be a provider of commensal and possibly probiotics 
bacterial agents that hinder growth of the newborn gut flora. Human breast milk 
includes about 700 different types of bacteria. Whereas the bacterial populations in 
breast milk are frequently diverse as well as differ from person to person, the average 
microbial load across time is 106 bacterial cells/mL (Wen and Duffy 2017). Thus, 
nursing newborn ingesting 800 mL breast milk per day might consume up to 8 × 108 

bacterial population per day, which is hundred times greater than earlier predictions, 
as well as an alteration in composition throughout lactation (Hale and Rowe 2016). 
Even when not exposed to antibiotics, infants have higher amounts of antibiotic 
resistance genes (ARG) in their gut microbiome than adults (Gibson et al. 2015). 
Consequently, the shift of antibiotic-resistant bacteria, as well as other assortment 
mechanisms other than antibiotic therapy, may be driving ARG enrichment in 
neonates and infants (Ahmad et al. 2021). However, the influence of selection 
pressure-causing substances other than antibiotics on resistance loading in neonates 
and infants is little understood. Mobile genetic element (MGEs) transmits ARGs 
across bacteria, potentially spreading ARGs in the newborn gut microbiota, and 
ARGs can be passed vertically from the mother or acquired in the hospital environ-
ment (Hildebrand et al. 2021). Feed type can have a substantial consequence on 
microbiota; earlier investigation suggests that food can change the profusion of 
certain ARGs in the gut of a newborn. 

3.5 Composition of Gut Microbiota 

The gut microbiome only contains a small number of phyla. The majority of the gut 
microbiota is made up of Firmicutes (60–80%), Gram-positive bacteria with more 
than 200 genera, the most significant of which are Mycoplasma, Ruminococcus, 
Eubacterium, Lactobacillus, Clostridium, Faecalibacterium along with Roseburia), 
while Bacteroidetes (20–30%), Gram-negative bacteria with genera Bacteroides, 
Xylanibacter as well as Prevotella, are also significant (Szablewski 2018). 
Proteobacteria (1% Gram-negative bacteria with the genera Enterobacteriace, 
Escherichia along with Desulfovibrio), Actinobacteria (10% Gram-negative bacteria 
with species Bifidobacterium), as well as Verrucomicrobia are detected in negligible



levels (with genus Fusobacteria, Akkermansia, along with Cyanobacteria) (Dinan 
and Cryan 2015). 
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In dissimilar parts of the gastrointestinal tract, the luminal contents and microbial 
composition vary. The main phyla of bacteria that can be found in the gut are 
Firmicutes, Actinobacteria, Bacteroidetes, Verrucomicrobia along with 
Proteobacteria (Bruning et al. 2020). The quantity of microbes within body can 
exceed 1.5 kg or 2% of a typical 75-kg person’s weight, and the bacterial genes 
number in the stomach is 150 times bigger than those in the genetic material 
(Farooqui 2021). In animals that are sterile, it has been proved that alterations in 
the microbiome of gut perform a significant position in the progression of diseases, 
including diabetes and obesity. There is proof that the gut microbiota’s composition 
effects on gut permeability, inflammation, along with energy balance, all of which 
are connected to obesity and other associated illnesses such as T2D (Geurts et al. 
2014). Gastric bypass surgery, which causes 70% weight loss and an improvement 
in glucose metabolism, has been authorised by the American Diabetes Association 
as an efficient treatment for obesity as well as type 2 diabetes. The original intent of 
this surgical procedure was to limit meal intake and prevent calorie absorption. The 
gut flora is significantly altered by gastric bypass, according to studies, which may 
aid in weight loss (Murphy et al. 2017). Duodenum samples from bypass patients 
show a substantial difference in the gut flora between those with and those without 
diabetes, with obese people with T2D having smaller strains of bacteria (Tai et al. 
2015). Although the gut microbiota’s makeup may alter as a result of bariatric 
surgery, weight loss after bypass surgery may not be primarily attributed to the 
microbiota. 

3.6 Manipulation of Gut Microbiota 

Although gut microbes can have a significant impact on its hosts, efforts have been 
made to comprehend that how diversity in the initial colonisation’s source and 
timing affects an animal’s function and health throughout ontogeny (Warne et al. 
2019). Animals’ immune systems as well as metabolic processes may be affected for 
the rest of their lives by early colonisation during developmental windows such as 
birth (Houghteling and Walker 2015). For instance, caesarean delivery in humans 
and antibiotic-induced microbial community disruption in young mice are linked to 
higher consequences of metabolic disorders as well as obesity, respectively (Zhou 
et al. 2019). Although microorganisms often appear to recover from interruptions by 
antibiotics or other elements, altered host metabolic phenotypes may persist if the 
interruption occurred early in life, supporting the possibility that important develop-
mental windows may influence both microbial and host interactions. Non-model 
wildlife offers special opportunity to improve understanding of microbial as well as 
host interactions in contexts that are appropriate to ecology and evolution, even if the 
large part of this study regarding mammals and how they relate to agronomic 
practices as well as people’s health (Le Roux et al. 2016). Additionally, a variety 
of hosts’ fitness-related features, such as growth and development, behaviour, and



vulnerability to infectious diseases, could be profoundly impacted by the gut 
microbiome diversity throughout ontogeny, which has not yet been thoroughly 
investigated (Bosch 2013). 
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3.6.1 Probiotics 

Several bacteria and yeasts have long been revered for their health-promoting 
characteristics (Lordan et al. 2020). The term probiotics was originally described 
as live microorganisms, when consumed in adequate quantities, impart advantages 
for the host’s health (Sánchez et al. 2017). The concept distinguishes between live 
microorganisms employed as processing aids or sources of valuable chemicals and 
those supplied solely for health advantages (Gurung et al. 2013). 

Lactobacilli, streptococci, and bifidobacteria are now the most common 
probiotics bacteria utilised in human diets, supplements, and/or animal feed (Gibson 
and Roberfroid 1995). Additionally, E. coli and Saccharomyces boulardii are 
routinely used (Martins et al. 2009). The European Food Safety Authority (EFSA) 
acknowledged the advantages of using various probiotics as parts of animal feed for 
a variety of bacteria, whereas the sole recognised claim for humans at the moment is 
the advantage on lactose digesting (De Simone 2019). However, scientific evidence 
is mounting that certain probiotics strains or combinations of strains could be useful 
in a variety of conditions. Effects might be direct or indirect, depending on whether 
the probiotics bacteria interact with the commensal microbiota (Timmerman et al. 
2007). 

3.6.2 Prebiotics 

Prebiotics were initially characterised in 1995 and the recent, improved meaning 
specifies that a prebiotic is “a preferentially fermented element which leads in 
particular alteration in the makeup as well as the gut microbiota’s functions, 
imparting advantages on host health” (Cani and Delzenne 2009). Rather than 
focusing exclusively on the “bifidogenic impact,” this enlarged definition aims to 
include changes in additional advantageous gut microbiota members (Gibson et al. 
2017). Prebiotics that are now in use are primarily poorly digested carbohydrates 
with a relatively short chain length that are categorised based on their molecular 
weight. Prebiotics are classed as mono, oligo, or polysaccharides based on their 
degree of polymerisation. Carbohydrates, on the other hand, can be classed as 
digestible or non-digestible depending on their physiological and biochemical 
features (Yoo et al. 2012). Non-digestible carbohydrates are more commonly used 
to modify the gut microbiota than digestible carbohydrates because they can have 
several effects mediated by diverse metabolic pathways, such as glucose and lipid 
metabolism, inflammatory responses, and even changes in appetite control (Louis 
et al. 2014). Furthermore, the prebiotic index, which measures the absolute increase



in bifidobacteria without mentioning the impact on other microbial inhabitants of the 
gut, is still often used to describe prebiotic effectiveness (Ouwehand et al. 2005). 
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Prebiotics work as cultivation medium to specifically raise the figures along with 
performance of specific microbes present in the colon, enhancing their development 
or participation. Information from Metagenomic research contrasting the gut flora of 
healthy and ill persons allows for the identification of bacterial species that are 
suppressed beneath certain illness states (Grice and Segre 2012). Specific growth 
tests can then be conducted under increasingly sophisticated settings to uncover 
substrates that might specifically encourage the functioning or development of 
specific bacteria, when prebiotics are provided; this will eliminate the dysbiosis 
related to the condition (Roberts and Darveau 2015). 

3.6.3 Antibiotics 

Since the discovery of antibiotics in the 1940s and the start of their mass production, 
the consequences of these medications on the native gut microorganisms have been 
extensively studied (Modi et al. 2014). Antibiotics have been used for decades to 
inhibit the spread of bacterial pathogens and, as a result, to treat bacterial illnesses 
(Unemo and Shafer 2011). They are used to boost the effectiveness of animal 
feeding. However, the rapid development of virulence genes in bacteria allows 
them to withstand these antibiotics. Recent research has proven that antibiotic 
usage has an influence on gut health (Tuchscherr et al. 2020). These have a lot of 
negative health implications. Even though antibiotics save millions of lives, they 
also reduce residential bacteria, which are essential for gut health (Fijan 2014). 

Nonetheless, almost the entirety of this research has been on how certain 
antibiotics influence bacteria that have been grown in a laboratory or on particular 
kinds of bacteria grown on hosts that have received antibiotic treatment (Valli et al. 
2020). Furthermore, the majority of these investigations used rather high doses of 
these medications compared to their normal proportions in microbial populations 
that are present in nature, with a particular emphasis on disease causing bacterial 
species (Engel and Moran 2013). Because of this, the majority of our knowledge of 
antibiotics consequences is focused pertaining to killing processes as well as partic-
ular resistance genotypes as well as phenotypes in the setting of a restricted subgroup 
of the gut flora separated from the general population. 

In the past decade or so, investigation on gut microbiota and antibiotics has 
shifted to a more ecological as well as systemic viewpoint (Sanders et al. 2019). 
Current research facilities and healthcare institutions frequently use ecological 
concepts as well as molecular methods. More investigation regarding the effect of 
antibiotics on the human gut bacterial population, stressing the implications for 
lateral transmission of resistance genes is to be focused on.
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3.6.4 Faecal Microbial Transplant (FMT) 

The importance of gut flora, also known as microbiota, in preserving human health is 
becoming better recognised. Beginning with birth, our microbiota develops a life-
long close relationship with our nutrition and environment, as well as determining 
the post-natal anatomical along with purposeful development of the gut (Van 
Belkum et al. 2020). Furthermore, essential connections between the microbiota 
and our metabolic processes, as well as the immune machinery that serves as our 
primary defence against foreign antigens, persist throughout life (Bronzo et al. 
2020). The trouble in the gut flora has been associated to a rising diversity of 
gastrointestinal as well as non-gastrointestinal illness. It has been established that 
faecal microbiota transplantation (FMT) may repair the dysbiosis that defines vari-
ous persistent illnesses, resulting in an apparently safe, very affordable, and quickly 
effective treatment in the great majority of patients treated (Person and Keefer 2021). 

Various additional gastrointestinal as well as non-gastrointestinal issues have also 
been resolved using FMT, however expertise with these diseases is limited. More 
work is needed with faecal microbial transplant to guarantee its security and appro-
priate administration route (Sbahi and Di Palma 2016). There is a conceptual shift 
occurring in regard to bacteria, from being infections to being essential for 
maintaining health in a dynamic society. Potential research will very certainly reduce 
the range of organisms that can be administered to patients to treat a variety of 
disorders. FMT is only the initial stage in this process. 

3.7 Technical Challenges in Studying Gut Microbiome 
and Host Interactions 

We must emphasise that, in addition to bacteria, the stomach includes archeae, 
viruses, phages, yeast, and fungus (Gurung et al. 2019). These microbes, which 
are assumed to regulate the host’s activities, more significantly, the activity of the 
microbes, have been thoroughly studied and could be just as essential as bacteria 
(Engel and Moran 2013). As a result, our knowledge of host–microorganism 
interactions is expanded by the addition of the phageome, archaea, mycobiome as 
well as virome. For example, phages not only exceed bacteria (e.g., phages outnum-
ber bacteria tenfold), however, they are also fresh participants in these intricate 
connections. Consistent methodologies for analysing faecal phageomes using 
Metagenomics, on the other hand, have just lately been discovered (Sutton and 
Hill 2019). As a result, it will take longer time for major basic advancements in this 
field to be translated into widespread applications for the general public. The 
following are some of the technological challenges in studying gut microbiota.
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3.7.1 Metagenomics 

The term “Metagenome” was coined in 1998, primarily concentrating on the soil 
bacterial genomes (Yan and Yu 2011). Metagenomic frequently work with compli-
cated microbiome mixtures in comparison to genomics, and as a result, relies 
primarily on the depth of the sequencing. The fast improvement of sequencing 
technologies, notably the announcing the use of next-generation sequencing, 
brought about a decrease in the amount of money and time needed for each 
sequencing despite increasing the sequencing depth (Bharti and Grimm 2021). As 
a result, Metagenomic shotgun sequencing has been widely employed in 
investigations of host–microbes association as well as gut microflora (Karaduta 
et al. 2021). Metagenomics, as opposed to 16S rRNA sequencing, provides more 
taxonomic details as well as resolution, particularly at the level of species. Numerous 
research studies have yet used Metagenomic to analyse microbiota dispersed at the 
species level (Hillmann et al. 2018). Additionally, Metagenomic can give a straight 
evaluation of the purposeful potential of the microbiota (Walker et al. 2014). 
Through Metagenomic, Ye et al. (2018) discovered an altered gut microbe makeup 
in patients of Behcet’s disease (BD), as well as that processes Patients who suffer 
from BD have elevated levels of these systems, including the transport mechanism 
for capsular polysaccharides and the oxidation-reduction process. Nonetheless, 
Metagenomic has several limits. To begin with, Metagenomic reads the genomes 
of all bacteria among the sample; therefore, it is impossible to determine whether the 
microorganisms are alive, dormant, or dead (Quince et al. 2017). Second, during the 
study, DNA loss, deterioration, as well as contamination may occur, resulting in 
significant variance. Then, the commonly used new generation sequencing 
technologies, such Illumina (Solexa) sequencing as well as ABI SOLiD sequencing, 
cannot prevent space construction in cases where the read length is smaller than 
repeated sequence (Bao et al. 2011). Furthermore, Metagenomic cannot determine 
whether or not a gene is expressed, nor does it provide the location and breadth of 
expression. 

3.7.2 Metatranscriptomics 

Metatranscriptomics involves the global expression of RNA in the microbiome 
(Yost et al. 2015; Duran-Pinedo 2021). Metatranscriptomics is likely utilised to 
analyse gene expression regulation at transcription level, since DNA is transcribed 
into RNA sequences during transcription, which allows the researchers better under-
stand the role as well as metabolic pathway of the gut microbes (Bashiardes et al. 
2016). When compared to Metagenomic, Metatranscriptomics likewise depends on 
NGS but has higher sensitivity and reproducibility (Shi et al. 2010). In contradictory 
to the higher variances found in Metagenomic data, Gosalbes et al. (2012) conducted 
a Metatranscriptomics examination on ten healthy young adults and found that the 
genetic makeup of functional gut microbiota and prospective functional level was 
rather similar within people. They proposed a paradigm for investigating the



association between the health status and functional microbes, as well as contrasting 
the makeup of gut microbes under dissimilar physiologic circumstances. Neverthe-
less, because of mRNA’s brief half-life, enzymatic destruction of mRNA, and 
difficulties in identifying responses to external stimuli, Metatranscriptomics has 
certain challenges (Walworth et al. 2021). Additionally, host RNA often pollutes 
the rRNA sequences of the gastrointestinal microbiota, raising the expense of 
sequencing and complicating data processing (Morgan and Huttenhower 2014). 
Finally, whereas Metatranscriptomics analyses the intestinal microbes, at the 
mRNA level, it does not accurately predict the protein-level, and while mRNA 
often indicates the presence of protein, this is not always the case. 
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3.7.3 Metabolomics 

A complete picture of microbial metabolism as well as host–microbiota interactions 
is provided by Metabolomics. Metabolomics can be used to identify the alive, 
inactive, or dead states of microbes (Bashiardes et al. 2016). The overall metabolite 
composition can be evaluated using Metabolomics and to analyse individual metab-
olite (Withers et al. 2020). Mass spectrometry (MS) as well as nuclear magnetic 
resonance spectroscopy (NMR) are the two techniques used in Metabolomics the 
most frequently (Marshall and Powers 2017). Small compounds generated by the gut 
microbiota are identified and quantified using these approaches. A number of 
researchers have used 1 H NMR to analyse the metabolic composition of faecal 
water from babies born with hypoxic-ischemic encephalopathy (Watkins et al. 
2017). Identification of distinct Metabolomics patterns in intestinal lumen, serum, 
and hippocampus that correspond with seizure defence, counting decreases in 
systemic gamma-glutamylated amino acids along with higher hippocampal 
GABA/glutamate levels have also been done (Ghaffari et al. 2022). 

3.7.4 Metaproteomics 

The term “Metaproteomics” was first used to describe the collection of proteins in an 
environment in 2004 (Schiebenhoefer et al. 2019). Expression of protein variations 
in gut microbiota could be monitored using Metaproteomics. With hundreds of 
distinct microbiotas available in a particular sample, the Metaproteomics can be 
exceedingly complicated (Gonzalez 2020). As a result, the development of 
Metaproteomics has been more difficult and slower than that of standard proteomics 
(Wilmes et al. 2015). Weak peptide identifications, limited protein yields, as well as 
database difficulties are among the key hurdles in Metaproteomics. Metaproteomics 
has only recently become increasingly pertinent to the investigation of the gut 
microbes due to advancements in specimen preparation, the advent of elevated 
Mass spectrometry and the application of novel bioinformatics techniques (Isaac 
et al. 2019). It can, in particular, indicate alteration in the taxonomy, function, along 
with metabolic pathway of gut microbes. Recent investigated stated that



Metaproteomics was extra useful as compared to Metagenomic in studying the 
significance of the intestinal microbiota in well-being as well as illness (Lee et al. 
2017). Furthermore, not only the gut microbiota’s makeup in addition to metabolic 
alterations in disease states is studied, other than the dynamic alterations of biochem-
ical pathways linked with illnesses. 
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3.8 DNA Sequencing-Based Methodologies 

One of the first critical stages in ensuring the integrity and consistency of the 
obtained material is sample collecting methods (Dakappagari et al. 2017). However, 
a previous study indicated that there was no variation in community structure 
following field data collecting; numerous studies demonstrated the significance of 
the collection procedure, with reliability being boosted by rapid downstream 
processing (Panek et al. 2018). Faeces is among the most complicated biological 
resources for the isolation bacterial DNA because it carries residues of human being 
DNA, dietary DNA, as well as several constraints that impede future PCR amplifi-
cation as well as New Generation Sequences techniques (Eisenhofer et al. 2019). 
Extracting DNA from faeces is a critical action in acquiring high-quality DNA along 
with accurately identifying microbial composition and relative abundance (Wagner 
Mackenzie et al. 2015). As a result, necessary to analyse the various approaches for 
enhance procedures and techniques for extraction of bacterial DNA from faeces that 
offer an adequate volume, clarity, and the DNA’s integrity, resulting in a good 
quality sample for additional research (Maghini et al. 2021). 

The past 10 years have outlined a gradual transition in sequencing techniques 
from traditional Sanger sequencing to New Generation Sequence and the 
technologies available using sequencers from Roche, Illumina, Pacific Bioscience, 
and Thermo Fischer Scientific They have all been utilised with effectiveness for the 
examination of a variety of biological materials (Morganti et al. 2019). 

Therefore, each stage in the experimental pipeline contributes heterogeneity that 
influences the final result, there is an unmet demand for technique standardisation 
that would allow for accurate and repeatable investigation of important samples of 
human biological material for studying intestinal bacteria. 

3.9 Imaging Strategies 

The microbial makeup varies from niche to niche even inside the digestive system 
(Min et al. 2020). Faecal samples cannot disclose such variances. Recent research 
reveals that to analyse the distribution and colonisation of bacteria in the intestines, a 
limited range of bacterial species may be fluorescently labelled by genetic and 
chemical engineering and introduced into uninfected mice through stomach or rectal 
injection (Zhang et al. 2021). This method, however, necessitates the sacrifice of 
experimental animals, making it impossible to analyse the regular spatial as well as 
temporal structure of gut microbe in real time inside the identical mammal prior to as



well as after an investigational modification (Grond et al. 2018). Furthermore, as 
only a small number of gut bacterial species may be genetically modified for 
fluorescent labelling and the intestinal consists of relatively a significant amount of 
non-culturable microbes, existing fluorescent labelling approaches are only suited 
for a subset of gut bacteria (Daliri et al. 2017). Furthermore, it is uncertain how long 
it takes for colonisation to achieve the usual steady-state position, along with 
sampled surgically may damage the normal, bacterial species’ three-dimensional 
dispersion in the gut microbiota (Cryan et al. 2019). Even when fluorescent dyes are 
used to designate indigenous animals in their native habitat, the fluorescent light 
absorption is frequently too insufficient to expand beyond tiny-animal investigations 
into diagnostic and clinical research on humans (Yao et al. 2014). 
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Thus, new approaches are therefore needed for in vivo imaging of the gut 
microbes in human beings, with minimum disruption to the natural microbiota. 

3.10 Future Perspectives and Utilisations of Gut Microbiome 

Numerous human metabolic processes and our well-being are impacted by the 
relationship between the human microbiome as well as system of defence (Althani 
et al. 2016; Lasselin et al. 2016). Furthermore, the connections among people in 
addition to microbes can be crucial in deciding whether or not a person is healthy or 
ill (Dorrestein et al. 2014). Several disorders, including cutaneous, inflammatory, 
metabolic, and neurological problems, are associated with dysbiosis (Scotti et al. 
2017). Accurate diagnosis and therapy of many disorders depend on a deeper 
comprehension of the host–microbe relationship. Because of the consequence of 
the microbes to host health, novel therapeutic approaches have emerged that con-
centrate on the recommended alteration of the host microbiome, either through the 
removal of negative taxa or the restoration of positive taxa and the functional roles 
they play (Gilbert and Lynch 2019). Large numbers of microbial taxa are difficult to 
cultivate in the laboratory, if not impossible (Stewart 2012). As a result, it is very 
challenging to list each individual microbiome member and to comprehend how 
microbial population work and affect host–pathogen interactions (Dillard et al. 
2021). Numerous Metagenomic research studies are now being conducted thanks 
to recent improvements in sequencing technology and computational tools. These 
investigations have offered crucial information about the human microbiome as well 
as numerous other microbial communities in different environments (Langille et al. 
2013). 

A healthy microbiome is crucial for host organisms, because it facilitates the 
efficient execution of crucial physiological functions (Foster et al. 2017). Indeed, 
host organisms and their microbiota have coevolved, with some commensals becom-
ing pathobionts and others becoming symbionts (Ruff et al. 2020). In the human gut, 
some commensals release signals that encourage appropriate immune system devel-
opment. Within distinct hosts, as well as various physical surroundings, microbial 
communities develop a distinct structure (Zheng et al. 2020). Due to this, research on 
the host–microbiome is primarily concerned with identifying and characterising the



bacteria that live there, their distinctive host phenotypes, as well as the biochemical 
mechanisms with which these microorganisms affect their hosts (Henry et al. 2021). 
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Investigations into host–microbe interactions can disclose the relationship’s 
essential properties, such as identification, categorisation, profile prediction, and 
interaction processes (Starr et al. 2018). Although these microbes’ structure, func-
tion, dynamics, and interactions are critical in human metabolism, their identifica-
tion, measurement, as well as characterisation can be difficult (Rowland et al. 2018). 
The majority of microbial communities are incredibly varied, and the vast the 
predominance of each species has yet to be grown. Second, their contact with one 
another, as well as their proclivity to construct sophisticated networks, makes it 
impossible to forecast their behaviour (Fierer 2017). Establishing molecular links 
between gut microbiota and its function provides a new dimension to insight the 
biology of complex microbial consortia. To research host–microbe interactions, 
culture-dependent techniques have been the mainstay of traditional approaches to 
microbial ecology (Gilbert et al. 2016). Even though these are culture-specific 
methodologies produced intriguing data sets, they also produced a distorted image 
of microbiota. However, for identifying microorganisms in both qualitative and 
quantitative ways, a variety of culture-independent approaches, mostly the methods 
based on PCR, have recently emerged (Hameed et al. 2018). These approaches have 
completely altered people’s perceptions of the living being microbes and opened the 
ground for the development of Metagenomic (Lepage et al. 2013). Metagenomic 
research is expanding our understanding of interactions between host and pathogenic 
by identifying genes that may permit microorganisms to impact their hosts in 
unforeseen ways. Pathogen surveillance, biotechnology, host–microbe interactions, 
functional dysbiosis, and evolutionary biology can all benefit from Metagenomic 
research of host–microbe interactions (Cruz et al. 2022). Recent Metagenomic 
investigations of host microbiome has provided important insights into host– 
microbe interactions. 

3.11 Conclusion 

For all forms of life on Earth, microorganisms (host and parasite) are necessary. 
They both are defined by their surroundings. However, our knowledge of host– 
pathogen systems is still quite limited. Technologies for bioinformatics as well as 
sequencing have evolved significantly over the past two decades, creating it possible 
to investigate microbial populations living inside of various hosts. There is wide-
spread agreement that the diversification of microbes found in harsh environments 
has mostly gone untouched. Novel approaches are necessary to acquire new infor-
mation about this “latent” microflora. NGS technology has enabled the quick and 
low-cost generation of sequencing data, as well as the development of sequencing 
systems that may be employed in both big genome-sequencing centres and individ-
ual laboratories. Updated versions of their specific DNA sequencing technologies 
have been revealed by Illumina, PacBio, and Applied Biosystems. These 
enhancements will increase read length as well as high-throughput capability yet



dramatically reducing the amount of sequencing each base. Such innovations will 
considerably benefit research scientists moreover offer them intriguing novel 
prospects. To address concerns regarding the ecology as well as the complexity of 
the microbial flora, multiple techniques for biological investigations must be 
integrated. The enormous amounts of genomic information that are going to be 
created will provide novel obstacles intended for data analysis, storage, and trans-
port. Sequencing of genome facilities as well as laboratories will grow more reliant 
on information technology and bioinformatics. To analyse vast volumes of data as 
well as extract the data for relevant knowledge about bacterial populations, bioinfor-
matics knowledge will become more important. Metagenomic will become increas-
ingly important in health, biological as well as environmental research. A detailed 
representation and knowledge of the functional microbiome are required for future 
rational therapies that use the gut microbiome to change host phenotype. 
Experiments with representative models will be crucial for assessing the influence 
of various microbial activities on human physiology and explaining their mechanism 
of action. The authors believe that this chapter provides a thorough summary of gut 
microbiome of humans, as well as presents sequencing technologies and their 
prospects, along with their high value and limitations. 
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Probiotics: A Healthy Treasure 4 
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and Prabu Dhandapani 

Abstract 

Probiotics are live microorganisms that enhance the health benefits of the host. 
They are capable of colonizing the gastrointestinal tract by surviving gastric and 
bile acids. It strengthens the host’s immunity and lowers the risk of urogenital 
infections, allergies, cancer, and other intestinal issues that are common among 
people. The mechanism of their action is through the production of antimicrobial 
substances, and increased adhesion to the intestinal mucosa. It has several 
immunomodulatory properties which enhance humoral and cell-mediated immu-
nity. In this chapter, we will learn about the health benefits of probiotics and their 
potential therapeutic application. 
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4.1 Introduction 

Probiotics are live bacteria that provide health benefits to the host when administered 
in appropriate doses (FAO/WHO 2002). Probiotic bacteria are safe for human 
consumption and provide health benefits to the host, such as improving gut health, 
boosting immunity, reducing urogenital infections, allergies, cancer and other intes-
tinal problems that affect a majority of the world’s population. Although there is 
limited data to support their health benefits in humans, probiotics are an essential 
component of functional foods. To maintain a healthy gut, specific beneficial
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bacterial strains must be introduced into the gastrointestinal tract (GIT) to prevent 
disease. In the early 1900s, Elle Metchnikoff hypothesized that beneficial bacteria 
may be administered to replace harmful microorganisms with healthy ones. In the 
1960s, Lilly and Stillwell coined the phrase probiotic, which means ‘for life’. 
Probiotics, on the other hand, contain live microbial supplements that improve the 
microbial balance in the intestine of the host (Fuller 1989). Lactobacillus, 
Bifidobacterium, Escherichia coli, Enterococcus, Bacillus, Streptococcus and Sac-
charomyces are some of the most often used probiotic microbes.
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Microorganisms present on the skin, in the mouth and in the gastrointestinal tract 
coexist with humans. The GIT, covering more than 400 square metres of surface 
area, has the highest concentration of commensal microorganisms. Probiotic bacteria 
present in the GIT and establish themselves rapidly after birth, are relatively stable 
throughout life and are essential for human homeostasis. Interactions between the 
intestinal microflora and the host during the establishment of the microbiota result in 
the evolution of a unique and distinct intestinal immune system. Probiotic foods 
account for 65% of the global functional food market, resulting in a wide range of 
probiotic food products available in supermarkets and health food stores. Probiotic 
supplements have been introduced to the market since they protect against 
infections, reduce lactose intolerance, lower blood cholesterol levels and activate 
the immune system. This has prompted more research into the identification of foods 
and food components that provide unique consumer benefits. Prebiotic, for example, 
is a non-digestible food component that benefits the body by activating one or more 
probiotic bacteria in the colon. When a product has both probiotics and prebiotics, it 
is referred to as a synbiotic. 

The first probiotic to gain widespread clinical attention was Lactobacillus 
rhamnosus GG strain (LGG). It was discovered in 1985, and used in the dairy sector 
in the fermentation process. LGG boosts intestinal immunity by increasing the 
number of cells that secrete IgA and other immunoglobulins in the intestinal mucosa. 
It stimulates the local interferon release and facilitates antigen transport to underly-
ing lymphoid cells, resulting in increased antigen uptake in Peyer’s patches. Bile, 
hydrochloric acid and pancreatic juice have no effect on it and it possesses anti-
carcinogenic properties (Gupta and Garg 2009). 

4.2 Probiotic Microorganisms and Their Characteristics 

Lactobacillus and Bifidobacterium, two major gram-positive bacteria species, are 
widely utilized as probiotics. Other genera, such as Escherichia, Enterococcus, and 
Saccharomyces, have been promoted as probiotics, while safety concerns persist 
(Holzapfel et al. 2001). Probiotics are strain-specific, therapeutic benefits attributed 
to one strain cannot be expected to be delivered by another, even if they are from the 
same species. 

According to the Food and Agriculture Organization (FAO) and the World Health 
Organization (WHO), probiotics have the following characteristics (FAO/WHO, 
2001):
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1. It must be able to survive passage through the gut by withstanding gastric acids 
and bile exposure. 

2. It should be able to survive both conjugated and deconjugated bile acids, as well 
as low pH and high bile acid concentrations. 

3. It should be able to colonize and grow in the gastrointestinal tract. 
4. The immune system should be able to withstand it. 
5. It must be free of any infectious, allergic or mutagenic/carcinogenic properties. 
6. It must have the administration sites that are desired. 
7. They must be safe as well as effective. 
8. It should remain effective and potent for the duration of the product’s shelf life. 

4.3 Mechanism of Action 

Probiotics compete with pathogens for nutrition by inhibiting bacterial growth, as a 
result, infections in the gastrointestinal tract become less common. Probiotic protec-
tive mechanisms include epithelial barrier improvement, immunomodulatory 
properties, antibacterial activity and competitive adhesion to the intestinal mucosa 
(Bermudez-Brito et al. 2012). A recent study finds that introducing probiotics to the 
intestine may prevent the spread of potential infections by lowering luminal pH, 
producing bacteriocins, releasing antimicrobial defensins in the intestinal crypts and 
preventing bacterial adhesion to epithelial cells (Plaza-Diaz et al. 2019). 

4.3.1 Production of Antimicrobial Substances 

A good example of probiotic antibacterial action is the effect of Lactobacillus 
species on Helicobacter pylori infection of the gastric mucosa (Homan and Orel 
2015). Acid-resistant Lactobacillus species and commensal organisms persist longer 
in the stomach than other bacteria. Lactobacillus acidophilus produces two bacteri-
ocin compounds: lactacin B and acidolin, which may interfere with H. pylori 
infection or inflammation. An in vitro study found that lactacin and acidolin inhibit 
the growth of H. pylori and enteropathogenic bacteria, respectively. De-conjugated 
bile acids, which are bile salt derivatives produced by probiotic bacteria, have better 
antibacterial properties than the bile salts produced by the human host (Ridlon et al. 
2016). Gut bacteria produce a wide range of health-promoting fatty acids (Conlon 
and Bird 2014). Bifidobacterium and Lactobacillus in the intestine have been found 
to produce conjugated linoleic acid (CLA), a potent anti-carcinogenic agent (Den 
Hartigh 2019). CLA-producing L. plantarum was reported to have an anti-obesity 
effect in rats having diet-induced obesity (Lee et al. 2007). In mouse models, 
CLA-producing Bifidobacterium and Lactobacilli were shown to regulate the fatty 
acid content of the host’s liver and adipose tissue (Rosberg-Cody et al. 2011). 
Lactobacillus produces fungicidal compounds like benzoic acid, methyl hydantoin, 
mevalolactone and short-chain fatty acids. Lactobacillus coryniformis, for example, 
produces antifungal proteinaceous compounds (Magnusson and Schnürer 2001).
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4.3.2 Increased Adhesion to the Intestinal Mucosa 

Inflammatory bowel disease is caused whenever a pathogen or foodborne antigen 
breaches the intestinal barrier and penetrates the intestinal sub-mucosa. Hence, the 
effectiveness of the probiotics relies on their ability to adhere and colonize the 
human stomach, which in turn strengthens the host immune system (Chichlowski 
and Hale 2008). Many Lactobacillus bacteria maintain intestinal barrier integrity by 
regulating and increasing the expression of genes, such as E-cadherin/β-catenin, 
involved in tight junction signalling (Hummel et al. 2012). Several lactobacillus 
proteins have been found to improve surface and mucosal adhesion by integrating 
with glycoproteins secreted by intestinal epithelial cells, such as mucin, resulting in 
the competitive exclusion of mucosal pathogens (Wang et al. 2016). Attachment to 
the intestinal mucosa is required for colonization in host–probiotic interaction. 
Lactobacillus possesses a mannose-specific adhesion mechanism that allows it to 
adhere to human intestinal epithelial cells. When the probiotic adheres to the cell, it 
triggers a cascade of biological events, including the production of cytokines and 
chemokines. As a result, secondary functions in the host, such as activating mucosal 
and systemic immune responses, were activated (Plaza-Díaz et al. 2020). Probiotics 
increase gut mucin levels, which inhibit pathogen binding and induce epithelial cells 
to release defensins. These small proteins help to maintain the integrity of the 
intestinal barrier by exhibiting antibacterial, antifungal and antiviral properties 
(Gong et al. 2021). 

4.3.3 Probiotics and the Immune System 

Probiotic bacteria have long been known to have immunomodulating properties. 
These bacteria can communicate with epithelial cells, dendritic cells (DCS), 
monocytes/macrophages and lymphocytes. It can regulate the immune system by 
increasing endogenous host defense mechanisms, including humoral, cellular and 
non-specific immunity (Belkaid and Hand 2014). According to a recent study, 
probiotics improve the natural killer cell activity and alter non-specific host defense 
mechanisms in the elderly (Aziz and Bonavida 2016). Probiotics play important 
roles in mucus production, macrophage activation, stimulation of secretory IgA and 
neutrophil, suppression of inflammatory cytokines and stimulation of peripheral 
immunoglobulins (Cristofori et al. 2021). Probiotics have different immune-
regulatory effects in healthy and diseased persons (Yan and Polk 2011). Probiotics 
enhance phagocytosis in healthy persons, while they reduce it in allergy patients 
(Huang et al. 2022). 

4.4 Health Benefits of Probiotics 

Probiotics promote gastrointestinal health and immunity; prevent urogenital 
infections, allergies, cancer and certain bowel disorders (Binnendijk and Rijkers 
2013). Several well-characterized Lactobacillus and Bifidobacterium strains are now



available for human use to prevent and manage gastrointestinal (GI) infections. 
Probiotics provide a number of health benefits, including: 
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1. Improved gut health through microbiota control and immune system stimulation 
and development. 

2. Increasing nutrient bioavailability by synthesizing and improving their 
absorption. 

3. Alleviating lactose intolerance symptoms and lowering the risk of certain 
diseases. 

4. It restores the normal gut flora, improving gut barrier function. 

4.4.1 Disease Prevention and Treatment 

Probiotic LGG, Bifidobacterium lactis BB-12 and Lactobacillus reuteri SD2222 
were used to prevent and treat rotavirus diarrhoea in children (Shornikova et al. 
1997). In children, the usage of LGG resulted in a significant reduction in diarrhoea 
symptoms as well as a shorter hospital stay (Li et al. 2019). For the treatment of 
rotavirus diarrhoea, LGG in milk or capsule form was used as an adjuvant to oral 
rehydration therapy (Guandalini et al. 2000). 

Necrotizing enterocolitis is a leading cause of morbidity and mortality in prema-
ture infants. In premature babies, a combination of two probiotic strains, Lactoba-
cillus acidophilus and Bifidobacterium infantis, was reported to reduce the risk of 
necrotizing enterocolitis and death (Patel and Underwood 2018). 

Probiotics play an effective role in the prevention and treatment of Helicobacter 
pylori infection and other inflammatory bowel diseases, such as Crohn’s disease and 
irritable bowel syndrome (Verna and Lucak 2010). Intestinal microbiota plays a 
critical role in the pathogenesis of bowel inflammatory disease, and the use of a 
combination probiotic strain proves effective in alleviating the symptoms (Hold et al. 
2014) 

Probiotics reduce cholesterol levels by deconjugating the bile salt. The bile salt is 
deconjugated, which makes it less soluble and absorbable in the intestines and 
excreted in the stool. Cholesterol is then used to make new bile acids, reducing 
blood cholesterol levels in a homeostatic reaction. In vitro studies proved that 
Lactobacillus gasseric reduce cholesterol in the laboratory media by adhering to 
its cellular surfaces (Kumar et al. 2012). Probiotics, both living and dead, work in a 
similar way to reduce cholesterol levels. Growing cells, on the other hand, 
eliminated more cholesterol than dead cells. During the developmental phase, 
some probiotics Lactococcus strain lower cholesterol levels in the blood through 
the absorption and integration of cholesterol into their cellular membranes. Choles-
terol incorporation into the cellular membrane benefits the bacterial strain by 
improving the membrane strength, which increases cellular resistance to lysis (Ooi 
and Liong 2010). 

The presence of Neisseria gonorrhoeae and Chlamydia trachomatis is indicated 
by the absence of Lactobacilli in the vagina (Wiesenfeld et al. 2003). Direct



instillation of Lactobacilli resulted in a significant reduction of Escherichia coli 
growth, as well as a reduction in the severity of inflammation and risk of recurrent 
urinary tract infection (Asahara et al. 2001). Probiotic Lactobacilli taken orally have 
been shown to reduce the incidence of urinary tract infection, bacterial vaginosis and 
candidiasis (Reid et al. 2003). 
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4.5 Role of Probiotics in Healthy Individuals 

Recent studies have shown that probiotics can modestly decrease the incidence and 
duration of common upper respiratory tract infections in children and adults (King 
et al. 2014). People who have a low amount of the intestinal enzyme 
i8-galactosidase, the disaccharide lactose can cause severe intestinal irritation, 
including bloating, gas and stomach pain. It restricts the use of calcium-rich dairy 
products at a time when the elderly are in desperate need of them owing to bone loss. 
Lactose digestion in lactose-intolerant people can be improved by probiotics, with 
the majority of data suggesting that lactose taken in yoghurt containing alive cultures 
is more easily digested than lactose consumed without live cultures (Oak and Jha 
2019). Lactobacilli produce lactase, which hydrolyses lactose in dairy products to 
glucose and galactose during fermentation, potentially benefiting lactose-intolerant 
persons (Saqib et al. 2017). 

The animals were given probiotics to help them gain weight on a liquid diet of 
milk, yoghurt or milk fermented with S. thermophilus. The animal gut microbiota 
was altered, resulting in a significant increase in weight gain (Goldin 1998). 

The composition of the microbiota can influence the development of mucosal and 
systemic immunity. Probiotics colonize the oral cavity naturally, reducing the 
negative effects of bacterial infections, while also improving the inflammatory 
cytokine system. Plaque growth can be inhibited by neutralizing free electrons, 
affecting the systemic immune system and controlling mucosal permeability. Lacto-
bacillus bulgaricus, L. acidophilus, L. casei, L. Helveticus and L. lactis are the most 
commonly used oral probiotics (Parul et al. 2020). Probiotics that stabilize the oral 
flora are used to treat gingivitis (Gupta 2011). Acidic probiotic bacteria like 
Lactobacilli, Streptococcus and Bifidobacterium produce antimicrobial substances 
that suppress pathogens by aggregation, toxic by-product release and competition for 
substrates (Markowiak and Śliżewska 2017). Probiotics contribute to the treatment 
of periodontitis by maintaining the oral microbiota. The majority of Lactobacillus 
strains inhibit the spread of dermabrasion periodontal diseases (Haukioja 2010). 
Recent studies have shown that the use of beneficial bacteria in addition to root 
resurfacing inhibits the re-colonization of periodontal pathogens, which reduces 
overall pocket depth and improve clinical adhesion (Retamal-Valdes et al. 2021). 

Microbiota in the intestine produce enzymes such as glycosidase, nitroreductase, 
azoreductase and β-glucuronidase, which control the onset of carcinogenesis and 
protect against carcinogenic activity (Molska and Reguła 2019). L. casei strain 
shirota was found to decrease the recurrence rate of superficial bladder cancer,



indicating that probiotic consumption had a positive influence on cancer risk (Mutoh 
et al. 2020). 
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The composition of a mother’s vaginal microbiota affects a baby’s asthmatic 
condition. The administration of LGG to pregnant women and newborns resulted in 
a significant reduction in the prevalence of early atopic illness in neonates (Sestito 
et al. 2020). 

The administration of LGG increased the levels of rotavirus-specific 
IgM-secreting cells than the control and placebo groups (Maidens et al. 2013). 
Similarly, the LGG group had significantly increased the IgA and IgM levels in 
the control group. As a result, LGG is used as an adjuvant in a rotavirus vaccination 
for children. 

Acute liver diseases sometimes lead to liver failure. Probiotics significantly 
reduce acute liver injury by up-regulating the tight junction protein gene, increasing 
microbial flora, lowering bacterial translocation, minimizing endotoxin infiltration 
and reducing pro-inflammatory cytokines (Xu et al. 2021). 

4.6 Drawbacks 

Probiotics are living microorganisms that can infect the host. The risk of probiotic-
induced sepsis should be evaluated against the risk of pathogenic-bacterial-induced 
sepsis. Future studies should validate the benefits of probiotics such as the selection 
of a suitable probiotic agent, dosage standardization, a complete understanding of 
their therapeutic effects and long-term storage. Although more promising potential 
health effects of probiotics are being observed in ongoing research, probiotic strains 
should be examined for antibiotic susceptibility patterns, toxin production, meta-
bolic and haemolytic activities, infectivity in immunocompromised animal models 
and adverse events in humans. 
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Abstract 

The gastrointestinal tract of humans harbours an ecological niche of different 
species of microbes known as gut microbiota. This balanced composition of 
microbiota confers health benefits to the human host. Various complex 
interactions among the different genera of gut microbiome play important roles 
such as the prevention of infections by intestinal pathogens, producing various 
nutrients for the host, enhancing immunological responses and other beneficial 
effects. However, the modern lifestyles, dependence on junk foods, stress 
conditions, lack of physical activities and other individual factors result in 
perturbations in this ecological system resulting in gut dysbiosis. As the probiotic 
candidate originates from the gut, therefore it is imperative to use probiotics to 
maintain this gut homeostasis. Various probiotic cultures reported so far are 
members of a group of lactic acid bacteria. These were mainly species of 
Lactobacilli and Bifidobacteria. Nevertheless, to achieve the maximum benefits 
of probiotics, the cultures should possess mandatory activities to remain viable 
until they reach the colon after ingestion. Therefore, different strategies have been 
employed to design probiotics in terms of increased survival and targeted 
benefits. The postbiotics (secretions from probiotics) and identification of next-
generation probiotics are the novel strategies underway to develop probiotics as 
personalised medicine. This chapter details the basic concepts of probiotic sci-
ence, their importance, mechanisms of action and health benefits. 
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5.1 Introduction 

The human gastrointestinal tract (GI) is regarded as a superorganism as it is a niche 
to thousands of species of microorganisms which live in homeostasis and confer 
health benefits to the human host. This microbiota plays multifarious roles such as 
the regulation of host metabolism, immunomodulation, protection of humans against 
pathogens and many more. Various studies have reported that this gut microbiota 
comprises around 150–400 bacterial phyla, dominated by Bacteroidetes, Firmicutes, 
Proteobacteria and Actinobacteria. Apart from these bacterial species, the gut 
microbiota also contains fungi, viruses and archea. Among these groups of 
microbiota, a particular group comprising species of LAB (lactic acid bacteria) are 
regarded as probiotics which are defined conventionally as live microorganisms that 
perform a variety of vital tasks portraying a positive influence on human health. The 
FAO/ WHO defines Probiotics as “Live microorganisms which, when administered 
in adequate amounts, confers health benefits” (FAO 2002). These probiotics exert 
their beneficial effects through different mechanisms such as the modulation of gut 
microbiota, enhancing the immune status of the host, exclusion of pathogenic 
microorganisms through secretion of antimicrobial components, maintenance of 
intestinal membrane permeability, production of short chain fatty acids (SCFAs), 
vitamin synthesis and deconjugation of bile salts and others. The major genera 
reported for the probiotic attributes include different species of Lactobacillus, 
Bifidobacterium, Saccharomyces, Streptococcus, Enterococcus, Escherichia and 
Bacillus. Prebiotics are the substrates in food, primarily the oligosaccharides 
which can promote the growth of probiotic bacteria. International Scientific Associ-
ation for Probiotics and Prebiotics (ISAPP) defines a prebiotic as a substrate that is 
specifically and selectively used by host microorganisms that confer health benefits. 
The most common prebiotic substrates include fructo-oligosaccharides (FOS), 
galacto-oligosaccharides (GOS), inulin, glucans, pectins and lactulose. In relation 
to the term probiotic and prebiotics, synbiotics is also used for the combination of 
both (Markowiak and Śliżewska 2017). The synbiotic products are developed to 
improve the survival of probiotics during passage through the upper intestinal tract 
with the help of prebiotics. However, very few studies have been undertaken on 
synbiotics and their health benefits. Further, in continuation with probiotic research, 
the ISAPP stated that besides the probiotics, the metabolic by-products of probiotics, 
dead microorganisms or other microbe-based nonviable products may also exert 
health benefits. Currently, the term “postbiotic (metabiotics/parabiotics)” refers to 
such substances which are released by probiotics exhibiting biological activity 
(Fig. 5.1). These postbiotics are produced by the inactivation of probiotics which 
preserves the beneficial effects provided by probiotics in the living form. Various 
inactivation methods such as sonication, enzymatic processes, solvent extraction and 
chemicals (e.g. formalin) at both laboratory and industrial levels have been used 
whereby heat treatment is most commonly used. Since a plethora of research has 
been conducted in the area of probiotics, prebiotics and postbiotics, various 
databases have been developed to identify the genomic characteristics of the probi-
otic strains. Few of them are http://kwanlab.bio.cuhk.edu.hk/PBQ/, AEProbio

http://kwanlab.bio.cuhk.edu.hk/PBQ/
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(http://usprobioticguide.com/)  and  Optibac  Probiotics  (http://www.  
optibacprobiotics.com/uk/professionals/probiotics-database), https://probresist.com 
and http://probiogenomics.unipr.it/files/Probiotic_Bifidobacteria_DataBase.zip. I  
recent years, the researchers are emphasising on next-generation probiotics which 
are similar to postbiotics that offer targeted strategies for promoting health and 
managing a particular disease. These are also directly or indirectly involved in 
microbiota modulation, immune system activation, enzyme production or gut barrier 
interaction. This chapter provides a review of the recent updates on the probiotics, 
postbiotics and next-generation probiotics, guidelines to evaluate probiotic strains 
and their products, the mechanisms behind their health benefits and how far we have 
reached in probiotic research. 
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Fig. 5.1 Probiotics, prebiotics, synbiotics and postbiotics. (Adapted from Mohd Fuad et al. 2022) 

5.2 Selection Criteria for Probiotics 

As per the guidelines provided by International Life Sciences Institute-India, any 
culture to be taken as probiotic it should fulfil the following criteria: 

(a) Evaluation of exact taxonomy and probiotic activities of microorganisms. 
(b) Evaluation of the safety of probiotics for humans. 

As the probiotic effect of any microbial culture depends on the type of strain, 
therefore, the exact identification of the strain is the mandatory step before consider-
ing any strain as a probiotic. The strain should be of human origin which should be 
identified using phenotypic as well as newer genotypic tests. Recently, Mattarelli 
et al. (2014) described the “Recommended minimal standards for description of new 
taxa of the genera Bifidobacterium, Lactobacillus and related genera”. However, 
whole genome sequencing is the “gold standard” method for correct strain identifi-
cation. Once the strain has been identified, the strain should be assessed for the 
presence of virulence factors such as toxins, invasion and adhesion factors (EFSA 
2020a). The strains should be tested for the presence of transferable antibiotic-
resistant genes. The organism should fall under GRAS (Generally Recognised as

http://usprobioticguide.com/
http://www.optibacprobiotics.com/uk/professionals/probiotics-database
http://www.optibacprobiotics.com/uk/professionals/probiotics-database
https://probresist.com/
http://probiogenomics.unipr.it/files/Probiotic_Bifidobacteria_DataBase.zip


Safe) category. The uniqueness of the strain should be periodically verified before 
usage in foods to ensure that it has not mutated. For the probiotic attributes, the 
cultures should have the following properties tested through in vitro as well as 
in vivo tests. The following in vitro tests are suggested to ascertain their probiotic 
attributes:

• Resistance to gastric juice (low pH) or bile salts and pancreatic enzymes.
• Adherence to mucus and/or human epithelial cells and cell lines.
• Antimicrobial activity against potentially pathogenic bacteria.
• Assessment of certain metabolic activities (e.g. haemolytic activity, D-lactate, 

biogenic amines, bacteriocin production, hydrogen peroxide, etc.).
• Bile salt hydrolase activity. 

The above-said activities are only suggestive for a culture to be a probiotic, as 
these are not validated biomarkers for the functions of the probiotic strain. 
Therefore, the strain should be further tested using animal models (mice, rats 
and Guinea pigs). 
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Human clinical trials are carried out to confirm the specific health claims of a 
potential probiotic microbial strain. The safety of probiotic usage should be the top 
priority for general claims, especially if it is intended for extended usage. Usually, 
randomised control trials are conducted to support the health claims of any culture. 
As most of the LAB strains such as bifidobacteria and yeasts have a long history of 
use in food fermentation, these strains have been determined to be secure for usage in 
supplements and foods. Apart from these, the European Food Safety Authority 
(EFSA) has published a list of microorganisms presumed to be safe under the 
“Qualified Presumption of Safety” (QPS) concept since 2007 (EFSA 2007). The 
list has been prepared based on history and scientific literature reviews on the 
submissions of traditionally used microorganisms to EFSA for market approval 
(EFSA 2020b). 

Apart from these safety attributes, if the potential probiotic culture is to be used in 
the food sector, then the culture should be highly productive, genetically stable, 
should survive the drying procedures used in food processing units, resistant to 
phages and should not change the organoleptic qualities of the finished product. 
Various bacterial cultures used as probiotics include species of Lactobacilli 
(“L. acidophilus, L. rhamnosus L. gasseri, L. casei L. reuteri, L. plantarum, 
L. salivarius L. johnsonii, L. gallinarum, L. plantarum, L. fermentum 
L. helveticus, L. brevis L. murinus, L. crispatus, L. amylovorus), Bifidobacteria 
(B. infantis, B. longum B. lactis, B. adolascentis B. bifidum, B. animalis B. breve, 
B. thermophilum B. pseudolongum), yeasts (S. boulardii, S. lactis, S. carlsbergensis, 
Kluyveromyces marxianu, S. cerevisiae)” and other bacterial species such as Bacillus 
subtilis, B. lichemiformis, few species of Enterococci, Leuconostocs, Pediococci and 
Streptococci.
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5.3 Mechanism of Action of Probiotics and Health Benefits 

The probiotics are well known for their activity as a modulator of intestinal microbial 
balance whereby these cultures maintain the number as well as the diversity of 
different gut microbes thereby maintaining gut homeostasis. Any disturbance in this 
microbial diversity and population results in gut dysbiosis. Under these conditions, 
probiotics are often recommended to maintain the ecological niche of the intestine. A 
tailored probiotic intervention may be utilised to treat or prevent intestinal infections 
with a full understanding of the regulation and mechanism of action of probiotics on 
the micro-ecology of intestinal infections. These cultures through this equilibrium 
are helpful in restoring the natural microbiota after antibiotic therapy. These 
probiotics are reported to exert a direct or indirect impact on the health of the 
human host. The direct effect includes antimicrobial activity through the competitive 
exclusion of pathogens, binding to the mucus membrane, production of antimicro-
bial substances, production of SCFAs and maintenance of membrane integrity 
(Li et al. 2021). The indirect effect includes immunomodulatory activities (Fig. 5.2). 

5.3.1 Antimicrobial Activities 

The antimicrobial activities of the probiotic are claimed due to different mechanisms 
such as release of antimicrobial compounds, competition with pathogens for adher-
ence sites or nutrients, enhancement of immunological status of host and inhibition 
of production of toxins by pathogens, interfering with quorum sensing pathways of 
pathogens. The LABs are usually reported to produce organic acids, bacteriocins, 
hydrogen peroxides, biogenic amines, biosurfactants, extrapolymeric substances 
(EPS) and other metabolites exhibiting antimicrobial activities. Among organic 
acids, probiotics usually produce lactic acid as an antimicrobial agent. The organic

Fig. 5.2 Mechanisms of action of probiotics and their health benefits



acid, in an un-dissociated form, enters into the bacterial cells and gets dissociated in 
their cytoplasm. This results in lowering the intracellular pH and can lead to the 
death of pathogens. The metabolites such as diacetyl, fatty acids, reuterin 
(3-hydroxypropionaldehyde in various forms), methylhydantoin and 
mevalonolactone are often produced by probiotics in minor quantities (Mayorgas 
et al. 2021). The cultures also produce peptides such as defensins and bacteriocins 
which exert antimicrobial actions against pathogens. The SCFA produced as a result 
of fermentation can disrupt the outer membranes of Gram-negative pathogens. 
Bacteriocins are able to induce pores in the inner membrane of Gram-negative 
pathogens thereby inhibiting their survival in the host. Although there are several 
antimicrobial substances released by probiotics, however, majority of these are 
characterised partially and not brought to the commercial level which necessitates 
that there should be improvement in new tools and approaches to decipher their 
interactions with the host as well as the pathogen. Apart from the release of 
antimicrobial components, the probiotics also exclude the pathogens via competitive 
exclusion, whereby one species of bacteria, more strongly fights for a receptor site 
than another species in the intestinal tract. The mechanisms that are applied for 
exclusion or reduction of growth by bacteria can be the removal of available 
bacterial receptor sites, establishment of hostile micro-ecology, development and 
secretion of antimicrobials, and selective metabolites and competitive loss of vital 
nutrients. The competition for adhesion sites on epithelial cells, over mucus layer 
and nutrients, mediates the interaction between enteric bacteria to execute competi-
tive exclusion. However, this competition is reported to be strain specific. Interfering 
with quorum sensing signalling pathways in pathogenic bacteria is another mecha-
nism by which probiotics exert antimicrobial activities. The use of this cell-to-cell 
signalling mechanism by pathogens facilitates the regulation of important virulent 
traits and allows them to successfully colonise the host cells. The reports on the 
inhibition of quorum sensing pathways in pathogens by probiotics or their 
components are limited.
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5.3.2 Maintaining Barrier Function 

Any disease’s progression is significantly influenced by the way the gut barrier 
works. Any disruptions to this epithelial barrier can have disastrous effects and may 
give rise to a wide range of disease syndromes. The up-regulation of “close junction 
signalling” gene expression had been suggested as a potential method for improving 
“intestinal barrier integrity” (Serek and Oleksy-Wawrzyniak 2021). The probiotics 
reduce these disturbances through the upregulation of TJ proteins and occludin 
proteins. The intestinal barrier’s tiny scaffolding is made of TJ proteins. This activity 
of probiotics is reported through the ligand-mediated stimulation of several toll-like 
receptors such as TLR-2. Various studies have reported the role of surface molecules 
of probiotics including surface layer proteins, capsular polysaccharides, flagella and 
fimbriae in maintaining intestinal homeostasis and promoting gut health. Probiotics’ 
proteins, metabolites including “indole, extracellular vesicles, short-chain fatty acids



and bacteriocins” interact with certain epithelial receptors or directly encourage 
goblet cells to release mucus, or enhance the expression of tight junctions. In 
addition, the probiotics control the death of intestinal epithelial cells (IECs) and 
promote IEC proliferation to repair the mechanical integrity of the intestine. 
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5.3.3 Production of SCFA 

The SCFAs are produced in millimolar quantities in the gut and are mainly the 
fermentation products of anaerobic microorganisms. These volatile SCFAs are 1–6 
aliphatic carbon atoms which may exist as straight or branched. The probiotic 
cultures usually ferment the undigested part of the diets which includes fibres, 
resistant starch or non-starch polysaccharides (Cheng et al. 2022). These substrates 
are fermented to produce SCFA, viz. acetate, propionate and butyrate usually in the 
ratio of 3:1:1 constituting a total of 90–95% of SCFAs present in the human colon. 
The level and rate of production of these SCFA are strain specific and dependent on 
the type of substrate. These SCFAs are reported to activate G-coupled protein 
receptors (GPCRs) which are the binding partner of GPR41 and GPR43 including 
the inhibition of histone deacetylases with the blocking of free fatty-acid receptors 
2 and 3 (FFAR2/3), and reportedly serve as energy substrates and can supply up to 
10% of the host’s daily caloric needs. All these confer beneficial effects on the 
physiological processes of the host. Apart from these, by reducing pH, SCFA also 
aids in the bioavailability of metals and acts as a barrier to prevent the colonisation of 
harmful microbes. Recently, SCFAs are also reported to affect neuronal excitability. 
The SCFAs also affect the integrity and function of the intestines as well as possess 
anti-inflammatory activity. 

5.3.4 Modulation of the Immune System 

The effect of probiotics on strengthening immunity has long been known. In both 
innate and acquired immunity, various types of cells such as epithelial and dendritic 
cells (DCs), monocytes, macrophages and lymphocytes help in the execution of 
immunomodulatory effects of the probiotics (Yeşilyurt et al. 2021). The presence of 
extracellular and intracellular receptors on the cells has been shown to transmit 
signals when bacteria are encountered. The IECs and DCs are reported to interact 
with probiotics through PPRs. Probiotics may lessen intestinal inflammation by 
reducing the expression of TLRs, blocking NF-KB signalling and secreting 
substances that may prevent TNF from entering “peripheral blood cells” (Kaur and 
Ali 2022). 

Apart from these major mechanisms, the probiotics also induce hydrolysis of 
toxins and receptors, exert antiapoptotic effects on enterocytes through the activation 
of brush border enzymes and the stimulation of glucose absorption. Additionally, 
certain intracellular pathways involved in virus replication are inhibited by the 
probiotics (such as mitogen-activated protein kinase (MAPK) and others).
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5.4 Postbiotics 

Although probiotics are well documented for their health benefits, however their use 
is limited as still we have a limited understanding of the molecular mechanisms of 
action of probiotics, their strain-specific effects, risks associated with gene transfer, 
irregularities in the maintenance of viability and stability in the probiotic product and 
some other issues. Moreover, the production of key metabolic components in lower 
concentration does not result in any benefits, therefore, postbiotic components 
represent a promising new class of dietary supplements for human health and 
well-being. The well-documented postbiotics include exopolysaccharide; EPS, 
teichoic acids on the bacterial membrane, peptidoglycans (cell wall component), 
polar lipids, glycolipids and various other proteins components (Moradi et al. 2021). 
Inactivating probiotic microorganisms results in postbiotic production, however one 
should ensure that the inactivation process used to generate postbiotics and 
parabiotics must be able to maintain the positive effects offered by the living form. 
As such, it has been suggested that it can be created or acquired via a variety of 
inactivation techniques, including sonication, enzymatic procedures, solvent extrac-
tion and chemicals. Paraprobiotics (ghost probiotics) is the related term to 
postbiotics which refer to the non-viable or inactivated probiotic strains, either in 
intact or ruptured forms. Various benefits of postbiotics over the probiotic are as 
follows:

• No risk associated with the transfer acquisition of antibiotic resistance genes.
• As all these derived components are non-viable components, therefore, these are 

less sensitive to environmental conditions.
• Longer shelf-life and enabling easy storage and transportation at ambient 

temperatures.
• No issues related to survival or maintenance of viability as with the live cultures 

and well-defined chemical composition.
• Better and direct interaction of the postbiotic components with the target cell/ 

pathogen. 

As far as the mechanisms of action of postbiotics are concerned, these 
components act mainly through four mechanisms enhancing intestinal tight 
connections, triggering the formation of mucus, enhancing barrier function or 
stimulating mucous production, maintaining gut microbial population and immuno-
modulatory activities. The recent studies clearly indicate the benefits of postbiotics 
in gastrointestinal diseases, metabolic and neurological disorders. However, the type 
of probiotic strain, culture conditions and method of inactivation have a major effect 
on the structure and function of postbiotics. Various commercial postbiotic 
preparations include Del-Immune V® , LLC Hylak® forte, CytoFlora® , Aktoflor C 
and Zakofalk (Moradi et al. 2021).
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5.5 Next-Generation Probiotics 

Thanks to advancements in culture methods, cheaper genome and metagenome 
sequencing, and powerful tools to alter and modify bacterial genomes, the next 
generation of probiotics has arisen. This new phase in probiotic research enables us 
to create customised probiotics that cater to particular consumer needs and problems. 
Although many of these are still in the very early stages of mechanistic investigation, 
the understanding of the variety of organisms with potential health advantages has 
greatly expanded thanks to the makeup and function of the human gut microbiome, 
which was also hastened by “massively parallel sequencing”. The traditional or 
conventional probiotic cultures exert generalised health benefits due to their meta-
bolic activity which is not specific against certain diseases. These microorganisms 
are also known as live biotherapeutic products (LBPs) and next-generation 
probiotics (NGPs) (Kumari et al. 2021). These NGPs are characterised as biological 
products that do not qualify as vaccines and contain living organisms like bacteria 
that can be used for the treatment or cure of human diseases. NGPs can be useful 
because the word emphasises how regulators are likely to perceive them differently 
from regular probiotics and acknowledges the potential that NGPs will also contain 
genetically engineered bacteria. A process for finding an NGP includes an evaluation 
of safety, growth dynamics, culture genetics and a thorough grasp of their targeted 
diseases in order to characterise an NGP. Modern platforms for bioinformatics and 
NGS (next generation sequencing) technology are mostly used to screen NGPs. 
Once a promising culture has been found, functional validation tests are carried out 
using in vitro, in vivo and human clinical trials. The likely path to market for LBPs 
and NGPs will therefore be marked by preclinical studies of mechanisms of “action, 
safety, pharmacokinetics, pharmacodynamics, and phase 1–3 trials”, along with 
passing adequately timed regulatory licensing barriers. This is similar to the path 
taken by probiotics. The distinction and necessity of the NGP and LPB 
terminologies should also be taken into account. Operational differences, albeit not 
exclusively, make up the disparities: unlike NGPs, which are typically investigated 
by laboratories with experience in probiotic and gut bacteria investigation and often 
have a progression based on the probiotic observation in the laboratory, LBPs are 
generally evaluated by start-up biotech companies or the pharmaceutical industry 
with the expressed intention of asking permission for pharmaceutical marketing. 

Taking GRAS organisms or commensals and using them as a delivery system for 
a bioactive chemical is an alternative method for creating some NGPs. The bacterial 
vehicle used in this strategy is understood not to create any virulence factors, and the 
host will tolerate it, and, if selected appropriately, may even fail to colonise the host. 
The amount of evidence for the majority of NGS is still in the early stages, and 
further research is required to determine the precise health advantages of these 
bacterial species. Table 5.1 represents some of the key NGPs against their targeted 
diseases. Among the tested strains of NGP, Faecalibacterium prausnitzii, 
Akkermansia muciniphila, Bacteroides xylanisolvens and Eubacterium hallii have 
been reported for their benefits in the amelioration of dysbiosis-associated diseases. 
However, these strains are more sensitive than conventional probiotics; therefore, to



develop them for a personalised approach, these need to be stable and active in 
humans (Singh and Natraj 2021). 
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Table 5.1 The next generation probiotics and their target diseasesa 

Organism Source Targeted disease 

Bacteroides 
xylanisolvens 
DSM23694 

Human Cancer 

Bifidobacterium 
longum 

Human Anti-tumour effect in mice model 

Bacteroides ovatus 
D-6 

Human Cancer 

Bacteroides ovatus 
V975 

GMO (originally from human 
gut samples) expressing KGF-2 

Intestinal inflammation 

Bacteroides dorei D8 Human Cardiovascular disease 

Bacteroides fragilis 
ZY-312 

Human Antimicrobial activities against 
intestinal pathogens 

Bacteroides 
acidifaciens JCM 
10556(T) 

Mouse Antimicrobial activities against 
intestinal pathogens 

Clostridium 
butyricum MIYAIRI 
588 

Human Multiple targets including cancer, 
inflammation and infectious agents 

Faecalibacterium 
prausnitzii 

Human Mainly inflammatory bowel disease 

Lactococcuslactis 
elafin 

GMO (host isolated from food) Mainly inflammatory diseases such 
as IBD 

Lactococcus lactis 
trefoil factor 1 or 
IL-10 

GMO (host isolated from food) Allergen sensitivity and 
autoimmune diseases—type 
1 diabetes 

Akkermansia 
muciniphila 

Human Anti-obesity 

Bacteroides ovatus 
V975 

GMO expressing TGF-β1 Intestinal inflammation 

a The list is non-exhaustive 

5.6 Conclusions and Future Prospects 

It is clear from the cited literature that the gut microbiota contributes to many aspects 
of human health and maintenance of this gut homeostasis is essential for effective 
metabolic, physiological and each activity of the human host. Any disbalance in this 
homeostasis leads to several complications such as gastrointestinal inflammation, 
metabolic disorders such as diabetes, obesity and anxiety. Although probiotics have 
a long history of use in foods, most of these effects have been demonstrated in 
experimental studies and only a few in clinical studies. In all the studies, the 
probiotics or their metabolites have been reported to show positive/beneficiary



effects towards a large number of gut-based diseases like inflammatory bowel 
disease, allergies, liver diseases, cardiovascular diseases, obesity and cholesterol 
and hence improve host’s health. Further studies are warranted to increase their use 
in the field of food and pharmaceutical industries. The increasing trends in the 
application of probiotics for human application are linked to their natural or 
GRAS origin which fulfils the desire of customers to take probiotics as an alternate 
to medicines. Novel research in probiotics for identifying postbiotics or next-
generation probiotics is emerging which emphasises the concrete mechanisms of 
probiotics against chronic diseases. This may also further be investigated to develop 
probiotics as personalised medicine using specific strains for specific conditions. The 
beneficial effects should be investigated with the use of a single bacterial strain or 
consortia. The studies should be focussed on identifying the benefits of using 
preclinical models and/or clinical trials. With an advancement in tools and software 
in Bioinformatics, using CRISPR/Cas9 there is a scope of editing the genome more 
precisely to binate gene expression or provide novel features to enhance host 
colonisation and promote human health. 
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Abstract 

In the present era, the most important concern is food security for providing 
stability and sustainability to the growing population throughout the world. 
Therefore, there is an urgent need for the development of sustainable methods 
for the augmentation of agricultural products. This chapter discusses some 
microbiological aspects of sustainable agriculture that can help us to maintain 
human civilization in changing climatic conditions. In this aspect, an emphasis 
has been laid upon significance of microbiotechnology in agriculture and 
human sustainability along with microbial bio-fertilizers, growth-promoting 
rhizobacteria (PGPR) in plants, and microbial biopesticides for sustainable agri-
culture. It has been found that a lot of bacteria may act as PGPR for higher 
agricultural yields. Microplastics are a great hindrance to reducing agricultural 
products. Therefore, the role of microbiotechnology in the detection of pollution 
has been discussed. However, waste management strategies, especially for plastic 
waste, industrial wastewater treatment, attenuation of textile industry based dyes, 
and microbial strategies for the biotransformation of food waste into useful 
resources, have been elaborated. In the agro-animal sector, microbes play a 
great role in maintaining normal animal physiology for optimum production,
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like the flourishing of the aquaculture sector, the livestock industry, and espe-
cially the poultry industry. Microbiotechnology has a great impact on the main-
tenance of normal human physiology after improvement in biomedical sector 
activity. This technology has the potential for the generation of electricity and 
may act as the main source of omega-3 fatty acids as well as the required protein 
for future sustainability.
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6.1 Introduction 

Global agricultural production is growing day by day for the feeding of growing 
population (Köhler and Triebskorn 2013). There are a lot of methods to increase the 
plant and animal based product yield. The higher yield will provide the sustainability 
of human race. Meanwhile, among all those methods, microbial biotechnology is 
flourishing day by day for better agricultural management and yield. 

Meanwhile, biotic and abiotic factors causes the stressful environment to plants 
(Tewari and Mishra 2018; Farooq et al. 2009; Gowtham et al. 2020; Tevini 2004; 
Sharma et al. 2017; Bharti and Barnawal 2019; Awasthi et al. 2015; Khan et al. 
2017; Hameed et al. 2016; Ghori et al. 2019; Dubois et al. 2018). Therefore, 
agricultural yield reduced throughout the world (Vurukonda et al. 2016). It has 
been reported that due to abiotic stress, the yield has been reduced to 50–82% 
(Wang et al. 2003) (Fig. 6.1). It has been found that all the accumulated stress

Fig. 6.1 Different types of stress that affects plant growth and development



caused reduction in plant growth and development after induction of reactive oxygen 
species formation in plants (Huang et al. 2019; Sharma et al. 2012).
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Therefore, there is need of antidote development against different stress to plants. 
In these terms, growth-promoting rhizobacteria in plants has great role to improve 
the soil fertility and to maintain the soil environment so that optimum plant growth, 
development, and yield occur (Yang et al. 2009; Glick 2012; Vejan et al. 2016; 
Vurukonda et al. 2016; Gowtham et al. 2020). 

This discussion covers various aspects of microbiotechnology in agriculture, 
including the use of microbial bio-fertilizers, plant growth-promoting rhizobacteria 
(PGPR), microbial biopesticides, and microbiotechnology’s role in developing 
pollution detection and mitigation methods for agricultural and human sustainability. 

6.2 Microbiotechnology in Agriculture and Human 
Sustainability 

6.2.1 Plant Growth-Promoting Rhizobacteria for Sustainable 
Agriculture 

6.2.1.1 Importance of PGPR 
“Plant growth-promoting rhizobacteria (PGPR)” are population of rhizospheric 
bacteria which promote plant growth and development after rhizosphere engineer-
ing, nitrogen fixation, siderophore production, etc. (Bhattacharyya and Jha 2012) 
(Fig. 6.2). 

Bacillus, Rhizobium, Azotobacter, Azospirillum, Frankia, Gluconacetobacter, 
Burkholderia, Azorhizobium, Beijerinckia, Cyanobacteria increased the nitrogen 
fixation and soil fertility (Zahran 2001; Govindasamy et al. 2010; Bhattacharyya 
and Jha 2012; Merzaeva and Shirokikh 2006; Jang et al. 2017; Islam et al. 2016; 
Ahmad et al. 2011). “Arthrobacter, Burkholderia, Enterobacter, Microbacterium 
Pseudomonas, Bacillus, Erwinia, Rhizobium, Mesorhizobium, Flavobacterium, 
Rhodococcus, Serratia” increase the phosphate solubilization in soil (Podile and 
Kishore 2007; Oteino et al. 2015). Siderophore production in soil is caused by 
Pseudomonas, Bacillus, Rhizobium, Azotobacter, Enterobacter, Serratia (Ansari 
et al. 2017). Different types of phytohormones are produced by Bradyrhizobium, 
Burkholderia, Xanthomonas, Mesorhizobium, Bacillus, Rhizobium, Pantoea, 
Enterobacter, Agrobacterium, Azospirillum, and Arthrobacter Pseudomonas 
(Egamberdieva et al. 2017; Tsukanova et al. 2017; Kalam et al. 2020; Cassán 
et al. 2001; Tahir et al. 2017; Barnawal et al. 2017). Pseudomonas species, Bacillus 
species, Burkholderia, Brevibacterium, Streptomyces help in antibiotic production 
(Jayaprakashvel and Mathivanan 2011; Zhou et al. 2019). Volatile metabolites 
which help in plant development may be produced by Bacillus, Pseudomonas, 
Agrobacterium, Burkholderia, Xanthomonas, and Paenibacillus polymyxa (Sharifi
et al. 2018). However, Bacillus, and Pseudomonas species are responsible for lytic 
enzyme production (Mabood et al. 2014). Incorporation of Pseudomonas, Bacillus, 
Pantoea, Burkholderia, Rhizobium reduced stress tolerance (Jha and Subramanian



2014; Egamberdieva et al. 2019). However, Pseudomonas, Bacillus, Trichoderma 
act as biocontrol agents (Saraf et al. 2014; Meena and Swapnil 2019). Drought stress 
in plants has been reduced by Bacillus subtilis, Pseudomonas fluorescens DR11, 
Enterobacter hormaechei DR16, Rhizobium tropici, Phyllobacterium 
brassicacearum, Pseudomonas migulae DR35, Achromobacter piechaudii ARV8, 
Paenibacillus polymyxa, and Azospirillum brasilense (Niu et al. 2018; de Lima et al. 
2019; Bresson et al. 2013; Figueiredo et al. 2008; Yang et al. 2009; Ilyas et al. 2020). 
Salinity related stress to plants gets reduced by Bacillus pumilus, Exiguobacterium 
oxidotolerans, Bacillus megaterium, Azospirillum sp., Achromobacter piechaudii, 
Enterobacter sp. PR14 (Mayak et al. 2004; Bharti et al. 2013; Marulanda et al. 2010; 
Fasciglione et al. 2015; Sagar et al. 2020). Different types of biotic stress to plants 
are reduced by Paenibacillus xylanexedens, Bacillus amyloliquefaciens, Streptomy-
ces sp., Ochrobactrum intermedium, Paenibacillus lentimorbus, Pseudomonas spp. 
(Verma et al. 2016; Srivastava et al. 2016; de Vasconcellos and Cardoso 2009; 
Gowtham et al. 2016; Khan et al. 2012; Reshma et al. 2018). Meanwhile, nutrient 
absorption to plants increases by Pantoea sp. S32, Paenibacillus polymyxa (Chen 
and Liu 2019; Pii et al. 2015; Castillo-Aguilar et al. 2017). It has been found that 
seed germination also increases due to the presence of Pseudomonas putida, Serratia 
marcescens, Bacillus subtilis, Pseudomonas fluorescens, Azospirillum lipoferum, 
Providencia sp., Brevundimonas diminuta (Almaghrabi et al. 2014; Nezarat and 
Gholami 2009; Rana et al. 2011). Bioremediation in terms of lowering the heavy 
metals and other pollutants level is done by “Ochrobactrum sp., Bacillus spp., 
Pseudomonas spp., Pseudomonas fluorescens, Bacillus cereus, Alcaligenes faecalis
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Fig. 6.2 Role of plant growth-promoting rhizobacteria (PGPR) for plant growth and development



RZS2, Pseudomonas aeruginosa RZS3, Enterobacter sp. RZS5” (Pandey et al. 2013; 
Khan and Bano 2016; Das and Kumar 2016; Kalam et al. 2020; Patel et al. 2016; 
Sayyed et al. 2015).
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6.2.1.2 Mechanism of Action 
PGPR helps in different dimensions as stated above so that the agricultural environ-
ment is changed to most suitable condition. They are doing all these activities in two 
diverse ways: direct and indirect effects. In direct effects, plant growth augmentation 
happens due to higher nutrient acquisition to plants, which is helping plants to resist 
against different pathogens. This pathway mainly depends upon the bio-fertilization 
and phyto-stimulation. Conversely, in indirect effects, PGPR helps to reduce the 
completion effects from nearby plants and increase the antibiosis against adverse 
pathogens. Therefore, ultimately, PGPR mainly increased the pathogen resistance to 
plants (Mustafa et al. 2019). 

6.2.1.3 Limitations of PGPR 
Apart from all the usefulness of PGPR, some limitations also existed. Sometimes, 
PGRP is not suitable for a specific plant variety. In different climatic conditions and 
soil ecosystems, it may not act at optimum level. However, the algorithm on the 
plant–PGPR relation may reduce the limitation of PGPR use in different geographi-
cal conditions in different doses. 

6.2.2 Microbial Biopesticides 

Pesticides are used for higher production by reducing the pest attack—causes the 
reduction of 45% crop yield per annum (Mundt 2014; Yadav et al. 2015). Synthetic 
pesticides have great concern on soil health after long term use, higher ecotoxicity, 
reduced fungal activity in soil, reduction of rhizospheric bacteria, etc. (Bowles et al. 
2014; Fenner et al. 2013; Kumar et al. 2017). Therefore, in the recent decades, 
“biopesticides are being used for pest management.” 

Bacillus thuringiensis (Bt) is used as biopesticide due to the presence of 
δ-endotoxins against insect. These δ-endotoxins secreted after the activation of cry 
genes (Kumar et al. 2021). Carbendazim is utilized to combat various plant diseases 
due to its properties as a benzimidazole fungicide (Yang et al. 2014; Zhang et al. 
2009). There are a lot of bacterial strains which have significant impact as biopesti-
cide (Table 6.1). 

Some studies indicated that biopesticide may impact soil health. But it has been 
recorded that low dose of biopesticide reduces those bad impact on soil health (Czaja 
et al. 2015; Leahy et al. 2014).



Name of microbes Activity against different pests
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Table 6.1 Different microbial biopesticides and their role (Kumar et al. 2019; Brownbridge and 
Buitenhuis 2019) 

Types of 
microbes 

Bacteria Bacillus thuringiensis (Bt) kurstaki 
and aizawai 

Reduce caterpillar pests like tortricid 
leafrollers, European corn borer, etc. 

Bacteria Bt galleriae and Bt tenebrionis Leaf beetle of potatoes, tomatoes 

Bacteria Bt israelensis (Bti) and Lysinibacillus 
sphaericus 

Larvae of different insects like mosquito, 
blackfly 

Bacteria Paenibacillus popilliae Caused milky disease in Japanese beetle 

Bacteria Actinomycetales Thrips, caterpillars, and many other pests 

Bacteria Burkholderia rinojensis strain A396, 
Chromobacterium subtsugae strain 
PRAA4-1 

Pest in aquatic environments 

Bacteria Bacillus firmus and Pasteuria spp. Nematodes lives on plants 

Fungi Beauveria bassiana Reduce the number of foliar pests 

Fungi Metarhizium brunneum Weevils, mites, whiteflies, and thrips in 
different vegetables and ornamental 
plants 

Fungi Isaria fumosorosea Aphids, mites, whiteflies, and thrips in 
different vegetables and ornamental 
plants 

Fungi Purpureocillium lilacinum and 
Myrothecium verrucaria 

Nematodes living on plants 

Fungi Paranosema locustae Mormon crickets and grasshopper in 
agricultural field as well as domestic 
premices 

Fungi Baculoviruses Act against Lepidoptera larvae found in 
different vegetables in greenhouse gas 
condition 

Fungi Nucleopolyhedroviruses (NPV) Beet armyworm, corn earworm, 
Spodoptera exigua, etc. 

Fungi Granuloviruses (GV) Moth found in apple orchard 

Virus Autographa californica NPV Trichoplusia ni 

Nematode Steinernema feltiae Western flower thrips 

6.3 Role of Microbiotechnology in Waste Management 
and Human Sustainability 

The interaction between humans and the environment is a complex phenomenon. It’s 
not solely dependent on meeting basic food needs but is also influenced by factors 
such as resource consumption levels, waste generation, and the use of various 
technologies across different applications (Selvam and Wong 2016). However, the 
continuous discharge of hazardous wastes such as plastic, industrial, food, house-
hold waste, into the environment poses the greatest threat to mankind in the long run, 
raising enormous concerns about environmental and human sustainability (Mondal



and Palit 2019). Given the broad and intricate nature of sustainability goals and their 
various components, microbial technology can play a significant role in helping to 
achieve sustainability, as elaborated below (Timmis et al. 2017). 
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6.3.1 Microbiotechnology Against Plastic Waste 

Plastics are employed in a wide variety of industries across the globe, including the 
medical, transportation, manufacturing, sanitation, food packaging, storage, and 
petroleum-based feedstock industries, worldwide. Plastics viz. 
polyhydroxybutyrate/polyhydroxybutyrate-co-valerate (PHB/PHBV), polyethylene 
(PE), poly(ɛ-caprolactone) “(PCL), poly(lactic acid) (PLA), polyester/poly(butylene 
succinate) (PES/PBS), Poly(ethylene terephthalate) (PET), Low-density polyethyl-
ene (LDPE), high-density polyethylene (HDPE), poly(vinyl alcohol)-linear low-
density polyethylene)” (PVA-LLDPE), poly butyl succinate, etc. comprise 80% of 
plastic usage and has contributed significantly to the expansion of the global 
economy as well as employment for over 60 million people (Urbanek et al. 2018; 
Mazhandu et al. 2020). 

Plastic offers numerous advantages, but its production, consumption, and dis-
posal have led to the depletion of non-renewable resources. These patterns also 
contribute to environmental degradation, negatively impacting the sustainability of 
both humans and animals (Mazhandu et al. 2020). Besides these concerns, the 
rapidly growing demand and production of plastics in the past few decades give 
rise to huge generation of plastic waste in the environment that accounts for 54% of 
the total anthropogenic waste (Satti and Shah 2020). In terms of the numbers that are 
currently available, there is a persistent rise in plastics usage and has led to an 
increase in the generation of plastics waste. Furthermore, this waste is considered to 
be one of the most pervasive forms of pollution, and it has significant negative 
effects on the environment as a result of its composition and the presence of 
hazardous chemicals. These chemicals are known to cause cancer, chronic respira-
tory disorders, neurological disorders, and reproductive anomalies in humans and 
animals (Rajmohan et al. 2019; Satti and Shah 2020). 

Efforts have been made to reduce plastic waste through methods like reuse, 
recycling, incineration, or landfilling. However, approximately 8300 million tonnes 
of plastic still end up in the environment, including landfills, oceans, and terrestrial 
areas (Mohanan et al. 2020). These plastics exhibit high resistance to natural 
biodegradation and can endure for many years. As a result, alternative methods 
such as photo-, bio-, or thermo-oxidative depolymerization and friction methods can 
be employed for plastic waste management (Mohanan et al. 2020). However, with 
growing concerns about environmental friendliness and economic effectiveness, 
microorganisms or their byproduct-based degradation has emerged as a potential 
option in recent years (Mohanan et al. 2020). Hence, several studies related to 
microorganisms capable of degrading synthetic plastics are discussed in Table 6.2.
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Table 6.2 Various microbes and enzymes involved in biodegradation of different types of plastics 

S. no. Plastic Microorganisms/enzymes References 

1. Polyhydroxybutyrate/ 
polyhydroxybutyrate-
co-valerate 
(PHB/PHBV) 

M/Os: “Bacillus megaterium 
N-18-25-9, Bacillus sp. AF3, 
Actinomadura sp. AF-555, 
Streptoverticillium kashmirense 
AF1, Streptomyces 
ascomycinicus, Streptomyces 
sp. AF-111,” Catenibacterium 
thermophilum, Thermus 
thermophiles HB8 Paecilomyces 
sp. “1407; Penicillium 
sp. DS9701-D2; Aspergillus 
fumigatus NA 25; Emericellopsis 
minima W2” 

Satti and Shah (2020) 

Enzymes: PHA depolymerases 

2. Polyethylene (PE) Zalerion maritimum, Bacillus 
amylolyticus, Bacillus subtilis, 
“Enterobacter sp. D1, 
Pseudomonas alcaligenes, 
Pseudomonas fluorescens, 
Pseudomonas putida, 
Pseudomonas putida MTCC 
2475, Streptomyces SSP2, 
Streptomyces SSP4, Streptomyces 
SSP14, Acinetobacter ursingii” 

Urbanek et al. (2018), 
Asiandu et al. (2021) 

3. Poly(ɛ-caprolactone) 
(PCL) 

M/Os: “Lactobacillus plantarum, 
Brevundimonas sp. Strain 
MRL-AN1 Streptomyces 
thermoviolaceus subsp. 
Thermoviolaceus 76T-2, 
Ralstonia sp.” 

Satti and Shah 
(2020), Urbanek et al. 
(2018) 

Enzymes: Lipase, esterase, 
protease, cutinase, catalase, 
glucosidases 

4. Poly(lactic acid) (PLA) “Sphingobacterium sp. S2, 
Chryseobacterium sp. S1, 
Pseudomonas aeruginosa strain 
S3 and S4, Amycolatopsis 
orientalis, Alcanivorax 
borkumensis ABO2449, 
Bordetella petrii PLA-3 Laceyella 
sacchari LP175” 

Satti and Shah 
(2020), Asiandu et al. 
(2021) 

Enzymes: Lipase, protease, 
cutinase 

5. Polyester/poly(butylene 
succinate) (PES/PBS) 

“Bacillus pumilus strain KT1012, 
Pseudomonas sp. AKS2” 
Microbispora rosea subsp. 

Satti and Shah (2020)



Taiwanensis Aspergillus clavatus
NKCM1003
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Table 6.2 (continued)

S. no. Plastic Microorganisms/enzymes References 

Enzymes: Lipase, esterase, 
cutinase 

6. Poly(ethylene 
terephthalate) (PET) 

“Pseudomonas sp. AKS2, 
Ideonella sakaiensis 201-F6 
Saccharomonospora viridis 
AHK190, Thermobifida fusca 
KW3, Thermobifida 
cellulosilytica, Penicillium” 
funiculosum, Rhizopus delemar; 
Phormidium, Lewinella, 
Stanieria, Pseudophormidium; 
Bacillus subtilis; Staphylococcus 
pyogenes; Staphylococcus aureus 

Satti and Shah 
(2020), Asiandu et al. 
(2021) 

Enzymes: Lipase, esterase, 
cutinase 

7. Low-density 
polyethylene (LDPE) 

Aspergillus versicolor, 
Aspergillus sp., Arcobacter 
Colwellia sp., Bacillus 
vallismortis bt-dsce01, 
“Aspergillus oryzae strain A5, 
Bacillus cereus strain A5, 
Trichoderma viride RH03, 
Aspergillus nomius RH06; 
Bacillus sp., Paenibacillus sp.” 

Urbanek et al. (2018), 
Elahi et al. (2021), 
Asiandu et al. (2021) 

8. High-density 
polyethylene (HDPE) 

Ochrobactrum anthropic, 
Aspergillus flavus, Klebsiella 
pneumoniae CH001 

Urbanek et al. (2018), 
Elahi et al. (2021), 
Asiandu et al. (2021) 

9. “Poly (vinyl alcohol)-
linear low-density 
polyethylene) 
(PVA-LLDPE)” 

Vibrio alginolyticus, Vibrio 
parahaemolyticus 

Urbanek et al. (2018) 

6.3.2 Microbial Biotechnology for Industrial Wastewater Treatment 

Industrial wastewater pollution has become more problematic over the world, when 
treatment and administration of industrial effluents are not being handled effectively. 
These industrial effluents comprise dangerous inorganic and organic contaminants 
that pollute water streams and the surrounding soil ecosystem, affecting entire living 
species (Maszenan et al. 2011; Rani et al. 2019). Effluent water and solid discharge 
constitute around one-third of total water pollution in India alone, and growing 
industrialization causes approximately “3.4 million people to suffer and die world-
wide” (Rani et al. 2019). It is possibly harmful to the ecosystems and has garnered a 
lot of attention from research scientists for its management to maintain the environ-
mental as well as human sustainability.
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6.3.3 Microbial Biotechnology to Reduce the Textile Industry 
Based Dyes 

The textile industry is accountable for the consumption of vast quantities of water, 
which is then released back into the atmosphere in the form of wastewater. This 
effluent consisting of textile-based colors (such as anthraquinone, azo dyes, and 
phthalocyanine), metals/metalloids, salts, and organic contaminants make it one of 
the most major contributors to the contamination of surface and groundwater bodies 
(Imran et al. 2015; Thanavel et al. 2019). In addition, in the years ahead, the annual 
growth rates of reactive dyes all over the world are going to expand as a direct result 
of the rising demand for items made of textiles. At the same time, the share of 
wastewater that is produced by the industry will also expand, “making it one of the 
principal sources for some of the most serious pollution problems in” recent times 
(Karim et al. 2018). Indeed, due to the carcinogenic and mutagenic properties of the 
dyeing agents, these dyes have become a severe hazard to all life (Thanavel et al. 
2019). This has led to increased concerns over the removal of these dyes from the 
environment through the application of a variety of physicochemical and biological 
methods (Imran et al. 2015; Thanavel et al. 2019). Particularly, the biological 
strategies involving bacteria, yeasts, fungi, algae, and actinomycetes have drawn 
interest all over the world for their relative cost-effectiveness and environmentally 
friendly nature compared to the physicochemical methods (Thanavel et al. 2019). 
Subsequently, several microbial cultures and their microbial enzymes have been 
characterized and used for removal of dyes from simulated wastewater as discussed 
in Table 6.3. 

6.3.4 Microbial Strategies for Bio-transforming Food Waste into 
Resources 

As a result of shifting lifestyles and the rising urbanization round the globe, there is 
an increase in the amount of food that has been thrown away from a variety of 
industrial, agricultural, and domestic settings. Recently, “the Food and Agriculture 
Organization (FAO)” estimated that around one-third of all the food that is produced 
each year is lost or wasted. This raises significant concerns, not only because 
valuable resources are being wasted, but also because their disposal in the environ-
ment raises concerns. In fact, massive food waste disposal due to an increasing 
global population has prompted the hunt for sustainable food waste management 
systems to alleviate environmental issues. Traditional methods of food waste man-
agement, such as landfilling and incineration, pose substantial risks to both the 
environment and human health due to the generation of toxic fumes. Therefore, 
there is potential in utilizing microbial bioprocesses that offer economic and sustain-
able solutions for transforming food waste into high-value bioproducts. These 
strategies have appeared to be promising for a better human as well as environment 
sustainability (Ng et al. 2020). Thus, employing “biological methods for the treat-
ment of” such waste offers a sustainable way for valorization (Sharma et al. 2020). In
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Table 6.3 Microorganisms and their enzymes involved in treatment of textile industry based dyes 

S. no. Microorganisms Most active enzyme References 

A. Bacteria 
1. Enterobacter sp. GY-1 Azoreductase Chen et al. (2011), 

Imran et al. (2015) 

2. Pseudomonas putida WLY Azoreductase Yang et al. (2011), 
Imran et al. (2015) 

3. Bacillus sp. VUS “Lignin peroxidase, 
tyrosinase, NADH-DCIP 
reductase, azoreductase, 
and riboflavin reductase” 

Dawkar et al. (2010), 
Imran et al. (2015) 

4. “Lactobacillus casei TISTR 
1500” 

Azoreductase Seesuriyachan et al. 
(2007), Imran et al. 
(2015) 

5. Galactomyces geotrichum 
MTCC 1360 

Lignin peroxidase and 
laccase activities 

Jadhav et al. (2009), 
Imran et al. (2015) 

6. Rhizobium radiobacter MTCC 
8161 

“Azoreductase, lignin 
peroxidase, DCIP 
reductase, MG reductase, 
and aminopyrine N-
demethylase” 

Telke et al. (2008), 
Imran et al. (2015) 

7. Bacillus cereus Azoreductase Deng et al. (2008), 
Imran et al. (2015) 

8. Basidiomycetous isolate Laccase D’Souza et al. 
(2006), Imran et al. 
(2015) 

9. Bacillus sp. Lignin peroxidase, laccase, 
and NADH–DCIP 
reductase 

Dawkar et al. (2008), 
Imran et al. (2015) 

10. Bacillus sp. – Pourbabaee et al. 
(2006), Imran et al. 
(2015) 

11. Bacillus Mk-8 – Cheunbarn et al. 
(2008), Imran et al. 
(2015) 

B. Fungi 
1. Curvularia lunata URM6179 

and Phanerochaete 
chrysosporium URM 6181 

“Laccase, lignin 
peroxidase, and 
Mn-peroxidase” 

Imran et al. (2015) 

2. “Mixed culture consisting of 
Pleurotus ostreatus IBL-02 and 
Coriolus versicolor IBL-04” 

“Laccase, lignin 
peroxidase, and 
Mn-peroxidase” 

Asgher et al. (2010), 
Imran et al. (2015) 

3. Bjerkandera adusta 
(Willdenow) P. Karsten MUT 
3060 

– Anastasi et al. 
(2011), Imran et al. 
(2015) 

4. Ganoderma sp. En3 Laccase Zhuo et al. (2011), 
Imran et al. (2015)
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Table 6.3 (continued)

S. no. Microorganisms Most active enzyme References 

5. Penicillium ochrochloron 
MTCC 517 

Lignin peroxidase Shedbalkar and 
Jadhav (2011), 
Imran et al. (2015), 
Abataneh et al. 
(2017) 

6. “Myrothecium roridum IM 
6482” 

Laccase, MG reductase Jasińska et al. (2012, 
2013), Abataneh 
et al. (2017) 

7. Aspergillus lentulus – Kaushik and Malik 
(2010), Imran et al. 
(2015) 

8. Aspergillus niger – Agarry and Ayobami 
(2011), Imran et al. 
(2015) 

9. Ascomycetes – Verma et al. (2010), 
Imran et al. (2015) 

10. Basidiomycetous fungus-PCK-
3 

– Diwaniyan et al. 
(2010), Imran et al. 
(2015) 

11. Ganoderma lucidum IBL-05 – Asgher et al. (2010), 
Imran et al. (2015) 

12. Phanerochaete chrysosporium Lignolytic “enzymes such 
as lignin peroxidase and 
Mn-peroxidase” 

Sedighi et al. (2009), 
Imran et al. (2015) 

13. “Aspergillus fumigatus XC6” – Jin et al. (2007), 
Imran et al. (2015) 

14. Pleurotus florid – Perumal et al. 
(2007), Imran et al. 
(2015) 

15. Phanerochaete chrysosporium – Cing et al. (2003), 
Imran et al. (2015) 

16. Aspergillus niger – Assadi and Jahangiri 
(2001), Imran et al. 
(2015) 

C. Consortium 
1. “Providencia sp. SDS and 

Pseudomonas aeruginosa 
strain BCH” 

“Azoreductase, DCIP 
reductase, veratryl alcohol 
oxidase, and laccase 
enzymes” 

Phugare et al. 
(2011), Imran et al. 
(2015) 

2. “Sphingomonas paucimobilis, 
Bacillus sp. and filamentous 
bacteria” 

– Ayed et al. (2011), 
Imran et al. (2015) 

3. Pseudomonas sp. SU-EBT Intracellular laccase 
enzyme 

Telke et al. (2010), 
Imran et al. (2015) 

4. Pseudomonas sp. SUK1, 
Pseudomonas sp. LBC2, and 
Pseudomonas sp. LBC3 

Laccase and azoreductase Jadhav et al. (2010), 
Imran et al. (2015)



this section, we provide a comprehensive discussion on the utilization of various 
food industry-generated wastes and the production of value-added bioactive 
compounds.
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Table 6.3 (continued)

S. no. Microorganisms Most active enzyme References 

5. Sphingobacterium sp. ATM, 
Bacillus odysseyi SUK3, and 
Pseudomonas desmolyticum 
NCIM 2112 

“Laccase, veratryl alcohol 
oxidase, DCIP reductase, 
riboflavin reductase, and 
azoreductase” 

Tamboli et al. 
(2010), Imran et al. 
(2015) 

6. Proteus vulgaris NCIM-2027 
and Micrococcus glutamicus 
NCIM-2168 

– Saratale et al. (2010), 
Imran et al. (2015) 

7. “B. subtilis strain NAP1, 
NAP2, NAP4” 

Peroxidases and 
dehydrogenases 

Phulpoto et al. 
(2016), Abataneh 
et al. (2017) 

8. Pycnoporus sanguineous, 
Phanerochaete chrysosporium, 
and Trametes trogii 

Laccase Yan et al. (2014), 
Abataneh et al. 
(2017) 

9. “Micrococcus luteus, Listeria 
denitrificans, and Nocardia 
atlantica” 

– Hassan et al. (2013), 
Abataneh et al. 
(2017) 

10. “Bacillus spp. ETL-2012, 
Pseudomonas aeruginosa, 
Bacillus pumilus HKG212” 

Azoreductase Patel and Gupte 
(2016), Abataneh 
et al. (2017) 

11. Exiguobacterium indicum, 
Exiguobacteriumaurantiacum, 
Bacillus cereus, and 
Acinetobacter baumannii 

– Kumar et al. (2016), 
Abataneh et al. 
(2017) 

12. “Bacillus firmus, Bacillus 
macerans, Staphylococcus 
aureus, and Klebsiella 
oxytoca” 

– Adebajo et al. (2017) 

We also delve into the role of microorganisms in the eco-friendly biotransforma-
tion of food waste as a sustainable solution for its management (Table 6.4). 

6.4 Application of Microbiotechnology to Control Pollution 

6.4.1 Microbiotechnology Derived Biosensors for Pollution 
Monitoring 

Currently, due to the tight association “between environmental pollution and human 
health/socioeconomic” development, “environmental monitoring has become one of 
the” top objectives on a global scale. In this arena, biosensor technologies have 
emerged as an important area for numerous applications and are recognized as an
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analytical and self-sufficient device, appropriate for environmental assessment-
cum-monitoring due to its rapid detection property, high sensitivity, and 
cost-effectiveness in regard to their sensing and monitoring qualities (Oldach and 
Zhang 2014; Ali and Singh 2020). These biosensors are categorized by the type of 
biological receptors viz. genetic material, aptamers, enzymes, antibodies, proteins, 
microbes, etc. or by physicochemical transducers viz. optical, electrochemical, 
visual, thermal, piezo-electrical, etc. employed for the detection of toxic environ-
mental contaminants (Verma and Bhardwaj 2015; Ali and Singh 2020). Most 
biosensors used for environmental monitoring are traditionally microbe-based, 
immunosensors, or enzymatic-based. However, there has been a recent increase in 
the development of aptamer-based biosensors, driven by their advantageous 
characteristics, including ease of modification, stability, in vitro synthesis, and target 
specificity. Moreover, due to the rise of awareness about the detrimental impact of 
environmental contaminants (organic pollutants, pathogens, pesticides, toxic 
elements, etc.) on human health, more studies are being encouraged on the 
biosensor’s development for a more sustainable society establishment. In fact, the 
efficiency of existing biosensors is not so adequate and therefore, more studies are 
essential for the progression of a robust biosensing device that can successfully be 
used for the detection of pollutants directly from the complex environments. There-
fore, some of the existing pollutants and their monitoring biosensor are discussed in 
Table 6.5.
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6.4.2 Microbiotechnology for Remediation of Pollutants 

Throughout the years, the growth of industrial activity and the spread of urbanization 
have had a significant impact on the environment. As a result, diverse pollutants 
from industrial, agricultural, and even domestic spheres have been discharged into 
the environment. This has led to an acceleration in the overall concentration of 
pollutants in the environment; consequently, the deterioration of environmental 
health and its adverse effects on living entities has become a major concern these 
years. In this context, microbial biotechnology has revolutionized the bioremedia-
tion field for environmental pollutants (xenobiotics, petroleum hydrocarbons, “poly-
cyclic aromatic hydrocarbons (PAHs), organic pollutants,” heavy metals, toxins, 
pesticides, etc.). Bioremediation involves removal/detoxification/transformation of 
the pollutants with the use of biological entity such as microorganisms, mainly the 
contaminants of soil, water, or sediment which may otherwise threaten public health 
(Wasi et al. 2013; Abataneh et al. 2017; Dangi et al. 2019). 

Furthermore, systemic biology (omics biology) is also gaining attention as an 
attractive bioremediation method by determining the biological agents with respect 
to their intricate networks and their inter-relations in various biological processes at 
the cell/molecular, community, or ecological level, which will provide a clear and 
true picture of the bioremediation (Dangi et al. 2019). However, there is a need to 
expand the information of microbial genetics to upsurge the abilities of pollutants 
degradation at large scale and field experiments for advances in this field. Therefore,
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Table 6.5 Microbiotechnology derived biosensing elements for environmental pollutants 
monitoring 

S. no. Analytes Biosensing elements References 

1. Heavy Me, Cd, Ar Urease enzyme Pal et al. (2009), 
metals Negi and Choephel 

(2020) 

Me(II), Pb 
(II) ions 

DNA Knecht and Sethi 
(2009), Negi and 
Choephel (2020) 

Cd, Cu, Pb Sol-gel-immobilized urease Ilangovan et al. 
(2006), Negi and 
Choephel (2020) 

Cd, Pb Staphylococcus aureus Negi and Choephel 
(2020) 

Cu, Cr, Pb Escherichia coli Negi and Choephel 
(2020) 

Cd, Co, Pb Monoclonal antibody Negi and Choephel 
(2020) 

Ni, Co Ralstonia eutropha with lux Shin (2011) 

As E. coli with lux, lacZ, gfp Shin (2011) 

Hg, As, Cu, 
Zn, Pb, Cd 

E. coli with luc, lux Shin (2011) 

Hg Peroxidase Negi and Choephel 
(2020) 

2. Herbicides “2,4-
Dichloro-
phenoxy 
acetic acid” 

Acetylcholinesterase Negi and Choephel 
(2020) 

Diuron, 
paraquat 

Cyanobacteria Negi and Choephel 
(2020) 

3. Phenolic 
compounds 

Phenol Mushroom tissue (tyrosinase) Silva et al. (2010), 
Negi and Choephel 
(2020) 

Phenolics E. coli with lacZ Shin (2011) 

“Phenol, p-
cresol, m-
cresol, and 
catechol” 

Polyphenol oxidase Karim and 
Fakhruddin (2012), 
Negi and Choephel 
(2020) 

m-cresol or 
catechol 

DNA Claude et al. 
(2007), Negi and 
Choephel (2020) 

4. Pesticides Parathion Parathion hydrolase 
(biocatalytic) 

Negi and Choephel 
(2020) 

Carbaryl Acetylcholinesterase Negi and Choephel 
(2020) 

Paraoxon Alkaline, phosphatase Negi and Choephel 
(2020)



some of the common microorganisms used for bioremediation of different pollutants 
are discussed in Table 6.6.
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Table 6.5 (continued)

S. no. Analytes Biosensing elements References 

5. Pathogens E. coli Electrochemical biosensors; 
mass-sensitive biosensors; 
optical biosensor-T4-bioprobe 
phage 

Aliakbar Ahovan 
et al. (2020), 
Nnachi et al. 
(2022) 

P. aeruginosa Mass-sensitive biosensors Aliakbar Ahovan 
et al. (2020), 
Nnachi et al. 
(2022) 

Salmonella 
typhimurium 

Immunoassay; aptamer-based 
assay 

Aliakbar Ahovan 
et al. (2020), 
Nnachi et al. 
(2022) 

MRSA Optical biosensor-BP-14-
bioprobe phage 

Aliakbar Ahovan 
et al. (2020) 

Salmonella 
enteritidis 

Bioluminesence-SJ2 bioprobe 
phage 

Aliakbar Ahovan 
et al. (2020) 

Yersinia 
pestis 

Bioluminescence lux system-
Phage A1122 with lux tag 

Aliakbar Ahovan 
et al. (2020) 

6.5 Microbiotechnology in Livestock Management for Better 
Human Sustainability 

6.5.1 Microbes for Improvement of Aquaculture 

The population of human race is increasing in size with every passing year and will 
likely reach approximately 1010 individuals in the next 30 years (Bentzon-Tilia et al. 
2016). This growing population needs a steady supply of high-quality protein, which 
to large extent can be supplied by non-vegetarian food/meat (Bentzon-Tilia et al. 
2016). However, the growing demand for seafood may not be met by capture 
fisheries alone. Hence, production in cultured fisheries should be increased in 
coming time to fulfill the demand of seafood. Thus, aquaculture production practices 
have been intensified for fulfilling the global demand (Tuan et al. 2013; Zorriehzahra 
et al. 2016). Undoubtedly, aquaculture industry has significantly contributed in 
enhanced production of seafood; however, this industry is facing lots of many 
problems especially due to environmental and anthropogenic activities (Bentzon-
Tilia et al. 2016). In addition, controlling the growth of pathogens using 
antimicrobials can pose a severe “risk to human health due to the spread of microbial 
antibiotic resistance (Cabello et al. 2013; Bentzon-Tilia et al. 2016).” These alarming 
hindrances provoked the aquaculture industry for exploring and developing 
approaches which may be correspondingly effective as antibiotics, sustainable and
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Table 6.6 Microorganisms and different pollutants bioremediation 

S. no. Microorganisms Degradable compound References 

1. “Penicillium chrysogenum” “Monocyclic aromatic 
hydrocarbons, benzene, toluene, 
ethyl benzene and xylene, phenol 
compounds” 

Abataneh 
et al. 
(2017) 

2. “P. alcaligenes, P. mendocina, 
P. putida, P. veronii, 
Achromobacter, Flavobacterium, 
Acinetobacter” 

“Petrol and diesel polycyclic 
aromatic hydrocarbons toluene” 

Abataneh 
et al. 
(2017) 

3. “Pseudomonas putida” “Monocyclic aromatic 
hydrocarbons, e.g. benzene and 
xylene” 

Abataneh 
et al. 
(2017) 

4. “Phanerochaete chrysosporium” “Biphenyl and triphenyl 
methane” 

Abataneh 
et al. 
(2017) 

5. “A. niger, A. fumigatus, F. solani, 
P. funiculosum” 

“Hydrocarbon” Abataneh 
et al. 
(2017) 

6. “Alcaligenes odorans, Bacillus 
subtilis, Corynebacterium 
propinquum, Pseudomonas 
aeruginosa” 

“Phenol” Abataneh 
et al. 
(2017) 

7. “Tyromyces palustris, 
Gloeophyllum trabeum, Trametes 
versicolor” 

Hydrocarbons Abataneh 
et al. 
(2017) 

8. “Candida viswanathii” “Phenanthrene, benzopyrene” Abataneh 
et al. 
(2017) 

9. “Green algae and diatoms, 
Cyanobacteria, Bacillus 
licheniformis” 

Naphthalene Abataneh 
et al. 
(2017) 

10. “Acinetobacter sp., Pseudomonas 
sp., Ralstonia sp., Microbacterium 
sp.” 

Aromatic hydrocarbons Abataneh 
et al. 
(2017) 

11. Gloeophyllum Striatum “Pyrene, anthracene, 
dibenzothiophene, lignin 
peroxidase” 

Abataneh 
et al. 
(2017) 

12. “Naegleria, Vorticella, 
Arabidopsis, Asarum, and Populus 
(metagenomics)” 

Hydrocarbons Dangi 
et al. 
(2019) 

13. Bacillus subtilis HUK15 
(genomics) 

Hexachlorocyclohexane (HCH) Dangi 
et al. 
(2019) 

14. Aspergillus nigera semo A, 
Talaromyces purpurogenus semo F, 
and Aspergillus flavus semo M 
(transcriptomics) 

Degradation of hydrocarbons Dangi 
et al. 
(2019)



(continued)
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Table 6.6 (continued)

S. no. Microorganisms Degradable compound References 

15. Rhizobiales, Burkholderiales, and 
Actinomycetales (metaproteomics) 

Polycyclic aromatic hydrocarbon Dangi 
et al. 
(2019) 

16. “Pseudomonas putida KT2440 
(fluxomics)” 

Hydrocarbons Dangi 
et al. 
(2019) 

17. “Bacillus, Staphylococcus” Endosulfan Abataneh 
et al. 
(2017) 

18. “Enterobacter” Chlorpyrifos Abataneh 
et al. 
(2017) 

19. “Pseudomonas putida, 
Acinetobacter sp., Arthrobacter 
sp.” 

FitorazWP76, Decis2.5EC, 
malathion 

Abataneh 
et al. 
(2017) 

20. Acinetobacter sp., Pseudomonas 
sp., Enterobacter sp., and 
Photobacterium sp. 

“Chlorpyrifos and methyl 
parathion” 

Abataneh 
et al. 
(2017) 

21. Koribacter, Acidimicrobium, 
Bradyrhizobium, Burkholderia, 
Solibacter, Singulisphaera, 
Desulfomonile (metagenomics) 

Organophosphorus-containing 
pesticides 

Dangi 
et al. 
(2019) 

22. Sphingomonas sp. GY2B 
(proteomics) 

Phenanthrene Dangi 
et al. 
(2019) 

23. Fusarium sp. Oil Abataneh 
et al. 
(2017) 

24. Pseudomonas aeruginosa, 
Corynebacterium propinquum, 
Bacillus subtilis, Alcaligenes 
odorans 

Oil Abataneh 
et al. 
(2017) 

25. Bacillus cereus A Diesel oil Abataneh 
et al. 
(2017) 

26. “Pseudomonas aeruginosa, 
P. putida, Arthobacter sp., and 
Bacillus sp.” 

Diesel oil Abataneh 
et al. 
(2017) 

27. “Pseudomonas cepacia, Bacillus 
cereus, Bacillus coagulans, 
Serratia ficaria, Citrobacter 
koseri” 

Diesel oil, crude oil Abataneh 
et al. 
(2017) 

28. Saccharomyces cerevisiae Pb, Me, Ni Abataneh 
et al. 
(2017) 

29. “Cunninghamella Elegans” Heavy metals Abataneh 
et al. 
(2017)



eco-consumer-friendly (Standen et al. 2013; Lazado et al. 2015; Zorriehzahra et al. 
2016).
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Table 6.6 (continued)

S. no. Microorganisms Degradable compound References 

30. “Pseudomonas fluorescens and 
Pseudomonas aeruginosa” 

Fe, Zn, Pb, Mn, Cu Abataneh 
et al. 
(2017) 

31. Lysinibacillus sphaericusCBAM5 Co, Cu, Cr, Pb Abataneh 
et al. 
(2017) 

32. Mycobacterium profundi strain 
S49T 

Fe Abataneh 
et al. 
(2017) 

33. “Aspergillus versicolor, 
A. fumigatus, Paecilomyces sp., 
Trichoderma sp., Microsporum sp., 
Cladosporium sp.” 

Cd Abataneh 
et al. 
(2017) 

34. Geobacter sp. Fe(III), U(VI) Abataneh 
et al. 
(2017) 

35. “Bacillus safensis (JX126862) 
strain (PB-5 and RSA-4)” 

Cd Abataneh 
et al. 
(2017) 

36. “Pseudomonas aeruginosa, 
Aeromonas sp.” 

U, Cu, Ni, Cr Abataneh 
et al. 
(2017) 

37. “Aerococcus sp., 
Rhodopseudomonas palustris” 

Pb, Cr, Cd Abataneh 
et al. 
(2017) 

38. “Brevibacterium epidermidis 
EZ-K02 (metagenomics)” 

As, Co, Cd Dangi 
et al. 
(2019) 

39. Pseudomonas aeruginosa sanai 
(proteomics) 

Cd Dangi 
et al. 
(2019) 

Studies have shown that managing microbial communities associated with fish 
and their habitat can provide an efficient solution to various issues. This management 
not only improves nutrient levels in water but also reduces fish pathogenic bacteria, 
enhances larval survival, eliminates the need for antimicrobials, and boosts nutrient 
utilization and immunity (Bentzon-Tilia et al. 2016; Zorriehzahra et al. 2016). 
Probiotics are among the strategies that can reduce the aquaculture industry’s 
reliance on antibiotics and serve various functions, including nutrient recycling, 
organic matter degradation, and disease protection. They play a crucial role in not 
only reducing antibiotic use but also contributing to nutrient management and 
disease prevention (Bentzon-Tilia et al. 2016; Zorriehzahra et al. 2016). These 
beneficial activities of microbes on aquatic species have contributed immensely to 
the growth, development, and sustainability of aquaculture. Hence, the microbial



communities in fish/aquaculture industry have immense potential for improving the 
aquaculture and most of these microbes with their beneficial effect on aquatic host 
are discussed in Table 6.7. 
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6.5.2 Probiotics for Livestock Animals: An Industry Level 
Exploration 

With the fast-rising worldwide demand for animal food products, it has become 
crucial for livestock farmers to increase livestock productivity to fulfill the rising 
demands (Lambo et al. 2021). In this context, feed additives such as antibiotic 
growth promoters, enzymes, mineral supplements, probiotics, etc. provide a safe 
and healthy way to enhance the animal health, productivity, and their general well-
being. However, due to the rise of antimicrobials resistance and their cost concerns, 
probiotics gained popularity in the livestock industry in both animals and 
consumers of animal products. Consequently, livestock industry has recognized 
them as non-toxic, non-pathogenic supplements/additives that could enhance disease 
resistance against the pathogens, improves the intestinal microbial balance, diges-
tion, immunity, and performance in administered animals as discussed in the fol-
lowing table (Jiménez 2010; Lambo et al. 2021). 

Therefore, probiotics stand a good chance of substituting the use of antibiotics in 
livestock industry and are believed to “have a significant impact on the animal 
nutrition, health, and productivity.” However, the effect of probiotics as well as 
their responses of host animals varies among the published literature and this 
variation may be attributable to the kind/strains of microbes used single/multi H 
strain, their viability in gut; dosage; the physiological health of the host animal, the 
environment, diet, and the route of administration. In addition, cross-contamination 
of the human food chain by probiotics used in animal feed cannot be minimized, 
therefore for the food safety and security to be successful, the established safety 
measures in probiotic development must be adhered (Alayande et al. 2020). Also, 
additional research is required to comprehend the interaction processes between the 
single/combined bacteria and the host’s gut microbiota, as well as their direct 
comparisons should be examined for optimal advantages (Table 6.8). 

6.6 Microbiotechnology in Food Security 

6.6.1 Production of Microbial Oils Rich in Omega-3 

Lipids are natural molecules that can be grouped based on their ability to dissolve in 
certain solvents. They include substances like triacylglycerols (found in fats), 
phospholipids (containing phosphoric acid), glycolipids (with glucose), and 
sphingolipids. Lipids serve as a rich source of metabolic energy, providing 9 calories 
per gram. Lipids also are identified to be important additives of several herbal 
processes, which consist of power storage, cascade molecular signaling, plasma



(c
on

tin
ue
d)

6 Application of Potential Microbial Biotechnology for Sustainable Human Health 133

Ta
b
le
 6
.7
 
L
is
t o

f 
be
ne
fi
ci
al
 m

ic
ro
or
ga
ni
sm

s 
an
d 
th
ei
r 
be
ne
fi
ci
al
 e
ff
ec
t 
on

 a
qu

at
ic
 h
os
t (
ad
ap
te
d 
fr
om

 Z
or
ri
eh
za
hr
a 
et
 a
l. 
20

16
) 

S
. n

o.
 

M
ic
ro
or
ga
ni
sm

 

F
or
 a
qu

at
ic
 s
pe
ci
es

B
en
efi
ci
al
 im

pa
ct

R
ef
er
en
ce
s

G
en
us

S
pe
ci
es
 

1.
A
er
om

on
as

A
. H

yd
ro
ph

ila
; 
A
. s
ob

ri
a 

G
C
2 

O
nc
or
hy
nc
hu

s 
m
yk
is
s

R
ed
uc
e 
in
fe
ct
io
ns
 a
nd

 p
ro
te
ct
s 

ag
ai
ns
t A

er
om

on
as
 

sa
lm
on

ic
id
a;
 “
L
ac
to
co
cc
us
 

ga
rv
ie
ae
; S

tr
ep
to
co
cc
us
 i
ni
ae
; 

A
er
om

on
as
 b
es
tia

ru
m
; 
an
d 

Ic
ht
hy
op

ht
hi
ri
us
 m

ul
ti
fi
lii
s”
 

Ir
ia
nt
o 
an
d 
A
us
tin

 
(2
00

2a
, b

),
 P
ie
te
rs
 e
t 
al
. 

(2
00

8)
, B

ru
nt
 a
nd

 A
us
tin

 
(2
00

5)
 

2.
“
A
ga
ri
vo

ra
ns
”

“
A
. a

lb
us
 F
1-
U
M
A
”

“
H
al
io
tis
 r
uf
es
ce
ns
”

In
cr
ea
se
s 
su
rv
iv
ab
ili
ty

S
ilv

a-
A
ci
ar
es
 e
t a
l. 
(2
01

1)
 

3.
A
lte
ro
m
on

as
A
. M

ac
le
od

ii 
04

44
P
er
na

 c
an

al
ic
ul
us
; 
P
ec
te
n 

m
ax
im
us
 

P
ro
te
ct
s 
ag
ai
ns
t V

ib
ri
o 

sp
le
nd

id
us
, V

. c
or
al
lii
ly
tic
us
, 

an
d 
V
. s
pl
en
di
du

s 

K
es
ar
co
di
-W

at
so
n 
et
 a
l. 

(2
01

0,
 2
01

2)
 

4.
B
ur
kh

ol
de
ri
a

B
. c
ep
ac
ia
 Y
02

1
C
ra
ss
os
tr
ea
 c
or
te
zi
en
si
s;
 

N
od

ip
ec
te
n 
su
bn

od
os
us
 

In
cr
ea
se
s 
su
rv
iv
ab
ili
ty

G
ra
na
do

s-
A
m
or
es
 e
t 
al
. 

(2
01

2)
 

5.
“
E
nt
er
ob

ac
te
r”

“
E
. a

m
ni
ge
nu

s”
O
nc
or
hy
nc
hu

s 
m
yk
is
s

“
In
cr
ea
se
s 
pr
ot
ec
tio

n 
to
w
ar
d 

F
la
vo
ba

ct
er
iu
m
 

ps
yc
hr
op

hi
lu
m
”
 

B
ur
ba
nk

 e
t a
l. 
(2
01

1)
 

6.
“
N
ep
tu
no

m
on

as
”
 

N
ep
tu
no

m
on

as
 0
53

6
“
P
er
na

 c
an

al
ic
ul
us
”

P
ro
te
ct
 a
ga
in
st
 V
. s
pl
en
di
du

s
K
es
ar
co
di
-W

at
so
n 
et
 a
l. 

(2
01

0,
 2
01

2)
 

7.
S
he
w
an
el
la

S.
 p
ut
re
fa
ci
en
s

Sp
ar
us
 a
ur
at
a 
L
.

Im
pr
ov

es
 g
ro
w
th

G
ar
cí
a 
de
 la
 B
an
da
 e
t 
al
. 

(2
01

2)
 

8.
B
ac
ill
us

B
. c
ir
cu
la
ns
 P
B
7;
 B
. s
ub

til
is
; 

B
. l
ic
he
ni
fo
rm

is
; 
B
. s
ub

til
is
 

U
T
M
 1
26

; 
B
. s
ub

til
is
 E
20

; 
B
. m

eg
at
er
iu
m
; B

. p
um

ilu
s;
 

B
ac
ill
us
 P
64

; B
ac
ill
us
 4
8 

L
ab

eo
 r
oh

ita
; 
T
ro
ut
; 

L
ito

pe
na

eu
s 
va
nn

am
ei
; 

Ic
ta
lu
ru
s 
pu

nc
ta
tu
s;
 

P
an

ga
si
an

od
on

 
hy
po

ph
th
al
m
us
; 

P
. j
ap

on
ic
us
; 
O
. n

ilo
tic
us
; 

C
en
tr
op

om
us
 u
nd

ec
im
al
is
 

Im
pr
ov

es
 f
ee
d 
co
nv

er
si
on

 r
at
io
; 

gr
ow

th
; i
m
m
un

ity
 s
ta
tu
s 
an
d 

pr
ot
ec
ts
 a
ga
in
st
 A
. h

yd
ro
ph

ila
; 

Y
er
si
ni
a 
ru
ck
er
i;
 V
. h

ar
ve
yi
; 

E
dw

ar
ds
ie
lla

 i
ct
al
ur
i 

Z
or
ri
eh
za
hr
a 
et
 a
l. 
(2
01

6)
 

9.
B
ro
ch
ot
hr
ix

T
he
rm

os
ph

ac
ta
 b
a2
11

O
nc
or
hy
nc
hu

s 
m
yk
is
s

P
ro
te
ct
s 
ag
ai
ns
t A

. b
es
tia

ru
m

P
ie
te
rs
 e
t a
l. 
( 2
00

8)



Ta
b
le

6.
7

(c
on

tin
ue
d)

S
.n

o.

M
ic
ro
or
ga
ni
sm

F
or

aq
ua
tic

sp
ec
ie
s

B
en
efi
ci
al
im

pa
ct

R
ef
er
en
ce
s

G
en
us

S
pe
ci
es

10
.

“
C
lo
st
ri
di
um

”
B
ut
yr
ic
um

O
nc
or
hy
nc
hu

s 
m
yk
is
s;
 

M
iic
ht
hy
s 
m
iiu

y 
In
cr
ea
se
s 
im

m
un

ity
 a
nd

 p
ro
te
ct
s 

ag
ai
ns
t v

ib
ri
os
is
; A

. h
yd
ro
ph

ila
; 

an
d 
V
. a

ng
ui
lla

ru
m
 

P
an
 e
t 
al
. (
20

08
) 

11
.

E
nt
er
oc
oc
cu
s

E
. f
ae
ci
um

 S
F
 6
8 

E
. f
ae
ci
um

 M
C
13

 
“
A
ng

ui
lla

 a
ng

ui
lla

 P
en
ae
us
 

m
on

od
on

”
 

P
ro
te
ct
s 
ag
ai
ns
t 

E
dw

ar
ds
ie
llo

si
s;
 V
. h

ar
ve
yi
; 

an
d 
V
. p

ar
ah

ae
m
ol
yt
ic
us
 

C
ha
ng

 a
nd

 L
iu
 (
20

02
),
 

S
w
ai
n 
et
 a
l. 
(2
00

9)
 

12
.

K
oc
ur
ia

K
oc
ur
ia
 S
M
1

O
. m

yk
is
s

“
P
ro
te
ct
s 
ag
ai
ns
t 

V
. a

ng
ui
lla

ru
m
 a
nd

 V
. o

rd
al
ii
”
 

S
ha
ri
fu
zz
am

an
 a
nd

 
A
us
tin

 (
20

10
) 

13
.

L
ac
to
ba
ci
llu

s
L
. a

ci
do

ph
ilu

s;
 

L
. r
ha

m
no

su
s;
 

L
. r
ha

m
no

su
s;
 

L
. f
ru
ct
iv
or
an

s;
 

L
. p

la
nt
ar
um

; 
L
. p

la
nt
ar
um

 

N
ile
 t
ila

pi
a;
 C
la
ri
as
 

ga
ri
ep
in
us
; 
O
. m

yk
is
s;
 

O
. n

ilo
tic
us
; 
S.
 a
ur
at
a 

In
cr
ea
se
s 
gr
ow

th
 p
er
fo
rm

an
ce
, 

im
m
un

ity
, h

ea
t 
to
le
ra
nc
e 
an
d 

pr
ot
ec
ts
 a
ga
in
st
 P
. fl

uo
re
sc
en
s;
 

S.
 i
ni
ae
; 
A
. s
al
m
on

ic
id
a;
 

E
. t
ar
da

; L
. g

ar
vi
ea
e 

Z
or
ri
eh
za
hr
a 
et
 a
l. 
(2
01

6)
 

14
.

“
L
ac
to
co
cc
us
”

“
la
ct
is
 A
R
21

”
R
ot
ife
rs

Im
pr
ov

es
 g
ro
w
th
, l
ev
el
s 
of
 

bi
oc
he
m
ic
al
 c
on

st
itu

en
ts
 a
nd

 
pr
ot
ec
ts
 a
ga
in
st
 V
. a

ng
ui
lla

ru
m
 

S
ee
ni
va
sa
n 
et
 a
l. 
(2
01

2)
 

15
.

“
L
eu
co
no

st
oc
”

L
. m

es
en
te
ro
id
es
 C
L
F
P
 1
96

O
. m

yk
is
s

R
ed
uc
es
 m

or
ta
lit
y 
du

e 
to
 

L
. g

ar
vi
ea
e 

V
en
dr
el
l 
et
 a
l. 
(2
00

8)
 

16
.

M
ic
ro
co
cc
us

M
. l
ut
eu
s;
 M

ic
ro
co
cc
us
 

M
C
C
B
 1
04

 
O
. m

yk
is
s;
 M

. r
os
en
be
rg
ii

P
ro
te
ct
s 
ag
ai
ns
t A

. s
al
m
on

ic
id
a 

Ir
ia
nt
o 
an
d 
A
us
tin

 
(2
00

2a
),
 J
ay
ap
ra
ka
sh
 

et
 a
l. 
(2
00

5)
 

17
.

P
ed
io
co
cc
us

P
ed
io
co
cc
us
 a
ci
di
la
ct
ic
i

O
. m

yk
is
s

R
ed
uc
es
 v
er
te
br
al
 c
ol
um

n 
co
m
pr
es
si
on

 s
yn

dr
om

e 
A
ub

in
 e
t a
l. 
(2
00

5)
 

18
.

R
ho

do
co
cc
us

R
ho

do
co
cc
us
 S
M
2

O
. m

yk
is
s

Im
pr
ov

es
 im

m
un

ity
 a
nd

 
pr
ot
ec
ts
 a
ga
in
st
 V
. a

ng
ui
lla

ru
m

134 N. R. Bhagat et al.



19
.

“
S
tr
ep
to
co
cc
us
”

“
S.
 p
ho

ca
e 
P
18

0;
 

S.
 f
ae
ci
um

”
 

P
. m

on
od

on
; 
O
re
oc
hr
om

is
 

ni
lo
tic
us
 (
N
ile
 t
ila

pi
a)
 

In
cr
ea
se
s 
gr
ow

th
 a
nd

 p
ro
te
ct
s 

ag
ai
ns
t V

. h
ar
ve
yi
 i
nf
ec
tio

n;
 a
s 

gr
ow

th
 p
ro
m
ot
er
s 

S
w
ai
n 
et
 a
l. 
(2
00

9)
, L

ar
a-

F
lo
re
s 
et
 a
l. 
(2
00

3)
 

20
.

S
tr
ep
to
m
yc
es

–
“
P
. m

on
od

on
”

“
G
ro
w
th
 i
m
pr
ov

ed
 a
nd

 w
at
er
 

qu
al
ity

 w
as
 a
ls
o 
in
cr
ea
se
d”
 

D
as
 e
t 
al
. (
20

06
),
 N
ew

aj
-

F
yz
ul
 e
t 
al
. (
20

14
) 

21
.

V
ag
oc
oc
cu
s

V
. fl

uv
ia
lis

Se
a 
ba

ss
“
P
ro
te
ct
s 
ag
ai
ns
t 

V
. a

ng
ui
lla

ru
m
 i
nf
ec
tio

n”
 

S
or
ro
za
 e
t a
l. 
(2
01

2)
 

22
.

“
D
un

al
ie
lla
”

T
er
tio

le
ct
a

A
rt
em

ia
P
ro
te
ct
s 
ag
ai
ns
t V

ib
ri
o 

ca
m
pb

el
lii
 a
nd

 V
. p

ro
te
ol
yt
ic
us
 

M
ar
qu

es
 e
t 
al
. (
20

06
) 

23
.

Y
ar
ro
w
ia
 

lip
ol
yt
ic
a 

Y
. l
ip
ol
yt
ic
a

“
P
in
ct
ad

a 
m
az
at
la
ni
ca
”

Im
pr
ov

es
 g
ro
w
th

A
gu

ila
r-
M
ac
ía
s 
e t
 a
l. 

(2
01

0)

6 Application of Potential Microbial Biotechnology for Sustainable Human Health 135



(continued)

136 N. R. Bhagat et al.

Table 6.8 Various probiotics and their beneficial effect on livestock animals (ruminants, poultry, 
and swine) (adapted from Mahesh et al. 2021; Lambo et al. 2021) 

S. no. Probiotics Beneficial effect References 

A. Ruminants 
1. Bacillus foraminis, B. firmus, B. 

licheniformis, Staphylococcus 
saprophyticus bovis 

Reduces feed intake and acetate 
to propionate ratio 

Yang et al. 
(2012) 

2. “Lactobacillus plantarum, 
L. acidophilus, L. casei, 
L. salivarius, L. gallinarum, 
L. reuteri, Streptococcus bovis” 

Stimulates lactate utilizers, 
stabilizes rumen pH, reduces 
fecal shedding of E. coli O157, 
and improves the immune 
function 

Mahesh et al. 
(2021) 

3. “E. faecalis; L. rhamnosus” Improves weight gain, lowered 
gut pH and maintains the 
ecology ruminal microbiota 

Lan et al. 
(2016) 

4. “L. acidophilus; L. casei; 
B. thermophilum; E. faecium” 

Increases milk fat and organic 
acids viz. butyric, caproic acid 

Hu et al. 
(2021) 

5. “L. acidophilus, L. plantarum, 
B. bifidum, B. subtilis, 
A. oryzae” 

Increases dry matter intake, milk 
yield and composition, serum 
albumin, and reduced globulin 
during postpartum 

Ishaq et al. 
(2015) 

6. “L. farraginis, L. reuteri, 
L. rhamnosus” 

“Increases feed: milk ratio, dry 
matter intake, milk yield, % milk 
fat, and protein” 

Salvedia et al. 
(2015) 

7. “L. casei Zhang, L. plantarum 
P-8” 

“Improves milk production and 
milk IgG content, lactoferrin, 
lysozyme, and lactoperoxidase 
as well as the rumen fermentative 
and beneficial bacteria 
population” 

Maake et al. 
(2021) 

8. “L. acidophilus, S. cerevisiae, 
E. faecium, A. oryzae, 
B. subtilis” 

“Increases percentage of 
lymphocyte and genes associated 
with immunity and homeostasis” 

Aalaei et al. 
(2018) 

9. “L. fermentum, L. plantarum, 
M. elsdenii, S. cerevisiae” 

Improves “nutrient digestibility, 
rumen fermentation 
characteristics, and nitrogen 
retention” 

Shreedhar 
et al. (2016) 

10. Megasphaera elsdenii Enhances lactate utilization in 
rumen and synthesis of 
propionate from lactate 

Mahesh et al. 
(2021) 

11. Propionibacterium 
freudenreichii, 
P. jensenii, and 
P. acidipropionici 

Enhances lactate utilization in 
rumen, synthesis of propionate 
from lactate and regulates 
ruminal pH 

Mahesh et al. 
(2021) 

12. Prevotella bryantii Moderates’ rumen fermentation Mahesh et al. 
(2021) 

13. Bacillus subtilis, 
B. licheniformis, and 
B. coagulans 

Supporting rumen microbes, 
moderates rumen fermentation, 
and improves feed degradation 

Mahesh et al. 
(2021)
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Table 6.8 (continued)

S. no. Probiotics Beneficial effect References 

14. Ruminococcus flavefaciens Moderates’ rumen fermentation Mahesh et al. 
(2021) 

15. Pediococcus acidilactici Faster development of rumen 
function 

Mahesh et al. 
(2021) 

B. Poultry 
1. “L. acidophilus, L. casei, 

E. faecium, B. thermophilum” 
Decreases “gizzard weight, 
abdominal fat, and increased 
antibody production” 

Abou-Kassem 
et al. (2021) 

2. “L. acidophilus, L. casei, 
E. faecium, B. bifidum” 

Improves body weight, and 
protection against “new castle 
disease and infectious bursal 
disease” 

Goto et al. 
(2016) 

3. “L. salivarius, 
L. reuteri. L. crispatus, 
L. johnsonii” 

Downregulates “the expression 
of cecal tonsils cytokine gene 
and enhanced antibody-mediated 
immune responses against a 
highly immunogenic T cell-
dependent antigen” 

Mostafa et al. 
(2014) 

4.. “L. acidophilus, B. subtilis DSM 
17299, C. butyricum” 

Increases body weight, 
digestibility of ileal amino acid, 
and humoral immune response 

Xu et al. 
(2017) 

5. “L. acidophilus, L. casei, 
B. thermophilum, E. faecium” 

Reduces ileal E. coli Adjei-Fremah 
et al. (2018) 

6. “A. oryzae, B. subtilis, 
S. cerevisiae, L. plantarum, 
Rhodopseudomonas capsulate” 

Improves egg protein quality Direkvandi 
et al. (2020) 

7. “L. casei, L. acidophilus, 
Bifidobacterium” 

Improves “growth performance, 
carcass trait, antioxidant capacity 
gut microbiota, and immunity” 

Talebi et al. 
(2008) 

8. “L. casei, L. lactis, 
L. plantarum, Carnobacterium 
divergens, S. cerevisiae” 

Increases femur elongation and 
area, elastic strength of tibia and 
reduced bone strength 

Tomaszewska 
et al. (2018) 

C. Swine 
1. “L. acidophilus, B. subtilis, 

S. cerevisiae” 
Improves growth performance 
and gut microbiota 

Liu et al. 
(2018) 

2. “L. plantarum L21, 
L. plantarum L80, 
L. paraplantarum L103, 
B. subtilis, L. acidophilus, 
S. cerevisiae” 

Increases “growth performance, 
fecal lactobacillus population, 
and reduced fecal E. coli” 

Ray et al. 
(2020) 

3. “B. coagulans, B. licheniformis, 
B. subtilis, C. butyricum” 

Improves body weight, growth 
performance, nutrient 
digestibility, fecal lactobacilli, 
and meat quality 

Ramlucken 
et al. (2020) 

4. “L. amylovorus, L. reuteri LAB 
26, L. reuteri LAB 
49, L. johnsonii, L. salivarius, 
L. mucosae” 

Increases bacteria population in 
the jejunum and influenced the 
expression of specific intestinal 
mucosa cytokines 

Biswas et al. 
(2022)



membrane structure, and lots of others (Kannan et al. 2021). Glycerol, esters, and 
fatty acids are the primary constructing blocks of fat and oils.
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Table 6.8 (continued)

S. no. Probiotics Beneficial effect References 

5. B. subtilis, B. licheniformis Increases weight gain, 
“improved nutrient digestibility 
in sows and reduced” E. coli 
population in sows 

Chung et al. 
(2015) 

Fatty acids can be categorized into saturated, monounsaturated, and polyunsatu-
rated types. Saturated fatty acids have no double bonds and are in foods like meat 
and butter. Monounsaturated fatty acids have one double bond and are also produced 
by the body. On the other hand, polyunsaturated fatty acids (PUFAs), which have 
multiple double bonds, are considered essential and must be obtained from the diet. 
PUFAs are crucial for maintaining human health and play a significant role in 
preventing and treating various diseases (Masurkar et al. 2015). 

Polyunsaturated fatty acids (PUFAs) are defined by their long carbon chains with 
a carboxyl group at one end and a methyl group at the other. They have multiple 
double bonds in their structure. Eating too many saturated fatty acids (SFAs) has 
been linked to health issues like arteriosclerosis, which involves the thickening of 
artery walls, chest pain called angina pectoris due to blocked heart arteries, and other 
circulation problems. This happens because SFAs are solid at room temperature and 
can become hard even when heated or pressurized. In contrast, unsaturated fatty 
acids remain liquid at room temperature and are less stable (Lee 2013). 

Even there are various PUFAs in nature; just a few are critical from a physiologi-
cal standpoint. Most of the pertinent ones fall beneath the omega series, such as 
omega-3, 6, 9 fatty acids. Linoleic acid (LA) is that this kind of essential PUFAs that 
would only be furnished through manner of diet, as modified into previously 
mentioned (Spector and Kim 2015). Another double bond will have to be added to 
the fatty acid chain for arachidonic acid (AA) (20:4), an EFA that is a member of the 
n-6 FAs, to be converted from LA (18:3, n-6) (Spector and Kim 2015). An analogue 
of LA, -linoleic acid (ALA) (18:3, n-3) is produced through manner of de novo 
synthesis and is a member of the omega-3 (n-3) family. Because of their exquisite 
useful functionality and numerous health advantages, “eicosapentaenoic acid (EPA) 
(20:5, n-3) and docosahexaenoic acid (DHA) (22:6, n-3) have turn out to be critical 
nutrients. Figure 6.3 illustrates many PUFA varieties.” 

6.6.1.1 Safety Profile of Omega-3 Fatty Acids 
Eating more n-3 fatty acids may raise low-density lipids, which can lead to serious 
illness over time. So, despite their many benefits, it is important to know how much 
to eat. According to the National Institutes of Health, it is recommended to consume 
at least 650 mg of n-3 fatty acids per day (Oh 2005; Weylandt et al. 2015).
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Fatty acid 

Polyunsaturated 
fatty acid 

Omega 3 
fatty acid (n-3) 

Essential fatty acids 

1.Alpha Linolenic acids (ALA) 
2.Arachidonic acids (AA) 
1.Linoleic acids (LA) 

3.Docosahexaenoic acids (DHA) 
2.Ecosapentaenoic acids (EPA) 

Omega 9 
fatty acid (n-9) 

Oleic acids 
(OA) 

Omega 6 
fatty acid (n-6) 

Monounsaturated 
fatty acid 

Saturated fatty acid Unsaturated fatty acid 

Fig. 6.3 Classification of fatty acids 

6.6.2 Development of Microbial Protein for Future Sustainability 

Microbes can help create clean energy and convert renewable resources into fuels. 
They also assist plants in absorbing more nutrients, which is known as “nutrient 
recycling.” Microbes provide essential energy sources to plants, and in return, plants 
offer them their waste products as nourishment. Microbial proteins contain vitamins, 
carotene, and carbs in good amounts. These proteins can be produced under regular 
conditions, which means they aren’t affected by land or environmental restrictions 
like drought or flood. 

6.6.2.1 MP as Food 
In the context of livestock and aquaculture nutrition, microbial protein offers a high-
quality alternative to animal-based protein sources such as fish meal. When we 
consider human nutrition, microbial protein meets the essential amino acid 
requirements set by the FAO/WHO, making it a valuable direct dietary option for 
people as well. Historically, coastal populations have relied on algae as a consistent 
source of protein and nutrients for many centuries. Nowadays, algae and microalgae 
are also used in the food industry as ingredients in various foods and dietary 
supplements (Ravindra 2000; Becker 2007). Yeast has a long history of use in 
food production, dating back to the earliest bread baking and grape fermentation. 
It has been employed as a direct food source, such as during World War II when it 
was distributed to the military and the public. Today, yeast plays a significant role in



the production of various microbial-based products for the food industry and 
beyond. Its primary applications include baking and alcohol fermentation, with an 
estimated global market value of up to 9.2 billion Euros in 2019 and an expected 
annual growth rate of 7.9%. Another notable food source is fungi, which have also 
been consumed by humans. One well-known type of fungal-based protein, known as 
mycoprotein, is marketed under the name QuornTM and is available in approximately 
15 different countries worldwide (Wiebe 2004). Mycoproteins excel in replicating 
the taste and texture of meat, making them a popular alternative to traditional animal-
based products. Currently, the production of mycoprotein for QuornTM products 
amounts to 25,000 tonnes per year, with a market value of approximately 214 
million euros and an expected annual growth rate of 20% in the years ahead. 
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6.6.2.2 Added Value Applications 
Microorganisms are having the potential to provide an extensive variety of added-
cost merchandise which might be appropriate for each animal and human vitamin, 
similar to being an excellent supply of nutritious protein (Vandamme and Revuelta 
2016). The average protein yield achievable from algae, fungi, and microorganisms, 
along with other potential value-added products, has been extensively researched 
and developed. 

6.6.2.3 Production of Microbial Protein from Waste Streams 
The call for animal-sourced food is expected to boom substantially over the follow-
ing couple of decades, particularly in rising economies, because of populace increase 
and developing earnings levels (FAO 2018). In numerous low-income countries, 
animal-derived foods will continue to play a crucial role in addressing the micronu-
trient deficiency in the diets of young and vulnerable populations (Nelson et al. 
2018). However, it is increasingly important to explore new, previously uncharted 
nonagricultural protein production methods to meet the rising demand for protein, 
both for direct human consumption and as inputs for animal production, while 
minimizing environmental impact. In this context, there is growing interest in the 
potential of microbial protein as an alternative protein production method (Jones 
et al. 2020; Matassa et al. 2020; Pikaar et al. 2018a). Microbial proteins encompass 
algae, yeast, bacteria, and fungi (Matassa et al. 2016). Organic waste streams, along 
with gaseous substrates such as methane, carbon dioxide, and hydrogen, can be 
harnessed to produce microbial proteins for use in human food, animal feed, and as 
slow-release natural fertilizers (Matassa et al. 2020; Pikaar et al. 2018a, b). 
Although, it is not however economically feasible to replace traditional soybeans 
with microbial proteins, mycoprotein is now a doable opportunity for fish meal in 
aquaculture and meat in human. Moreover, as energy charges fall, conventional feed 
charges rise, or environmental pollution is charged, extraordinary microbial protein 
production strategies also can fast start to look increasingly more appealing. Circular 
feeds are much more likely to be ordinary via way of means of the overall populace 
than different plant-primarily based totally proteins, which can be gaining a quick 
increasing marketplace among high-earnings consumers (Pikaar et al. 2018a, b). 
Several SDGs may be substantially impacted via way means of round feed



technology, each favorably and unfavorably. For instance, microbial protein may 
also lower the call for soybean meal, that is presently basically used for animal feed, 
in addition to the profitability of the soybean industry, the growth of soybean 
cultivating regions (the latest motive force of land-use change), and greenhouse 
fuel line emissions. It can also have a fantastic effect on the SDG intention of 
biodiversity and the soybean sector’s profitability (SDG). But soybeans do not 
simply yield protein. Soybeans do not just provide protein. Hence, a decrease in 
soybean oil supply might lead to increased palm oil production and consumption, 
which could have a ripple effect on deforestation (SDG) and potentially raise the 
prevalence of non-communicable diseases (NCDs; SDG) (Chen et al. 2011; 
Kadandale et al. 2019). Additionally, microbial protein may decrease the call for 
fish used as animal feed, which may gain fish populations (SDG). If broadly used, 
round feed ought to partly uncouple the manufacturing of protein-wealthy animal 
feed from land use, presenting a second course for decreasing greenhouse fuel line 
emissions, even as the results for the marketplace energy and pricing of feed deliver 
consolidation in the meals’ gadget are unknown. Conversely, an ample and cheaper 
deliver of feed may decrease the value of elevating animals and lift the call for cattle 
products. This impact ought to result in better greenhouse fuel line emissions and 
probably greater obesity (You and Henneberg 2016; Wang and Beydoun 2009) and 
NCDs in regions in which meat consumption is already high (SDG). The dietary 
reputation and fitness of undernourished subpopulations, in particular youngsters 
and pregnant or lactating women, may be advanced via way of means of extra intake 
of livestock products (Shapiro et al. 2019). Small-scale cattle farmers’ livelihoods 
can be impacted via way means of decrease feed (SDG). Furthermore, recycling food 
waste could also enhance the economic value of waste (SDG). Apart from potential 
trade-offs with existing livelihood options and their environmental impacts, such as 
the reduced availability of animal manure as a source of organic soil nutrients in 
mixed crop-livestock systems, this effect could create new sources of income from 
waste collection, distribution, and processing. 
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6.6.3 Microbial Fuel Cells for Generation of Electricity 

Bioelectricity production is the process by which organisms generate energy through 
the production of electrons during their metabolic processes. These generated 
electrons can be collected to maintain a steady or continuous source of power 
generation. When provided with the right substances, bacterial cells can metabolize 
them and produce electrons that can be retrieved and used by connecting them 
through a circuit. These components can be combined to create an assembly called 
a ‘microbial fuel cell’ (MFC), which serves as an energy source. The 
microorganisms’ anaerobic digestion of the substrate is crucial for the creation of 
the electrons resulting from their metabolism. The mentioned reactions illustrate the 
metabolic processes that were initially carried out by microorganisms without 
oxygen and later with oxygen (Moqsud et al. 2013).
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6.6.3.1 Microbial Fuel Cell 
Most MFCs consist of two separate chambers: the anodic chamber, housing the 
anode, and the cathodic chamber, housing the cathode. These chambers are 
separated by a proton exchange membrane (PEM). A suitable substrate is provided 
to the microbes in the anodic chamber, where it is aerobically broken down to release 
electrons. These electrons are then transported from the anode to the cathode through 
an external circuit. Meanwhile, the protons generated in this process selectively pass 
through the exchange membrane. Both of these byproducts created by the 
microorganisms in the anodic compartment migrate to the cathode and combine 
with oxygen to form water (Sharma and Li 2010). 

MFCs, utilizing electrochemically active bacteria (EAB) to oxidize various 
carbon sources, including organic waste, are devices capable of converting chemical 
energy into electrical energy (Angenent et al. 2004, 2004; Lovley 2008; Logan 
2009). The MFC chambers may be fabricated from Plexiglas, polycarbonate, or 
glass (Rhoads et al. 2005). Anode electrodes may be crafted from substances such as 
“carbon paper, carbon cloth, graphite, and graphite felt (Zhang et al. 2011; Zhuo 
et al. 2011; Wei et al. 2011; Sangeetha and Muthukumar 2013).” To keep the 
electrode’s cardio nature, an air cathode is needed, and this may be built of platinum 
(Pt) or Pt-black catalyst substances. The natural substrates within side the anode 
chamber might be utilized by the microorganisms to supply electrons, in order to 
then tour thru the outside circuit to the cathode and be absorbed with the aid of using 
the answer within side the cathode chamber. The ion trade membrane lets in the 
produced “protons to head from the anode to the cathode (Wang et al. 2013).” 
Permanganate (MnO4) and ferricyanide [(Fe(CN6))

3 ] answers can characteristic as 
green catholytes however aren’t long-lasting (Jang et al. 2004; Wei et al. 2012). 

6.6.3.1.1 Design 
Depending on elements just like the quantity of chambers, the way of operation, etc., 
there are numerous designs for the constructing of an MFC. These classes specifi-
cally consist of: 

6.6.3.1.1.1 Two-Chamber MFC 
This format is an everyday MFC with chambers which might be separated through 
manner of approach of an ion extrude membrane. These are currently best applied in 
laboratories and normally characteristic in batch mode, though they can also “char-
acteristic” in non-forestall mode (Du et al. 2007). 

6.6.3.1.1.2 Single-Chamber MFC 
An anodic chamber and an air cathode are the best additives of a single-chamber 
MFC, that is, wherein protons and electrons are exchanged. “For the constructing of 
a single-chamber MFC, diverse designs, including Table 6.9, were suggested.” 

6.6.3.1.1.3 Stacked MFC 
A stack of MFCs related in collection or parallel collectively is known as a microbial 
fuel (Aelterman et al. 2006). By acquiring numerous configurations of the hydraulic



waft and electrode, MFC may be layered. These are available in four special 
varieties; along with (i) “parallel electrode connections in parallel waft mode (ii), 
collection electrode connections in collection waft mode (iii), and (iv) collection 
electrode connections in parallel waft mode (Choi and Ahn 2013).” While treating 
wastewater (Choi and Ahn 2013), discovered that the use of parallel electrode 
connections (collection waft mode) elevated the general balance of the oxidation-
discount potentials and led to more COD removal, Colombia efficiencies, and 
maximal strength densities. 
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6.6.3.1.2 Applications 

6.6.3.1.2.1 Production of Bioelectricity 
The use of herbal carbohydrate substrates that is derived from municipal, “industrial 
and agricultural wastes for the generation of bioelectricity are the precept feature of 
an MFC.” Another advantage of MFCs is the direct conversion of fueling molecules 
into power without the arrival of heat. By averting the Carnot cycle, which lowers 
the overall performance of thermal energy conversion, a higher conversion overall 
performance (gt; 70%) is possible (Du et al. 2007). MFCs have made advances in 
power generation all through the previous couple of years; however, the reality is 
that they will be now not currently a cost-effective technology for producing power. 
Substrates which consist of domestic wastewater and glucose, respectively, had been 
used to create power outputs of 10–50 and 250–500 mW/m2 , respectively (Logan 
2004). “A mixed consortium of microbial community” and a sincere substrate like 
glucose were utilized (Rabaey et al. 2003) to offer a power density of 3.6 W/m2 

(Rabaey et al. 2003). The use of the particular microorganism Rhodoferax 
ferrireducens, that could oxidize glucose to CO2 without the requirement for electron 
mediators to move the electrons to the anode, end up suggested with the useful 
resource of the use of Chaudhuri and Lovely in 2003 (Rabaey et al. 2003). As a 
result, the need for a virtual mediator is removed, setting up the door for future 
changes to the MFC format that might boom its overall performance. Another 
approach that might be used to enhance power generation and examine simulta-
neously through several unique applications is stacking MFCs. Six separate MFC 
gadgets were joined in a stacked configuration with the useful resource of the use of 
Aelterman et al. (2006), yielding a maximum power output of 258 W/m3 on an 
hourly average. Although the power output of MFC is not as right as that of various 
fueling cells, such as methanol-driven FCs, the fluctuation in substrate consumption 
gives the device some brought appeal (Rabaey and Verstraete 2005). Additionally, a 
self-retaining phototrophic MFC has been advanced that produces non-forestall 
power output beneath illumination without the need for substrate, such as organics 
or nutrients, and if improved, have to feature as a reliable possibility deliver of 
sustainable energy (He et al. 2008). The metabolic interest of Rhodobacter 
sphaeroides ended up being used to assemble an MFC for the in situ oxidation of 
photo-natural hydrogen for the producing of power. “Therefore, this MFC technol-
ogy” has the functionality to be used as a sustainable energy deliver. The concept of 
a bio-battery that could recharge domestic system and exceptional devices requiring



” ”

”

”

” ”

”

low voltage, additionally may be used with MFC technology. The primary and 
crucial format of an MFC has long past through several revisions, developing a 
foundation for the development of new thoughts and applications. 
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Table 6.9 Reports on designs proposed for the construction of a single-chamber MFC 

Design Anode Cathode 

“Rectangular “Mn4+ graphite anode “Fe3+ graphite cathode” 

“Cylindrical “Carbon paper without 
wet proofing” 

“Carbon electrode/PEM assembly or rigid carbon 
paper without PEM” 

“Tubular “Granular graphite 
matrix” 

“Ferricyanide solution” 

“Flat plate “Carbon paper “Carbon cloth” 

“Concentric 
design” 

“Graphite “Air porous made up of carbon/Pt catalyst” 

6.6.3.1.2.2 Bio-hydrogen Production 
Typically, in MFCs, microorganism performs as catalysts, oxidizing the substrates 
with inside the anodic chamber to provide protons and electrons which might be then 
added to the cathode through the wire (externally) and the PEM, respectively. They 
each integrate to make water, casting off the opportunity of hydrogen synthesis. The 
electrode that generates power or the microorganism that make decreased 
metabolites like methane or hydrogen fueling can function the remaining electron 
acceptor for the microorganism with inside the anodic compartment at some stage in 
substrate oxidation (Rabaey et al. 2004). In an MFC, outside capability software 
enabled the formation of hydrogen on the cathode with the aid of using overcoming 
the thermodynamic barrier via the interplay of electrons and protons. This gives a 
capability manner to alternate the MFCs operation in order that its miles centered on 
generating bio-hydrogen. In an MFC, superior microorganisms have been taken 
from the anodic chamber and blanketed microbial consortia that, upon identification, 
have been recognized to additionally consist of a few species able to developing 
hydrogen. In this investigation, while the electron switch fee increased, the hydrogen 
manufacturing rates, which have been to start with as much as 43 5%, reduced 
underneath the detection limit. As a result, this examines indicates that power 
manufacturing and hydrogen introduction are neither affected nor because of each 
other in MFCs and are extraordinarily implausible to take place on the identical time. 

6.6.3.1.2.3 Wastewater Management 
Industrial, municipal, and different wastewater effluent function a key useful 
resource for strength harvesting and on the equal time show to be a great substrate 
for bioremediation. The chronic trouble of wastewater control has been solved 
flawlessly via way of means of microbial gasoline era. Maximum strength density, 
Colombia efficiencies, and COD are the primary three elements that decide how 
green MFC era is. When the usage of natural substrates like acetate, glucose, and 
sucrose, MFC era continually achieves better most strength densities (494 mW/m2 ) 
than while the usage of a complicated “substrate like wastewater (146 mW/m2 )



(Feng et al. 2008). Domestic wastewater (Liu et al. 2004), swine wastewater (Min 
et al. 2005), meat packing wastewater (Heilmann and Logan 2006),” meals 
processing wastewater, “hydrogen fermentation reactor effluent (Oh and Logan 
2005),” and brewery wastewater have all been examined the usage of MFCs for 
strength generation (Kim et al. 2004). Complex natural substrates, inclusive of 
wastewater remnants from numerous sources, can also additionally pose capacity 
troubles that might intrude with the manufacturing of electricity, inclusive of toxicity 
because of an excessive ammonia attention or because of the manufacturing of risky 
acids at some stage in “hydrolysis and substrate fermentation (Min et al. 2005)”. 
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6.6.3.1.2.4 Biosensors 
In the sector of biosensors, MFCs are regularly used to evaluate the pollutant content 
material of numerous wastewater effluents. The organic oxygen calls for numerous 
remedy plant effluents may be calculated in the usage of MFC technology. Due to 
the proportionate dating among the Colombia yield and the organic electricity of 
wastewater, MFCs have this capability (Kim et al. 2003). 

6.7 Conclusion 

Human sustainability depends on a higher agricultural yield so that the population 
may be fed. A lot of hindrances exist in our nature due to anthropogenic activity. 
Some factors exist naturally; however, these factors are getting increased day by day 
due to the greedy nature of the human race. The entire web of the ecosystem on our 
planet is getting damaged due to the overexploitation of nature. Microbiotechnology, 
a flourishing arena, may help to create a better environment for higher plant 
production, reduce pollution, and develop new sustainable energy sources. 
Advanced technologies should be implicated at the field level and should be 
transferred at the farmer level so that all corners of our society may get benefitted 
and human civilization may sustain well for longer time period in sustainable 
manner. 
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Abstract 

The human body is recognized as one of the most densely populated microbial 
ecosystems. The human microbiome, a collection of microbial communities that 
occur in various anatomical sites, play a profound and indispensable role in 
promoting overall human health. Among these microorganisms, bacteria, 
representing the bacteriome, exhibit overwhelming predominance over other 
microbial groups as these extensively influence the physiological functions of the 
human body. Microbiome in general and bacteriome in particular, is recognized as 
a major influencer of health and disease in humans. In recent times, the relationship 
among human bacteriome, dysbiosis and metabolic disorders or diseases has 
gained considerable significance. Similarly, health interventions involving the 
modulation of the human bacteriome such as faecal microbiota transplantation, 
live biotherapeutics, bioengineered microbes and phage therapy have become 
attractive area of research with huge futuristic implications. Here, we present the 
current understanding of the human bacteriome, its compositional modulation for 
exerting beneficial health effects and the emerging technologies, viz. deep-
sequencing, multiomics among others for deeper insights into dynamic interplay 
among bacterial communities in the human body. 
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7.1 Introduction 

The human body is recognized as an ecosystem supporting vast communities of 
bacteria, archaea, fungi, viruses and protozoa (Locey and Lennon 2016; Singh et al. 
2018; Gilbert et al. 2018; Aggarwal et al. 2022). These co-existing commensal and 
symbiotic microbial communities present on or inside the body represent the human 
microbiota and the microbiome. Precisely, the microbial cells of the body are 
referred to as microbiota and the microbiome represents the entire set of genes of 
these microbes, although these terms are often used interchangeably (Aggarwal et al. 
2022; Mousa et al. 2022). Human bacteriome, on the other hand, specifically 
represents the bacterial inhabitants of the body. Recently, Berg et al. (2020) 
redefined the term microbiome as “a characteristic microbial community occupying 
a reasonably well-defined habitat which has distinct physio-chemical properties”. 
The human microbiome is also considered our second genome and the human body 
inhabiting them is recognized as a superorganism (Gilbert et al. 2018; Aggarwal 
et al. 2022). The human microbiome has co-evolved for centuries with human beings 
and is now considered an essential organ for human health (Hooper and Gordon 
2001; Gilbert and Neufeld 2014; Michels et al. 2022) 

The human microbiota is composed of hundreds of species and strains of bacteria, 
archaea, fungi, protozoa and viruses. Their genomes containing thousands of genes 
offer much greater genetic diversity and versatility than our own genome (Locey and 
Lennon 2016; Perez-Carrasco et al. 2021). The human gut harbours more than 1000 
bacterial species belonging to four phyla, namely Firmicutes, Bacteroidetes, 
Actinobacteria and Proteobacteria (Hooper and Gordon 2001; Fujisaka et al. 
2022). In numerical terms, the estimated ratio of bacteria to human cells in the 
human body is 1.3:1, although at one time it was considered to be 10:1 (Sender et al. 
2016; Locey and Lennon 2016). The Human Microbiome Project which was 
initiated in 2007 revealed interesting facts about the human body ecosystem and 
marks one of the most significant milestones in the history of biology (Gilbert et al. 
2018). The human body carries more microbial cells than its own cells, whereas the 
number of genes expressed by the human microbiome is 50–100 folds higher than 
our genome (Hooper and Gordon 2001; Aggarwal et al. 2022). Microbiome-oriented 
studies have witnessed unprecedented impetus in the last two decades. Abdill et al. 
(2022) found that publicly available data on human microbiome samples has 
increased from 3 samples in 2010 to 123,302 in 2020. These microbiome samples 
are from 115 different countries where the USA represents 40.2% of the total 
samples. From India, 2997 microbiome samples have been studied and analysed 
as per available data (Abdill et al. 2022). 

7.2 Human Bacteriome Diversity and its Importance 

The microorganisms present in a normal human body are collectively known as 
commensal microbiota which has also been recognized as our forgotten organ. 
Human microbiota and microbiome have been extensively investigated in a



plentitude of studies for their beneficial roles in several vital functions and overall 
health. Experimental studies revealed the influence of microbiota in host physiology, 
digestion, immunity (both innate and adaptive), homeostasis, neurodevelopment and 
metabolism (Gilbert et al. 2018; Liu et al. 2022a, b; Michels et al. 2022). The 
majority of human bacteriome is present in the gastrointestinal tract, mainly the 
large intestine, small intestine and colon (Table 7.1). However, other anatomical 
sites of the body such as skin, oral cavity, nose, respiratory tract, lungs, eyes, ears 
and urogenital tract harbour distinct microbial communities (Gilbert et al. 2018; 
Fujisaka et al. 2022; Aggarwal et al. 2022). 
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Microbial diversity, abundance and predominance in different sites of the human 
body are impacted either by environmental factors such as pH, temperature, osmo-
larity, salts, oxygen levels, sebum and nutrient concentration or by intrinsic factors 
such as ethnicity, genetics, age and gender (Aggarwal et al. 2022). Similarly, the 
human bacteriome is diverse and dynamic in nature and is influenced by diet, food 
types, age, habits, gender, body-mass-index, demographics, genetics, probiotics, 
prebiotics, antibiotics usage and other environmental factors (Girija and Ganesh 
2022; Villemin et al. 2022). The human microbiome of different sites can be used as 
a reliable biomarker or microbial signature to assess the risk of occurrence of several 
metabolic conditions and disorders. Therefore, deeper insights into the microbiota of 
the human body under different physiological conditions are needed. These data may 
assist the scientific community and health professionals in designing and developing 
newer diagnostic tools and therapeutic interventions. Among different microbes 
present in the human body, the most prominent role is exhibited by gut microbiota 
or gut microbiome. It is essential for food digestion, vitamin production, protection 
against pathogens and immune system development (Arnold et al. 2016; Mirzaei and 
Maurice 2017; Fujisaka et al. 2022; Mousa et al. 2022). Gut microbiota is known to 
influence almost all physiological functions of the body including that of the brain, 
pancreas, heart, kidney, skin and eyes (Yan et al. 2017; Wang et al. 2021; Sani et al. 
2021; Matsukawa et al. 2021; Sorboni et al. 2022; Wehedy et al. 2022; Zhou et al. 
2022; Liu et al. 2022a, b). The gut bacteriome is represented by numerous bacterial 
species from mainly four phyla as shown in Table 7.1. In the Indian population, the 
gut microbiome exhibited the predominance of Prevotella copri and 
Faecalibacterium prausnitzii which can be attributed to the high content of resistant 
starch in Indian diets (Dubey et al. 2018). 

Human bacteriome has been recognized as a vital player in systemic health. 
Dysbiosis refers to the lack of balance among microbial communities within certain 
areas of the body that may lead to the onset or progression of certain chronic diseases 
or disorders (Byrd et al. 2018; Gurung et al. 2020; Aggarwal et al. 2022; Carmona-
Cruz et al. 2022). Bacteriome perturbations or dysbiosis is detrimental to the host 
health and can lead to chronic metabolic diseases such as obesity, type II diabetes 
mellitus, insulin resistance syndrome, cancers, allergies, gingivitis, periodontitis, 
endocarditis, asthma, osteoporosis, inflammatory bowel disease, ulcerative colitis, 
Crohn disease, rheumatoid arthritis, neurological disorders, Parkinson’s disease, 
Alzheimer’s disease or atopic eczema among others (Lamont et al. 2018; Perez-
Carrasco et al. 2021; Aggarwal et al. 2022; Kenneally et al. 2022; Sorboni et al.
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Table 7.1 Prominent bacterial phyla and/or genera present in different sites of the human body and 
dysbiosis-associated diseases 

Predominant 
Predominant 
bacterial genera/ 
species 

Disease/ 
disorder due 
to dysbiosis 

Gastrointestinal 
tract or gut 

Firmicutes, 
Bacteroidetes, 
Proteobacteria, 
Actinobacteria, 
Fusobacteria, 
Verrucomicrobia 

Bacillus, 
Clostridium, 
Clostridioides 
difficile, E. coli, 
Collinsella, 
Eubacterium, 
Enterococcus, 
Enterobacter, 
Lactobacillus, 
Ruminococcus, 
Staphylococcus, 
Bacteroides, 
Prevotella, 
Bifidobacterium, 
Akkermansia 
muciniphila,, 
Faecalibacterium 
prausnitzii, 
Roseburia, 
Veillonella 

Inflammatory 
bowel 
disease, 
obesity, type 
II diabetes, 
ulcerative 
colitis, 
Crohn’s 
disease, celiac 
disease 

Fujisaka et al. 
(2022), 
Sorboni et al. 
(2022), 
Michels et al. 
(2022), Liu 
et al. 
(2022a, b), 
Mousa et al. 
(2022) 

Skin Actinobacteria, 
Firmicutes, 
Proteobacteria, 
Bacteroidetes 

Cutibacterium 
acnes, 
Staphylococcus 
epidermidis, 
Staphylococcus 
aureus, 
Corynebacterium 

Atopic 
dermatitis, 
psoriasis 
vulgaris, acne 
vulgaris 

Byrd et al. 
(2018), 
Aggarwal 
et al. (2022), 
Carmona-
Cruz et al. 
(2022) 

Jejunum Actinobacteria, 
Firmicutes, 
Proteobacteria, 
Bacteroidetes 

Streptococcus 
salivarius, S. mitis, 
Rothia 
mucilaginosa, 
Actinomyces 
odontolyticus, 
Granulicatella 
adiacens, 
Corynebacterium 
kroppenstedtii, 
Prevotella, 
Veillonella, 
Fusobacterium 

– Villmones 
et al. (2022) 

Oral cavity Actinobacteria, 
Bacteroidetes, 
Firmicutes, 
Fusobacteria, 
Proteobacteria, 
Spirochaetes 

Actinomyces, 
Corynebacterium, 
Capnocytophaga, 
Eubacterium, 
Eikenella, 
Fusobacterium, 
Granulicatella, 

Dental caries, 
gingivitis and 
periodontitis 

Kilian et al. 
(2016), 
Lamont et al. 
(2018), 
Aggarwal 
et al. (2022)
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Gemella, Neisseria,
Rothia, Prevotella,
Porphyromonas,
Treponema,
Peptostreptococcus,
Propionibacterium,
Haemophilus,
Leptotrichia,
Lactobacillus,
Staphylococcus,
Streptococcus,
Veillonella
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Table 7.1 (continued)

Predominant 
Predominant 
bacterial genera/ 
species 

Disease/ 
disorder due 
to dysbiosis Reference 

Stomach 
(gastric mucosa) 

Proteobacteria, 
Firmicutes, 
Bacteroidetes, 
Actinobacteria, 
Fusobacteria 

Clostridium, 
Dialister, 
Helicobacter, 
Fusobacterium, 
Peptostreptococcus, 
Parvimonas, 
Streptococcus, 
Slackia, Veillonella 

Gastric cancer Aggarwal 
et al. (2022), 
Mousa et al. 
(2022), Liu 
et al. 
(2022a, b) 

Nose/nostrils Actinobacteria, 
Firmicutes, 
Proteobacteria 

Staphylococcus 
aureus, 
Staphylococcus 
epidermidis, 
Cutibacterium 
acnes, 
Corynebacterium, 
Moraxella 

Chronic 
rhinosinusitis 

Gilbert et al. 
(2018), 
Aggarwal 
et al. (2022) 

Respiratory 
tract and lungs 

Firmicutes, 
Proteobacteria, 
Bacteroidetes 

Prevotella, 
Corynebacterium, 
Haemophilus, 
Neisseria, 
Veillonella, 
Streptococcus 

Asthma, 
chronic 
obstructive 
pulmonary 
disease, 
pulmonary 
fibrosis, 
cystic fibrosis 

Aggarwal 
et al. (2022), 
Mousa et al. 
(2022) 

Esophagus Firmicutes, 
Bacteroides, 
Actinobacteria, 
Proteobacteria 
Fusobacteria 

Streptococcus, 
Veillonella, 
Prevotella, 
Fusobacterium, 
Tannerella, 
Aggregatibacter, 
Porphyromonas 

Oesophageal 
cancer 

Lv et al. 
(2019), 
Laserna-
Mendieta 
et al. (2021), 
Muszyński 
et al. (2022) 

Urogenital tract 
(bladder and 
vagina) 

Firmicutes, 
Bacteroidetes, 
Proteobacteria, 
Actinobacteria 

Lactobacillus, 
Streptococcus, 
Corynebacterium, 
Prevotella, 

Urgency 
urinary 
incontinence, 
bladder 

Perez-
Carrasco 
et al. (2021), 

(continued)
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Staphylococcus,
Escherichia,
Enterococcus,
Corynebacterium,
Citrobacter,
Gardnerella
vaginalis

cancer,
bacterial
vaginosis

2022; Michels et al. 2022; Table 7.2). It is now widely accepted that gut microbiota 
communicates with distant organs, viz. brain, lungs, kidney, liver and heart through 
an array of signalling molecules. Dysbiosis of gut microbiota composition has been 
implicated in the development and progression of several neurological disorders 
including anxiety, stress, depression, epilepsy, stroke, Parkinson’s disease, multiple 
sclerosis, Alzheimer’s disease and schizophrenia (Cekanaviciute et al. 2017; Sani 
et al. 2021; Sorboni et al. 2022). These pathophysiological outcomes of microbiome 
perturbations emphasized the significance of the microbiota–gut–organ axis (Liu 
et al. 2022a, b; Radjabzadeh et al. 2022).
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Table 7.1 (continued)

Predominant 
Predominant 
bacterial genera/ 
species 

Disease/ 
disorder due 
to dysbiosis Reference 

Kenneally 
et al. (2022) 

a Nomenclature of bacterial phyla has been changed recently (Oren and Garrity 2021). However, for 
the sake of clarity, old bacterial phyla names have been used here 

7.3 Modulation of Human Bacteriome 

The accumulated and ever-increasing microbiome knowledge, understandings and 
datasets as well as the outcomes of several clinical trials indicated that human 
microbiota is amenable to dynamic shifts in abundance and diversity by dietary 
modifications, fermented foods, probiotics, prebiotic polysaccharides, postbiotics, 
microbial infections and pre-existing metabolic conditions (Marco et al. 2017; 
Leeuwendaal et al. 2022; Fujisaka et al. 2022). The modulation of the human 
microbiome, particularly the gut microbiota, is thus considered an attractive strategy 
for creating better therapeutics, diagnostic tools and disease markers for health 
diseases (Arnold et al. 2016; Chua et al. 2017;  O’Toole et al. 2017; Aggarwal 
et al. 2022; Callens et al. 2022; Villemin et al. 2022; Fig. 7.1). Faecal microbiota 
transplantation (FMT) was first performed in human subjects by van Nood et al. 
(2013) in which the duodenal infusion of donor faeces was carried out in recurrent 
Clostridioides difficile patients. This strategy witnessed a high success rate and 
paved the way for microbiome-mediated health interventions. Gut bacteriomes 
could potentially be modulated or reprogrammed by specific medicines or 
antibiotics, engineered microbes, live bacterial therapeutics, phage therapy and 
microbiome mimetics to alleviate the symptoms of several metabolic diseases or to 
minimize their occurrence (Mirzaei and Maurice 2017; El Haddad et al. 2022; 
Mousa et al. 2022; Milligan-McClellan et al. 2022; Aggarwal et al. 2022).
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Table 7.2 Relationship between bacteriome dysbiosis and metabolic diseases in the human body 

Key bacterial taxa/species/phyla/ 
familiesa 

Atherosclerosis Firmicutes, Proteobacteria, 
Lachnospiraceae, 
Erysipelotrichaceae, Pseudomonas 
luteola 

Koren et al. (2011) 

Oral squamous cell 
carcinoma 

Porphyromonas gingivalis 
Fusobacterium nucleatum 

Irfan et al. (2020) 

Esophageal cancer Tannerella forsythia, Streptococcus 
anginosus, Aggregatibacter 
actinomycetemcomitans, 
Porphyromonas gingivalis, 
Fusobacterium nucleatum 

Lv et al. (2019), Laserna-
Mendieta et al. (2021), 
Muszyński et al. (2022) 

Pancreatic ductal adeno 
carcinoma 

Clostridium bolteae, Acinetobacter, 
Klebsiella pneumoniae, 
Streptococcus mutans, 
Parabacteroides, Pseudomonas 

Matsukawa et al. (2021), 
Mousa et al. (2022) 

Obesity Fusobacterium, Lactobacillus 
reuteri, Akkermansia muciniphila, 
Bifidobacterium animalis, 
Bacteroides fragilis, Lactobacillus 
plantarum, Staphylococcus aureus, 
Ruminococcus gnavus 

Michels et al. (2022), 
Mousa et al. (2022) 

Type 2 diabetes Akkermansia muciniphila, Blautia, 
Bacteroides vulgatus, Clostridium 
hathewayi, C. symbiosum, 
C. coccoides and C. leptum, 
Escherichia coli, Lactobacillus, 
Veillonella denticariosi, 
Fusobacterium, Bifidobacterium, 
Faecalibacterium, Roseburia, 
Ruminococcus, Fusobacterium 

Zhou et al. (2022), Barlow 
and Mathur (2023) 

Inflammatory bowel 
disease, Crohn’s disease 
and ulcerative colitis 

Clostridium, Faecalibacterium 
prausnitzii, Escherichia coli, 
Ruminococcus, Actinomyces, 
Veillonella 

Caruso et al. (2020), Qiu 
et al. (2022) 

Gingivitis and 
periodontitis 

Aggregatibacter 
actinomycetemcomitans, 
Porphyromonas gingivalis, 
Bacteroides, Catonella, 
Desulfobulbus, Eikenella, 
Peptostreptococcus 

Kilian et al. (2016), 
Lamont et al. (2018) 

Coronary artery disease 
and hypertension 

Clostridium, Klebsiella, 
Faecalibacterium, Streptococcus, 
Parabacteroides, Roseburia, 
Lactobacillus 

Yan et al. (2017), Mousa 
et al. (2022) 

Pulmonary disorders Alloprevotella, Dubosiella, 
Clostridium, Helicobacter, 
Lactobacillus, OIsenella, 
Parasutterella, Rikenella 

Mousa et al. (2022)
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Table 7.2 (continued)

Key bacterial taxa/species/phyla/ 
familiesa 

Parkinson’s disease Prevotellaceae, Enterobacteriaceae Liu et al. (2022a, b) 

Neurodegenerative 
diseases (Alzheimer’s 
disease and dementia) 

Bacteroides, Bifidobacterium, 
Clostridium, Lactobacillus, 
Aggregatibacter 
actinomycetemcomitans, 
Porphyromonas gingivalis 

Mousa et al. (2022) 

Multiple sclerosis Akkermansia muciniphila, 
Acinetobacter calcoaceticus, 
Fusobacterium 

Cekanaviciute et al. (2017) 

Prostate cancer and 
bladder diseases 

Actinobaculum urinale, 
Anaerococcus, Propionimicrobium 
lymphophilum, Cutibacterium 
acnes, Streptococcus anginosus, 
Varibaculum cambriense 

Kenneally et al. (2022) 

Urothelial carcinoma or 
transitional cell carcinoma 

Acinetobacter, Actinomyces, 
Anaerococcus, Fusobacterium, 
Sphingobacterium, Herbaspirillum, 
Porphyrobacter, Bacteroides 

Perez-Carrasco et al. 
(2021) 

Bacterial vaginosis Lactobacillus, Gardnerella 
vaginalis 

Depression, anxiety and 
other psychiatric disorders 

Bacteroides, Coprococcus, 
Eggerthella, Eubacterium, 
Hungatella, Subdoligranulum, 
Ruminococcus, Lachnoclostridium, 
Sellimonas 

Radjabzadeh et al. (2022), 
Mousa et al. (2022) 

Skin-related diseases 
(atopic dermatitis, 
psoriasis vulgaris, acne 
vulgaris 

Corynebacterium mastitidis, 
C. bovis, Cutibacterium acnes, 
Staphylococcus aureus, 
Staphylococcus epidermidis, 
Streptococcus, Gemella, 
Dermacoccus, Coprobacillus, 
Ruminococcus, Streptococcus 

Byrd et al. (2018), 
Aggarwal et al. (2022), 
Carmona-Cruz et al. 
(2022) 

Chronic kidney disease 
(CKD) 

Alistipes, Bifidobacterium, 
Collinsella, Eggerthella, 
Fusobacterium, Lactobacillus, 
Paraprevotella, Pseudobutyrivibrio 

Krukowski et al. (2022), 
Wehedy et al. (2022) 

a Nomenclature of bacterial phyla has changed recently (Oren and Garrity 2021). However, for the 
sake of clarity, old bacterial phyla names have been used 

Another microbiome-based approach for extracting health benefits is live bacte-
rial therapeutics or biotherapeutics. In this microbiome-modulation strategy, well-
defined single species-based or rationally selected consortium-based live bacterial 
therapeutics are derived from healthy subjects after extensive screening, optimiza-
tion and safety assessment (Gulliver et al. 2022). Live biotherapeutics are 
non-vaccine biological products that contain live organisms for the prevention and 
treatment of a disease or condition in humans (Gulliver et al. 2022). Towards



microbiome-based biotherapeutics, several bacterial species have shown promising 
outcomes. As reviewed by Yadav and Chauhan (2022), Christensenella sp., 
Akkermansia muciniphila, Lactobacillus johnsonii, Bifidobacterium longum, 
Oxalibacterium formigenes and Bacteroides spp. are known to protect against 
depression, atherosclerosis, cancer, Crohn’s disease, kidney stones adiposity, 
respectively. Microbiome modulation is also explored for the development of 
personalized therapeutics against hypotension by using gut bacteria and their 
metabolites (Sun et al. 2022). Phage-mediated bacteriome manipulations for manag-
ing gastrointestinal diseases are considered a better alternative than antibiotic ther-
apy. By using exogenous phages, engineered phages or phage-containing faecal 
transplantation, the gut bacteriome balance can be restored with consequent control 
over gastrointestinal disease progression (El Haddad et al. 2022). Microbiome-based 
therapeutics are now considered a reliable option for the management of gut 
inflammatory conditions such as inflammatory bowel disease, Crohn’s disease and 
ulcerative colitis. The administration of probiotic strains of Lactobacillus and 
Bifidobacterium has offered encouraging outcomes in people with gut-related 
disorders (Caruso et al. 2020; Qiu et al. 2022) 
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Fig. 7.1 Human bacteriome in human health, consequences of its dysbiosis and modulation 
interventions for preventive and therapeutic effects
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7.4 Technologies for Bacteriome Research 

Culture-dependent approaches have been used traditionally for studying the 
microbiota of the human body and many other biological systems (Sirohi et al. 
2012; Arnold et al. 2016; Aggarwal et al. 2022). However, as many microbial 
species are not cultivable, the culture-independent approaches based on amplicon 
sequencing, deep-sequencing technologies and multi-omics have gained consider-
able favour. These technologies afforded a deeper understanding of the microbiome 
and provided enormous sets of data for a detailed analysis and interpretation. The 
microbiome-based databases, projects and latest microbiome-oriented technologies 
are summarized in Tables 7.3 and 7.4, respectively. Next-generation sequencing 
(NGS), functional omics technologies and advanced bioinformatics tools allow 
high-throughput community-level analyses of bacteriome of healthy and diseased 
human subjects in an efficient, cost-effective and reliable manner (Zhang et al. 2019; 
Aggarwal et al. 2022; Yu et al. 2022). Human Microbiome Project (HMP1), 
Integrative Human Microbiome Project (iHMP), Metagenome of Human Intestinal 
Tract (MetaHIT) and several other public-funded and private-funded microbiome 
projects relied on an array of advanced next-generation sequencing, deep sequenc-
ing, “omics” technologies and sophisticated bioinformatics databases for microbiota 
identification, data generation, interpretation and analysis. To gain a better under-
standing of intricate interactions between diverse bacterial species in healthy persons 
and alteration in bacterial diversity and abundance under a dysbiosis state, 
high-throughput sequence-based studies are being performed for elucidating their 
genomic configurations and functional contributions using culture-independent 
next-generation sequencing technologies mainly 16S rRNA amplicon sequencing 
and shotgun metagenomic sequencing (Dubey et al. 2018; Zhang et al. 2019; 
Aggarwal et al. 2022; Yu et al. 2022; Table 7.4). Next-generation sequencing allows 
for high-volume studies of microbiome samples of different anatomical sites of the 
human body in a rapid, efficient and reliable manner. With the spectacular expansion 
of genomic information owing to technological advancements in the field of 
metagenomics, about 130,000 bacterial genomes have been sequenced and more 
than 20,000 metagenomic projects are accessible in the public domain (Aggarwal 
et al. 2022). Metagenomics, metatranscriptomics, metaproteomics and 
metabolomics further enhance our understanding of microbiota diversity, functional 
associations and kinetics of their abundance or decline (Mousa et al. 2022; Milligan-
McClellan et al. 2022). Despite technical challenges and high-cost deterrents, high-
throughput sequencing technologies are poised to further our knowledge of the 
microbiome and allow us for implementing microbiome–intervention based preven-
tive and therapeutic strategies in the near future.
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Table 7.3 Human microbiome projects, microbiome-related databases and microbiome-data 
analysis software/packages 

Project/database Description Weblink 

Human microbiome 
project (HMP) 

First phase of NIH human microbiome 
project, established in 2007 

https://hmpdacc.org/ 

The HMP data portal Repository of human microbiome 
datasets from both HMP1 and iHMP 

https://portal.hmpdacc. 
org/ 

The integrative human 
microbiome project 
(iHMP) 

Second phase of NIH human 
microbiome project, established in 2014 

https://hmpdacc.org/ 
ihmp/overview/ 

Metagenome of human 
intestinal tract 
(MetaHIT) 

Collaborative project funded by the 
European Commission for analysis of 
gut microbiota (2008–2012) 

https://cordis.europa.eu/ 
project/id/201052 

Microbiome centers 
consortium (MCC) 

Collaborative network of microbiome 
centers for sharing and developing 
resources and data 

http:// 
microbiomecenters.org/ 

GMrepo Database of human gut metagenomes https://gmrepo. 
humangut.info/ 

gutMDisorder A comprehensive database for gut 
microbiota dysbiosis 

http://bio-annotation.cn/ 
gutMDisorder 

GIMICA Database for host genetic and immune 
factors shaping human microbiota 

https://idrblab.org/ 
gimica/ 

DISBIOME Database for linking the microbiome to 
diseases 

https://disbiome.ugent. 
be/ 

Amadis Database for microbiota and disease 
association 

http://gift2disease.net/ 
GIFTED 

MEtaGenome atlas 
(gutMEGA) 

Database for published quantitative 
human gut microbiota datasets 

http://gutmega. 
omicsbio.info 

MicrobiomeDB A data discovery and analysis platform 
for microbiome datasets 

https://microbiomedb. 
org/mbio/app/ 

Forensics microbiome 
database (FMD) 

Database of human microbiome obtained 
from multiple body sites for predicting 
the geographical location of subjects 

http://fmd.jcvi.org/ 

Expanded human Oral 
microbiome database 
(eHOMD) 

Database of bacteria in the human mouth 
and aerodigestive tract 

https://www.homd.org/ 

Microbiome drug 
database 

Global database of microbiome 
companies developing pharmaceuticals 

https://www. 
microbiometimes.com/ 
drug-database-2/ 

PharmacoMicrobiomics 
database 

Database for microbiome-drug 
interactions 

http://www. 
pharmacomicrobiomics. 
org 

Microbiome search 
engine 2 (MSE 2) 

Platform for the taxonomic and 
functional search of microbiomes 

http://mse.ac.cn/

https://hmpdacc.org/
https://portal.hmpdacc.org/
https://portal.hmpdacc.org/
https://hmpdacc.org/ihmp/overview/
https://hmpdacc.org/ihmp/overview/
https://cordis.europa.eu/project/id/201052
https://cordis.europa.eu/project/id/201052
http://microbiomecenters.org/
http://microbiomecenters.org/
https://gmrepo.humangut.info/
https://gmrepo.humangut.info/
http://bio-annotation.cn/gutMDisorder
http://bio-annotation.cn/gutMDisorder
https://idrblab.org/gimica/
https://idrblab.org/gimica/
https://disbiome.ugent.be/
https://disbiome.ugent.be/
http://gift2disease.net/GIFTED
http://gift2disease.net/GIFTED
http://gutmega.omicsbio.info
http://gutmega.omicsbio.info
https://microbiomedb.org/mbio/app/
https://microbiomedb.org/mbio/app/
http://fmd.jcvi.org/
https://www.homd.org/
https://www.microbiometimes.com/drug-database-2/
https://www.microbiometimes.com/drug-database-2/
https://www.microbiometimes.com/drug-database-2/
http://www.pharmacomicrobiomics.org
http://www.pharmacomicrobiomics.org
http://www.pharmacomicrobiomics.org
http://mse.ac.cn/
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Table 7.4 Conventional and advanced technologies for human bacteriome analysis 

S. No. Current technologies for bacteriome analysis 

1. Culture-dependent approaches 
(a) in vitro microbiome culturing models (HuMiX, SHIME) 
(b) High-throughput platforms for drug–microbiome interactions 
(c) High throughput ex vivo microbiome RapidAIM assay 

2. Culture-independent approaches 
(a) Low-throughput sequencing (16S rRNA-based amplicon sequencing) 
(b) Next-generation sequencing (high-throughput genome-wide sequencing)
• Shotgun metagenomics
• Metatranscriptomics
• Metaproteomics
• Metabolomics 

(c) Whole-community functional assays 
(d) Whole-metagenome shotgun (WMS) sequencing 
(e) Integrative multi-omics for functional data analyses 
(f) HPLC-MS 

Adapted from Arnold et al. (2016), Zhang et al. (2019), Yu et al. (2022) and Milligan-McClellan 
et al. (2022) 

7.5 Conclusion and Future Directions 

A plethora of evidences suggest the direct involvement of microbiota dysbiosis in 
the development and manifestation of chronic metabolic diseases. Our understand-
ing of human microbiota and bacteriome has been revolutionized in the last decades 
by high-throughput next-generation sequencing technologies. These developments 
afforded compositional, abundance and functional analyses of the microbiome under 
varying conditions of host health. Microbiome-oriented research has emerged as a 
multidisciplinary field encompassing microbiology, biochemistry, molecular biol-
ogy, neurology, clinical practice, biomaterials engineering, systems biology and 
synthetic biology. The significance of the microbiome in human health has received 
considerable impetus due to technological advancements, viz. deep-sequencing, 
microfluidics assays and high-throughput culturing and enhanced focus on 
microbiome-interventional strategies and personalized medicines. The rejuvenated 
emphasis on the microbiome is going to witness further attention from inter-
disciplinary scientific community in the near future. Unravelling the mechanistic 
details of microbiota-host cross-talk is desired in order to devise preventive and 
therapeutic strategies against various human chronic diseases. 

Author Contributions AUA and NS wrote the manuscript and prepared the figures 
and tables. All authors contributed to the article and approved the submitted version. 

Acknowledgements The authors are grateful to the Chancellor, Eternal University, for providing 
the necessary facilities and support.



7 Emerging Technologies and Current Advances in Human Bacteriome Research 173

References 

Abdill RJ, Adamowicz EM, Blekhman R (2022) Public human microbiome data are dominated by 
highly developed countries. PLoS Biol 20(2):e3001536. https://doi.org/10.1371/journal.pbio. 
3001536 

Aggarwal N, Kitano S, Puah GRY, Kittelmann S, Hwang IY, Chang MW (2022) Microbiome and 
human health: current understanding, engineering, and enabling technologies. Chem Rev 123: 
31. https://doi.org/10.1021/acs.chemrev.2c00431 

Arnold JW, Roach J, Azcarate-Peril MA (2016) Emerging technologies for gut microbiome 
research. Trends Microbiol 24:887–901. https://doi.org/10.1016/j.tim.2016.06.008 

Barlow GM, Mathur R (2023) Type 2 diabetes and the microbiome. J Endocr Soc 7(2):bvac184. 
https://doi.org/10.1210/jendso/bvac184 

Berg G, Rybakova D, Fischer D, Cernava T, Vergès MC, Charles T, Chen X, Cocolin L, 
Eversole K, Corral GH, Kazou M, Kinkel L, Lange L, Lima N, Loy A, Macklin JA, 
Maguin E, Mauchline T, McClure R, Mitter B, Ryan M, Sarand I, Smidt H, Schelkle B, 
Roume H, Kiran GS, Selvin J, Souza RSC, van Overbeek L, Singh BK, Wagner M, Walsh A, 
Sessitsch A, Schloter M (2020) Microbiome definition re-visited: old concepts and new 
challenges. Microbiome 8(1):103. https://doi.org/10.1186/s40168-020-00875-0 

Byrd AL, Belkaid Y, Segre JA (2018) The human skin microbiome. Nat Rev Microbiol 16(3): 
143–155. https://doi.org/10.1038/nrmicro.2017.157. Epub 2018 Jan 15. PMID: 29332945. 

Callens K, Fontaine F, Sanz Y, Bogdanski A, D’Hondt K, Lange L, Smidt H, van Overbeek L, 
Kostic T, Maguin E, Meisner A, Sarand I, Sessitsch A (2022) Microbiome-based solutions to 
address new and existing threats to food security, nutrition, health and agrifood systems’ 
sustainability. Front Sustain Food Syst 6:1047765. https://doi.org/10.3389/fsufs.2022.1047765 

Carmona-Cruz S, Orozco-Covarrubias L, Sáez-de-Ocariz M (2022) The human skin microbiome in 
selected cutaneous diseases. Front Cell Infect Microbiol 12:834135. https://doi.org/10.3389/ 
fcimb.2022.834135 

Caruso R, Lo BC, Núñez G (2020) Host-microbiota interactions in inflammatory bowel disease. Nat 
Rev Immunol 20(7):411–426. https://doi.org/10.1038/s41577-019-0268-7 

Cekanaviciute E, Yoo BB, Runia TF, Debelius JW, Singh S, Nelson CA, Kanner R, Bencosme Y, 
Lee YK, Hauser SL, Crabtree-Hartman E, Sand IK, Gacias M, Zhu Y, Casaccia P, Cree BAC, 
Knight R, Mazmanian SK, Baranzini SE (2017) Gut bacteria from multiple sclerosis patients 
modulate human T cells and exacerbate symptoms in mouse models. Proc Natl Acad Sci U S A 
114(40):10713–10718. https://doi.org/10.1073/pnas.1711235114 

Chua KJ, Kwok WC, Aggarwal N, Sun T, Chang MW (2017) Designer probiotics for the 
prevention and treatment of human diseases. Curr Opin Chem Biol 40:8–16. https://doi.org/ 
10.1016/j.cbpa.2017.04.011 

Dubey AK, Uppadhyaya N, Nilawe P, Chauhan N, Kumar S, Gupta UA, Bhaduri A (2018) 
LogMPIE, pan-India profiling of the human gut microbiome using 16S rRNA sequencing. Sci 
Data 5:180232. https://doi.org/10.1038/sdata.2018.232 

El Haddad L, Mendoza JF, Jobin C (2022) Bacteriophage-mediated manipulations of microbiota in 
gastrointestinal diseases. Front Microbiol 17(13):1055427. https://doi.org/10.3389/fmicb.2022. 
1055427 

Fujisaka S, Watanabe Y, Tobe K (2022) The gut microbiome: a core regulator of metabolism. J 
Endocrinol 256(3):e220111. https://doi.org/10.1530/JOE-22-0111 

Gilbert JA, Neufeld JD (2014) Life in a world without microbes. PLoS Biol 12:e1002020. https:// 
doi.org/10.1371/journal.pbio.1002020 

Gilbert JA, Blaser MJ, Caporaso JG, Jansson JK, Lynch SV, Knight R (2018) Current understand-
ing of the human microbiome. Nat Med 24:392–400. https://doi.org/10.1038/nm.4517 

Girija ASS, Ganesh PS (2022) Functional biomes beyond the bacteriome in the oral ecosystem. Jpn 
Dent Sci Rev 58:217–226. https://doi.org/10.1016/j.jdsr.2022.05.002 

Gulliver EL, Young RB, Chonwerawong M, D’Adamo GL, Thomason T, Widdop JT, Rutten EL, 
Rossetto Marcelino V, Bryant RV, Costello SP, O’Brien CL, Hold GL, Giles EM, Forster SC

https://doi.org/10.1371/journal.pbio.3001536
https://doi.org/10.1371/journal.pbio.3001536
https://doi.org/10.1021/acs.chemrev.2c00431
https://doi.org/10.1016/j.tim.2016.06.008
https://doi.org/10.1210/jendso/bvac184
https://doi.org/10.1186/s40168-020-00875-0
https://doi.org/10.1038/nrmicro.2017.157
https://doi.org/10.3389/fsufs.2022.1047765
https://doi.org/10.3389/fcimb.2022.834135
https://doi.org/10.3389/fcimb.2022.834135
https://doi.org/10.1038/s41577-019-0268-7
https://doi.org/10.1073/pnas.1711235114
https://doi.org/10.1016/j.cbpa.2017.04.011
https://doi.org/10.1016/j.cbpa.2017.04.011
https://doi.org/10.1038/sdata.2018.232
https://doi.org/10.3389/fmicb.2022.1055427
https://doi.org/10.3389/fmicb.2022.1055427
https://doi.org/10.1530/JOE-22-0111
https://doi.org/10.1371/journal.pbio.1002020
https://doi.org/10.1371/journal.pbio.1002020
https://doi.org/10.1038/nm.4517
https://doi.org/10.1016/j.jdsr.2022.05.002


(2022) Review article: the future of microbiome-based therapeutics. Aliment Pharmacol Ther 
56:192–208. https://doi.org/10.1111/apt.17049 

174 A. U. Avatsingh and N. Singh

Gurung M, Li Z, You H, Rodrigues R, Jump DB, Morgun A, Shulzhenko N (2020) Role of gut 
microbiota in type 2 diabetes pathophysiology. EBioMedicine 51:102590. https://doi.org/10. 
1016/j.ebiom.2019.11.051 

Hooper LV, Gordon JI (2001) Commensal host-bacterial relationships in the gut. Science 292: 
1115–1118. https://doi.org/10.1126/science.1058709 

Irfan M, Delgado RZR, Frias-Lopez J (2020) The oral microbiome and cancer. Front Immunol 11: 
591088. https://doi.org/10.3389/fimmu.2020.591088 

Kenneally C, Murphy CP, Sleator RD, Culligan EP (2022) The urinary microbiome and biological 
therapeutics: novel therapies for urinary tract infections. Microbiol Res 259:127010. https://doi. 
org/10.1016/j.micres 

Kilian M, Chapple IL, Hannig M, Marsh PD, Meuric V, Pedersen AM, Tonetti MS, Wade WG, 
Zaura E (2016) The oral microbiome - an update for oral healthcare professionals. Br Dent J 
221(10):657–666. https://doi.org/10.1038/sj.bdj.2016.865 

Koren O, Spor A, Felin J, Fåk F, Stombaugh J, Tremaroli V, Behre CJ, Knight R, Fagerberg B, Ley 
RE, Bäckhed F (2011) Human oral, gut, and plaque microbiota in patients with atherosclerosis. 
Proc Natl Acad Sci U S A 108(Suppl 1):4592–4598. https://doi.org/10.1073/pnas.1011383107 

Krukowski H, Valkenburg S, Madella AM, Garssen J, van Bergenhenegouwen J, Overbeek SA, 
Huys GRB, Raes J, Glorieux G (2022) Gut microbiome studies in CKD: opportunities, pitfalls 
and therapeutic potential. Nat Rev Nephrol 19(2):87–101. https://doi.org/10.1038/s41581-022-
00647-z 

Lamont RJ, Koo H, Hajishengallis G (2018) The oral microbiota: dynamic communities and host 
interactions. Nat Rev Microbiol 16(12):745–759. https://doi.org/10.1038/s41579-018-0089-x 

Laserna-Mendieta EJ, FitzGerald JA, Arias-Gonzalez L, Ollala JM, Bernardo D, Claesson MJ, 
Lucendo AJ (2021) Esophageal microbiome in active eosinophilic esophagitis and changes 
induced by different therapies. Sci Rep 11(1):7113. https://doi.org/10.1038/s41598-021-
86464-z 

Leeuwendaal NK, Stanton C, O’Toole PW, Beresford TP (2022) Fermented foods, health and the 
gut microbiome. Nutrients 14(7):1527. https://doi.org/10.3390/nu14071527 

Liu L, Huh JR, Shah K (2022a) Microbiota and the gut-brain-axis: implications for new therapeutic 
design in the CNS. EBioMedicine 77:103908. https://doi.org/10.1016/j.ebiom.2022.103908 

Liu D, Zhang R, Chen S, Sun B, Zhang K (2022b) Analysis of gastric microbiome reveals three 
distinctive microbial communities associated with the occurrence of gastric cancer. BMC 
Microbiol 22:184. https://doi.org/10.1186/s12866-022-02594-y 

Locey KJ, Lennon JT (2016) Scaling laws predict global microbial diversity. Proc Natl Acad Sci U 
S A 113(21):5970–5975. https://doi.org/10.1073/pnas.1521291113 

Lv J, Guo L, Liu JJ, Zhao HP, Zhang J, Wang JH (2019) Alteration of the esophageal microbiota in 
Barrett’s esophagus and esophageal adenocarcinoma. World J Gastroenterol 25:2149–2161. 
https://doi.org/10.3748/wjg.v25.i18.2149 

Marco ML, Heeney D, Binda S, Cifelli CJ, Cotter PD, Foligné B, Gänzle M, Kort R, Pasin G, 
Pihlanto A, Smid EJ (2017) Health benefits of fermented foods: microbiota and beyond. Curr 
Opin Biotechnol 44:94–102. https://doi.org/10.1016/j.copbio.2016.11.010 

Matsukawa H, Iida N, Kitamura K, Terashima T, Seishima J, Makino I, Kannon T, Hosomichi K, 
Yamashita T, Sakai Y, Honda M, Yamashita T, Mizukoshi E, Kaneko S (2021) Dysbiotic gut 
microbiota in pancreatic cancer patients form correlation networks with the oral microbiota and 
prognostic factors. Am J Cancer Res 11:3163–3175 

Michels N, Zouiouich S, Vanderbauwhede B, Vanacker J, Indave Ruiz BI, Huybrechts I (2022) 
Human microbiome and metabolic health: an overview of systematic reviews. Obes Rev 23(4): 
e13409. https://doi.org/10.1111/obr.13409 

Milligan-McClellan KC, Dundore-Arias JP, Klassen JL, Shade A, Kinkel LL, Wolfe BE (2022) 
Deciphering the microbiome: integrating theory, new technologies, and inclusive science. 
mSystems 7:e0058322. https://doi.org/10.1128/msystems.00583-22

https://doi.org/10.1111/apt.17049
https://doi.org/10.1016/j.ebiom.2019.11.051
https://doi.org/10.1016/j.ebiom.2019.11.051
https://doi.org/10.1126/science.1058709
https://doi.org/10.3389/fimmu.2020.591088
https://doi.org/10.1016/j.micres
https://doi.org/10.1016/j.micres
https://doi.org/10.1038/sj.bdj.2016.865
https://doi.org/10.1073/pnas.1011383107
https://doi.org/10.1038/s41581-022-00647-z
https://doi.org/10.1038/s41581-022-00647-z
https://doi.org/10.1038/s41579-018-0089-x
https://doi.org/10.1038/s41598-021-86464-z
https://doi.org/10.1038/s41598-021-86464-z
https://doi.org/10.3390/nu14071527
https://doi.org/10.1016/j.ebiom.2022.103908
https://doi.org/10.1186/s12866-022-02594-y
https://doi.org/10.1073/pnas.1521291113
https://doi.org/10.3748/wjg.v25.i18.2149
https://doi.org/10.1016/j.copbio.2016.11.010
https://doi.org/10.1111/obr.13409
https://doi.org/10.1128/msystems.00583-22


7 Emerging Technologies and Current Advances in Human Bacteriome Research 175

Mirzaei MK, Maurice CF (2017) Menage a trois in the human gut: interactions between host, 
bacteria and phages. Nat Rev Microbiol 15:397–408. https://doi.org/10.1038/nrmicro.2017.30 

Mousa WK, Chehadeh F, Husband S (2022) Recent advances in understanding the structure and 
function of the human microbiome. Front Microbiol 13:825338. https://doi.org/10.3389/fmicb. 
2022.825338 

Muszyński D, Kudra A, Sobocki BK, Folwarski M, Vitale E, Filetti V, Dudzic W, Kaźmierczak-
Siedlecka K, Połom K (2022) Esophageal cancer and bacterial part of gut microbiota - a 
multidisciplinary point of view. Front Cell Infect Microbiol 12:1057668. https://doi.org/10. 
3389/fcimb.2022.1057668 

O’Toole PW, Marchesi JR, Hill C (2017) Next-generation probiotics: the spectrum from probiotics 
to live biotherapeutics. Nat Microbiol 2:17057. https://doi.org/10.1038/nmicrobiol.2017.57 

Oren A, Garrity GM (2021) Valid publication of the names of forty-two phyla of prokaryotes. Int J 
Syst Evol Microbiol 71(10). https://doi.org/10.1099/ijsem.0.005056 

Perez-Carrasco V, Soriano-Lerma A, Soriano M, Gutiérrez-Fernández J, Garcia-Salcedo JA (2021) 
Urinary microbiome: yin and Yang of the urinary tract. Front Cell Infect Microbiol 11:617002. 
https://doi.org/10.3389/fcimb.2021.617002 

Qiu P, Ishimoto T, Fu L, Zhang J, Zhang Z, Liu Y (2022) The gut microbiota in inflammatory bowel 
disease. Fron Cell Infect Microbiol 12:733992. https://doi.org/10.3389/fcimb.2022.733992 

Radjabzadeh D, Bosch JA, Uitterlinden AG, Zwinderman AH, Ikram MA, van Meurs JBJ, Luik AI, 
Nieuwdorp M, Lok A, van Duijn CM, Kraaij R, Amin N (2022) Gut microbiome-wide 
association study of depressive symptoms. Nat Commun 13(1):7128. https://doi.org/10.1038/ 
s41467-022-34502-3 

Sani G, Manchia M, Simonetti A, Janiri D, Paribello P, Pinna F, Carpiniello B (2021) The role of 
gut microbiota in the high-risk construct of severe mental disorders: a mini review. Front 
Psychol 11:585769. https://doi.org/10.3389/fpsyt.2020.585769 

Sender R, Fuchs S, Milo R (2016) Revised estimates for the number of human and bacteria cells in 
the body. PLoS Biol 14(8):e1002533. https://doi.org/10.1371/journal.pbio.1002533 

Singh N, Singh J, Singh K (2018) Small at size, big at impact: microorganisms for sustainable 
development. In: Singh J, Sharma D, Kumar G, Sharma NR (eds) Microbial bioprospecting for 
sustainable development. Springer, pp 3–28. https://doi.org/10.1007/978-981-13-0053-0_1 

Sirohi SK, Singh N, Dagar SS, Puniya AK (2012) Molecular tools for deciphering the microbial 
community structure and diversity in rumen ecosystem. App Microbio Biotechnol 95:1135– 
1154. https://doi.org/10.1007/s00253-012-4262-2 

Sorboni SG, Moghaddam HS, Jafarzadeh-Esfehani R, Soleimanpour S (2022) A comprehensive 
review on the role of the gut microbiome in human neurological disorders. Clin Microbiol Rev 
35(1):e0033820. https://doi.org/10.1128/CMR.00338-20 

Sun D, Xiang H, Yan J, He L (2022) Intestinal microbiota: a promising therapeutic target for 
hypertension. Front Cardiovasc Med 9:970036. https://doi.org/10.3389/fcvm.2022.970036 

van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG, de Vos WM, Visser CE, Kuijper 
EJ, Bartelsman JF, Tijssen JG, Speelman P, Dijkgraaf MG, Keller JJ (2013) Duodenal infusion 
of donor feces for recurrent Clostridium difficile. N Engl J Med 368:407–415. https://doi.org/10. 
1056/NEJMoa1205037 

Villemin C, Six A, Neville BA, Lawley TD, Robinson MJ, Bakdash G (2022) The heightened 
importance of the microbiome in cancer immunotherapy. Trends Immunol 44(1):44–59. https:// 
doi.org/10.1016/j.it.2022.11.002 

Villmones HC, Svanevik M, Ulvestad E, Stenstad T, Anthonisen IL, Nygaard RM, Dyrhovden R, 
Kommedal Ø (2022) Investigating the human jejunal microbiota. Sci Rep 12(1):1682. https:// 
doi.org/10.1038/s41598-022-05723-9 

Wang DD, Nguyen LH, Li Y, Yan Y, Ma W, Rinott E, Ivey KL, Shai I, Willett WC, Hu FB, Rimm 
EB, Stampfer MJ, Chan AT, Huttenhower C (2021) The gut microbiome modulates the 
protective association between a Mediterranean diet and cardiometabolic disease risk. Nat 
Med 27(2):333–343. https://doi.org/10.1038/s41591-020-01223-3

https://doi.org/10.1038/nrmicro.2017.30
https://doi.org/10.3389/fmicb.2022.825338
https://doi.org/10.3389/fmicb.2022.825338
https://doi.org/10.3389/fcimb.2022.1057668
https://doi.org/10.3389/fcimb.2022.1057668
https://doi.org/10.1038/nmicrobiol.2017.57
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.3389/fcimb.2021.617002
https://doi.org/10.3389/fcimb.2022.733992
https://doi.org/10.1038/s41467-022-34502-3
https://doi.org/10.1038/s41467-022-34502-3
https://doi.org/10.3389/fpsyt.2020.585769
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1007/978-981-13-0053-0_1
https://doi.org/10.1007/s00253-012-4262-2
https://doi.org/10.1128/CMR.00338-20
https://doi.org/10.3389/fcvm.2022.970036
https://doi.org/10.1056/NEJMoa1205037
https://doi.org/10.1056/NEJMoa1205037
https://doi.org/10.1016/j.it.2022.11.002
https://doi.org/10.1016/j.it.2022.11.002
https://doi.org/10.1038/s41598-022-05723-9
https://doi.org/10.1038/s41598-022-05723-9
https://doi.org/10.1038/s41591-020-01223-3


176 A. U. Avatsingh and N. Singh

Wehedy E, Shatat IF, Al Khodor S (2022) The human microbiome in chronic kidney disease: a 
double-edged sword. Front Med 8:790783. https://doi.org/10.3389/fmed.2021.790783 

Yadav M, Chauhan NS (2022) Microbiome therapeutics: exploring the present scenario and 
challenges. Gastroenterol Rep (Oxf) 10:goab046. https://doi.org/10.1093/gastro/goab046 

Yan Q, Gu Y, Li X, Yang W, Jia L, Chen C, Han X, Huang Y, Zhao L, Li P, Fang Z, Zhou J, 
Guan X, Ding Y, Wang S, Khan M, Xin Y, Li S, Ma Y (2017) Alterations of the gut microbiome 
in hypertension. Front Cell Infect Microbiol 7:381. https://doi.org/10.3389/fcimb.2017.00381 

Yu Y, Wen H, Li S, Cao H, Li X, Ma Z, She X, Zhou L, Huang S (2022) Emerging microfluidic 
technologies for microbiome research. Front Microbiol 13:906979. https://doi.org/10.3389/ 
fmicb.2022.906979 

Zhang X, Li L, Butcher J, Stintzi A, Figeys D (2019) Advancing functional and translational 
microbiome research using meta-omics approaches. Microbiome. 7(1):154. https://doi.org/10. 
1186/s40168-019-0767-6. PMID: 31810497; PMCID: PMC6898977. 

Zhou Z, Sun B, Yu D, Zhu C (2022) Gut microbiota: an important player in type 2 diabetes mellitus. 
Front Cell Infect Microbiol 12:834485. https://doi.org/10.3389/fcimb.2022.834485

https://doi.org/10.3389/fmed.2021.790783
https://doi.org/10.1093/gastro/goab046
https://doi.org/10.3389/fcimb.2017.00381
https://doi.org/10.3389/fmicb.2022.906979
https://doi.org/10.3389/fmicb.2022.906979
https://doi.org/10.1186/s40168-019-0767-6
https://doi.org/10.1186/s40168-019-0767-6
https://doi.org/10.3389/fcimb.2022.834485


Emerging Microbial Technologies: 
Mitigating Challenges to Humans 8 
Manish Thakur, Tejinder Kaur, and R. C. Sobti 

Abstract 

This book chapter discusses the applications of emerging microbial technologies 
in mitigating challenges in agriculture, environment, and health sectors. The 
chapter begins by highlighting the importance of microbes in addressing the 
challenges faced by humanity. It emphasizes the need for integrated strategies 
to control microorganisms for more efficient performance. The role of microbes 
in agriculture is then explored, including their contribution to organic matter 
breakdown, plant germination, nutrient utilization efficiency, and disease and pest 
management. The chapter also discusses the use of biofertilizers, which are 
mixtures of microbial cells that enhance nutrient availability and uptake in plants. 
Additionally, the potential of biopesticides as safe alternatives to synthetic 
insecticides is examined. The chapter highlights the use of specific preparations 
containing live microorganisms or botanical substances for pest control. Further-
more, recent advances in microbial technologies for soil health improvement are 
discussed, including the use of designer soil bacteria for crop protection, artificial 
intelligence platforms for analysing soil health, and the use of microalgae for 
fertilization. The chapter concludes by emphasizing the need for further research 
and collaboration between companies and research institutions to maximize the 
potential of microbial technologies in addressing the challenges faced by human-
ity. Overall, this chapter provides insights into the applications of microbial
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technologies in mitigating challenges in various sectors, highlighting their poten-
tial for sustainable and environmentally friendly solutions.
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8.1 Introduction 

Currently, there are approximately seven billion people living on this planet and 
addressing a wide range of challenges in order to maintain or perhaps enhance the 
quality of life (Walker et al. 2014). It is apparent that microbes will play a critical role 
in addressing the issues of the next several decades. Controlling microorganisms 
using an integrated strategy is necessary for more efficient performance with greater 
efficiency (Verstraete and De Vrieze 2017). Plant growth promoters and phytopath-
ogen controls are essential for a wide range of agricultural crops, and many species 
are employed as biofactories for significant pharmaceutical compounds. Using 
microorganisms to synthesize various chemicals, fuel molecules, and industrial 
polymers is not the end of the possibilities for biofactories. Strains that are environ-
mentally significant due to their biodecomposition or biosorption capacity have 
piqued the interest of research laboratories and industry. Figure 8.1 depicts the 
various applications of microbial technology (Fig. 8.1). 

Microbial technology is the name given to this new applied science, and we 
anticipate that the use of complicated methods will lead to new and better goods and 
services. Understanding the difficulties and identifying possible prospects for 
emerging microbial technologies within the perspective of environmental protection 
are significant. This article is written with the aim to shed light on some of the 
applications of microbial technology in mitigating challenges in agriculture, the 
environment, and the health sector. 

8.2 Role of Microbes in the Agricultural Industry 

Microorganisms play a vital function in agriculture. They play an important role in 
the breakdown of organic matter and the creation of humus. Plant germination and 
development may be sparked by the presence of microbes, which can counteract 
common illnesses, boost resistance to stress, increase general physical vigour and 
robustness, enhance nutrient utilization efficiency, and offer tolerance against abiotic 
stressors (Shinwari et al. 2019). Microorganisms also play a critical role in nitrogen 
fixation, phosphate solubilization, potassium mobilization, disease and pest manage-
ment, and many other processes in the environment. Crop production, crop protec-
tion, soil health improvement, and compost preparation are all benefits of the use of



many soil and non-soil microorganisms. As a result, microorganisms are critical in 
agricultural production. 
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Fig. 8.1 Applications of microbial technology 

Studies are now underway on a number of microbial species, such as Micrococ-
cus, Enterobacter, and Acinetobacter, for their potential to create plant hormones 
and dissolve phosphates. Several of these microbes, such as Pseudomonas, 
Azospirillum, Bacillus, and Burkholderia, are related to the ability to withstand 
biotic and abiotic stress, Azotobacter and Bacillus for nutrient absorption. In addi-
tion, the biological control agents Bacillus amyloliquefaciens and Microbacterium 
oleovorans have proven that they can control Fusarium verticillioides by inhibiting 
the development of phytopathogens and reducing the prevalence of plant illnesses 
(Díaz-Rodríguez et al. 2021). 

Microorganisms that cause disease in plants are also a major and long-term 
concern to the availability of food and ecological health. More and more farmers 
are using agrochemicals as a dependable way of crop protection as agricultural 
output has expanded over the last several decades, which eventually provides 
economic stability to their activities. There are, however, several downsides to 
using more chemical inputs. Integrating nutrition and disease and pest control into 
a single strategy is a need in today’s world, but it must be done in accordance with 
agricultural and economic realities. Biological agents are used as part of the man-
agement strategy in this method.
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8.2.1 Biofertilizers 

Plant development may be encouraged by using bio-fertilizers, which are mixtures 
of microbial cells, either single or multiple strains that increase the availability and 
uptake of nutrients for plants (Riaz et al. 2020). Furthermore, it is important to note 
that biofertilizers may also give various direct and indirect advantages to plant 
development, such as phyto-stimulation, abiotic stress tolerance, and biocontrol. 
Biofertilizers are a kind of fertilizer that can be used to nourish plants 
(Shirmohammadi et al. 2020). A rising number of novel approaches are being 
employed to characterize soil microbial populations and their impact on plant 
nutrient uptake, as well as other plant growth-promoting (PGP) characteristics 
(Saad et al. 2020). In both symbiotic and non-symbiotic relationships, most plant 
species are associated with the PGPB (plant growth-promoting bacteria) and other 
plant growth-promoting organisms. When it comes to PGPBs, PGPRs (plant growth-
promoting rhizobacteria) are the ones that have received the most consideration 
(Kloepper and Schroth 1978). Depending on the crop species or genotype that is 
used, biofertilizers may provide a variety of different results. A few new genetic 
markers have been discovered (e.g. quantitative trait loci) that are connected with 
this differential response, but many are yet to be discovered (Kaeppler et al. 2000). 
Currently, most commercial biofertilizers include N2-fixing microbes 
(e.g. Azospirillum spp., Azotobacter spp., Actinorhizobium spp., and Rhizobium 
spp.) (Mitter et al. 2021). Figure 8.2 summarizes the role of microbes as 
biofertilizers. (Fig. 8.2). 

8.2.2 Biopesticides 

Crop output must expand dramatically to fulfil rising food demand and diminishing 
land availability. Pests like insects and pathogens affect plants at all phases of 
development, including harvest and storage, causing considerable damage and
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Fig. 8.2 Various roles of microbes to improve growth and development of plants as biofertilizers



losses (Gasic and Tanovic 2013). Pest control without damaging the ecology is a big 
worldwide problem. Synthetic insecticides protect crops by killing pests. Contami-
nation of food, the ability to change human biological systems, and long-term 
ecosystem persistence are serious threats to their long-term use. Alternative crop 
protection methods are urgently needed. Biopesticides may become more important 
crop protection solutions in the future since they are safe for people and non-target 
species in both individual and integrated pest control applications (IPM). For these 
reasons, biopesticides have gained popularity. Biopesticides are characterized as 
“specific preparations containing live microorganisms”, e.g. Actinomycete, 
B. thuringiensis; “botanical substances”, e.g. pheromones (Xiaoman et al. 2019); 
or viruses, e.g. Baculoviruses (Inceoglu et al. 2001) (Fig 8.3). For the time being, 
pesticides such as Cry and Cyt are the most well-known endotoxin proteins. These 
endotoxins are produced by the soil bacterium Bacillus thuringiensis (Bt), which has 
entomopathogenic effects and suppresses pests found in cabbage, potatoes, and 
cereals (Sarwar 2015). As a result of the efficacy of Bt protein crystals in inhibiting 
the spread of caterpillars, such as Lepidoptera, transgenic crops such as tomato, 
tobacco, and maize have been planted across the globe (Khan et al. 2016). 
Spodoptera frugiperda, for example, is a pest caterpillar that may be infected by 
the baculovirus thus lowering agricultural losses caused by this caterpillar, particu-
larly in maize. Progress made in the genetic enhancement of this virus has also 
boosted the virus’s efficacy as an insecticide (Popham et al. 2016).
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Fig. 8.3 Different microbes as bio pesticides 

Extensive research on biological control agents, such as biopesticides, will be 
necessary for the industry of biopesticides to be successful in the future. There are a 
limited number of available thorough studies despite the fact that intensive study is 
being conducted on the topic at a variety of academic institutes throughout the world. 
It would seem that a future in which biopesticides completely replace chemical 
pesticides would be impossible to achieve unless there is a maximal collaboration 
between companies and research institutions. In today’s agricultural industry, it is 
necessary to use both biological and chemical methods of pest control. Increasing the 
rate at which laboratory data are used should be beneficial to the expansion of large-
scale manufacturing (Kumar et al. 2021).
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Recent advances in the technology of the microbiome of the soil are discussed 
below. 

Here are three examples of new technologies that make our soil healthier. 

1. AgBiome: With the help of designer soil bacteria, AgBiome protects crops from 
harmful insects, fungi, and weeds. Better Microbes, Better Crops, and Better 
World is the motto of this company, which was established in 2017. AgBiome is 
now sequencing a microbial library that has been generated from environmental 
samples collected from all around the world. More than 80,000 sequenced 
microbials have been developed by the North Carolina Company, 3500 of 
which are focused on controlling insects. Insect pests, fungus infections, and 
weeds may all be targeted using their technology, which can find and target 
specific bacteria and proteins. Soil microbe “cocktails” may then be created for 
use by farmers as a natural pest control approach. 

2. Biome Makers: It is an artificial intelligence platform that analyses the state of a 
field by taking into account not only the farming methods currently in use but also 
the capacity of the soil to support any type of crop. Through collaboration with 
Bayer and over 70 other producers of agricultural inputs, they will assist farmers 
in gaining a better understanding of what works effectively and how it impacts the 
health of their land. 

3. MyLand: It is a fertilizer that grows algae in the soil. Microalgae from the farm 
are harvested by MyLand for the purpose of boosting soil health and productivity, 
as well as carbon sequestration. It is exactly like our own microbiome, which is 
unique to each farm. Algae that are most suited for proliferation are sampled by 
MyLand technicians. The algae are grown in little containers with lights and a 
temperature that is just right. They produce millions of cells, and the farmer’s 
irrigation system returns them to the soil. Farmers can now use 25% less fertilizer, 
15% less water, and 40% less tillage as a consequence of this change. As a result, 
revenue soars by 40% and yield rises by 25%. 

4. Biofloc technology: Fish and crustaceans may benefit from the application of the 
biofloc technology (BFT), which utilizes microbial biotechnology to boost the 
effectiveness and usage of fish meals by treating and converting harmful 
chemicals such as nitrogen components. Aquaculture systems with high fish 
stocking density, robust aeration, and biota might benefit greatly from the usage 
of biofloc technology because of this (Jamal et al. 2020). Hargreaves (2013) 
mentioned that “A combination of algae, bacteria, protozoans, and other sorts of 
particulate organic matter such as faeces and uneaten feed, in addition to some of 
zooplankton and nematodes, created together to be an integrated and interdepen-
dent ecosystem”.
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8.3 Emerging Technologies in the Environmental Industry 

Throughout the globe, environmental contaminants in soil and water are a source of 
worry. Many harmful and carcinogenic elements are present in the environment and 
constitute a major hazard to human health. Microbes can be useful to make the 
environment free from contaminants. It is possible to treat contaminated water and 
wastewater by using chemical, physical, and biological methods in order to remove 
and/or detoxify the contaminants in it. As with contaminated soil, several treatment 
procedures such as thermal desorption and landfilling may be utilized to remediate 
the situation. However, these soil treatments are ineffective in restoring the indige-
nous flora and fauna of the area. Using microorganisms to eliminate hazardous 
pollutants from the environment is the most promising technology since it is 
eco-friendly, safe, and efficient even when the pollutants are present in low 
quantities. 

8.3.1 Microbial Fuel Cell 

Richard Smalley, a Nobel Laureate, once stated that “energy is the single greatest 
challenge facing humanity”. Energy production and efficient use in industry and 
agriculture are critical for the prosperity of any nation. The generation of enough 
electricity in a developing country like India will be a major challenge in the coming 
years. To these issues, microbial fuel cells (MFCs) provide an answer. It is possible 
to use MFCs to both treat wastewater and generate power. It has been known since 
1911 that bacteria are capable of generating electrical currents (Potter 1911). But it 
has come to light in recent years. To generate energy from microorganisms, an MFC 
uses an anaerobic compartment as the anode and an active microorganism as the 
catalyst. In an oxygen-free environment, microbial fuel cells get their power from the 
oxidation of an electron donor followed by the transmission of electrons to the 
anode. Electrons that are contributed to the anode are then transported to the cathode 
via a resistor or another form of electrical device. It is possible for the cathode to be 
open to the atmosphere or to be submerged in oxygenated water. The protons that are 
liberated during the oxidation of the organic matter make their way to the cathode, 
typically by passing through a cation-selective membrane that controls the amount of 
oxygen that can diffuse into the anode chamber. At the surface of the cathode, the 
elements electrons, protons, and oxygen mix to make water. Bacterial species 
identified till now for their use in microbial cells are Rhodoferax ferrireducens 
(Chaudhuri and Lovely 2003), Escherichia coli, Pseudomonas aeruginosa 
(Rabaey and Verstrate 2005), and Clostridium butyricum The efficiency and 
power of microbial fuel cells are improving all the time. There is no question that 
wastewater treatment can be used in the medium term at market value rates. It will be 
possible to transform carbs into energy in the future if one understands more about 
how biology works, enhance electrochemical technology, and lower the overall cost 
of electrodes (Rabaey and Verstrate 2005).
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8.3.2 Microbial Concrete 

In the building industry, concrete is used almost as frequently as water, and the need 
for both construction and construction supplies is on the rise throughout the world. 
Concrete is by far the most common building material. As a result, the demand for 
environmentally friendly, clean, and long-lasting concrete has increased (Kaur et al. 
2022). Due to microbial concrete’s ability to effectively mend cracks, several 
mechanical properties have improved, including compressive strength, water 
absorption, and permeability (Mondal and Ghosh 2019). Microbiologically induced 
calcite precipitation (MICP) is the process of making calcite precipitate by adding 
spore-forming bacteria in the concrete. These bacteria are able to produce calcite 
continuously (MICP). Ammonia and carbon dioxide are produced as urea is broken 
down by microbial urease. As a result of the ammonia released into the environment, 
the pH rises, resulting in a buildup of calcium carbonate that is insoluble. Previous 
studies found that the compressive strength of cement mortar was significantly 
increased about 18% by the addition of aerobic microorganisms such as Bacillus 
pasteurii, Pseudomonas aeruginosa, and Bacillus subtilis (Mondal and Ghosh 
2019). 

8.3.3 Role of Microbes as Bioremediators 

Bioremediation is a technique that may be used to clean up contaminated sites. 
Bioremediation techniques might well be carried out by a diverse variety of 
microorganisms, and many of these microorganisms have already been deployed 
in sites that had previously been contaminated by polycyclic aromatic hydrocarbons 
(PAHs) and chlorinated organics (Vitorino and Bessa 2017). Bioremediation is the 
process of using organisms or derivatives of organisms to break down contaminants 
in a natural environment. When compared to traditional approaches, the primary 
benefit of bioremediation is the lower cost of the process itself. The use of microbe-
based sorbents for the removal and recovery of strategic and valuable heavy metals 
from industrial wastewater has recently been developed in environmental microbial 
technology. Heavy metals may be removed from aqueous solutions by a variety of 
microorganisms, including bacteria, yeast, fungus, and algae. In recent years, 
researchers have been looking at ways to employ microbial fuel cells (MFCs) in 
the treatment of solid wastes or even wastewater, microbial fuel cells are those that 
utilize electrons from low-value organic substrates to produce energy (Xu et al. 
2016). It is possible to use this alternative technology to treat wastewater and 
generate power at the same time because of the versatility of mixed MFC cultures 
(Pendyala et al. 2016). Microfuels for the generation of bioelectricity have recently 
been made from a variety of bacteria, including E. coli and Geobacter spp. 
(Rahimnejad et al. 2015).
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8.3.4 Mitigating Climate Using Microorganisms 

The climate system includes the atmosphere, land surface, snow and ice, and seas, as 
well as any organisms that live there. A thick blanket of gases envelops the globe, 
keeping it warm and encouraging life to flourish. If these gases were not there, the 
Earth would be 20–30 °C colder and less suitable for life (Kumar et al. 2020). A 
progressive increase in the temperature of the Earth’s atmosphere is called global 
warming. These gases enable incoming sunlight to pass yet absorb heat reflected 
back from the Earth’s surface. Because of human actions like burning fossil fuels, 
this blanketing effect is being increased (Olufemi et al. 2014). Human activities and 
natural phenomena like volcano eruptions have boosted greenhouse gas emissions in 
recent years. These gases build up in the atmosphere, increasing concentrations over 
time. During the industrial age, all of these gases increased significantly. Carbon 
dioxide, methane, nitrous oxide, and halocarbons are the principal greenhouse gases 
(Abatenh et al. 2018). Microbes are important contributors to global carbon dioxide, 
methane, and nitrous oxide fluxes, and they are expected to react efficiently to 
climate change. Microbes regulate the flow of greenhouse gases on Earth. This 
entails taking into account the intricate interactions that microbes have with various 
biotic and abiotic elements. The promise of lowering greenhouse gas emissions by 
controlling terrestrial microbial activities to combat climate change is a tempting 
option for the future. Microorganisms are generally acknowledged to have had a 
crucial role in determining greenhouse gas concentrations in the atmosphere 
(Zimmer 2010). Using nutrient cycle mechanisms and activating their functional 
genetic material for degrading and removing compounds or gases that cause global 
warming are the key feedback response mechanism for climate change (Zhou et al. 
2011). A good method to tackle climate change is microbial communities and 
biogeochemical cycles. Cellular energy from greenhouse gases is crucial for 
microorganisms. 

8.3.5 Metagenomics 

Microorganisms boom all the way through the natural world, and microbes have 
adjusted to endure under a wide range of punitive or unaccommodating conditions, 
ensuing in adaptation by the microorganisms to specific niches (Edge et al. 2020; 
Handelsman et al. 1998). As a result of these microbe-based adaptations, noteworthy 
phenotypes have evolved that might be used for biotechnological purposes. For 
example, after the development of Taq DNA polymerase from Thermus aquaticus,  a  
thermophile, and similar trends followed to identify key enzymes like pfu from 
Pyrococcus furiosus, a thermophile. There were two phospholipases from hot 
springs and a naphthalene catabolic gene found in oil-polluted areas that were 
identified using a metagenome technique. Furthermore, according to the most recent 
estimates, around 99.99% of the microorganisms that are present in many natural 
habitats are not easily culturable, and as a result, they are not accessible for either 
fundamental or technological study. Based on this analysis, it was determined that an



alternative method of microbial biotechnology could be able to shed light on these 
specially modified exclusive bacteria, as well as their potentially valuable gene types 
or gene families. There is an abundance of microorganisms in the natural world, and 
through time, they have developed the ability to thrive in a wide range of harsh or 
inhospitable settings, which has led to their specialization in various niches 
(Kirubakaran et al. 2020). Metagenomics is a powerful tool that can access the 
abundant biodiversity of environmental samples, including uncultivable microbes. It 
can be used to determine microbial diversity and population structure, as well as the 
roles that microbes play in the ecosystem, and it can reveal novel genes of interest. 
The metagenomic method contributes to a better understanding of microbial ecology 
as well as the identification of beneficial microbial derivatives such as antibiotics, 
poisons, and enzymes with a variety of improved functions (Kirubakaran et al. 
2020). The powerful method of metagenomics is the separation of genomic DNA 
directly from the surrounding environment. This eliminates the necessity for the 
cultivation of organisms in a laboratory setting in advance (Wang et al. 2021). 
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8.4 Role of Microbes in Health Sector 

An important addition to clinical research in microbiology has been the study of 
ideal settings and test performance for a broad range of medical microbiological 
diagnostic and therapeutic tests. Thanks to the improved technology for studying 
complex microbial populations, the microbiome has gained increasing attention in 
recent years. Biocontrol of illnesses, manufacturing of vaccines, antibiotics, and 
biotherapeutics are all examples of microorganisms’ involvement in the develop-
ment of medical goods or services. Recombinant DNA technology’s first commer-
cially viable product, artificial insulin, was developed in the 1970s by genetic use of 
Escherichia coli bacteria (Walsh 2012). Vaccinations have had a huge influence on 
health at a relatively modest cost, thanks to the rapid development of these vaccines. 
In spite of this, the vast majority of vaccines now in use were created using 
procedures that were first used more than a century ago and do not make use of 
the field’s full potential. Vaccine technology has advanced rapidly since the advent 
of genetic engineering, which is now paving the way for new goods to enter the 
market. Vaccines can be of a variety of types containing attenuated organisms 
known as attenuated or live vaccines. Whole or fractionated; subunit vaccines, 
which use proteins, peptides, or nucleic acids as antigens; carbohydrate vaccines, 
which are made up of polysaccharides, oligosaccharides, and glycans; toxoids, 
which use inactivated pathogen toxins; and conjugate vaccines, which include 
polysaccharides in combination with other antigenic components. Vaccines that 
have inactivated immunogenic antigen genes are supplied to the body by the use 
of DNA vaccines, which include plasmids carrying the antigenic genes. The devel-
opment of vaccines is generated from recombinant viruses that carry antigens 
encoded by genes taken from other pathogen-causing viruses. Figure 8.4 depicts 
the role of microrganisms in health sector.
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8.4.1 Probiotics 

Pathogens such as yeasts, other bacteria, and viruses are crowded out, and a benefi-
cial symbiosis develops between them and the human gastrointestinal system. 
Preventing pathogen adhesion to the intestinal epithelium and competing for 
nutrients necessary for pathogen survival are just two ways in which they have an 
anti-microbial effect. They also reverse some of the effects of infection on 
the epithelium, such as secretory changes and neutrophil migration, by altering the 
microflora. Lactose intolerance may be treated with probiotics by increasing the 
synthesis of β-galactosidase, an enzyme that breaks down the lactose into simpler 
sugars. This shows a possible benefit of probiotics in health industry. 

8.4.2 Base Editing 

CRISPR/Cas and nucleobase deaminase have been skilfully combined to provide a 
new method for genome editing that is both programmable and catalytic. Exogenous 
donors, homology-directed repair, or double-strand DNA breaks are not required to 
introduce point mutations at many target loci. 

Base editing’s rapid acceptance in the genetic alteration of several industrially 
and therapeutically significant microorganisms is made possible by its simplicity, 
precision, and multiplex editing capacity (Wang et al. 2021). Through either tran-
sient RNA or long-term DNA base changes, base editing has significant promise to 
cure many genetic illnesses and disorders. DNA and RNA base editors have recently 
improved in terms of selectivity, efficiency, accuracy, and delivery, opening up new 
therapeutic possibilities (Porto et al. 2020). 

Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) 
PlatformsBacteria and archaeal CRISPR systems have been used to alter genomes 
and transcriptomes by causing double-stranded DNA breaks (DSBs) or RNA
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cleavage in live cells to target specific genes. Genome editing at distinct genomic 
loci may be reprogrammed using Watson–Crick–Franklin base pairing principles to 
change the sequence of a piece of RNA (referred to as a spacer, guide RNA (gRNA), 
or single guide RNA). One or both of the two competing mammalian endogenous 
repair mechanisms, NHEJ and Homologous End Joining (HNEJ), may be used to 
repair DSBs produced by the CRISPR-associated proteins, Cas9 and Cas12 (HDR). 
These non-specific indels (indels) occur at the location of NHEJ-resolved double-
stranded breaks (DSBs), leading to frameshifts and gene knockouts. Exogenous 
DNA repair templates may be used by researchers to co-opt the HDR process and 
insert desired and precise sequence alterations into the genome.
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Single-base editors are a unique technique for precise genetic modification that 
does not need the introduction of double-strand breaks (DSBs) or donor DNA 
templates. This was made possible by the discovery of single-base editors (Komor 
et al. 2016). The cytidine base editor (CBE) is made up of a catalytically impaired 
Cas nuclease in addition to a cytidine deaminase (such as APOBEC) and the uracil 
DNA glycosylase inhibitor UGI. Together, these three components catalyse the 
conversion of cytosine (C) to uracil (U) at targeted sites, which ultimately results 
in the substitution of C for thymine (T) (Komor et al. 2017). The application of base 
editing systems to microbes, such as Escherichia coli, has been made possible, 
Staphylococcus aureus, Klebsiella pneumoniae, and Streptomyces (Zhou et al. 
2011), encourage the genetic modification of these microorganisms in a significant 
way. Infections caused by strains of Mycobacterium tuberculosis (Mtb) that are 
resistant to several drugs pose a significant risk to the health of people all over the 
world, generating an immediate need for innovative treatment approaches. Effective 
techniques for editing the genome may make it easier to locate critical genes and 
pathways that are involved in the physiology, pathogenesis, and drug resistance 
processes of bacteria. This can lead to the discovery of innovative therapies for drug-
resistant TB. In this paper, we report on a two-plasmid system called MtbCBE that 
may be utilized to inactivate genes in Mtb and induce point mutations. In this system, 
the assistant plasmid pRecX-NucSE107A expresses RecX and NucSE107A in order 
to repress RecA-dependent and NucS-dependent DNA repair systems. Additionally, 
the base editor plasmid pCBE expresses a fusion protein that combines cytidine 
deaminase APOBEC1, Cas9 nickase (nCas9), and uracil DNA (UGI). The combi-
nation of the two plasmids allowed for the effective conversion of G:C base pairs 
to A:T base pairs at certain locations within the Mtb genome. The successful 
development of a base editing system will facilitate the elucidation of the molecular 
mechanisms underlying Mtb pathogenesis and drug resistance and provide critical 
inspiration for the development of base editing tools in other microbes (Ding et al. 
2021). 

8.4.3 Artificial Microbial Consortia 

The metabolic variety of the organisms in natural microbial ecosystems facilitates 
interaction and syntrophic interactions among the members of the community. To



boost bioprocesses’ productivity and yields, artificial microbial consortia engineer-
ing is employed (Ergal et al. 2022). The development of artificially constructed 
communities, also known as “artificial microbial consortia” (AMC) or “synthetic 
communities”, has been made possible by advances in culture collection and 
techniques (SynComs). Specifically, the structure and function of the microbiome 
are being reconstructed by using core microbiomes. In SynComs research, members 
may be added, removed, or replaced as required, allowing for a complete and 
accurate examination under controlled circumstances (Mitter et al. 2021). These 
can then be utilized in numerous applications. 
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To reduce our environmental impact while also creating a more circular economy, 
we may use these microorganisms to power our next generation of chemical 
production processes (NGCP). 

8.5 Conclusion 

Due to the fact that microorganisms are the most biodiverse class of creatures, we 
may expect the emergence and spread of new human and/or agricultural illnesses to 
become a recurrent problem in the future, which will be aggravated by globalization. 
Thus, we think that measures to manage epidemics, environmental stress, and 
agricultural pests should be addressed globally, to avoid uncertain repercussions 
on health and the economy. These initiatives must take into consideration the current 
technological framework, which includes transgenic and recombinant DNA, in order 
for microbiological research to be translated into commodities and services for the 
benefit of all people. 
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Abstract 

Genome editing systems have emerged as an advanced bioengineering tool 
capable of targeting and editing the genomes of almost all organisms in a 
sequence-specific manner. This chapter presents an overview of the leading 
developments in the modern tool armory for genome editing that meet the high 
standards of efficiency, safety, and accessibility in genome engineering, i.e., 
ZFNs, TALENs, and CRISPR. These novel tools, primarily based on engineered 
nucleases, have proved to be one of the most effective and reliable tools for 
genome engineering. The engineered nucleases have enabled the alteration of 
targeted DNA sequences in a wide range of organisms and cell types. We will 
cover the mechanism and application of these methods for genome editing in 
current biology, functional genome screening, healthcare, agriculture, gene ther-
apy, biological sciences, drug development, etc. General strategies used for 
designing specific ZFNs, TALENs, and CRISPR/Cas9 systems and analyzing 
their activity have been indicated. The therapeutic applications of these tools in 
controlling disease and their potential usage in the development of agricultural 
and industrial products, environmental protection, food development, immuno-
therapy, and treatment of genetic diseases, neurodegenerative diseases, and 
cancer are also briefly touched upon. 

Keywords 

ZFNs · TALEN · CRISPR/Cas9 · Genome editing · DNA repair 

R. Kaur · A. K. Singh · S. Singh (✉) 
Centre of Experimental Medicine and Surgery, Banaras Hindu University, Varanasi, India 
e-mail: samer.singh10@bhu.ac.in 

D. K. Singh 
District Hospital, Chandauli, India 

# The Author(s), under exclusive license to Springer Nature Singapore Pte 
Ltd. 2023 
R. Sobti et al. (eds.), Role of Microbes in Sustainable Development, 
https://doi.org/10.1007/978-981-99-3126-2_9

193

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-3126-2_9&domain=pdf
mailto:samer.singh10@bhu.ac.in
https://doi.org/10.1007/978-981-99-3126-2_9#DOI


194 R. Kaur et al.

9.1 Introduction 

The modifications (like insertions, deletions, and substitutions) in the genomes of 
organisms are commonly referred to as genome engineering (El-Mounadi et al. 
2020). Genome or gene editing techniques are used for genome engineering to 
incorporate site-specific modifications into any genomic DNA, making use of 
different DNA repair mechanisms found endogenously. Gene editing usually deals 
with one target gene, i.e., a single gene is modified, whereas genome editing refers to 
large-scale modifications of the complete genomic DNA (Robb 2019). This technol-
ogy has addressed the unmet need for the tools to introduce different types of genetic 
modifications that can cause a change in the physical as well as genomic traits of an 
individual or a population. Currently, scientists are making headway in developing 
gene-therapy treatment strategies by employing these advanced genome editing 
tools to prevent and treat various diseases in humans and animals. A breakthrough 
in the field occurred when Capecchi in 1989 for the first time demonstrated that the 
introduction of a segment of DNA, having homologous arms at both ends, into 
embryonic stem cells allowed its integration into the host genome via homologous 
recombination, causing inheritable changes in the cell (Capecchi 1989). Later, the 
discovery and development of methods to introduce an artificial DNA restriction 
enzyme into cells, which can cut genomic or dsDNA and generate a double-stranded 
break (DSB) at specific recognition sites, increased our ability to use cellular repair 
systems for genome engineering (Zhang et al. 2011). The mechanism of action for 
site-directed nucleases is based on the site-specific cleavage of the DNA or induction 
of a double-stranded break/nick (DSB) at targeted regions of DNA sequence by 
nucleases followed by triggering the two prominent DNA repair pathways of the 
cell, i.e., homology-directed repair (HDR) and nonhomologous end joining (NHEJ) 
(Fig. 9.1). The HDR repair mechanism uses homologous donor DNA to repair DNA 
damage, whereas NHEJ is an error-prone mechanism in which broken ends of DNA 
are joined together, often resulting in a heterogeneous pool of insertions or deletions. 
Though one of the efficient repair mechanisms active in the cells, NHEJ has a high 
rate of mutation and results in frequent nucleotide insertions or deletions (indels). 
HDR has low efficiency as it requires higher sequence similarity between the 
template and donor DNA strands. In the HDR mechanism, there is always a chance 
for reversion if the used DNA template is identical to the original undamaged DNA 
(Jasin and Rothstein 2013; Ghezraoui et al. 2014). The development of various 
techniques for genome engineering has focused on the use of different 
endonucleases (to create DSB with high precision) followed by employing these 
repair mechanisms to develop an engineered genome with new properties (Mandip 
and Steer 2019; Khalil 2020) (Fig. 9.1).
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9.2 Tools/Methods for Genome Engineering 

The invention of genome editing tools opened up a whole set of opportunities for 
assisting the treatment of various diseases at the genome level (National Human 
Genome Research Institute 2019). Though various tools or methods for DNA 
modification have already existed for several decades, the development of more 
precise methods has made genome editing much cheaper, faster, and more efficient. 
Every genome editing tool being employed so far is based on one mechanism in 
which a targeted broken portion of DNA sequence in a gene or genome activates the 
cell repair mechanism that repairs the break in DNA sequence, i.e., HDR and NHEJ 
for DNA repair (National Institute of Health 2020). These tools and techniques allow 
efficient and accurate changes in genomic DNA by introducing DSB at a specific or  
targeted site in DNA followed by known modifications (i.e., insertion, deletion, 
indels, etc.). Currently, several genome engineering or genome/gene editing 
techniques exist which are primarily based on the following tools (nucleases) to 
target-specific sequences (molecular scissors): (1) zinc finger nucleases (ZFNs) 
(Porteus and Baltimore 2003; Miller et al. 2007; Sander et al. 2011; Wood et al. 
2011), (2) transcription activator-like effector nucleases (TALENs) (Boch et al. 
2009; Moscou and Bogdanove 2009; Christian et al. 2010; Hockemeyer et al. 
2011; Wood et al. 2011; Zhang et al. 2011; Reyon et al. 2012; Sanjana et al. 
2012), and (3) the RNA-guided CRISPR-Cas nuclease system (Deveau et al. 
2010; Horvath and Barrangou 2010; Bhaya et al. 2011; Makarova et al. 2011; Cho 
et al. 2013; Cong et al. 2013; Jinek et al. 2013; Mali et al. 2013) (Table 9.1). The 
tools used for making sequence-specific cuts in the genome for the genome editing 
tool are briefly described below. 

9.2.1 Zinc Finger Nucleases (ZFNs) 

The first endonucleases used for genome engineering were Zinc finger nucleases 
(ZFNs), which were composed of zinc finger domains fused with FokI endonuclease 
(Kim et al. 1996). ZFNs are members of the zinc finger protein (ZFP) family, in 
which the zinc fingers (ZF) are novel DNA-binding domains that can bind to discrete 
base sequences. These ZFs have Cys2-His2 fingers and each ZF can recognize a 
triplet (3 bp) of DNA sequence (Miller et al. 1985; Wolfe et al. 2000). The ZFNs 
used for genomic engineering are comprised of a tandem array of ZFs, also known as 
the ZF array that confers unique nucleotide sequence-binding specificity. The 
dimerization of FokI endonuclease of ZFNs on the binding of two ZFNs to the 
opposite DNA strands allows the cleavage of the dsDNA at the target sites (Fig. 9.2). 
For genome editing, two recombinant ZFNs recognizing two different (one each) 
closely located nucleotide sequences within the target DNA sequence are employed, 
which with the help of FokI, creates a double-strand break (DSB) at desired target 
DNA sequence. Since the series of linked ZF domains (ZF arrays) determine the 
specificity of the target nucleotide sequence, by changing the array of ZFs, any 
desired sequence may be targeted. A certain degree of off-target effects (nonspecific/
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desired sequence cleavage) sometimes occurs when the employed pair of ZFNs is 
not able to recognize the desired target sequence for cleavage. The addition of more 
fingers per ZFN is recommended to minimize off-target effects and successfully 
specify rarer and longer target cleavage sites.
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Fig. 9.2 Illustration of a pair of ZFNs bound to targeted nucleotide sequence: Zinc fingers are 
shown as ZF, with short circles indicating binding with the DNA base pairs. FokI cleavage domains 
are shown as shaded boxes, with common cleavage sites, spaced by N bp, and indicated by vertical 
arrows as ZFN-induced DSB. Zinc fingers are numbered from the N-terminus. The linker between 
the binding and cleavage domains of one protein is labeled. The spacer between the zinc finger-
binding sites is 5–7 bp in this case 

The FokI domains of ZFNs are key to their successful application as they carry 
features that help in the cleavage of a complex genome at a specific target. FokI 
dimerization is crucial for the cleavage of the dsDNA. The lower strength of the 
interaction between FokI monomer domains causes the cleavage of DNA by FokI of 
ZFNs, requiring independent and appropriately placed two adjacent binding 
occurrences of ZFNs in correct orientations to allow catalytically active dimer 
formation (Miller et al. 1985; Vanamee et al. 2001; Szczepek et al. 2007) 
(Fig. 9.2). ZFNs-based genome editing is mainly dependent on the ability of 
endonuclease to create site-specific double-strand break (DSB) onto the locus of 
interest. In all eukaryotic cells, the DSBs generated by ZFNs are efficiently repaired 
by the NHEJ or HDR pathway (Szczepek et al. 2007; Lieber 2010; Moynahan and 
Jasin 2010) (Fig. 9.1). 

Different strategies have been reported for the synthesis of ZFNs of desired 
DNA-binding specificity by “modular assembly” of different ZFs that have unique 
triplet base specificities (Segal et al. 2003; Sander et al. 2010; Thakore and Gersbach 
2015). The ZFs developed for the modular assembly had been mostly for triplet 
sequences only (Choo and Klug 1994; Jamieson et al. 1994; Rebar and Pabo 1994; 
Segal et al. 1999, 2003; Dreier et al. 2001, 2005; Bae et al. 2003; Thakore and 
Gersbach 2015). The modular assembly of ZF components led to the generation of 
active ZFNs with specificity to a large number of endogenous sequences (Kim et al.



2009; Remy et al. 2010; Gaj et al. 2013b; Gupta and Musunuru 2014; Shiva and 
Suma 2019). Apart from the modular assembly approach, several other alternative 
strategies have also been developed for making ZFPs (Wu et al. 2007, 2013; 
Chandrasegaran and Carroll 2016; Paschon et al. 2019). These new approaches 
were focused on accommodating the deviation from strict functional modularity 
(like many natural and designed fingers can only contact with the adjacent ZF and to 
bases present outside of their proximal DNA triplet) which was observed for many of 
the ZF and making them specific (Fairall et al. 1993; Pavletich and Pabo 1993; 
Houbaviy et al. 1996; Nolte et al. 1998; Wolfe et al. 2001; Segal et al. 2006). These 
approaches could permit more selective binding and reduce the complications and 
wasted efforts that occur in modular designing for producing new ZFPs (Ramirez 
et al. 2008; Chandrasekharan et al. 2009; Chandrasegaran and Carroll 2016; Paschon 
et al. 2019). 
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Whatever may have been the methods used for designing ZFNs module, they 
were always first evaluated in vitro for their affinity and specificity toward the target 
DNA sequence followed by their application in vivo system. It is done as there is 
always a possibility that ZFNs/ZFPs which are validated in vitro could fail in 
performing the genome editing in vivo (Urnov et al. 2010; Wang et al. 2013a; 
Paschon et al. 2019). Many times, it may arise from the complexity of the genome 
which sometimes contains multiple copies of sequences that are identical or highly 
related (paralogues or pseudogenes) to the intended targeted sequences which can 
act as an additional target for ZFNs. The researchers have tried to address this 
problem by focusing on DNA-protein interactions and creating minor sequence 
divergence to reduce the chances of nonspecific targeting of related genomic regions 
(Carroll 2011; Urnov et al. 2010; Laoharawee et al. 2018). The specificity, recogni-
tion, and cleavage of desired sites by ZFNs are determined by the amino acid 
sequence of each ZF, nuclease (FokI) domain interactions, and quantity of the 
ZFs. The structure of both the functional domains of ZFNs, i.e., a catalytic domain 
and binding domains, can be optimized to increase specificity and enhance the 
affinity for the novel models developed by genome engineering (Jackson and Bartek 
2009; Paschon et al. 2019). For improving the accuracy of targeting by ZFN, the 
“selection-based methods” have been also developed to optimize its cleavage speci-
ficity and reduce the nonspecific toxicity (Rahim et al. 2021). 

9.2.2 Transcription Activator-Like Effector Nucleases (TALENs) 

The second tool developed for genome editing or genome engineering is Transcrip-
tion Activator-Like Effector Nucleases (TALENs) which display better specificity 
and functionality than ZFNs. Similar to ZFNs, TALENs also consist of an endonu-
clease, i.e., DNA cleavage domain, and a site-specific DNA-binding domain derived 
from transcription activator-like effectors (TALEs) proteins which together allow the 
creation of DSBs at specific sites. The DNA cleavage domain used for TALENs is 
primarily the FokI nuclease. The DNA-binding domains of TALENs, i.e., TALEs 
originated from a repeated sequence of highly conserved proteins of



“phytopathogenic Xanthomonas” (Boch et al. 2009; Boch and Bonas 2010; 
Chandrasegaran and Carroll 2016). In Xanthomonas, the transcription activator-
like effectors (TALEs) proteins are present in the cytoplasm where they promote 
the modification of genes that help in transcription. TALE proteins are capable of 
localization to the nucleus, DNA binding, and transcription activation of the target 
gene (Schornack et al. 2006). The studies conducted on the mechanism of action of 
these effector proteins showed that these proteins can mimic the functioning of 
eukaryotic transcription factors in binding with DNA and activating gene expression 
(Becker and Boch 2021). 

202 R. Kaur et al.

Soon after the realization of the TALE domains simplicity, i.e., one monomer 
binds/recognizes one nucleotide, the first chimeric TALE domain-fused nuclease 
(TALEN) was constructed (Joung and Sander 2013; Gaj et al. 2013b; Nemudryi 
et al. 2014; Becker and Boch 2021). The chimera was developed by inserting the 
DNA-binding domain of TALE in a plasmid vector which was used for ZFNs 
(Christian et al. 2010). This ultimately leads to the formation of a genetic construct 
that has DNA binding and catalytic domain of restriction endonuclease, i.e., FokI. 
The DNA-binding domain (i.e., TALE) monomers that bind with the single nucleo-
tide in the targeted DNA sequence are repeats of 34 amino acid residues in which 
amino acids at 12 and 13 positions are highly variable and known as repeat variable 
domain (RVD). The RVD region of TALE is responsible for the recognition of 
specific nucleotides. The variation in RVDs allows them to bind to different 
nucleotides with different efficiencies (Fig. 9.3). The TALEs with different RVDs 
were combined to form artificial nucleases (i.e., TALENs) which bind and cleave the 
targeted DNA sequences. The TALENs nucleases contain a half repeat (i.e., 
20 amino acid residues of the last tandem repeat that bind to the nucleotide at the 
3′ end of the recognition site), N-terminal domain, nuclear localization signals, and 
FokI catalytic domain (Fig. 9.3). The presence of thymidine at the 5′ end of the target 
sequence interacts with the N-terminal domain of the TALE and affects its overall 
binding efficiency (Lamb et al. 2013). TALENs always work in pair, their binding 
sites are located at the opposite site of DNA strands and are separated by small 
fragment (i.e., 12–25 bp) known as “spacer sequence.” After the TALENs enter the 
nucleus, they bind with the targeted sequence and the FokI domains located at the 
C-terminal of TALE cause the DSBs (Fig. 9.1). 

Despite simple designing codes as compared to ZFNs, there has been difficulty in 
the cloning of the designed TALE arrays comprised of large-scale repeats. To 
overcome this problem, different strategies have been developed such as High-
Throughput Solid Phase Assembly, Golden Gate Cloning, and Connection-
independent cloning techniques which help in assembling the desired TALE arrays 
(Schmid-Burgk et al. 2013). Several other modifications have also been made to 
TALENs to make them a better tool than the ZFNs such as (1) site selection 
enhancement by varying the length of the spacer sequence (Nemudryi et al. 2014); 
and (2) development of mutant variants of the TALE’s N-terminal domains that 
could more specifically bind to A, G, and C nucleotide (Nemudryi et al. 2014; Mak 
et al. 2012; Lamb et al. 2013).
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Fig. 9.3 Illustration of a pair of transcription activator-like effector nucleases (TALENs) bound to 
targeted nucleotide sequence: TALE repeats, i.e., RVD are shown as colored boxes that are 
responsible for the recognition of specific nucleotides. RVDs bind to different nucleotides with 
different efficiency. Letters inside each repeat represent the two hypervariable residues. TALE-
derived amino (N domain) and carboxy-terminal domains required for DNA-binding activity are 
shown as pink boxes. The nonspecific nuclease domain from the FokI endonuclease is shown as a 
larger shaded green box. TALENs bind and cleave as dimers on a target DNA site. The TALE-
derived amino- and carboxy-terminal domains flanking the repeats may make some contact with the 
DNA. Cleavage by the FokI domains occurs in the “spacer” sequence that lies between the two 
regions of the DNA bound by the two TALEN monomers. The amino acid sequence of a single 
TALE repeat is expanded below with the two hypervariable residues highlighted in red and bold 
text. TALE-derived DNA-binding domain aligned with its target DNA sequence is shown in the 
box indicated as TAL effector RVD DNA-binding codes 

9.2.3 Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR) 

After two years of the discovery of TALENS, the discovery of Clustered Regularly 
Interspersed Short Palindromic Repeats (CRISPR) led to the development of a third 
genome engineering tool that has revolutionized the field of biotechnology and the 
health sector tremendously (Nemudryi et al. 2014; Lino et al. 2018; Kaminski et al. 
2021). The CRISPR was first time discovered in Escherichia coli (E. coli) in 1987, 
and later on, found in many other prokaryotes too, e.g., 87% in archaea and 48% in 
eubacteria (Grissa et al. 2007). The CRISPR system has noncoding RNAs and 
CRISPR-associated (Cas) protein which has a nuclease activity (Ishino et al. 1987; 
Jore et al. 2012). In bacteria, the CRISPR-Cas system plays an important role in the 
adaptive immune response. It helps in protecting bacteria from phage infection by 
generating memory in the bacterial chromosomes against phage (Barrangou and 
Marraffini 2014; Renaud et al. 2016; Kim et al. 2021). 

There are two types of CRISPR/Cas systems depending on the structural variation 
that existed in Cas genes (1) Class 1 systems contain multiple protein effectors 
complexes, and (2) Class 2 has one effector protein. To date, six types of CRISPR/



Cas systems and 29 subtypes of Cas-system have been reported (Moon et al. 2019; 
Liu et al. 2020). CRISPR-Cas9 type II system is one of the most used, advanced, and 
versatile CRISPR systems for genome engineering or editing because of its specific-
ity which is stemming from the Cas protein. The Cas protein of this CRISPR-Cas9 
type II system was extracted from Streptococcus pyogenes (i.e., SpCas9) which 
targets the specific DNA sequences and is responsible for the advanced specificity of 
the system (Jiang et al. 2013). 
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Sequencing of the various bacterial genomes revealed the presence of short 
unique DNA regions known as spacers DNA, which are separated from one another 
by short palindromic sequence repeats (Deshpande et al. 2015; Lino et al. 2018). 
These structures are found to be located in the proximity of Cas genes. The cas gene 
gives rise to protein products that have nuclease and helicase activity (Haft et al. 
2005). Spacer DNA is a homologous DNA found in several phages and plasmids 
(Bolotin et al. 2005; Mojica et al. 2005; Pourcel et al. 2005; Barrangou et al. 2007) 
(Fig. 9.4). Cas9 protein is polyfunctional, it interferes with the foreign DNA and 
pre-crRNA processing (Sapranauskas et al. 2011). The processing of crRNA 
depends on small noncoding RNA known as transactivating RNA (tracrRNA). 
The tracrRNA forms a duplex after binding with the complementary repeat sequence 
present in the pre-rRNA. RNase III (present in the host cell) in the presence of Cas9 
cleaves this duplex and leads to the formation of mature crRNA (Makarova et al. 
2006; Marraffini and Sontheimer 2010). The CRISPR-Cas9 system employs two 
main components, i.e., Cas9 endonuclease and a single-stranded guide RNA 
(sgRNA) or tracrRNA-crRNA chimera (Cong et al. 2013). The sgRNA recognizes 
and binds with the targeted sequence, and Cas9 cleaves the DNA causing DSB 
(Fig. 9.4). The site of cleavage for Cas9 endonuclease is 3 bp upstream of an “NGG” 
PAM located on genomic DNA. This DSB generated gets repaired by NHEJ or HDR 
(Fig. 9.1) (Pawelczak et al. 2018). 

The mechanism of genome editing with the help of the CRISPR system both 
inside the prokaryotic cells and in vitro is divided into three stages, i.e., adaptation, 
transcription, and intervention. In adaptation, a small fragment of foreign DNA 
entering the bacterial cell gets inserted into the CRISPR locus of the bacterial 
genome leading to the formation of the new spacer or protospacer (i.e., a viral 
genome fragment). Viral protospacer is complementary to the spacer present in the 
host cell and these protospacers are flanked by a short, conserved sequence (2–5 bp) 
which is known as a protospacer adjacent motif (PAM) (Mojica et al. 2009a). The 
PAM is inserted at the AT-rich side of the sequence that also has a promoter element 
and a landing site for regulatory proteins present just before the CRISPR cassette 
(Deltcheva et al. 2011; Jinek et al. 2012). In the transcription step, the complete 
CRISPR locus formed is transcribed into a long poly-spacer precursor crRNA 
(pre-crRNA) (Fig. 9.4). The Cas6 endonucleases are responsible for the formation 
of mature crRNA in most of the CRISPR/Cas systems (Carte et al. 2008; Lillestøl 
et al. 2009; Mojica et al. 2009b; Hale et al. 2012; Pawelczak et al. 2018). The short 
nucleotide CRISPR RNA (crRNAs) has one spacer sequence whose repeat ends are 
involved in the formation of a stem-like loop structure. The 5′ end with eight 
nucleotide repeats has an OH group and forms a stem whereas the 3′ end with



2′,3′-cyclic phosphate (hairpin structure) forms a loop (Haurwitz et al. 2010; Gesner 
et al. 2011). 
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Fig. 9.4 Illustration of clustered regularly interspaced short palindromic repeats (CRISPR-Cas9 
System) bound with targeted DNA sequence: CRISPR system has a single chimeric sgRNA 
(crRNA and tracrRNA) to which introduces a DSB into the target nucleotide sequence. A 
protospacer is a site that is recognized by the CRISPR/ Cas9 system. A spacer is a sequence in 
sgRNA that is responsible for complementary binding to the target site. PAM is a short motif (NGG 
in the case of CRISPR/Cas9) whose presence at the 3′-end of the protospacer is required for 
introducing a break. A Cas9 nuclease is capable of introducing DSB into selected DNA site 

During the intervention step, the viral DNA or RNA interacts with the crRNA and 
Cas proteins. The crRNA identifies the complementarily of the protospacer sequence 
whereas Cas protein leads to its degradation (Marraffini and Sontheimer 2010; Rath 
et al. 2015; Shabbir et al. 2019). The coevolution of viruses/phages with their host 
over time has led to the formation of a wide range of CRISPR/Cas system in 
prokaryotes (Hale et al. 2009; Sashital et al. 2011; Richter et al. 2012; Bondy-
Denomy et al. 2013; Newsom et al. 2021).
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9.3 Applications of Genome Engineering/Editing Methods 

The development of genome editing tools has given possibilities of directly targeting 
and modifying genome sequences in eukaryotes. The recent progress in the 
development of programmable nucleases such as ZFNs, TALENs, and CRISPR-
Cas-associated nucleases has significantly accelerated the progress of genome engi-
neering in different fields ranging from basic research to biomedical and applied 
biotechnological research. The application of different gene editing tools in different 
fields of biological sciences and their future possibilities are briefly indicated below 
and summarized in Table 9.2. 

9.3.1 In Genetic Engineering of Cell Lines and Animal Models 

Before the development of engineered nucleases, the study of the genetically 
modified mammalian cell line was costly, labor-intensive, time-limited, and required 
specialized expertise. However, with the introduction of cost-effective and user-
friendly gene editing technologies, the custom cell line bearing any genome 
modifications can now be generated easily in a few days, e.g., gene deletion (Lee 
et al. 2010), gene inversion (Xiao et al. 2013), gene knockout (Santiago et al. 2008; 
Mali et al. 2013), gene addition (Moehle et al. 2007; Hockemeyer et al. 2011; Hou 
et al. 2013), gene correction (Urnov et al. 2005; Ran et al. 2013), gene addition as 
well as chromosomal translocation (Torres et al. 2014). Along with cell line engi-
neering, the targeted nucleases have also accelerated the generation of genetically 
modified organisms, such as the accelerated creation of transgenic zebrafish (Doyon 
et al. 2008; Sander et al. 2011; Hwang et al. 2013), livestock (Hauschild et al. 2011; 
Carlson et al. 2012), monkeys (Liu et al. 2014), mice (Cui et al. 2011; Wang et al. 
2013a, b; Wu et al. 2013), rats (Geurts et al. 2009; Tesson et al. 2011; Li et al. 
2013), etc. 

9.3.2 In Genetic Engineering of Plant Cells 

These engineered nucleases have also emerged as a dominant tool for plant engi-
neering (Baltes and Voytas 2015). For example, both CRISPR-Cas9 and TALENs 
have been used for the modification of multiple alleles in the haploid breed of wheat 
to create resistance variety against powdery disease (Wang et al. 2014b). Moreover, 
TALENs were used for soybean to knock out the nonessential gene that is used for 
fatty acid metabolism and thus produce simple plant cells with reduced metabolic 
constituents (Haun et al. 2014). The purified proteins comprised of various genomic 
engineering tools can be directly injected into the plant protoplast to effect germline-
transmissible changes which are almost indistinguishable from the natural variety 
(Luo et al. 2015; Woo et al. 2015). The technological advancement of these tools 
could be very much helpful to reduce some regulatory problems which are 
associated with the use of transgenic plants. The targeted nucleases have been also



(continued)
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Table 9.2 Application of genome editing tools in different fields of biological sciences 

Application Tools Use Reference 

Genetic cloning of 
living organisms 

ZFNs, 
TALENs, 
and 
CRISPR/ 
Cas9 

Introduction of Cas9 
mRNA in the one-cell-stage 
zebrafish embryo. The first 
viable cloned cattle 
offspring were produced 
using somatic cell nuclear 
transfer (SCNT) in Russia. 
The CRISPR/Cas9 was 
used to knock out the beta-
lacto-globulin gene as well 
as the beta-lacto-globulin-
like protein gene in 
fibroblast cells. Transgenic-
cloned buffalo embryos 
were generated using 
CRISPR/Cas9 facilitated 
targeted integration of 
enhanced green fluorescent 
protein (EGFP) in the Y 
chromosome 

Charpentier and Doudna 
(2013), Zhao et al. (2019, 
2020), Singina et al. (2021) 

Establishment of 
animal models 

ZFNs, 
TALENs, 
and 
CRISPR/ 
Cas9 

The CRISPR/Cas9 gene 
editing tool was used to 
generate a unique TshrDf/ 
Df rat model that 
recapitulates the phenotype 
in the THSR (Thyroid-
stimulating hormone 
receptor) Y444X patient. 
THSr was truncated at the 
second transmembrane 
domain in this rat model 
leading to congenital 
hypothyroidism 
(CH) phenotype which 
includes thyroid aplasia, 
infertility, dwarfism, low 
serum thyroid hormone 
level as well as TSH 
resistance. This phenotype 
can be partially reversed 
after weaning with the 
treatment of levothyroxine 
(L-T4). Cas9 and sgRNA 
were co-injected into the 
zygote to develop mutant 
ANO5 rabbits. The 
CRISPR-mediated small 
insertion in the mutant 
rabbit at the exon 12 or 
13 leads to the display of 

Yang et al. (2018), Zhao 
et al. (2019, 2020)



muscular dystrophy
symptoms such as elevation
of serum creatine kinase,
muscle regeneration and
necrosis, fibrosis, and fatty
replacement. This type of
novel ANO5 mutant rabbit
is very much useful to study
disease pathogenesis and
treatment of ANO5
deficient muscular
dystrophy. The CRISPR/
Cas9-mediated genome
editing was also used to
develop a stable cell line
expressing alpha-synuclein
(SNCA) tagged with a
nano-Luc luciferase
reporter. The ability to
monitor endogenous SNCA
transcription can be used as
an efficient drug screening
tool for therapeutics
identification for
Parkinson’s disease

(continued)
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Table 9.2 (continued)

Application Tools Use Reference 

Discovery of drugs CRISPR/ 
Cas9 

The CRISPR/ Cas9 
mutagenesis was used to 
target exons that encode the 
functional protein domains. 
It generates a large number 
of null mutations which 
eventually increases the 
capability of negative 
selection. The inhibitors of 
receptor tyrosine kinase 
(RTK)/Ras/mitogen-
activated protein kinase 
(MAPK) pathway are 
therapeutically used for the 
treatment of lung cancer as 
well as other cancers. The 
use of the CRISPR/Cas9 
gene deletion tool in lung 
cancer showed that cell 
metabolism changes after 
deletion of KEAP1 in the 
presence of multiple 
inhibitors for the targeted 
RTK/Ras/MAPk pathway 
and allowing the cells to 

Shi et al. (2015), Martinez-
Lage et al. (2017)



multiply without the
signaling of MAPK.
CRISPR/CAs9 tool is also
used to identify the essential
genes such as Rosa26,
Rpa3, Brd4, Smarca4, Eed,
Suz12, and Rnf20 for
murine MLL-AF9/
NrasG12D acute myeloid
leukemia cell

(continued)
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Table 9.2 (continued)

Application Tools Use Reference 

Agricultural 
products 

ZFNs, 
TALENs, 
and 
CRISPR/ 
Cas9 

Several applications of 
CRISPR/Cas9 have been 
reported for crop breeding. 
For example, targeting the 
ZmTMS5 gene of maize for 
traits of thermosensitive 
genic male sterility, the 
K1C gene of Sorghum to 
target trait of high lysine 
content and increased 
protein digestibility, 
TaEDR1 gene of wheat for 
target trait of powdery 
mildew resistance, OsRR22 
gene of rice for target trait 
enhanced salinity tolerance, 
Gn1a, DEP1, GS3, and 
IPA1 gene of rice for target 
trait enhanced grain size 
and number, MS1 gene of 
wheat for target trait male 
sterility, PDS gene of 
banana for target trait 
albinism phenotype, etc. 
The CRISPR/Cas9 has been 
used to study mutation in 
rice for abscisic acid 
production which leads to 
cell deaths, altered seed 
development, and 
dormancy as well as 
enhanced disease 
resistance. The CRISPR/ 
Cas9 gave new insight into 
the role of abscisic acid in 
rice disease resistance. The 
CRISPR/Cas9 tool is also 
used for the production of 
genetically modified 
mushrooms. The CRISPR/ 

Shi et al. (2015), Huang 
et al. (2017), Maiti et al. 
(2017), Martinez-Lage et al. 
(2017), Liao et al. (2018), 
Sui et al. (2018), Lee et al. 
(2021), Chattopadhyay 
et al. (2022), Guo et al. 
(2022)



Cas9 system has been used
to knock out the maize gene
CCT transcription factor
(ZmCCT9) which promotes
early flowering under long
days. The immunity of the
plants has been enhanced
after the expression of the
pathogen-targeted CRISPR-
Cas9 tool in plants

(continued)
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Table 9.2 (continued)

Application Tools Use Reference 

Food CRISPR/ 
Cas9 

The CRISPR/Cas9 was 
used to make Streptococcus 
thermophilus 
(a thermophilic bacteria) as 
a bacteriophage-insensitive 
mutant to improve the 
product quality such as 
cheese and yogurt. This 
technology was also used to 
edit Agaricus bisporus, a  
white button mushroom that 
resists the browning of 
mushrooms. For this 
property, the gene knockout 
technique is used to target 
the gene encoding the 
polyphenol oxidase that 
causes the browning of 
mushrooms. 

Barrangou et al. (2007), 
Waltz (2015) 

Industrial products CRISPRs/ 
Cas9 

The CRISPR/Cas9 has been 
also used to make marine 
algae useful for industrial 
purposes such as the 
production of fuel, health 
foods, biomolecules, 
material for 
nanotechnology, 
pharmaceuticals, etc. They 
are also used for the 
bioremediation of 
contaminated water. The 
CRISPR/Cas9 is also used 
to capture and firmly store 
the many real data in the 
living cells’ genome. The 
beta-carotene synthetic 
pathways were integrated 
into the genome of 
Escherichia coli by using 
the CRISPR-Cas system. 

Waltz (2015), Nymark et al. 
(2016), Huang et al. (2017), 
Khalil et al. (2017), Su et al. 
(2018), Kachhawaha (2021)



This system has been also
used for the modifications
in the methylerythritol-
phosphate (MEP) and
central metabolic pathways
for the overproduction of
beta-carotene. The
production of
γ-aminobutyric acid has
been enhanced within a few
weeks after integrating
synthetic single-stranded
oligodeoxyribonucleotides
with the help of
recombinase RecT and
knocking out the gene in
Corynebacterium. The
production of galactic acid,
succinate, fatty acids, and
citric acid has been
increased using the
CRISPR-cas9 gene
knockout strategy to knock
out several genes. CRISPR-
Cas9 is also used for
insertions and deletions of a
few nucleotides in the
filamentous fungus Ashbya
gossypii to increase the
production of folic acid,
nucleosides, and biolipids

(continued)
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Table 9.2 (continued)

Application Tools Use Reference 

Environmental 
protection 

CRISPRs/ 
Cas9 

CRISPR/Cas9 is used to 
modify the genome of 
diatoms and used for 
reducing global warming. 
CRISPR/Cas9 tool is also 
used to study the pathway 
involved in the effects of 
prenatal exposure to 
inorganic arsenic (iAs) that 
induces birth defects in 
animals and humans. The in 
silico study was performed 
to identify the 
glucocorticoid receptor 
pathway that acts as a key 
pathway for metal-induced 
prenatal toxicity. The 
CRISPR/Cas9 is also used 
to investigate the 

Rager et al. (2011), Nymark 
et al. (2016)



mechanism of herbicide by
which it potentially induces
respiratory failure and
Parkinson’s disease.
Different CRISPR/Cas
nucleic acid detection tools
viz., SHERLOCK (Cas13),
Cas-12, and Cas-14
detectors were developed to
detect the accurate, fast, and
ultrasensitive diagnostic
testing of pathogens from
the patients and
environmental samples. The
CRISPR-Cas-12-based
lateral flow assay was
developed to detect Covid-
19 from the respiratory
swabs and monitor the
presence of SARS-CoV-
2 in the wastewater samples

(continued)
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Table 9.2 (continued)

Application Tools Use Reference 

Restoration of 
extinct animals 

CRISPRs/ 
Cas9 

The TRPV3 gene of 
mammoths which is 
responsible for thermal 
sensation and hair growth 
could be used for modifying 
the genes of Asian 
elephants. Thus transgenic 
“mammoth” can be restored 
through the CRISPR/Cas9 
system on a successful 
transfer of the modified 
embryo into the uterus of 
living elephants 

Lynch et al. (2015) 

Medicine screening 
for humans 

CRISPRs/ 
Cas9 

The novel method was 
developed using CRISPR/ 
Cas9 to monitor the 
endogenous alpha-
synuclein (α-SYN) 
transcription by inserting 
NanoLuc luciferase tag at 
the 3′ end and make it 
possible to screen strategy 
rapidly for Parkinson’s 
disease (PD) therapy 
efficiently. CRISPR/Cas9 
has been also used for 
cancer immunotherapy such 
as targeting chimeric 
antigen receptors T cells, 

Maeder and Gersbach 
(2016), Porteus (2016), 
Limsirichai et al. 
(2016), Basu et al. (2017), 
Martinez-Lage et al. (2017), 
Raquel et al. (2019), Li 
et al. (2020), Qasim (2021)



inactivating HIV receptors
such as CCR5, CXCR5,
LEDGF/p75, inhibiting
viral replication,
inactivating essential viral
genes, knocking out the
endogenous T-cell
receptors, correction of
β-globin mutations in
iPSCs, inactivation of the
enhancer of BCL11A, gene
correction in stem cells,
gene correction in mouse
lung epithelium, gene
correction in human iPSCs
and liver cells
neuromuscular. The
CRISPR/Cas9 is also used
to remove β2M and CCR5
on CD34+ HSCs with
retaining the ability of cells
to undergo
multidifferentiation that
acts as a possible future
treatment for ischemic heart
disease. This tool is also
used to remove cytochrome
P450 (CYP) 2E1 in rat
models and elucidate the
role of the CYP2E1 gene in
toxicology, biochemical
metabolism, and diseases
such as alcoholic cirrhosis
and diabetes

(continued)
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Table 9.2 (continued)

Application Tools Use Reference 

Preparation for cell 
therapy or 
immunotherapy for 
humans 

CRISPRs/ 
Cas9 

The engineered chimeric 
antigen receptor T (CART) 
and induced pluripotent 
stem (iPS) cells were 
developed. CRISPR/Cas9 
has been also used to 
develop iPS cells to escape 
immune rejection in 
immunocompetent 
allogeneic recipients. Now 
CRISPR/Cas9 system may 
further improve the safety 
and efficiency of CART 
cells by altering therapeutic 
T cells. CRISPR/Cas9 has 
been also used in the 

Deuse et al. (2019), Davis 
and Stokoe (2010), Hu 
(2016), Maeder and 
Gersbach (2016), Perales 
et al. (2018), Yang and 
Huang (2019), Universitesi 
(2020), Xu and Li et al. 
(2020), Qasim (2021)



application of
hematopoietic cells mainly
for the genes which are
responsible for
β-thalassemia, sickle cell
disease (SCD), and HIV
infection. This tool is used
to disrupt the CXCR4 and
CCR5 genes in T cells that
act as a functional cure for
HIV. Recently, CRISPR/
Cas9 has been used for
removing CXCR4 and
CCR5 from the induced
pluripotent stem cells
(iPSCs) and targeting the
HIC genome for treatment
purposes. This tool is also
used to produce the iPSC
derived from patients with
hemoglobinopathies by
correcting the hemoglobin
(HBB) mutation. The first
gene therapy clinical trial
using the CRISPR/Cas9
approach involves the
treatment of children
suffering from severe
combined
immunodeficiency
symptoms by targeting the
retroviral delivery of
therapeutic adenosine
deaminase (ADA). Also,
gene editing in CD34+
HSCs, as well as pluripotent
cells, provides new options
for the treatment of
hematologic disorders such
as sickle cell disease caused
by a point mutation in the
β-globin gene and
β-thalassemia which is
caused by other types of
mutations in β-globin

(continued)
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Table 9.2 (continued)

Application Tools Use Reference 

Virus latent 
infection 

TALENs 
and 
CRISPRs/ 
Cas9 

The anti-EBV activity of 
CRISPR/Cas9 that targets 
the Epstein-Barr virus 
genome in infected NPC 
cells has been reported. The 

Barrangou et al. (2007), van 
Diemen et al. (2016), Cohen 
(2017), Imran et al. (2017), 
Zhang et al. (2017)



CRISPR/Cas9 has been also
used in vivo and in vitro to
battle etiological factors of
cervical cancer such as
HPV16 and HPV18. One of
the studies explored the
therapeutic value of
CRISPR/Cas9 when
combined with cisplatin for
mutations in HPV16 and E7
oncogenes of the virus—
showing inhibition of tumor
growth

(continued)
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Table 9.2 (continued)

Application Tools Use Reference 

Genetic disease CRISPRs/ 
Cas9 

Different genetic diseases 
such as sickle cell anemia, 
β-thalassemia, α1-
antitrypsin deficiency, 
muscular dystrophy, cystic 
fibrosis, etc. can be cured by 
gene therapies. The 
screening of transcriptional 
alteration due to CRISPR-
Cas showed protective 
genes against the toxicity of 
alpha-synuclein. The gene 
editing facilitated by 
CRISPR/Cas9 has 
tremendously improved the 
prospects of gene therapy. 
Different ex vivo and 
in vivo experiments of gene 
editing technology showed 
positive results and some 
are under various stages of 
clinical trials 

Cohen (2017) 

Neurodegenerative 
disease 

CRISPRs/ 
Cas9 

The perturbing regulatory 
interactions by synthetic 
modulators (PRISM) are 
applied to the yeast model 
of Parkinson’s disease in 
which sgRNAs were 
identified that modify the 
transcriptional network and 
prevent the cells from 
experiencing α-Syn 
toxicity. Alzheimer’s 
disease was caused by 
APPswe (Swedish) 
mutation in the amyloid 
precursor protein. The 

Chen et al. (2017), György 
et al. (2018), Ricci and 
Colasanta (2021)



CRISPR/Cas9 tool can be
also used to selectively
disrupt the mutant APPsw

allele that decreases the
pathogenic amyloid-β (Aβ)

(continued)

216 R. Kaur et al.

Table 9.2 (continued)

Application Tools Use Reference 

Cancer CRISPRs/ 
Cas9 

The hepatocellular 
carcinoma (HCC) cells 
were inhibited by using the 
CRISPR/Cas9 gene editing. 
The expression of SIRT6 
can be suppressed by 
miR-125b which targets the 
seed-matching region of 3’ 
UTR. After knocking out 
the expression of the SIRT6 
gene through CRISPR/ 
Cas9, the invasiveness and 
viability of HCC cells were 
reduced which had a similar 
function after 
overexpression of 
miR-125b. Gene editing 
technology such as 
CRISPR/Cas9 was also 
tried to inhibit breast 
cancer. Presently, cyclin-
dependent kinases (CDKs) 
are prominent anticancer 
drug targets and CDKs 
inhibitors give clinical 
benefits to cancer patients. 
The deactivated CRISPR/ 
Cas9 (dCRISPR) approach 
has been used for genetic 
manipulations of breast 
cancer cells 

Barone et al. (2018), Song 
et al. (2018), Yang et al. 
(2021), Wang et al. (2022) 

Development of 
testing tools and 
reagents 

CRISPR/ 
Cas9 

As compared to traditional 
methods CRISPR-Cas9 can 
be improved by bacterial 
genotyping to become more 
adaptive to the differences 
in food pathogens. The 
CRISPR locus present in 
different bacterial species 
shows high variances which 
could be developed as a 
highly sensitive basis for 
genotyping. The recently 
developed CRISPR/Cas12a 
(Cpf1) detector system can 

Makarova et al. (2013), 
Chen et al. (2018)



be used for the diagnosis of
cancers, microbial
infections, gene mutations,
and test antimicrobial
resistance

used for the inactivation of pathogenic genes that help in the prevention of parasitic 
or viral infections and knock out specific factors leading to the development of 
pathogens resistance varieties (Ghorbal et al. 2014; Lin et al. 2014; Wu et al. 2015).
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Table 9.2 (continued)

Application Tools Use Reference 

9.3.3 In Genetic Engineering for Insect-Borne Disease 

Interestingly, the targeted nuclease has been also used to limit mosquito or insect-
borne diseases (Burt 2003; Sinkins and Gould 2006). Genome editing enables the 
introduction of a particular gene or mutation in the host that can also get transferred 
to its progeny (Windbichler et al. 2011). This gene editing technique has been used 
in the vector of malaria, i.e., Aedes aegypti, Anopheles stephensi, and Anopheles 
gambiae for disease control and prevention (Gantz and Bier 2015; Hammond et al. 
2016). Countries like Saudi Arabia, Turkey, Korea, Philippines, India, USA, Europe, 
China, and Japan are using the CRISPR technique for combating vector-borne 
diseases (Mahto et al. 2022). Smidler et al. reported the targeted disruption of the 
thioester-containing protein1 (TEP1) gene using TALEN in Anopheles gambiae 
mosquitos, which transmit malaria. The TEP1 gene of An. gambiae has been 
identified as a key gene for immunity against plasmodium infection (Miller et al. 
2011). Gene editing in Ae. aegypti and An. stephensi using ZFNs and TALENs was 
reported in 2013 (Degennaro et al. 2013). De Gennaro et al. investigated the 
involvement of the odorant receptor coreceptor (orco) gene and the odorant receptor 
pathway in host identification and susceptibility to the chemical repellent N,N-
diethyl-meta-toluamide (DEET) in Ae. aegypti (Christian et al. 2010). The devel-
oped ZFN was injected into embryos of Ae. aegypti in this experiment with 
promising results. 

9.3.4 In Genetic Engineering of Industrially Important 
Microorganisms 

The targeted nucleases also offer a convenient means for developing modified 
bacterial and yeast strains for synthetic biology such as metabolic pathway engineer-
ing. For example, the bacterial species belonging to the order Actinomycetales are 
one of the key sources of industrially relevant secondary metabolites. However, the 
large numbers of Actinomycetales species are historically resistant to genetic



manipulation and had severely hindered their use for metabolic engineering. Now, 
CRISPR-Cas9 has been used to deactivate several genes of actinomycetes (Tong 
et al. 2015). This indicates the ability of the CRISPR/Cas9 system to create designer 
bacteria with enhanced secondary metabolite production capabilities. The CRISPR 
has also helped in metabolic pathway engineering in yeast by creating random 
mutagenesis in yeast chromosomal DNA at high efficacy (Jakočiūnas et al. 2015), 
allowing rapid screening of the desired mutants (Ryan et al. 2014). 
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9.3.5 In Genetic Engineering for Functional Genomics 

The CRISPR-based knockout strategy has been playing an important role in func-
tional genomics (Hilton and Gersbach 2015), e.g., facilitated the discovery of 
genomic loci that make cells drug-resistant (Koike-Yusa et al. 2014; Shalem et al. 
2014; Wang et al. 2014a; Zhou et al. 2014; Blancafort et al. 2008). The genome 
editing tools also uncovered how the cells can initiate host immune response (Parnas 
et al. 2015), as well as keep giving new insights into the genetic basis of cell fitness 
(Hart et al. 2015; Wang et al. 2015). The genome editing tools have also increased 
the understanding of how certain viruses affect cell death (Ma et al. 2015). The 
genome-wide application of the CRISPR strategy has helped in the discovery of 
functional noncoding elements (Kim et al. 2013; Korkmaz et al. 2016) and under-
standing of their role in the structure and evolution of the human genome (Findlay 
et al. 2014). The CRISPR has also helped in identifying the factors key to zebrafish 
development (Shah et al. 2015) as well as disease development in mice (Chen et al. 
2015). 

9.3.6 In Genetic Engineering for Therapeutics 

Genome editing technologies have great potential to treat/cure various diseases at 
genetic levels (Cox et al. 2015; Porteus 2015; Maeder and Gersbach 2016). For 
example, the ZFN-mediated disruption of HIV co-receptor CCR5 allowed the 
development of resistance against HIV in both CD4+ T cells (Perez et al. 2008) 
and CD34 hematopoietic stem/progenitor cells (HSPCs) (Holt et al. 2010; Tebas 
et al. 2014). Along with the introduction of gene modifications that enhance autolo-
gous cell therapies, targeted nucleases can also mediate genome editing in situ 
through combining viral vector, such as AAV (Gaj et al. 2016a). The delivery of 
an AAV vector designed to target a defective copy of the factor IX gene and provide 
a repair template had led to effective gene correction in mouse liver increasing factor 
IX protein production in both neonatal (Li et al. 2011) and adult (Anguela et al. 
2013) mice. Recently, the in vivo gene editing tool has been used for the restoration 
of expression of the dystrophin gene allowing the rescue of muscle function in 
mouse models of Duchenne muscular dystrophy (Long et al. 2016; Nelson et al. 
2016; Tabebordbar et al. 2016). A therapeutic gene editing tool has been success-
fully used in a mouse model of human hereditary tyrosinemia disease (Yin et al.



2014). This approach has been also used for the correction of disease-causing 
mutations in the ornithine transcarbamylase gene in the liver in a neonatal model 
of disease (Yang et al. 2016). 
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9.3.7 In Genetic Engineering: Epigenome Editing (Modulating 
Gene Expression) 

Along with the DNA recognition ability of CRISPR-Cas9, the flexibility associated 
with constructing arrays of ZFs and TALEs proteins capable of binding to specific 
sequences allows their fusion with transcriptional activator and expression protein 
domains to modulate the expression of any gene from its promoter or enhancer 
sequences. The fusion of engineered zinc finger proteins either with the transcrip-
tional domain derived from herpes-simplex or Kruppel-associated box (KRAB) 
repression protein had been used for the generation of the first fully synthetic 
transcriptional effector protein (Sadowski et al. 1988; Margolin et al. 1994; Beerli 
et al. 1998). Several other types of effector domains were extended and featured over 
the next 15 years using the zinc finger-based transcriptional modulators (Beerli and 
Barbas 2002). For example, modulation of transcription through targeted methyla-
tion or demethylation was done using the Dnmt3a methyltransferase domain 
(Rivenbark et al. 2012; Siddique et al. 2013) and the ten-eleven translocation 
methylcytosine dioxygenase 1 (TET1) (Chen et al. 2014). The TALE transcription 
factor has also emerged as an effective platform to achieve modulation of targeted 
transcription (Miller et al. 2011; Zhang et al. 2011). Similar to zinc finger, the TALE 
is also compatible with several modifiers such as the TET1 hydroxylase catalytic 
domain which is used for targeted CpG demethylase domains (Maeder et al. 2013), 
and the lysine-specific histone demethylase domain (LSD1) which has been used for 
targeted CpG histone demethylation (Beerli et al. 2000; Pollock et al. 2002; 
Magnenat et al. 2008; Polstein and Gersbach 2012; Maeder et al. 2013; Mendenhall 
et al. 2013; Perez-Pinera et al. 2013). TALE activators have also been effectively 
engineered to regulate gene expression in response to endogenous chemical stimuli 
(Li et al. 2012), proteolytic cues (Copeland et al. 2016; Lonzarić et al. 2016), 
external stimuli (Mercer et al. 2014), and optical signals (Konermann et al. 2013). 
The potential is immense. 

9.3.8 Genome Engineering for Transcription Modulator 

Because of the excellent ease, the CRISPR-Cas9 system has been also used for 
transcriptional modulation via fusion of a particular effector domain with the 
catalytically disabled variant of Cas9 protein (Qi et al. 2013). The mutant form is 
unable to cleave DNA and is referred to as dCas9 (Dead Cas9 Endonuclease) 
because of its ability to bind to the DNA in an RNA-directed manner. The carboxyl 
domain of dCas9 protein fused with the effector domain can modulate the gene 
expression from either strand of the targeted DNA sequences (Farzadfard et al. 2013;



Maeder et al. 2013; Perez-Pinera et al. 2013; Gilbert et al. 2014; Hu et al. 2014). 
Moreover, dCas9 can inhibit gene expression by simply blocking the transcription 
initiation or elongation via the process known as CRISPR interference (Qi et al. 
2013), whereas the fusion of transcriptional repressor domains with dCas9 can also 
be used to effectively silence a gene from the promoter region (Gilbert et al. 2013; 
Balboa et al. 2015; Zalatan et al. 2015). The light-inducible dCAs9-based system has 
been shown to be capable of allowing optical control of gene expression or achieving 
altered conditional control of gene expression (Nihongaki et al. 2015; Polstein and 
Gersbach 2015). The first-generation dCas9 activators were found to display a 
sub-optimal level of activation (Karlson et al. 2021). The development of second-
generation CRISPR activators has rapidly emerged and expanded as a hugely 
promising area of research (Vora et al. 2016; Chen and Qi 2017). 
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Even though a lot has been accomplished using these genetic engineering tools 
still many challenges remain to limit the realization of the full potential of the 
genome editing tool. Most importantly are the development of new techniques 
which are capable of introducing gene modifications without DNA breaks such as 
Oligonucleotide-Directed Mutagenesis (ODM) and Base Editing (Komor et al. 
2018). These methods can convert one target base pair to a different base pair 
without requiring DSBs and in the future can be promising technologies for the 
study of potential treatments for genetic diseases (Komor et al. 2018). The targeted 
recombinases that can recognize specific DNA sequences and incorporate desired 
therapeutic factors into the human genome can be designed and developed (Akopian 
et al. 2003; Pruett-Miller et al. 2009; Mercer et al. 2012; Gaj et al. 2013a; Sirk et al. 
2014; Wallen et al. 2015). This could very well herald the era of the beginning of the 
union between regenerative medicines and genome engineering (see Table 9.2). 
However, despite the existence of substantial knowledge gained from genome 
editing in immortalized cell lines, its application in regenerative medicine that 
requires genetic manipulation of the progenitor or stem cell populations is still in 
its infancy as their epigenome as well as the organization of the genome and its 
functional regulation is inherently different from the transformed cell lines. It is 
important to fully explore and understand the functional landscape of the potential 
role and usage of these technologies in progenitor cells and stem cells before their 
large-scale usage in designer therapeutic applications that could mean reprograming 
the cell fate and behavior for the next generation of advancement in gene therapy and 
synthetic biology. 
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Abstract 

The human-gut-microbiome is the diverse microbial community consisting pre-
dominantly of bacteria although also includes fungus, viruses, protists and other 
organisms that have tightly coevolved with human genome and diet. Accord-
ingly, these significant communities play a significant role in supporting human 
robustness as a result of coevolution of microbiome and the host. Understanding 
the relevance of gut microbiome in modulating host health has grabbed the 
interest of researchers from multiple fields. Microbiome research, which is 
inherently interdisciplinary, has benefitted from developments in the systems 
and the conventional microbiology, biomaterials engineering and synthetic biol-
ogy. This chapter highlights and provides an update on various technologies in 
GIM research and their applications in the gastrointestinal microbiota therapy, 
such as NGS (Next-Generation Sequencing), Omics, Crisper, Microfluidics, 
Metabolomics, Metatranscriptomics, FMT (Faecal microbiota transplantation) 
and advanced culturing technology, with the goal of increasing interest in the 
validation, evaluation and eventual practices of these technologies in the diagno-
sis as well as therapy incorporation. Here, we will discuss the emerging 
technologies and their potent effects on gut microbiota analysis. 
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10.1 Introduction 

The human gastrointestinal tract contains a staggering variety of fungus, viruses, 
bacteria and protists, as well as trillions of other creatures, making it one of the most 
complex and diverse ecosystems ever discovered. The phrase ‘microbiota’ refers to 
this group of commensals, which is often dominated by bacteria, while the term 
‘microbiome’ refers to their collective genome. The gut microbiome plays a crucial 
part in the health of host, that includes but it is not restricted to the maturation of 
immune system and the alteration of intestinal-morphology and angiogenesis, the 
prevention of pathogenic infection, the fermentation of undigested polysaccharides 
and the synthesis and conversion of bioactive compounds (Matsuki and Tanaka 
2014; Blaut 2018; Valdes et al. 2018; Pires et al. 2019). 

Furthermore, the microbiota has found and is considered as a significant 
modulator of human health, even being proposed as an ‘essential organ’ of human 
body (Kashyap et al. 2017; Wang et al. 2017). Whereas significant alterations in 
microbiome composition have been observed in many disorders, identifying a 
distinctive makeup of a ‘healthy’ microbiome has been problematic with respect to 
inter-individual heterogeneity (Lloyd-Price et al. 2016). 

Electrophoresis-based methods, such as denaturing gradient gel electrophoresis 
(DGGE) and temperature gradient gel electrophoresis (TGGE) and polymerase chain 
reaction (PCR)-based methods, such as terminal-restriction fragment length poly-
morphism (T-RFLP) and random amplified polymorphic DNA (RAPD), have tradi-
tionally been used for studying this microbiome independently of culture. The 
cytogenetic technique of fluorescence in situ hybridisation (FISH) has been used 
to study certain gut microbiota members, including the pathogens Listeria 
monocytogenes, Salmonella species, Helicobacter pylori and Yersinia 
enterocoliticai (Guimarães et al. 2007; Baysal 2014; Becattini et al. 2017; Prudent 
and Raoult 2019). Russmann et al. (2001) employed fluorescence in situ 
hybridisation (FISH) for the analysis of Helicobacter pylori strains isolated from 
patients. There are many issues with these approaches, such as a lack of resolution, 
specificity and sensitivity, as well as the need for highly targeted probes. Several 
studies have shown that the gut has a diverse and abundant microbiome, but until 
recently, interpreting the resulting large data was prohibitively expensive and time-
consuming. However, recent improvements in sequencing and culture—or emerging 
technologies—have changed both that. Such technologies include NGS (Next-
Generation Sequencing), Omics, Crisper, Microfluidics, Metabolomics, 
Metatranscriptomics, FMT (Faecal microbiota transplantation), and advanced cul-
turing technology (Arnold et al. 2016). They have significant advantages over more 
traditional or older technology. Furthermore, this paper will primarily focus on 
emerging technology and its advantages over traditional technology and on 
comprehending the role of emerging technology in host-microbiome interactions 
(Fig. 10.1).
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Fig. 10.1 Different 
Emerging Technologies in 
Exploring the Potential of Gut 
Microbiota in Human Health 

10.2 The Gut Microbiome and Human Health 

Humans are associated in a symbiotic-relationship with up to 1014 microorganisms 
(Savage 1977). Most of these host-specific bacteria are found in the gastrointestinal 
system, where they have incredible metabolic potential and are important for the 
maintenance of human health (De Vos and de Vos 2012). The total genetic repertory 
of all gut microbes represents one order of magnitude more than the genetic 
repertoire of the human genome (Fan and Pedersen 2020). It is also regarded as 
the ‘essential organ’ of the human body to certain extent (Ding et al. 2019). 
According to Kau et al. (2011), the gut microbiota influences host gene expression 
as well as immune response, which in turn affects general health. The gut microbiota 
also improves the host’s response to pathogen invasion (Sobhani et al. 2011; Carding 
et al. 2015; Ramakrishna et al. 2015). Normal gastrointestinal tract residents aid in 
metabolism of the polysaccharides taken by host (Tremaroli and Bäckhed 2012), as 
well as interactions between bacteria within the microbiome improve this metabolic 
capacity, further increasing polysaccharide consumption (Gill et al. 2006). 

Furthermore, particularly on association with the host, gut microbiota can pro-
duce a variety of metabolic products that can have an impact on human health, either 
positively or negatively. Indigestible carbohydrates such as hemi-cellulose, cellu-
lose, pectin, resistant starch, lignin and oligosaccharides could be converted into 
short-chain fatty acids (SCFAs), i.e. propionic, butyric and acetic acids by these 
bacteria. These fatty acids enter the colon after escaping from the upper gastrointes-
tinal tract during digestion (Lin and Zhang 2017; Thursby and Juge 2017). There are 
numerous pathogenic effects on the host whenever the production of short-chain 
fatty acids is disrupted (Perry et al. 2016). The gut microbiota plays a crucial part in 
manufacture of vitamins including thiamine, biotin, riboflavin, cobalamin, 
pantothenic acids and nicotine as well as vitamin B & K, thus can also have positive 
impacts on the host organism (LeBlanc et al. 2013). Additionally, the gut microbiota 
has peculiar ability to produce certain neurochemicals that can impact the peripheral 
and central neurological systems (Forsythe et al. 2010). In addition to promoting 
health, gut microbes can prevent disease by modulating the immune system (Medina



et al. 2007). As demonstrated for Bifidobacterium longum, which significantly 
increases interleukin-10 and proinflammatory cytokines like TNF-production 
(Medina et al. 2007) that guards against tumour growth in the host (Lee et al. 
2008). It is hypothesised that physiological changes in the colon and small intestine, 
such as nutritional and chemical gradients as well as isolated host immunological 
activity, impact the make-up of the bacterial communities (Donaldson et al. 2015). 
Further, a vital role of the interior environment of humans is played by the gut 
bacteria. 
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Fig. 10.2 Factors affecting 
gut microbial composition 

Several additional factors, such as nutrition, host genetics, age, exercise, use of 
antibiotics, smoking and geographic influences, all alter the composition of the gut 
microbes (Bäckhed et al. 2015; Schanche et al. 2015; Chen et al. 2018; Clarke et al. 
2014; Biedermann et al. 2013; Ramnani et al. 2012). Additionally, similar composi-
tional alterations in the microbiota (dysbiosis) have been linked to a number of 
illnesses, including obesity (Shen et al. 2013), diabetes (Naseer et al. 2014), colorec-
tal cancer (Azcárate-Peril et al. 2011) and the allergies (Panzer and Lynch 2015) 
(Fig. 10.2). 

10.3 NGS (Next-Generation Sequencing) Technology 

Analysing the gut microbiota in the past relied on isolation and culture, but the 
accuracy of the research was severely hampered by the challenge of growing 
anaerobic bacteria, that are prevalent in the intestine. Research on the intestinal 
microbiome has recently been drawn to the development of next-generation 
sequencing (NGS), that could precisely assess microbial components without culture 
(Tang et al. 2020).
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10.4 Fundamental Considerations in the Use of NGS 

When examining the gut microbiota, one of the first questions to ask is which 
microorganisms are present in a particular sample. Finding the plethora and the 
functional profiles of the microorganisms present, as well as comprehending intra-
species and population heterogeneity, are further questions that can be answered by 
NGS analysis (Durazzi et al. 2021). In order to answer these queries, NGS 
techniques directly sequence microbial DNA or RNA, for instance, from faecal, 
blood and/or tissue samples. Amplicon sequencing and shotgun metagenomic 
sequencing are the two main NGS methodologies currently in use, because of 
NGS’s decreasing cost. However, because it enables the determination of the 
transcriptome, which is an additional step for characterising the function of the 
microbiota, RNA sequencing is also a valid and, in some respects, superior method 
for classifying microbes (Cottier et al. 2018; Clooney et al. 2016). NGS platforms 
are often used and come in a number of configurations. Among these are the Roche 
454 GS FLX, Oxford Nanopore, Illumina (MiSeq and HiSeq), Ion Torrent/Ion 
Proton/Ion Proton and SOLiD 5500 series (Malla et al. 2019). 

10.5 16S rRNA Gene Amplicon Sequencing 

Through use of the metagenomic techniques and high-throughput sequencing 
technologies, the gut microbiome has been thoroughly studied. In order to analyse 
the diversity, community structure and functionality of microbial species, 
metagenomics involves the sequencing of the entire community’s DNA (Albenberg 
and Kelsen 2016). To determine the microbial make-up of a community in an 
environment like the gut, bioinformatics and the hypervariable region of 16S 
rRNA gene sequencing have been extensively used. The gut microbiome of persons 
living in Amazon was characterised by 16S rDNA Illumina sequencing (Pires et al. 
2019), which revealed a significant variance in composition when compared to 
individuals living in industrialised environments. Similar to this, Barone et al. 
(2019) used data from the 16S rRNA gene sequencing to understand gut microbiota 
response to a contemporary Palaeolithic diet in a setting of a Western lifestyle. The 
16S rRNA gene is a perfect target because it is widely distributed and highly 
conserved among bacteria (without that, bacteria would not be able to translate 
mRNA in to the proteins and would therefore be non-functional), as well as because 
it has nine hypervariable regions (V1–V9) that vary within different bacterial species 
as well as genera. As a result, it is possible to construct PCR primers so that the 
forward and reverse primers bind to conserved areas but amplify an intervening 
variable region (Wensel et al. 2022). With the help of this technique, it is no longer 
necessary to cultivate individual bacteria, clone certain genes, or blot for a particular 
RNA in order to identify community members (Arnold et al. 2016). The biased 
nature of the databases used for comparisons is a significant flaw in this approach 
(Ajayi et al. 2020).
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10.6 Whole-Genome Shotgun (WGS) 

By enhancing the knowledge acquired by 16S/18S rDNA amplicon sequencing, 
whole-genome shotgun (WGS) sequencing can identify DNA viruses and reveal 
details about the composition of genes and metabolic pathways (Palmero et al. 
2010). Bacteriophages, which are primarily bacterial DNA viruses, predominate in 
the gut virome, which also contains a varied population of eukaryotic viruses with 
both DNA and RNA encoding (Reyes et al. 2015, 2010). By influencing the bacterial 
ecology and interacting directly with host cells, the virome has a significant impact 
on host health (Reyes et al. 2015; Focà et al. 2015). However, as the majority of 
current findings which are based on the 16S/18S rRNA amplicon sequencing data, 
virome data are frequently left out of microbiome compositional investigations. By 
destroying their bacterial hosts while lytic growth or by changing gene expression 
while the lysogenic conversion (Mills et al. 2013), bacteriophages can modify the 
composition of the microbiome. The genes engaged in DNA replication, amino acid, 
carbohydrate, lipid metabolism, signal transduction as well as transcription control 
have also been found to be encoded by the eukaryotic viruses as bacteriophages in 
the gut (Reyes et al. 2015; Focà et al. 2015). 

To obtain the right gut microbiome samples for NGS, though, is essential. The 
intestinal microbiome cannot be accurately represented by the sampling techniques 
currently used to gather samples from intestinal aspiration, faeces and mucosal 
biopsy, all of that which may have certain flaws (Tang et al. 2020). 

10.7 Omics Technology in Gut Microbiota 

‘Meta-omics’ approaches offer a way to investigate and comprehend the systems 
biology of the gut microbiome at many stages of expression (Lamendella et al. 
2012). Here, we will talk about several cutting-edge meta-omics techniques used in 
the human digestive system. The study of complex human diseases has been 
revolutionised by the development of modern ‘omics’ methodologies and techniques 
that offer an unprecedented genome-wide perspective of genetic diversity, gene 
expression, interactions with microbes and environmentally responsive epigenetic 
alterations (Donlin et al. 2019; Nemtsova et al. 2019; Kishikawa et al. 2019). 

10.8 Metagenomics 

It refers to the environment’s whole-community DNA being sequenced without 
being targeted (Escobar-Zepeda et al. 2015). Shotgun sequencing is frequently 
used to profile the taxonomic composition of a sample, such as faeces, with a diverse 
microbial community (down to the strain level) and to evaluate the functional 
potential of the sample. Large-scale studies of complex microbiomes have been 
made possible by metagenomics, which has also helped to clarify functional 
variations between the states of health and sickness. In addition to characterising



non-bacterial microbial communities including fungi and viruses that have recently 
been revealed to possibly play a significant influence in host health, it enables strain-
level resolution of gut bacteria (Gilbert and Dupont 2011; Oulas et al. 2015). By 
concurrently examining two facets of a microbial community—who is present and 
what they might be able to do—metagenomics offers the chance to learn more about 
both. Though effective, this method has a lot of drawbacks: In comparison, it is 
substantially more expensive than 16S rRNA gene sequencing. Additionally, there 
are numerous bacterial genomes that have not yet been fully annotated, and there are 
concerns about the correctness and even coverage of databases (Segal et al. 2019). 
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10.9 Metatranscriptomics 

In metatranscriptomics, RNA sequencing is used to examine the transcriptional 
activity of microbiota (Aggarwal et al. 2022). While metagenomics outlines the 
community’s microbiota’s genetic potential, metatranscriptomics provides informa-
tion about the actual genetic endeavour within a community phenotype and the 
genomic potential of a community’s microbiota (Segal et al. 2019). 
Metatranscriptomics, as opposed to metagenomics, enables the detection of active 
microorganisms, genes and the associated pathways in microbial communities 
(Aggarwal et al. 2022). In the human microbiota, metatranscriptomics techniques 
have facilitated a deeper comprehension of host–microbiota interactions, active 
microbiota and their pathways and expression alterations in disease progression 
(Nowicki et al. 2018; Schirmer et al. 2018). As a result, the metatranscriptome 
provides dynamic, contextualises microbial functional activity to the human pheno-
type and, when combined with metagenomics, offers a profound understanding of 
the molecular pathways by which gut bacteria contribute to both health and illness 
(Bashiardes et al. 2016; Lavelle and Sokol 2018). It has tremendous utility in 
reorienting our knowledge of the descriptive gut microbiome towards a deeper 
comprehension of host-microbial causative pathways in causing disease and homeo-
stasis (Segal et al. 2019). The field of metatranscriptomics has a number of signifi-
cant limitations. Host contamination can be found in substantial amounts in tissues 
like colonic biopsies, when the biomass is composed almost entirely of host cells. 
Deep sequencing of the full mRNA is required in such scenarios to establish a 
representative insight into the mucosally adherent microbial pattern of gene expres-
sion. The translated protein or microbial transcriptome databases are incomplete and 
contain many genes that have not yet been assigned a recognised function. The 
microbial functional profile is frequently interpreted insufficiently and somewhat 
biasedly as a result of this information gap, although this is likely to alter as this field 
develops over time (Segal et al. 2019).
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10.10 Metaproteomics 

Alternately, metaproteomics can be used as substitutive method of observing gene 
activity in the microbiome. In a 2009 study, metaproteomics was first used to assess 
microbial function in ambient and gut microbiota samples from twins (Wilmes and 
Bond 2006; Verberkmoes et al. 2008). Numerous research have so far shown how 
human microbiome samples can be used for metaproteomics analysis (Issa Isaac 
et al. 2019; Long et al. 2020; Tanca et al. 2017). Since it has lower throughput than 
metatranscriptomics deep sequencer-based analysis, metaproteomics is not as popu-
lar. Metaproteomics can also provide information on post-translational modifications 
in proteins and the expression of proteins released from the host cell, even though 
metatranscriptomics is unable to explain these circumstances (Zhang et al. 2017). 
The inadequacy and a typical study’s millions of tandem mass spectra (MS/MS) 
were produced with inadequate validation of the anticipated protein databases 
utilised for peptide matching (Lamendella et al. 2012).The ability of post-
translational changes to affect microbiome function without changing their compo-
sition underlies the significance of metaproteomics in gaining mechanistic insights 
into the phenotypes connected to the microbiome. Multimeta-omics approaches 
have been used to thoroughly recognise the gene activity of the microbiota as well 
as interconnections between the microbiota and the host, taking into account the 
benefits and drawbacks of meta-omics approaches (Aggarwal et al. 2022). 

10.11 CRISPR 

According to Hille and Charpentier (2016), CRISPR-Cas is currently the sole 
adaptive immune system in prokaryotes. Although now it is generally acknowledged 
as a genetics tool, CRISPR was first identified in archaea as an immune system. 
Through the introduction of DNA breaks and homologous recombination that use 
donor DNAs, CRISPR is primarily used for gene editing (Aggarwal et al. 2022). 
Numerous organisms, even those whose genomes were before thought to be difficult 
to edit, have experienced an acceleration in genome engineering due to CRISPR-
directed homologous recombination (Reardon 2019). In order to characterise the 
gene function of phenotypes connected to the microbiome, CRISPR has been further 
utilised to create the microbiome as well as commensal bacteria. Despite the 
widespread availability of CRISPR-driven gene editing for many organisms, most 
commensal bacteria with low homologous recombination activity experience cell 
death as a result of DNA breakage brought on by CRISPR/Cas9 rather than gene 
editing. Therefore, CRISPR/Cas9 cannot be applied to bulk of the commensal 
bacteria that are non-models. CRISPRi, CRISPRa, or base editors may be less 
harmful options for these microorganisms. CRISPRi and CRISPRa can be applied 
as customised transcription factors for building genomic circuits because of their 
great degree of programmability. Because of its lesser toxicity when compared to 
utilising bacteria, microbiome editing with base editors is likely to soon be used in 
therapies, unlike CRISPR/Cas9 gene editing, which introduces changes through



DNA strand breaks as well as subsequent homologous recombination. A variety of 
genomic DNA can be modified with CRISPR (Aggarwal et al. 2022). Despite the 
fact that a significant portion of commensal microorganisms are not cultivable, DNA 
delivery is nevertheless the very first step in experimental modification for down-
stream processes. 
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10.12 Faecal Microbiota Transplantation (FMT) 

FMT is the most avant-garde therapy strategy (Quaranta et al. 2019). FMT involves 
injecting a healthy donor’s faeces suspension into the patient’s intestinal tract to cure 
a specific disorder linked to altered gut microbiota (Cammarota et al. 2017; Filip 
et al. 2018). Regardless of how FMT is administered, there is sufficient evidence to 
conclude that it is a highly effective treatment option for a number of intestinal 
illnesses, with the capacity to restore gut microbiota compositions and functions that 
are identical to those of recipients (Li et al. 2016). FMT can also be utilised to treat 
other extra-intestinal disorders caused by altered microbiota. Colorectal cancer, 
Parkinson’s disease, atherosclerosis, coronary artery disease (CAD), rheumatoid 
arthritis, multiple sclerosis, irritable bowel syndrome, insulin resistance, obesity, 
autism, diarrhoea, allergic disorders, metabolic syndrome, colon cancer, anti-tumour 
immunity and neuropsychiatric disorders are a few clinical conditions for which 
FMT may be a potent therapeutic strategy (Holvoet et al. 2017; Johnsen et al. 2018; 
Aroniadis et al. 2018; Quaranta et al. 2019). In contrast to probiotics and prebiotics, 
whose colonisation appears to be temporary, it can be formed in a single-dose 
regimen, providing therapeutic potential, and it promotes microbial diversity without 
upsetting microbial gut ecology, which is employed in antibiotic treatment 
(Weingarden and Vaughn 2017). It is unclear exactly how FMT works to cure 
certain disorders. It may be caused by changes in the bacterial compositions, altered 
metabolic profiles of the hosts, the presence of donor-derived peptides that alter host 
immune responses and the participation of novel species of gut microbiota found in 
the healthy donor faeces (Gianotti and Moss 2017). Despite all of these benefits, 
there are still a lot of unfavourable side effects and challenges that this trend must 
overcome. It has been demonstrated that after therapy, the microbiota of the treated 
individuals resembles that of the donor. FMT’s safety issue originates from the 
intricacy of the faeces microbial community, which is another drawback (Hansen 
and Sartor 2015). Numerous studies have demonstrated the potential for the trans-
mission of microorganism-based infections or detrimental disease phenotypes such 
as metabolic syndromes, diabetes, obesity, and chronic cardiovascular diseases 
(Harsch and Konturek 2019). 

10.13 Microfluidic 

The gastrointestinal microbiota may be traced, examined and controlled at the 
single-cell level due to microfluidics technology (Ajayi et al. 2020). Organ Chips 
are basically microfluidic cell culture tools that were initially created utilising



techniques modified from the production of computer microchips (e.g. soft lithogra-
phy), they imitate tissue- and organ-level physiology by having constantly perfused 
chambers filled with living cells (Bhatia and Ingber 2014). Liu and Walther_Antonio 
discovered two potent microfluidic tool that could be harnessed in sorting of cells, 
cell screening, cell culture, metabolic screening/analysis, gene expression and 
genome applications. This approach made it possible to thoroughly examine partic-
ular bacterial species and determine how they assist keeping the integrity of the 
gastrointestinal tract (Ajayi et al. 2020). The establishment of organs on chip is yet 
another intriguing advancement in microfluidics for microbiome research. Addition-
ally, the intestine is the location where majority of the commensal microbes in the 
gut microbiome reside and communicate with the host immune machinery and gut 
lymphoid tissues, which greatly aids in maintaining intestinal homeostasis (Garrett 
et al. 2010; Round and Mazmanian 2009). 
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10.14 Microfluidic Intestine Chip Models 

The support for laminar fluid flow is provided by microfluidic devices with hollow 
micro-channels below 1 mm in width and fluid volume management from nanolitre 
to microlitre scales, thus making them feasible for use in living cell culture. The 
fluidic control also allows for a strictly regulated spatiotemporal allocation of 
nutrients, growth factors, drugs, or even sometime toxins to the intestinal epithelium 
developed over the microfluidic channels (Bein et al. 2018). A common porous 
polycarbonate or polyester membrane with ECM coating that has one of its surfaces 
cultivated with immortalised human intestinal epithelial cells separates two hollow 
channels that make up Intestine Chips (Gao et al. 2013). The solid polymer sub-
stance that obstructed the epithelium’s abluminal surface prevented this design from 
allowing investigation of intestinal barrier function. Additionally, the HuMiX mul-
tichannel intestinal chip has been explained which uses nanoporous membranes to 
divide layers of intestinal Caco-2 epithelium from a luminal microbial compartment 
(Shah et al. 2016). 

10.15 Mechanically Active Gut Chip Model 

A more refined two-channel microfluidic Gut Chip prototype has been designed that 
permits human intestinal-epithelium to flourish and coexist along with immune cells, 
capillary endothelium and even the commensal microbial cells to develop, cohabit 
and communicate while in vitro undergoing peristalsis-like mechanical deformations 
and physiologically relevant fluid flow (Kim et al. 2015). Polydimethylsiloxane 
(PDMS), a gas-permeable, flexible, silicone polymer is used to design the Gut 
Chip which is crystal clear, so that it enables imaging at high-resolution using 
differential interference contrast, phase contrast or immunofluorescence-confocal-
microscopy. It is bordered on either side by hollow, full-height side on chambers and 
has two parallel microchannels (<1 mm-wide) that are separated from one another



by thin (w20 mm), flexible, porous, ECM-coated PDMS membrane (Kim et al. 2012, 
2015; Kim and Ingber 2013; Huh et al. 2013). It is significant to note that coculture 
of living commensal microbes is also possible since the Gut Chip maintains contin-
uous fluid flow, villi creation and mucus production (e.g. Lactobacillus rhamnosus 
GG) (Kim et al. 2012). 
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The fundamental application of microfluidics is to research bacterial cells’ real-
time susceptibility to antibiotics (Cama et al. 2020). Additionally, it has clinical 
applications for diagnosis, drug delivery, studying the pathophysiology of gastroin-
testinal illnesses and personalised or individualised medicine (Ajayi et al. 2020). 

10.16 Advanced Culturing Techniques 

With the development of various bacterial culture techniques over time, it is now 
feasible to cultivate a sizable number of hitherto uncultivated gut bacteria (Ajayi 
et al. 2020). Culturomics is one such cultural method. According to Lagier et al. 
(2016), culturomics is a method of culturing that uses various culture conditions 
along with 16S rRNA gene amplification/sequencing and matrix-assisted laser 
desorption/ionisation time of flight (MALDI-TOF) for identification. High-
throughput culture techniques offer the clear advantage of improving the 
culturability of bacterial populations that would otherwise be ‘non-culturable’, 
allowing for a more thorough investigation of identified species. This method 
requires specialised laboratories, takes a lot of time and is highly complex. Addi-
tionally, this method can be helpful in the preparation and administration of 
probiotics. Only a small portion of the microorganisms that live in the gut can be 
cultured. Despite the fact that recent studies using gnotobiotic mice and anaerobic 
culturing methods were able to successfully culture 50% of the species of bacteria 
identified by 16S rDNA amplicon sequencing, covering nearly 70% known genera 
and >90% families (Goodman et al. 2011; Faith et al. 2010), the majority of the 
diversity present inside the gut microbiota is at the strain level, making identification 
and cultivation a challenging task. Additionally, individual microorganisms’ mor-
phology, physiology and biochemistry may be researched, and it is simple to assess 
how they react to or interact with medications. This makes it possible to treat gut 
disorders effectively. Traditional microbiology approaches have been advanced by 
advances in culturing technology, including the use of anaerobic environments and 
gnotobiotic animals. Since so many initially uncultivable bacteria may now be 
grown in environments created to mimic their natural growth circumstances, it is 
possible to isolate hitherto undescribed species (Connon and Giovannoni 2002). 
Additionally, improvements in culture control technology have made it possible to 
trigger gastrointestinal (GIT) parameters such as acidity and bile content (Adamberg 
et al. 2014). High-throughput culturing is now achievable due to new culturing 
technology and the knowledge offered by NGS (Connon and Giovannoni 2002).
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10.17 Future and Conclusion 

Our inability to culture majority of gut microorganisms, the fact that most of these 
bacteria are novel and lack any closely related previously cultivated strains and the 
lack of practical biomarkers of the microbiome functioning in body have all severely 
limited traditional studies on the exploration potential of the human gut microbiota. 
An emerging perspective is being created on the role that our gut microbiome plays 
in human systems biology thanks to recent developments in tools like NGS (next-
generation sequencing), Omics, Crispr, Microfluidics, Metabolomics, 
Metatranscriptomics as well as FMT (faecal microbiota transplantation) and 
advanced culturing technology. To better understand these host-microbe interactions 
and to promote human health, these techniques give us better knowledge and 
information. 

New gut microbiome research endeavours are made possible by these technical 
developments taken together. The gut microbiome is a key regulator of human health 
and will continue to draw researchers among a variety of scientific disciplines. At the 
same time, technological advances across many scientific disciplines will abide to 
give us tools we need to further unveil the potential of the gut microbiome as a target 
for personalised medicine. Additionally, this new technology will undoubtedly help 
us gain a clearer knowledge of gut microbial dysbiosis, which will help to lessen the 
burden this condition puts on human health. 
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Abstract 

Microorganisms play a significant role in human health and the sustainability of 
the environment. The last two decades have revolutionized the world of 
microorganisms where one can explore those bacteria and viruses that were 
earlier inaccessible. Traditional tools and techniques contribute at the integral 
level to diagnose the various diseases of humans and animals. However, these 
techniques demand pure isolate as a prerequisite. Therefore, an alternate tech-
nique (metagenomics) was evolved that has replaced the cultivation glitches of 
microbiology and relies on direct cloning of the community DNA of a habitat. 
The functional and sequenced-based metagenomic approaches were well 
explored to retrieve the novel genes and explore the microbial community 
composition. Later, the microbiome-based studies were clubbed well with several 
other genomic and proteomic-based tools for a better understanding of the 
dynamics of the inhabitant microbiomes of a human host. With the decreasing 
cost of sequencing and generation of massive sequencing data, the microbiome-
based investigation grabbed attention. The development of the fecal microbiota 
transplantation (FMT) technique for treating Clostridium difficile infection is one 
of the classic examples of the microbiome-based therapy. The assessment of the 
oral disease was also remarkably improved where most of the illnesses are 
polymicrobial. These tools exhibit the potential for developing a microbiome-
based consortium to improve human and animal health. Besides, the diagnosis of 
infectious diseases also becomes more sensitive, accurate, rapid, and cost-
effective with the aid of these tools. 
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11.1 Introduction 

Microorganisms are ubiquitous in the environments including humans in and out of 
their surfaces. These unseen microorganisms share a similar count of the total 
number of cells in a human body (Sender et al. 2016). Therefore, this plethora of 
microorganisms can be similar to a multicelled organ (Plutchik 2001). The total 
count of microorganisms present in a habitat is defined as “Microbiome,” which can 
be further specified on the basis of microbial types such as bacterial microbiome 
(bacteriome), viral microbiome (virome), and fungal microbiome (mycobiome). 
With the existence of one microorganism-one disease status, how a single microor-
ganism exhibits the potential to affect the overall health of the human host? It also 
includes the nearby host cells as well as microbial cells. Most oral diseases are the 
consequence of polymicrobial associations that not only include various bacterial 
species but also microorganisms of other domains such as yeast and fungi (Yarieva 
2022). Therefore, it is highly important to understand the overall microbiome 
dynamics. The count, as well as the diversity of the microorganism, differs in 
different niches of the human body. With a total count of 10–100 trillion bacterial 
cells, the gut is considered as the most abundant habitat for bacteria in the human 
body. It was followed by the oral cavity, where the count of the bacterial species is 
more than 700 (Verma et al. 2018). Besides, lung (Man et al. 2017), skin (Skowron 
et al. 2021), armpits (Akani et al. 2021), vagina (France et al. 2022), liver (Gola et al. 
2021), kidneys (Mertowska et al. 2021), and other visceral organs are significantly 
high. The role of bacteria as commensals (Khan et al. 2019), symbionts (Henriquez 
et al. 2021), and another beneficial effects (Mohajeri et al. 2018) are well established 
in the literature to sustain the human well-being. However, in past few years, 
commendable research has been done to understand the microbiome dynamic in 
the context of human health. Due to several microhabitats in the human body and 
their interactions with inhabitant bacteria as well as external environments, the 
microbiota can be considered a dynamic ecological community (Khalighi et al. 
2022). These microhabitats exhibit specific community composition that exclusively 
relies on the localized physiological environment of the organs (Foxman et al. 2008). 
Despite the several microbial habitats, the human body serves as an excellent 
ecosystem by maintaining a dynamic equilibrium. Moreover, it is now the prerequi-
site to this microbial structure unaltered to maintain the body healthy. This dynamic 
equilibrium can be altered due to exposure to environmental interferences 
(Dethlefsen et al. 2006). An altered microbiome (dysbiosis) led to the onset of 
several diseases (Fig. 11.1). Gut and oral habitats have been extensively studied 
for such dysbiotic states that resulted in diseased conditions. It has also been reported 
that most of the abundant bacteria in the gut have been associated with health status.
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Though it was oppositely reported in the case of the vaginal microbiome, where 
higher diversity is closer to the diseased state. It indicates that microbial profile can 
be correlated with the physiopathological states of the human body. It would be 
interesting to explore the knowledge of microbiome-based information for a better 
understanding of the diseased or healthy status of a host. However, the cultivation of 
microorganisms to their pure form is the biggest bottleneck. With the best of the 
traditional approaches of cultivation techniques, it is not possible to capture the 
entire microbial community on Petri-dishes for their extensive analysis from any 
habitat including humans. This way, microbiologists lose most of the portion of 
more than 99% and represent an incomplete analysis. Metagenomics has emerged to 
cope with these conditions that offer direct cloning of a community DNA for their 
extensive analysis. Thus, despite of the uncultivability of the microorganisms, 
advanced tools of microbiology has enabled to produce massive information of the 
inhabitant microbes of a habitat. This chapter describes various tools and techniques 
to explore such hidden microorganisms for their role in diagnosis of infectious 
diseases and developing rapid and cost-effective biomarkers.
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11.2 Traditional Microbiology 

With the great contribution of Antoine van Leeuwenhoek by introducing 
microscopes to the world, remarkable progress has been done in the field of 
microbiology. Thereafter, several microbiological techniques evolved with the pas-
sage of time to explore the limited information on microorganisms of various 
domains (Muthukumar et al. 2008). Traditional microbiology includes serology, 
antigen detection, microscopy, and isolations (Laupland and Valiquette 2013). 
These methods provide a rapid way of analyzing morphological parameters of 
bacteria, fungi, and several protozoan-based parasites. Traditional tests can be 
qualitative or quantitative; where the qualitative analysis is performed by using 
colonial morphology, Gram staining, endospore staining, and biochemical activities 
of the bacteria. The quantitative analysis includes the enumeration of the culture via 
different methods like pour plate, spread plate, surface drop, agar droplets, and 
microdilution. The prerequisite of traditional or conventional microbiological testing 
is an isolate/culture that is inoculated from the bacterial sample for studying various 
parameters. Even different media were used to inflate the bacterial identification 
essentially through biochemical testing (Gracias and McKillip 2004). One of the 
most significant applications of microbiology along with biotechnology is in the 
successful production of vaccines that prevent human as well as animals from many 
lethal diseases (Opal 2010). Today’s pathological testing relies on pure culture-
based investigations and their reports.
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11.3 Problems Associated with Traditional Microbiology 

The foremost problem of traditional microbiology is losing the major fraction of 
microorganisms in a habitat. The limitations rose in various facets that include 
(1) incomplete information on the nutritional parameters of the habitats required to 
cultivate the microbes. (2) Differences in the physiological parameters (pH, temper-
ature, salt, metals, ionic state, etc.) of the habitats. (3) Loss of microbe-microbe and 
microbe–host interactions at the level of commensalism, symbiosis, proto-
corporation, and other mutual interactions (Pickup et al. 2003). The cultivation 
conditions in the laboratory are highly limited, where various microorganisms are 
cultivated in highly rich nutrient media (Keer and Birch 2003) in stringent 
parameters. With the best of efforts, environmental conditions cannot be simulated 
in the laboratory (Zhang et al. 2018). Besides, the traditional cultivation approaches 
are time-consuming and tedious to achieve the isolate in its pure state. Microbial 
diagnosis and therapies demand a high level of accuracy whereas traditional 
practices of microbiology are mostly manually conducted leading to lower accuracy 
of the test being conducted which is a major drawback to accurate diagnosis 
(Van Belkum et al. 2020). Contamination at any stage led to the failure of the entire 
diagnosis and enhances the possibility of relocation errors (Nathan et al. 2018). 

Studying the obligate and even facultative anaerobic microorganisms is another 
big challenge where prior information on the source samples is a must to lose 
precious human samples for a diagnosis. Along with the mentioned restraints, 
another major limitation related to cell-based products includes the need for manual 
and visual examination of cultures to detect growth (Peris-Vicente et al. 2015). 
Hence, highly keen, and active observation is the demand for classical-based 
methods of microbiological testing which itself a laborious task for humans. More-
over, cultivation-based methods are unable to provide the community structure of a 
habitat (Rhoads et al. 2012). As most of the time, only dominating bacteria/microbes 
of that environment only appear during the defined cultivation conditions (Dawodu 
and Akanbi 2021). Another limitation is regarding the viability of the bacteria being 
cultured, i.e., viable bacteria are enumerated along with the nonviable colonies that 
provide the total count, and therefore, the proportion of viable bacteria is not known. 

Traditional culturing methods are therefore often viewed as slow and outdated, 
although they still deliver an internationally accepted evidence-based analysis/diag-
nosis. In contrast, molecular tools have the potential for rapid analysis, and their 
operational utility and associated limitations and uncertainties should be assessed 
considering their use for regulatory monitoring (Oliver et al. 2014; Rhoads et al. 
2012).
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11.4 Molecular Techniques for Analyzing Bacteria for Human 
Diagnosis 

Molecular techniques have come up with an immense contribution toward classifi-
cation and identification of the bacteria in all the major fields like food, medicine, 
health diagnosis, etc. Since 1983, many molecular methods have been developed for 
the detection and genotyping of bacteria (Hallin et al. 2012). Several molecular 
typing methods are available such as ribotyping, restriction fragment length poly-
morphism (RFLP), Random amplified polymorphic DNA (RAPD), amplified frag-
ment length polymorphism (AFLP), and amplified ribosomal DNA restriction 
analysis (ARDRA) find applications in identifying the bacterial types. However, 
these are time-consuming and tedious techniques that further demand highly trained 
manpower. Development of rapid molecular techniques has enhanced and specified 
the expeditious identification of the bacteria being considered. 

11.4.1 PCR and Derived Approaches 

The technique is well known for diagnosing infectious pathogens of all types that 
can amplify the millions of identical gene copies from a very less amount of a 
clinical sample. It is widely used in the diagnosis of viruses, bacteria, parasites, and 
fungi (Kurkela and Brown 2009). Several modifications of the technique empower it 
better for its utilization in the diagnosis of human diseases. For example, the 
quantitative-based PCR method depends upon the fluorescent probes reader which 
detects and quantifies the PCR product in real-time. This technique is more fruitful 
due to the deficiency of post-PCR processing. Where the amplified PCR product can 
be detected automatically by the fluorescence monitoring of real-time PCR. Nowa-
days, Light Cycler and and TaqMan are the commercially available advance real-
time PCR versions. Light Cycler TM and smart cycler used SYBR-green dye are 
used to perform fluorescence monitoring. Whereas, TaqMan uses fluorescent probes, 
which specifically bind with the amplification- binding site of the target sequences 
(Dwivedi et al. 2017). Nummi and coworkers employed qPCR for the detection of 
Mycoplasma pneumoniae and Chlamydia pneumoniae infection as both cause pneu-
monia with similar expression (Nummi et al. 2015). Thus, qPCR enables to detection 
of the most common mutation associated with the 23S rRNA gene of macrolide 
resistance in Mycoplasma pneumoniae. The technique is widely used in respiratory 
pathogens and clinical specimens. The fungal disease has also been successfully 
screened by amplifying the signature sequences of the pathogenic strains such as 
Aspergillus fumigatus and Aspergillus flavus. Real-time PCR was widely used in the 
diagnosis of Propionibacterium spp., Chlamydia spp., Legionella pneumophila, and 
Listeria monocytogenes (Dwivedi et al. 2017; Mackay 2004). The application of 
PCR can be seen in detecting COVID-19 infection worldwide for detecting the 
coronavirus and its various mutants such as N501Y,69-70del, K417N, and E48K 
SARS-CoV2 (Vega-Magana et al. 2021). Multiplex PCR is another version of PCR 
that is widely used in the detection of multiple DNA sequences simultaneously in a



single PCR reaction. Here, multiple sets of primer pairs along with multiple DNA 
templates are used in a single reaction. Where the primer pair binds with specific 
target DNA and is optimized at the different amplicon sizes. This technique 
generates information on multiple genes in a single run (Kurkela and Brown 
2009). Dwivedi et al. (2017) use multiplex PCR for detecting infectious pathogenic 
bacterial strains of Brucella abortus and Brucella melitend in a very short time of 
2–3 h with the genus-specific primer-probe sets. Loens et al. also used this technique 
for the detection of a respiratory specimens of M. pneumoni, C. pneumonia, and 
Legionella species with the use of molecular beacons (Loens et al. 2008). 
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Reverse transcription PCR (RT-PCR) is widely used in the detection of viruses. 
This technique synthesizes complementary DNA (cDNA) by using an mRNA 
template with the help of a reverse transcriptase enzyme. He et al. (2015) used this 
technique for the detection of porcine circovirus from domestic pigs in China. 
Reverse transcriptase quantitative PCR provides a major contribution to the investi-
gation of viruses like flaviviruses, hepadnaviruses, herpesviruses, 
orthomyxoviruses, parvoviruses, papovaviruses, paramyxoviruses, pestiviruses, 
picornaviruses, poxviruses, retroviruses, rhabdoviruses, and TT virus (Bookout 
et al. 2006). Mackay (2004) is also used to detect the viral load to check the 
infectious interaction between the virus and the host. 

11.4.2 Fluorescence In Situ Hybridization 

Fluorescence in situ hybridization (FISH) is a rapid detection technique for the 
identification of pathogenic bacterial DNA sequences and the diagnosis of genetic 
diseases, gene mapping, and novel oncogenes which play role in various types of 
cancers. Besides, FISH is being utilized as a cytochemical technique for genetic 
detection and identifying the loci of nucleic acid-based probes (Cui et al. 2016). The 
technique has an advantage due to its accuracy, safety, and specificity toward the 
nucleic acids (Dwivedi et al. 2017). It is a low-cost molecular hybridization assay 
that was used to detect the DNA probe in Chlamydia trachomatis or Neisseria 
gonorrhea. This technique was also used in the detection of respiratory infections, 
gastrointestinal diseases, mycobacterial infections, and fastidious bacteria like 
spirochetes (Jensen et al. 2001). Prudent and Raoult reported the FISH technique 
for the detection of Q fever due to Coxiella burnetii infection which may cause 
serious complications in humans and animals. Similarly, Maiwald et al. (2003) used 
the FISH technique for the detection of two strains of Tropheryma whipplei from the 
cerebrospinal fluid of two patients of Whipple’s disease. The FISH assay provides 
confirmation of toxin/antitoxin elements work as a pathogenic factor in bacterial 
cells (Audoly et al. 2011). Zhang et al. (2012) used peptide nucleic acid (PNA) 
probes for the rapid detection of Listeria spp., L. monocytogenes, and L. ivanovii 
within 1 h. Since early detection can decrease the infection potential of 
L. monocytogenes which causes meningoencephalitis. (Goulet et al. 2012). Few 
studies reported the PNA-FISH technique for uncovering tuberculosis-causing 
Mycobacteria (MT) and nontuberculosis mycobacteria (NMT) strains (Soini and



Musser 2001). It was successfully used for the rapid detection of several Mycobac-
terial spp. such as M. leprae, M. avium, and M. kansasii within 3 h (Lefmann et al. 
2006). The technique has been used for visualizing the microbes and their distribu-
tion in oral biofilm (Malic et al. 2009). 
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11.4.3 Microarray 

Microarray is a DNA hybridization biochip-based technology that analyzes 
thousands of genes simultaneously and detects the specific gene of DNA and 
RNA. The technique is being widely used to detect single- nucleotide polymorphism 
and mutation in genomic DNA (You et al. 2008). Microarray technique has been 
employed for the identification of bacteria at species and subspecies level to check 
their pathogenicities such as E. coli, Vibrio cholerae, Salmonella enterica, Cam-
pylobacter jejuni, Shigella spp., Yersinia enterocolitica, and Listeria monocytogenes 
(You et al. 2008). Few studies also reported the microarray for the identification of 
yeast and molds by targeting the ITS region of the fungal 18S rRNA gene (Huang 
and Zheng 2006). Wang and colleagues use 16S-based microarray technique for the 
detection of intestinal bacteria from the fecal sample (Wang et al. 2002). From this 
technique, 20 predominant intestinal bacteria were directly detected using a 
microarray-based technique. Lee and coworkers detected 44 pathogenic bacterial 
strains using Pathochip DNA microarray from the clinical sample of blood, sputum, 
cerebral spinal fluid, pus, and urine. Bacterial-specific genes such as housekeeping 
genes, virulence factors, and antibiotic-resistant genes were also used in place of 16S 
rRNA sequence for the detection of S. aureus, E. coli, and Pseudomonas 
aeruginosa-like pathogens (Lee et al. 2003). DNA microarray was also implemented 
in the detection of pathogenic species in food samples (Cleven et al. 2006). Palka-
Santini et al. (2009) employed DNA microarray for DNA-DNA hybridization with 
specific oligonucleotides for the identification of contaminating microorganisms. 
Besides, the bacterial species of some viruses and fungi are also detected by the 
microarray technique. Quantitative microarray was attempted for the early detection 
of the hepatitis virus that causes chronic liver disease and hepatocellular carcinoma-
like diseases (Sakai et al. 2012). 

11.4.4 Nucleic Acid Sequence-Based Amplification 

In this technique, T7 RNA polymerase, RNaseH, and primer-mediated T7 promoters 
are used to convert the RNA template into double-stranded DNA. This technology is 
used in the detection of Mycoplasma pneumoniae, Chlamydophila pneumoniae, and 
Legionella spp. From the clinical diagnosis of respiratory specimens (Loens et al. 
2008). Lau and Coworkers used two detection methods of nucleic acid sequence-
based amplification (NASBA) technique: NASBA-electrochemiluminescence 
(NASBA-ECL) and enzyme-linked oligonucleotide for the rapid identification of 
foot and mouth disease virus (FMDV) (Lau et al. 2008). Prateek et al. (2010) used



this technique for the detection of cytomegalovirus (CMV) infection. Similarly, 
Shan et al. (2003) also used the NASBA-ECL technique for the detection of avian 
influenza, a subtype H5 from the allantoic fluid harvested from inoculated chick 
embryos (Shan et al. 2003). Guoshuai and colleagues detect classical swine fever 
virus (CSFV) without interfering other viral RNA by using G4-THT-NASBA, since 
G4-THT-NASBA is a highly sensitive, easy-to-use, and rapid technique for RNA 
detection (Guoshuai et al. 2022; Jia et al. 2022). 
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11.5 Advanced Tools and Techniques of Microbiology 

It took around 400 years to develop the techniques to explore the hidden and 
uncultivable microorganisms in the human body. Remarkable development has 
been done in the line of human microbiome-based research. However, prior to 
NGS, it was quite challenging due to the inability to capture the entire microbial 
community of a habitat. Several reasons have been discussed in Sect. 11.3 under the 
heading of “Problems associated with traditional microbiology.” Research never 
waits for new techniques; it pursues the available facilities. Though, the human gut 
microbiome was studied by culturing the inhabitant gut microbiomes in large 
numbers on various media under varying physiological conditions. We had gathered 
huge information on the gut bacterial diversity prior to the advent of NGS (Guarner 
and Malagelada 2003). For example, significant research has been done on 
Heliobacter pylori; a cancer-causing bacterium of the gut. In 1984, Simon and 
Gorbach predicted that the gut microflora is more populated with anaerobes than 
the aerobic bacteria where the gut harbors more than 500 bacteria species (Simon 
and Gorbach 1984). Firmicutes, Proteobacteria, Bacteroides, Clostridium, 
Fusobacterium, Eubacterium, Ruminococcus, Peptococcus, Peptostreptococcus, 
and Bifidobacterium were already known dominant genera of the human gut 
microbiome (Harmsen et al. 2000). The admirable research on pro- and prebiotics 
in the context of gut health must be noted. Several Lactic acid bacteria (LAB) were 
established for their role in the betterment of gut health. Similarly, the salutary effect 
of various Clostridium spp. was well known for its role in attenuating inflammation 
and allergic diseases (Samarkos et al. 2018). Today’s microbiome-based research on 
Clostridium difficile is highly influenced by prior research on its isolated cultures 
only (Britton and Young 2012). Several diseases have been diagnosed suing various 
NGS tools (Table 11.1). Though NGS-based investigations come out with enormous 
information, even the traditional cultivation approaches are irreplaceable and play an 
integral role to achieve a concrete solution (Vishwakarma and Verma 2021). 

11.5.1 Metagenomics 

Metagenomics is defined as the study of collective genomics analysis of 
microorganisms by direct extracting and cloning DNA from an assemblage of 
microorganisms present in a particular environment. The term metagenomics was



260 A. Vishwakarma et al.

Ta
b
le
 1
1.
1 

V
ar
io
us
 N

G
S
 p
la
tf
or
m
s 
us
ed
 id

en
tifi

ca
tio

n 
of
 h
um

an
 d
is
ea
se
s 

S
. N

o.
 

N
G
S
 s
eq
ue
nc
in
g 
te
ch
no

lo
gy

E
m
pl
oy

ed
 i
n 
hu

m
an
 d
is
ea
se
s

R
ef
er
en
ce
s 

1.
S
er
ia
l 
S
an
ge
r 
se
qu

en
ci
ng

 o
f 
m
ul
tip

le
 

ge
ne
s 

C
om

m
on

 v
ar
ia
bl
e 
im

m
un

od
efi
ci
en
cy
 d
is
or
de
rs
 (
C
V
ID

s)
A
m
er
at
un

ga
 e
t 
al
. 

( 2
02

1)
 

2.
P
ac
B
io
 R
S
II
 s
eq
ue
nc
er

E
pi
ge
ne
tic
 c
ha
ra
ct
er
iz
at
io
n

P
er
ei
ra
 e
t 
al
. (
20

20
) 

3.
P
ro
m
et
h 
IO

N
C
ha
ra
ct
er
iz
at
io
n 
of
 s
tr
uc
tu
ra
l 
va
ri
an
ts
 (
S
V
s)
 f
ro
m
 a
 h
um

an
 g
en
om

e
D
e 
C
os
te
r 
et
 a
l. 
(2
01

9)
 

4.
IO

N
 T
or
re
nt
 (
P
G
M
 a
nd

 M
iS
eq
)

D
et
ec
tio

n 
of
 d
is
ea
se
-c
au
si
ng

 m
ut
at
io
ns
 a
m
on

g 
oc
ul
oc
ut
an
eo
us
 a
lb
in
is
m
 

an
d 
co
ng

en
ita
l 
ne
ut
ro
pe
ni
a 
pa
tie
nt
s 

C
ul
lin

an
e 
et
 a
l. 
(2
01

1)
 

5.
IO

N
 t
or
re
nt

Id
en
tifi

ca
tio

n 
un

ce
rt
ai
n 
ge
ne
tic
 d
ef
ec
ts
 i
n 
S
L
C
45

A
2 
an
d 
G
6P

C
3 
ge
ne
s 

us
in
g 
w
ho

le
-
ex
om

e 
se
qu

en
ci
ng

 
G
ra
da
 a
nd

 W
ei
nb

re
ch
t 

(2
01

3)
 

6.
Il
lu
m
in
a 
(C
M
A
-i
nfi

ni
um

 i
S
el
ec
t 
H
D
 

an
d 
H
T
S
) 

D
et
ec
tio

n 
in
 c
op

y 
nu

m
be
r 
va
ri
at
io
n 
(C
N
V
) 
us
in
g 
w
ho

le
-e
xo

m
e 

se
qu

en
ci
ng

 
Y
ao
 e
t 
al
. (
20

17
) 

7.
Io
n 
to
rr
en
t 
(I
D
P
 o
n 
P
G
M
)

D
et
ec
tio

n 
in
 n
on

se
ns
e 
m
ut
at
io
n 
in
 D
M
D
 g
en
e 
of
 D

uc
he
nn

e 
m
us
cu
la
r 

dy
st
ro
ph

y 
pa
tie
nt
s 

N
ib
a 
et
 a
l. 
(2
01

4)
 

8.
H
iS
eq
 2
50

0 
se
qu

en
ci
ng

 s
ys
te
m
 a
nd

 
T
B
X
1-
M
L
P
A
 

T
w
en
ty
-fi
ve
 p
at
ho

ge
ni
c 
m
ut
at
io
ns
 w

er
e 
id
en
tifi

ed
 i
n 
fi
ve
 g
en
es
 v
iz
., 

T
B
X
1,
 A
IR
E
, G

A
T
A
3,
 F
A
M
11

1A
, a
nd

 C
A
SR

 w
er
e 
id
en
tifi

ed
 in
 th
e 
pa
tie
nt
s 

of
 h
yp

op
ar
at
hy

ro
id
is
m
 p
at
ie
nt
s 

W
an
g 
et
 a
l. 
(2
01

9)
 

9.
P
G
M
 s
eq
ue
nc
er

F
ir
st
 r
ep
or
t o

f 
C
lo
st
ri
di
um

 h
em

ol
yt
ic
um

; 
a 
ca
us
al
 b
ac
te
ri
um

 o
f 
ba
ci
lla
ry
 

he
m
og

lo
bi
nu

ri
a 
in
 c
at
tle
, g

oa
t, 
sh
ee
p,
 a
nd

 r
um

in
an
ts
 u
si
ng

 
S
ae
b 
et
 a
l. 
(2
01

7)
 

10
.

N
G
S
 a
nd

 r
ea
l-
tim

e 
P
C
R

N
G
S
 e
m
pl
oy

ed
 f
or
 i
de
nt
if
yi
ng

 v
ar
io
us
 v
ir
us
es
 a
nd

 t
he
ir
 c
or
re
la
tio

n 
w
ith

 
ri
bo

so
m
al
 a
ct
iv
ity

 m
ic
ro
bi
om

e 
of
 g
ut
 p
ar
as
ite
s 
am

on
g 
no

ns
pi
ke
d 
bi
rd
s 

V
ib
in
 e
t a
l. 
(2
01

8)
 

11
.

Il
lu
m
in
a,
 i
on

 t
or
re
nt
 4
54

, p
ac
ifi
c 

bi
os
ci
en
ce
s 

Id
en
tifi

ca
tio

n 
of
 t
en
 g
en
es
 in

vo
lv
ed
 i
n 
ac
ut
e 
m
ye
lo
id
 le
uk

em
ia

L
ey
 e
t 
al
. (
20

08
) 

12
.

V
ar
S
ca
n

E
xo

m
e-

ba
se
d 
se
qu

en
ci
ng

 r
ev
ea
le
d 
29

 la
rg
e 
sc
al
e 
al
te
ra
tio

ns
, i
.e
., 
co
py

 
nu

m
be
r 
al
te
ra
tio

ns
 (
C
N
A
s)
 i
n 
tu
m
or
 

K
ob

ol
dt
 e
t 
al
. (
20

12
) 

13
.

H
iS
eq
25

00
Id
en
tifi

ca
tio

n 
of
 s
ig
ni
fi
ca
nt
ly
 d
if
fe
re
nt
 g
en
er
a 
am

on
g 
th
e 
or
al
 m

ic
ro
bi
om

e 
of
 o
ra
l 
sq
ua
m
ou

s 
ce
ll 
ca
rc
in
om

a 
pa
tie
nt
s 

S
ri
va
st
av
a 
et
 a
l. 

(2
02

2)
 

14
.

V
ar
io
us
 g
ut
-b
as
ed
 N
G
S
-b
as
ed
 

m
ic
ro
bi
om

e 
an
al
ys
is
 

D
ev
el
op

in
g 
fe
ca
l m

ic
ro
bi
ot
a 
tr
an
sp
la
nt
at
io
n

B
la
se
r 
(2
01

9)
 

15
.

Il
lu
m
in
a

D
et
er
m
in
in
g 
s h
if
t 
in
 th

e 
or
al
 m

ic
ro
bi
om

e 
du

ri
ng

 d
is
ea
se
d 
st
ag
e

T
an
ne
r 
et
 a
l. 
(2
01

8)



coined by Jo Handelsman in 1988 while doing her research on the discovery of 
natural products through biosynthetic gene clusters (BGC). Jo Handelsman 
recognized that entire sample DNA can be used for exploring Novel BGC loci 
(Handelsman et al. 1998). Unlike traditional microbiology, metagenomics has 
enabled the study of unculturable microorganisms in their native habitats by directly 
extracting DNA from the respective samples. Metagenomics explores the microbial 
genes and genomes either by functional-based or sequence-based approaches 
(Culligan et al. 2014). Metagenomic-derived studies are gaining interest in various 
fields to study taxonomic and functional annotation of the microbiomes of agricul-
tural, environmental, human, and clinical samples (Zhou et al. 2020; Chiu and Miller 
2019). Functional metagenomics is the activity-based screening of the metagenomic 
libraries for the desired bioactive molecules. Several successful achievements have 
been reported to retrieve the novel genes of various industrially relevant enzymes 
(Cui et al. 2019), antibiotics (De Coster et al. 2019), bacteriocin (Pal and Srivastava 
2014), and other antimicrobial compounds (de Abreu et al. 2021). Of the sequences-
based approaches, amplicon sequence metagenomics utilizes marker genes such as 
bacterial/archaeal- specific 16S rRNA, eukaryotic 18S rRNA, or ITS (internal 
transcribed spacers) regions for taxonomic and functional profiling of microbes. 
Whereas, shotgun-based metagenomics relies on whole metagenome or whole 
genome (unculturable) sequences (Pérez-Cobas et al. 2020). Thus, provides better 
resolution and reliable information about the taxonomic and functional 
characteristics of the inhabitant microorganisms of a particular environment or 
habitat. In most of the studies, amplicon sequencing is being used due to cost-
effectiveness with high accuracy (Callahan et al. 2019). Various microbiome tools 
are available to study the microbiome and its functional activity in various 
environments (Galloway-Pena and Hanson 2020). For example, microbiome-based 
studies are the outcome of the sequence-based metagenomic approaches. Com-
mendable research has been done in the last decade to understand the microbiome 
dynamics of humans (Sehli et al. 2021; Baker et al. 2021).
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11.5.2 Microbiome-Based Tools 

The term “Microbiome” can be defined as the total genome of all the 
microorganisms (commensals, parasitic, symbiotic, pathogenic, or nonpathogenic) 
present in a particular habitat or environment (Berg et al. 2021). Microbiome 
explores the entire microbial communities and has been successfully employed to 
study the microorganisms of various fields such as environment, soil, water, and air, 
including humans (Cullen et al. 2020). Several global projects on metagenomics and 
microbiome analysis have been successfully accomplished such as Earth 
Microbiome Projects (EMP) (Gilbert et al. 2010, 2014), Human Microbiome Project 
(HMP) (Turnbaugh et al. 2007), and European MetaHIT (Qin et al. 2010). Kho and 
Lal (2018) assume the gut microbiome is the controller between wellness and 
disease. The direct role of human microbiota in the immune system has been 
established that shapes the host immune system. The effect of environmental factors



has also been studied to correlate the human microbiome dynamics. It includes 
geographical variations, antibiotic doses, temperature effects, vegetation, lifestyle, 
food habits, and mental status (Rodríguez et al. 2015; Biedermann et al. 2013; 
Tyakht et al. 2013). Maurice et al. (2013) reported the alteration in the physiology 
and gene expression of the human gut microbiome due to antibiotic doses. Disrup-
tion of short- and long-term microbial balance has been reported due to antibiotic 
treatment (Jernberg et al. 2007). In an interesting report, microbiota depletion was 
strongly correlated with serotonin and bile acid metabolism that consequently 
resulted in delayed GI motility (Ge et al. 2017). Besides, antibiotic-treated mice 
were also more susceptible to S. Typhimurium and C. difficile-like antibiotic-
associated pathogens (Ng et al. 2013). Gut bacteria (LABs) also play a crucial role 
in the de novo synthesis of essential vitamins (LeBlanc et al. 2013). The LABs were 
exclusively known for the synthesis of vitamin B12 (LeBlanc et al. 2013). Besides, 
folate is constitutively produced from Bifidobacteria spp. (Pompei et al. 2007). 
Several other vitamins such as vitamin K, riboflavin, biotin, nicotinic acid, 
pantothenic acid, pyridoxine, and thiamine are chiefly produced by the gut 
microbiomes (Hill 1997). The role of gut bacteria in metabolizing the bile acid has 
also been reported that is hard to reabsorb. Alteration in such transformation in the 
respective bacteria causes human illnesses such as obesity and type 2 diabetes 
(Palau-Rodriguez et al. 2015). Therefore, microbiome-based investigations provide 
the potential to diagnose human diseases. To study the microbiome, we need certain 
tools and techniques. Marker Gene Analyses (Amplicon sequencing), shotgun 
metagenomics, metatranscriptomics, metaproteomics, and metabolomics are a few 
of them that can be used as well as clubbed with the microbiome-based analysis. 
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11.5.3 Marker Gene Analysis 

Marker genes are defined as a specific region of DNA used to identify microbes in 
metagenomics samples. Commonly used methods are 16S ribosomal RNA gene 
sequencing for bacteria identification and internal transcribed spacer (ITS) region 
sequencing for fungal identification. Both markers possess hypervariable regions 
which participates in assigning genera and species. Bacterial or fungal-specific 
markers are usually amplified with their respective specific primers followed by 
NGS-based sequencing. The raw sequences undergo demultiplexing and quality 
filtering using various tools such as DADA2 (Callahan et al. 2016), Deblur (Amir 
et al. 2017), UNOISE3 (Edgar 2016), and FastQC (Andrews 2010) to achieve the 
quality reads. Processing the sequences is carried out either by picking OTUs 
(operational taxonomic units) with a similarity threshold of 97% or 99% or ASVs 
(Amplicon Sequence Variants). ASVs are more sensitive in detecting even single-
nucleotide variations and thus provide more precise and detailed information on 
microbial diversity. These ASVs/OTUs are used for taxonomic assignment, diver-
sity analysis, and functional profiling of the microbes present in the study samples 
(Hamady and Knight 2009). Several microbiome analysis interface packages or 
pipelines are available such as QIIME1 (Caporaso et al. 2010), QIIME2 (Bolyen



et al. 2019), Mothur (Schloss et al. 2009), DADA2 (Callahan et al. 2016), and 
SILVAings (https://ngs.arb-silva.de/silvangs/). Taxonomy assignments are majorly 
done by using several classifiers and databases such as the RDP classifier (Wang 
et al. 2007), a naive Bayesian classifier such as Greengenes (McDonald et al. 2012) 
and SILVA (Yilmaz et al. 2014) and for fungi, UNITE (Kõjalg et al. 2005) database 
is used. The command-based tool Quantitative Insights into Microbial Ecology 
(QIIME) is a more widely used tool in recent times due to several advantages. It is 
noted that QIIME1.9.1 has been obsolete now and updated with its advanced version 
QIIME2 2020.1. The newer version of QIIME 2 has a diverse multiple-user interface 
and wraps many different tools required for the downstream analysis of sequences. 
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11.5.4 Shotgun Metagenomics 

In contrast to amplicon sequencing which uses a short stretch of 16S rRNA or 18S 
rRNA, shotgun sequencing deals with the sequencing of entire metagenomic DNA 
in a sample. Thus, it comes out with massive information on bacteria, fungi, archaea, 
and other microorganisms. It parallelly depicts the information on its taxonomy as 
well as functionally active genes (Mukhopadhya et al. 2019; Moreno Gallego et al. 
2019). The advantage of shotgun metagenomics is that it provides concrete informa-
tion on functional profiling as compared to the marker-based analysis (16S and 18S). 
As it predicts the functionality of the microbial community using the available 
information in the available database. The PICRSUt tool is the highly recommended 
tool for predicting the function of 16S rRNA genes during marker gene analysis 
(Langille et al. 2013; Douglas et al. 2020). The shotgun-based analysis is still 
evolving and will be more reliable in the near future as the database will be evolved. 
In shotgun metagenomics, short reads are aligned for making contigs such as Layout 
or Consensus assembly (Ayling et al. 2019). These contigs and scaffolds are further 
used for retrieving the information based on the available databases. However, 
analysis of shotgun-based metagenome sequences requires more tedious steps over 
the QIIME platforms. It also requires complex bioinformatic tools and methods for 
analyzing reads, some bioinformatic pipelines and software used are Megahit 
(Li et al. 2015), StrainPhlAn (Truong et al. 2017), MetaPhlAn (Beghini et al. 
2021), HUMAnN (Beghini et al. 2021), HOME-BIO (Ferravante et al. 2021), 
MetaVelvet (Namiki et al. 2012), IDBAUD (Peng et al. 2012), and metaSPAdes 
(Nurk et al. 2017). Profiling of marker or representative genes is mostly studied by 
read-based taxonomy assignment and gene annotation which is based on similar 
DNA constituents and patterns such as K-mers, gene homology, and GC content 
(Claesson et al. 2017). Kraken is frequently used for taxonomy assignment which is 
based on K-mer length (Wood and Salzberg 2014).

https://ngs.arb-silva.de/silvangs/
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11.5.5 Metaproteomics 

Metaproteomics is the study of microbial communities by analyzing total proteins, 
thus exploring the microbial community of a specific habitat at the molecular level. 
The term metaproteomics was first used by Rodriguez-Valera in 2004 to describe 
and identify proteins and related genes which are abundantly expressed in the 
environmental sample (Rodríguez-Valera 2004). The study relies on functional 
information rather than only gene-level information. The main advantage of this 
technology is that here the expressed protein is studied that finds a role in determin-
ing the overall physiology of the bacteria. It has now become an integral stream of 
proteomics which has enabled the identification of large-scale proteins in microbial 
populations/communities (Kleiner 2019). Several studies have used metaproteomics 
to explore the taxonomic and functional role of the complex microbiomes of specific 
habitats (Abram et al. 2011; Kan et al. 2005; Ram et al. 2005; Wilmes and Bond 
2006). Metaproteomics correlates diseases or environmental parameters with the 
function and taxon of a specific environment (Erickson et al. 2012; Heyer et al. 2016; 
Kolmeder et al. 2016). Metaproteomics data analysis primarily identifies peptides 
through mass spectrometry and searches it against protein sequence databases. 
Further, these peptides are assigned to protein groups or proteins that might be 
unique or shared between several taxa followed by assignment of these groups to 
functional groups using several databases (Blank et al. 2018). Some algorithms/tools 
and databases used are eggNOG-mapper (Huerta-Cepas et al. 2017), MEGAN 
(Huson and Weber 2013), MetaGOmics (Riffle et al. 2017), MetaProteomeanalyzer 
(MPA) (Muth et al. 2018), ProPHAnE (https://www.prophane.de), and Unipept 
(Gurdeep Singh et al. 2019). Earlier, a few drawbacks/issues were associated with 
metaproteomics that was related to the bioinformatics evaluation of data (Muth et al. 
2013). Firstly, it requires high computational efforts, large processors and efficient 
tools and algorithms, bigger hard drives, and memory. Secondly, the identification of 
redundant proteins also affects the accuracy of taxonomy and functional assignment 
(Herbst et al. 2016). Thirdly, for unknown taxonomic composition, it is difficult to 
identify their functional role in a particular environment. More advancement has 
been achieved in the field of metaproteomic in the context of microbiome-derived 
information. 

11.5.6 Metabolomics 

This is another interesting tool to explore the dynamics of microbiomes at the level 
of their total metabolites. Metabolites direct serve as a direct signature of the 
metabolic reaction and ongoing biochemical activity, thus metabolites can be 
employed as health indicators (Cavill et al. 2009; Tang et al. 2019). Recent 
developments uncovered the significant influence on the microbiome due to the 
metabolome of near and distant body sites. The commendable research on liver 
diseases and their association with gut microbiomes encourages to development of 
the technique by using the extended profile of metabolites as therapeutic targets or

https://www.prophane.de


biomarkers (Del Chierico et al. 2017; Canfora et al. 2019). Metabolomics is the 
study of small molecules or metabolites (<1500 Da) such as smaller biochemical 
compounds, including simple amino acids and related amines, as well as lipids, 
sugars, nucleotides, and other intermediary metabolites within an organism, a cell, 
tissue or fluids. The interaction of these metabolites in a biological system is known 
as metabolome. Thus, unlike proteomics or genomics, it measures molecules having 
different properties like polarity, solubility, chirality, and other physicochemical 
properties (Kuehnbaum and Britz-McKibbin 2013). Metabolomics relies on various 
analytical techniques such as liquid or gas chromatography coupled to 
highresolution mass spectrometry (HRMS), Nuclear magnetic resonance (NMR) 
spectroscopy, mass spectrometry (MS), and, liquid chromatography–mass spectrom-
etry (LC-MS). These techniques are frequently used in metabolomic-based research 
to analyze thousands of metabolites with high accuracy. Metabolomics studies have 
enabled researchers to know how food/diet and disease are related, the correlation of 
gut microbiome with cardiac diseases (Newgard et al. 2009; Koeth et al. 2013). 
Metabolomics based on mass spectrometry is most sensitive for analyzing various 
compounds; however, it has some problems with the standardization and quantita-
tion information. NMR-based metabolomics exhibit less sensitivity as compared to 
mass spectrometry-based metabolomics; however, it provides an absolute concen-
tration of detected compounds and is useful for elucidating molecular structure more 
accurately. Metabolomics can be categorized broadly into targeted and untargeted 
types, targeted metabolomics analyze a predefined set of compound or metabolites, 
however, untargeted or global metabolomics allows the estimation of extracted 
metabolites from respective samples and can be used for novel biological 
perturbations which work more effectively with a high-resolution mass spectrometer 
for better structural characterization of the compounds or metabolites (Johnson et al. 
2016). Localization of specific metabolites within cells or tissue can be achieved 
with the use of imaging metabolomics consisting of imaging mass spectrometry 
techniques, such as MALDI (matrix-assisted laser desorption ionization), NIMS 
(Nanostructure-imaging Mass Spectrometry), DESI (Desorption Electrospray Ioni-
zation Mass Spectrometry), and SIMS (Secondary Ion Mass Spectrometry) (Palmer 
et al. 2016; Fletcher et al. 2013). Metabolomics not only provides biological 
information but also exhibits potential application on novel therapeutic molecules 
(Clish 2015). Advanced sequencing tools and extensive research on microbiomes 
have enabled the correlation of the metabolites between healthy and diseased states 
of the host. 
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11.5.7 Metatranscriptomics 

Bashiardes et al. (2016) reviewed well the use of metatranscriptomics in microbiome 
research. In recent years, the development of advanced sequencing tools such as 
RNA-Seq showed a jump in transcriptome-based analysis providing deep insights 
into this line of research. Transcriptomics can be understood as the study of complex 
microbial community’s gene expression within their natural environments/habitats.



The technique was first introduced in 2000, and now RNAs sequencing or meta 
transcriptomics has been significantly increased which enabled researchers to char-
acterize microbial community and their interaction (Bashiardes et al. 2016; Bikel 
et al. 2015) enabling the detection of genes expression to understand the microbe– 
host relationship (Moniruzzaman et al. 2017). The major goal of a 
metatranscriptomics study is to explore the functional activity of the microbiome 
of a particular habitat. Functional annotation can be achieved either through reads or 
assembled contigs. Tools such as MetaCLADE (Ugarte et al. 2018), 
HMM-GRASPx (Zhong et al. 2016), and UProC (Meinicke 2015) are read based 
on functional profiler and take ORF as input which is used in metatranscriptomic-
based investigations. Alternatively assembled contigs can also be used for functional 
annotation by using Prodigal (Hyatt et al. 2010) and FragGeneScan (Rho et al. 2010) 
like programs which are further followed by functional assignments primarily based 
on similarity searches approach by using tools such as DIAMOND (Buchfink et al. 
2015) or functional databases like KEGG (Kyoto Encyclopedia of Genes and 
Genomes) (Kanehisa and Goto 2000), COG (Clusters of Orthologous Groups) 
(Tatusov et al. 2000), NCBI RefSeq (Oleary et al. 2016), and UniProt (Uniprot 
2019), etc. Other tools are available to analyze the transcriptome data such as Prokka 
(Seemann 2014), EDGE Bioinformatics (Li et al. 2015), and MG-RAST (Wilke 
et al. 2016), which combine a few similarity searches against various databases 
pipelines and platforms. Further annotation and enzymatic functions are mapped 
using metabolic pathways tools such as MinPath (Ye and Doak 2009) or iPath 
(Yamada et al. 2011), MAPPS (Riaz et al. 2020) (https://mapps.lums.edu.pk), 
Metacyc (A multiorganism database of metabolic pathways and enzymes) (Caspi 
et al. 2010). Targeted approaches typically do not provide direct evidence of the 
functional potential of the microbial population of a specific habitat, tools such as 
PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unob-
served States) enable researchers to infer functional profiling of microbiome directly 
from marker gene (such as 16S rDNA) taxonomy profiling (Aguiar-Pulido et al. 
2016; Langille et al. 2013). Gosalbes and coworkers employed the 16S rRNA 
transcripts to determine the extensive bacterial profiling in the GI tract (Gosalbes 
et al. 2011). In another investigation, the transcriptome profiling of the gut 
microbiome revealed that the specific bacterial strain Eggerthella lenta exhibits 
cytochrome-encoding operon which is upregulated by digoxin that consequently 
inactivates the cardiac drug. Similarly, metatranscriptomics-microbiomics has been 
employed to assess the microbial community (Maurice et al. 2013), microbiome-
immune interactions (Cullender et al. 2013), microbiome-antisense RNAs (Bao et al. 
2015). 
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11.6 Development in Next-Generation Sequencing Platforms 

It took approximately 400 years to understand that the entire microbial community 
of habitat cannot be analyzed due to several limitations of the traditional techniques 
of microbiology (Behjati and Tarpey 2013). The advancements in sequencing

https://mapps.lums.edu.pk


technology especially the emergence of NGS have immensely revolutionized the era 
of genomics (Buermans and Dunnen 2014). Several bacteria and archaea have been 
successfully sequenced and assembled using NGS-based technology (Goh et al. 
2017; Panda et al. 2019). The technique extensively provides the comparative 
microbiome community structure of the healthy and diseased states (Malla et al. 
2019). Significant development has been seen in the evolution of NGS- based 
platform. Earlier, Roche 454 GS FLX was exclusively used for NGS-based sequenc-
ing; however, due to low coverage and high cost, the technique has now been 
obsoleting today. At present, four NGS techniques are prevalent, which include 
Illumina, Ion Torrent technology, Pacific Biosciences technology, and Oxford 
nanopore sequencing. Illumina platforms dominate over the other sequencing plat-
form for exploring human microbiomes using whole metagenome-based sequencing 
along with 16S rRNA amplicon-based sequencing (Chan et al. 2015; Saxena et al. 
2017). The NGS has also made possible metagenome-based sequencing where a 
better resolution can be achieved to understand the functional and genetic diversity 
of unculturable communities (Lopez-Lopez et al. 2013; Sharon and Banfield 2013). 
Chan et al. (2015) added new information in shotgun-based metagenomics in terms 
of metabolic activity and dynamics of the inhabitant bacteria of the Sungai Klah 
(SK) hot spring that makes this hot spring unique. Expectedly, the bacterial diversity 
profile was almost similar in both amplicon as well as shotgun sequencing. NGS was 
the only solution to uncover the hidden microorganisms present in the human body 
with the successful completion of the human Microbiome project (Turnbaugh et al. 
2007). Ion Torrent technology, an efficient sequencing platform has also been used 
for studying several environments and for understanding bacteria genomics (Bhalla 
et al. 2013; Mangrola et al. 2015; Pap et al. 2015). LeBlanc et al. (2013) studied the 
fecal microbiota composition using Ion torrent technology and suggested for a better 
DNA extraction strategy to avoid the biasness in bacterial community composition. 
Besides, a high error rate in Ion Torrent technology has been reported as compared to 
the Illumina Miseq platform which limits its employability. The Pacific biosciences 
single-molecule real-time (SMRT) sequencing technology is another major player in 
the sequencing world that is highly used for detecting specific DNA methylations 
(Ardui et al. 2018; Straub et al. 2018). Short-read massive parallel sequencing has 
emerged as a standard diagnostic tool in several medical diagnostic applications 
(Loomis et al. 2013; LeBlanc et al. 2013). However, the technique comes along with 
several limitations such as GC bias, challenges to map repetitive elements, and 
differentiating paralogous sequences. Therefore, it was gradually replaced with 
long-read single molecules that later clubbed with PacBio’s single PacBio’s 
single-molecule real-time (SMRT) sequencing technology (Ardui et al. 2018). 
Loomis et al. (2013) were the first to report the FMR1 CGG repeat using SMRT 
sequencing technology to diagnose repeat biasing in Fragile X Syndrome. Oxford 
Nanopore Technologies (ONT) MinION long-read sequencer has emerged as an 
advanced sequencing tool (Bowden et al. 2019) that has been used for sequencing 
several microorganisms (Kato et al. 2020). Matsuo et al. (2021) utilized the tech-
nique to achieve the full-length 16S rRNA amplicon to confer the species-level 
classification. Though the technique is under evolution to minimize the high error
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rate, however, it can be adopted well for the diagnosis of infectious diseases in an 
efficient and time-saving mode. Several investigations have been carried out to 
diagnose the diseased state of the human microbiome. For example, pulmonary 
sepsis (Guillen-Guio et al. 2020). Dysbiotic stages of pre- and post-antibiotic-treated 
human microbiome (Leggett et al. 2020). Besides, the nanopore has been success-
fully utilized for assessing species engraftment after fecal microbiota transplantation 
(Benítez-Páez et al. 2020). At present, Illumina (HiSeq and MiSeq) technology has 
made incredible developments in data output and accuracy in a cost-effective 
manner (Dohm et al. 2008; Reuter et al. 2015). Therefore, the technology has 
dominated the NGS-based sequencing market. The technique has enormously been 
used to understand human microbiome alterations (Evans et al. 2014; Lambeth et al. 
2015; Yasir et al. 2015). Illumina HiSeq technology was employed to identify the 
significantly different bacteria in the oral cavity of oral squamous cell carcinoma 
(Srivastava et al. 2022). Several studies have been done to understand the taxonomi-
cal and functional profiling of smokeless tobacco using Illumina-based sequencing 
technology (Sajid et al. 2021; Vishwakarma et al. 2023). 
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11.7 Conclusion and Prospects 

With the remarkable development in omics technology, researchers are now able to 
explore microbial dynamics. Metagenomics has grabbed the attention and changed 
the perception of researchers. It is gaining huge interest in the field of biotechnology 
and substantially impacting and increasing industrial products (Lorenz and 
Eck 2005). Other than this, various novel bioactive molecules such as terragines, 
violacein, indirubin, cytarabine, and cephalosporins have been retrieved using 
metagenomics that finds applications in human wellness (Coughlan et al. 2015). 
Shotgun metagenomics gained interest in the field of human health (oral 
microbiome, gut microbiome) and the discovery of new drugs for the treatment of 
diseases and new genes and proteins from noncultivable microorganisms. 
Metabolomics is another noteworthy technique that has gained huge interest in the 
field of biomedical and pharmaceutical science and broadens microbiome-
metabolome research. The technique has identified several metabolite biomarkers 
and caused diseases such as cancer, diabetes, and Alzheimer’s disease which have 
no known therapeutic targets and strategies previously (Wishart 2016). Thus, it has 
bought more precision in medicine worldwide with the development of monitoring 
of each drug response, phenotyping of tumors, and targets for cancer therapies. 
MS-based metabolomics studies have recently been elevated and have been signifi-
cantly used for the study of drug effects, toxins, and several diseases such as cancer 
of the kidney, bladder, breast, gastric, and other metabolic diseases and nutritional 
effects (Zhang et al. 2013a, b, 2014; Feng et al. 2018). In the future, metabolomics 
will help in elucidating various metabolic pathways and research related to 
metabolites with the help of combined chromatography. Metatranscriptomics 
provides the functional profiling of the microbial communities of an environment, 
thus giving information on the whole expressed genes in that community. The



combined study of metagenomics and metatranscriptomics allows researchers to 
reveal the up-and-down expression of a particular function and role of the microbes 
present in an environment (Mason et al. 2012; Maurice et al. 2013; Duran-Pinedo 
et al. 2014). Therefore, at present, we are well equipped with various tools and 
techniques that assist in exploring the good as well as bad microorganisms at a 
broader scale. The taxonomic shift and their correlation with the hidden 
microorganisms can be explored for developing biomarkers in near future. 
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CRISPR-Cas system has two essential components; the guide RNA, which

Scientists are using CRISPR-Cas system to correct errors in genomes and turn
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Abstract 

With the advent of genome editing technologies that allow direct targeting and 
editing of genome sequences across nearly every eukaryotic cell, has made it 
possible to uncover hidden facts and regulation of genetic diseases and many 
other diverse applications by developing more precise cellular models. In the past 
decade, genome editing technologies have advanced rapidly and emerged as 
highly useful technologies in various fields ranging from basic to applied 
research, including biomedicine. Since the development of CRISPR-Cas gene 
editing system, at least 45 Cas protein families now being recognised. The term 
CRISPR stands for Clustered Regularly Interspaced Short Palindromic Repeats. 
CRISPR-Cas system present in bacteria can neutralise the invasion of virus by 
destroying the viral genome. Thus, CRISPR works as an immune system of 
bacteria and responsible for protecting them. 

needs to match the target sequence, as well as Cas (CRISPR-associated protein), 
an endonuclease responsible for DNA double-strand breaks that lead to genome 
editing. 

on or off genes in cells and organisms rapidly and efficiently. In this chapter, we 
have elaborated the CRISPR-Cas system history, its working mechanism and 
applications in various fields. We have also included the ethical issues and 
limitations of this advance technique. 
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12.1 Introduction 

12.1.1 History 

During 1970s to 1980s, the first genetically modified mice were created (Jaenisch 
and Mintz 1974), and the first genetically modified bacteria were able to produce 
insulin and somatostatin (Goeddel et al. 1979). An impressive modification has been 
made to organisms that have been very difficult, costly and time-consuming to 
achieve. Scientists undertook more research into genetic engineering techniques in 
order to overcome these challenges. It led to the development of innovative tools 
such as zinc finger nucleases (ZFNs), TALENs (Transcriptional activator-like effec-
tor nucleases) and now CRISPR-Cas system. Combined with the cleavage domain of 
the restriction enzyme Fokl, zinc finger nucleases can produce DNA double-strand 
breaks by using their specificity to recognise DNA as well as their robust, yet 
controlled, activity. In several organisms, ZFNs have been used to create site-
specific modifications; however, these have not been widely used in microbes 
(Urnov et al. 2010). ZFNs have several disadvantages, including context depen-
dency, design difficulty and inefficiency in multiple gene targeting. A TALEN can 
produce double-strand breaks due to its DNA-binding specificity combined with its 
cleavage domain. Despite minimal off-target effects, they are not easy to clone and 
have a limited capability to target multiple genes. 

CRISPR-Cas system simplicity and specificity are thought to make it superior to 
ZFNs and TALENs when compared. ZFN and TALEN proteins need to be produced 
separately for each DNA target, whereas CRISPR requires only matching a sequence 
of the guide RNA to a target region that will lead the Cas enzyme to a specific point 
where double-strand breaks can be introduced. It also has the advantage of being 
highly efficient since changes can be made directly through the system by inserting 
RNAs encoding the Cas protein and gRNA. Since, we can introduce multiple guide 
RNAs simultaneously, the CRISPR-Cas system can produce multiple gene 
modifications simultaneously (Jiang et al. 2015). 

The CRISPR-Cas system was first described in 1987 when an unusual repetitive 
DNA sequence was observed in the E. coli genome during the analysis of genes 
involved in phosphate metabolism. Bacteria began inserting 32 nucleotide spacer 
sequences at regular intervals between the repeats whenever they encountered phage 
DNA (Ishino et al. 1987). The term CRISPR was coined in 2002 by Jansen et al. The 
repeat sequences were later found in 90% of archaea and 40% of sequenced bacterial 
genomes, although their functions were unclear (Horvath and Barrangou 2010). 
CRISPR-Cas history was made in 2005 when it was discovered that the spacer 
sequences actually originate from the phage genome (Mojica et al. 2005).



12 CRISPR-Cas Fundamentals and Advancements in Translational Biotechnology 283

There were subsequent proposals that the CRISPR-Cas system could be used as a 
defence against phage attacks by bacteria and archaea. A spacer DNA similar to the 
DNA of phages can be added or deleted in Streptococcus thermophilus to increase or 
decrease its resistance to phage attack (Barrangou et al. 2007). Thus in 2007, 
CRISPR-Cas9 system was experimentally demonstrated as an acquired immune 
system in prokaryotes. Currently, researchers have revealed many Cas-proteins, 
CRISPR-associated genes, protospacer adjacent motif (PAM), CRISPR-RNA 
(crRNA) and transactivating crRNA (tracrRNA) which provide detail information 
about working mechanism of CRISPR-Cas system (Bolotin et al. 2005). 

12.1.2 Mode of Action of CRISPR-Cas System 

Researchers have used CRISPR-Cas system as a gene editing tool capable of making 
targeted genetic changes to any organism’s DNA. In response to foreign DNA 
invasion by a phage or plasmid, CRISPR/Cas9 is most commonly used, which 
combines Cas9 endonuclease with a short guide RNA (gRNA) that contains two 
parts: a target-specific CRISPR RNA (crRNA) and a helper transactivating RNA 
(tracrRNA). Cas9 is guided by gRNA to specific genomic loci based on comple-
mentary nucleotides base pairing between the crRNA and target sequences 
(Pattanayak et al. 2013). The target DNA sequence containing the protospacer 
adjacent motif (PAM) on the 5′ end also have complementary sequences to the 
gRNA (Anders et al. 2014). A PAM sequence is necessary for the Cas enzyme to 
complement and distinguishes between the bacterial DNA from invaders DNA 
(Marraffini and Sontheimer 2010). In recent studies, researchers have shown that 
gRNAs derived from the fusion of guide sequence-containing crRNAs with 
tracrRNAs work as individual components (Jinek et al. 2012). Cas9 endonuclease 
binds specific sequences to induce specific double-strand breaks (DSBs), the repair 
of which is carried out by two distinct mechanisms: 

(a) Non-Homologous End Joining (NHEJ): It is an error prone mechanism that 
results in random insertions or deletions during the repair procedure (Jeggo 1998). 

(b) Homology-Directed Repair (HDR): A method that results in precise nucleo-
tide edits but is less efficient, as DNA is repaired using either endogenous or 
exogenous templates (Komor et al. 2017; Hsu et al. 2014). For this reason, 
CRISPR/Cas9 can be employed to manipulate genetic sequences by inducing 
NHEJ or HDR. A CRISPR region is found in the bacterial genome; that helps 
them defend themselves against viruses. 

Three main steps are involved in CRISPR-Cas system working mechanism 
(Fig. 12.1): 

1. Adaptation-Short segments of viral DNA are inserted into the CRISPR sequence 
as new spacers after they have been processed. 

2. Processing and assembly-In bacterial DNA, CRISPR repeats and spacers are 
transcribed, and this produces short RNA molecules known as CRISPR-RNAs.
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Fig. 12.1 Represents the working mechanism of CRISPR-Cas system in bacteria 

3. Targeting/Interference-The machinery of bacteria is guided by CRISPR-RNAs to 
destroy the viral genetic material, since CRISPR-RNA sequences are copies of 
viral DNA acquired through adaptation; the sequences are exact matches of the 
viral genome, thus serving as an ideal guide. 

12.2 Applications 

The highly efficient and cost-effective CRISPR-Cas technology has many potential 
benefits and applications range vastly in translational biotechnology, from the 
introduction of point mutations to deletions, insertions, multiple-gene knock-
downs and chromosomal rearrangements (Xue et al. 2014; Zhu et al. 2017). It has 
also potential applications in public health, species conservation, agriculture and 
basic research such as the ability to manipulate genetic sequences can be utilised to 
combat diseases such as malaria, dengue fever, Chagas and Lyme diseases. CRISPR 
could be used to analyse disease genes in viable human embryos and assist in 
immunotherapy, organoid engineering and development and identifying disease 
targets. In addition, it can be used to cure HIV, Haemophilia, Cancer, Duchenne 
muscular dystrophy, Amyotrophic lateral sclerosis, Sickle-cell anaemia, Cystic 
fibrosis and infertility. Some of the most potential applications of CRISPR-Cas 
system have been discussed below. 

12.2.1 Genome Screening 

Short hairpin RNAs (shRNAs) for RNA interference (RNAi) have been used in 
recent years to perturb transcript levels (Paddison et al. 2004). In this approach, the



gene expression was incompletely abrogated and there were significant off-target 
effects which led to unexpected results in transcriptional analysis (Jackson and 
Linsley 2010). In some studies, Cas9, pooled guide RNA libraries and next-
generation sequencing (NGS) have been used to adapt CRISPR for genome-scale 
screening (Schumann et al. 2015). CRISPR-Cas9 modified genomes can be used for 
genome-wide screening either by examining 20,000 genes or by studying one gene 
or signalling pathway in particular. Screening CRISPRs generally involves loss-of-
function assays, which utilise indel-prone NHEJ repair or sequence repression. 
Certain applications also require the use of gain-of-function screens, which use 
endogenous HDR and CRISPR activation methods (Klann et al. 2017). 
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12.2.2 Cell Therapy 

CRISPR-Cas technology has undergone a radical shift primarily linked to stem cells 
and immune cells (Chen et al. 2013). The treatment of cancer and autoimmune 
diseases using ex vivo gene-edited T cells has shown promising results (Bikard et al. 
2013; Ren et al. 2017). An example is chimeric antigen receptor T Cells. By 
electroporation of this chimera with Cas9 ribonucleoproteins (RNPs), it is possible 
to target other receptors such as CXCR4, CCR5, PD-1 and CD7 on human cancer 
cells named as CAR-T cells therapy (Schumann et al. 2015). CRISPR-Cas9 technol-
ogy has been approved for the treatment of muscle-invasive bladder cancer, 
castration-resistant prostate cancer, metastatic renal cancer and metastatic 
non-small cell lung cancer. 

CRISPR/Cas9 was considered for the treatment of Cystic Fibrosis (CF) (Schwank 
et al. 2013). A successful correction of the most common mutation responsible for 
CF in intestinal organoids was achieved using adult intestinal stem cells. Study 
showed that the function of the CF transmembrane conductor receptor (CFTR) was 
restored once the mutation had been corrected. 

12.2.3 HIV Treatment 

HIV can also be treated with CRISPR/Cas9, though antiretroviral therapy is effective 
for treating HIV, there is no cure currently as the virus has been permanently 
incorporated into the host genome. It is possible to target HIV genome activity by 
using CRISPR/Cas9 technology. It inhibited the expression of the HIV gene and 
replication in the cells that are latently infected with HIV, without causing any toxic 
effects on the cells. Alternatively, cells can be immunised against HIV. As a result, 
this may prove to be a good therapeutic advancement in the quest to eradicate HIV. 
After further refinement, these findings may enable gene therapies or transplantation 
of genetically altered bone marrow stem cells or inducible pluripotent stem cells to 
eradicate HIV infection (Hu et al. 2014).
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12.2.4 Editing of Human Zygotes 

CRISPR/Cas9 for human germline editing appears to be at an infancy, based on the 
limited number of studies. However, human germline editing holds great promise for 
curing many genetic disorders which are lethal to human. The current accuracy of 
embryo mapping is limited due to off-target effects, embryo mosaicism and lack of 
access to the embryo. CRISPR/Cas9 germline studies in China revealed significant 
technical issues and made it apparent that further research on human zygotes is 
needed as well as comprehensive deliberation before any clinical use should be 
considered (Kang et al. 2016; Tang et al. 2017). CRISPR-Cas9 has achieved the 
highest success in human germline editing to date with intracytoplasmic sperm 
injection (ICSI) (Ma et al. 2017). CRISPR-Cas9 was further demonstrated to be 
effective in removing genetic mutations from embryos, but not in correcting the 
mutations in an established embryo (Tang et al. 2017). 

12.2.5 Agriculture 

Using CRISPR-Cas tools to edit the genomes of plant species has revolutionised 
agricultural science and provided new opportunities for crop improvement. Geneti-
cally engineered plants become more resistant to microbial pathogens (Dong and 
Ronald 2019). A biotechnological approach using CRISPR-Cas9 is able to alter the 
genetic code in a stable, permanent and heritable manner in order to reach a specific 
goal in agriculture. 

The causative agent of citrus canker disease, Xanthomonas citri is one of the most 
important citrus pathogens, which severely reduces yields (Peng et al. 2017). One of 
the target genes present in plant was altered by the CRISPR-Cas9 system to provide 
resistance against X. citri. The promoter of XLOB1 (lateral organ boundaries) gene 
has been mutated, which in turn results in the loss of the ability to acknowledge and 
respond to bacterial effectors hence showed increase resistance against infection (Jia 
et al. 2016) (Fig. 12.2). 

CRISPR technology is not restricted to gene editing. It is possible to use CRISPR-
Cas9 to activate (CRISPRa) or repress (CRISPRi) sequence-specific genes without 
altering the genome (Qi et al. 2013). In order to achieve this, deactivated Cas9 
enzymes were developed (dCas9) that do not possess the catalytic domain for 
cleaving DNA but retain their ability to bind to target sequences (Gilbert et al. 
2014). Cas9 has the ability to repress transcription by binding to target genes and 
preventing RNA polymerase activity. In prokaryotic genomes, CRISPRi works 
effectively, but is less effective when applied to eukaryotic genomes (Gilbert et al. 
2013). 

In a similar manner, CRISPRa has been made possible by pairing dCas9 with 
transcriptional activators, such as viral proteins (VP)16/VP64 or p65 and targeting 
them to gene promoters, resulting in gene transcription upregulation (Konermann 
et al. 2015; Perez-Pinera et al. 2013).
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Fig. 12.2 Application of CRISPR-Cas9 system to edit the disease-causing gene in citrus plant 

12.3 Limitations and Ethical Issues 

There are incredible promising applications of CRISPR-Cas9 technology for the 
betterment of human life. But there are still some challenges to overcome. In vivo 
gene editing is highly challenging due to difficulties in the delivery of nuclease-
encoding genes and guide RNAs to the appropriate cell types. As a means of safe 
delivery of cas9 nuclease genes and guide RNAs, a suitable vector must be used. In 
addition, there are potential off-target effects in the genome; non-intentional changes 
to the genome will have long-term effects on patients, including cancer. 

CRISPR-Cas9 may have the greatest impact on human and its environment due to 
its potential applications and findings (Mulvihill et al. 2017). From an ethical 
perspective, use of CRISPR technology did not have the ethical issues pertaining 
to gene therapy and genetic engineering. In general, gene editing ethics can be 
divided into two groups: One which aims to correct defective genes (gene therapy) 
and the other one which aims to enhance physiologically normal genes (genetic 
enhancement). CRISPR technology does not violate the ethical issues if the gene 
editing is limited to the somatic cells. However, the genetic engineering of germline 
cells which could be inherited to the next generation should be carefully ethically 
reviewed (Sykora 2018). One of the major controversies about CRISPR technology 
emerges from its potential application in human embryos. Although group of 
scientists believe that experiments on human embryos after 14 days are ethically 
unacceptable, and no authority, whether it is the government, a law enforcement



agency, a panel of experts, a court, or a religious group, is allowed to decide the 
status of an embryo (Charo 1995). Patent holders stand to make a profit from 
CRISPR applications. Gene therapy and other CRISPR-based products will most 
likely to be initially expensive. As a result, it is ethically questionable whether the 
high price-tag will limit access to CRISPR products to a special class of people in the 
society. CRISPR was mostly developed and characterised through grants from 
government funds, so taxpayer money was used to fund much of the research and 
development (Chen et al. 2015) and it is ethically wrong to deny these individuals for 
the potentially life-saving benefits of this technology. 
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12.4 Conclusions 

Offering the most versatile and powerful genome editing system, CRISPR-Cas 
technique has opened a new horizon in genome engineering and allowed us to 
uncover the amazing molecular secrets hidden within the living system. There are 
still challenges to overcome. Developing resistance against plant pathogens using 
CRISPR could prove a promising approach to conquer the breeding barriers. We can 
investigate the gene regulation of human diseases at DNA, transcriptional and 
translational level by this revolutionary technology. As with every powerful tool, 
there are also potential risks involved. It is imperative that well-controlled, repro-
ducible experiments and clinical trial research should be conducted in order to make 
truly informed decisions regarding ethically contentious areas. In the present, this is 
problematic since many international laws discourage research of this type or ban it 
outright; they also inhibit research from being funded. Due to this, it is difficult to 
determine the risks and benefits of a technology. Overall CRISPR-Cas system has 
been exploited for the benefit of human health in every aspect from curing of 
diseases to improvement of food and we hope in future it will also help in other 
untouched areas for the betterment of human and animal life. 
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Abstract 

Human body is a complex system housing multiple biomes such as virome, 
microbiome, and eukaryome which governs human health. Unicellular archaea, 
bacteria, virus, and multicellular eukaryotes together regulate the physiological 
functions along with the internal homeostatic mechanisms. With the next-
generation sequencing technology, the composition of the “internal biome” and 
its role in health and disease has become much clearer. Joshua Lederberg coined 
the term “microbiome” in 2001, which defines the full complement of microbes 
(bacteria, viruses, fungi, and protozoa), their genes, and genomes in or on the 
human body. Human Microbiome Project was launched in 2007 through 2016 by 
the National Institutes of Health to characterize the genomic makeup of all 
microbes inhabiting the human body and analyze its role in health and disease. 
Bacteria outnumber the human cells tenfold and make up about 1–3% of body 
mass. The composition of the microbiome changes during the lifetime, impacting 
human physiology in healthy and diseased state by modulating the metabolic and 
immune functions. The current chapter provides an introduction to the “human
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microbiome” and also compares the bacterial diversity in healthy and diseased 
state. A comparison of microbiome of Indian and Western population has 
also been added. Gut bacteria play a regulatory role in the metabolism and have 
a strong connection with brain, influencing behavior. Some bacterial species are 
found to be either abnormally abundant or reduced in certain diseases. Dysbiosis 
or imbalance in microbial flora has been recognized as a cause or consequence. 
Therefore there is a need to adopt certain therapeutic strategies for restoring the 
balance of microbiome.
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13.1 Introduction 

Microbes which include unicellular archaea, bacteria, virus, and multicellular 
eukaryotes are present in virtually every habitat on earth and in every organism. 
For example, a reference man weighing 70 kg would have approximately 3.8 × 1013 

bacteria, which weigh about 0.2 kg and in the body, they work in a coordinated 
fashion performing various functions in metabolism (Sender et al. 2016). These 
trillions of microorganisms belong to thousands of different species (Kumar et al. 
2022). The robustness in data generation and interpretation has shown the obvious 
role of these species in health homeostasis (Lynch and Pedersen 2016). Not only 
this, but also multiple reports suggest that human health is influenced by multiple 
microbiota interactions throughout their lives (Milani et al. 2017; Collado et al. 
2012; Song et al. 2021). The multispecies microbial communities found in human 
hosts show a wide range of behavior depending on their microenvironment, which 
can be dynamic, interactive, commensal, or parasitic (Hou et al. 2022). Humans 
alone represent several ecological niches with different compositions and relative 
abundances of microbiota, such as the skin microbiome, oral microbiome, gut 
microbiome, urogenital microbiome (Hou et al. 2022). In order to maintain human 
health, the human gut microbiota play crucial roles in assisting in the breakdown of 
food substances and liberating nutrients inaccessible to the host otherwise (Kumar 
et al. 2020). Additionally, they modulate the immune system by triggering immune 
cell differentiation, protecting the host from pathogen colonization (Hou et al. 2022; 
Kumar et al. 2020). Microbes begin colonizing the neonatal gut immediately after 
birth. Early gut commensals are shown to be shaped by the immediate environment, 
especially the mother’s microbiome (birth canal microbial interactions, followed by 
nursing) (Milani et al. 2017). 

The gastrointestinal microbial composition majorly defines the state of health and 
disease of an individual through various metabolic processes. The recent scientific 
interpretations suggest that these microbial populations are not static and keep 
fluctuating based on environment and lifestyle (Flandroy et al. 2018; Nguyen et al. 
2021). Coming on to the roles of microbes in the gut, they perform a vast range of



functions such as degradation of undigested carbohydrates, production of vitamin B, 
antioxidants, protection against pathogens, etc. (Milani et al. 2017; Kumar et al. 
2020). During the degradation of undigested carbohydrates in large intestine, these 
microbes produce the short-chain fatty acids (SCFA) through fermentation (den 
Besten et al. 2013). The food quantity and type determine the amount and type of 
SCFA production. Their concentration varies between 50 and 200 mM in the large 
intestine, mostly contributed by acetate (60%), propionate (25%), and butyrate 
(15%) (den Besten et al. 2013; McNabney and Henagan 2017). The Bacteroidetes 
phylum mainly produces acetate and propionate, while the butyrate is produced by 
the phylum Firmicutes (Magne et al. 2020). These SCFAs differ in their fate and 
tissue distribution as butyrate is the most preferred energy source by the gut mucosa, 
while the propionate mostly contributes to the gluconeogenesis in the liver and 
acetate is taken up for synthesis of essential molecules such as cholesterol, long-
chain fatty acids, glutamine, and glutamate (Magne et al. 2020; Correa-Oliveira et al. 
2016). These SCFAs are also known to regulate immune and inflammatory response 
and thus are considered to benefit health, including protection against colorectal 
cancer (Correa-Oliveira et al. 2016). Due to the abundance of these microbes in the 
lower gastrointestinal tract, this microbial mass is a significant contributor of fecal 
bulk and thus their presence and diversity can easily be detected with a scoop of fecal 
sample. Till now, there are numerous studies on human microbiome composition 
and it has been estimated that the collective human microbiota is composed of over 
35000 bacterial species and over 10 million nonredundant genes (Jandhyala et al. 
2015). 
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One of the major key players apart from environment and host genetics which 
defines the microbial relative abundance in a specific population is diet (Singh et al. 
2017). The current paradigm shift in research mainly complies with the impact of 
different nutrients in shaping the gut microbial community. Nonetheless, defining 
the proper impact of a specific nutrient in a complex microbial niche still remains a 
challenge. Understanding this will be the main priority of the upcoming research. 

13.2 Microbiome in Healthy Individuals and Its Impact 

13.2.1 Gut Microbial Composition 

The most abundant phyla in a healthy gut comprise Firmicutes, Bacteroidetes, 
Actinobacteria, and Proteobacteria (Xiao et al. 2021; Das and Nair 2019). The 
genus under firmicutes which are most abundant include Clostridium, Lactobacillus, 
Streptococcus, Enterococcus, Ruminococcus, Faecalibacterium, Eubacterium, 
Catenibacterium, Megamonas, Veillonella, etc. The two most abundant genera 
which belong to phylum Bacteroidetes include Prevotella and Bacteroides. 
Bifidobacterium, Olsnella, Collinsella, Eggerthella are the other dominant genera 
which belong to phylum Actinobacteria. Eschericia and Shigella are the abundant 
genera from phylum Proteobacteria. When the gut undergoes dysbiosis, the compo-
sition of microbes and their ecology shifts to an extent that it overcomes their



resilience proficiencies. Thus, leading to the onset of variety of diseases namely 
inflammatory bowel disease (IBD) (Glassner et al. 2020), cardiovascular diseases 
(Witkowski et al. 2020), rheumatoid arthritis (Zaiss et al. 2021), colon cancer 
(Garrett 2019), depression (Lach et al. 2018), Parkinson’s disease (Sampson et al. 
2016), etc. 
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A healthy human gut microbiota predominantly differs between individuals based 
of factors such as diet, antibiotics, age, sex, host genetics, immunity (hyperimmunity 
or immunodeficiency), etc. and it keeps changing throughout the life (Das and Nair 
2019). The massive data interpretation in the recent past focused on the microbe 
centric indicator of different populations. Based on the abundance of different taxa, 
the enterotypes are broadly divided in three categories: Enterotype 1: The best 
indicator of this enterotype is Bacteroides (a genus of Phylum Bacteroidetes); 
Enterotype 2: This enterotype is driven by genus Prevotella (another genus of 
Phylum Bacteroidetes) whose abundance is inversely proportional to Bacteroides, 
Enterotype 3: Ruminococcus, a genus of phylum Firmicutes distinguishes this 
enterotype (Costea et al. 2018). Countries like the USA, where people mostly 
consume animal-based diets and therefore their microbiota is mostly dominated by 
Bacteroides, while countries like India, where people prefer plant-based diets, the 
genus Prevotella dominates, suggesting the role of diet in shaping the microbial 
community (Costea et al. 2018). The third enterotype is common in European 
samples as the members of genus Ruminococcus are known to degrade mucins 
and subsequent hydrolysis of complex carbohydrates into simple sugars (Arumugam 
et al. 2011). The concept of enterotypes lies in the idea that they will be identifiable 
in the human microbiome of any cohort irrespective of age, gender, body weight, 
and national division. 

Several studies have shown that microbial diversity in the form of a microbiome 
in the human body is extremely important for maintaining human health (Jandhyala 
et al. 2015; Das and Nair 2019; Clapp et al. 2017). As explained, dysbiosis of the 
microbiome has been linked to a large number of diseases (Glassner et al. 2020; 
Garrett 2019; El-Salhy et al. 2021; Horn et al. 2022). Therefore, it becomes 
extremely important to study what constitutes a healthy microbiome and what 
functions these microbes are performing. However, understanding what constitutes 
a healthy microbiome is challenging as the microbiome is affected by personal 
hygiene, genetics, gender, diet, lifestyle, and geography of stay for different 
individuals. Several populations’ specific studies from all around the world have 
documented the diversity of microbes associated with different surfaces of the 
human body (Potbhare et al. 2022; Mahajan et al. 2022; Moffatt and Cookson 
2017). Healthy individuals from different countries have been shown to have 
major differences in microbiome composition. In addition to this, the microbiome 
is reported to shift with the progression of the age of the individuals as well. Another 
limitation in deciphering what constitutes a healthy microbe is the presence of 
microbial dark matter, i.e., uncharacterized microbes. 

The most widely studied microbiome from the human body is from the skin, gut, 
vagina, nasal cavity, oral cavity, conjunctiva, lung, urethra, bladder, uterus, placenta, 
and biliary tract (Table 13.1).
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Table 13.1 The comparison of microbial diversity in Western and Indian populations 

Microbiome Western population Indian population References 

Skin Gram-positive genera: 
Staphylococcus spp., 
Corynebacterium spp., 
Enhydrobacter spp., 
Micrococcus spp., 
Cutibacterium spp., and 
Veillonella spp 
Gram-negative bacteria 
(GNB): Roseomonas 
mucosa, Pseudomonas spp., 
Acinetobacter spp., Pantoea 
septica, and Moraxella 
osloensis as commensal 
residents 

Staphylococcus, Bacillus, 
Corynebacterium, and 
Anaerococcus, 
Pseudomonas, Arthrobacter, 
Anaerococcus, 
Oceanobacillus, 
Cutibacterium, 
Acinetobacter, Salmonella, 
Moraxella, Pantoea, 
Enterobacter, 
Exiguobacterium 

Potbhare et al. 
(2022), 
Skowron et al. 
(2021) 

Gut Lactobacillus, Bacillus, 
Clostridium, Enterococcus, 
Ruminicoccus, Bacteroides, 
and Prevotella 

Prevotella, Dialister, 
Bacteroides, Megamonas, 
and Succinivibrio 

Rinninella 
et al. (2019), 
Chaudhari 
et al. (2020) 

Vagina Lactobacillus species such as 
L. crispatus, L. gasseri, and 
L, jensenii 

In North East Indian Women: 
in addition to Lactobacillus, 
Staphylococcus, and rarely 
by Propionibacterium 
avidum, Bacillus subtilis, 
Escherchia coli, 
Janthinobacterium lividum, 
and Kocuria kristinae 

Mahajan et al. 
(2022), Das 
Purkayastha 
et al. (2019) 

Nasal cavity Firmicutes, Bacteroidetes, 
Proteobacteria, 
Actinobacteria, 
Cyanobacteria, and 
Fusobacteria 

No study Chen et al. 
(2022) 

Oral cavity 774 oral bacterial species 
identified and recorded in 
human oral microbiome 
database 

Neisseria, Streptococcus, 
Prevotella, Porphyromonas, 
and Haemophilus 

https://www. 
homd.org/ 
Chaudhari 
et al. (2020) 

Conjunctiva Corynebacterium, 
Pseudomonas, 
Staphylococcus, 
Acinetobacter, 
Streptococcus, Millisia, 
Anaerococcus, Finegoldia, 
Simonsiella, and Veillonella 

Only fungal microbiome 
deciphered 
Ascomycota, Basidiomycota, 
Zygomycota 

Huang et al. 
(2016), 
Prashanthi 
et al. (2019) 

Lung Firmicutes, Bacteriodetes, 
Proteobacteria, 
Fusobacteria, and 
Actinobacteria 
Genera: Prevotella, 
Veillonella, and 
Streptococcus spp 

No study Moffatt and 
Cookson 
(2017)

https://www.homd.org/
https://www.homd.org/
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13.2.2 Brain-Gut-Microbiome (BGM) 

The term “gut-microbiota-brain axis” describes the web of connections involving 
various biological systems that permit bidirectional communication between gut 
bacteria and the brain and is essential for preserving the homeostasis of the gastroin-
testinal, nervous, and microbial systems of animals (Morais et al. 2021). 

Thus, a model of two-way communication between the gut, its microbiome, and 
the central nervous system (CNS), known as the BGM system, is being supported by 
new research. The three hubs in the wider BGM network are the microbiome, the gut 
connectome, and the brain connectome (Horn et al. 2022). The brain and gut 
microbiome thus communicate largely through the neuronal, endocrine, and immu-
noregulatory pathways (Osadchiy et al. 2019; Slyepchenko et al. 2017). Some of the 
molecules derived from microorganisms are ingested and travel to the brain via the 
vagus nerve and/or systemic circulation. Similar to this, the brain can also modify the 
microbiome indirectly through changes to the gut microbial environment or directly 
through the influence of neuroactive molecules released into the gut lumen, affecting 
gene expression and the behavior of microbes. 

In continuation, tryptophan, an important amino acid, serves as a precursor for 
several neuroactive signaling molecules, such as serotonin, kynurenine, and indoles 
(Gao et al. 2020). Conversely, the synthesis of indoles is solely dependent on the 
metabolism of gut microbes, unlike the production of serotonin and kynurenine, 
which microorganisms just modulate (Yano et al. 2015; Tolhurst et al. 2012). The 
brain needs a variety of compounds to remain healthy and operate properly, and 
indoles are the precursor molecules for many of these neurotransmitters. In the GI 
tract, brain, and systemic circulation, these have been identified (Agus et al. 2018). 
Indole is further metabolized by the liver, and one of these by-products, indoxyl 
sulfate, is thought to have an impact on ASD, AD, and depression, among other 
brain illnesses (Osadchiy et al. 2019). 

13.3 Disease, Dysbiosis, and Microbiome 

Human microbiome has a great impact on health and diseases; however, to under-
stand its role, it is important to know the microbial load as well as the diversity 
inhabiting different regions of the body (Das and Nair 2019). In diseases, the balance 
of diverse microorganisms is disturbed leading to a condition, termed dysbiosis 
(Jandhyala et al. 2015; Das and Nair 2019). In a healthy individual, the cross 
regulation and cross talk among microbes present in different parts of the body 
maintain the homeostasis balance. However, when the balance between the “benefi-
cial” and “pathogenic” microbes is altered, the body shifts from an equilibrium state 
to a state of chaos, disturbing the underlying regulatory mechanisms of the healthy 
state. Dysbiosis can arise as a result in change of composition of microbial flora 
either by the loss of beneficial microbes or increase in pathogenic species, thus 
altering the entire microbial diversity of a homeostatic body (Glassner et al. 2020; 
Garrett 2019; El-Salhy et al. 2021; Horn et al. 2022; Chen et al. 2022).
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Amongst all the systems of the human body, the gut is recognized as the most 
diverse region followed by skin and mouth. Gut microbiota is highly diverse 
probably due to different food habits of individuals and it varies from individual to 
individual (Li et al. 2012). Further, microbial communities in gut are mainly 
anaerobes outnumbering facultative anaerobes and aerobes. Human gut is found to 
harbor more than 50 bacterial genera to date but the dominant gut colonizers majorly 
belong to Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria (Bull and 
Plummer 2014). It is reported that changes in the gut community structure have 
implications on human health, diseases, and treatment. Past studies were mainly 
focused to ascertain the gut microbiota changes between healthy individuals; how-
ever, with newer sequencing technologies, and improved computational tools, the 
exploration of normal healthy gut microbiota versus altered microbiome in diseased 
individuals has been an area of extensive research. There is a complex interplay 
between gut microbiome and neurodegenerative diseases and gastric inflammatory 
diseases (Table 13.2). Neurodegenerative diseases are regulated by the gut-brain axis 
that involves cross talk between gut microbiota and nervous system. Broadly they 
interact via three pathways, i.e., chemical signaling; neural pathways; and immune 
system (Fig. 13.1). There are a number of dysbiosis-related diseases which are 
mentioned in the Table 13.2 (Chen et al. 2021). 

13.4 Therapeutic Strategies to Restore the Microbiome Balance 

The recent microbiome research is expanding at a great pace. So far, this research has 
generated multiple strategies that are known to restore the microbial diversity within 
and help to control the various pathological conditions. Some are personalized 
dietary modulation, inclusion of probiotics, prebiotics, symbiotic, phage therapy, 
fecal transplantation, etc. which are discussed below. 

13.4.1 Diet and Microbiome 

The majority of the microbes in the gut are symbiotic (beneficial to both the human 
body and the microbiota), while a tiny number are harmful (promoting disease) as 
well. Pathogenic and symbiotic bacteria can coexist together in a healthy body. As 
mentioned earlier, the diet significantly influences the types of bacteria that exist in 
the colon, in addition to environmental factors, medication use, and genetics from 
the family (Flandroy et al. 2018; Singh et al. 2017; Chaudhari et al. 2020; 
Slyepchenko et al. 2017). Each individual’s microbiome is distinct due to these 
characteristics. The diversity of bacteria in the gut can be influenced by dietary 
choices and certain foods. The addition of fruits and fiber-rich diets may elevate the 
production of SCFA, while in return helps in maintaining healthy gut (den Besten 
et al. 2013). In addition to having a substantial impact on the gut flora, diet can alter 
the anatomy and function of the brain (Horn et al. 2022). It is also well established 
that changes in the gut microbiota’s composition or activity affect both health and
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Table 13.2 Association of microbiomes with various diseases (" increased, # decreased) 
S. No. Disease Role of gut microbiome (GM) References 

1 Parkinson disease Bifidobacterium, Pasteurella, 
and Enterococcus" 
Brautella, Prevotella, and 
Faecoccus 

Hill-Burns et al. (2017), 
Hopfner et al. (2017), Peng 
et al. (2018), Scheperjans 
et al. (2015), Bedarf et al. 
(2017), Heintz-Buschart 
et al. (2018)) 

2 Alzheimer disease Similar to Parkinson disease 
along with " in 
proinflammatory bacteria 
Escherichia and Shigella 

Hill-Burns et al. (2017), 
Hopfner et al. (2017), Peng 
et al. (2018), Scheperjans 
et al. (2015), Bedarf et al. 
(2017), Heintz-Buschart 
et al. (2018), Minter et al. 
(2017) 

3 Cardiovascular 
diseases (CVD) like 
hypertension; 
atherosclerosis 

Different metabolic products 
of GM like trimethylamine 
oxide (TMAO); SCFAs; bile 
acids interact and influence 
occurrence of CVD 

Yan et al. (2017), Yang et al. 
(2015) 

4 Obesity Fermicutes" 
Bacteroides, Akkermansia 
muciniphila, 
Faecalibacterium prausnitzii 

Turnbaugh et al. (2006), 
Vallianou et al. (2019) 

5 Type I diabetes Clostridium, Prevotella Zhou et al. (2020) 

6 Type II diabetes Dallella" 
Bifidobacteria, Akkermansia 

Li et al. (2020) 

7 Gestational diabetes Desulfovibrio, Enterobacter, 
Prevotella, Ruminococcus, 
Bacteroides" 
Bifidobacterium, Fischeri 

Crusell et al. (2018) 

8 Nonalcoholic fatty 
liver disease 

Lactobacillus, Streptococcus, 
Dorea" 
Prevotella, Ruminococcus, 
Flavobacterium 

Da Silva et al. (2018), Raman 
et al. (2013), Jiang et al. 
(2015) 

Inflammatory bowel 
disease 

Enterobacter and 
Proteobacteria" 
Firmicutes 

Caruso et al. (2020), Li et al. 
(2014) 

10 Colorectal cancers Escherichia coli, Bacteroides 
fragilis, and Fusobacterium 
nucleatum" 
Bifidobacteria, Lactobacillus, 
and Bacteroides 

Si et al. (2021), Tsoi et al. 
(2017) 

11 Asthma and allergic 
rhinitis 

Rothia, Bacteriodes, 
Propionibacterium, and 
Corynebacterium" 
Sphingomonas, Halomonas, 
and Streptococcus sp. 

Chen et al. (2022), 
Sokolowska et al. (2018) 

12 Anxiety and 
depression 

Actinomycineae, 
Coriobacterineae, 

Barandouzi et al. (2020)



Bifidobacteriaceae,
Clostridiales incertae sedis
XI, Porphyromonadaceae,
Clostridiaceae,
Lactobacillaceae,
Streptococcaceae,
Eubacteriaceae,
Thermoanaerobacteriaceae,
Fusobacteriaceae,
Nocardiaceae,
Streptomycetaceae"
Veillonellaceae,
Prevotellaceae,
Bacteroidaceae,
Sutterellaceae,
Oscillospiraceae,
Marniabilaceae, and
Chitinophagaceae#

#

#
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Table 13.2 (continued)

S. No. Disease Role of gut microbiome (GM) References 

13 Atopic dermatitis Staphylococcus aureus, 
Streptococcus, Gemella, and 
Haemophilus" 
Dermacoccus 

Kim and Kim (2019) 

14 Psoriasis Firmicutes, Staphylococcus" 
Actinobacteria, 
Corynebacterium 

Chen et al. (2020) 

Fig. 13.1 Microbial dysbiosis and their association with disease (family/genus)



disease. The host bacterial species that are already present undergo predictable 
modifications as a result of the consumption of a particular diet (Singh et al. 
2017), although these interactions are complex and might vary depending on the 
individual (Asnicar et al. 2021).
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13.4.2 The Role of Probiotics as Therapeutic Agent 

One of the earliest examples of use of probiotics for improving human health was in 
the early nineteenth century (Wieërs et al. 2020). Diarrhea and constipation among 
children is treated with Bifidobacteria. Incidentally Bifidobacterium is among the 
first bacterial species which colonize the intestine in newborns during the birth. 
Probiotics have been extensively used for diseases of the gut and skin (Kumar et al. 
2020; Wieërs et al. 2020). 

Probiotics help to replace the pathogenic bacteria and restore the eubiosis of the 
gut microbiome. These are defined as live microorganisms which when administered 
in adequate amounts can confer health benefits on the host. After prolonged antibi-
otic treatment, chronic diseases, and general health, dysbiosis can be reversed or 
prevented by the use of probiotics in the diet. Mostly Lactobacilli, Bifidobacteria, 
Enterococci, Propionibacteria, Staphylococcus, and some other species are used as 
probiotics (Kumar et al. 2020; Wieërs et al. 2020). These strains are regarded as safe 
for consumption as they form normal components of the gut microbiome. Probiotics 
provide both immunological and nonimmunological benefits including activation of 
local macrophages, modulation of cytokine profiles, production of immunoglobulins 
(Wieërs et al. 2020). 

Prebiotics on the other hand, are the nonstarch polysaccharides and 
oligosaccharides in the diet which stimulate the growth and metabolic activity of 
beneficial bacteria in the gut (Kumar et al. 2020). Prebiotics include 
fructooligosaccharide supplements (FOS), galactooligosaccharides, inulin (also 
able to increase calcium absorption), lactulose (a synthetic disaccharide used as a 
drug for the treatment of constipation and hepatic encephalopathy), and breast milk 
oligosaccharides (Kumar et al. 2020). These nondigestible carbohydrates are a 
source of energy for intestinal bacteria (den Besten et al. 2013). Nowadays, common 
formulations of prebiotics and probiotics are available which are referred as 
synbiotics (Kumar et al. 2020). 

13.4.3 Personalized Responses to Dietary Composition 

Diet affects the microbiome and microbiota in turn affects disease risk. In order to 
predict a person’s metabolic response to foods based on personal characteristics, the 
Personalized Responses to DIetary Composition Trial (PREDICT) used both 
standardized “test” meals and collected “free-living” nonstandardized food con-
sumption (Berry et al. 2020). In this study, more than 1098 people were investigated 
by the researchers, and deep metagenomic sequencing was performed on 1203 of



these gut microbiomes. In order to assess the dietary patterns of the participants, the 
researchers gathered comprehensive, long-term data on dietary intake from each of 
these individuals. This study found that the panel of intestinal species linked with 
good cardiometabolic and postprandial indicators overlapped with those related with 
healthy eating practices. The panel of intestinal species linked to good 
cardiometabolic and postprandial indicators coincided with those linked to healthy 
eating habits (Asnicar et al. 2021). 

13 Microbiome and Human Health: From Dysbiosis to Therapeutic Interventions 305

This study acquired the data on a wide range of factors, including pre- and 
postmeal assessments of blood sugar (glucose), cholesterol, and inflammation, 
which are known to affect metabolism and disease risk. Additionally, measurements 
were made of the study participants’ age, weight, body fat, body mass index (BMI), 
and blood pressure (Asnicar et al. 2021). Prevotella copri and Blastocystis spp. were 
detected, indicating that postprandial glucose metabolism was favorable. These 
microorganisms were also connected with a wide range of cardiometabolic blood 
indicators, such as fasting and postprandial glycemic, lipemic, and inflammatory 
indices (Asnicar et al. 2021). Loss of keystone species, such Faecalibacterium 
prausnitzii (Banerjee et al. 2018), which control microbiome form and function, is 
unmistakably linked to a range of disease conditions. 

Dietary habits that are less nutritious (such as dairy desserts, fatty meats, and 
processed foods) were seen to promote gut species that correlate with high blood 
sugar, cholesterol, and inflammatory conditions, all of which are strongly linked to a 
higher risk of cardiac events, strokes, and type 2 diabetes. On the contrary, a more 
varied gut microbiota was seen to be associated with good eating habits (high-fiber 
foods like spinach and broccoli, almonds, and healthy animal meals like fish and 
eggs), and polyunsaturated fats (fish, walnuts, flax and chia seeds, sunflower, etc.). 
All of which in turn correlated well with the metrics associated with a reduced risk of 
developing several chronic diseases (Asnicar et al. 2021). The gut microbiome can 
thus, flourish when minimally processed plant meals are chosen, it helps protect 
from and lowers the risk of chronic diseases like heart disease, diabetes, metabolic 
disease, and obesity (Asnicar et al. 2021). 

Nevertheless, distinguishing correlation from causation is one of the most diffi-
cult tasks in microbiome research. 

13.4.4 Precision Nutrition in Cancer 

Dietary habits are also predicted in raising the risk of developing cancer (Zhu et al. 
2013). Separately, many malignancies are influenced by microbial factors. More 
research is required, though, to fully comprehend how nutrition and the microbiome 
interact to affect how well cancer treatments work (Greathouse et al. 2022). Higher 
intakes of fiber, calcium, omega-3 fatty acids, and milk are specifically linked to a 
decreased risk of death from colorectal cancer (CRC), whereas whole-grain con-
sumption is linked to a lower risk of death from CRC specifically (Song et al. 2017, 
2018; Yang et al. 2019). On the other hand, a CRC diet high in processed meat is 
linked to a worse rate of disease-free survival (Zhu et al. 2013).
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13.4.5 Antimicrobial Therapy 

In sepsis patients, antimicrobial therapy with appropriate dosage and duration helps 
to provide protection against toxins and antigens of the harmful microflora 
(Niederman et al. 2021). During the sepsis disease, there is a dysregulation in the 
host response to infection. Bacteroidetes abundance in contrast to Firmicutes in stool 
samples of the deceased patients has been confirmed in case of sepsis death (Ojima 
et al. 2016). Surviving patients had higher ratios of Pseudomonas aeruginosa, 
Bifidobacteria, and other Actinobacteria. Antimicrobial therapy is provided to ill 
patients with β-lactamase inhibitor combination, cephalosporins, carbapenems, and 
fluoroquinolones (Bhalodi et al. 2019). Targeted antimicrobial therapy can be one of 
the ways to restore the original gut microbiota in the sepsis patients. However, there 
is a need for research to understand the effects of the dosage so that unnecessary 
exposure can be avoided. 

13.4.6 Lifestyle Modifications 

Overindulgence and consumption of processed food, fats, sweeteners, smoking, 
drinking, drugs, etc. has changed the normal microbiota with which a person is 
born. The gut dysbiosis is disturbed by an unbalanced diet, sleep deprivation, 
emotional stress or even genetics (Redondo-Useros et al. 2020). By changing 
sedentary lifestyle and including a high-fiber diet with water and high protein, a 
person can restore the balance of intestinal microflora. Exercise combined with a 
nourishing diet can help to improve cardiovascular health, weight loss, and 
improved insulin sensitivity. 

13.4.7 Fecal Microbiota Transplantation 

FMT is a method that involves administering the patient (i.e., the recipient) specially 
prepared stool material from healthy donors in an effort to treat certain medical 
disorders by reestablishing the balance of the gut microbial population (Ser et al. 
2021). Currently, FMT is focused primarily on transferring bacteria from the donor 
to the recipient and these microbes are being isolated and purified to understand their 
precise roles (Aggarwala et al. 2021). However, evidence is pointing increasingly 
toward the possibility that bacteriophages are also contributing to FMT’s  efficacy in 
treating recurrent Clostridium difficile infections (Hanssen et al. 2021). Altogether, 
the microbiome alone can significantly modify human physiology (de Groot et al. 
2017). The ability of FMT from lean donors to reorient host glucose metabolism is 
influenced by the recipient’s initial microbial composition (Ser et al. 2021). This may 
be partially explained by the fact that following FMT, species from both donors and 
recipients continued to exist in the gut, illustrating the difficulties in effectively 
altering the microbiome’s composition (Li et al. 2016). In spite of limited safety data



and major safety concerns, the FMT seems to be very effective in the real world 
(Kelly et al. 2021). 
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13.4.8 The Challenges in Personalized Dietary Modulation 
of the Gut Microbiota 

Whether it is chronic illnesses such as diabetes, inflammation, or disorders of the 
brain, the management of disease may depend on individualized dietary manipula-
tion of the gut microbiota. But there is still a lack of comprehensive information 
about using diet as a tool. Because it is difficult to correctly manipulate the human 
microbiome, there is currently little proof of causation in people (Mendez-Garcia 
et al. 2018; Leeming et al. 2021). 

New studies should consider improved dietary data collection, further characteri-
zation of metabolic interactions, and an increased focus on omic technologies like 
metabolomics in order to describe the bacterial and metabolic activity of food 
breakdown as well as its cross talk with the host. Furthermore, clinical evidence 
with regard to health outcomes is needed before therapeutic food plans for microbial 
rehabilitation may be developed. 

13.5 Conclusions 

The impact of microbes on human health is now universally recognized. This 
chapter discusses diversity-driven microbial composition, diet-driven modulation, 
and the consequences of microbial dysbiosis. We attempted to elucidate the healthy 
gut microbiota and its role in maintaining gut homeostasis. A detailed profile of 
microbial shifts in diseases such as neurodegenerative disease, cardiovascular dis-
ease, asthma, colorectal cancer, etc., has also been discussed along with the gut-
microbiota-brain axis. Further, we have also emphasized the currently available/ 
needed therapeutic strategies for restoring the microbial dysbiosis. 
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Abstract 

Gut microbiota is a collective population of all the microbial communities that 
live in the gastrointestinal tract of humans. It provides a range of structural, 
protective, and metabolic functions to the human host. The contribution of gut 
microbiota in human metabolic health is revealed by research findings based on 
omics, cellular, and observational studies. Microbial metabolites are important for 
the normal functioning of the host, and any disrupted production of metabolites 
leads to the emergence of common metabolic disorders like type 2 diabetes, 
obesity, malnutrition, non-alcoholic fatty liver disease, and cardio-metabolic 
disorder. Previously, gut microbiota studies were focused on the digestive and 
absorptive functions, but now the research is moving forward toward descriptive 
microbiome analysis that effect studies with new insights. The current study 
focuses on the role of gut microbes in host metabolism and the depiction of the 
role of microbial metabolites in host function, defining their targets. Here we 
highlighted a few microbiota-based emerging therapeutics for metabolic 
disorders that aim to enhance metabolic health. This knowledge will surely 
guide to define personalized, microbiota-based therapies for the improvement in 
human health. 
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14.1 Introduction 

Recent advancement in the field of gut microbiome research has been majorly 
contributed by multiomics studies. It helps us to understand the role of gut 
microbiota (GM) in the maintenance of human health. Gut microbial communities 
live in mutualistic relationship with the host, maintaining the overall homeostasis 
(Liu et al. 2022). These commensal microbes include bacteria, archaea, viruses, and 
a few fungi collectively with its genetic factor termed as gut microbiome (Fan and 
Pedersen 2021). Arguably, GM is constituted by approximately 1015 microbial cells, 
and greater than 22 million microbial genes, both of them surpasses the human cells 
and genes, respectively (Qin et al. 2010). Every person has a unique gut microbial 
composition; however, healthy individuals share similar composition of gut 
microbiota. The microbial composition is shaped by different factors including 
mode of delivery, type of feeding, diet, environment, age, lifestyle, personal 
hygiene, use or abuse of drugs, and genetic factors (Lynch and Pedersen 2016; 
Ahlawat et al. 2021). The vaginally delivered infants have heavy colonization of 
Bacteroides, Prevotella, and Lactobacillus; whereas, caesarean born infants have 
Escherichia coli, Clostridium difficile, and C. perfringens. Children have less com-
plex microbiota compared to adults with abundance of BPP (Bacteroides-
Porphyromonas-Prevotella) group, Bifidobacterium, and Enterobactericeae. Gut 
microbes keep on changing with age and its composition is most stable during 
adulthood. The gut microbial composition of a healthy adult is denoted by the 
abundance of Bacteroidetes (Bacteroides), and Firmicutes (Enterococcus, Clostrid-
ium, and Lactobacillus) followed by Proteobacteria (E. coli), Actinobacteria 
(Bifidobacterium), Verrucomicrobia, and Cyanobacteria (Ahlawat et al. 2021). Gut 
with its microbes are considered to be “central body organ” that has a crucial role in 
various physiological functions like food digestion, drug metabolism, vitamin syn-
thesis, production of signaling molecules (neurotransmitters and short-chain fatty 
acids (SCFAs)), intestinal barrier function, angiogenesis, colonization resistance to 
pathogens, and immune and neural modulation (Dey et al. 2021; Ahlawat et al. 
2021). GM also regulates the functioning of other organs including liver, brain, 
kidney, heart, skin, and lungs tissues. Study of gut metabolomes by advanced 
metabolomic tools and techniques (UPLC/MS) help to identify the important 
metabolites like bile acids (BAs), SCFAs, amino acid derivatives, and choline, and 
their role in physiological and pathological functions of the host (Liu et al. 2022). In 
spite of major differences in the pathologies; common metabolic disorders such as 
type 2 diabetes (T2D), malnourishment (obesity and undernutrition), non-alcoholic 
fatty liver disease (NAFLD), and cardiovascular disease (CVD)/atherosclerosis 
are found to be associated with GM composition and functioning (Fan and Pedersen 
2021). But the fact which initiates the disease pathology or the alteration in GM 
composition, is still a matter of dilemma (Hrncir 2022). The next-generation 
sequencing techniques and the development of advanced bioinformatics work 
platforms has lead to a bloom of knowledge about the role of microbes in energy 
metabolism, nutrient absorption, and digestion. In this chapter, we had discussed the 
role of gut microbes in host metabolism, with an explanation on the role of gut



microbial metabolites as a messenger between host and microbes. Alteration in gut 
microbial composition, both at taxonomic and functional level has also been 
discussed with respect to major metabolic disorders, and finally concluded by 
providing new insights for the GM and microbial metabolite-based therapeutics 
for the treatment of metabolic disorders. 
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14.2 Gut as the Metabolic Activity Center of Human 

The role of GM in food digestion, host metabolism, and nutrient absorption is well 
established. Gut microbes together with the intestinal enzymes help to digest the 
food components, and derive energy (Danneskiold-Samsøe et al. 2019). They help to 
metabolize various substrates such as dietary residues (amino acids, carbohydrates, 
phytochemicals, and certain lipids) endogenous metabolites, mucosal 
macromolecules (e.g., mucins), and xenobiotics (Krishnan et al. 2015). Based on 
their origination, gut microbial metabolites are categorized in three types: first, that 
directly produced by GM by acting on diet such as SCFAs and indole derivatives, 
second type are generated by host, and modified by microbes such as BAs, and third 
type are de novo produced by microbes like polysaccharide A, and vitamins (Liu 
et al. 2022) (Fig. 14.1). Microbial metabolites fulfill about 10% energy requirement 
of the host that is directly or indirectly produced by action on dietary constituents. 
Microbes like Butyricicoccus pullicaecorum, Eubacterium rectale, 
Faecalibacterium prausnitzii, Ruminococcus bromii, and Roseburia spp., that feed 
on plant-based diet result in production of SCFAs such as propionate, butyrate, and 
acetate. Whereas, microbes like Bilophila, Alistipes, and Bacteroides prefer animal-
based food components. Thus, people with different food habits have an abundance 
of different types of microorganisms in their gut. Prevotella, a SCFAs producer, is 
found to be dominant in the gut of African children as their diet is completely plant 
based. Butyrate is specifically produced by bacterial genera of Bifidobacterium, 
Eubacterium, Anerostipes, and Roseburia. Lactic acid bacteria and Bifidobacterium 
particularly produce cobalamin and folate, respectively. These bacteria along with 
other microbial groups produce essential compounds such as riboflavin, nicotinic 
acid, biotin, pantothenic acid, thiamine, pyridoxine, and vitamin K. Microbes like 
Propionibacterium, Streptococcus, Clostridium, and Bacteroides help to digest the 
protein-rich diet, and release protein-derived metabolites such as tryptophan, 
polyamines, and fatty acids (Dey et al. 2021). The digestion of carbohydrate-rich 
diet is accompanied by the Lactobacillus and Streptococcus spp., with release of 
pyruvate, and lactate, whereas microorganisms like Ruminococcus, 
Lachnospiraceae, and Bacteroides spp. break down fibers into SCFAs, and succi-
nate. Further, Bilophila together with Bifidobacterium, Streptococcus, 
Stenotrophomonas (different species and isolates have been reported in plants and 
animals), Propionibacterium, and Lactobacillus spp. are responsible for breakdown 
of fatty acids such as linoleic acids, hydroxy fatty acid, oxo-fatty acid, and 
10-hydroxycis-12-octadeccenoid associated with maintenance of immunological 
functions including inhibition of inflammatory neutrophil recruitment, suppression



of proinflammatory milieu, macrophage-mediated clearance of cell debris, and tissue 
remodeling (Blaut 2018; Dey et al. 2021). Moreover, products of fatty acid metabo-
lism are utilized in microbial metabolic functions such as propionate metabolism, 
lactate utilization, sulfate reduction, succinate formation and decarboxylation, ace-
tate utilization, and butyrate synthesis (Mirzaei et al. 2022). The phospholipase C 
activity of microbes (Bacteroides spp., Gardnerella vaginalis, and group B Strepto-
coccus) is responsible for breakdown of phospholipids to release diacylglycerols 
(Dey et al. 2021). Certain bacterial species such as Lactobacillus, Butyrivibrio, and 
Megasphaera generate conjugate metabolites like linoleic acid that affect insulin 
sensitivity (Schoeler and Caesar 2019). Further, bacterial species from genera 
Escherichia, and Bifidobacterium can de novo synthesize vitamins (vitamin K and 
vitamin B group) (Liu et al. 2022). The gut microbial species Lactobacillus casei, 
Lactobacillus acidophilus, Bifidobacterium adolescentis or Escherichia coli Nissle 
1917 influence intestinal enzyme cytochrome P450, a major enzyme involved in 
drug metabolism (Dey et al. 2021). Additionally, certain neurotransmitters such as
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Fig. 14.1 Gut microbial metabolism corroborates with host metabolism via conversion of dietary 
components, de novo synthesis, or microbial modification of host generated metabolites (The figure 
created with BioRender.com)

BioRender.com


serotonin (5-hydroxytryptamine (5-HT)), norepinephrine, and γ-aminobutyric acid 
(GABA) impacting the physiology of distant body organs are also released by gut 
microbial species like Escherichia coli, Enterococcus faecium, Bifidobacterium 
brevis, and Streptococcus salivarius (Liu et al. 2022) (Fig. 14.1). Experimental 
evidence suggests that microbes also play a role in the metabolism of 
neurotransmitters, a lower concentration of GABA was observed in the plasma 
and fecal samples of germ-free (GF) mice (Matsumoto et al. 2017). Further, antibi-
otic cocktail (vancomycin, ampicillin, metronidazole, neomycin) treatment results in 
lower GABA levels; whereas, a ketogenic diet results in increased levels of GABA 
(Olson et al. 2018). GF mice have lower serotonin levels compared with conven-
tional mice (Matsumoto et al. 2017). Gut microbial metabolites alter host responses, 
thus, forming the tridirectional diet-microbiota-metabolites axis (Dey et al. 2021). A 
few important gut microbial metabolites with their functions are discussed below.
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SCFAs are saturated aliphatic acids absorbed by intestinal colonocytes by 
hydrogen/sodium-dependent monocarboxylic transporters immediately after their 
production. A major part of SCFAs act as energy source for the colonocytes, and 
the remaining part enter the blood circulation targeted to act on distant body organs 
like lung, heart, and brain. They can be directly absorbed by the cells for their energy 
requirements or provide energy indirectly by the process of gluconeogenesis, and 
lipid biosynthesis. SCFAs such as acetate have role in improving lipid storage 
capacity of adipose tissue by inhibiting lipolysis and increasing adipogenesis (Liu 
et al. 2022; Rowland et al. 2018). The well-known receptors for SCFAs are G-
protein-coupled receptors (GPR) including GPR 41 and 43 expressed on body 
tissues, and immune cells respectively. They bind to the GPR receptors on the 
intestinal cells and modulate certain host-specific metabolic events such as restric-
tion of insulin and fatty acid secretion, reduction of bile acid synthesis, and choles-
terol regulation (Krishnan et al. 2015). In the gastrointestinal epithelium, SCFAs 
regulate immune homeostasis by balancing the secretion of pro- and anti-
inflammatory cytokines such as IL-1β, IL-10, IL-22, IL-6, and tumor necrosis factor 
α (TNF-α) (Liu et al. 2022). Butyrate, the most important SCFA, is essential for 
maintenance of intestinal barrier and prevents mucosal inflammation. It is the 
preferred energy source of colonocytes, and its major production occurs in colon 
and cecum (Dey et al. 2021; Krishnan et al. 2015). SCFAs also help to increase 
bioavailability of minerals by maintaining the gut pH balance (Whisner and Castillo 
2018). SCFAs have a role in release of antimicrobial peptides, secretory 
immunoglobulin A, and mucins that prevent attachment and invasion of pathogenic 
microbes regulating intestinal barrier integrity (Liu et al. 2022). 

Amino acid derivatives are the second major metabolic product of gut microbes 
produced from the amino acid, peptides, and proteins that escape digestion by host 
enzymes. These compounds include amines, p-cresol sulfate, sulfides, nitrogen 
compounds, and precursor to branched chain fatty acids, indole, and indole 
derivatives. Microbes act on tryptophan, the most studied amino acid, and release 
variety of compounds including skatole (3-methylindole), tryptamine, indole, and its 
derivatives (3-methyl-indole, indole-3-propionic acid, and indoxyl sulfate), that act 
on aryl hydrocarbon receptors (Arh) responsible for regulation of host metabolism,



immunity, and behavior. Tryptophan induces secretion of interleukins in the intesti-
nal cells, and promotes barrier function with expression of barrier protective genes 
(CLDN-1, OCC, ZO-1, MUC-2, and β-defensins) (Dey et al. 2021). Indole and 
indole derivatives play a role in maintenance of intestinal barrier by increasing the 
transepithelial resistance, expression of epithelial tight junction proteins, and reduc-
ing the expression of inflammatory cytokines (TNF-α, IL-1α, IL-1β, and IL-6). 
These metabolites act as ligands for epithelial nuclear receptors such as PXR, 
AhR, and retinoid-related orphan receptor gamma-t to regulate the gut barrier 
function. Another amino acid carnitine, abundant in red meat, is metabolized by 
gut microbes into trimethylamine (TMA), and TMA is further oxidized in liver by 
flavin-containing monooxygenase 1 and 3 into trimethylamine-N-oxide (TMAO). 
Higher TMAO levels in blood are responsible for increased risk of cardiovascular 
diseases (CVD). A few amino acid derivatives can also serve as neurotransmitters, 
for example, gut microbes help in release of phenylalanine and tyrosine derivative, 
dopamine by decarboxylation event of L-DOPA, which can be further converted into 
epinephrine and norepinephrine by the process of methylation and hydroxylation 
(Liu et al. 2022). 
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Bile acids such as cholate (CA), and chenodeoxycholate (CDCA) are synthesized 
in the liver and conjugated with glycine or taurine before entering into the intestine. 
In the intestine, microbial-deconjugation occurs that helps in the absorption of 
dietary lipids, fat-soluble vitamins, and maintains systemic cholesterol levels 
(Jiang et al. 2020). Bile salt hydrolases (BSHs) are the enzymes involved in 
deconjugation process in the large intestine released by the microbial genera such 
as Bacteroidetes (Bacteroides), Firmicutes (Lactobacillus, Clostridium), and 
Actinobacteria (Bifidobacterium). The primary bile acids such as CA and CDCA 
undergo dehydroxylation by the hydrolases and 7 α-dehydroxylases released by 
members of Firmicutes (Liu et al. 2022; Krishnan et al. 2015). Small shifts in BSH 
activity influence the intestinal bile acid profile and lipid metabolism of the host. 
There are two types of receptors present for bile acid action that is nuclear receptors 
(farnesoid X receptor (FXR), pregnane X receptor/steroid, constitutive androstane 
receptor, vitamin D3 receptor (VDR), and xenobiotic-sensing receptor (PXR/SXR)) 
and the membrane receptors (Takeda G-protein receptor 5 (TGR5), sphingosine 
1-phosphate receptor 2, muscarinic acetylcholine, and formyl-peptide receptor). The 
balanced secretion of proinflammatory and anti-inflammatory cytokines is regulated 
by the action of bile acids targeted to TGR5. This interaction releases anti-
inflammatory cytokines with growth factor β and IL-10, and reduces expression of 
proinflammatory cytokines (Liu et al. 2022). Bile acid signaling between liver and 
intestine is regulated by the farnesoid X receptor (FXR) present in both the organs. 
Synthesis of bile acid is under negative feedback control of intestinal FXR via 
fibroblast growth factor (FGF15)-dependent mechanism. The inhibition of FXR 
signaling corroborates with the reduced population of Clostridium and Lactobacillus 
species with lesser BSH and 7α-dehydroxylase activities. Additionally, bile acids 
also have a role in regulating gut microbial composition; certain secondary bile acids 
such as DCA are toxic (detergent property) to few microbes like C. difficile 
(Krishnan et al. 2015). The interaction between bile acids and FXR regulates the



gut microbial composition by production of few antimicrobial compounds such as 
nitric oxide synthase and interleukin (IL)-18. Bile acids regulate appetite and gut 
motility function via release of gut hormones glucagon-like peptide-1 (GLP-1) and 
peptide YY (PYY), as they can bind to enteroendocrine cells to cause their release 
(Liu et al. 2022). 
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Choline is a necessary component for the phospholipids and bile acid biosynthe-
sis. The direct target receptors for choline are unknown but it can bind to NF-кB, 
protein kinase C (PKC), and NLRP3 inflammasome, thus promote gut inflammation 
(Yang et al. 2019). Anaerobic choline metabolism by gut microbes results in 
production of acetate, trimethylamine (TMA), and ethanol that leads to increased 
systemic TMAO levels. Gut microbial dysbiosis resulting in altered choline metab-
olism is known to be a potential contributor to NAFLD, CVD, and colon cancer (Liu 
et al. 2022; Yang et al. 2019) (Fig. 14.1). 

In addition to above described metabolites, gut microbes produce various gases 
such as hydrogen (H2), carbon dioxide (CO2), hydrogen sulfide (H2S), methane 
(CH4), and nitric oxide (NO) (Liu et al. 2022). These gases regulate gut functions 
such as gut motility (CH4, H2S), epithelial secretion, gut inflammation, susceptibility 
to infections (H2S), gastric mucosal protection, and mucosal blood flow 
(NO) (Kalantar-Zadeh et al. 2019). The vitamins synthesized by gut microbes are 
required for basic bacterial metabolism and are also essential for metabolic and 
physiological functions of the host (Fig. 14.1). Further, gut microbes release various 
antibiotics both ribosomally synthesized, and post-translationally modified peptides 
such as microcins, lantibiotics, and bacteriocins. The antibiotics released by gut 
microbes draw the attention of researchers and pave the way to develop new 
therapeutic drugs in the era of global antibiotic abuse. The balanced production of 
microbial metabolites is crucial for healthy functioning of the host. Alteration in the 
production of metabolites disrupts the normal physiology of the human host and 
results in the diseased condition (Liu et al. 2022). 

14.3 Dysbiotic Gut Microbiota: Cause or Consequence 
of Metabolic Disorders 

14.3.1 Malnutrition 

Malnutrition occurs when the balance of energy intake is altered, resulting from 
either excess or lower than required nutrient intake which includes both the 
conditions: undernutrition (stunting, underweight) and overnutrition (obesity). 

14.3.1.1 Gut Microbiota and Obesity 
Obesity is a multifactorial disease affecting nearly 33% of the world’s population. It 
comprises multiple diseases such as CVD, diabetes mellitus, different types of 
cancers, muscle, and skeleton disorders impacting life quality and increasing health 
care cost (Chooi et al. 2019). Patients suffering from obesity have significantly 
different GM composition compared to healthy adults, demonstrating a higher



ratio of Firmicutes to Bacteroides (Yuan et al. 2019; Du et al. 2022). Reduced fecal 
diversity in obese individuals is linked to adiposity, dyslipidemia, imbalanced 
glucose homeostasis, and high levels of low-grade inflammation (Chen et al. 
2020). Microbial genera abundant in obese patients include Turicibacter, 
Actinobacillus, Aggregatibacter, Campylobacter, Streptococcus (SMB53), Rothia, 
Granulicatella, Veillonella, Streptococcus, Megamonas, Phascolarctobacterium, 
Haemophilus, Fusobacterium, Lachnospira, and Sutterella (Gérard 2016). The 
link of obesity at species level is denoted by the higher abundance of Eubacterium 
ventriosum and Roseburia intestinalis and reduced population of Akkermansia 
muciniphila (Han and Lin 2014; Vallianou et al. 2019) (Table 14.1). Colonization 
of germ-free (GF) mice with microbiota derived from conventional mice 
(CM) results in weight gain. The microbial species from CM are able to digest, 
and absorb previously undigestible food which result in hepatic lipogenesis, adipo-
cyte hypertrophy, and elevated glucose levels (Bäckhed et al. 2004). In addition, 
microbial species also inhibit angiopoietin-like 4 (ANGPTL-4), which in turn 
inhibits lipoprotein lipases (LPL), thus leading to higher levels of fatty acid uptake 
by cells and triglyceride accumulation in adipocytes (Gérard 2016). 
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Microbial metabolites found to be associated with obesity are SCFAs and BAs 
(Pascale et al. 2019). SCFAs can inhibit inflammation associated with obesity by 
suppressing histone deacetylases (HDAC) which increases the transcription of 
noncoding region of Foxp3 locus that is involved in differentiation of Treg cells 
(Iddrisu et al. 2021) (Fig. 14.2). SCFAs enhance the release of anorexigenic peptide 
PYY as well as satietogenic hormone leptin. Obesity is characterized by increased 
bile acid production, linked to lower levels of FGF19 (Li et al. 2021; Castaner et al. 
2018). The activation of FGF19 via FXR is involved in improved cell metabolism, 
and reduced production of triglycerides. BAs also maintain energy homeostasis in 
brown adipose tissues via TGR5 activation (Li et al. 2021) (Table 14.1). 

14.3.1.2 Gut Microbiota and Undernutrition 
Maternal and child undernutrition is a major problem in low-income and middle-
income countries, and is a leading cause of death in early age (<5) children. 
Breastfeeding, unavailability of food, and good quality water are the major causes 
of malnourishment, and important factors for shaping gut microbial composition 
(Rokade et al. 2022; Ahlawat et al. 2021). Gut microbial composition typically 
found in undernourished populations consists of reduced abundance of 
Bifidobacterium longum and B. pseudolongum, and increased proportion of Staphy-
lococcus aureus and Escherichia coli (Jensen et al. 2020) (Table 14.1). These 
bacteria reduce energy harvesting capacity, immune activity, vitamin synthesis, 
and increase presence of pathogenic factors (Du et al. 2022). In developing and 
underdeveloped countries, diarrhea is the primary reason for malnutrition in children 
linked to dysbiotic GM with increased abundance of Proteobacteria and reduced 
population of Bifidobacterium and Lactobacillus species (Jensen et al. 2020). 
Research studies on nutrient-depleted GF mice suggest that expression of ghrelin 
in liver, and insulin-like growth factor-1 (IGF-1) in both liver and serum are 
hampered, leading to stunted growth. SCFA and lactate produced by gut microbes
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(continued)
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Table 14.1 Distribution of gut microbes and their metabolites in different metabolic disorders 

Sr. 
No. 

Obesity 

1. Decreased Bacteroides 
thetaiotaomicron, 
higher Firmicutes/ 
Bacteroidetes ratio 

Increased 
serum 
glutamate 
levels 

Glutamate 
fermentation 

Liu et al. (2022) 

2. Streptococcus, 
Campylobacter, 
Fusobacterium, 
Akkermansia 
muciniphila, Roseburia 

Decreased 
SCFAs, 
increased 
bile acid 

Increased inflammation 
and triglyceride 
production, reduced 
cell metabolism, PYY, 
and leptin release 

Gérard (2016), 
Vallianou et al. 
(2019), Sharma 
et al. (2020), Su 
et al. (2022) 

Undernutrition 

3. Reduced 
Bifidobacterium 
longum, Lactobacillus, 
increased 
Staphylococcus 
aureus, and 
Escherichia coli 

Increased 
SCFAs 

Decreased ghrelin 
levels, GH, and 
suppression of IGF-1 

Jensen et al. 
(2020) 

Type 2 diabetes mellitus 

4. Reduction of 
Bacteroides 
thetaiotamicron, 
Clostridium limosum, 
C. bifermentus, 
Enterococcus faecalis, 
and Ruminococcus 
gnavus 

Indole; 
tyramine 
reduction 

Suppressed GLP-1 
synthetic pathway, 
glucose uptake 
pathways, and glucose 
tolerance 

Pascale et al. 
(2019), Zhai et al. 
(2021) 

5. Bacteroidetes, some 
Firmicutes, 
Coprococcus catus and 
Megasphaera elsdenii, 
Roseburia 
inulinivorans, 
Ruminococcus obeum, 
and Salmonella enteric 

Propionate; 
acetate; 
butyrate 
reduction 

Reduced GLP-1 
synthesis and insulin 
secretion; increased 
lipid synthesis, fat 
deposition, β-cell 
apoptosis, and 
inflammation 

Du et al. (2022) 

6. Decreased 
Eubacterium rectale 
and Roseburia 
intestinalis 

Bile acid 
reduction 

Decreased expression 
of GLP-1; reduced 
insulin secretion, 
glycogen synthesis, 
and energy expenditure 

Du et al. (2022), 
González-
Regueiro et al. 
(2018) 

7. Increased Clostridium 
hathewayi, 
C. sporogenes, 

Increased 
systemic 
TMAO 
levels 

Increased blood 
glucose levels, 
inflammatory 

Du et al. (2022), 
Han and Lin 
(2014)
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Escherichia fergusonii
population

can reduce levels of ghrelin through their inhibitory action on growth hormone 
secretagogue receptor 1α, ultimately affecting growth hormone (GH) and IGF-1 
resulting in disruption of host homeostasis, metabolism, and stunted growth 
(Fig. 14.2). SCFAs, primarily propionate, are also able to directly suppress GH 
synthesis via cAMP/PKA/CREB pathway (Hu et al. 2018).
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Table 14.1 (continued)

Sr. 
No. References 

Nonalcoholic fatty liver disease 

8. High abundance of 
Klebsiella 
pneumoniae, 
Escherichia, and 
Shigella and fall in 
number of Firmicutes 
species 

Increased 
LPS 

Exacerbates 
inflammatory response 
and apoptosis in 
hepatocytes 

Wang et al. 
(2020), Tokuhara 
(2021) 

9. Decreased 
SCFAs 

Disruption of gut 
barrier, increased 
gluconeogenesis, and 
fat accumulation 

Tokuhara (2021) 

10. Reduction in 
secondary 
bile acids 
and indole 
derivatives 

Increased cholesterol 
synthesis, lipogenesis, 
and inflammation; 
reduced GLP-1 release 

Jiang et al. (2020) 

Cardiovascular disease 

11. Abundance of 
Helicobacteraceae, 
Thiotricaceae, 
Micrococcaceae, 
Streptococcaceae 

Increased 
TMAO 

Inhibits cholesterol 
breakdown and bile 
acid transport, activates 
inflammatory 
pathways 

Kazemian et al. 
(2020), Murphy 
et al. (2021) 

12. Decreased 
SCFAs 

Higher cholesterol 
production, oxidative 
stress and 
endotoxemia, modulate 
vasodilation 

Li et al. (2021), 
Kazemian et al. 
(2020), 
Papadopoulos 
et al. (2022) 

13. Reduced 
secondary 
BAs 

Suppression of Cyp7a1 
gene, increased 
cholesterol synthesis 

Kazemian et al. 
(2020), 
Papadopoulos 
et al. (2022) 

14.3.2 Gut Microbiota and Type 2 Diabetes Mellitus (T2DM) 

The most reported characteristic feature of T2DM is hyperglycemia, which is a result 
of inability of pancreatic β-cells to function properly, accompanied by insulin 
resistance, abnormal hyperglucagonemia, and altered GLP-1 secretion (Bellary



et al. 2021). GM and its ability to secrete various gut hormones are involved in the 
regulation of host glucose metabolism. Experimental model studies revealed that 
hyperglycemia condition increases gut barrier permeability via a glucose transporter 
(GLUT) 2-dependent reprogramming of gut epithelial cells, and disrupts tight 
junction integrity that leads to a leaky gut mucosa (Fig. 14.1). However, whether 
the disrupted GM increases blood glucose level or it is a result of disease prognosis 
remains unclear (Fan and Pedersen 2021). Past reports suggest that depletion of 
Akkermansia muciniphila (Zhai et al. 2021) and butyrate-producing bacterial species 
(Faecalibacterium prausnitzii and Roseburia intestinalis) along with colonization of 
opportunistic pathogens (i.e., Bacteroides caccae, Escherichia coli, Clostridium 
ramosum, Clostridium hathewayi, Clostridium symbiosum, and Eggerthella lenta) 
in the gut are associated with T2DM (Vallianou et al. 2019). Microbes like 
B. thetaiotaomicron, B. ovatus, C. limosum, and C. bifermentans metabolize 
amino acids into their derivatives that stimulate enteroendocrine L cells to release 
GLP-1 which maintains glucose homeostasis (Fan and Pedersen 2021). Gut 
microbes Enterococcus faecalis and Ruminococcus gnavus can catabolize tyrosine
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Fig. 14.2 Role of gut microbiota-derived metabolites in different metabolic disorders. Altered 
production of metabolites causes dysbiosis and affects the gut epithelium barrier resulting in 
translocation of pathogens and metabolites that induce immune response. These metabolites are 
transported systemically to distant body organs, alter organ functionality, and increase disease 
severity (red color). The gut microbiota-targeted therapies can be used to maintain gut microbial 
composition and their metabolites level which can decrease the risk of metabolic disorders (blue 
color)



to tyramine, which reduce the risk of diabetes by improving glucose tolerance ability 
of adipose tissues, cardiomyocytes, and skeletal muscle. Agmatine, a primary 
fermentation product of arginine, have insulin-like effects thus, beneficial in reduc-
ing T2DM conditions (Murphy et al. 2021).
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SCFAs stimulate secretion of insulin, increase insulin sensitivity, stimulate glu-
coneogenesis by intestinal cells, and reduce fat deposition and inflammation (Fan 
and Pedersen 2021). SCFAs act on GPR119, inducing GLP-1 production that 
enhances pancreatic β-cells activity (Murphy et al. 2021) (Fig. 14.2). SCFAs, 
particularly propionate, increase insulin secretion, and reduce β-cells apoptosis and 
transdifferentiation of β-cells into α-cells. Acetate is able to inhibit lipid synthesis in 
the liver, and accumulation of lipid in adipose tissues. It also enhances the expression 
of myoglobin and GLUT-4 genes in muscle cells of the abdomen resulting in 
reduced serum glucose levels (Fan and Pedersen 2021). Acetate consumption at 
mM level stimulates browning of white adipose tissue (WAT) having anti-obesity 
and antidiabetic effects in murine models (González-Regueiro et al. 2018). Butyrate 
can cause a significant reduction in the levels of TNF-α, monocyte chemoattractant 
protein 1 (MCP-1) and IL-6, and in the activity of nuclear factor kappa B (NF-κB), 
reducing disease severity. Butyrate and propionate have been found to be associated 
with the activation of intestinal gluconeogenesis via a cAMP-dependent pathway 
and a gut-brain neural circuit, respectively, which suppress glucose production by 
hepatocytes. BAs act as a ligand for two primarily receptors, namely, Farnesoid X 
receptor (FXR) and Takeda G protein-coupled receptor 5 (TGR5) for regulating host 
glucose homeostasis and metabolizing lipids. BAs activate TGR5 present on intesti-
nal L cells, stimulate release of GLP-1 that results in rise of ATP/ADP ratio 
ultimately inhibiting glycolysis (Fig. 14.1). In addition, activation of the TGR5 
receptor of pancreatic α-cells can stimulate conversion of proglucagon to GLP-1, 
which stimulates pancreatic β-cells activity, thus, improving T2DM state. In case of 
FXR, contrasting results have been reported. Some studies have reported that 
inhibition of FXR exerts a positive effect on glucose metabolism by increasing the 
expression levels of GLP-1 gene (Prawitt et al. 2011). Some others have advocated 
that activation of FXR by BAs improves diabetic condition via release of Fibroblast 
growth factor (FGF) 15 or FGF19 (in case of humans), which inhibits gluconeogen-
esis, and enhances glycogen synthesis as well as energy expenditure (Massafra and 
van Mil 2018). TMAO, a metabolite that has been extensively studied in case of 
CVD is now considered a major marker for development of diabetes as well. TMAO 
may be responsible for promotion of metabolic dysfunction and increased blood 
glucose levels through direct binding and activation of RNA-like endoplasmic 
reticulum kinase (PERK). It elevates the level of transforming growth factor β1 
(TGF-β1) and α-smooth muscle actin, promoting renal inflammation, indicating 
detrimental effects of TMAO in T2DM (Fan and Pedersen 2021) (Table 14.1; 
Fig. 14.2).
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14.3.3 Gut Microbiota and Non-alcoholic Fatty Liver Disease 
(NAFLD) 

NAFLD represents a series of liver conditions depending on severity of injured cells 
and fibrosis. Hepatic steatosis alone is NAFL and non-alcoholic steatohepatitis 
(NASH) is a worsen stage including inflammation as well as liver cell damage 
(Friedman et al. 2018). The incidence of NAFLD has dramatically increased; 
about 20–40% of the population of a country is suffering from this disease. It is 
considered as the hepatic manifestation of the altered host metabolism (Younossi 
et al. 2016). Reduced gut bacterial diversity is found to be associated with NAFLD. 
The members of the phylum Bacteroides are abundant in the NAFLD patients while 
Firmicutes species are reduced down. Further, research findings suggest presence of 
high-alcohol-producing microbes such as Klebsiella pneumonia (HiAlc Kpn), 
Escherichia, and Shigella in the NAFLD patients (Yuan et al. 2019; Jiang et al. 
2020). The altered gut microbial diversity causes disruption of intestinal barrier, 
leads to translocation of lipopolysaccharides (LPS), and ethanol to liver via portal 
vein, and reduced production of SCFAs. LPS can stimulate hepatocytes to produce 
TNF-α via Toll-like receptor-4 (TLR-4), resulting in hepatocyte apoptosis (Jiang 
et al. 2020) (Table 14.1; Fig. 14.1). Translocation of gut microbes through gut barrier 
causes activation of NF-κB pathway in hepatic cells leading to increased cytokine 
production, and inflammation that further exacerbates the disease progression. Also, 
NF-κB activation stimulates synthesis of TNFα, Fas ligand (FasL), and TGF-β, 
leading to development of NASH in severe cases (Davis 2016). Ethanol in the 
hepatic system is able to stimulate the process of oxidative stress and increase 
liver inflammation. SCFAs play a protective role against NAFLD. They activate 
GPR43 which inhibits the action of insulin in adipose cells leading to inhibition of 
fat accumulation and also aids in metabolism of un-utilized lipids and glucose 
moieties in the liver thus avoiding lipid accumulation (Fig. 14.2). Propionate can 
inhibit the expression of gene responsible for the synthesis of gluconeogenic 
enzymes via a h-pathway. Butyrate strengthens tight junctions, restricting the trans-
port of LPS to the portal vein thus suppressing inflammation of hepatocytes (Jiang 
et al. 2020) (Table 14.1). 

BAs show contradictory effects, i.e., both liver toxicity and liver protection (Jiang 
et al. 2020). Activation of TGR5 present on colonic L cells by secondary BAs acts as 
a stimulus to synthesize and release GLP-1, which inhibits both the glucose synthe-
sis and fat deposition in hepatic cells (Fig. 14.2). Reduction of secondary bile acids 
consequently increases the proteins associated with cholesterol synthesis which in 
turn increase disease severity. Indole and its derivative like Indole-3-carbinol (I3C) 
show inhibitory effect on lipogenesis process in liver by reducing the mRNA copies 
of fatty acid synthase (FAS), SREBP1c, acetyl-CoA carboxylase 1 (ACC1) genes. In 
addition, they reduce the concentration of reactive oxygen species (ROS) and TNFα 
levels, promote the functioning of superoxide dismutase (SOD), and inhibit infiltra-
tion of macrophages in hepatocytes (Davis 2016).
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14.3.4 Gut Microbiota and Cardiovascular Diseases (CVD) 

Cardiovascular disease or atherosclerosis, a leading cause of deaths in the western 
world, is also a consequence of metabolic imbalance. Patients have primary 
symptoms related to host metabolism including increased levels of systemic glucose, 
lipids, and insulin. Therefore, there is a need to explore the changes in gut microbial 
composition and its impact on metabolic manifestations in early stages of disease 
(Fan and Pedersen 2021). Symptomatic plaques have a higher abundance of 
microbes from the family Helicobacteracaea, Neisseriaceae, and Thiotrichacaea; 
whereas asymptomatic atherosclerotic plaques have enhanced population of 
members of family Porphyromonadacaea, Bacteroidaceae, Micrococcacaea, and 
Streprococcacaea (Papadopoulos et al. 2022) (Table 14.1). Altered production of 
microbial metabolites is found to be associated with CVD prognosis. The most 
important gut microbial metabolites SCFAs suppress endotoxemia in mice (Sharma 
et al. 2020) and protect against the CVD. SCFAs exert their impact on renal olfactory 
receptor 78 and GPR41 situated on vascular smooth muscle cells, thus, modulating 
vasodilation. Further, reduced level of butyrate-producing bacterial species report-
edly affects fatty acid breakdown, generates oxidative stress thus, promoting the 
occurrence of adverse cardiometabolic manifestations (Wang and Zhao 2018) 
(Fig. 14.2). BA-dependent FGF 19 activation induces FGF4 that inhibits the 
CYP7A1, thus, downregulating bile acid production (Papadopoulos et al. 2022). 
The altered gut microbial composition leads to reduced production of secondary 
BAs that result in accumulation of primary BAs, thus increasing cholesterol synthe-
sis and risk of coronary artery disease (CAD) (Wang and Zhao 2018). An increased 
serum concentration of TMAO is linked to the onset of atherosclerosis, and higher 
risk of CVD-related death. TMAO can suppress the transcription of Cyp7a1 gene, 
which encodes for the primary enzyme that acts as a rate limiting step in cholesterol 
breakdown (Kazemian et al. 2020) (Table 14.1). Further, it also restricts activity of 
various bile acid transporters such as OAT4, OATP1, NTCP, and MRP2, reducing 
the pool of Bas, and decreasing reverse cholesterol efflux (Tokuhara 2021). TMAO 
activates TXNIP-NLRP3 inflammasomes, which increase the levels of TNF-α, IL-6, 
IL-18, and IL-1B, promoting the formation of cholesterol-packed foamy 
macrophages, finally leading to development of CAD (Papadopoulos et al. 2022). 

These observations point out that a few specific gut microbial metabolites are 
associated with the progression or regression of major metabolic diseases. As 
discussed above, an increase of TMAO is generally associated with disease exacer-
bation, whereas increased concentration of SCFAs is usually linked to disease 
alleviation. But exceptions exist, such as, increased SCFAs level leads to a higher 
risk of undernourishment. In contrast to that, contradictory results are observed in 
studies focused on the role of BAs in metabolic disorders. Further, in case of 
cardiovascular diseases and NAFLD, low BAs concentration leads to disease devel-
opment; however, obesity is positively linked with higher BAs level. Mostly, 
secondary BAs have been found to be usually positively associated with host health. 
Thus, it demands more GM-based research with a deep focus on the mining and 
association of microbial metabolites with disease progression. The deeper



knowledge will prove beneficial for designing treatment therapies targeting GM and 
its metabolites. 
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14.4 Therapeutic Interventions for Metabolic Disorders 

GM has a great impact on the functioning of other human organs, and ensures a 
healthy state of the body. The dysbiosis of microbial composition and their 
metabolites is correlated with the risk of various organ-related diseases. Thus, this 
association has led a path to find various GM-related therapies that can restore the 
gut microflora, and reestablish eubiosis. 

14.4.1 Obesity and Undernutrition 

Obesity is developed due to disbalance between energy intake and energy expendi-
ture which ultimately results in fat accumulation. Over a decade, studies have been 
conducted to find effective probiotics like Lactobacillus rhamnosus GG (Vajro et al. 
2011), Bifidobacterium animalis subsp. Lactis CECT 8145 (Pedret et al. 2019), 
Lactobacillus gasseri BNR17 (Kim et al. 2018), and Bifidobacterium breve B-3 
(Minami et al. 2018). The probiotics mainly belonging to Lactobacillus are reported 
to modulate Firmicutes/Bacteroidetes ratio and improve the risk of obesity (Stojanov 
et al. 2020). The progression of obesity gains more research attention as it was found 
to be associated with other major metabolic diseases as well. Thus, the gut-targeted 
interventions to metabolic diseases contributed in reduction of body fat, improve-
ment of lipid metabolism, and appetite control. 

Undernutrition is a condition developed due to inability to provide sufficient 
nutrients and energy source. A number of pathogens residing in the gut demand for 
more nutrients and thus, induce an undernutrition state especially in children. The 
primary treatment to cope with this condition is intake of a nutrient-rich diet. The 
beneficial species like Bifidobacterium, Butyrivibrio, Faecalibacterium, Lactobacil-
lus, and Roseburia can be reestablished by administration of probiotics or by 
including specific prebiotics in the diet. The yoghurt supplementation improves 
diarrhea and significant weight gain in children (He et al. 2005). The probiotic 
L. plantarum Dad-13 improved the nutritional status in infants, promoted the growth 
of butyric acid-producing bacteria and inhibited the growth of Enterobacteriaceae 
(Kamil et al. 2022). Thus, the undernutrition condition should be treated in early 
stage in order to prevent its long-term effect and onset of other associated metabolic 
diseases. Like obesity, the under nutrition associated with metabolic diseases can be 
significantly improved by administration of beneficial bacteria and their metabolites.
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14.4.2 Type 2 Diabetes Mellitus 

The traditional treatment for T2DM includes various antidiabetic drugs like 
Biguanides (Metformin), Alpha-glucosidase inhibitors (Acarbose, voglibose, 
miglitol), DPP-4 inhibitors (Vildagliptin, sitagliptin, saxagliptin), SGLT2 inhibitors 
(Dapagliflozin), and GLP-1 Receptor agonist (Liraglutide). These drugs successfully 
restore the community shift as well as functional shift occurred in gut microflora, and 
thereby improve the T2DM condition (Wang et al. 2016; Wu et al. 2017; Zhang et al. 
2017a, b; Lee et al. 2018). The combinatorial drug therapy was introduced to achieve 
an intensified treatment in order to control the hyperglycemic condition. Recently, 
the combinations of drugs with prebiotics like sitagliptin/metformin + 
PolyGlycopleX (Reimer et al. 2014) and metformin + mannan-oligosaccharides 
(Zheng et al. 2018) are observed as effective multitarget treatment as it provides 
hypoglycemic condition along with modulation of gut microbiome. Probiotics like 
L. casei (Khalili et al. 2019), L. reuteri ADR-1 (Hsieh et al. 2018), B. lactis (Bernini 
et al. 2016), and L. acidophilus (Ejtahed et al. 2011) have shown effective results in 
controlling hyperglycemic conditions and reduce the risk associated with T2DM. 
The administration of FMT in mice with high-fat-induced T2DM ensured uniform 
gut flora with improved glucose tolerance and insulin resistance (Wang et al. 2020). 
Also, it inhibits chronic inflammation, cell apoptosis, and promotes regeneration and 
repair of pancreatic cells. The combined treatment of specially designed diet, and 
FMT on T2DM patients has improved the blood glucose and lipid levels with 
significant decrease in sulfate-reducing bacteria and increase in abundance of 
Bifidobacterium, Lactobacillus, and Prevotella (Su et al. 2022). 

14.4.3 Non-alcoholic Fatty Liver Disease 

The disturbance in gut-liver axis affects the functioning of the liver, elicits immune 
responses, and triggers various risk factors involved in liver-related diseases and 
thus, various GM-targeted therapies are successfully used to control these factors. 
The probiotics Lactobacillus plantarum LC27 and Bifidobacterium longum LC67 
are observed to reverse the AMP-activated protein kinase (AMPK) suppression 
leading to activation of PGC-1α (a regulator of lipolysis), and reduce LPS-induced 
inflammation via NF-κB inhibition (Kim et al. 2019). Similarly, a treatment of 
commercially available probiotics mainly consisting of L. acidophilus, 
L. plantarum, and  B. bifidum showed improvement in lipid profile, liver functioning, 
histological features of liver, and inflammatory markers levels in rats with NAFLD 
(Al-Muzafar and Amin 2017). 

Prebiotics have also shown significant impact on liver disease and obesity 
associated with it. The fructooligosaccharide (FOS) treatment prevents NAFLD by 
modulating the gut microflora, maintaining gut integrity, improving lipid content, 
and reducing hepatic inflammation (Chong et al. 2020; Bomhof et al. 2019; Wang 
and Wan 2019). The FMT treatment carried out for 8 weeks attenuated high-fat diet 
(HFD)-induced steatohepatitis in mice. This study showed decrease in intrahepatic



triglyceride and cholesterol, and proinflammatory cytokines with increase in the 
abundance of Christensenellaceae and Lactobacillus (Zhou et al. 2017). The 
improvement in portal hypertension and liver condition was observed after FMT 
trial given to rat with artificial diet-induced nonalcoholic steatohepatitis (NASH) 
(García-Lezana et al. 2018). 
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14.4.4 Cardiovascular Disease 

The interventions against CVD have gained more research interest due to its associ-
ation with high mortality rate. As gut microflora governs the balance between 
healthy and diseased state, various types of diets are effective in reversing the 
symptoms of CVD. A healthy diet should be composed of dietary components 
necessary to maintain various factors like SCFAs levels, lipid metabolism, gut 
barrier integrity, and immune response. These factors are prerequisite to successfully 
modulate the gut microflora and improve human health. Recently, it has been found 
that the healthy Mediterranean diet is capable of enriching the human gut with 
beneficial bacteria which tries to maintain gut homeostasis, and improve cardiac 
risk factors (Wang et al. 2021). The strict vegetarian diet with high-dietary fibers 
helps to modulate SCFAs producers and promote weight loss which eventually 
reduces the symptoms of CVD (Kim et al. 2013). The other effective way to 
reestablish GM is to introduce probiotics in the gut environment. Over a decade, 
potent bacteria like B. longum, B. lactis, L. sporogenes, L. bulgaricus, 
L. acidophilus, and L. reuteri (Kumar et al. 2012) had successfully mediated 
cholesterol reduction. 

Continuous research is still being carried out to explore the effect of various 
bacteria on CVD in order to achieve new probiotics which can target and improve 
multiple risk factors of CVD like inflammation, oxidative stress, impaired lipid 
metabolism, and high blood pressure. One such interesting study was carried out 
to replenish Akkermansia muciniphila which reduced the metabolic endotoxemia-
induced inflammation and proved beneficial in improving atherosclerotic 
complications (Li et al. 2016). Similar results were found for Bacteroides vulgatus 
and B. dorei which significantly reduce lesions in atherosclerotic prone mice 
(Yoshida et al. 2018). The treatment of L. reuteri V3401 on patients diagnosed 
with metabolic syndrome shows decrease in soluble adhesion molecule sVCAM-1, a 
cardiovascular risk factor (Tenorio-Jiménez et al. 2019). Currently, FMT has been 
explored to find more effective treatment against CVD. The FMT from lean donor 
induces microflora shift in obese patients with metabolic syndrome but does not alter 
the pathway of TMAO conversion (Smits et al. 2018). The Th17/Treg balance and 
immune responses were restored in hypertensive rats after successful administration 
of FMT from wild rats (Toral et al. 2019). Further, FMT improved myocardial 
injuries in diseased mice by decreasing expression of IFN-γ gene in the heart tissue 
(Hu et al. 2019). 

The antibiotics administration has been widely used for many decades to treat 
every type of metabolic disease. The inability of antibiotics to target the microbial



metabolites and other risk factors was the major reason to develop multi-target 
interventions. A wide range of probiotics and prebiotics have been explored to 
effectively work against these diseases. Although the field of probiotics turned out 
to be a huge success, researchers found that combined therapy (antibiotics & 
probiotics) works more efficiently to improve diseased conditions. The current 
advancement in FMT has proved a boon for replenishing beneficial bacteria and 
trying to maintain the balance of GM. Researchers are working on FMT to make it a 
better therapy and minimize its side effects. The conventional as well as advanced 
treatments have proved their significant role in reducing the risk factors. Still, the 
need for more potent and multitarget treatments to combat the rigorously progressing 
metabolic diseases have led the path for in depth exploration of GM-targeted 
therapies. Thus, to achieve this goal, various gut microbial species, their 
combinations, and their effective administration methods have gained more research 
interest. 
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14.5 Conclusion 

The microorganisms living in the human gut are very important as they are involved 
in different host reactions, and eventually affect overall host physiology. The diverse 
population of GM produces structurally different metabolites that interact with the 
host, both locally and systemically. Altered levels of microbial metabolites with 
microbial dysbiosis are associated with development of human disorders. The 
importance of gut microbial metabolites in human health is now well recognized, 
but the growing literature in this field suggests that it is in its juvenile phase. The next 
generation research develops various methods for the study of microbial metabolites, 
including sequence-based metagenomics, functional metagenomics, proteomics, and 
metabolomics. Therefore, research should be more focused to mine more microbial 
metabolites and explore their functions associated with human health. There is a 
need to develop more efficacious methods to study these metabolites as they can be 
helpful in developing precise and personalized medicine, and can also be used as 
diagnostic markers. 
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Abstract 

Cardiovascular diseases are characterized by high rates of morbidity and mortal-
ity. Microbiota are closely associated with cardiovascular disease. There is much 
evidence that supports the aetiology of many cardiovascular diseases (CVD), and 
related risk states such as hypertension, atherosclerosis, coronary artery diseases, 
myocardial infarction, obesity or dyslipidaemia, heart failure, chronic kidney 
diseases, and diabetes mellitus may be influenced by gut microbial dysbiosis. In 
addition to dysbiosis, the metabolic potential of gut microbiota (producing 
bioactive metabolites) also has an effect on host physiology since it enters the 
systemic circulation and may amplify the inflammatory response. Moreover, it 
has been shown to be a risk factor for cardiovascular disorders. There are several 
mechanisms by which the microbiota communicates with the host, including the 
trimethylamine/trimethylamine N-oxide pathway, the short-chain fatty acid path-
way, and the primary and secondary bile acid pathways. It has been hypothesized 
that these pathways may also play a role in the development of cardiovascular 
disease. This chapter is mostly about learning about the dynamic relationship 
between the gut microbiota and cardiovascular disease, with a focus on the 
pathogenic mechanisms and therapeutic implications of hypertension, atheroscle-
rosis, coronary artery diseases, myocardial infarction, obesity or dyslipidaemia, 
heart failure, chronic kidney diseases, and diabetes mellitus. 
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15.1 Introduction 

Human microbiota is defined as a rigid group of organisms that inhabit and interact 
with the human body (Grice and Segre 2011). The diverse interactions can be 
communalistic, mutualistic, or pathogenic. The human microbiome is known as 
the genomic content material of organisms (microbiota) inhabiting a particular 
website within the human frame. Microorganisms colonize diverse anatomical 
frame websites along with the pores and skin, the mucosa, gastrointestinal tract, 
respiration tract, urogenital tract, and the mammary gland. They shape complicated 
and discrete surroundings that adapt to the environmental conditions of every area of 
interest (Whiteside et al. 2015). From childbirth, a steady interaction (symbiosis) 
between the human frame and its indigenous microbiota starts. Those interactions 
play crucial roles in preserving well-known health and wellness. In difficult coevo-
lution, organisms make up the microbiota. They actively adjust to their specific 
habitats and live in their respective niches in the human body (Yilmaz et al. 2014; 
Reid and Schloss 2014; Hoeppli et al. 2015). Due to their biological sports, those 
organisms are identified as a part of the frame, leading to various adjustments from 
theory to loss of life. The human microbiome is constantly evolving in reaction to 
host factors. Elements together with age, nutrition, lifestyle, hormonal changes, 
inherited genes, and underlying ailment are major determinants of the human 
microbiome at any given point in time. However, an alteration in the makeup of 
the human (dysbiosis) microbiota can lead to life-threatening ailments (Whiteside 
et al. 2015). A balanced microbiota has been shown to play a crucial position in 
fitness sustenance (Whiteside et al. 2015). The largest concentration of the human 
microbiome is found within the gut. Those organisms are the predominant gamers in 
maintaining and sustaining the fitness of people. Previous research on the human 
microbiome venture has shown that changes within the immune environment can be 
directly related to dysbiotic plants of the gut. Furthermore, dysbiosis has been linked 
to life-threatening health conditions such as most cancers, cardiovascular disorders, 
bowel inflammatory diseases, and difficult-to-treat bacterial infections due to antibi-
otic resistance (Morgan and Huttenhower 2012; Pascal et al. 2018). 

15.1.1 The Gut Microbiota 

Human beings harbour an extremely complicated and plentiful aggregation of 
microbes (Norman et al. 2014). The microbes that inhabit the intestine are particu-
larly divided into bacteria, archaea, bacteriophages, viruses, and meiofauna 
(e.g. fungus). This microbial network is called the microbiota. However,



trans-nation interactions in the GI tract have been shown to have an impact on fitness 
and disease (Ursell et al. 2014). Microbes colonize the colon more densely than any 
other organ, and the colon is a site where microbes may also have a say in our 
biology. The human frame consists of approximately 100 trillion microorganisms in 
the intestines, which is about 10 times more than the full number of human cells 
inside the frame. This institution consists of more than 1000 exceptional species of 
bacteria, with about a hundred species comprising as much as 99% of the total 
populace (Guarner 2005). The number of microorganisms progressively increases 
alongside the small gut, from about 104 colony-forming devices (CFU) per gram of 
luminal content within the jejunum to 107 CFU at the ileum end, wherein gram-
negative aerobes and a few obligate anaerobes are most important. Inside the colon, 
anaerobes are essential and bacterial counts attain around 1012 CFU per gram of 
luminal content. Microorganisms make up a contribution of 60% of the faecal mass. 
People showcase variants in the types and numbers of species inside their microbiota 
(Guarner and Malagelada 2003; Mahida and Rolfe 2004; Hollister et al. 2014). 
Traditional culturing strategies should locate the most effective 30% of overall 
bacteria within the gut (Guarner and Malagelada 2003). However, the use of 16S 
ribosomal RNA gene sequencing or entire-genome, series-based metagenomic 
analyses increases the capability to discover the numbers and variety of microbiota. 
Greater bacterial richness and diversity are associated with better nutritional fame, 
fewer comorbidities, and better overall health in an elderly population (Claesson 
et al. 2012). 
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15.1.2 Carbohydrate Metabolism 

Carbohydrates and simple sugars are ample components of ingredients and 
substrates for microbial metabolism inside the human gut. The intake of 
carbohydrates impacts the composition and features of the human microbiome in 
healthy people (De Filippo et al. 2010). The intestine microbial shape of healthy 
children on plant carbohydrate-rich diets differs markedly from that of children on a 
typical Western diet (De Filippo et al. 2010). The intake of dietary carbohydrates 
results in a large percentage of the phylum Bacteroidetes; many of these bacteria are 
enriched with genes that encode carbohydrate-energetic enzymes 
(glycosyltransferases, glycoside hydrolases, and polysaccharide lyases) (Hollister 
et al. 2014; Cantarel et al. 2012). Regarding the phylum Bacteroidetes, folks who 
consume diets rich in plant carbohydrates have a greater proportion of Prevotella 
species (Wu et al. 2011), while folks that consume animal fats and protein have 
higher proportions of Bacteroides species. Hence, the intestine microbiome, in place 
of the human genome, plays a crucial function in the metabolism of dietary 
carbohydrates. The relative functions of the intestine microbiota within the metabo-
lism of various meals can also provide strategies for nutritional modification and 
useful optimization of the microbiome (Wu et al. 2011).
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15.1.3 Generation of Short-Chain Fatty Acids 

Fermentation is the process by which anaerobic bacteria break down resistant starch 
or indigestible carbohydrates (dietary fibre) into short-chain fatty acids (SCFAs: 
C2-C6). This is an important function of the colon. Through collaboration with 
species specialized in oligosaccharide fermentation (e.g. Bifidobacteria) (Marchesi 
et al. 2016), the phyla Firmicutes and Bacteroidetes produce SCFAs from indigest-
ible carbohydrates that escape digestion in the small intestine (Flint et al. 2012; 
Schwiertz et al. 2010). SCFAs constitute approximately two-thirds of the colonic 
anion concentration (70–130 mmol/l), mainly as acetate, propionate, and butyrate. 
Butyrate is a primary energy source for colonic epithelial cells (ECs), and it is 
estimated that SCFAs provide 10% of the total dietary energy supply in humans 
(McNeil 1984). Butyrate and propionate can control how the gut works and how the 
immune system works, while acetate helps lipogenesis and gluconeogenesis happen 
(Macfarlane and Macfarlane 2011). SCFA levels are associated with fermentation, 
mainly determined by microbial composition. A majority of fermentation occurs in 
the proximal colon, but the gut microbiota uses other substrates (e.g. protein or 
amino acids) in the distal colon due to the depletion of carbohydrates. So, the colonic 
pH is lower in the proximal colon where fermentation is highest (pH 5.5–6.5) 
compared to the pH in the distal colon (pH 6.5–7.0) (Simpson and Campbell 
2015). Fermentation of amino acids leads to the generation of a range of potentially 
harmful compounds like ammonia, phenols, p-cresol, certain amines, and hydrogen 
sulphide. Some of these compounds may be involved in gut diseases such as colon 
cancer or IBD. In contrast, high luminal SCFAs inhibit the growth of gram-negative 
enterobacteriaceae, including the familiar pathogens Salmonella spp. and 
Escherichia coli (Simpson and Campbell 2015; Duncan et al. 2009) and contribute 
to the maintenance of a favourable environment in the colon. 

15.2 Role of the Gut Microbiota in Immune and Inflammatory 
Responses 

The gut microbiota regulates immune homeostasis and inflammatory response via 
the induction and development of the GI immune system (Kamada and Nunez 2014; 
Hooper and Macpherson 2010). On the other hand, the mucosal immune system also 
regulates the structure and function of the gut microbiota. This bidirectional interac-
tion is finely tuned under healthy conditions, but its breakdown leads to GI or general 
disorders. Treg cells are a type of T cell that modulates the immune system, 
maintains tolerance to self-antigens, and prevents autoimmune disease (Kamada 
and Nunez 2014). These cells generally suppress or downregulate the induction 
and proliferation of effector T cells. Previous studies have demonstrated that the 
genus Clostridium is a strong inducer of Tregs through butyrate production (Kamada 
and Nunez 2014; Atarashi et al. 2011; Furusawa et al. 2013). In germ-free (GF) mice 
(deficient in the gut microbiota), a reduced luminal concentration of SCFAs is 
accompanied by an impaired development of intestinal Treg cells (Furusawa et al.



2013; Smith et al. 2013). In these GF mice, reconstitution with commensal bacteria 
or administration of SCFAs restores the number of Treg cells (Furusawa et al. 2013), 
supporting a role for bacterial metabolites in Treg development. Therefore, it was 
suggested that a decrease in the relative abundance of butyrate-producing microbes, 
such as Faecalibacterium prausnitzii, may lead to a disruption in mucosal homeo-
stasis (Fujimoto et al. 2013). The gut microbiota also plays a crucial role in the 
induction of effector T cells in the GI tract. The Th17 cells are a novel class of helper 
CD4+ T cells characterized by the secretion of interleukin (IL)-17A, IL-17F, IL-21, 
and IL-22 (31). IL-17 is a potent pro-inflammatory cytokine that increases the 
expression of tumour necrosis factor (TNF)- and IL-1 in a variety of cell types 
(Weaver et al. 2007). Waite and Skokos (2012) found that inflammatory and 
autoimmune diseases are caused in part by the wrong way Th17 cells are controlled. 
In GF mice, the number of Th1 and Th17 cells was markedly reduced and then 
restored by reconstitution with conventional microbiota (Ivanov et al. 2008), 
indicating that the gut microbes play a role in Th1 and Th17 cell development. 
Recently, Atarashi et al. (2015) described the importance of the epithelial cells’ 
adhesive character of microbes in the induction of Th17 cells in the mucosa. The 
EC-adhesive bacteria spp. triggered Th17 responses, whereas adhesion-defective 
mutants of these microbes failed to do so. Also, a mix of 20 bacterial strains that 
were taken from a person with ulcerative colitis triggered the Th17 response and had 
EC-adhesive properties (Atarashi et al. 2015). 
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15.3 Mechanism Associated with Gut Microbiota 
and Metabolites in Cardiovascular Diseases 

The regulation of human physiology is greatly influenced by interactions between 
the intestinal microbiota and the host. Gut dysbiosis, or harmful changes in the gut 
microbiota, has been linked to the onset and progression of a number of diseases, 
including cardiovascular disease (CVD) (Novakovic et al. 2020). According to 
findings from genome sequencing and metagenomic studies (Karlsson et al. 2012; 
Vinje et al. 2014), the pathogenesis of CVD is thought to be influenced by changes in 
the constitution of gut flora and alterations in gut microbial metabolism (Xu et al. 
2020). Trimethylamine/trimethylamine N-oxide, short-chain fatty acids, and bile 
acids are among the bioactive metabolites that are produced by the gut microbiota, 
which performs like an endocrine organ. Barrier functions are regulated by commu-
nication between the gut microbiota and intestinal cells, which continuously activate 
the immune system to fight pathogens (De Santis et al. 2015). Lipopolysaccharide 
(LPS) and peptidoglycan are structural elements of the microbiota that can interact 
with host intestinal cells directly through toll-like receptors (TLRs) (Larsson et al. 
2012). A significant class of bacterial metabolites known as short-chain fatty acids is 
produced mostly in the colon from the bacterial fermentation of dietary fibres 
(Cummings et al. 1987). Firmicutes typically produce butyrate, whereas 
Bacteroidetes frequently produce acetate and propionate (Kasselman et al. 2018). 
Involvement with host G protein-coupled receptors (GPCRs), such as Gpr41 and



Olfr78, is one way that SCFAs have an impact on the host cells. When Olfr78 is 
stimulated, blood pressure rises while Gpr41 activation causes hypotension 
(Pluznick 2013). Alterations in the concentrations of bacterial metabolic products 
occur after changes in the bacteria’s composition linked to hypertension (Kim et al. 
2018). The production of different metabolites can be altered by gut dysbiosis, which 
can also have pro-atherosclerotic effects via metabolism-dependent pathways 
(Xu et al. 2020). Trimethylamine N-oxide (TMAO), one of the many metabolites 
produced by the gut microbiota, plays a significant role in the onset of atherosclero-
sis. Two different kinds of bacterial enzymes—carnitine-specific and choline-
specific lyases—cleave particular carbon–nitrogen bonds to form TMA 
(trimethylamine), a TMAO precursor (Koeth et al. 2013). In the liver, the flavin-
containing monooxygenase family of enzymes converts TMA into TMAO after it 
has been absorbed into the blood (Tang and Hazen 2014). Butyrate and BAs, two 
other metabolites produced by gut bacteria, have atheroprotective properties (Jones 
et al. 2012; Brown and Hazen 2015). The size of an aortic lesion is not significantly 
affected by N-acyl phosphatidylethanolamines (NAPEs), but the necrotic core area 
of atherosclerotic lesions can be significantly reduced (May-Zhang et al. 2019). 
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15.3.1 Hypertension 

Over a billion individuals worldwide are affected by hypertension, a serious cardio-
vascular ailment that is relatively prevalent (Chockalingam 2007). Blood pressure 
levels rise with age in both males and females, especially in high-class civilizations, 
for a variety of reasons, with a high salt diet being the main cause of the disease’s 
widespread prevalence (Grillo et al. 2019). In the past few years, a clear correlation 
between the gut microbiota and blood pressure has emerged (Marques et al. 2018). 
In the control of blood pressure, bacterial metabolites have a significant influence 
(Pevsner-Fischer et al. 2017). Unfolding literature on both human and animal trials 
suggests that disruption of the composition of the gut’s microbial population elevates 
blood pressure (Al Khodor et al. 2017). 

Diet inadequacies and lifestyle choices can influence how our cardiovascular 
system behaves and how it is regulated. Diets high in salt and cholesterol can make it 
more difficult to control cholesterol levels, which can result in hypertension and 
coronary artery disease (CAD), respectively. Many epidemiological studies have 
shown that a diet high in micronutrients, especially fibre, is important for 
maintaining BP homeostasis and a healthy gut. Typically associated with higher 
SCFA levels, fruits, vegetables, and legumes satisfy this criterion (Miura et al. 
2004). More than 2900 commensal and opportunistic bacterial species dwell in the 
human gut, with 102 bacteria per gram found in the stomach and 1011 per gram in the 
colon (Rajilic-Stojanovic and de Vos 2014; Donaldson et al. 2016; Almeida et al. 
2019). Shikata et al. (2019) found that using a combination of antibiotics got rid of 
all the gut microbiota, which greatly reduced the number of aneurysms caused by 
high blood pressure.
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All of these studies point to a significant correlation between the composition of 
gut bacteria and hypertension. All of these studies show that there is a strong link 
between high blood pressure and the types of bacteria in the gut. SCFAs are 
produced as a result of the fermentation or breakdown of proteins and carbohydrates 
carried out by commensal gut bacteria. SCFAs are essential for preserving a healthy 
intestinal system. Nearly 20% of the tiny molecules circulating in human blood are 
metabolites generated by gut bacteria (Rook et al. 2017), which are responsible for 
maintaining lymphocyte infiltration into the intestinal tissues and stimulating the 
sympathetic nervous system (Diaz Heijtz et al. 2011; Straub et al. 2005). These 
SCFAs are either absorbed by the gut and contribute to a number of physiological 
functions, or they are expelled in faeces. Acetic, propionic, and butyric acids are 
these SCFAs’ most prevalent types. The usage of the Mediterranean and DASH diets 
has been associated with a considerable reduction in blood pressure in hypertensive 
individuals and a reduction in inflammation (Al Khodor et al. 2017; Sureda et al. 
2018; Saneei et al. 2014; Phillips et al. 2018). 

Improvements in obesity, coronary artery disease, and other metabolic changes 
have also been observed, in addition to improvements in blood pressure and 
inflammation (Widmer et al. 2015; Krznaric et al. 2019). A few other studies, mostly 
in Chinese, American, and Brazilian populations, have investigated how the 
microbiome affects hypertension. These studies provide a variety of phylogenetic 
and functional signatures, suggesting that dysbiosis in the gut microbiota may play a 
role in the pathogenesis of hypertension (Silveira-Nunes et al. 2020; Sun et al. 2019; 
Li et al. 2019a, b). The gut microbiome’s impact on hypertension sufferers has not 
been well studied. A number of population-based studies done on humans have 
shown a high correlation between blood pressure and bacterial metabolites (Holmes 
et al. 2008; Zheng et al. 2013). In comparison with subjects with normal blood 
pressure, hypertensive patients have a commensal microbial colony that is relatively 
less diverse. When compared to healthy controls, it was found that both 
prehypertensive and hypertension patients had lower levels of gene richness and 
microbial diversity but higher levels of the genus Prevotella of bacteria. These 
differences in microbiome clusters between disease groups suggest (Xu et al. 
2020) that the metabolic profile of hypertension is linked to the number of gut 
microbes in the host. 

15.3.2 Atherosclerosis 

In the most extreme AS research, human GM has gotten a lot of attention. Based on 
associative information from metagenome-wide association studies, it is thought that 
disruption of the “normal” microbiome profile contributes to the development of 
atherosclerotic CVDs. According to histology, the atherosclerotic lesion is predomi-
nately composed of cellular proliferation and fibrosis of the intima of primarily 
medium-sized arteries, which results in a narrowing of the arterial lumen and 
subsequent organ ischaemia (Demetris et al. 1989). Localized lipid build-up in the 
artery wall causes the development of an atherosclerotic lesion, also known as a



plaque. Low-density lipoprotein is the main source of this lipid build-up (LDL). 
Certain gut microorganisms, dietary components, platelet function, and the risk of 
thrombosis are related (Zhu et al. 2016). Dietary choline and high levels of the gut 
microbe-dependent metabolite TMAO have been shown to have a prothrombotic 
effect in both humans and animals (Organ et al. 2016; Zhu et al. 2016, 2017). 
Trimethylamine N-Oxide (TMAO) has been recognized as a significant human 
CVD and neurological comorbidity risk factor. The copious carnitine and choline 
found in meat, eggs, and other animal-derived meals are co-metabolized by the host 
and bacterium to produce the microbe-dependent metabolite TMAO. The proportion 
of Ruminococcus, Lachnospiraceae spp., Mollicutes spp., and Tenericutes spp. was 
shown to be enhanced in high carnitine consumers. However, the mechanisms 
driving the rise in these microbial taxa are still unclear (Wu et al. 2019a, b; Koeth 
et al. 2013, 2014). According to a recent study, the second phase (γ-butyrobetaine → 
TMA) in the two-phase metabolic process for carnitine (carnitine → γ-butyrobetaine 
→ TMA) is a crucial stage that could establish if the gut bacteria is producing TMA 
from carnitine metabolism (Koeth et al. 2019). Koeth et al. identified a novel bacteria 
called Emergencia timonensis and discovered that it was exclusively in charge of the 
TMA step for γ-butyrobetaine, but more research is needed to confirm its effect on 
the disease’s symptoms and the amount of TMAO in human plasma. Additionally, 
the composition of vegetarians’ gut flora is different and it exhibits a reduced ability 
to manufacture the precursor to TMAO, trimethylamine (TMA) (Wu et al. 2019a, b; 
Koeth et al. 2013). As a result, the development of atherosclerosis linked to high 
TMAO levels is significantly influenced by gut flora. These results also suggest that 
the makeup of the microbiome could be an important therapeutic target for 
preventing and treating atherosclerosis. 
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The level of antioxidants, including polyphenols, which may directly affect the 
development of atherosclerosis, is significantly regulated by the gut flora. Quercetin 
has been demonstrated, for example, to reduce the production of ROS and NOS and 
nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase in mouse models 
of atherosclerosis (Xiao et al. 2017; Loke et al. 2010). Matrix metalloproteinase-1 
(MMP-1) is another matrix that quercetin targets since it is essential for the devel-
opment of unstable atherosclerotic plaques that result in thrombogenesis (Song et al. 
2001). In a recent study, animals with atherosclerosis caused by their diet were used 
to find out more about quercetin’s anti-atherosclerosis effects. Without changing the 
phylum-level architecture of the gut microbiota, treatment with quercetin for 
12 weeks improved the lipid profile and dramatically decreased the levels of the 
pro-inflammatory mediators TNF-α and IL-6. However, a considerable shift in the 
faecal metabolite profile showed that quercetin operated through modifying bile acid 
production (Wu et al. 2019a, b). The fatty stripe is the beginning of the atheroscle-
rosis process, which leads to plaque rupture and acute atherothrombosis, which 
result in acute clinical events like stroke or myocardial infarction (Hansson 2005; 
Ross 1999). Even though inflammation is involved in all stages of atherosclerosis, 
most of the research on the microbiome and CAD has not made a clear distinction 
between chronic CAD and acute events. Cross-sectional research methods were used 
in all of the published studies about the involvement of the microbiome in CAD to



examine patients with generally stable CAD (Jie et al. 2017; Zhu et al. 2018; 
Karlsson et al. 2012). Ross referred to atherosclerosis as an inflammatory illness 
almost 20 years ago (Ross 1999), The CANTOS trial was published by Ridker et al. 
(2017), demonstrating how the monoclonal antibody canakinumab can lower car-
diovascular events by inhibiting IL-1b. Microbiota medication could speed up 
clinical translation, but there are still a lot of problems to solve, like safety concerns 
and the fact that each person’s gut microbiota looks and works differently. 
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15.3.3 Coronary Artery Disease 

Cardiovascular diseases are one of the leading causes of death worldwide. Even 
those with well-controlled hypertension who take medication run a high risk of 
developing a cardiovascular disorder. Therefore, it is crucial to pinpoint the various 
causes and mechanisms through which cardiovascular illnesses might develop and 
spread. Taxonomic changes in the gut may affect cardiovascular function, according 
to several research studies conducted on both animals and humans (Naqvi et al. 
2021). 

Recent studies have used different sequencing methods to look at the gut 
microbiota of people with coronary artery disease (CAD). According to Cui et al., 
individuals with coronary heart disease showed changes at the phylum level, with a 
lower proportion of Bacteroidetes and a higher proportion of firmicutes. Jie et al. 
reported reduced levels of Roseburia intestinalis and Faecalibacterium prausnitzii, 
known makers of the SCFA butyrate, and higher levels of various Streptococcus 
species and genera of the Enterobacteriaceae family in a much more thorough 
investigation. 

Studies on mice have revealed that ω-3 PUFA obtained from flaxseed reduced the 
share of Bacteroidetes, while those derived from fish oil affected the number of 
firmicutes (Liu et al. 2012; Yu et al. 2014). The presence of Lactobacillus and 
Akkermansia Muciniphila was demonstrated to be enhanced in rats given either 
dietary fish oil or lard as a source of fat (Caesar et al. 2015). These two 
microorganisms in the human gut are well known for having anti-inflammatory 
properties and favourable effects on metabolism. Supplemental-3 PUFA may have 
an anti-inflammatory impact that is mediated by an increase in the synthesis of short-
chain fatty acids (SCFA) (Santoru et al. 2017). The conclusion drawn is that 
supplementing with ω-3 PUFAs may have a positive impact on the diversity of 
bacterial phyla in the gut microbiota. In particular, these supplements seem to 
increase the number of anti-inflammatory bacteria like Lachnospiraceae and 
Bifidobacteria and bring the number of Firmicutes and Bacteroidetes back into 
balance. These findings imply that the prebiotic effect of ω-3 PUFA supplements 
on the composition of the gut flora is a key mechanism by which the positive effects 
of these supplements are partially mediated (Chockalingam 2007). 

The microbial metabolism of dietary components like carnitine and choline is the 
most convincing proof of a connection between the gut microbiome and CAD 
(Koeth et al. 2013; Wang et al. 2011; Tang et al. 2013). In a seminal article from



the Hazen group (Tang et al. 2019), the metabolite TMAO was discovered to be a 
powerful predictor of CAD. TMAO may be the cause of atherosclerosis rather than 
just a sign of the condition (Wang et al. 2011). Trimethylamine, the precursor to 
TMAO, is created by the gut microbiota from foods containing L-carnitine or 
phosphatidylcholine and then oxidized by hepatic monooxygenases that contain 
flavin (Tang et al. 2019; Wang et al. 2011). Animal models show that precursors 
of TMAO cause foam cell growth and atherosclerosis, but not when antibiotics are 
added to the water, which points to a mechanism that depends on the microbiota 
(Wang et al. 2011). 
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In a recent study, healthy individuals’ TMAO levels rose after consuming red 
meat, compared to those who consumed a vegetarian or a diet heavy in white meat 
(Wang et al. 2019). Diet has a reversible impact on the levels of TMAO. Further-
more, the increased TMAO generation was shown to be caused by carnitine rather 
than choline by isotopic methods (Wang et al. 2019). However, TMAO is the 
microbiota-related metabolite that has been most extensively researched in terms 
of cardiovascular risk. Other metabolites found on the TMAO route may also be of 
relevance. Gamma-butyrobetaine (gBB) is a metabolite on the pathway from 
L-carnitine to TMAO that is partially related to the microbiota and has also been 
connected to CAD (Koeth et al. 2014). Trimethyl lysine (TML) is a precursor of both 
gBB and TMAO that is obtained both from dietary and endogenous sources. It has 
been connected to a higher risk of CAD, either by itself or in conjunction with 
TMAO (Li et al. 2018, 2019a, b). In individuals with carotid artery atherosclerosis, 
circulating levels of gBB and TML but not TMAO predicted cardiovascular mortal-
ity in recent investigations (Skagen et al. 2016). Because of this, future research must 
include TMAO precursors in order to find out how atherosclerosis and CAD happen. 

15.3.4 Myocardial Infarction 

Globally, atherothrombotic cardiovascular disorders (e.g. myocardial infarction 
(MI) and stroke) are the main offenders and a major cause of morbidity (Tilg 
2016). The specific mechanisms by which a beneficial microbiota can lower MI 
risk factors or prevent post-MI events (Lam et al. 2012; Gan et al. 2014; McCafferty 
et al. 2012; Girard et al. 2009) are by modifications to the metabolism of cholesterol 
and lipogenesis, as well as the synthesis of antioxidants, which are all included. A 
greater trend is found in the gut microbiota in acute MI animal models, particularly 
in the Synergistetes, Spirochaetes, Lachnospiraceae, Syntrophomonadaceae, and 
Tissierella Soehngenia genera (Wu et al. 2017a, b). TMAO is linked to an increased 
risk of unfavourable cardiovascular events, including MI in stroke patients 
(Haghikia et al. 2018). It has the ability to foretell unfavourable outcomes, such as 
all-cause mortality or reinfarction, 2 years following MI (Suzuki et al. 2017). Studies 
conducted in living organisms have shown that dysbiosis in the gut microbiota can 
affect the efficiency of energy absorption from food, which in turn affects suscepti-
bility to obesity and atherosclerosis through modifying inflammatory response and 
lipid metabolism (Zabell and Tang 2017; Caesar et al. 2010). Probiotic use was



found to significantly lower cholesterol, LDL, and triglyceride levels, according to a 
meta-analysis (Guo et al. 2011). 
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Additionally, it can influence the host’s physiology and gene expression and its 
cellular and immune responses (Rafter 2004). The role of toll-like receptors (TLRs) 
and the existence of bacterial effector protein(s) that may work to regulate the host 
signalling pathway are the most recent theories about the ways in which microbiota 
might alter the gene expression of the host. TLR receptors trigger downstream 
signalling cascades that regulate the functionality of NF-B, MAPK, AKT, or 
caspase-dependent signalling pathways. 

The toll-like 13 receptors (TLRs) and NOD-like receptors (NLRs), which identify 
bacterial products such as lipopolysaccharides and peptidoglycans, play a key role in 
modulating the pro-inflammatory effects of microbiota. Numerous innate immune 
receptors, including TLR4, TLR2, NOD1, and NOD2, have been linked to a number 
of metabolic syndrome characteristics, such as obesity, insulin resistance, hepatic 
steatosis, and inflammation, in studies using mice models (Jin et al. 2013). Similar 
research on mice has directly linked TLR4, TLR3, and TLR2 to atherosclerosis 
(Ding et al. 2012). Additionally, a number of studies have connected inflammasome 
sensing to inflammation, fatty liver, and obesity (Jin et al. 2012; Henao-Mejia et al. 
2012; Wlodarska et al. 2014). Positive in vitro, in vivo, and human investigations 
have clarified that various microbiota-derived factors modulate host signalling 
pathways and show advantageous heart-protective effects. Healthy gut microbiota 
can also regulate immunological responses, lower the degree of cardiac failure after 
an MI, and lower the size of the MI. Plasma levels of TMAO were used to predict 
myocardial infarction, stroke, and all-cause mortality in a number of independent 
cohorts from the USA and Europe (Tang et al. 2013, 2019; Wang et al. 2011; Koeth 
et al. 2013). The most common cause of death in developed cultures and a 
burgeoning epidemic in developing nations alike is acute myocardial infarction 
(AMI). The inflammation and cholesterol biosynthesis linked to hypertension, 
diabetes mellitus, dyslipidaemia, smoking, and the post-menopausal stage are cur-
rently the focus of research into the risk factors for AMI (Akbar et al. 2020). Protein 
disulphide isomerase activity, which involves the protein-folding procedure 
connected to inflammation, is influenced by the gut flora (Kiouptsi et al. 2019). 
Trimethylamine-N-oxide (TMAO) production from the gut microbiome is linked to 
changes in the phenotypes of endothelial and macrophage cells, stimulation of 
platelet hyperresponsiveness, coronary atherosclerotic burden, convolution of the 
plaque, acute coronary syndrome, and post-myocardial infarction sequelae (Jie et al. 
2017; Li et al. 2017; Gao et al. 2020). Under conditions of ischaemia, the gut 
microbiota also controls the synthesis of adenosine triphosphate (ATP) and the 
metabolism of ketone bodies by anaerobic succinate generation (Lam et al. 2012; 
Pisarenko et al. 1986). Beginning with the astounding finding that gut microbiota 
silencing with an oral blend of poorly absorbed antibiotics significantly increased the 
rates of post-MI ventricular rupture and death in a murine model of chronic left 
anterior descending artery ligation, Tang and colleagues’ studies go on to investigate 
this concept. They also demonstrated a substantial improvement in survival prior to 
MI following microbial reconstitution using faecal transplantation from untreated



donors, indicating a role for the gut microbiota in early cardiac healing (Tang et al. 
2019). In a series of add-back experiments, it is suggested that the beneficial effects 
in the post-MI setting may be partially mediated by gut microbiota-generated 
SCFAs, which induce recruitment of myeloid cells to the heart. This is a new 
mechanistic insight regarding the effect of gut microbiota on ventricular 
remodelling. The detrimental effects of antibiotics on mortality and ventricular 
rupture rates were considerably mitigated by either dietary SCFA supplementation 
or intravenous infusion of the monocytic cell line RAW264.7 given one day after MI 
(McMillan and Hazen 2019). 
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As a result, the gut microbiome affects immunological function, energy genera-
tion, and inflammation, and it may also play a role in AMI episodes. 

15.3.5 Heart Disease 

Heart failure (HF) is a disease that has a significant mortality rate (Kociol et al. 
2010). About half of the patients die within 5 years of diagnosis (Suzuki et al. 2016). 
Reduced cardiac output and blood redistribution in heart failure patients lead to a 
reduction in intestinal perfusion and disruption of the intestinal barrier (Nagatomo 
and Tang 2015). Circulatory congestion can potentially cause intestinal 
hypoperfusion in heart failure patients with decreased cardiac output. Vasoconstric-
tion is also hypothesized to contribute via increased sympathetic tone, which is 
initially compensatory but later becomes hyperactive. Preclinical investigations have 
shown downstream inflammatory effects that may amplify atherosclerosis and 
fibrosis and the course of heart failure (Pasini et al. 2016). Intestinal oedema has 
previously been linked to worse outcomes in hospitalized heart failure patients; 
moreover, bowel wall oedema is reported, with both characteristics likely to produce 
hypoxia in the intestine (Ikeda et al. 2018). Because of the lowered mucosal pH and 
associated effects on carrier-mediated transport, the gut becomes more permeable 
and its barrier functions are compromised. Following this, endotoxaemia and bacte-
rial translocation into the circulation are possible, both of which might increase 
inflammation in heart failure patients (Chen et al. 2019). The intensity of heart failure 
is correlated with TMAO (trimethylamine N-oxide) and choline levels. When mice 
with transverse aortic constriction are fed choline or TMAO, pulmonary oedema and 
myocardial hypertrophy are significantly enhanced (Organ et al. 2016). A worse 
outcome is indicated by an elevated TMAO level, which is important to the 
pathophysiology of heart failure (Tang et al. 2014). The former hypothesis is 
supported mechanistically by recent preclinical data by Boccella et al., who used a 
mouse transverse aortic constriction (TAC) model of pressure-overload 
HF. Compared to previous preclinical models, the TAC model can simulate HF 
development over a more progressive time course. In contrast to sham-operated 
controls, it was demonstrated that TAC produced intestinal barrier disruption and 
dramatically elevated serum levels of cytokines and LPS (Boccella et al. 2021). The 
relationship between gut microbiota and chronic heart failure has been explained by 
a number of different pathways and mediators. When compared to individuals



without oedema, heart failure patients with pedal oedema had greater levels of 
endotoxins and a lipopolysaccharide/lipopolysaccharide-binding proteins (LBP) 
ratio. Oedematous heart failure patients have been found to have greater plasma 
concentrations of C-reactive protein, TNF-a, soluble TNF receptor 1 and receptor 
2, interleukin-6, and soluble CD14 than non-oedematous patients (Niebauer et al. 
1999). Evidence suggests that these compounds may be absorbed into the intestinal 
circulation and then affect distal organs, such as the heart, thus acting as biomarkers 
and influencing the prognosis for HF (Chen et al. 2019). Probiotics and diuretics 
have both been investigated for their potential effects on microbiota related to 
chronic heart failure (CHF) patients. Niebauer et al. (1999) found that when people 
took diuretics for a short time, their endotoxin levels went down, but their cytokine 
levels did not change. These incidents might be avoided thanks to probiotic strains’ 
capacity to strengthen the gut wall and reduce inflammation. Probiotic therapy with 
Lactobacillus rhamnosus has also been shown to lower levels of TMAO and 
systemic inflammation (Moludi et al. 2021), which may be helpful for CHF patients. 
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The bacteria in the phyla Bacteroidetes and Firmicutes make up the majority of 
the varied microbiota in the adult gut. Actinobacteria, Proteobacteria, 
Verrucomicrobia, and Fusobacteria are some of the other less prevalent phyla 
(Eckburg et al. 2005). From childhood to adulthood, the gut microbiota’s makeup 
changes and may change depending on a number of circumstances and health 
conditions (Avershina et al. 2016; Rinninella et al. 2019). Various factors have the 
ability to change the gut’s microbial community. The gut microbiota is strongly 
affected by the type of diet one consumes. Vegetarian diets have been linked to 
healthy, diverse gut microbiota, while non-vegetarian diets have been linked to a loss 
in overall gut microbiota and beneficial species (Hasan and Yang 2019). It has been 
discovered that the gut microbiota is crucial for the development and control of the 
host’s immune system (Mazmanian et al. 2005). Additionally, it alters a number of 
host metabolic pathways. Human cardiovascular health has been discovered to be 
severely affected by changes in the composition of the gut microbiota. In the world, 
cardiovascular disease (CVD) is the leading cause of death. 

15.3.6 Obesity and Dyslipidaemia 

Low-density lipoprotein cholesterol (LDL-C), triglycerides, and high-density lipo-
protein (HDL) are among the lipids that are imbalanced in dyslipidaemia. This 
disorder can occur from food, cigarette use, or genetics, and it can cause serious 
problems like cardiovascular disease. The relationship between dyslipidaemia, obe-
sity, and CVD is well-established in the literature. The relationship between changes 
in lipid metabolism, obesity, and gut microbiota has been clarified by a number of 
studies. Low-density lipoprotein cholesterol (LDL-C), triglycerides, and high-
density lipoprotein (HDL) are among the lipids that are imbalanced in dyslipidaemia. 
This disorder can occur from food, cigarette use, or genetics, and it can cause serious 
problems like cardiovascular disease. Plasma cholesterol levels have been revealed 
to be significantly influenced by gut flora. Bacteria belonging to the class



Betaproteobacteria, Bacteroidales, and phylum Firmicutes have been found to be 
significantly high in experimental high-cholesterol models (Le Roy et al. 2019). In a 
recent study, it was found that the gut microbiota of obese people is dominated by 
Firmicutes, while Bacteroidetes continue to be the most prevalent bacterial species in 
lean subjects. Additionally, this study demonstrated that diets low in fat and carbs 
increased the amount of the genus Bacteroidetes (Ley et al. 2006). It has been 
proposed that the production of SCFAs and the regulation of secondary bile acids, 
trimethylamine (TMA)/trimethylamine N-oxide (TMAO), and pro-inflammatory 
mediators such as lipopolysaccharides are some of the processes through which 
the gut microbiota affects lipid metabolism and obesity. It has been discovered that 
the gut microbiota affects the deconjugation and secretion of bile acids that regulate 
lipid metabolism via signalling from the farnesoid X receptor (FXR) and Takeda G 
protein (TGR5)-coupled bile acid receptor (Schoeler and Caesar 2019; Sayin et al. 
2013). Through lipid metabolism and inflammatory pathways, TMA and TMAO 
made by certain bacteria may raise the risk of atherosclerosis and CVD. Certain gut 
bacteria may reduce gut permeability, which could stop endotoxins like 
lipopolysaccharides from entering the bloodstream and causing inflammation. It 
may be interesting to add that lipopolysaccharides have been linked to the onset of 
atherosclerosis and CVD in this context (Schoeler and Caesar 2019). The patho-
physiological relationship between gut microbiota and lipid metabolism/obesity has 
been interpreted by a number of studies towards the development of treatment 
approaches treating these disease states. In a mouse model, it was discovered that 
co-supplementation with milk that had been fermented with Lactobacillus 
fermentum MTCC: 5898 improved the lipid profile, atherogenic index, coronary 
artery disease (CAD) risk index, and blood levels of a number of pro-inflammatory 
cytokines (Yadav et al. 2019). In a recent study, it was found that the probiotic 
Lactobacillus has a significant role in the reduction in total cholesterol and 
low-density lipoprotein cholesterol (Wu et al. 2017a, b). In a recent study, it was 
found that, in addition to probiotics, the efficiency of current therapy approaches for 
dyslipidaemia and obesity is related to mechanisms involving the gut flora. The fact 
that diet and exercise have positive effects on body weight control and are conta-
gious through FMT points to a potential role for the gut microbiota in the effects of 
these interventions on obesity (Lai et al. 2018). 
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15.3.7 Chronic Kidney Disease 

Chronic kidney disease occurs when a disease or condition impairs kidney function, 
causing kidney damage to worsen over several months or years. Diseases and 
conditions that cause chronic kidney disease include type 1 or type 2 diabetes and 
high blood pressure. Patients with CKD also have a changed gut microbiome. 
According to the evidence, the main causes of dysbiosis in CKD are reduced dietary 
fibre intake, constipation, poor protein metabolism, and medication (Ramezani and 
Raj 2014). Dysbiosis of the gut microbiome occurs in CKD as a result of structural 
and functional changes to the gut microbiota and reduced gut barrier function. Due to



decreased urine excretion in CKD, this results in the creation of large amounts of 
uraemic toxins that may be retained. These toxins are produced as a result of an 
imbalanced nitrogen compound metabolism, primarily in conjunction with 
nondigestible carbohydrates like p-cresyl and indoxyl sulphates. They can exacer-
bate CKD by translocating into the systemic circulation through a compromised gut 
barrier. They are also linked to CVD development and increased mortality risk in 
CKD patients (Nallu et al. 2017; Armani et al. 2017). Tryptophan is converted by 
intestinal bacteria into indoles, which are then converted into indole indoxyl sulphate 
(IS) and indole-3-acetic acid (IAA). They cause tubulointerstitial fibrosis, aortic and 
vascular calcification, endothelial lining damage, and reduced erythropoietin pro-
duction by activating nuclear factor (NF)-Kb and plasminogen activator inhibitor 
type 1. Tyrosine and phenylalanine are broken down by bacteria and converted into 
PCS, another uraemic toxin, which is then sulphonated in the liver. They frequently 
result in oxidative stress, inflammatory mediator production, and renal fibrosis. Most 
of the data (Nallu et al. 2017) show that high levels of IS, IAA, and PCS are linked to 
higher rates of death from all causes and cardiovascular events. It has also been 
observed that other uraemic toxins, including amines, polyamines, D-amino acids, 
endotoxins, blood urea nitrogen (BUN), urea, and their derivatives, are nephrotoxic 
and contribute to the development of CKD or CVD (Nallu et al. 2017). It has been 
demonstrated that consuming prebiotics and probiotics can reduce uraemic toxin 
levels, delay the onset of CKD, and lengthen life. Meijers et al. (2010) found that 
when haemodialysis patients consumed the prebiotic p-inulin orally, their serum 
concentrations of PCS and IS decreased (Meijers et al. 2010). In a recent study, it 
was found that healthy individuals’ PCS levels decreased after receiving acarbose 
medication (Evenepoel et al. 2006). Treatment with oral Lactobacillus acidophilus in 
haemodialysis patients reduced levels of uraemic toxins like serum dimethylamine 
(Simenhoff et al. 1996). 
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In preclinical investigations, a number of new medicines have demonstrated 
efficacy, including the prostaglandin derivative lubiprostone and the trimethylamine 
(TMA) inhibitor 3,3-dimethyl-1-butanol (DMB). According to studies, lubiprostone 
lowers BUN levels and enhances the microbiota profile by rapidly increasing the 
species that break down sugars (Mishima et al. 2015). Also, it has been shown that 
3, 3-dimethyl-1-butanol, which is found in several essential oils, stops the growth of 
atherosclerotic lesions and macrophage foam cells, as well as lowering TMAO levels 
(Wang et al. 2015). 

15.3.8 Diabetes Mellitus 

T2DM, or type 2 diabetes mellitus, is one of the leading causes of CVD. According 
to recent observational research and systematic reviews on the subject, there are 
significant changes in the composition of the gut microbiota between those with 
T2DM and healthy controls, according to recent observational research and system-
atic reviews on the subject. In contrast, it was discovered that people with T2DM had 
lower levels of bacteria from the genera Bifidobacterium, Bacteroides,



Faecalibacterium, Akkermansia, and Roseburia, which have protective effects on 
glucose metabolism and T2DM. T2DM was positively correlated with the phylum 
Firmicutes and the bacterial species Ruminococcus, Fusobacterium, and Blautia 
(Gurung et al. 2020; Li et al. 2020). Gurung et al. (2020) found that the genus 
Lactobacillus is the most diverse and has the most operational taxonomic units 
(OTUs) in the human gut. This is because its distribution patterns are not regular. 
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The potential connection between changed gut microbiota and T2DM has been 
explained by a number of mechanisms, including modulation of inflammation, gut 
permeability, glucose and fatty acid metabolism, and insulin sensitivity. The pro-
duction of anti-inflammatory cytokines and chemokines like interleukin (IL)-10 and 
22 and transforming growth factor (TGF)-b is induced by specific species of bacteria 
from the genera Roseburia, Bacteroides, Lactobacillus, and Akkermansia while 
reducing inflammation and improving insulin sensitivity by inhibiting 
pro-inflammatory cytokines and chemokines like IL-1b, monocyte chemoattractant 
protein-1, intercellular adhesion molecule-1, IL-8, IL-16, IL-17, CD36, nuclear 
factor-kappa B (NK-kB), interferon (IFN)-g, and C-reactive protein. On the other 
hand, it has been found that bacteria from the genera Ruminococcus and 
Fusobacterium increase the production of cytokines that cause inflammation. 
Scientists have found that the Bacteroides and Akkermansia genera can stop meta-
bolic endotoxaemia by increasing the expression of tight junction genes by turning 
on adenosine monophosphate kinase (AMPK). This makes more tight junction 
genes. 

Another crucial process is the modulation of fatty acid oxidation in adipose tissue. 
Short-chain fatty acids (SCFAs), which control a number of human endocrine 
pathways, are created by the activity of the gut bacteria on indigestible carbohydrates 
and proteins. They bind to the G protein-coupled receptors GPR41 and GPR43, 
which cause the release of postprandial plasma peptide YY (PYY) and glucagon-like 
peptide-1 (GLP-1) to occur (Samuel et al. 2008; Kimura et al. 2013). Moreover, 
SCFAs also stimulate AMPK, an important regulator of metabolic homeostasis (Den 
Besten et al. 2015). 

As our knowledge of the involvement of gut microbiota dysbiosis in the patho-
genesis of T2DM has grown, so have the potential treatment options. Faecal 
microbial transplantation (FMT) has recently been shown to help treat the symptoms 
of T2DM in mice. This course of treatment reduced the pancreatic inflammation and 
indicators of insulin resistance while reversing the elevated serum insulin levels 
linked to T2DM. With FMT, the pancreatic B-cell activity improved and the 
elevated levels of pro-inflammatory cytokines were returned to normal. Addition-
ally, FMT reduced the expression of cleaved caspase-3 and Bax and the death of 
pancreatic cells (Wang et al. 2020). SCFA administration is another approach being 
developed for T2DM therapy. Rats receiving SCFAs like acetate experienced an 
increase in plasma GLP-1 and PYY levels as well as a decrease in inflammatory 
markers such as tumour necrosis factor-a (TNF-a) (Freeland and Wolever 2010). 
Additionally, it has been discovered that probiotics and prebiotics show promise for 
treating T2DM. Lactobacillus paracasei NL 41 has been proven to significantly 
increase insulin sensitivity and lower blood glucose levels in diabetic rats.



Additionally, the probiotic therapy decreased oxidative stress and provided B-cell 
protection (Zeng et al. 2019). In a recent study, it was found that patients with type 
2 diabetes who took Lactobacillus casei supplements for eight weeks reported eating 
fewer carbs and fat and having better glycaemic control (Khalili et al. 2019). 
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15.4 Future Perspective and Conclusion 

The strong link between gut–microbiota dysbiosis and CVDs and the risks 
associated with it is supported by a large body of evidence. Furthermore, a remark-
able range of bacterial microbiomes have been found in numerous anatomical 
regions using new culture-independent genetic approaches for examining microbial 
diversity. This complexity was not fully understood in the past. A number of 
microbial pathways are now being explored as potential pharmacological targets 
and mediators in the treatment of cardiometabolic diseases as a result of the 
discovery of bacterial metabolites with the capacity to affect host physiological 
processes. In the treatment of cardiovascular diseases and the associated risk factors, 
it has been demonstrated that the interpretation of this important information into 
usable medications is both safe and effective. For the purpose of creating future 
targeted treatments that could prevent and treat cardiovascular illnesses (CVDs) and 
lessen the severity of their detrimental consequences, a deeper knowledge of this 
connection is essential. Blood levels of TMAOs are a key indication for predicting 
the outcome of specific cardiovascular events, such as a stroke, heart attack, or even 
death. Furthermore, this knowledge reduces the future risks and problems associated 
with the condition and its burden. 
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Role of Microbiome in Reproductive Health: 
An Expanding Dimension 16 
Samridhi Pushkarna, Richa Bhatnager, Anil Kumar, Pooja Suneja, 
and Amita Suneja Dang 

Abstract 

Trillions of symbiotic microorganisms have evolved with and continue to live on 
and within human beings, serving an important role in regulating human health 
and disease. Their omnipresence has a great influence on almost all the physio-
logical functions of the body, and female reproductive system is no exception. As 
per the Human Microbiome Project, the vaginal microbiota alone makes up about 
9% of the total human microbiota. Any internal or external change in this resident 
microbial population might lead to dysbiosis, further causing disease pathologies. 
This undesirable shift in microbiota is also strongly associated with stress and 
lifestyle imbalance, which are directly linked to poor dietary habits and a seden-
tary routine. Such unfavourable outcomes of vast urbanisation and 
industrialisation have increased the incidence of major health issues. One such 
medical condition is infertility, which is currently perceived as a worldwide 
health problem. Pathophysiological conditions concerning the reproductive sys-
tem like endometriosis, dysregulated ovarian functions, cervical factors, uterine 
complications and vaginal infections also affect female fertility to a great extent. 
Given that these conditions are usually associated with microbial dysbiosis, 
modulating the microbial population to reinstate eubiosis can certainly alleviate 
disease symptoms, thereby helping with disease management strategies. Gut 
microbiota also actively interacts with sex hormones (a concept called
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microgenderome) to regulate the circulating level of the latter and thus affect 
reproductive health in various ways. Therefore, many microorganisms are now 
being examined for their potential and promising use in developing various 
treatment approaches, including probiotics, synbiotics, faecal microbiota transfer 
(FMT) and vaginal microbiota transfer (VMT). The rationale behind all these 
options lies in rehabilitating the progenitive niche with a healthy microbial 
population in order to maintain and regulate the female reproductive system 
homeostasis.
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16.1 Introduction 

Humans are born in a virtually germ-free environment. Various microorganisms 
originating from the mother or other surroundings begin to settle in several body 
parts shortly after. This early colonisation of bacteria is essential for further devel-
opment (Kataoka 2016). With time, the human body also referred to as a superor-
ganism (Liang et al. 2018), fosters a tightly populated resident microbial community 
regulating the functions of their specific residential area. With the advent of high-
throughput sequencing techniques and extensive molecular research potential, geni-
tal tract microbiota is now being explored in diverse arrays ranging from its 
identification of taxa to functional capabilities concerning reproductive health, 
especially in the case of females. The vagina of the female reproductive tract 
harbours roughly 9% of the human microbial load alone Instances of medical 
complications in pregnancy and fertility have been associated with a hampered 
endometrial and cervicovaginal bacterial population. Links have also been identified 
between infertility and bacterial vaginosis (BV) (Ravel et al. 2021). It is 
characterised by a transition from Lactobacillus spp. dominant bacterial community 
to a more heterogeneous population comprising mainly of anaerobic bacteria. 
Women suffering from PCOS, a complex reproductive, neuro-endocrinal and meta-
bolic condition, exhibit a lower α-diversity correlated to higher testosterone concen-
tration and hirsutism score (Thackray 2019). Impaired microbiota structure has also 
shown links with hyperandrogenism, ovulatory impairment, obesity, insulin resis-
tance and cardiovascular diseases, hence majorly contributing to the pathogenesis of 
PCOS (He and Li 2020; Torres et al. 2018; Giampaolino et al. 2021). Reproductive 
health is not only affected by the tiny creatures residing at sites associated with the 
reproductive system but also by the distant ones present in the gut. Gut microbiota 
actively communicates with the sex hormones, thereby regulating their levels in 
circulation. This concept has been termed as “microgenderome” (Flak et al. 2013). 
Since the Lactobacillus species significantly dominate vaginal niche microflora, its 
role in maintaining reproductive homeostasis and health is also extensively studied. 
It is the major contributor to the production of antimicrobial factors like lactic acid, 
hydrogen peroxide, bacteriocins and other organic acids. An indispensable role of 
microbiota by virtue of its presence all over and inside the human body gives birth to 
a ray of the possibility of using these commensals for treatment purposes. Different



approaches like probiotics, synbiotics, prebiotics and faecal microbiota transfer 
(FMT), or a combination of these, are employed to discover the probable hidden 
effects and establish additional treatment options for diseases in the near future. 
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16.2 Common Reproductive Problems and Their Microbial 
Association 

16.2.1 Bacterial Vaginosis 

The vaginal lumen is a nutrition-rich zone, acting as a favourable niche for a diverse 
array of microbiota. Though the microbial population in the vaginal milieu keeps 
fluctuating with different stages of a woman’s life, a healthy vaginal microbiota 
(VMB) of most women is dominated by the Gram-positive, Lactobacillus spp 
capable of maintaining an acidic environment through glycogen fermentation, 
thereby preventing the overgrowth of exogenous bacteria and viruses. In addition 
to low pH resulting from the production of lactic acid, the synthesis of biosurfactants 
and bacteriocins also protects against urinary tract infections and pathogenic 
microorganisms. Disturbance in the VMB composition (also known as vaginal 
microbiota dysbiosis) can cause bacterial vaginosis, marked by the loss or a signifi-
cant decline in the concentration of lactobacilli and an overgrowth of 
non-lactobacilli, primarily anaerobic bacterial population. The vaginal microbiota 
is classified into five different categories called as community state types (CSTs) 
(Ravel et al. 2011). CST I is dominated by L. crispatus, CST II by L. gasseri, CST III 
by L. iners and CST V by L. jensenii. CST IV comprises Lactobacillus-deficient type 
bacteria, most of which are anaerobic and are accountable for causing bacterial 
vaginosis. A small portion also belongs to partial aerobic bacteria, which are 
classified by aerobic vaginitis, AV (Gajer et al. 2012). Common microbial genera 
associated with BV include Gardnerella, Mycoplasma, Roseburia, Mobiluncus, 
Dialister, Prevotella and Sneathia (McMillan et al. 2015; Ceccarani et al. 2019). 
However, the distinction between a typical/healthy vaginal domain and BV cannot 
be just based on flora analysis since some bacterial strains are common to both 
environmental conditions and culturing of the bacterial load alone may result in 
ambiguous results. Thus, in addition to the vaginal microenvironment analysis, 
metabolomics also needs to be performed in order to properly characterise the 
vaginal dysbiosis resulting in diseased states (Vitali et al. 2015). BV most commonly 
occurs in women of childbearing age but in general, all women/females suffering 
from BV witness an increased probability of acquiring many gynaecological and 
obstetric complications like infertility, premature delivery/preterm birth, immature 
rupture of membranes and miscarriage (Workowski and Bolan 2015; Baqui et al. 
2019; Peebles et al. 2019).
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16.2.2 Polycystic Ovary Syndrome (PCOS) 

PCOS is a highly complex heterogeneous endocrine disease and is one of the most 
common causes of female endocrine infertility. The worldwide prevalence of PCOS 
in women of childbearing age varies between 6% and 15%. Urban regions witness 
more PCOS patients because of improper dietary habits and lifestyle (Deswal et al. 
2019). Timely diagnosis and prevention of PCOS are very important in order to 
combat its rising prevalence (Deswal et al. 2020). This syndrome is mainly 
characterised by chronic anovulation, hyperandrogenism, insulin resistance and 
obesity (Apridonidze et al. 2005; Bozdag et al. 2016; Bhatnager et al. 2018). 
Hyperandrogenism further leads to many dermatological issues like hirsutism, 
acne, and androgenic alopecia. Irregular ovarian folliculogenesis and alteration of 
the hypothalamus–pituitary–gonadal axis, on the other hand, cause severe menstrual 
abnormalities (Azziz et al. 2016). Although the exact aetiology of PCOS is still 
unclear, several factors have been identified that are suggested to disrupt the 
hormonal and metabolic balance and contribute to the pathogenesis of this syn-
drome. One of such important and critical factors is microbiota. A bidirectional 
relationship between gut microbiota and sex hormones is seen, which involves the 
modulation of enterohepatic androgen circulation. Elevated concentration of bacte-
rial genera like Escherichia, Shigella and Streptococcus has also been correlated to 
decreased levels of gut hormones like PYY and Ghrelin (Batra et al. 2022). The 
widely accepted hypothesis states that this disease originates due to interactions 
between genetic and environmental factors. Genes regulating folliculogenesis, ste-
roidogenesis, insulin resistance and adipocyte differentiation all might play a critical 
role in disease development (Franks et al. 2006). Apart from genetic, neuroendo-
crine, and metabolic factors, gut barrier integrity, endotoxemia and inflammation 
have been analysed as well. Lower diversity and an altered phylogenetic composi-
tion have been observed in the stool samples of PCOS patients. Differences in taxa 
abundance were also observed that varied with the metabolic factors and did not 
follow a single transition trend. For example, the concentration of some Gram-
negative bacteria mainly belonging to the genera Bacteroides and Escherichia/ 
Shigella significantly amplified in the gut of obese PCOS women. In such cases, 
lipopolysaccharides produced by these microorganisms induce obesity, insulin 
resistance and chronic inflammation (Liu et al. 2017), thereby worsening the 
symptoms of PCOS. 

16.2.3 Endometrial Complications 

Miscarriage or infertility is also associated with specific endometrial microbiota 
composition. With next-generation sequencing technologies and the possibility to 
culture even less than 1% of microorganisms (Wade 2002), the concept of the sterile 
womb hypothesis has been challenged. Primary studies concerning endometrial 
microbiota indicate its association with different gynaecological conditions like 
chronic endometritis (CE) (Moreno et al. 2018), dysfunctional endometrial bleeding



(Pelzer et al. 2018), endometriosis (Wee et al. 2018), endometrial polyps (Fang et al. 
2016) and endometrial cancer (Walther-António et al. 2016). The primary cause of 
CE is a microbial infection in the uterine cavity. The microorganisms frequently 
detected in the endometrium with CE are Escherichia coli, staphylococcus species 
Streptococcus species, Enterococcus faecalis, proteus species, Pseudomonas 
aeruginosa, Gardnerella vaginalis, mycoplasma/ureaplasma species (Mycoplasma 
hominis, Mycoplasma genitalium and Ureaplasma urealyticum), Corynebacterium, 
Klebsiella pneumoniae and yeasts Cicinelli et al. 2008; Cicinelli et al. 2009; Kitaya 
et al. 2017). This microbiota structure is widely affected by factors like BMI, diet, 
physical activity, abnormal fluctuation in the levels of circulating hormones, and 
menstrual cycle irregularities (Dominianni et al. 2015; Claesson et al. 2012; Lynch 
and Pedersen 2016; Bracewell-Milnes et al. 2018; Wilson et al. 2007). Still, an active 
debate goes on about whether a unique microbiota resides in the uterine environment 
or not (Winters et al. 2019) since various technical challenges prevail that make it 
difficult to study samples with low biomass and to differentiate microorganisms 
between the ones that actually reside in small quantities from those that arise as a 
result of contamination/infection (Weyrich et al. 2019). Thus, more extensive 
research is needed to confirm whether dysbiosis in the uterus is a cause or conse-
quence of disease pathology. 
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16.3 Pathophysiology 

16.3.1 Microgenderome 

Recently, the concept of “microgenderome” has come into play. It signifies the 
bidirectional interactions that take place between sex hormones and gut microbiota. 
Gut microbiota regulates sex hormone levels by means of interactions among its 
metabolites, the immune system and some nerve–endocrine axes, such as the gut– 
brain axis (He et al. 2021). The gut microbiome shows β-glucuronidase enzyme 
activity (Beaud et al. 2005). This enzyme prevents oestrogen from binding with 
glucuronic acid as a result of which, the oestrogen concentration increases in the 
body. Some studies also indicate the involvement of enterohepatic circulation (Liu 
et al. 2021). In this process, the β-glucuronidase activity shown by the bacterial 
species in the gut causes deconjugation of conjugated oestrogens that take place in 
the liver for excretion through bile. Such enhanced levels of oestrogen can further 
cause a surge in the migration and adhesion capabilities of the cells having oestrogen 
receptor, thereby contributing to the colonisation and metastasis of ovarian cancer 
(Wallace et al. 2010). Thus, it can be said that gut microbiota may play an indirect 
role in the development of ovarian cancer and other such oestrogen-driven diseases 
by regulating the amount of active oestrogen circulation (Shen et al. 2012). 
Microorganisms containing genes for β-glucuronidase also affect androgens in a 
similar way. These bacteria carry out side-chain cleavage of glucocorticoids, 
converting them into androgens, causing their elevation in the body and hence 
participating in the pathogenesis of PCOS. Edwardsiella, Bacteroides, Collinsella,



Propionibacterium, Bifidobacterium, Escherichia Clostridium, Faecalibacterium, 
Alistipes, Lactobacillus, Roseburia, Citrobacter, etc., are some of the examples of 
such bacteria (Kwa et al. 2016). Figure 16.1 provides an overview of how 
microgenderome affects the reproductive health of a female. 
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Fig. 16.1 Microgenderome: crosstalk between gut microbiota and sex hormones 

16.3.2 Gut–Brain Axis 

The gut and brain are very well interconnected through highly characterised 
channels of communication. Endocrine, neural, and inflammatory mechanisms are 
tightly integrated to make these channels work. Variations in the small intestinal 
permeability and blood–brain barrier may modulate this communication network. 
Another factor that tends to regulate this axis is brain–gut microbiome interaction 
(Osadchiy et al. 2019). The gut microbiome connects to the central nervous system 
via its metabolic intermediates such as short-chain fatty acids (SCFAs), secondary 
bile acids (2BAs), and tryptophan metabolites. 90–95% of colonic SCFAs include 
acetate, butyrate and propionate. They maintain a lower pH, favouring the growth of 
bacteria that promote a state of homeostasis, such as Bifidobacteria and Lactobacil-
lus, and hinder the establishment of opportunistic pathogenic bacteria, including 
Clostridium and E. coli. SCFAs also aid in preserving the function of the gut barrier 
(Amabebe and Anumba 2020). These components stimulate the regeneration of 
epithelial cells and the production of mucus and antimicrobial peptides. This inhibits 
the translocation of toxins and bacteria into the bloodstream, preventing infections. 
The gut microbiome can regulate the activation of pathways leading to inflamma-
tion, brain–gut peptide secretion and proliferation of islet cell, which may result in



abnormal or excessive fat accumulation, compensatory hyperinsulinemia and insulin 
resistance in case of dysbiosis (Vrieze et al. 2010; Barber et al. 2016). Food intake 
control is also modulated by these SCFAs via an increase in the production of 
hunger-suppressing hormones, like peptide YY, glucagon-like peptide-1 and leptin, 
eventually reducing excessive food intake. On the other hand, reduced production of 
SCFAs is associated with obesogenic and pro-inflammatory mechanisms (Larraufie 
et al. 2018). Obese PCOS women have an abnormal proportion of brain–gut axis 
intermediaries, which has been linked to PCOS-related clinical phenotypes. Gram-
negative bacteria also produce lipopolysaccharides that pass through the gut wall, 
enter the circulation and cause low-grade inflammation. Immune system activation 
then interferes with the insulin receptors, elevating the insulin levels, which further 
increase testosterone production in the ovary, contributing to PCOS. Thus, it is 
important to avoid gut microbiota dysbiosis, which might take a toll on the repro-
ductive health of women (Tremellen and Pearce 2012). 
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16.3.3 Prenatal Episodes of Microbiota Exposures 

With the advent of new techniques, the placenta has now been shown to harbour 
microorganisms that affect the growth and development of the foetus (Cao et al. 
2014). Several studies illustrate a unique microbial profile associated with the 
placenta, thereby opening the possibility for the maternal–foetal spread of commen-
sal microorganisms, leading to colonisation of a microbial community at a prenatal 
stage. Through research done on samples from infant and maternal faeces, amniotic 
fluid, placenta, meconium and colostrum from mother–infant pairs, it was noted that 
a less abundant and less diverse microbiota with a predominance of Proteobacteria is 
present in placenta and amniotic fluid. Further, infant meconium displays shared 
features in the microbiota composition, thereby pointing towards a microbial trans-
mission from mother to foetus. 3–4 days after birth, a newborn’s gut microbiota 
structure resembles that of colostrum, thus outlining the stepwise establishment of 
the gut microbiome (Collado et al. 2016). Studies indicate a relationship between 
infections and inflammation with preterm births (PTBs). It has been assumed that 
infections that cause PTB initiate in the reproductive or genitourinary tract from 
where they rise upward via the cervix and breach the placental barrier. (Cao et al. 
2014). Therefore, it is essential to shift our focus on the microbial ecology of the 
placenta and amniotic fluid, in particular, to avoid any malfunctioning of these sites 
and ensure proper growth and development of the foetus. Many eminent scientists 
favour the traditional belief and not the studies claiming microbiota colonisation of 
these parts of the human body. This is because most of these studies have identified 
the fragments of microbial DNA, their metabolites and some pathogenic strains, 
which might be translocated or leaked from maternal tissues into the so-called 
privileged sites, thus crossing the placental barrier and affecting the growth of the 
foetus. No clear evidence has been provided to assure the presence of live microbiota 
that has established a proper colony/niche with well-defined host–microbe 
interactions and their related functional outcomes. The presence of germ-free mice



again points to sterility (Blaser et al. 2021). Thus, it can be said that actual microbiota 
is still in the process of being discovered in such germ-free habitats. New findings 
undoubtedly lay a foundational base for further research and help open up the gate 
to an altogether different direction that might bring out changes highly beneficial for 
society in the future. Hence, it can be said that there exists some association, direct or 
indirect, though way more exploration is required to understand the underlying 
interaction comprehensively and the magnitude of these connections affecting the 
in utero generations. 
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16.3.4 An Indispensable Role of Lactobacilli 

In healthy reproductive-aged women, vaginal microenvironment and eubiosis are 
mainly characterised by the Lactobacillus species-dominated microbial population. 
These bacteria serve as active players in the game of reproductive homeostasis 
(Mendling 2016). Figure 16.2 provides a simple illustration of the establishment of 
Lactobacilli species in the vagina and the importance of lactic acid produced by 
them. 

The rationale behind Lactobacillus dominance in VMB lies in the fact that these 
bacteria produce an ample amount of lactic acid as a result of glycogen fermentation, 
maintaining a pH < 4.5 and producing many other antimicrobial factors that help 
fight against infections. Some of these factors include the following: 

1. Lactic Acid: The bactericidal action of this acid is facilitated in its protonated 
form (active at pH < 3.9) and not as a lactate anion (O’Hanlon et al. 2011). The 
latter anionic form is less membrane-permeant and requires the use of GPR81 
receptor (Ahmed et al. 2009) or monocarboxylate transporters (Kuchiiwa et al. 

Fig. 16.2 Vaginal microbiota colonization and role of Lactobacilli
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2011). This kind of complex lactate shuttle is not seen in the case of the 
protonated form of lactic acid, which, upon cell entry, acidifies the cytosol, 
interfering with the cellular metabolism and leading to cell death (Kashket 
1987). Production of lactic acid alone by species like L. gasseri and 
L. crispatus can inhibit the infections caused by Neisseria gonorrhoeae (Graver 
and Wade 2011), Chlamydia trachomatis (Gong et al. 2014) and Escherichia coli 
(Valore et al. 2002). These pathogenic strains were seen to be inactivated in vitro. 
The acidic environment sustained in the vaginal niche also inhibits the growth 
and colonisation of pathogenic microorganisms. Lactic acid also exhibits viru-
cidal activity. Reduced rate of viral shedding into the lower female reproductive 
tract has been seen in HIV-positive women harbouring Lactobacillus-enriched 
microbiota (Mitchell et al. 2013). The potential inactivation of HIV-1 in such 
cases is multifactorial that involves modulating the viral lipid envelop integrity, 
affecting the viral surface proteins and negating the viral core protein functional-
ity (Tachedjian et al. 2017). This genus also makes women less likely to get 
infected with other viruses like herpes simplex virus 2 (HSV-2) (Borgdorff et al. 
2014). Lactobacilli either indirectly prevent this disease by inhibiting viral entry, 
replication and reducing adhesion capacity or by directly exerting effects via 
lactic acid (Conti et al. 2009). 
Apart from antimicrobial activities, lactic acid showcases immunomodulatory 
properties too. Studies have shown that treating cervicovaginal cells with the 
protonated form of lactic acid can result in a dampening effect on the production 
of pro-inflammatory cytokines and chemokines stimulated by Toll-like receptor 
1/2 agonist Pam3CSK that mimics the bacterial and viral pathogen-associated 
molecular patterns (PAMPs) of BV-associated bacteria and HIV (i.e. gp120) 
(Hearps et al. 2014; Hearps et al. 2017). The mucus lining of the inner epithelium 
of the female genital tract acts as the first line of defence against pathogenic 
invasions. When any microorganism disrupts and makes its way across this layer, 
the epithelial cells identify the organism by using pattern recognition receptors 
and producing an inflammatory response. To maintain the immune equilibrium, 
lactic acid induces the production of anti-inflammatory cytokines like IL-10 to 
lower the production of pro-inflammatory cytokine IL-12 in dendritic cells (DCs) 
and reduces the cytotoxicity of natural killer cells. The presence of other organic 
acids produced by vaginal microbiota also favours the anti-inflammatory activity 
of lactic acid. A slight reduction in the production of other pro-inflammatory 
factors, for example, cytokine IL-6, IL-1 and macrophage inflammatory protein 
three alpha (MIP-3α), has also been documented (Li et al. 2020). 

2. Hydrogen Peroxide (H2O2): It is another compound having antimicrobial 
properties. 94–95% of the strains of L. crispatus and L. jensenii produce H2O2 

(Antonio et al. 1999). Hydrogen peroxide alone is microbicidal for many bacterial 
species. This microbicidal activity is 10- to 100-fold greater when combined with 
chloride anion and myeloperoxidase, both of which are found in the vagina 
(Ravel et al. 2011; Gajer et al. 2012). This vaginal antimicrobial defence system 
(H2O2, chloride anion and myeloperoxidase) has potent in vitro activity against 
E. coli and other microorganisms (Stapleton 2017). Using H2O2 resulted in
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eliminating some major symptoms of BV like malodorous leucoxanthorrhoea in 
89% of women under study. It also fostered the clue cells and anaerobic patho-
genic flora to disappear from the vaginal smears and vaginal secretions in 100% 
of the cases (Cardone et al. 2003). Since the levels of dissolved O2 are low in the 
vaginal compartment, high concentrations of (H2O2) cannot just be detrimental to 
the growth of lactobacillus species. Still, they might favour the growth of bacteria 
responsible for dysbiosis, causing gynaecological infections (O’Hanlon et al. 
2011). 

3. Bacteriocins: Bacteriocins are proteinaceous substances secreted by some bacte-
ria and pose bactericidal activities to halt and prevent the growth and colonisation 
by microorganisms that are usually closely related to the microorganism produc-
ing the bacteriocins (Stoyancheva et al. 2014). Bacteriocins are mainly classified 
into two types. Class I constitutes lanthionine-containing bacteriocins 
(lantibiotics) and class II contains non-lanthionine-containing peptides. Class I 
elements cause pore formation, resulting in the uncontrolled efflux of small 
metabolites from the sensitive cells or inhibit enzyme activities, while class II 
types are active by inducing permeabilisation of membrane gains, causing the 
leakage of internal metabolites from target bacteria (Cotter et al. 2005). These are 
synthesised by Lactobacillus species, specifically L. gasseri and L. crispatus. 
These bacteria encode genes corresponding to antimicrobial bacteriocins like 
acidocin F221A, J46, IIa, IIc, type A lantibiotic and gassericin T (Stoyancheva 
et al. 2014). Bacteriocin production is one of the chief antagonistic mechanisms 
for avoiding undesirable microbial colonisation. 

4. Biosurfactants (BS): Some microorganisms produce amphiphilic compounds 
called biosurfactants that either remain anchored to their surface or are secreted 
outside into the surrounding environment. These compounds are mostly second-
ary metabolites and are characterised by excellent emulsifying properties (Van 
Hamme et al. 2006). These molecules facilitate nutrient transportation to support 
the producer microorganism survival and actively fight against opportunistic and 
pathogenic microorganisms by serving as anti-adhesive, antimicrobial and anti-
biofilm agents (Satpute et al. 2016; Sharma and Saharan 2016; 
Sambanthamoorthy et al. 2014). A non-homogenous lipopeptide molecule 
(BS) isolated from vaginal L. crispatus has been shown to reduce the growth of 
Candida spp. by interfering with its ability to adhere to the cervical epithelial wall 
and thus alleviating the mucosal damage caused during vulvovaginal candidiasis 
(VVC) (De Gregorio et al. 2020). 

16.4 Microbiota in Therapeutics: An Evolving Concept! 

An indispensable role of microbiota, by virtue of its presence all over and inside the 
human body, gives birth to a ray of the possibility of using these commensals for 
treatment purposes as well. Much research, including clinical and randomised 
controlled trials on various diseases, is being carried out to explore any possible 
therapeutic function of a microorganism if present. Different approaches like



probiotics, faecal microbiota transfer (FMT), synbiotics, prebiotics or a combination 
of these are employed to discover the probable hidden effects and establish addi-
tional treatment options for diseases in the near future. Despite being characterised 
by differences in their constituents, nature, mode of administration and factors 
affecting the efficacy, the basic principle behind all these methods mentioned 
above lies in the ultimate aim to recover the typical microbial environment that 
has been imbalanced. These therapeutic options are usually used as adjuvant 
therapies and not straightaway as the first or only line of treatment. 
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Probiotics Probiotics are “live microorganisms, which when consumed in adequate 
amounts, confer a health benefit on the host” (FAO/WHO 2001). It is important to 
note that whether a probiotic contains a single microorganism or a consortium of 
microbial strains, and the composition is always defined/known with well-
established viability and efficacy. Also, probiotics should not be confused with 
commensal microorganisms. In gynaecology and obstetrics, probiotics are living, 
beneficial microorganisms, mainly consisting of Lactobacillus species given in 
adequate quantity to restore physiological vaginal microflora to treat BV and other 
reproductive tract disorders (Buggio et al. 2019). Lactobacillus spp, owing to their 
capability of potentiating the effect of antibiotics, can act as effective antimicrobial 
adjuvants (Larsson et al. 2011). Different species of Lactobacillus like Lactobacillus 
rhamnosus (E21 and L3), Lactobacillus salivarius (N30) (Pino et al. 2019), Lacto-
bacillus strain (SQ0048) (Niu et al. 2019), Lactobacillus rhamnosus GR1, Lactoba-
cillus buchneri (DSM 32407) (Peter et al. 2018) and many other have remarkable 
properties that make them capable of regulating and maintain reproductive health. 
Some characteristics include tolerance to low pH/maintenance of low pH, ability to 
colonise both intestinal and vaginal epithelia, production of hydrogen peroxide, 
bacteriocins and organic acids and skill to co-aggregate and prevent the growth of 
pathogenic microorganisms. Some strains like Lactobacillus rhamnosus CECT8361 
and Bifidobacterium longum CECT7347 also have anti-inflammatory and antioxi-
dant activities (Valcarce et al. 2017). Other genera, for example, Bifidobacterium 
lactis V9 and Bacillus species (B. clausii, B. subtilis and B. coagulans), also 
showcase such probiotic effects. Further functional properties comprising tolerance 
to bile salts, acids and lysozyme are also essential for such microorganisms to get 
through the gastrointestinal tract and reach the target site of action (Hashem and 
Gonzalez-Bulnes 2022). Since glycogen is an energy source for lactobacilli, a 
combination (Gynoflor) of low-dose oestriol and live lactobacillus has been reported 
for glycogen production and re-establishment of normal vaginal microbiota 
(Ozkinay et al. 2005). Several studies have suggested that using probiotics helps 
decrease metabolic intestinal endotoxemia, insulin resistance and the production of 
inflammatory mediators and improves glycaemic control in women with PCOS 
(Akbari and Hendijani 2016; Ruan et al. 2015). Oral capsules containing L. reuteri 
(formerly L. fermentum) and L. casei var. rhamnosus significantly modulate the 
vaginal flora, resulting in a good percentage of treatment success rate (Reid et al. 
2003). Oral feeding of Bifidobacterium longum NK49 and Lactobacillus plantarum 
NK3 alleviates Gardnerella vaginalis (GV)-induced vaginosis in female mice.



These bacteria exhibit anti-inflammatory activities by inhibiting the excessive 
expression of TNF-α and NF-κB activation in the vagina and uterus with a simulta-
neous decrease in the vaginal GV population (Kim et al. 2019). This example again 
reflects upon the importance of gut microbiota restoration in maintaining a homeo-
static reproductive environment. However, the guidelines on using probiotic 
formulations for gynaecological concerns differ between countries since there is 
no universal background, and the presence of inconsistencies in results has led to 
inconclusiveness (Barrientos-Durán et al. 2020). 
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Prefilled vaginal applicators also use such species to encourage a favourable 
community state type. Post-antibiotic administration of L crispatus CTV-05 
(Lactin-V, Osel) in women suffering from BV resulted in a lower rate of BV 
recurrence at 3 months compared to the placebo group (Cohen et al. 2020). Use of 
topical gels containing lactic acid has been assessed for tolerability and efficacy 
when administered as an adjuvant to metronidazole in a study concerning BV 
treatment. Gels like Lactacyd vaginal gel (LVG) contained lactic acid (225 mg) 
and prebiotic glycogen (5 g) to promote the growth of Lactobacillus. The combina-
tion was superior to antibiotic treatment alone (Decena et al. 2006). 

Prebiotics Prebiotics can be defined as nutrients that promote the growth 
and activities of probiotic microorganisms, specifically favouring Lactobacilli and 
Bifidobacteria over potentially harmful bacteria, which may be proteolytic and 
putrefactive in nature. This way, prebiotics intend to deliver health benefits to the 
host and are gaining considerable interest in developing new therapeutic approaches. 
The most commonly known prebiotic nutrient components are inulin, 
fructooligosaccharides (FOS), lactulose and galactooligosaccharides (GOS). By 
favouring the growth of “good” bacteria, these prebiotics help reduce fasting glu-
cose, total cholesterol, LDL cholesterol, HDL cholesterol and serum TG levels 
(Altun and Yıldız 2017). Some prebiotics also control hyperglycaemia and 
HOMA-IR (Fernandes et al. 2017). In women with PCOS, resident dextrin con-
sumption may improve hirsutism, androgen levels and menstrual cycle irregularities 
(Gholizadeh Shamasbi et al. 2019). Considering the role of probiotics and prebiotics, 
if these components are combined, then what we would get will be a synbiotic 
featuring the advantages of both, resulting in coactive effects. Antibiotics also form a 
part of the strategic group, but it has been seen to reduce the bacterial diversity even 
of desired residents because of broad-spectrum activity, thereby disturbing commu-
nal harmony. 

Faecal Microbiota Transfer (FMT) Lately, interest in using FMT to treat chronic 
gastrointestinal infections and inflammatory bowel diseases has been increasing. 
FMT involves the faecal microbiota transfer from a healthy donor into the recipient’s 
(patient) intestinal tract (Smits et al. 2013). It helps transmit and increase the 
concentration of good bacteria at the disturbed site in the recipient and lower the 
severity of symptoms in ways such as restoring community structure and functions 
through engraftment or refurbishing the lost metabolome. However, the exact 
mechanisms are unclear (Libertucci and Young 2019). Recent findings suggest



FMT’s promising role in managing female genital disorders associated with 
microbiota alterations. Crosstalk between the resident bacterial strains of the gut 
and vagina results in local and systemic immune regulation. Concerning this fact, 
genetic engineering of particular commensal bacterial species can be done to 
develop oral vectors proficient in eliciting immune responses to prevent or alleviate 
disease symptoms. These vectors can express specific antigenic proteins, thereby 
triggering a local immune response and the production of antibodies. Successful 
intravaginal immunization of mice against human papillomavirus infection suggests 
that mucosal colonisation with commensal recombinant bacteria can sure pave the 
way for developing new vaccines to fight sexually transmitted diseases (STDs) 
(Medaglini et al. 1997). In addition, rectal boosting, that is, administration of live 
attenuated strains, may also cause the cervicovaginal environment to become immu-
nologically stimulated (Kutteh et al. 2001). Furthermore, faecal microbiota transfer 
poses an alternative to bacterial vectors and a better option since, with only one or a 
few more faecal microbiota infusions, an enormous number of bacteria along with 
their metabolites can be transferred, all of which are capable for volunteering to 
induce the local and systemic immune responses (Quaranta et al. 2019). An inter-
vention of FMT from healthy rats into PCOS-induced rat models resulted in restored 
gut microbial profile, characterised by an increased Clostridium and Lactobacillus 
and a decreased Prevotella population indicating that the gut microbiota dysbiosis 
plays an important role in the pathogenesis of PCOS (Guo et al. 2016). 
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Vaginal Microbiota Transfer (VMT) It involves the transfer of healthy vaginal 
microbiota isolated from a healthy donor into the patient’s (recipient’s) vagina to 
retract dysbiosis and promote overall microbial diversity and stability. Since VMT 
has substantial uncertainty, whether it will always reinstate the beneficial microbiota 
or not still needs to be researched (DeLong et al. 2019). Table 16.1 lists different 
therapeutic interventions done using microbiota-targeted approaches to treat various 
female reproductive health-related conditions. 

16.5 Conclusion 

Human microbiome causes a significant impact on human health, regulating the 
metabolism at all levels and in all parts of the body. The past decade has provided 
evidence that the female reproductive system also harbours a specific microbial 
community and that a balance (eubiosis) among different populations is critical to 
reproductive fitness. Undesirable changes in the microbial community design can 
lead to dysbiosis and cause reproductive failure. Since these microorganisms form an 
essential part of the metabolism, immunity and many physiological interactions, 
manipulating these tiny residents can provide a great platform to manage disease 
pathologies and alleviate symptoms. Reinstating the favourable microbial popula-
tion and establishing a state of eubiosis can lay the immense potential to not just 
serve as an adjunct therapy but also to provide a permanent solution to combat 
various female reproductive health conditions like infertility, PCOS and BV, which
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are commonly seen to be associated with disturbed microbial taxa abundances. 
Hence, the microbiome indeed leads to an altogether different yet intricate dynamic 
horizon, expanding the dimensions of reproductive health and research.
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Abstract 

The inherent microbiome of humans provides protection against different patho-
genic micro-organisms by producing antimicrobial products and nutrient compe-
tition. Changes in microbiome of humans cause disruption of barrier and 
colonization resistance against pathogens and ultimately cause infectious 
diseases. The change in microbiome can be caused by different antibiotics or 
exogenous pathogens like Salmonella typhimurium, Escherichia coli, and 
Clostridioides difficile. To overcome this problem, bacteriocins can be used to 
modulate the human microbiome and cure different diseases. Bacteriocins are 
small antimicrobial peptides produced by several bacteria as defense system and 
are ribosomally synthesized. Several bacteriocins like nisin, lacticin, and pediocin 
have been applied in food safety but also known to modulate microbiome by 
inhibiting growth of exogenous pathogens through pore formation, disturbance in 
proton motive force, and inhibition of cell wall biosynthesis. In this review, role 
of bacteriocins in possible modulation of microbiome leading to healthy 
microbiota has been explored. The infectious diseases caused by change in 
human microbiome and use of bacteriocins in modulation of human microbiome 
to cure infectious diseases are briefly described. 
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17.1 Introduction 

Humans inhabit trillions of microbes forming a host-specific complex microbiota. 
Dysbiosis in such microbiota can lead to many diseases including allergies, diabetes 
(type I and II), cancer, and asthma (Lloyd-Price et al. 2016). Natural selection, 
mutation, and changes in environmental conditions for humans lead to evolutionary 
adaptations of microbiota. In addition, diet and scarcity of food can be major factor 
for the evolution (Dominguez-Bello et al. 2019). Over the past decade, many 
strategies like next-generation sequencing (NGS) and bioinformatics tools have 
been developed to know the role of different microbiota in case of human health 
and diseases. 

The microbiome represents a genome of community of micro-organisms that 
resides on or within body. The term “microbiome” was coined by Laureate Joshua 
Lederberg in 2001. Dysbiosis in the microbiome can cause many diseases like 
inflammatory bowel disease, diabetes, cancer, and autism (Lloyd-Price et al. 
2016). The microbiome associated with human body is very important for immunity 
and health of human. Human Microbiome Project (HMP) hypothesized that micro-
bial communities might be universally the same across all healthy humans. Although 
few phyla of microbes that inhabit human body are the same, their relative abun-
dance varies by ten-fold or more. Another hypothesis stated that fundamental 
microbiome of humans is defined by balance between metabolic and other functions 
within whole body or microhabitat. Fundamental microbiome of healthy human may 
have common gene families and pathways. Sequence-based techniques can be used 
to investigate microbes: (1) targeted amplicon-based techniques (e.g., 16S rRNA 
gene sequencing) and (2) shotgun metagenomic or metatranscriptomic approaches 
(Shafquat et al. 2014). The habitats within oral cavity of humans are supra-gingival, 
saliva, sub-gingival, tongue, and inter-dental area. Saliva provides hydration and 
nutrients to bacteria. Skin is interface between humans and external environment. 
Skin prevents loss of moisture and entry of pathogens within body. The skin of 
humans also has various niches like hairs, moist underarms, and skin. Many 
antibiotics and chemicals have been used to cure diseases caused from dysbiosis 
of human microbiota, but all these can be toxic for humans and have many side 
effects. Pathogens can also develop resistance against antibiotics. Thus, bacteriocins 
from lactic acid bacteria can be better alternate to modulate human microbiota to 
cure diseases (Lee et al. 2021; Grice et al. 2009). 

17.2 Factors Affecting Human Microbiome 

1. Smoking: Smoking is a very important factor affecting oral microbiome of 
human. Toxins of cigarettes reduce beneficial micro-organisms and their coloni-
zation and biofilm formation on human cells. In smokers, many microbes, for 
example, Streptococcus sanguinis, S. parasanguinis, Fusobacterium nucleatum, 
and F. naviforme, are high in number. Genera Capnocytophaga, 
Peptostreptococcus, and Leptotrichia were also depleted in smokers as compared
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with never smokers, while Atopobium and Streptococcus were increased (Lee 
et al. 2021). 

2. Pregnancy: Various complex and dramatic changes in hormones take place 
during the period of pregnancy, which affect the microbiota. Porphyromonas 
gingivalis in periodontal pockets is associated with the formation of amniotic 
cavity in preterm labor. Genera Neisseria, Treponema, and Porphyromonas were 
abundant, while Streptococcus and Veillonella were less in number during 
pregnancy (Lee et al. 2021). 

3. Antibiotics: Amoxicillin affected diversity of approx. 35 taxa like increased in 
Actinobacteria and Proteobacteria in saliva in 3 weeks of treatment. Amoxicillin 
and azithromycin amoxicillin-clavulanate or phenoxymethylpenicillin also 
affected saliva microbiota (Lee et al. 2021). 

4. Diet: Diet affects microbiota; e.g., frequent intake of sugar increases the produc-
tion of acid, which dissolves tooth surfaces and also increases the risk of dental 
caries. Intake of high sugar diet leads to reduction in pH and buffering capacity of 
saliva, which results in change in oral microbiota, i.e., increase in Streptococcus 
mutans and Lactobacilli. Acidic pH also altered gene expression in some bacteria, 
resulting in growth of pathogens like P. gingivalis (Lee et al. 2021). 

5. Host Factors: Host factors like age, location, and sex affect microbiota of gut, 
skin, mouth, etc. Age is very important factor for change in colonization of 
bacteria on skin by the involvement of some succession mechanisms. In uterus, 
fetal skin is sterile, but during birth, many microbes are provided by mother 
through birth canal. Babies show immunological tolerance induced by mother 
through regulation of T-lymphocytes. These microbes colonize as first inoculums 
on the skin of babies (Grice and Segre 2011; Dominguez-Bello et al. 2010). 

17.3 Bacteriocins 

Bacteriocins are small antimicrobial peptides, which are ribosomally synthesized, 
cationic, and thermostable in nature. They show bacteriolytic or bacteriostatic 
activity against narrow or broad range of bacteria but protect themselves by the 
synthesis of specific immunity proteins (Yang et al. 2014). They have been used for 
human health in recent years because of their effective nature against pathogens. 
Nisin produced by several strains of Lactococcus lactis is one of the most studied 
bacteriocins for food safety and human health (O’sullivan et al. 2002). 

17.4 Bacteriocins from Gram-Positive Bacteria 

Class I: These bacteriocins are called as lantibiotics, which are modified, heat-
stable, globular or linear peptides, and have molecular weight < 5 kDa and < 28 
amino acids. The lantibiotics have lanthionine, methyllanthionine and dehydrated 
amino acids generated by post-translation modifications (Yang et al. 2014; 
Ghodhbane et al. 2015; Bali et al. 2016; Kumariya et al. 2019). Class I is further



subdivided into six subclasses: (1) class Ia: lanthipeptides—in this group, nisin is the 
most studied example; (2) class Ib: head-to-tail cyclized peptides formed by linkage 
of N- and C-terminal by peptide bond. These bacteriocins consist of only α-helices, 
e.g., enterocin AS-48; (3) class Ic: sactibiotics. These peptides contain sulfur to alpha 
carbon, e.g., subtilosin A; (4) Class Id: It contains linear azol(in)e and possesses 
cysteine, threonine, and serine residues derived from heterocyclic rings of (methyl)-
oxazole and thiazole, e.g., streptolysin S. (5), Class Ie contains glycosylated 
residues, e.g., glycocin F having two α-helices linked with disulfide bonds. They 
have N-acetylhexosamine linked with C-terminal cysteine. (6) Class If is lasso 
peptides in which first amino acid is linked with amide bond and a ring is formed 
at +7 to +9 positions (Alvarez-Sieiro et al. 2016). 
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Class II: These are non-lantibiotics, unmodified, small (30–60 A.A.), thermosta-
ble, and positively charged (Yang et al. 2014; Bali et al. 2016) bacteriocins. These 
bacteriocins have been further subdivided into four subclasses: (1) Class IIa: This 
class consists of pediocin-like bacteriocins. In these bacteriocins, two cysteine 
residues are linked by disulfide bonds and the motif consists of conserved sequence 
YGNGVXC at N-terminal region, e.g., sakacin, pediocin PA-1, and leucocin 
A. (2) Class IIb: This class consists of two-peptide bacteriocins, which have 
two-component system to form an active complex of pore formation, e.g., 
lactococcin and plantaricin. (3) Class IIc: leaderless bacteriocins—these bacteriocins 
lack leader peptide at N-terminal end, which generally helps in recognition sequence 
for modification, secretion, and maintaining bacteriocins inactive into the producer 
cells, e.g., enterocin; and (4) class IId: non-pediocin-like bacteriocins, e.g., 
bactofencin A (Alvarez-Sieiro et al. 2016; Kumariya et al. 2019). 

Class III: These bacteriocins are large molecular weight > 30 kDa and heat-
labile (Bali et al. 2016). This group is further divided into two groups: One is 
bacteriolytic that lyses the cell wall of target cells, e.g., enterolysin. Other is 
non-lytic bacteriocins that have bactericidal action without causing cell lysis, e.g., 
helveticin (Yang et al. 2014; Alvarez-Sieiro et al. 2016). 

17.5 Bacteriocins from Gram-Negative Bacteria 

Bacteriocins from Gram-negative bacteria can be divided into four main classes as 
follows: Class I: Colicins—these bacteriocins are sensitive to proteases and heat. 
They are high molecular weight (30–80 kDa). 

Class II: Colicin-Like Bacteriocins—These bacteriocins are structurally and 
functionally similar to colicins. They have one R-domain at central position, which 
is responsible for binding of bacteriocins with receptor, one T-domain at N-terminal 
position, which takes place in transportation and penetration of bacteriocins into the 
cell, and one C-domain at C-terminal, which acts as active center for bacteriocins 
and cause toxicity (Zimina et al. 2020). 

Class III: Tailocins—These are phage tail-like bacteriocins having molecular 
weight (20–100 kDa). These bacteriocins consist of 8–14 different polypeptides 
similar to bacteriophages tail nodules. The genomes size that encode for tailocins in



bacteria is less than 40 kbp and having genes for structural proteins, assembly 
enzymes, lysis cassettes, regulatory genes, and chaperones for synthesis and release 
of bacteriocins. They are subdivided into two groups—R and F. R-type tailocins 
form a long tube encircled with shell having receptor-binding proteins (RBP) at one 
end. They are evolutionary related to tails of phages in Myoviridae family. F-type 
does not consist any tube and related to tails of phages related to Siphoviridae 
family. Most studied examples of this class are R- and F-type pyocins (Zimina 
et al. 2020). 
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Class IV: Microcins—The bacteriocins of this class are stable and low molecular 
weight (<10 kDa) peptides, i.e., resistant to proteases and intense range of pH and 
temperature. They are subdivided into two classes. Subclass I: The bacteriocins of 
this class have molecular weight < 5 kDa and are post-translational modified, for 
example, microcins B17, C-7-C-51, and J-25. They show bactericidal activity by 
inhibiting bacterial enzymes like DNA gyrases I and II, 68S, and RNA polymerases. 
They also inhibit respiratory chain. Subclass II: These bacteriocins have molecular 
weight (5–10 kDa) and are linear and not modified post-translationally (MccL, 
Mcc24, and MccV). The genes encoded for linear microcins present on chromosome 
and carry a siderophore at C-terminal position (microcins E492, M, M47, I47, and 
G47). They inhibit bacterial growth through pore formation and breakage of plasma 
membrane of targeted bacteria (Zimina et al. 2020). 

17.6 Mode of Action of Bacteriocins 

The nisin belongs to class I bacteriocin (lantibiotics) is one of the well-known 
bacteriocins till date, which has been thoroughly characterized for antimicrobial 
activity. Lantibiotics generally cause disruption of cell wall and pore formation in 
target cells. The cell wall of bacteria is made up of peptidoglycans, which consist of 
lipid II molecules, which are anionic in nature. Therefore, lipid II acts as docking 
molecule for cationic lantibiotics (Moll et al. 1999; Gharsallaoui et al. 2016; Ramos 
et al. 2020). The electrostatic interaction between lipid II molecule and lantibiotics 
causes adsorption of lantibiotics on cell membrane. The hydrophobic part of 
lantibiotics inserts into membrane and causes conformational changes and pore 
formation (Islam et al. 2012). Pore formation causes increase in free energy and 
inhibits biosynthesis of cell wall by blocking intake of glucose and D-alanine into 
cell wall material. They also inhibit the biosynthesis of peptidoglycan through 
formation of a complex with lipid II molecule at the time of trans-glycosylation. 
Bacteriocins cause autolysis of target bacteria by activation of enzymes, which are 
involved in lysis of cell. For example, nisin and Pep5 bind with teichoic and 
lipoteichoic acids, which cause changes in enzymes involved in hydrolyzing of 
cell wall and with N-acetylmuramoyl-L-alanine amidase and 
N-acetylglucosaminidase, leading to activation of series of enzymes for cell lysis. 
Bacteriocins have ability to form complex with phosphatidylethanol-amine that 
cause increase in membrane permeability and inhibition of ATP-dependent protein



translocation, uptake of calcium ions, and number of metabolic processes (Ramos 
et al. 2020). 
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Fig. 17.1 Action mechanism of bacteriocins on cell membrane of targeted bacteria. There are two 
mode of action of bacteriocins. (a) Binding of bacteriocins to lipid II molecule, e.g., nisin. (b) 
Binding of bacteriocins to Man-PTS, e.g., pediocin PA-1. (c) Binding of bacteriocins with cell 
membrane of targeted bacteria leads to pore formation and leakage of intracellular matrix and 
disruption of plasma membrane of bacteria 

Mainly class II bacteriocins (pediocin PA-1) show high activity against Listeria 
monocytogenes through mannose phosphotransferase system (Man-PTS). Man-PTS 
is a complex of proteins responsible for phosphorylation and transport of different 
molecules. This system has three enzyme components: enzyme I (E1); histidine-
containing phosphor carrier protein (HPr); and enzyme II (EII), which consists of 
either three (EIIA, EIIB, and EIIC) or four (EIIA, EIIB, EIIC, and EIID) 
sub-components. EI, HPr, EIIA, and B reside in cytoplasm, and EIIC and D 
penetrate the cell membrane (Balandin et al. 2019). The Man-PTS acts as docking 
molecule for bacteriocin, which allows the insertion and oligomerization of bacteri-
ocin in membrane to form channel (Colombo et al. 2018). Then after, bacteriocin 
causes disturbance in proton motive force (combination of membrane potential and 
pH gradient) resulting in cell growth inhibition and loss of intracellular ATP, 
nutrients, and ions (K+ and Mg2+ ) ultimately cell death. Enterolysin-like bacteriocins 
follows cell wall-degrading mechanism in which lysis of cell takes place (Braïek and 
Smaoui 2019). The protein EntA of enterolysin produces some protease enzymes 
like lysostaphin, LytM, and ALE-1, which contain metal ions like Zn2+ to hydrolyze 
the peptide bond of peptidoglycan, leading to degradation of the cell wall and cell 
lysis (Nilsen et al. 2003) (Fig. 17.1). 

17.7 Bacteriocins in Modulation of Human Microbiome 
in Different Diseases 

Bacteriocins play an important role in maintaining balance of micro-organisms 
because of interaction between bacteriocin-producing, sensitive, and resistant bacte-
ria in the same environment. In some cases, resistant bacteria can be higher than



bacteriocin-producing bacterial communities, but growth rate can also affect number 
of bacterial communities. The bioinformatic analysis of bacteriocins showed that 
approximately 317 microbes of human intestine had 175 bacteriocins in Firmicutes, 
34 in Bacteroidetes, 79 in Proteobacteria, and 25 in Actinobacteria. The analysis 
showed that bacteriocins vary in size and amino acid compositions. These 
bacteriocins have less leucine, arginine, aspartic acid, and glutamic acid but more 
methionine and lysine. The gut microbiota interacts with signals from brain, endo-
crine system, immune system, and gut microbiota itself for metabolism and health. 
Therefore, depending upon the response of different micro-organisms to different 
signaling molecules the micro-organisms of host exert effect health and disease. For 
example, plantaricin P1053 from Lactobacillus plantarum strain PBS067 increases 
viability of healthy cells and reduces carcinogenic epithelial cells in human. Bacte-
riocin serpin from Bifidobacterium longum subsp. longum NCC2705 inhibits pan-
creatic and neutrophil elastases through modulating anti-inflammatory response. The 
bacteriocins from human gut microbiota affect many metabolic processes they can 
either improve health or can cause dysbiosis and disease. Some disease caused from 
dysbiosis in human microbiota have been discussed (Cesa-Luna et al. 2021). Role of 
few bacteriocins in modulation of gut microbiota is depicted in Table 17.1. 
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1. Acne: Acne is a chronic skin disease, which is caused by an increase in sebum 
production and affects pilosebaceous unit, altered keratinization, inflammation, 
and colonization of bacteria in hair follicles. Mainly Propionibacterium acnes 
and fungus Malassezia spp. are involved in acne formation. Species of Strepto-
coccus salivarius and Enterococcus faecalis inhibit growth of P. acnes by 
producing a bacteriocin-like inhibitory substance (BLIS). These species also 
have immunomodulatory effects in epithelial cells and keratinocytes for acne 
treatment (Mottin and Suyenaga 2018). Live fermenting micro-organisms inhibit 
Staphylococcus epidermidis and P. acnes. A BLIS produced by Streptococcus 
salivarius inhibited P. acnes, which is the main factor for pathogenesis of disease 
acne vulgaris (Bowe et al. 2006). Bacteriocin produced from Lactococcus sp. HY 
499 showed inhibition against Staphylococcus epidermidis, Staphylococcus 
aureus, Streptococcus pyogenes, and P. acnes (Oh et al. 2006). Lactobacillus 
paracasei CNCM I-2116 reduced skin inflammation by decreasing vasodilation, 
mast cell degranulation, edema, and release of TNF-α. L. paracasei CNCM 
I-2116 co-culture with Caco-2/PMBC was tested ex vivo on human abdominal 
plastic skin explants. The extract of Lactobacillus was found effective in reduc-
tion in skin erythema, repair of skin barrier, and reduction in skin microflora and 
then exhibited reduction in size of acne (Muizzuddin et al. 2012). 

2. Atopic Dermatitis: Atopic dermatitis (AD) is multifactorial chronic inflamma-
tory disease, which is characterized by pruritic, erythematous, and scaly lesions. 
Prevalence of this disease in children and adult is 1–20% over the world. It is 
caused by genetic defect in filaggrin that leads to rupturing of epidermis, which 
results in contact of dermis directly with pathogens or environmental antigens. 
This also causes itchiness, which leads to rupturing of skin’s epidermis barrier 
(Mottin and Suyenaga 2018). Chronic atopic dermatitis is also caused by
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Table 17.1 Bacteriocins of lactic acid bacteria in restoring of microbiota in different diseases 

Mechanism of bacteriocin 
activity 

1 Bacteriocin from 
Lactococcus sp. HY 
499 

Inhibited several 
pathogens causing acne 
like Staphylococcus 
epidermidis, S. aureus, 
streptococcus pyogenes, 
and P. acnes 

Acne Oh et al. 
(2006) 

Bacteriocin -like 
inhibitory substance 
(BLIS) by 
Streptococcus 
salivarius 

Inhibited 
Propionibacterium acne 
which is main pathogen of 
acne vulgaris 

Acne Bowe et al. 
(2006) 

2 Nisin, bacteriocin of 
Staphylococcus 
epidermidis, 
plantaricin EF and JK 

Showed 
antistaphylococcal activity 
Inhibited the growth of 
S. aureus 

Atopic 
dermatitis 

Valenta 
et al. (1996) 
and Jang 
et al. (2020) 

3 Reuterin 6 and/or 
gassericin 

Inhibited the formation of 
biofilm of S. mutans and 
reduced dental lesions 

Dental 
caries 

Liang et al. 
(2021) 

Nisin and 
thermophilin 110 

Inhibited oral pathogens 
like Streptococcus mutans, 
Lactobacillus fermenti, 
L. acidophilus, and 
S. sanguinis 

Dental 
caries 

Renye and 
Steinberg 
(2021); 
Tong et al. 
(2010) 

4 Nisin, two-peptide 
bacteriocin from 
L. plantarum,and 
bacteriocin from 
Actinobacillus 
actinomycetemcomitans 

Inhibited biofilm of oral 
pathogens like 
Porphyromonas 
gingivalis, Prevotella 
intermedia, Treponema 
denticola, enterococcus 
faecalis, and acidophilus 
actinomycetemcomitans 

Periodontitis Nguyen 
et al. (2020) 
and Khalaf 
et al. (2016) 

5 Nisin ZP Inhibited cell migration, 
invasion, and formation of 
tumorsphere by 
Treponema denticola, 
Porphyromonas 
gingivalis, and 
Fusobacterium nucleatum 
in oral squamous cell 
carcinoma 

Oral cancer Kamarajan 
et al. (2015) 

Nisin Upregulated the 
expression of CHAC1 
gene that promotes 
apoptosis and induction of 
cell cycle arrest 

Oral cancer Joo et al. 
(2012) 

dysbiosis in gut microbiota mainly Faecalibacterium prausnitzii resulting in 
reduction in short chain fatty acids and dysregulation of gut epithelial inflamma-
tion. Then damage of epithelial cells has been associated with atopic dermatitis
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because it increased the permeability of epithelium to toxins and pathogens into 
blood stream and skin (Song et al. 2016). Atopic dermatitis pathogenesis is 
caused mainly by increase in S. aureus count during flare-ups. Corynebacterium 
mastitidis and Corynebacterium bovis inhibited growth of S. aureus and reverse 
dysbiosis (Mottin and Suyenaga 2018). Probiotic Lactobacillus salivarius and 
placebo were given to 38 patients aged from 18 to 46 with atopic dermatitis. After 
treatment, the probiotic reduced in Th2 production and maintained Th1 cytokine 
stable. Nisin showed significant results against S. aureus infection in AD (Valenta 
et al. 1996). A cytoplasmic protein was extracted from Staphylococcus 
epidermidis by TCA/acetone precipitation method. This cytoplasmic bacteriocin 
inhibited growth of S. aureus on agar plate (Jang et al. 2020) from human swab 
and was tested against S. aureus. It was found that L. plantarum LB244R and 
LB356R had shown highest antimicrobial activity. Genome analysis of these 
genes revealed that LB244R and LB356R genes encode for bacteriocin 
plantaricin EF and JK complex (Christensen et al. 2021). 

3. Dental Caries: Dental caries is the most common oral disease, which causes 
severe pain and tooth loss. It is generally caused by demineralization of hard 
tissue of teeth by acid-producing bacteria from fermentation of carbohydrate that 
leads to formation of cavity. Dysbiosis of natural microflora is caused due to this 
acidic environment during dental caries. Secretory IgA from saliva and serum 
IgG from gingival crevicular may also influence dysbiosis of microbiota in 
infection of dental caries. Dental caries is caused by a group of pathogenic 
micro-organisms like Streptococcus mutans, Veillonella, Bifidobacterium, 
Propionibacterium, Lactobacillus, and Neisseria (Zhang et al. 2018). Pit and 
tissue structures or space between teeth can be seen in dental caries. Difference in 
velocity and clearance of salivary film in different sites of mouth might affect the 
microbiome and make the surface prone to demineralization (Lee et al. 2021). 
Reutericin 6 and/or gassericin A named LN-7 controlled the growth of S. mutans 
for cure of dental caries. Effect of LN-7 biofilm of S. mutans was quantified by 
crystal violet scanning. Also morphological changes in cells of S. mutans after 
treatment with LN-7 were observed by confocal laser scanning microscopy and 
scanning electron microscopy. In vivo, LN-7 suppressed dental caries by reduc-
ing dental lesions (Liang et al. 2021). Nisin from Lactococcus lactis was found 
effective against different oral pathogens like S. mutans, Lactobacillus fermenti, 
L. acidophilus, and Streptococcus sanguinis. The activity was measured by spot 
on lawn assay. A thermophilin 110 (from Streptococcus thermophilus B59671) 
concentration ≥ 80 AU ml-1 inhibited S. mutans in batch culture, while 
≥160 AU ml-1 concentration was effective against biofilm formation by 
S. mutans. At higher concentration (640–1280 AU ml-1 ), thermophilin 
110 also inhibited other commensal oral Streptococci strains for dental caries 
(Renye and Steinberg 2021). 

4. Periodontitis: Periodontal disease is the most common oral disease in the world 
and characterized by increase of inflammation into teeth and losing of attachment 
and bone (Lee et al. 2021). Periodontitis is a progressed form of gingivitis. 
Gingivitis is reversible inflammatory disease, but periodontitis is chronic and
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irreversible inflammatory disease in which infiltrate of immune cells causes 
disruption of connective tissue, destruction of alveolar bone, and proliferation 
of vascular tissue. This all shifting causes dysbiosis of microbiota of oral cavity 
and leads to inflammation and bone loss (Zhang et al. 2018). Many pathogens like 
Porphyromonas gingivalis and Treponema denticola, Tannerella forsythia, 
Filifactor alocis, Peptoanaerobacter stomatis, Megasphaera sp., and 
Selenomonas sp. are associated with periodontitis disease. Inflammation in peri-
odontitis is derived from increase in micro-organisms that release many nutrients 
like collagen, heme, amino acids, and iron. Addition of these nutrients to biofilm 
of oral pathogens acts as pathobionts and causes inflammation by production of 
pro-inflammatory cytokines (Lamont et al. 2018). Nisin-producing Lactococcus 
lactis showed its potential to prevent accumulation of plaque and gingivitis as 
compared to placebo and 0.12% chlorhexidine. Nisin with concentration of 
100 or 300 μg/mL was used for mouthrinse twice in a daily, which lowered the 
number of bleeding sites. Nisin also controlled growth of many oral salivary-
derived biofilms or oral pathogens including Porphyromonas gingivalis, 
Prevotella intermedia, Treponema denticola, Enterococcus faecalis, and 
Aggregatibacter actinomycetemcomitans (Nguyen et al. 2020). Weissella cibaria 
was tested in vivo on 72 volunteers, which showed reduction in plaque up to 20% 
and inhibition of biofilm formation (Fusco et al. 2015). Fifty-nine patients with 
gingivitis were formulated with different Lactobacillus reuteri (LR-1 or LR-2) at 
dose of 2 × 108 CFU/day or placebo. L. reuteri was found effective in reducing 
gingivitis and plaque in patients (Krasse et al. 2006). Lactobacillus and 
Bifidobacterium spp. controlled the growth of oral pathogens and cariogenic 
Streptococci associated with diseases (Allaker and Douglas 2009). A 
two-peptide bacteriocin produced from L. plantarum NC 8 (PLNC 8 αβ) was 
effective against Porphyromonas gingivalis through permeabilization of 
membranes (Khalaf et al. 2016). Bacteriocin from Actinobacillus 
actinomycetemcomitans showed antagonist activity against various species of 
both Gram-positive and Gram-negative bacteria from oral microbiome (Lúcia 
et al. 2002). 

5. Oral Cancer: Oral cancer is a cancer of oropharynx, lips, or mouth. The term oral 
cancer can be represented as oral squamous cell carcinoma (OSCC). Incidence of 
OSCC among young aged 18–44 years is increasing. Common symptoms of 
OSCC are ulcers with fissuring or exophytic margins (Markopoulos 2012). 
Culture-dependent methods evaluated that oral carcinoma surfaces have 
increased number of many aerobic and anaerobic micro-organisms like 
Veillonella, Prevotella, Actinomyces, Haemophilus, Porphyromonas, 
Fusobacterium, Streptococcus sp., and Candida albicans (Nagy et al. 1998). 
Also, firmicutes especially Streptococcus and Actinobacteria (especially Rothia) 
were found decreased in number at different tumor sites. Probiotic Streptococcus 
salivarius K12 was found effective against radiation-induced oral mucositis 
(RIOM), which is oral complication caused by radiotherapy and/or chemotherapy 
in patients with oral cancer. S. salivarius K12 reduced size of ulcers, increased 
cellularity of basal layer epithelial and thickness of mucosal layer, elevated
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proliferation, and attenuated apoptosis in mice model (Wang et al. 2021). Nisin 
ZP inhibited cell migration and invasion induced by T. denticola, P. gingivalis, 
and Fusobacterium nucleatum. Nisin ZP also inhibited formation of tumorsphere 
in OSCC cells. Cell migration and tumorsphere formation are caused by 
upregulation of integrin alpha V and phosphorylation of FAK, TLR2, and 
MyD88 in host cells. Nisin downregulated the expression of these genes and 
also altered influx of ions specially calcium ions (Kamarajan et al. 2015). Head 
and neck squamous cell carcinoma (HNSCC) is caused due to increase in calcium 
ions level, induction of arrestation of cell cycle, and CHAC1 gene activation in 
cell. Nisin treatment showed alteration in genes responsible for function of 
plasma membrane and transportation of calcium ions. Nisin upregulated the 
expression of CHAC1 gene (encodes for a cation transport protein), which 
promotes apoptosis (Joo et al. 2012). 

17.8 Conclusions and Future Perspectives 

The microbiota of an ecological niche consists of several micro-organisms including 
diverse bacteria, and some of them are bacteriocin producer and other non-producer. 
Bacteriocins generally kill related strains but broad-range bacteriocins are also 
reported recently. The production of bacteriocin by a strain is a defense mechanism 
and helps in the access of nutrition and space by inhibiting micro-organisms present 
in the environment. Thus, type of bacteriocin producer determines the shape of 
microbiota of a particular niche. Though several bacteriocins have been reported for 
their application in food safety, their microbiome-shaping role is least explored. 
Therefore, there is need for further study to explore this area in human health and 
disease conditions. 
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Abstract 

Current scientific advances have considerably added to our understanding of the 
complex association between the microbiome and cancer. Host and microbiota 
have co-evolved into a “super-organism,” and several physiological processes 
and multifactorial disease conditions are influenced by host–microbiome 
interactions. In the past, microbial communities have been suggested to influence 
the development, progression, metastasis formation, and treatment response of 
multiple cancer types. However, a better molecular understanding of cancer-
modulating interactions and influences on cancer treatment is considered of 
major scientific relevance and clinical importance. Here, we discuss the scientific 
evidence on the role of gut microbiota in cancer progression and its treatment and 
highlight the latest knowledge leveraged to target specific microbes contributing 
to tumorigenesis. 
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18.1 Introduction 

Microbes represent wide ecological adaptations dominating all four spheres of the 
earth and in that way captivate microbiologists to explore their niches. A narrative of 
the terminology has been proposed explaining that microbial taxa linked to a host 
organism or a dominant environment refer to “microbiota,” whereas the 
“microbiome” is the exclusive assemblage of the microbes and their associated 
genes (Ursell et al. 2012). Next-generation sequencing (NGS) techniques have 
garnered ample attention for providing a comprehensive view of human 
microbiome. The human microbiome is a multi-kingdom repertoire of bacteria, 
archaea, fungi, protists, and viruses residing in and on the human body (Ursell 
et al. 2012). Microbiome performs vital functions such as regulating barrier, 
maintaining homeostasis, preventing pathogenic infection, and regulating metabo-
lism and vitamin synthesis (Li et al. 2019). Oral, gut, and skin microbiomes 
comprise greatly enriched and diverse microbial consortia, whereas lungs, bladder, 
prostate, liver, pancreas, and vagina harbor low diverse microbial populations (Cho 
and Blaser 2012). The host and its microbiome exist in symbiosis as a super-
organism by offering a nutrient-rich microenvironment (Schwabe and Jobin 2013). 
Despite the presence of trillions of beneficial microbes inhabiting human body, 
dysbiosis can still occur that might lead to the development of cancers and inflam-
matory diseases. Microbial diversity and abundance differ in different organs; thus, 
many diseases, including cancer, occur in specific locations within an organ. 
Chances of cancer are high in those locations where microbial densities are high 
(Human Microbiome Project Consortium 2012; Cullin et al. 2021). 

Investigation of evidence of microbial influence on biology of cancer is in its 
infancy, and a better comprehensive view of cancer-modeling interfaces and its 
influence on cancer treatment are reflected as of great scientific relevance. Composi-
tion and functional repertoire of microbial communities can be characterized and 
used for defining pathology and physiology of human cancers (Cullin et al. 2021). 
Human bodies are continuously exposed to variety of microbes and their byproducts 
including some tumor-promoting metabolites such as high levels of polyamines, 
sulfides, and N-nitroso compounds (Louis et al. 2014). These metabolites while 
circulating in the body may lead to cancer progression at locations distinct from the 
specific microbial residence (Rajagopala et al. 2017). Microorganisms can also 
migrate to different locations and get associated with the development of tumors. 
However, the microbes impact the process of carcinogenesis by inflammation and 
immune system-independent mechanisms and the most decipherable link is via the 
immune system as the microbes themselves play a significant role in activating and 
regulation of host immunity (Rajagopala et al. 2017). Interaction of immune system 
and microorganisms can occur at (1) mucosal layers (via microbial metabolites) or 
(2) locally at lymphoid organs. Remote/local microbial signals may impact both 
innate and adaptive immune responses, leading to systemic immunity modulation 
and anti-tumor innate immune responses (Cullin et al. 2021). Microorganisms can 
modulate metabolism, inflammation, carcinogenesis, and genotoxicity through mul-
tiple mechanisms, and targeting these mechanisms could envision cancer prevention



strategies. Genetic modification of microbiota producing/lacking particular enzymes 
could be utilized for expressing tumor-reducing phytochemicals or reducing tumor-
promoting elements (Shwabe and Jobin 2013). 
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By means of proliferation, escaping cell growth suppression, activation of meta-
static pathways, angiogenesis induction, and autophagy resistance cancer cells evade 
the immune system. All these processes have been explored in detail for decades, but 
role of microbiome in both cancer progression and treatment is still partly unknown. 
Microbiome data analysis may assist the advancement of novel cancer diagnostic 
strategies encompassing cancer detection (identification of microbial DNA/RNA in 
peripheral blood), surveying metastatic cancer progression, assessing prognosis, and 
applying artificial intelligence algorithms in foreseeing patient treatment responses. 
The understanding of the microbiome and cancer needs to be broadened with 
enhanced feasibility of cancer diagnosis based on microbial profile. Exploring 
various effects of the microbiome on carcinogenesis will provide new opportunities 
for diagnostic, preventive, and therapeutic strategies and would represent the next 
frontier of medical research. 

18.2 Cancer Triggering Microbes and Their Cancer-Promoting 
Mechanisms 

Hepatitis B (HBV), Epstein–Barr (EBV), hepatitis C (HCV), Kaposi sarcoma 
herpesvirus (KSV), human immunodeficiency virus-1 (HIV), human 
papillomaviruses (HPV), human T cell lymphotropic virus type 1 (HTLV), 
Opisthorchis viverrini, Clonorchis sinensis, Schistosoma haematobium, and 
Helicobacter pylori have been recognized as causes of distinct human cancer 
(IARC 2009). They participate in cancer progression through different mechanisms, 
such as B-cell differentiation, cell-cycle disruption, immune hyperactivation (HBV, 
EBV, HIV, and HCV), dysregulation of T cell (HTLV, EBV), and direct oncogene-
sis (HCV). Merkel cell polyomavirus (MCV) and Simian virus 40 (SV40) are 
involved in Merkel cell carcinoma (MCC) and mesothelioma, respectively (Pagano 
et al. 2004; Weitzman and Weitzman 2014). 

In the case of H. pylori, CagA dissociates E-cadherin/b-catenin complex, leading 
to accumulation of b-catenin in both nucleoplasm and cytoplasm (Fig. 18.1). Fur-
ther, this b-catenin forms complex with transcription factors (TCF/LEF) to activate 
target gene expression (Hamway et al. 2020). It binds to gastric epithelial cells by 
HopQ binding to CEACAM, whereby virulence factor CagA is directly injected into 
the epithelial cells via the T4SS. CagA activates Wnt/β-catenin pathways resulting in 
dysregulated cellular turnover and apoptosis (Cullin et al. 2021). On the other hand, 
F. nucleatum secretes Fap2 protein that interacts with TIGIT and hinders natural 
killer cell-facilitated immunosurveillance of cancer (Fig. 18.1). Another important 
adhesion, FadA, allows cellular internalization and induction of proinflammatory 
cascades mediated by NF-κB and IL-6. Fap2 interacts with D-galactose-β (1–3)-N-
acetyl-D-galactosamine (Gal-GalNAc) carbohydrate moieties at the tumor surface to 
enhance cellular proliferation via Wnt/β-catenin pathway and increase

https://www.sciencedirect.com/topics/medicine-and-dentistry/cell-adhesion-molecule
https://www.sciencedirect.com/topics/medicine-and-dentistry/virulence-factor
https://www.sciencedirect.com/topics/medicine-and-dentistry/type-iv-secretion-system
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/internalization


proinflammatory cytokine production, leading to cancer cell invasion and therapy 
resistance (Zhang et al. 2020; Cullin et al. 2021). 
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Fig. 18.1 Impact of microbes and their cancer-triggering mechanisms 

The intestinal dysbiosis favors growth of adherent-invasive Escherichia coli 
(AIEC) and activation of pks island during inflammation, which increases IL-6-
inducing CEACAM6 expression, hence increasing invasiveness of AIEC (Cullin 
et al. 2021). Once internalized, it secretes genotoxin colibactin, which induces inter-
strand crosslink and double-stranded breaks with pro-tumoral cellular transforma-
tion (Fig. 18.1). Likewise, the enterotoxigenic Bacteroides fragilis (ETBF) produce 
BFT that can disrupt the intestinal environment by causing inflammation and 
increased permeability. BFT targets intestinal cell tight junction and causes cleavage 
of E-cadherin, which causes increased intestinal permeability and induces chronic 
intestinal inflammation via NF_KB signaling, leading to colorectal tumorigenesis 
(Fig. 18.1) (Pleguezuelos-Manzano et al. 2020). 

18.3 Mechanisms of Microbial Carcinogenesis 

Mechanism of microbial carcinogenesis involves (a) inflammation: Bacterial trans-
location may increase due to change in microbiome and host defense system, which 
leads to inflammation mediated by microorganism-associated molecular patterns 
(MAMPs) that activate Toll-like receptors (TLRs) in various cells like macrophage,

https://www.sciencedirect.com/topics/medicine-and-dentistry/cytokine-production


c

myofibroblasts, and tumor cells; (b) genotoxin effect: Bacterial genotoxins like 
colibactin and cytolethal distending toxin (CTD), which when delivered to host 
cell nucleus cause DNA damage in various organs (Cullin et al. 2021). Reactive 
oxygen species (ROS) and reactive nitrogen species (RNS) released from inflamma-
tory cells like macrophage and hydrogen sulfide (H2S) from bacterial microbiota 
may also be genotoxic, thus triggering carcinogenesis; (c) metabolic effect: 
Genotoxins like acetaldehyde, dietary nitrosamine in metabolism of bile acids, and 
hormones like estrogen and testosterone may activate due to metabolic actions of 
microbiome. The microbiota also mediates tumor suppressive effect by inactivation 
of carcinogenesis via generation of short-chain fatty acids and activation of cancer-
preventing phytochemicals (Schwabe and Jobin 2013) (Fig. 18.2). 
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Fig. 18.2 Mechanism of bacterial microbiome-mediated carcinogenesis 

18.4 Risk Factors of Specific Cancers 

Numerous propensities especially lifestyle and diet stand as the risk factors for the 
changes in the microbial diversity of the gut, thus affecting the microenvironment of 
host’s cells (Moskal et al. 2016). It is still not clear whether the shift in population 
pattern causes carcinogenesis or is an outcome of the emergence of tumors. Hence, 
this important variation will be the epicenter of research in cancer–microbiome area 
in the upcoming future. Different types of cancer and their association with 
microbiome are discussed below.
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18.4.1 Oral and Gastric Cancer 

Oral cavity is inhabited by a variety of bacterial species, which play a leading role in 
the development of oral diseases (Al-Hebshi et al. 2017). Dysbiosis in the oral 
microflora destabilizes the defense mechanisms of the host, resulting in chronic 
periodontal disease (Bullon et al. 2014; Johannsen et al. 2014), which is related to 
changes in the oral microflora that is caused by the outgrowth of certain pathogenic 
microbes. The two notable pathogenic members of the oral microbiome that are 
known to induce tumorogenesis in the oral cavity are Fusobacterium nucleatum and 
Prevotella gingivalis (Mager et al. 2005). Repeated periodontitis is considered to 
increase risk for the development of oral squamous cell carcinoma (OSCC) and 
Prevotella intermedia and Porphyromonas gingivalis are associated with the occur-
rence of periodontitis (Mysak et al. 2014; Zhang et al. 2017; Hsiao et al. 2018, Li  
et al. 2019). Human papillomavirus (HPV) type 16 has also been recognized as a 
causative agent for oropharyngeal cancer (Bray et al. 2018). 

Infection caused by P. gingivalis has been related to increase in oral cancer, 
oro-digestive cancer, and propagation of oral cancer stem cells. P. gingivalis infec-
tion tempers with many anti-apoptotic pathways and also spreads inter-cellularly 
with the help of actin-based membrane protrusions and interferes with various cell 
signaling pathways (Mao et al. 2007; Yilmaz et al. 2004). Firstly, P. gingivalis 
activates Jak1/Akt/Stat3 signaling, which controls intrinsic mitochondrial apoptosis 
pathways (Mao et al. 2007; Yilmaz et al. 2004). It inhibits gingival epithelial cell 
apoptosis induced by ATP ligation of P2X7 receptors (Yilmaz et al. 2008). 
P. gingivalis also causes reduction in amount of p53 and accelerates the progression 
through the S-phase of the cell cycle (Kuboniwa et al. 2008). It promotes the 
expression of the B7-H1, which accelerates regulatory T-cell production and 
B7-DC receptors in primary gingival epithelial cells (Groeger et al. 2011). This 
may be the possible reason that B7-H1 expression contributes to immune evasion by 
oral cancers. AR2/NF-KB pathways are activated by P. gingivalis infection, which 
in turn induces expression of promatrix metalloproteinase (proMMP-9) (Inaba et al. 
2014). P. gingivalis produces gingipains and cysteine proteinases, which play a key 
role in engaging the PAR2 receptor and also cleave the MMP-9 pro-enzyme into an 
active form. The active form of MMP-9 along with extracellular matrix degrades the 
basement membrane. This promotes carcinoma, cell migration, and invasion. The 
P. gingivalis might contribute to oral squamous cell carcinoma metastasis. The 
another pathogenic member Fusobacterium nucleatum works by activating inflam-
matory cytokines like TNF-α, IL-1β, and IL-6. Several antiapoptotic pathways are 
modulated by F. nucleatum, and it also activates p38, which results in the secretion 
of MMP-9 and MMP-13 (collagenase 3). 

Role of human papilloma virus in carcinogenesis has been confirmed since the 
discovery of HPV16. HPV16 expresses E6 and E7 proteins, which further lead to the 
inactivation of tumor suppressor proteins p53 and Rb (Wiest et al. 2002). Inactiva-
tion of p53 and Rb causes dysregulation of host DNA synthesis, as a consequence 
cell cycle control is lost (D'Souza et al. 2007). This leads to destabilization of the 
genome, chromosomal aberrations, and abnormal centrosome numbers. HPV acts as

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/mouth-flora
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/mouth-flora
https://www.sciencedirect.com/topics/medicine-and-dentistry/ligation
https://www.sciencedirect.com/topics/medicine-and-dentistry/purinergic-p2x7-receptor
https://www.sciencedirect.com/topics/medicine-and-dentistry/metalloproteinase
https://www.sciencedirect.com/topics/medicine-and-dentistry/cysteine-proteinase
https://www.sciencedirect.com/topics/medicine-and-dentistry/basement-membrane
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an independent risk factor for the development of oral squamous cell carcinoma 
(Duensing et al. 2000). 
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18.4.1.1 GI Tract Cancer 
Gastric cancer has been acknowledged as the model to study bacterial cancers. 
Helicobacter pylori in the gastrointestinal tract has been classified as a class I 
carcinogen by the International Agency for Research on Cancer (International 
Agency for Research on Cancer 1994). Strong host immune response is generated 
due to infection with H. pylori, which results in various gastric problems such as 
gastric inflammation, dysplasia, achlorhydria, and epithelial atrophy (Blaser and 
Atherton 2004). The key hallmarks of cancer driven by H. pylori include inflamma-
tion that promotes tumor, downregulation of antitumor immune destruction, and 
increase in proliferative signaling (Asano et al. 2015). H. pylori is able to adhere to 
gastric epithelial cells with the help of multiple adhesins, including SabA and BabA 
(Ilver et al. 1998). Once it firmly associates with the gastric epithelium, it deposits 
CagA and other virulence factors on human cells by utilizing its type IV secretion 
system. SHP2, a host oncoprotein, gets dysregulated by CagA after entering the cell 
leading to uncontrolled cell growth and motility (Murata-Kamiya et al. 2010). Other 
virulence factors such as VacA are responsible for making pores in host membranes, 
causing cell death and higher rates of cell turnover (Cover and Blanke 2005). 
Neutrophils and macrophages start producing reactive oxygen species (ROS) due 
to H. pylori infection (Tsugawa et al. 2012; Sung et al. 2022; Kuo et al. 2022). 
Inflammatory cytokines, including IL-1β, tumor necrosis factor-α, and IL-8, are also 
produced by H. pylori infection, ultimately leading to induction of Th1 immune 
behavior in the gut (Handa et al. 2011; Wei et al. 2010). NF-κB levels rise in patients 
with infection, which further drive inflammatory mechanisms of tumor initiation and 
succession. H. pylori is protected from ROS due to the presence of catalase and 
superoxide dismutase proteins but bystander effect damages host tissues (Chaturvedi 
et al. 2011). VacA, virulence factor of the pathogen, obstructs nuclear factor of 
activated T-cell (NFAT) activation in T cells. Blocking of NFAT leads to a defi-
ciency of IL-2-driven T-cell proliferation, which would gradually result in expulsion 
of H. pylori (Jain et al. 2011). γ-glutamyltranspeptidase (GGT) produced by 
H. pylori also has the ability to block T-cell proliferation. Hence, a perfect storm 
is generated by the combination of cellular damage, innate procarcinogenic signals, 
and reduced immune surveillance in patients, which results in cancer. 

18.4.2 Hepatic and Pancreatic Cancer 

Hepatocellular carcinoma (HCC) is responsible for 80–90% of liver cancers and 
stands as the third leading cause of cancer-related deaths (Mima et al. 2017; Tong 
et al. 2011). Fox et al. (2010) observed the presence of Helicobacter spp. in gastric 
mucosa, leading to an increase in the chances of tumor progression in the 
hepatobiliary tract. H. pylori seizes in the host’s cells by attaching to gastric epithe-
lial cells by HopQ protein, which binds to carcinoembryonic antigen-related cell



adhesion molecules (CEACAM) and destructs the antitumor immune system, further 
inducing tumorigenic inflammation (Schwabe and Jobin 2013). Murphy et al. (2014) 
studied the association of fifteen H. pylori proteins with hepatobiliary carcinoma 
using a multiplex serology panel and found an increase in antibodies against these 
proteins, predicting an increase in HCC and biliary tract cancer. Helicobacter 
hepaticus also promotes HCC by producing toxins that promote anti-apoptotic 
factors and activate nuclear factor kappa B (NF- κB) and WNT signaling pathways, 
thus promoting tumor-inducing metabolites and suppressing antitumor immunity 
(Fox et al. 2010; Beyoğlu and Idle 2022). Other experimental studies have shown the 
enrichment of Methylophilaceae, Fusobacterium, Prevotella, Actinomyces, and 
Novosphingobium along with Helicobacter pylori in extrahepatic carcinoma tissue 
specimens of 100 patients (Avilés-Jiménez et al. 2016). 
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Similarly, highly lethal pancreatic cancer is also influenced by gut microbiota, 
which induces oncogenic metabolites for tumor development. Pancreatic cancer has 
been found to be associated with periodontal diseases and gum inflammation 
(Michaud et al. 2007; Stolzenberg-Solomon et al. 2003). In a comparative study of 
salivary microbiome of pancreatic cancer patients and healthy people, Neisseria 
elongata and Streptococcus mitis were found to be associated with cancer (Farrell 
et al. 2012; Herremans et al. 2022). Another oral bacteria, Fusobacterium spp., was 
found to be present in the tumor tissues of 283 pancreatic ductal adenocarcinoma 
patients (Mitsuhashi et al. 2015). Fusobacterium increases the inflammatory 
cytokines and reactive oxygen species (ROS), which leads to epigenetic alteration 
of mismatch proteins such as mutL homolog 1 and CpG island methylator phenotype 
(tumor suppressor gene), thus promoting carcinogenesis (Kostic et al. 2013; Schetter 
et al. 2010). Helicobacter spp. has also been found to be associated with pancreatic 
cancer (Nilsson et al. 2002; Trikudanathan et al. 2011). Evidence from different 
studies suggests that the accumulation of specific microbes can lead to the activation 
of carcinogenic factors producing hepatocellular and pancreatic carcinoma. 
Prevotella sp., Bacteroides, Ruminococcus, Faecalibacterium, and 
Ruminiclostridium are involved in progression of hepatic cancer (Hu et al. 2020; 
Yu et al. 2017). The gut microbiota may impact not only the formation of tumor but 
also the adequacy of chemotherapies and immunotherapies for HCC and pancreatic 
medical procedure, leading to low survival rates of cancer patients (Mima et al. 
2017). 

18.4.3 Colorectal Cancer 

Colorectal carcinoma (CRC) being the third most malignant tumor with high 
occurrence in Western countries stands as the fourth most common cause for 
cancer-related deaths with mortality rate of 9.2% (Mármol et al. 2017; Zhou et al. 
2020b, b). 70% of the human microbiome is present in the colon, which makes it the 
most vigorously colonized part of the gastrointestinal system (Saus et al. 2019). The 
modulation of colonic flora can be responsible for the dysplasia and can cause 
colonic inflammation and biosynthesis of carcinogenic molecules, leading to CRC



development (Arthur et al. 2012; Rubinstein et al. 2013). Fusobacterium nucleatum, 
Peptostreptococcus stomatis, Peptostreptococcus anaerobius, and Bacteroides 
fragilis along with twenty other microbial gene markers were found to be associated 
with CRC (Yu et al. 2017; Zhou et al. 2020b, b). On the other hand, the commonly 
found Escherichia coli can have the pathogenicity island (pks), which can synthesize 
colibactin, a genotoxin causing oncogenic mutations and DNA damage 
(Pleguezuelos-Manzano et al. 2020) (Fig. 18.1c). A polyamine catabolic enzyme, 
spermine, is highly inducible by inflammatory stimuli of enterotoxigenic 
Bacteroides fragilis, which results in DNA damage and increase in ROS, leading 
to colorectal carcinoma (Goodwin et al. 2011) (Fig. 18.1d). It is also known to 
produce another inflammatory toxin that causes diarrhea and colonizes in host, 
which can further induce CRC (Wu et al. 2009). Enterococcus faecalis also have 
capability to produce enterotoxins and ROS, causing inflammation and epithelial 
damage (Saus et al. 2019). The microbes alter the signaling pathway by producing 
toxic proteins or biochemicals, which creates unfavorable microenvironment for 
cells and promotes carcinogenesis. For instance, FasA surface protein produced by 
Fusobacterium nucleatum adheres to the epithelial walls of colon and interacts with 
E-cadherin (Zhou et al. 2022). The complex then alters the β-catenin and Wnt 
signaling pathways. Increase in FadA protein leads to increase in the inflammatory 
and oncogenic genes (Kostic et al. 2013; Rubinstein et al. 2013). Other bacterial 
species such as Bacteroides, Parabacteroides, Lachnospiraceae bacterium, and 
Alistipes spp. has high prevalence in CRC patients and are found to play role in 
development of colon carcinoma (Feng et al. 2015). 
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18.5 Role of Microbiome in Treatment of Cancer and Future 
Applications 

Since certain microbial signatures are known to promote the development of cancer 
and affect the safety, tolerability, and effectiveness of treatments, there is growing 
evidence that the gut microbiome is connected to cancer in a variety of ways. From 
over past few years, tremendous progress has been made in the field of cancer 
treatment, but somehow the tumor microenvironment has a significant impact on 
how well tumor immunotherapy works. Studies have demonstrated that a variety of 
tumor microenvironment cells, including T cells, fibroblasts, natural killer 
(NK) cells, dendritic cells (DCs), and others, play a key role in tumor immunother-
apy (Ferlazzo et al. 2004). NK cells additionally induce cDC1 to enter the tumor 
microenvironment (TME) and assist tumor immune control (Poutahidis and Erdman 
2016; Zhang et al. 2018; Böttcher et al. 2018; Zhou et al. 2020b, b). Chemotherapy 
or immune checkpoint inhibitor resistance is linked to altered gut flora immune 
checkpoint inhibitors (ICIs). The antitumor effects of chemotherapy medicines or 
ICIs may be enhanced by altering the microbiota through the use of antibiotics, 
probiotics, fecal microbiota transplants, or nanotechnologies (Cheng et al. 2020).

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enterococcus-faecalis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fusobacterium-nucleatum
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18.5.1 Immunotherapy 

The term “immunotherapy or immuno-anticancer treatments” refers to a variety of 
therapeutic modalities intended to stimulate a patient’s immune system or recruit 
external immunological cells to combat cancer. Immunotherapy achieves the goal of 
eradicating cancers by inhibiting negative immune regulatory factors, stimulating 
the immune system, and improving immune cell identification, which results in the 
death of immune cells to tumors (Beatty and Gladney 2015). 

In comparison with conventional cancer treatments, the gut microbiota has a 
stronger anti-cancer effect and further activates the host immune system. Addition-
ally, there is growing acknowledgment for the role that the interaction between the 
gut microbiota and cancer ICIs plays in antitumor immune therapy, which is a form 
of targeted therapy for cancer immunotherapy (Qiu et al. 2021). Numerous species, 
including Bifidobacterium breve and Bifidobacterium longum, have been shown to 
improve dendritic cell activity and therefore trigger CD8+ T-cell priming and 
accumulation in tumor microenvironments (Tanoue et al. 2019; Sivan et al. 2015). 
In the tumor microenvironment, molecular cell refinement and immunological 
control of therapeutic targets are growing, and clinical application is expanding as 
well, such would be the resistance to the programmed cell death ligand 1, which 
plays a very crucial role in anti-tumor immunotherapy. The reduced programmed 
cell death ligand 1 activity that is resistant to the tumor can have favorable therapeu-
tic effects and may be used for modifying the inert tumor microenvironment in future 
too (Qiu et al. 2021). Resistance to PD-1/PD-L1 plays many roles in tumor immu-
notherapy. Using an acceptable and selective combination of immunotherapy in a 
constrained tumor microenvironment reactivates the anti-tumor immune response in 
the host. This refers to the possibility of immune toxicity and immunotherapy to 
increase antitumor immunity (Ngiow and Young 2020). Antibodies that are able to 
act against the ligands of the PD-1 and CTLA-4 may inhibit affinity of T 
lymphocytes with their suppressive two or more ligands, which will act on the 
tumor cells, which in turn will activate the anti-tumor response in the immune 
system against the tumor cells (Cullin et al. 2021) (Fig. 18.3). 

18.5.2 Chemotherapy 

Chemotherapy refers to the treatment that requires anti-cancer drugs with high and 
powerful chemical content to treat any form of cancer by targeting the fast 
multiplying or growing cancer cells in the body. Chemotherapy causes DNA and 
non-DNA damage that is ROS-mediated, which allows bacteria to pass the intestinal 
epithelium. In turn, this causes an inflammatory reaction and may result in systemic 
infections (Kalasabail et al. 2021). The gut microbiota can influence how the body 
reacts to chemotherapy by enhancing medication efficacy, encouraging 
chemoresistance, and/or mediating adverse effects and toxicity. 

Gut microbiota uses various mechanisms to regulate or modify the potency of the 
anti-cancer drugs. Many species of bacteria that are present in the gut impact the



competency of the drugs that are used in chemotherapy and immunotherapy, which 
also includes immune checkpoint inhibitors by various mechanisms (Cullin et al. 
2021). 
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Fig. 18.3 Role of gut microbiota in modulating efficacy of anticancer drug in cancer therapy 

Fusobacterium nucleatum is one such bacterium found in the gut microbiota and 
with the use of antibiotics/drugs can also reduce the intensity of cancer. F. nucleatum 
functions via myeloid differentiation primary response 88(MYD88) and Toll-like 
receptors (TLR4), which further results in the selective deprivation of miR-18a and 
miR-4802, and this in turn initiates autophagy. This process can further assist in 
chemoresistance in cancer patients (Fig. 18.3). 

An earlier research demonstrated that cyclophosphamide can alter the composi-
tion of the gut microbiota by causing some gram-positive bacteria to translocate into 
the secondary lymphoid organs, which in turn triggers the production of “patho-
genic” T helper 17 (pTh17) cells and improves the host immune response brought on 
by memory T helper 1 (Th1) cells. Researchers using Caenorhabditis elegans 
models have also identified bacteria that play role in chemotherapeutic effectiveness, 
particularly in the metabolism of ribonucleotides and vitamins B6 and B9 (Scott 
et al. 2017; García-González et al. 2017), which further increase the efficacy of 
fluoropyrimidine, an antimetabolite by inhibiting bacterial deoxynucleotide metabo-
lism (Cheng et al. 2020). Efficacy of chemotherapy drugs can be modulated by 
bacteria via different mechanisms. The efficiency of 5-FU can be modulated via B6, 
B9, and ribonucleotide metabolism. The efficiency of 5-FU was promoted by 
inhibiting bacterial deoxynucleotide metabolism (Fig. 18.3).
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Cyclophosphamide (CTX), one of the most often prescribed chemotherapy 
medications for the treatment of solid tumors and lymphomas, stimulates immuno-
genic cancer cell apoptosis and immunomodulatory effects (Qiu et al. 2021). 
Daillère et al. (2016) showed the incorporation of E. hirae in mice treated with 
antibiotics and reverses cyclophosphamide chemoresistance, which promotes 
pTh-17 production and T-helper (Th)-1 cell differentiation by increasing CD8+ T 
cells and CD4+ T regulatory cell (Treg) in the intratumoral region (Fig. 18.3). As 
Barnesiella intestinihominis builds up in the colon, it activates Th1 and 
polyfunctional CD8+ cytotoxic T cells in the body, which encourages interferon 
(IFN)-producing γδT cells to invade tumors (Daillère et al. 2016; Cheng et al. 2020) 
on treatment with cyclophosphamide (Cheng et al. 2020) (Fig. 18.3). 
Non-enterotoxigenic B. fragilis and Erysipelotrichaceae are examples of immuno-
genic bacteria that promote migratory dendritic cells (DCs), which then promote 
follicular T helper (TFH) cells through interleukin (IL) 1 and IL-12. The increased 
IgG2b response from stimulated TFH cells then interacts with B cells to boost the 
antitumor effector or the memory CD8+ T-cell activity. The response is further 
enhanced in the presence of gut commensal and boosts antineoplastic drugs like 
oxaliplatin and cisplatin (Roberti et al. 2020). 

18.5.3 Radiotherapy 

Radiation therapy is a part of the treatment plans for more than 50% of patients with 
cancer, and it is thought to make up around 40% of therapeutic protocols with 
efficacy in more than 90% of cases particularly those in their first stage of diseases 
(Poonacha et al. 2022). The predominantly most significant impediment to malig-
nant cancer cure in patients is radiation enteropathy and radiation toxicity (Hauer-
Jensen et al. 2014). RT also affects the gut microbiota; however, only a few studies 
have attempted to examine the connection between the microbiota and radiotherapy 
response (Tonneau et al. 2021). In melanoma, lung, and cervical cancer models, an 
oral vancomycin-induced decrease in gram-positive gut commensals mediated by 
IFNg and CD8 T-cell-dependent pathways was linked to improved radiation effi-
ciency (Uribe-Herranz et al. 2020). Cui et al. (2017) showed the benefits of fecal 
microbiota transplantation (FMT) against total body irradiation-induced acute radia-
tion enteritis in the mouse model with an increase in microbiota diversity. Irradiated 
mice that received (FMT) survived longer and had enhanced digestive system 
performance and increased levels of peripheral white blood cells. An evaluation of 
FMT in the treatment of chronic radiation enteritis showed a radical shift in 
diversifying the microbiome composition and reducing gastrointestinal symptoms 
(Ding et al. 2020).
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18.5.4 Targeting Microbiome for Therapeutic Modulation 
of Carcinogenesis 

Gut microbiota influences the shape of the tumor microenvironment by acting on the 
host immune system. TLR4 signaling in tumor cells recruit neutrophils, and they 
release tumor necrosis factor (TNF), which causes metastasis. Gut microbiota 
reduces the number of neutrophils, and its metabolites inosine promotes differentia-
tion of Th1 cells in the presence of exogenous interferon-γ. An additional therapeutic 
option might be the introduction of anaerobic bacteria since they colonize all tumor 
sites regardless of oxygenation level and can even eradicate hypoxic cancers (Riehl 
et al. 2019; Poonacha et al. 2022). Through anaerobic action, butyrate-producing 
bacteria can degrade polysaccharides to create short-chain fatty acids (SCFAs), 
which are crucial for reducing the proliferation of cancer cells (Wang et al. 2019; 
Wagner et al. 2018). SCFAs like butyrate along with metabolites of tryptophan 
lessen pro-inflammatory cytokines and encourage the release of anti-inflammatory 
cytokines and affect the class conversion of B-cells, activating dendritic cells and 
macrophages, which affect differentiation of memory T cells, which helps limit 
radiation-related toxicity (Fish et al. 2016; Badgeley et al. 2021; Cheng et al. 
2020) (Fig. 18.3). An introduction of Bifidobacterium infantis, a commensal bacte-
rium to mice, and B. infantis with monoclonal antibody along with RT shows 
improvement in tumor cell proliferation, decreases blood supply, and enhanced 
cell apoptosis of the tumor. Furthermore, mice that received the combination therapy 
showed a higher survival rate than mice that received either the RT or a bacterial 
antibody alone (Du et al. 2018). Similarly, the symbiotic introduction of Lactobacil-
lus rhamnosus (ATCC 7469) exopolysaccharides (EPS) in rat models with a dose of 
ionizing radiation was tested to slow colorectal development, enhanced the modula-
tion of signaling growth factors involved in inflammation, and also reduced the 
progression of colorectal carcinoma in mice when compared to untreated control or 
those given L. rhamnosus or irradiation alone (Ruiz-Ruiz et al. 2017). These findings 
regarding the significance of the unique characteristics of the patient’s pre-existing 
microbiota suggest the possibility of incorporating microbiota analysis into 
personalized treatment protocols to predict how therapy will affect the patient and 
how the gut microbiota can be used as a biodosimeter to check the biological 
response for treatment planning (González-Mercado et al. 2021; Shi et al. 2020; 
Ding et al. 2020). 
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Abstract 

Secondary metabolites derived from microbes have been utilized for a number of 
applications in the medical sector for a considerable time. Microbial secondary 
metabolites (MSMs) are utilized as enzyme inhibitors, immunosuppressants, 
hypocholesterolemic agents, etc., in the healthcare sector. Owing to their high 
efficacy and biocompatibility, several MSMs have also been applied for cancer 
treatment, responsible for major mortality in the world. Plenty of these 
metabolites are still under clinical trials awaiting large-scale application. This 
chapter summarizes the current status of tumor-targeting MSMs, recent 
innovations to elucidate the antitumor mechanism of these metabolites, and 
exploring potential microbes for the production of novel antitumor metabolites 
using co-cultivation and omics approaches. 

Keywords 
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19.1 Introduction 

Cancer is one of the leading causes of death worldwide among the 
Non-communicable diseases (NCDs) with breast cancer, lung cancer, colon cancer, 
rectum cancer, and prostate cancer being the most common (Siegel et al. 2019).
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Chemotherapy is the key treatment available for targeting tumors, immunotherapy, 
hormone therapy, nanovaccines, photocatalytic therapy, and ferroptosis (Son et al. 
2020). A plethora of research in this particular field has facilitated the introduction of 
novel antibodies, drugs, and similar products for targeting several types of tumors, 
the result of this advancement has not been witnessed entirely (Hu et al. 2021).
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Microorganisms generate a variety of metabolites in their entire lifecycle. Despite 
their formation in all living organisms, microbes remain the preferred source of 
metabolites owing to their accessibility, effectiveness, and environment friendliness 
(Singh et al. 2017). Microbial secondary metabolites (MSMs) are formed near or at 
the end of the stationary phase playing an indirect role in the growth, development, 
and reproduction of organisms. These are a heterogeneous group of natural products 
that include terpenoids and steroids, alkaloids, fatty acid-derived substances and 
polyketides, non-ribosomal polypeptides, and enzyme cofactors (Dowd and Kelley 
2011; Thirumurugan et al. 2018). The word “secondary” may give us a sense of 
these metabolites being less important as compared to the central metabolites, but the 
research on genetics concerning their production has facilitated their innumerable 
applications from agriculture to biomedical science. A significant portion of genome 
is involved in the production of microbial secondary metabolites (MSMs) (Sharrar 
et al. 2020). Earlier, the use of MSMs in health care was restricted to discovering 
novel metabolites having antibiotic activities, but it has witnessed a gradual shift in 
the recent past covering an even wider range of research from modifying current 
antibiotics to isolating and identifying metabolites having activities other than 
antibioses like anti-neoplastic agents, immunosuppressive drugs, and enzyme 
inhibitors. 

MSMs have been serving as anticancer agents for a very long time since the 
discovery of actinomycin from Streptomyces antibioticus way back in 1940. A 
significant proportion of antitumor drugs under clinical use are of microbial origin 
(more than 60%) (Ramírez-Rendon et al. 2022). Nevertheless, challenges such as the 
never-ending demand for novel and efficient anticancer compounds, nontargeted 
delivery, and adverse effects on tissues are major hindrances in the large-scale 
application of the same (Mohan et al. 2021). However, exploring the hitherto 
untouched microflora, co-culture engineering, and “omics” led revolution is improv-
ing the manipulation of microbial metabolites for the welfare of mankind. This 
chapter discusses the recent development associated with the use of MSMs to fight 
cancer along with their challenges and the future of research in this regard. 

19.2 Antitumor MSMs: A Bibliometric Analysis 

A bibliometric analysis was done to assess the current status of research on the use of 
MSMs to treat the four most common types of cancers according to WHO (used in 
the keywords). The keywords, “Microbe” AND “Metabolites” AND “Colorectal 
cancer” AND “Breast cancer” AND “Lung cancer” AND “Prostate cancer,” were 
searched in the Scopus literature database and filtered in period between 2012 and 
2022. According to the Scopus database, the maximum no. of results was produced



for colorectal cancer (147) followed by breast cancer (62), lung cancer (54), and 
prostate cancer (22). The United States tops the list of countries contributing to 
studying the potential microbial metabolites as antitumor agents against these 
particular cancers. China, India, Australia, and Germany were also found to be at 
the top of the list. The maximum proportion of literature belonged to the subject area 
of “Biochemistry, Genetics & Molecular biology” (in the case of colorectal and 
prostate cancer) and “Medicine” (breast cancer and lung cancer). “Immunology and 
microbiology” remained another significant subject area for all these cancers. All the 
papers obtained (285) were also extracted from Scopus and downloaded as CSV files 
that were imported to the VOSviewer software, Leiden University, The Netherland, 
Year (version 1.6.18), for the bibliographic data analysis based on the keywords. 
Owing to the good amount of literature produced, the highest number of 
occurrences, links, and total link strength (TLS), the circle with the largest diameter 
is occupied by colorectal cancer. The other three circles representing breast, lung, 
and prostate cancer are comparatively small and have a lesser number of occurrence 
links, and TLS with prostate cancer has the least amount of literature owned by it 
(Fig. 19.1). 
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Fig. 19.1 Bibliometric analysis of the keywords of the antitumor activity of microbial metabolites 

19.3 Tumor-Targeting MSMs: Clinical Trials, Approvals, 
and Mechanism 

Since the discovery of penicillin by Flemming in 1929 from Penicillium notatum, we 
have witnessed a long period of using microbial metabolites in the pharmaceutical 
sector. However, the focus has shifted toward newer applications in the recent past



employing MSMs as immunosuppressants, enzyme inhibitors, motilides, 
hypocholesterolemic, and antitumor agents, etc. (Ramírez-Rendon et al. 2022). 
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The mechanism of some of the most effective anticancer drugs derived from 
microbes has been discussed below. Anthracyclines are one of the most effective 
antitumor agents against a variety of cancers (leukemia, breast, lymphomas, uterine, 
ovarian, and lung). They intercalate into the DNA strand inhibiting their synthesis. 
Daunomycin produced by Streptomyces peucetius was the first anthracycline to be 
discovered. A number of its analogs are under clinical trials (Kadurin et al. 2017; 
Ramírez-Rendon et al. 2022). Romidepsin approved against cutaneous T-cell lym-
phoma (CTCL) acts by inhibiting the histone deacetylase. It is produced by 
Chromobacterium violaceum and has shown good activity against testicular cancer 
among three other cancer cell lines (Xiong et al. 2019). Actinobacteria-derived 
carfilzomib has been approved by FDA against multiple myeloma. It leads to the 
accumulation of poly-ubiquitinated proteins and cell cycle arrest by binding to the 
20S proteasome and inhibiting its chymotrypsin-like activity (Park et al. 2019). 
Camptothecin is a monoterpene indole alkaloid isolated initially from the plants 
but reported to be produced by fungal endophyte, Entrophospora infrequens. It has 
yielded promising results against lung, ovarian, and uterus cancer (Li et al. 2017). 
Taxol (steroidal alkaloid diterpenoid), a leading cancer-fighting molecule, initially 
isolated from Taxus brevifolia, is also produced by a number of fungal genera like 
Alternaria, Aspergillus, Phoma, and Penicillium (Shankar Naik 2019). Actinomycin 
D/dactinomycin (Streptomyces parvulus, Streptomyces antibioticus), bleomycin 
(Streptomyces verticillus), epothilones/ixabepilones (Sorangium cellulosum), mito-
mycin C (Streptomyces caespitosus), pentostatin (Streptomyces antibioticus), and 
rapamycin/sirolimus (Streptomyces hygroscopicus) are the other clinically used 
anticancer drugs derived from microbes especially actinobacteria (Mohan et al. 
2021) (Table 19.1). 

19.4 Advances Driving the Utilization of MSMs to Treat Cancer 

19.4.1 Exploring the Unexplored 

With huge changes in lifestyle and a significant increase in population, there is a 
need for a constant search for new metabolites with higher antitumor potential and 
lesser toxicity. Exploring the unexplored diversity of world microflora and improved 
computational tools is a way forward to this. Despite the enormous diversity of 
microorganisms, the proportion of culturable microbes is very less. It is essential to 
make dedicated efforts toward the ways to culture and utilize these uncultivable 
microorganisms. Besides this, microbes adapted to extreme environments such as 
desert soils, deep-sea sediments, highly acidic habitats, saline and hypersaline 
habitats, and high-temperature environment are a rich source of new specialized 
metabolites and can serve as a treasure of anticancer MSMs. However, these habitats 
are falling prey to anthropogenic factors like mining and climate change, for which 
microbiologists need to take a strong stand to ensure their conservation by the
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policymakers (Sayed et al. 2020). Endophytes are also a reliable and non-exhaustible 
source of secondary metabolites having enormous potential to be utilized not just in 
the arena of cancer treatment but in the whole pharma industry (Bhutani et al. 2018; 
Rani et al. 2021). Concentrated crude extracts of three endophyte belonging to 
Pantoea genus residing in the Solanum mauritianum shoot were tested against two 
human cancer cell lines, A549 lung carcinoma and UMG87 glioblastoma cell lines 
(Uche-Okereafor et al. 2019). Wang et al. (2022) isolated and identified several 
trichothecenes from Fusarium sporotrichioides (host—Rauvolfia yunnanensis 
Tsiang) out of which 8-n-butyrylneosolaniol displayed a significant level of 
antitumor activity by inducing cell apoptosis in Huh-7 cells via the mitochondria-
mediated apoptotic signaling pathway. Further analysis revealed that the cell cycle 
arrest at G2/M phase leads to cell proliferation inhibition and pro-apoptotic activity. 
Similar studies have demonstrated the potential of other fungal metabolites, 
jammosporin A, vinblastine, and paclitaxel, derived from Rosellinia sanctae-
cruciana (Albizia lebbeck), Curvularia verruculosa (Catharanthus roseus), and 
Aspergillus fumigatus (Taxus sp.), respectively (Sharma et al. 2018; Parthasarathy 
et al. 2020; Kumar et al. 2019).
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19.4.2 Co-Culturing 

Several microbes produce an insignificant yield of secondary metabolites that makes 
them unsuitable for large-scale production and discourage capitalists and firms due 
to economic factors. Co-culture involves culturing more than one type of microbes 
together and exploiting the intermicrobial communications for the enhanced produc-
tion of bioactive metabolites (Yuan and Alper 2019). Other than resulting in the 
production of novel metabolites, it has also been reported to enhance the production 
of already-known metabolites. A fungal endophyte of Taxus, Paraconiothyrium 
SSMoo1, has shown a small increase in the production of taxol after co-culturing 
it with Alternaria and a further increase after adding Phomopsis (Soliman and 
Raizada 2013). Shin et al. (2018) reported the production of an anticancer bioactive 
compound, Dentigerumycin E by Streptomyces albogriseolus B24 in the presence of 
an inducer, Bacillus cereus. However, compatibility issues, competition for 
substrates, and data acquisition problems exist for which there is a need to study 
the metabolic pathways in more detail and develop proper databases to make it 
popular for bioproduction (Jawed et al. 2019; Padmaperuma et al. 2018). 

19.4.3 “OMICS” Approaches: A Leap Forward in the Search for MSMs 

Biosynthetic gene clusters (BGCs) are equipped with enormous potential to yield 
valuable secondary metabolites but remain either silent or poorly expressed due to 
complex regulation involved at transcriptional, translational, and post-translational 
levels. Some techniques have been developed in the recent past to trigger their 
expression. Genome mining with tools such as antiSMASH, PRISM3, and



comparative genomics estimates the genetic potential of a microbe by scanning the 
genome of interest and identifying BGCs. The complete genome sequencing and 
comparative analysis enable the reconstruction of both primary and secondary 
metabolic pathways suggesting key metabolic genes for metabolic engineering 
(Ziemert et al. 2016; Palazzotto and Weber 2018). Comparing protein expression 
levels as in proteomics provides information on different pathways regulation 
highlighting significant players in natural product biosynthesis that can be used to 
target rational engineering. Metagenomics is a unique approach that can explore the 
huge proportion of uncultivable microorganisms, which otherwise remains largely 
unexplored by analyzing the DNA isolated from the environment possible (Bodor 
et al. 2020). Metabolomics enables the metabolic comparison of different biological 
samples by nuclear magnetic resonance (NMR) and mass spectrometry (MS) leading 
to the identification of secondary metabolites from BGCs. Combined use of multi-
meta-omics approaches like metabologenomics provides us with a complete picture 
of microbial metabolism throwing light on silent BGCs and the role of natural 
products encoded by the same (Palazzotto and Weber 2018). 
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19.5 Conclusion 

Every new development introduced in biomedical science to cope with the existing 
challenges is associated with advantages and limitations. There is no doubt about the 
potential of microbial secondary metabolites targeting cancer, one of the deadliest 
diseases, causing 1 out of every 6 deaths globally (WHO 2018). Therefore, we 
require a continuous emphasis on searching metabolites with similar/higher scales of 
antitumor activity, addressing the glitches at the level of commercial production, and 
elucidating the molecular basis of the anticancer mechanism. Natural product-based 
antitumor drugs have an edge over those of synthetic origin with regard to the 
toxicity caused. Nonetheless, they are not completely devoid of the same (Mohan 
et al. 2021). Recent progress made in the field of nanotechnology is facilitating the 
resolution of this issue by using nano-carriers equipped with targeted delivery and 
improved toxicity profile of the product. Nanomedicines improve the time period for 
which the drug stays in the blood circulation and along with enhancing its stability. 
Nano-bacterial therapy utilizes nanomolecular properties of microbe-derived natural 
products for increasing permeability and retention of drugs, besides specific 
targeting (Cao et al. 2020; Xie et al. 2022). Chemical modification of these 
metabolites and improving the deliverability of metabolites are also required to 
unleash the potential of these compounds in a better way. Employing MSMs in 
combination with other antitumor therapies available also has the potential to serve 
this purpose.
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Cancer is one of the most frequent causes of global mortality with about ten 
million deaths reported in 2020, according to the World Health Organization 
(WHO). The present-day cancer armamentarium typically possesses limitations 
viz. lack of specificity, high toxicity, multidrug resistance, and other threatening 
side effects. Thus, there remains a need for novel antitumor drugs with high 
efficacy and minimum side effects. The use of live oncolytic bacteria has emerged 
as a plausible approach to meet these challenges. These tumor-targeted bacteria 
can proliferate in the cancer cells, initiate the immune response, and suppress the 
cancers. In addition, microbes also produce a variety of peptides, enzymes, 
toxins, other proteins, and several secondary metabolites, which have emerged 
as promising candidates for cancer therapy. The present chapter elaborates upon 
the various attributes of these bio-drugs such as sources, mode of action, targeted 
cancers, toxicity issues, and clinical status. In addition, the recent approaches to 
improve the efficacy and safety of therapeutic bacteria and their products are 
briefly discussed. 
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20.1 Introduction 

The multifaceted physiology of cancer is a major public health concern, with an 
ever-increasing global mortality rate each year. The incidence rate was estimated to 
be 1.9 million newly diagnosed cases, and around 609,360 cancer deaths are 
expected by 2022 in the United States. The annual global mortality rate is expected 
to reach ~17 million by 2030 accounting for approximately 1 in 6 deaths per day 
from cancer alone (https://www.cancer.org/latest-news/facts-and-figures-2022. 
html). The existing anticancer modalities including radiotherapy, cytotoxic chemo-
therapy, surgical therapy, oncolytic virotherapy, and immunotherapy possess several 
limitations like toxicity, multidrug resistance, lack of specificity, and adverse side 
effects (Sedighi et al. 2019). The establishment of an efficacious therapeutic arma-
mentarium against cancer poses a formidable challenge for researchers. The WHO 
statistical estimation and the bottlenecks of conventional therapies emphasize the 
imperative need to find effective and novel cancer therapeutics. 

Over recent decades, the ameliorating interest in harnessing bacteria to eradicate 
cancer has been accompanied by their ability to target the hypoxic tumor microen-
vironment (Azevedo et al. 2020). The live oncolytic bacteria can selectively pene-
trate the cancer cells and possess colonization ability in both aerobic and anaerobic 
conditions. Various facultative and obligate anaerobes, including Escherichia coli, 
Listeria, Bifidobacterium, and Salmonella species, possess inherent anticancer 
properties. Recently, many other live-attenuated bacteria including Clostridium 
have been implemented in the different phases of clinical studies. The clinical trial 
studies for the treatment of metastatic cancer via intravenous administration of 
genetically engineered Salmonella typhimurium strain VNP20009 have completed 
the phase 1 trials (Toso et al. 2002). 

Moreover, bacterial derivatives like toxins, peptides, enzymes, and several sec-
ondary metabolites have been used significantly as anticancer agents over the last 
few decades (Sugumaran et al. 2022; Vaishnav and Demain 2011; Zhang et al. 
2021). The therapeutic bacteria allow secretion of tumoricidal proteins/secondary 
metabolites including bacteriocins, cyclopeptides, and antibiotics that can be 
harnessed as potential candidates for the management and treatment of cancer 
constantly (Azevedo et al. 2020; Karpiński and Adamczak 2018; Narsing Rao 
et al. 2017; Singh et al. 2019). The bacteria-derived product inhibits macrophage 
migration and cellular cytokine production. They also catalyze the chemical 
modifications of specific proteins and disrupt the epithelial barrier (Sedighi et al. 
2019). Term “bacteriotherapy” involving the use of genetically modified, live-
attenuated bacteria and their products for cancer therapy has been proposed to 
overcome the drawbacks of traditional cancer treatments. 

The chapter comprehensively covers the role of live-attenuated bacteria and 
bacteria-based products in cancer therapeutics. In addition, we have elaborated 
upon various aspects like source, mechanistic aspects to target cancer, and clinical 
status of these bacteriotherapeutic agents. Further, the challenges faced in the 
establishment of bacteriotherapy and their future prospects in cancer treatment are 
also reviewed.

https://www.cancer.org/latest-news/facts-and-figures-2022.html
https://www.cancer.org/latest-news/facts-and-figures-2022.html
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20.2 Live-Oncolytic Bacteria in the Cancer Therapy 

Conventional therapies like viz. radiation and chemotherapy have a major disadvan-
tage of low specificity, which results in collateral damage to the surrounding tissue 
(Wang et al. 2019). The major challenge to the oncologists and cancer researchers is 
to develop a strategy that can reduce this off-target toxicity. In this pursuit, the use of 
live bacteria as antitumor agents has emerged as a promising biological therapy. 
Some commensal bacteria have the ability to colonize the tumor microenvironment 
(TME) (Nallar et al. 2017). The oncolytic action of bacteria was first observed in 
1813 by Vautier, when he found that the tumor was regressed in patients with gas 
gangrene (caused by infection of Clostridium perfringens). The other historical 
landmark in the field dates back to 1893, when New York-based surgeon William 
B Coley observed regression of sarcoma in patients with erysipelas infection. He 
treated hundreds of sarcoma patients by injecting the causal agent of erysipelas, i.e., 
Streptococci, and developed what we now call as Coley’s toxin (heat-killed Serratia 
marcescens and Streptococcus) to treat inoperable sarcoma (Coley 1991). After 
>200 years from the first observation, we presently know that many facultative 
and obligate anaerobes like Bifidobacterium, Clostridium, Escherichia coli, Listeria, 
and Salmonella species have the inherent oncolytic properties (Duong et al. 2019). 

The angiogenesis in cancer cells is very slow as compared to the fast growth of 
the tumor, and due to poor vascularization, the oxygen supply is low; thus, TME is 
the region of hypoxia and necrosis (Zu and Wang 2014). These conditions are ideal 
for the colonization of anaerobes, and these bacteria exhibit chemotaxis toward the 
dying cancerous cells and low O2 concentration. The motile bacteria have the ability 
to penetrate deeper in tumors. A study revealed that S. typhimurium cells spread 
across the entire tumor tissue within 3 days of injection (Ganai et al. 2011). Another 
study reported that a bioengineered S. typhimurium strain VNP20009 proliferates 
faster in tumors at the ratio more than 1000:1 in comparison with the normal cells 
(Clairmont et al. 2000). This is in sharp contrast to the chemotherapy agents, which 
exhibit limited penetration and passive distribution in tumor cells. 

Once the bacteria colonize the tumors, they exhibit different and unique 
mechanisms for tumor regression. For example, Clostridium secrete toxins like 
hemolysins and phospholipases, which impair various intracellular processes in 
tumors and disrupt the cellular membrane (Duong et al. 2019). Listeria suppress 
tumors via increasing the ROS levels by activating NADPH oxidase and increasing 
calcium levels (Kim et al. 2009). The antitumor mechanism of Salmonella is diverse, 
and its infection can induce apoptosis by production of toxins or by depriving 
cancerous cells of nutrients (Wang et al. 2021). It also promotes the formation 
of gap junction between dendritic and cancerous cells by upregulating the levels of 
connexin 43 (Chang et al. 2013). Besides, as a general mechanism, the presence of 
large number of bacteria and consequently various bacterial components such as 
LPS and flagellin in tumor cells elicit an immune response and macrophages, 
dendritic cells, and neutrophils target the tumor cells (Duong et al. 2019). It is 
crucial to remember that some of these bacteria are pathogenic so the virulence of 
these bacteria is attenuated to reduce their action against host immune system. Also



sometimes, the virulence contributes to the intrinsic tumor suppression activity of the 
bacteria, and hence, attenuation is carried out without the loss of antitumor activity 
(Ozdemir et al. 2018). 
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The various oncolytic bacteria Salmonella typhimurium (VNP20009), 
S. typhimurium (LH430), E. coli K-12, and Clostridium novyi (NT) have shown 
remarkable antitumor activity in experimental tumors in mouse transplant models 
(Dang et al. 2004; Jiang et al. 2010; Luo et al. 2001; Nallar et al. 2017); however, for 
most of them, antitumor potential has not been validated in the human clinical trials. 
The first clinical trial was carried out with attenuated S. typhimurium strain 
VNP20009 (designed by Vion Pharmaceuticals) in 1999. The trial enrolled one 
patient with carcinoma and 24 patients of metastatic melanoma. Significant tumor 
colonization and enhanced levels of cytokines were reported, but the regression of 
tumors was not observed (Toso et al. 2002). Many other clinical trials were carried 
out using this strain and other cancers (adenocarcinoma, pancreatic cancer, etc.), but 
none of the clinical trials has entered phase II (Duong et al. 2019). Only Listeria 
monocytogenes has shown most promising results so far and have been tested in 
phase II and phase III clinical trials. Advaxis Inc., an American biotechnology 
company, have funded these trails, and encouraging results have been obtained for 
the treatment of cervical cancer (Basu et al. 2018). 

The oncolytic bacteria also offer various challenges such as genetic instability, 
toxicity, and inconsistent performance as it is subjected to availability of hypoxia, 
which varies in different patients. Also, the engineering of “smart bacteria” is very 
tricky as we want the optimum toxicity to kill tumor cells without systemic toxicity 
to the surrounding healthy tissue (Wang et al. 2019). Thus, in place of relying on 
inherent oncolytic activity, the bacteria are often used as “delivery vehicles” for 
delivery of various antitumor agents like immunomodulators [interleukins, IL-18, 
IL-12, flagellin flab, and prostate-specific antigen (PSA)], prodrug-converting 
enzymes, and siRNA. The tumor colonization property of bacteria is also exploited 
to deliver conventional chemotherapeutic agents in the TME. This strategy is 
referred as combination bacteriolytic therapy (COBALT) (Zu and Wang 2014). 

20.3 Bacterial-Derived Products as Anticancer Agents 

Bacteria serve as repository of biologically active molecules endowed with a variety 
of therapeutic potential including anticancer activities. They can efficiently target the 
malignant tissues by employing various strategies such as secretion of enzymes, 
toxins, secondary metabolites, proteins, and peptides (Karpiński and Adamczak 
2018; Kaur and Kaur 2015; Singh et al. 2019). Moreover, the anticancer effect of 
these bacterial-derived natural compounds could control immune response, restrain 
cell growth, and trigger apoptosis. The bacteria-derived products are extremely 
potent and exhibit anticancer activities even at nano-concentrations (Law and 
Zhang 2007). The application of these bacterial products in cancer therapy is 
discussed in depth below.
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20.3.1 Enzymes in the Treatment of Auxotrophic Cancers 

Targeting the metabolism of cancerous cells has emerged as a promising strategy for 
precise treatment in oncology. In order to maintain their high prolificacy and redox 
homeostasis, cancerous cells undergo significant metabolic changes including plas-
ticity, upregulation of oncogenes, and elevated uptake of certain nutrients, mainly 
amino acids (Dhankhar et al. 2020; Kawatra et al. 2022). The increased nutritional 
demand causes dependency on exogenous amino acids (from normal cells), ulti-
mately leading to auxotrophy for them (Kawatra et al. 2020, 2022). These auxotro-
phic cancerous cells are thus targeted specifically by the amino acid-degrading 
enzymes. The latter interferes with the availability of amino acids to auxotrophic 
tumors and suppresses them without causing any damage to normal healthy cells. 
Microbial-derived amino acid-degrading enzymes, in this context, have attained 
immense importance in “amino acid deprivation therapy” (AADT) to target tumors 
due to their cost-effectiveness, high productivity, and mass availability. These 
enzymes are discussed in detail as follows: 

20.3.1.1 L-Asparaginase 
L-Asparaginase (EC 3.5.1.1, ASNase) catalyzing the hydrolytic bioconversion of 
plasmatic L-asparagine into aspartate and ammonia was the earliest microbial 
enzyme approved for the targeted treatment of pediatric blood cancer (ALL, 
“acute lymphoblastic leukemia”) (Brumano et al. 2019). The enzyme has been 
characterized from various microbes like bacteria, filamentous fungi, yeast, and 
algae but is absent in mammals. L-asparagine is involved in the synthesis of 
proteins/glycoproteins, bioregulation of various oncogenic transcription factors, 
and functioning of nervous and immune systems (Avramis and Tiwari 2006;  Wu  
2013). It also enhances the metastatic potency of cancerous cells by promoting 
epithelium-to-mesenchymal transition (Knott et al. 2018). Normal cells synthesize 
L-asparagine de novo using asparagine synthetase; however, some cancerous cells 
including leukemic cells have a poor expression for this enzyme and are more 
dependent on the exogenous supply (Fernandes et al. 2017). ASNase specifically 
depletes the plasmatic asparagine, thereby inducing autophagy/apoptosis, leading to 
regression of asparagine–auxotrophic cancer. ASNase isolated from Escherichia coli 
and Erwinia chrysanthemi is currently available under different brands namely 
Elspar (native E. coli ASNase), Erwinase (native E. chrysanthemi ASNase), 
Oncaspar (pegylated ASNase), and Spectrila (recombinant E. coli ASNase) for the 
biological treatment of ALL worldwide. The pharmacological aspects of these 
different approved ASNase formulations viz. dosage, serum half-life, and route of 
administration are described in Table 20.1. 

Recently, various research groups have focused on overcoming the limitations of 
these commercially available asparaginases viz. immunogenicity, neurotoxicity, 
hepatotoxicity, treatment relapse, and improving its catalytic efficacy by using 
mutagenesis, PEGylation, and immobilization (Table 20.2).
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20.3.1.2 Arginine Deiminase 
Arginine deiminase (EC 3.5.3.6, ADI) is another widely employed enzyme in 
AADT. It causes the bioconversion of L-arginine into citrulline and ammonium 
ion. The semi-essential amino acid, L-arginine, is involved mainly in the metabolism 
of nitric oxide, polyamines, proteins, glutamate, proline, and nucleotides (Dhankhar 
et al. 2019; Kawatra et al. 2022). All these metabolites are associated with prolifera-
tion and metastasis of cancerous cells. Contrary to normal cells, cancerous cells are 
unable to synthesize arginine endogenously due to downregulated activity of 
enzymes argininosuccinate synthetase and arginosuccinate lyase and show arginine 
auxotrophy (Dhankhar et al. 2020; Kawatra et al. 2022). ADI can be thereby used as 
a cancer treatment modality for the regression of arginine auxotrophic tumors as it 
lowers plasmatic levels of arginine and suppresses protein synthesis, angiogenesis, 
and cellular proliferation along with the induction of apoptosis in cancerous cells. 

Microbes like bacteria, fungi, and a few protists exclusively produce ADI as it is 
associated with survival benefits in extremely acidic conditions (Dhankhar et al. 
2020; Kawatra et al. 2022). The therapeutic potential of ADI sourced from Myco-
plasma has been proven in various cancer cell lines (Kawatra et al. 2022). Currently, 
Mycoplasma ADI conjugated to polyethylene glycol moieties (ADI-PEG20) is under 
clinical evaluation for melanoma (NCT00450372, phase II), malignant pleural 
mesothelioma (NCT02709512, phase II), and hepatocellular carcinoma 
(NCT01287585, advanced phase) (Dhankhar et al. 2018). The results are encourag-
ing and well tolerated. Furthermore, ADI has been also manipulated genetically or 
modified chemically from various bacteria including Pseudomonas plecoglossicida, 
P. aeruginosa, and Mycoplasma hominis for improved kinetics and pharmacody-
namics (Table 20.2). 

20.3.1.3 Methioninase 
Methioninase (EC 4.4.1.11, METase) catalyzes the deamination of L-methionine to 
alpha-ketobutyrate and ethanethiol. The enzyme belongs to PLP-dependent (pyri-
doxal L-phosphate) family of enzymes (El-Sayed 2010). Considered an essential 
amino acid, L-methionine plays an indispensable role in the synthesis of polyamines, 
glutathione, and proteins. While polyamines are required for cell division, glutathi-
one aids in protecting cells from oxidative stress (Hens et al. 2016). Besides, it is also 
important for the biosynthesis of S-adenosylmethionine, which in turn is responsible 
for methylation of RNA, histones, DNA, and proteins. Even though L-methionine is 
one of the essential amino acids, its deprivation is not considered fatal as it is 
recycled in vivo by the activity of betaine–homocysteine methyltransferase, 
L-methionine synthase, and homocysteine re-methylation, the mechanism lacking 
in cancerous cells (Cellarier et al. 2003). Therefore, methioninase-mediated methio-
nine depletion can alter the epigenetic landscape of these auxotrophic cancerous 
cells, aiding in their regression. To date, the enzyme has been obtained from several 
bacteria like Pseudomonas putida, Aeromonas sp., Brevibacterium linens, 
archaebacteria, fungi, few protists, and plants (Suganya et al. 2017). METase has 
been found to effectively suppress various cancers such as glioma, glioblastoma, 
leukemia, melanoma, non-small lung cancer and primary ductal carcinoma, and



osteosarcoma (Cavuoto and Fenech 2012). At present, recombinant and PEGylated 
formulations of P. putida METase are under clinical trials for lymphoma breast 
cancer, lung cancer, and renal cancer (Hoffman et al. 2019). Promising results were 
attained at pilot phase with significant dropping of plasmatic L-methionine. In 
addition, no case of toxicity was observed upon administering METase formulation 
(Hoffman et al. 2019). Furthermore, various research groups have employed 
strategies like genetic engineering, PEGylation, and immobilization to improve the 
pharmacological properties of METase. These are discussed in detail in Table 20.2. 

450 N. Jangra et al.

20.3.1.4 Phenylalanine Ammonia Lyase 
Phenylalanine ammonia lyase (EC 4.3.1.24, PAL) catalyzing phenylalanine-to-
trans-cinnamate bioconversion has been also implicated to effectively regress 
tumors. L-phenylalanine has been associated with the biosynthesis of 
neurotransmitters dopamine, nor-epinephrine, and epinephrine (Kawatra et al. 
2020). Furthermore, it is important for tumorigenesis, and therefore, its depletion 
can aid in inhibiting cancer progression. This enzyme has been mainly isolated from 
yeast Rhodosporidium toruloides and Rhodotorula glutinis for therapeutic 
applications (Kawatra et al. 2020). Recently, Yang et al. (2019) screened the potency 
of Anabaena variabilis immobilized PAL against colorectal cancer. The bacterial-
based formulation (9 mg/ml concentration) induced apoptosis in 35.75% of cells 
(Table 20.2). Although results are encouraging, but further studies are required 
before it could be employed clinically in AADT. 

20.3.2 Microbial Enzymes in Prodrug Activation Therapy 

In addition to the abovementioned anticancer enzymes, there are some other micro-
bial enzymes that do not possess the anticancer activity themselves but can be used 
to activate a prodrug into an active anticancer drug. The prodrug activation therapy is 
a two-step process; in the first step, the microbial enzyme is expressed in tumor cells, 
and in the second step, the inactive prodrug (which is substrate to the enzyme) is 
administered in the tumors. The enzyme then converts the nontoxic prodrug into 
active anticancer drug (Xu and McLeod 2001). The process exhibits a bystander 
effect; i.e., the active drug is not limited to the transfected cells, rather it is 
transported to neighboring tumor cells by gap junctions, by simple diffusion or 
due the transfer of apoptosis factors from dying transfected cells (kiss of death) 
(Dachs et al. 2009). This targeted approach is highly preferred because of its high 
therapeutic index (benefits versus toxic side effects) (Dhankhar et al. 2021). 

The enzyme prodrug activation therapy (EPT) involves three components: micro-
bial enzyme, inactive prodrug, and enzyme/gene delivery vector. The active enzy-
matic protein is either directly administered in the tumor cells or in other approach, 
the gene coding for the enzyme is delivered in the cancer cells and the enzyme is 
expressed within the tumor itself (gene-directed enzyme prodrug therapy, GDPET) 
(Williams et al. 2015). On the basis of vectors used, EPT can be classified into “viral 
directed enzyme prodrug therapy (VDEPT) and bacterial directed enzyme prodrug



therapy (BDEPT)” (Greco and Dachs 2001). The oncolytic bacteria (Clostridium, 
E. coli, Bifidobacterium, and Salmonella) discussed in Sect. 20.2 are used in the 
BDEPT approach. Retroviruses and adenoviruses are commonly used viral vectors. 
Besides virus and bacteria some other vectors like liposomes, stem cells, mesenchy-
mal cells, and lectins are also used as vectors (Mooney et al. 2017). 
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The various microbial enzymes that are used in prodrug activation therapy are 
“nitro reductase, cytosine deaminase (CD), purine nucleoside phosphorylase (PNP), 
carboxypeptidase (CPG), and also methioninase, xanthine/guanine phosphoribosyl 
transferase (XG-PRT), and β-glucuronidase” (Dhankhar et al. 2021; Malekshah et al. 
2016). These enzymes are used in combination with prodrugs 5-fluorocytosine 
(5-FC,CD/5-FCsystem), CMDA(4-[(2-chloroethyl)(2-mesyloxyethyl)amino]ben-
zoyl-L-glutamic acid) (CPG2/CDMA system), CB1954 (NTR/CB154 system), 
6-methylpurine deoxyriboside, selenomethionine (SeMET, Met/SeMET system), 
9ACG (9-aminocamptothecin glucuronide) (βG-9ACG system), and 
6-thioxanthine (6-TX)(XG-PRT/ 6-TX system) (Dhankhar et al. 2021). Various 
aspects namely the cytotoxin produced, mode of action, and types of targeted tumors 
of the important enzyme prodrug system are described in Table 20.3. 

Among all these systems, CD/5-FC is the most widely studied EPT system. CD is 
an amino hydrolase that catalyzes the conversion of prodrug 5-FC into 5-FU 
(5-fluorouracil). 5-FU is then converted into various metabolites by cellular enzymes 
that inhibit DNA and RNA synthesis in tumors. The enzyme is obtained from E. coli 
or yeast Saccharomyces cerevisiae (Kaliberov et al. 2007). This enzyme prodrug 
system has completed phase I trial for the treatment of recurrent or progressive grade 
III or grade IV gliomas (NCT01985256 and NCT01470794). The phase II/III 
clinical trials are also carried out using retroviral replicating Vector Toca 
511 (NCT02414165). The CD/5-FC system has shown promising results against 
different tumors like bladder cancer, gastrointestinal cancer, brain tumor, and gli-
oma. Ntr/CB1954 system is another popular system; the prodrug CB1954 
(5-(aziridin-1-yl)-2,4-dinitrobenzamide) is named so because this prodrug was dis-
covered at Chester Beatty Laboratories (London) (Williams et al. 2015). Ntr is an 
oxidoreductase enzyme, and type I NTR from E. coli is used in EPT. This system 
inhibits the tumor growth by DNA cross-linking. Phase I clinical trials using this 
enzyme prodrug system against various cancers such as liver cancer, gastrointestinal 
cancer, and prostate cancer has been completed (Dhankhar et al. 2021). The enzyme 
prodrug system employing carboxypeptidase G2 and PNP is also tested in clinical 
trials (NCT00625430, NCT03754933). Antitumor potential of other microbial 
enzymes (methioninase, xanthine/guanine phosphoribosyl transferase, and 
β-glucuronidase) in prodrug therapy has not been analyzed in trials. The detail of 
various experimental tumors targeted by these enzymes in mouse xenograft models 
has been provided in Table 20.3. 

Although the enzyme prodrug therapy has gained momentum in past few years 
and some of the EP systems have reached clinical trials, there is a long way until 
these therapies are used in the standard cancer armamentarium. There are severe 
challenges like immunogenicity (due to foreign enzyme) and low bystander effect. 
These problems are addressed by selection and improvement of prodrug and
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transport vectors and the enzymes are pegylated to reduce the immunogenicity 
(AlQahtani et al. 2019).
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20.3.3 Bacterial Toxins as Therapeutic Cancer Modality 

Bacterial toxins are virulence proteins that manipulate vital biological processes and 
take control over host cellular machinery in order to promote bacterial infections 
(do Vale et al. 2016). Several bacterial toxins offer considerable potential for their 
use as anticancer therapeutics including diphtheria toxin, alpha-toxin, and Shiga 
toxin (Khoshnood et al. 2022). Bacterial toxins can precisely bind to the ligands 
specific for tumor surface receptors. Ligand–receptor complex internalization 
releases the active toxin inside the cell and causes cell death. Bacterial toxins can 
destroy cancer cells by triggering various apoptotic pathways or by regulating vital 
processes viz. differentiation, proliferation, and apoptosis. A variety of bacterial 
toxins can interfere with cell cycle progression. Here, we described the most 
common toxins that are used as cancer therapeutics. 

20.3.3.1 Shiga Toxin 
Shiga toxin (Stx) or verotoxin is primarily produced by Shigella dysenteriae sero-
type 1 and E. coli (Shiga toxin-producing E. coli, STEC). Stx consists of two 
non-covalently attached moieties: StxA (enzymatically active) and StxB (nontoxic 
binding moiety). Stx causes tumor regression due to the specific binding of StxB 
moiety to the glycosphingolipid cell surface receptor, globotriaosylceramide (Gb3), 
which is highly expressed by the cancer cells like breast, ovarian, testicular tumors, 
and Burkitt’s lymphoma (BL) cells but having a restricted profile in normal human 
cells and tissues (Engedal et al. 2011; Robert and Wiels 2021). The Stx/Gb3 
complex eventually results in membrane invagination and is further internalized 
via endocytosis (Fig. 20.1). The Stx is then transported in a retrogressive manner to 
the Golgi apparatus and then to the endoplasmic reticulum (ER) such that only StxA 
is transported to the cytosol (Robert and Wiels 2021). During this transport, StxA is 
cleaved into two disulfide-linked fragments: A1 (large, catalytic active fragment) 
and A2 (small, binding fragment). This disulfide bond is intact during transport from 
Golgi to ER and is reduced only inside the ER. StxA1 fragment is then translocated 
to the cytosol, while both StxA2 and StxB remain in the ER (Melton-Celsa 2014). 
The catalytically active StxA1 fragment halts protein synthesis by removing an 
adenine from 28S ribosomal subunit that ultimately leads to the tumor regression. 
The toxin also triggers apoptosis, cytotoxicity, and irreversible cell cycle arrest at 
G2/M phase (Fig. 20.2), which has been explored as a potent treatment for 
malignancies (Oloomi et al. 2018). Recently in a study, the Shiga toxin from 
E. coli O157:H7 showed anti-carcinogenic effects in T47 breast cancer cell lines 
by inducing apoptosis (Pinatih et al. 2021). In addition, combinational therapy with 
various chemotherapeutic drugs including doxorubicin (an intercalating agent), 
SN38 (topoisomerase I inhibitor), and auristatin F (an antimitotic drug) demonstrates 
the more effective cancer treatments. The experimental evaluation shows the that



StxB-doxorubicin and StxB-auristatin F combinational approach is highly selective 
against the HT29 (human colon adenocarcinoma cell lines). The STxB-SN38 has 
been potent against gastric and pancreatic cell lines (Geyer et al. 2016; Kostova et al. 
2015; Maak et al. 2011). 
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Fig. 20.1 Overview of the various mechanisms underlying the use of different bacterial 
products as anticancer agents (Stx, Shiga toxin; Hla, alpha-hemolysin toxin; PE, Pseudomonas 
exotoxin A; Gb3, globotriaosylceramide; EGFR, epidermal growth factor receptor; eEF2, elonga-
tion factor 2; ROS, reactive oxygen species) 

20.3.3.2 Diphtheria Toxin 
Diphtheria toxin (DT) is an extremely efficient bacterial exotoxin that was first 
detected in 1888 by Roux and Yersin in Corynebacterium diphtheriae (Murphy 
1996). DT exhibits extremely high toxicity that even a single molecule in cell cytosol 
is enough to cause cell death. DT has been modified for targeted cancer therapy by 
removing the cell receptor-binding moiety from the toxin and ligating its catalytic 
active moiety with the specific proteins, which show selective binding to the tumor 
cell receptors (Y. Zhang et al. 2010). As a result, receptor-less DT cannot able to 
bind the cell surface on its own. DT has been explored as a potent toxic agent against 
a wide range of cancer cell lines. Also, cancer cells exhibit overexpression of 
heparin-binding epidermal growth factor (HB-EGF), which is a specific cell surface 
receptor for DT. Experimental evaluation shows that toxin binding with HB-EGF



suppresses angiogenesis and proliferation of cancer cells and promotes apoptosis 
(Weerakkody and Witharana 2019). 
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Fig. 20.2 Bacterial products mediated arrest at different phases of cancer cell cycle. Crossed red 
rings represent the loss of cell cycle checkpoints (the hallmarks of cancer). The blocked sign 
indicates the arrest at the particular phase of the cell cycle regulation 

In the 1970s, the new concept of immunotoxin was introduced to enhance toxin 
specificity by linking the enzymatic active subunit of the toxin to the specific 
antibody or cytokines. The U.S. Food and Drug Administration (FDA) approved 
the first DT-based immunotoxin (IT), Denileukin diftitox (Ontak® ), administered for 
the treatment of recurrent cutaneous T-cell lymphoma (Hamamichi et al. 2020). 
Later, in 2018, Tagraxofusp-erzs (Elzonris® ) immunotoxin was approved by FDA 
for the treatment of blastic plasmacytoid dendritic cell neoplasms (BPDCNs). The 
Elzonris® is a recombinant immunotoxin that consists of human IL-3 and the 
enzymatic active moiety of DT, which targets IL-3-alpha (CD123) receptors (Jen 
et al. 2020). 

20.3.3.3 Staphylococcal Alpha-Toxin 
Alpha-toxin or alpha-hemolysin toxin (Hla) is the pore-forming bacterial exotoxins 
(PFT) secreted by Staphylococcus aureus. It belongs to the beta-barrel pore-forming 
toxin (β-PFT) family that forms a heptameric ring-like transmembrane pore in the 
plasma membrane upon binding to A-disintegrin and metalloprotease 
10 (ADAM10) receptor (Iacovache et al. 2010) (Fig. 20.1). In addition, Hla toxin 
also interfered with caveolin-1 and integrin in cell membranes (Liang and Ji 2006; 
Vijayvargia et al. 2004). It was demonstrated that Hla toxin exhibits higher toxicity



to cancer cells and could induce the apoptosis in wide variety human cancer cell lines 
including human Jurkat T lymphocytes (via the intrinsic pathway by upregulating 
the activity of caspases 3 and 9) and ECV304 bladder cancer cell line (through the 
extrinsic pathway) (Bantel et al. 2001; Yu et al. 2013). It was also reported that 
caspase-2 was the first caspase to be involved in Hla-induced apoptosis in HeLa cell 
lines, followed by caspases 8 and 9 where the activation of caspase 2 was regulated 
by the potassium efflux caused by Hla toxin (Imre et al. 2012). Thus, different cell 
types have distinct mechanisms for Hla-induced apoptosis, including intrinsic 
pathways, extrinsic pathways, and caspase 2-initiated pathways. In addition, the 
interaction of α5β1-integrin with Hla-induced apoptosis in the A549 lung epithelial 
cell line (Liang and Ji 2007). Administration of E.coli engineered with staphylococ-
cal alpha-toxin into murine tumors resulting in induced tumor regression and 
necrosis (St. Jean et al. 2014). 
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20.3.3.4 Pseudomonas Exotoxin A 
Like diphtheria toxin, a typical AB toxin Pseudomonas exotoxin A (PE) primarily 
secreted by Pseudomonas aeruginosa consists of the A domain (catalytic active) and 
B domain (binding domain). PE is a highly toxic ADP-ribosyltransferase toxin that 
blocks cellular proliferation and protein synthesis by conversion of elongation factor 
eEF2 to diphthamide (Wolf and Elsässer-Beile 2009). The PE38 (38 kDa truncated 
fragment of PE toxin) possesses highly toxic effects on EGFR-expressing cancer 
cells (Fig. 20.1). Increased DNA fragmentation, inactivation of poly ADP-ribose 
polymerase (PARP), endoplasmic reticulum stress, and elevated intracellular Ca2+ 

levels have all been linked to exotoxin A-based cytotoxicity in tumor cells (Risberg 
et al. 2011). Various genetically engineered immunotoxin has been developed by the 
combination of truncated PE38 and receptor-specific monoclonal antibodies or 
cytokines. The deimmunized exotoxin fragment (dEGF4KDEL)-based bispecific 
ligand-directed toxin (BLT) specifically suppresses metastasis and shows cytotoxic-
ity against various pancreatic cancer lines (SW1990, S2VP10, MIA PaCa-2) 
(Oh et al. 2012). Exotoxin T also exhibits cytotoxicity against a number of cancer 
cell lines, such as EMT6, HeLa, 4 T1, MDA-MB-231 (mammary cancer), SK-OV-3 
(human ovarian cancer), MCA-205 (mouse fibrosarcoma), Calu-3 (human lung 
cancer), and B16 (murine tumor) (Goldufsky et al. 2015). 

20.3.4 Other Anticancer Bacterial Proteins and Peptides 

In addition to the bacterial enzymes and toxins, other bacterial-derived proteins and 
peptides like bacteriocins and cyclopeptides possess the potential to serve as cancer 
therapeutic agents. Mechanisms underlying the use of the bacterial products in 
anticancer therapy are summarized in Fig. 20.1. Some of these are already a part 
of the cancer armamentarium, while others are under clinical evaluation.



458 N. Jangra et al.

20.3.4.1 Bacteriocins 
Bacteriocins are non-immunogenic, biodegradable, cationic, ribosomal synthesized 
peptides, which are secreted by mostly all bacterial species. Bacteriocins possess 
cancer cell-specific mechanism that could be explained by generalized differences 
between the membranes of cancer cells and normal cells (Kaur and Kaur 2015; 
Villarante et al. 2011). The cancer cell contains an increased level of anionic 
O-glycosylated mucins, phosphatidylserine, heparin sulfates, and sialylated 
gangliosides due to which the cell membrane carries a negative charge on its outer 
surface (Riedl et al. 2011; Schweizer 2009). The cationic bacteriocins preferentially 
bind to the anionic cancer cells as compared to the neutral normal cell membranes 
(Hoskin and Ramamoorthy 2008) (Fig. 20.1). Colicin, a bacteriocin produced by 
Escherichia coli, shows anticancer properties against human cervical adenocarci-
noma (HeLa cell line), breast cancer, and bone cancer (Braun et al. 1994; 
Chumchalová and Šmarda 2003). Another bacteriocin such as bovicin HC5 secreted 
from Streptococcus bovis was reported to have cytotoxic activities against MCF-7 
(human breast can cell lines) and HepG2 (liver cancer cell lines) (Mantovani et al. 
2002; Paiva et al. 2012). Microcin E492 from Klebsiella pneumoniae was found to 
enhance apoptosis in HeLa, RJ2.25 (Burkitt’s lymphoma cell line), and Jurkat 
(immortalized T lymphocyte cell line) (Hetz et al. 2002). Laterosporulin 10 (LS10) 
isolated from Brevibacillus sp. cause apoptotic and necrotic death of cancer cells. 
LS10 is known to target various human cancer cell lines including HEK293T, 
MCF-7, H1299, HT1080, and HeLa (Baindara et al. 2017). 

20.3.4.2 Cyclopeptides 
Cyclopeptides are cyclic polypeptides, generally formed of 4–10 amino acids 
arranged in a highly rigid cyclic ring structure. These are extremely potent biological 
entities that possess high binding affinity, specificity, stability, and rigidity in their 
confirmation (Zhang et al. 2021). Thus, cyclopeptides are considered as promising 
modalities for the development of novel therapeutic drugs like antibiotics, immune 
boosters, protease inhibitors, and anticancer agents. The cyclic ring structure of the 
peptide enhances membrane permeability due to the absence of an inflexible back-
bone of amino/carbonyl termini. As a result, cyclopeptides can be used as anticancer 
agents with their exceptional ability to penetrate tumors along with their anti-
proliferative properties (Rezai et al. 2006) (Fig. 20.1). In past years, various antican-
cer cyclopeptides have been extracted from bacterial species. Mixirins A-C are three 
cyclic lipopeptides produced by marine Bacillus species. Mixirins exhibit anti-
proliferative activity against HCT116 (human colorectal carcinoma cell line) with 
IC50 value of 0.65 μM, 1.6 μM, and 1.26 μM, respectively (Zhang et al. 2004). 
Dolyemycins A and B and cyclopeptides obtained from Streptomyces griseus 
showed significant anti-proliferative properties against MCF7, SF-268 (glioblastoma 
cell line), and NCL-H460 (lung carcinoma cell line) (Liu et al. 2018). Telomestatin, 
a macrocyclic peptide, was first extracted from Streptomyces anulatus and act as a 
telomerase inhibitor via binding to the 3′ telomere of the G-quadruplex structure. It 
shows significant cell cycle arrest, cytotoxicity (Fig. 20.2), apoptosis, and telomere 
shortening in neuroblastoma cell lines (Binz et al. 2005; Kim et al. 2002; Shin-ya



et al. 2001). A cyclopeptide with a disulfide bond, YM753 (spiruchostatin A), was 
purified from Pseudomonas species. YM753 induces the G1 and G2/M cell cycle 
arrest-mediated histone acetylation (Fig. 20.2) and enhances apoptosis and p21 
expression in WiDr (human colon carcinoma cell line) (Shindoh et al. 2008). 
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20.3.4.3 Azurin 
Azurin is a 16 kDa anticancer redox protein that was isolated from Pseudomonas 
aeruginosa. It was reported that p28, a peptide fragment of azurin, mediates its 
preferential penetration into the cancer cell (Yaghoubi et al. 2020). Several 
mechanisms have been proposed for the anticancer activity of azurin including 
induction of apoptosis via binding of azurin to the DNA binding domain of p53 
and inhibition of tumor angiogenesis by inhibiting the VEGFR2 phosphorylation, 
pro-apoptotic, and anti-proliferative activity of azurin (Karpiński and Adamczak 
2018). At present, phase 1 clinical studies of p28 have been completed and findings 
have shown that p28 is safe as an anticancer drug (Yaghoubi et al. 2020). In addition, 
p28 exhibits anti-proliferative and cytotoxic activity against various cell lines 
including MDA-MB-231 (human breast cancer cell lines) and MCF7 (Noei et al. 
2019). 

Other anticancer peptides like enterococcal peptide, Entap, induce G1 phase arrest 
and apoptosis (Fig. 20.2). Entap shows anti-proliferative activity against colorectal 
adenocarcinoma (HT-29), human gastric adenocarcinoma (AGS), uterine cervix 
adenocarcinoma (HeLa), and also against prostatic carcinoma (22Rv1) (Karpiński 
and Szkaradkiewicz 2013). Pep27 anal2, a signal peptide derived from Streptococ-
cus pneumoniae, also exhibits properties like apoptosis and proliferation inhibition 
against MCF7, Jurkat, HL-60, AML-2, and SNU-601 cancer cell lines (Lee et al. 
2005; Sung et al. 2007). 

20.3.5 Secondary Metabolites for Cancer Chemotherapy 

Secondary metabolites are the naturally occurring substances produced by an organ-
ism as a part of its metabolic activity. These are not required for an organism’s 
growth or reproduction, but are produced to provide a specific advantage to the 
organism. Secondary metabolites enable an organism to engage with its neighbors, 
overcome stress, nutritional requirements, and compete with its commensals. Bacte-
rial cells are considered as an irreplaceable source of secondary metabolites with 
considerable therapeutic potential including immunosuppressive, antineoplastic, and 
anticancer properties (Vaishnav and Demain 2011). The current knowledge and 
potential of bacteria for the production of secondary metabolites involving 
antibiotics and non-ribosomal peptides have been elucidated. 

20.3.5.1 Non-Ribosomal Peptides 
Non-ribosomal peptides (NRPs) are peptide secondary metabolites that are 
synthesized independently of ribosomal machinery, unlike other proteins. NRPs 
exhibit a variety of biological and pharmacological properties such as



immunosuppressant, cytostatic, and anticancer activity. These are primarily pro-
duced by bacteria, fungi, soil-inhabiting microorganisms, and marine 
microorganisms (Dincer et al. 2022). Bleomycin is a NRP-based commercial 
antitumor drug typically produced by Streptomyces verticillus (Matsuo et al. 
1997). Bleomycin promotes the reactive oxygen species-mediated oxidative DNA 
damage to the cancer cells (Fig. 20.1) and is generally used for the treatment of 
testicular germ cell tumors and Hodgkin’s lymphoma (Llop-Hernández et al. 2022). 
Thiocoraline is another recent antitumor NRP typically produced by marine bacteria, 
Micromonospora marina. Thiocoraline possesses two extremely rare S-methylated 
L-cysteine residue peptidic backbone (Lombó et al. 2006). In addition, proximicins 
A-C are novel anticancer NRPs isolated from marine Verrucosispora sp. that show 
cytotoxic effects against HepG2 (hepatocellular carcinoma cell line), AGS (gastric 
adenocarcinoma cell line), and MCF7 (breast cancer cell line). Proximicins involves 
in the cell cycle arrest at G0/G1 phase in the AGC cell lines after 24-h incubation 
period (Fig. 20.2). An increase in the population of apoptotic cells in the sub-G1 

phase after incubation for 40 h was also observed. Additionally, it induces the 
upregulation of cyclin-dependent kinase inhibitor p21 and the p53 tumor suppressor 
gene in AGS cells (Fiedler et al. 2008). 
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20.3.5.2 Antibiotics 
Antibiotics are the antimicrobial medications acting against bacteria by either 
inhibiting or eradicating them. Bacteria produce majority of antibiotics that are 
active against other members of their own genus. Among all, the genome of 
Streptomyces spp. possess more than 20 gene clusters for antibiotic production. 
Some antibiotics have also been demonstrated as potent anticancer therapeutics. 
Anticancer antibiotics have been shown to have a deleterious impact on cancer 
growth by preventing malignant cells from spreading throughout the body (metasta-
sis), inducing cancer cell death, enhancing the immune system, and increasing the 
effectiveness of therapies like radiotherapy (Mohan et al. 2021). Some of these 
anticancer antibiotics are DNA damagers, while some are potent cross-linking and 
intercalating agents. Various cytotoxic antibiotics are currently used as cancer 
therapeutics including DNA intercalating (actinomycin D, doxorubicin, 
mitoxantrone, and daunorubicin), DNA cross-linker (mitomycin C), and DNA 
damager (bleomycin) (Fig. 20.1). Actinomycin D was isolated from Streptomyces 
parvulus and Streptomyces antibioticus, and it is the first antibiotic that was 
approved by FDA for the treatment of malignancies involving Wilms tumor, testic-
ular cancer, choriocarcinoma, and rhabdomyosarcoma by intercalating in the minor 
grooves of DNA (Falzone et al. 2018; Gallego et al. 1997; Mohan et al. 2021). Other 
important DNA intercalating antibiotics obtained from Streptomyces species are 
phleomycin, bleomycin (from Streptomyces verticillus), zobramycin (from Strepto-
myces flavoviridis), doxorubicin (from Streptomyces peucetius), epirubicin, dauno-
rubicin, and idarubicin are used for the treatment of melanoma, leukemia, ovarian 
cancer, lymphomas, and endometrium cancers. Mitomycin C isolated from Strepto-
myces caespitosus was a potent DNA cross-linker and alkylation-inhibiting antican-
cer antibiotic. Antineoplastic mitomycin C is a commercial antibiotic for the



treatment of lung carcinoma, colorectal, pancreatic cancer, and others (Law et al. 
2020; Mohan et al. 2021). 
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20.4 Challenges Associated with Bacteria-Based Cancer 
Therapy 

Bacteria and their bioactive products have been identified as a possible alternative 
for the treatment of cancer. Tumor-targeting bacteria are a perfect vehicle for 
delivering therapeutic cargo selectively targeted at cancers of different origins. The 
oncolytic bacteria possess unique characteristic features such as tumor selectivity, 
targeting the hypoxic tumor microenvironment, and unique genome packaging 
(Gulati et al. 2022). However, there is still a long way to go before cancer treatment 
using bacteria reaches the level of acceptance as conventional cancer therapies (Zhou 
et al. 2018). The main issue with employing bacteria as anticancer drugs is their 
toxicity at the dose needed for therapeutic efficacy, and lowering the dose has an 
adverse influence on its efficacy (Gardlík et al. 2005). Secondly, live bacteria can 
proliferate in foreign bodies such as joint replacements, artificial heart valves, and 
implanted medical devices, which could act as infection reservoirs. 

Thirdly, bacteria-based cancer treatment is not appropriate for patients who have 
undergone some types of chemotherapy since these may cause immunosuppression 
to the point where it is unable to respond to bacterial colonization. In addition, the 
unstable DNA and short half-life of the bacterial proteins/peptides present yet 
another major challenge in the therapeutic field (Gupta et al. 2021). Apart from 
these, their potential to develop antibiotic resistance or mutations that would reverse 
the bacteria’s attenuated phenotype is of serious concern. Production of live bacteria 
is more challenging than producing anticancer medicines where real-time monitor-
ing of the cultivation, purification, and harvesting of live bacteria under stringent 
aseptic conditions are practical techniques to assure the GMP grade test quality of 
the final products (Mayakrishnan et al. 2022). The chemotherapeutic drug 
gemcitabine, for instance, has been shown to be converted into its inactive form 
by Mycoplasma hyorhinis and species of Shigella, Escherichia, Klebsiella, Salmo-
nella, Citrobacter, and Serratia that express cytidine deaminase (CDDL) (Geller 
et al. 2017). This results in the development of resistance to cancer treatments. 
Nonetheless, gut bacteria can influence tumor pathogenesis, chemotherapy resis-
tance, anticancer immune responses, and health consequences of chemotherapy 
(Sivan et al. 2015; Vétizou et al. 2015). 

20.5 Conclusion and Future Directions 

In the evolutionary timeline, bacteria have evolved their habitats, ranging from 
abiotic components (soil, water, and air) to biotic components (human skin, anaero-
bic niches viz. human gut) of the ecosystem. The adaptation to these different 
conditions has enabled some bacteria to grow in hypoxic cellular conditions along



with the production of diverse bioactive secondary metabolites viz. enzymes, toxins, 
peptides, and antibiotics aiding in their survival and nutrition. Scientific advance-
ment in the recent past has enabled the exploration of bacteria and their bioactive 
compounds for therapeutic purposes including cancers. The latter has been a leading 
cause of increased rate of mortality since past decades. The molecular and histologi-
cal heterogeneity of cancerous cells has also posed a major challenge for their 
regression with monotherapies like chemotherapy and radiotherapy and lower side 
effects. Thus, employment of bacteriotherapy as alternative cancer treatment modal-
ity is taken into immense considerations in recent times. Bacteriotherapy viz. live 
oncolytic bacteria and its secondary bioactive metabolites have been reported to 
target cancerous cells in vivo with high efficacy and specificity. Interestingly, many 
of them including genetically engineered bacteria and bacterial enzymes have been 
under clinical evaluation for their antitumor potency. In addition, alteration of 
cellular fluidity and phospholipid expression makes cancerous cells more susceptible 
toward bacteriotherapy. However, this novel biological approach has certain risks 
and challenges that need to be circumvented for clinical progression and establish-
ment of bacteriotherapy. Also, considering the in vivo safety concerns, the main 
trends of bacteriotherapy are foreseen to be shifting toward personalized cancer 
treatment employing commensal bacteria. Furthermore, employment of novel 
approaches like immunoinformatics, smart nano-carriers, and conjugation of bacte-
rial peptides with tumor-targeting peptides could enable researchers to design 
customized, controllable bacterial cells/communities, targeting this multifactorial 
disorder on a molecular level. In addition, a combinatorial approach harnessing the 
pharmacological potential of bacteria along with the currently employed 
monotherapies can aid in the complete remission of cancer. 
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Abstract 

Spectrum of microorganisms that live in and on different parts of the human body 
is collectively called human microbiome. Human microbiome is remarkably 
diverse comprising of bacteria, archea, fungi, protozoa, and non-living viruses. 
These microbes are further classified based on their location into oral, vaginal, 
gastrointestinal, and nasal microbiomes. Based on Human Microbiome Project 
data, human gut harbours the most complex and diverse microbial community 
having approximately 100 trillion bacterial species. Gut microbes play a key role 
in regulating almost all biological functions of the host, in particular the immu-
nological, neurological, and metabolic activities. This countless microbial com-
munity exist in a delicate equilibrium which is very critical for the normal well-
being of the host. Any disturbance to this equilibrium causes the state called Gut 
dysbiosis. Gut dysbiosis has a strong association with the development of several 
disorders including cancer. Among all other diseases, cancer is the highly 
investigated one for its association with gut dysbiosis as it has been shown to 
influence gastrointestinal cancer as well as distal cancer. It can either suppress or 
promote cancer and there exists a bidirectional connection between cancer and 
gut microbiome. These observations have accelerated the research on 
microbiome, especially in the aspect of therapeutic target. 
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21.1 Introduction 

Bacteria, archaea, viruses, and eukaryotic organisms live in and on our body and 
constitute the human microbiome (Fig. 21.1). These bacteria have enormous capa-
bility to affect human physiology in both good and bad health. They support 
metabolism, protect against various infections, stimulate the immune system, and 
influence most of our physiologic functions directly or indirectly through these basic 
roles (Varian et al. 2016). Eran Segal, a computational biologist, claims that 
gathering microbiome data would enable a ‘deep phenotyping’ method that will 
revolutionize drug discovery (Segal 2015). Numerous biological processes are now 
known to be controlled by gut microbiome. Intestinal disorders and non-intestinal 
disorders such as metabolic disorders, cancer, autoimmune diseases including mul-
tiple sclerosis, and autistic spectrum disorder are among them. Emerging studies 
report that microbiome can even influence the pharmacodynamic of most of the 
drugs, including several psychological medicines (Brody 2020). The microbiome is 
increasingly recognized as a significant human cell collaborator, interacting with 
almost all human cells (Cani 2018). Even though the majority of human intestine 
microbial genes are conserved amid individuals, the human gut microbiome encloses 
a few hundred bacterial communities and is very diverse in terms of bacterial

Fig. 21.1 Enlisting the microbial taxa found in different anatomical sites of human 
body (Source: Montalban-Arques and Scharl 2019; Jain et al. 2021)



composition and abundance. The Human Microbiome Project’s (HMP) 
metagenomic data sets have created a strong platform for metaproteomic research 
of the human microbiome (Pan and Chen 2020). The development of current 
molecular tools enabled the delineation of the constitution as well as certain 
activities of the intestinal flora, which was aided by a boom in microbiota research 
during the last decade (Tilg et al. 2018). Behavioural characteristics, such as varied 
diet, restricted use of refined carbohydrates, sufficient nutritional fibre intake, sports, 
as well as body weight, all culminate in an altered constitution of the gut microbiota 
(Kyrgiou et al. 2017). Increasing evidence reporting the significance of intestinal 
microbiota in the normal biological functions of the host influenced the scientists to 
investigate the association of intestinal microbiota with colorectal cancer (CRC) in 
humans. Especially the methodical epidemiologic comparisons of CRC patients and 
control subjects revealed the following findings; reduced bacterial diversity in 
faeces, depletion of Gram-positive, fibre-fermenting Clostridia, and increased abun-
dance of Gram-negative, pro-inflammatory genera Fusobacterium and 
Porphyromonas. All these findings were linked to an increased risk of CRC (Ahn 
et al. 2013). Inflammation is considered to be accountable for 20–30% of CRC cases. 
Inflammatory processes are well-known carcinogenesis promoters, as evidenced by 
the high risk of CRC in patients with IBD (Brennan and Garrett 2016). IBD patients 
are more likely to develop colorectal cancer as well as small intestinal adenocarci-
noma. Dysbiosis toward selected microorganisms and lowered sophistication of 
commensal bacteria have been observed in patients with Crohn’s disease (CD) and 
ulcerative colitis (UC), but it is unclear as to if dysbiosis helps in the advancement of 
IBD or is a consequence of the disease, as in the case of colon cancer patients. 
Patients with IBD have fewer bacteria with anti-inflammatory capabilities or more 
bacteria with pro-inflammatory characteristics than healthy controls (Raisch et al. 
2014).
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21.2 Microbiome and Cancer 

Microbes in the human gut have a substantial influence on human wellness as well as 
immune system function located in close vicinity to the immunological response 
within the intestinal mucosa, which has been termed “the last undiscovered human 
organ.” Dysbiosis, a rather inadequate state characterized by a less diversified and 
much less stable microbiota, with a prospective predominance of opportunistic 
harmful bacteria is found when the fine balance of commensal bacteria is disrupted 
(Lee et al. 2021). Helicobacter pylori, a class I carcinogen as per International 
Agency for Research on Cancer (IARC), is a causative agent of gastric cancer and 
MALT lymphoma, contributing to almost 5.5% of cancer cases globally. Chronic 
carriage of Salmonella typhi, the leading cause of typhoid fever, is speculated to be 
interrelated with gallbladder cancer. Streptococcus bovis (also known as 
S. gallolyticus), Helicobacter pylori, Fusobacterium nucleatum, Coriobacterialies, 
and enterotoxigenic Bacteroides fragilis (ETFB) have already been identified as 
probable candidates related to colorectal cancer (Hullar et al. 2014). It is well



recognized that certain compounds are transformed into procarcinogens or 
carcinogens by indigenous gut microbiota (Berg 1996). Cancer, according to 
researchers, can occur as a consequence of a loss of immunosurveillance and the 
acquisition of immune tolerance to tumour-derived antigens. Several studies have 
demonstrated that the gut microbiota has a strong influence over host immune 
system by means of many secretory bioactive molecules that get transported even 
to the distant tissues and directly interact with the host cells. These properties make 
the bacteria a promising new cancer treatment option (Patyar et al. 2010). 
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21.3 Complex Bacteria as Cancer Therapy 

Several facultative or essential anaerobic bacteria, notably Escherichia coli, Clos-
tridium, Listeria, Bifidobacterium, and also Salmonella species, have tumour-
identifying and tumour-killing abilities. It has been demonstrated that in rodent 
tumour models, live tumour-targeting bacteria can colonize tumours or tumour-
impelled lymph nodes, suppress tumourigenesis, and enhance endurance following 
systemic infection (Duong et al. 2019). One technique that could be capable of 
overcoming many of the boundaries of conventional cancer treatment is the use of 
therapeutic microorganisms. Bacteria are potent antitumour agents on their own. 
Bacteria’s flexibility to be genetically altered to change their ability to synthesize and 
release certain substances, and also customize their biochemical functions, is another 
remarkable characteristic that can be exploited for the treatment of various diseases 
in particular the cancer (Song et al., 2018; Sedighi et al. 2019). 

21.4 The Gut Microbiome: Pro and Anti-Tumourigenic Agent 

Recent reports convince the fact that change in the gut microbiota has a direct 
association with a higher risk of developing cancer in a variety of ways. Bacteria 
and their secretory by-products were also documented in several studies which not 
only contribute to the formation of cancer, but also influence the pharmacodynamics 
of anti-cancer medications. When the state of equilibrium in the gut microbiota is 
disturbed, commensal bacteria can infiltrate the gut lining and adjacent tissues, 
causing inflammation. Chronic inflammation has been demonstrated to be a trigger 
in the progression of malignancies in this regard (Akbar et al. 2022). The implemen-
tation of cancer-related lifestyle decisions such as smoking, ‘westernized’ diets, and 
lack of physical activity is continuing to increase cancer incidence in many devel-
oping countries as a result of demographics (Bultman 2014). Microbial-induced 
inflammation can also enhance the number of cytokines and also chemokines, which 
stimulate cellular propagation and prevent cell death, and may lead to cancer. The 
inflammatory process has a role in the progression of cancer in a variety of organs, 
such as the colon, abdomen, liver, and lungs (Dapito et al. 2012). Chronic inflam-
mation is also involved in the presentation of an epigenetic environment for cancer 
development by inducing aberrant DNA methylation (Hattori and Ushijima 2016).



In the colons of IL-10 knockout mice with colitis, members of the 
Enterobacteriaceae family are elevated by up to 100-fold compared to wild-type 
control mice without colitis, according to a recent study (Arthur et al. 2012). The 
microbiome’s metabolic potential is so enormous that it’s been labeled as “second 
liver” and “second brain” of the human system and it’s been correlated with 
predisposition to various disorders. This pertains to cancers, from preventing cancer 
in the onset of disease through wherewith people retort to chemo in the later phases 
(Nicholson et al. 2012). The impact of the microbiota in boosting or preventing 
tumour commencement and recurrence is not constrained to direct oncogenic effects. 
Increased oestrogen levels are a key risk factor for endometrial and breast cancers, 
and gut microbes play a significant role in oestrogen metabolism (Plottel and Blaser 
2011). Clostridium was disproportionately portrayed in particular, and they can 
switch primary bile acids into a subsidiary bile acid known as deoxycholic acid 
(DCA). DCA is a toxin that can interact with DNA by inducing oxidative stress, and 
it has been linked to malignancies of the liver and colon. Colonic bacteria ferment 
heterocyclic amines from roasted meat, and some of the metabolites are susceptible 
to oxidation and thought to harm DNA and lead to colorectal cancer (Huycke and 
Rex Gaskins 2004). Numerous genes in the bacterium disrupt normal cell equilib-
rium, contributing to elevated levels of cytokines and other cancer-causing signaling 
biochemical compounds in H. pylori-infected people and possibly drive to gastric 
cancer (Moyat and Velin 2014). Bacteroidetes, Firmicutes, and Proteobacteria are 
the most common phyla that cause oesophageal malignancies among other gut flora 
(Nasrollahzadeh et al. 2015). The modification of bile acid (BA) conversion, gener-
ation of persistent low-grade inflammation, and alteration of the gut microbiota have 
all been linked to a high-fat diet (HFD) as a key independent predictor for CRC. 
Dysbiosis of the gut microbiota has been linked to CRC in several studies (Chen 
et al. 2020). Dysbiotic gut microbiome in mice has been linked to cancer initiation in 
trials. This is predicated on a mouse model that showed inflammation of the colon’s 
inner lining and tumour formation, which was linked to a shift in the intestinal flora 
(Couturier-Maillard et al. 2013). Helicobacter pylori illness has been linked to 
stomach cancer and also mucosal-associated lymphoid tissue lymphoma (MALT). 
The prevalence of pathogenic Escherichia coli with pks toxicity genes has also been 
connected to local tissue inflammation and colon carcinogenesis, according to 
reports (Arthur et al. 2012). Prior studies into the microbiological etiology of breast 
cancer have focused on distinct viruses and their possible roles in the disease. While 
some studies have indicated HPV infection to breast cancer, others have not 
(Kroupis et al. 2006). Liver cancer is the most common primary hepatic tumour 
and the leading cause of death in persons with cirrhosis (Balogh et al. 2016). 
Clostridium hylemonae, Clostridium hiranonis, Clostridium sordellii, and Clostrid-
ium scindens convert the primary BA (7-hydroxyl BAs, chenodeoxycholic acid, and 
cholic acid) to the secondary BA: deoxycholic acid (DCA) through 
7-dehydroxylation. High levels of secondary BA have been shown to produce 
reactive nitrogen (RNS) and reactive oxygen species (ROS), which affect the cellular 
membranes as well as mitochondria, causing cell death and DNA damage, ultimately 
leading to colon cancer (Ridlon et al. 2006). Inadequate eating routines, nicotine use,
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poor oral hygiene, and excessive consumption of alcohol are all factors that contrib-
ute to oral cancer. Microbial infections (bacterial, fungal, and viral) have been linked 
to the advancement of mouth cancer (Arzmi et al. 2019). Cervical cancer is the fourth 
greatest inducer of cancer-related deaths among women worldwide, and the most 
common form of gynaecological tumours in developing countries (Arbyn et al. 
2020). Proteobacteria were shown to be much more abundant in cervical cancer, 
as were the frequency of seven different taxa, including, Roseburia, 
Lachnospiracea, Pseudomonas, Escherichia–Shigella, Lachnoclostridium, 
Succinivibrio, and Dorea. Proteobacteria, the genera Parabacteroides, Roseburia, 
and Escherichia, according to the scientists, could be effective biomarkers for 
cervical cancer (Wang et al. 2019). Globally, ovarian cancer is the most lethal of 
all gynecological cancers. With 0.29 million cases and 0.18 million cancer deaths 
globally in 2018, ovarian cancer was the top cause of death among gynecologic 
malignancies in 2018 (Bray et al. 2018). Weight reduction and cardiac failure have 
been linked to changes in the gut microbiota, notably a reduction in Firmicutes. 
Lactobacillus supplementation may also aid to prevent cardiotoxicity caused by 
cisplatin by lowering inflammation (Zhao et al. 2018), (Fig. 21.2). 
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Fig. 21.2 Various bacterial species of the gut microbiota and their effector molecules that have 
been shown to be associated with pro-tumourigenic activity 

21.5 Bacterial Biomarkers and Cancer 

21.5.1 Colorectal Cancer 

Colorectal cancer (CRC) is a huge worldwide major health concern and among the 
most prevalent malignancies. CRC is the third most common cancer worldwide and 
the second most deadly, with 1.8 million new cases and 881,000 deaths in 2018 
(Cheng et al. 2020). The gut microbiome is a non-invasive indicator for metabolic 
illnesses and malignancies that are found in the stool (Wu et al. 2021). Several 
bacteria, including Bacteroides fragilis and an Escherichia coli strain, have been 
linked to colorectal cancer in investigations (Yu et al. 2017). Fusobacterium,



particularly Fusobacterium nucleatum (Fn), has been linked to colorectal cancer in 
recent investigations. Colorectal cancer patients’ faeces and colonic mucosa are both 
high in Fn (McCoy et al. 2013). Bc is a rod-shaped gram-negative, facultatively 
anaerobic, non-spore-forming bacteria that was discovered in human faeces in 2010 
(Watanabe et al. 2010). Ch is a gram-positive, completely anoxic, spore-forming, 
rod-shaped bacterium that participates in glucose metabolism, producing ethanol, 
acetate, hydrogen, carbon dioxide, and carbohydrates as fermentable substrates 
(Steer et al. 2001). Despite the widely known Fn, which is notorious to enhance 
colorectal carcinogenesis, it is also shown that the modified amplitudes of Ri, Bc, or 
m7 are a trigger of colorectal cancer formation or an outcome of colorectal cancer 
growth. Fn measurement alone has a moderate sensitivity and specificity as a 
noninvasive diagnostic technique for colorectal cancer. For colorectal cancer, com-
bining four bacterial markers (Fn, Bc, Ch, and m7) increased the diagnostic 
capabilities of Fn alone (Liang et al. 2017). 
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21.5.2 Gall Bladder Cancer 

As per autopsy surveys, gallbladder cancer is the most prevalent bile system cancer, 
accounting for 80 percent to 95 percent of all biliary tract malignancies globally. 
Gallstones are a strong predictor for gallbladder cancer, as they are found in the 
majority of patients (85 percent). Chronic bacterial cholangitis is a known risk factor 
for biliary tract cancer. Salmonella (e.g. S. typhi and S. paratyphi) and Helicobacter 
(e.g. H. bilis) spp. have been implicated the most. Gallbladder cancer affects about 
6% of typhoid carriers, a 12-fold boost in risk (Hundal and Shaffer 2014). According 
to Xu et al. Streptococcus spp. are more common in urine from bladder cancer 
patients (n = 8) than healthy people (n = 6) (Xu et al. 2014). Bucevic et al. 
discovered a predominance of certain bacteria (Facklamia, Fusobacterium, 
Actinobaculum, Subdoligranulum, and Campylobacter as well as the family 
Ruminococcaceae) in urine from bladder cancer patients (n = 12) compared to 
healthy people (n = 11) (Popović et al. 2018). In urine from bladder cancer patients 
(n = 31) matched to nonneoplastic controls (n = 18), Wu et al. discovered an 
abundance of certain bacterial species (e.g. Anaerococcus, Sphingobacterium, and 
Acinetobacter) (Wu et al. 2018). Certain commonly agreed bacteria, particularly 
Acinetobacter, have been linked to bladder cancer, according to a study by Mai et al., 
but the underlying association is yet unknown. A deeper knowledge of the role of 
urine microfora in the initiation and progression of bladder cancer could lead to new 
diagnostic and prognostic indicators and additional microbial-targeted therapy 
options (Mai et al. 2019). Infection with Helicobacter pylori (H. pylori) is a well-
known cause of stomach cancer. H. hepaticus is a known cause of biliary canaliculi 
infection, which can develop into liver cancer. The probability of biliary tract cancer 
was six times higher in H. bilis. Colon cancer can be caused by long-term infection 
with Citrobacter rodentium, a mouse pathogen that is genetically identical to 
enteropathogenic Escherichia coli (Nath et al. 2010).
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21.5.3 Cervical Cancer 

Cervical cancer is the fourth most frequent cancer in women, behind breast cancer 
and lung cancer (Buskwofie et al. 2020). Cervical intraepithelial neoplasia is caused 
by the human papillomavirus (HPV) (Fang et al. 2014). Depending on the bacterial 
species represented, the cervicovaginal microbiota can be divided into five groups 
using 16S rRNA high-throughput sequencing (16S-HTS) data. The Lactobacillus 
genus, which was initially discovered in 1892 by Döderlein, is observed in signifi-
cant frequency in the cervicovaginal microbiota. L. gasseri, Lactobacillus crispatus, 
and L. jensenii create lactic acid and hydrogen peroxide (H2O2), which impede the 
development of pathogenic microorganisms and viruses. L. iners, on the other hand, 
is regarded as a species in the dysbiosis transition. Several studies have already 
shown a cervicovaginal microbiome shift associated with CIN and cancer, with 
increasing proportions of bacteria such as Prevotella, Gardnerella, and Atopobium 
and lower abundance of Lactobacillus spp (Curty et al. 2019). Sneathia spp. and 
Fusobacterium spp. were prevalent in squamous intraepithelial lesions and cervical 
cancer, respectively, for HPV- and HPV+ women without cytologic alterations, and 
Sneathia spp. and Fusobacterium spp. were dominant in squamous intraepithelial 
lesions as well as cervical cancer, respectively (Audirac-Chalifour et al. 2016). A 
majority of specific Lactobacillus species, such as L. jensenii, L. gasseri, and 
L. crispatus, are linked to a cervicovaginal environment that is relatively 
non-inflammatory. These pro-inflammatory states cause tissue damage, which may 
increase the carcinogenic potential of HPV (Kyrgiou et al. 2017). Gardnerella 
vaginallis, Aerococcus, Schlegelella thermodepolymerans, Moryella, and 
Bifidobacterium bifidium, all present in increased frequency in lesions, were found 
in the LEfSe analysis comparing the microbiota of normal and lesion samples (Curty 
et al. 2017), (Fig. 21.3 and Tables 21.1 and 21.2). 

21.6 Crosstalk Between Microbiome and Host Immune System 

The established interplay between the innate and adaptive immune systems and the 
tens of trillions of microorganisms that dwell in our gastrointestinal tracts have been 
documented in a number of recent reviews (Kau et al. 2011). Diversity, stability and 
resistance, and resilience are characteristics of a healthy intestinal microbial com-
munity, which are described as the ecosystem’s richness, amenability to disruption, 
and ability to revert to its pre-perturbation form, respectively. The immune system is 
thought to be among the most powerful mechanisms at work in shaping the normal 
and dysbiotic microbiome configurations. As a result, characterizing the indirect 
impact of host immunity on dysbiosis-driven illnesses requires an understanding of 
immune system–microbiome interaction (Levy et al. 2017). Innate immune cells’ 
transcriptional programming is heavily influenced by the microbiome. It’s been 
demonstrated in the case of innate lymphoid cells (ILCs), where microbiota ablation 
has a genome-wide epigenetic and transcriptional effect (Gury-BenAri et al. 2016). 
Specific bacterial species have been found to have a direct effect on immune system



growth and differentiation in adaptive immune cells. Interleukin 23 (IL 23), IL 
22, and serum amyloid A (SAA) protein are released when segmented filamentous 
bacteria (SFB) adhere to the intestinal epithelium, causing antigen-specific T helper 
17 (TH17) cells to operate (Atarashi et al. 2015). The maturation of the immune 
system, as well as the establishment of resistance and suppression of microbial 
diseases, is influenced by the microbial flora at birth. The NF-B, c-Jun/JNK, and 
JAK/STAT3 pathways, which have roles in cell proliferation and immunosuppres-
sion, can be activated by upregulation of TLRs by LPS and other microbial 
metabolites (Bose and Mukherjee 2019). Many anti-cancer effects were later dis-
covered to be due to the following bacterial components, which include Toll-like 
receptor (TLR) and NOD-like receptor (NLR) agonists. This led to the hypothesis 
that innate immunity could be used to convert tumour tolerance into anti-cancer 
immune responses (Garaude et al. 2012). Local and systemic inflammatory 
responses, oncogenic signalling, and tumour growth are all clearly modulated by 
interaction between the natural host microbiota and immune response. Immunother-
apy efficacy is influenced by microbiome-induced innate and adaptive immune 
responses. Discovering the underlying immunological mechanisms and finding 
targetable molecules associated with the host’s specific microbiota that regulate 
immune function are therefore critical (Fig. 21.4). 
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Table 21.1 (A): Treatment strategies: Bacteria that have reputed anti-cancer properties in human 

Bacterial species Cancer type Interventions 

Streptococcus pyogenes and 
Serratia marcescens 

Osteosarcoma Coley’s toxins: Injection of 
S. pyogenes and S. marcescens 
in patients with sarcoma, with 
some evidence of objective 
response 

Mycobacterium bovis 
BCG 

Urothelial superficial 
cancers 

Intravesical treatment of a live 
attenuated form of M. bovis 
reduces the risk of short- and 
long-term relapse 

Lactobacillus casei str. Shirota 
(found in the fermented milk 
product Yakult) 

Superficial bladder cancer Immune-mediated effects 
(by NK cells and macrophages) 
and decreased tumour 
recurrence (except with 
multiple secondary tumours) 

IMM-101 (heat-killed 
Mycobacterium obuense; 
NCTC 13365) with 
gemcitabine 

Melanoma and advanced 
pancreatic ductal 
adenocarcinoma 

Activation of APCs, 
granulocytes, and γδ T cells. 
Increased survival in metastatic 
disease in a randomized phase 
II trial 

Live-attenuated listeria 
monocytogenes expressing 
mesothelin (CRS-207) with 
GVAX-cyclophosphamide 

Advanced pancreatic 
ductal adenocarcinoma 

Priming of mesothelin-specific 
CTLs, loss of regulatory T cells 
and tertiary lymphoid organ 
formation, and increased 
overall survival 

Attenuated strain of salmonella 
enterica subsp. enterica serovar 
typhimurium: VNP20009 

Metastatic melanoma and 
refractory solid tumours 

Phase I trial of intravenous 
infusion of S. typhimurium led 
to inflammation, DC and T cell 
activation, and evidence of 
bacterial tumour colonization; 
however, there was no tumour 
regression 

TAPET-CD: An attenuated 
salmonella bacterium that 
expresses the Escherichia coli 
cytosine deaminase gene 

Head and neck squamous 
cell carcinoma or 
adenocarcinoma of the 
oesophagus 

Evidence of bacterial 
colonization and confirmation 
of the conversion of 5-FC to 
5-FU in 2 out of 3 tumours 

Genetically modified 
Corynebacterium diphtheriae: 
Tf-CRM107 is a conjugate of 
transferrin and a point mutant of 
diphtheria toxin 

Malignant brain tumour MRI scans showed regression 
of tumour volume in 9 out of 
15 patients with no evidence of 
severe local or systemic 
complications at low dose 

21.7 Probiotics and Prebiotics in the Prevention of Cancer 

Because of their capacity to control cancer cell proliferation and death in vitro and 
in vivo, probiotics have gotten a lot of interest. Several following researches in 
humans and rats confirmed the beneficial effect of probiotic strains on the activity of



bacterial enzymes implicated in tumour development. The binding and breakdown 
of possible carcinogens could be linked to a cancer-prevention method employing 
probiotic bacteria, particularly Lactobacillus and Bifdobacillus strains (Górska et al. 
2019). Based on a recently reported successful strategy with Bifidobacterium 
expressing Wilms’ tumour 1 (WT1) protein, new evidence suggests using probiotics 
in the delivery of tumour-associated antigens (TAAs) as an orally administered 
vaccine (Kitagawa et al. 2017). The use of Lactococcus lactis producing catalase
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Table 21.2 (B): Bacteria that have reputed anti-cancer properties in experimental models 

Bacterial species Cancer type Interventions 

Lactobacillus casei Orthotopic and 
transplantable bladder 
tumours and their 
metastases 

Oral or intravesical injection of dead or 
alive bacteria increased the levels of 
IFNγ and the recruitment of neutrophils 

Lactobacillus 
rhamnosus GG 

Bladder tumours Weekly intravesical instillations directed 
chemokine and/or cytokine release, 
recruitment of NK cells and direct 
cytotoxic effects on cell lines ex vivo 

Bacteroides fragilis 
and Burkholderia 
cepacia 

MCA205 sarcomas and 
MC38 and CT26 colon 
cancers 

Oral gavage of B. fragilis stimulated the 
production of IL-12 by bone marrow-
derived DCs in vitro. The mechanism of 
B. cepacia remains unknown 

Prevotella spp. and 
Oscillibacter spp. 

Subcutaneous 
hepatocellular carcinoma 

Oral administration of Prohep, a 
probiotic mixture, altered the microbiota 
and reduced tumour growth 

Enterococcus hirae 
and Barnesiella 
intestinihominis 

Sarcoma Bacterial translocation: Induction of 
TH1 cells and pathogenic TH17 cells, 
intratumoural regulation of Treg cells, 
and IFNγ-producing γδ T cells, 
respectively 

Bifidobacterium 
longum and 
Bifidobacterium 
breve 

Melanoma Oral gavage led to the activation of DCs 
and an increased frequency of tumour-
specific CTLs 

Lactobacillus casei 
str. Shirota 

MCA-induced cancer L. casei str. Shirota mixed into mouse 
diet delayed carcinogenesis through 
enhancement of NK cell cytotoxicity 

Lactobacillus casei 
ATCC334 

Colon cancer SW620 cells 
(Caco2 in vitro) 

Secretion of ferrichrome, which induces 
JNK-associated induction of DNA 
damage-inducible transcript 
3. Enhanced apoptosis of colon cancer 
cells 

Lactobacillus casei 
BL23 

DMH-associated colorectal 
cancer 

Oral administration of L. casei BL23 led 
to differentiation of T cells towards a 
TH17-biased immune response 

Bacillus 
polyfermenticus and 
its culture medium 

HT-29, DLD-1, Caco2 
human colon cancer in mice 

Cyclin D1 expression required for ErbB-
dependent cell transformation was 
decreased by culture medium injections 
near the tumour sites



has been shown to reduce the formation of reactive oxygen species (ROS) such as 
H2O2, hence lowering colonic damage and inflammation and, as a result, distant 
metastasis and propagation (Moreno de LeBlanc et al. 2008). The importance of 
intestinal microbiota (Bacteroides and Bifdobacterium) in anti-PD-L1 (Programmed 
death-ligand 1) and anti-CTLA-4 (cytotoxic T lymphocyte-associated protein 4) 
therapy has been demonstrated in recent mouse trials (Vétizou et al. 2015). 
Probiotics may have an effect on other carcinogenic and mutagenic variables, 
assisting in cancer prevention. They have the ability to alter the activity of several 
enzymes involved in cellular detoxification, preventing free radicals and carcino-
genic chemicals from causing harm. Some probiotic bacteria’s cell walls may attach 
to carcinogenic substances. This is thought to be linked to cationic exchange 
between carcinogenic chemicals and peptidoglycan found in the cell surfaces of 
some probiotic microbes. As a result, carcinogenic chemicals, along with 
microorganisms, would be removed through the faeces (Śliżewska et al. 2020). 
When compared to the probiotic reference strain L. casei ATCC 393, the adhesion 
properties and antiproliferative effects of two lactobacillus strains, L. pentosus B281 
and L. plantarum B282, originally isolated from industrially fermented table olives, 
showed significantly higher adhesion rates to Caco-2 colon cancer cells (Saxami 
et al. 2016). Prebiotics are nondigestible microbial fermentation sugars that drive the 
development of probiotic organisms that have an immunomodulatory effect on 
malignant growth. Bacterial oncostatic capabilities are mediated in the tumour 
microenvironment via the recruitment of cytotoxic T lymphocytes, natural killer 
cells, and oxidative stress-induced apoptosis. Furthermore, efforts have been made 
to employ probiotics as an additive in cancer treatment (Samanta 2020). Prebiotics 
should boost the proliferation of one or a small number of bacteria in the colon, as 
well as their particular metabolites, which could help anti-cancer therapy (Gibson
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Fig. 21.4 Illustration describing the mechanism of crosstalk between microbiome and the host 
immune system which plays a determining factor for cancer



et al. 2017). Prebiotics are a potential therapeutic technique that is safe to utilize in a 
variety of clinical contexts. High fibre supplementation with prebiotics changes the 
microbiota community dramatically, increasing SCFA-producing bacteria, 
amplifying SCFA-related functional pathways, and increasing SCFA metabolite 
levels. Notably, the majority of research has linked an increase in SCFAs to a 
considerable reduction in tumour burdens (Mahdavi et al. 2021).
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21.8 Conclusion 

Gut microbiome is a highly explored area of research in recent days. Almost all 
human disorders have been associated with gut microbiome either directly or 
indirectly. Quantitative analysis of the gut microbiota clearly indicates that there 
exists a very delicate equilibrium among the microbial community; a small distur-
bance in this state has been found to be affecting the normal metabolic activities of 
the host. Gut dysbiosis can offer the opportunistic pathogens a chance to flourish and 
outcompete the friendly microbes, thereby resulting in various diseases. Qualitative 
and quantitative assessment of the gut microbiome is being largely explored in the 
aspect of exploiting them as a non-invasive marker for the diagnosis of various 
cancers. Moreover, gut microbiome plays a significant role in influencing the 
treatment efficiency of many drugs given for cancer, and therefore, microbiome 
therapy as a supplement might improve the treatment efficacy also. Imbalance in the 
gut microbiota could become the cause for the origin/progress of cancer at the same 
time; restoration of gut microbiome might cure the disease. This chapter emphasizes 
the role of gut microbiota as an eminent approach to predict and prevent cancer. 
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Abstract 

The gut microbiota (GM) signifies a broad and dynamic group of microorganisms 
that impact the host’s health as well as metabolic processes and defensive 
mechanisms. Gut dysbiosis can affect brain immune homeostasis through the 
microbiota–gut–brain axis and can play a key role in the pathogenesis of neuro-
degenerative diseases including Alzheimer’s disease (AD). The complexity of 
these interactions is enclosed in the denomination of gut-brain axis (GBA) which 
integrates the gut functions as well as links the emotional and cognitive centers of 
the brain with peripheral intestinal functions. Although the mechanism behind 
neurological dysfunction and intestinal dysbiosis still remains vague, emerging 
evidence suggests that it can enhance the secretion of lipopolysaccharides and 
amyloids that may disrupt the blood–brain barrier and intestinal permeability. In 
addition, it can promote the hallmarks of AD, such as oxidative stress, 
neuroinflammation, amyloid-beta formation, insulin resistance, and ultimately 
the causation of neural death. Poor dietary lifestyle and ageing, along with 
inflammatory responses due to dysbiosis, may contribute to the pathogenesis of 
AD. A safe and effective way is the modulation of GM which is the core of 
bidirectional pathway of communication. In this review, we discuss the cross-talk 
between microbiota-gut-brain axis and possibility for probiotics, prebiotics, 
nutrition, and faecal microbiota transplantation to be used in conjunction with 
conventional therapies for this fatal and progressive condition. 
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22.1 Introduction 

The modern scientific doctrine delineates the human gastrointestinal microbiota as a 
‘virtual organ’, bestowing the concept of humans as “superorganism”. Among the 
astounding array of microbial world, the human body hosts billions of 
microorganisms including archaea, bacteria, viruses, and fungi. The gut microbiota 
(GM) is a collection of complex ecological colonies of microbes that live in the GI 
tract. While the human body expresses around 20,000 eukaryotic genes, the gut 
microbiome expresses over 3.3 million prokaryotic genes, providing insight into the 
extent of bacterial presence and possible impact on the host (NIH 2012). The 
primary bacteria in the gut include Actinobacteria, Proteobacteria, Bacteroides, 
and Firmicutes, followed by Bifidobacterium, Peptococcus, Clostridium, Eubacte-
rium, Provetella, and others (Dahiya et al. 2017; Etxeberria et al. 2013). Further-
more, the composition of the GM varies depending on one’s life stage. Firmicutes 
and Bacteroidetes populations are shown to be higher in elderly people than they are 
in younger people (Doifode et al. 2021). The GM signifies a broad and dynamic 
group that impacts the host’s health as well as metabolic processes and defensive 
mechanisms. Majorly, the GM develops the immune system in the intestinal mucosa 
and protects the host from carcinogens by releasing short-chain fatty acids (SCFA). 

However, alterations of the GM community can lead to metabolic disorders, 
known as dysbiosis, which are characterized by a reduction in the variety and 
abundance of commensal bacteria. Recent research indicates that this may also 
have an effect on the central nervous system (CNS), owing to the microbiota–gut– 
brain axis (MGBX) (Liu et al. 2020; Halverson and Alagiakrishnan 2020). Insights 
into the gut-brain connection have shown a comprehensive communication system 
that not only supports correct gastrointestinal homeostasis maintenance, but also has 
diverse consequences on higher cognitive functioning. The complexity of these 
interactions is enclosed in the denomination of gut-brain axis (GBA) which 
integrates the gut functions as well as links the emotional and cognitive centres of 
the brain with peripheral intestinal functions and also, mechanisms such as immune 
activation, entero-endocrine signalling, enteric reflex, and intestinal permeability. 
GBA communication is mediated by neuro-immuno-endocrine mediators. The brain 
governs sensory as well as the secretory activities of the GI tract, the autonomic 
nervous system (ANS), neuro-immune system, and neuro-endocrine pathways 
which are generated by the gut microbes that mediate the link between the gut and 
brain. However, the mechanism behind neurological dysfunction and intestinal 
dysbiosis still remains vague. 

Gut dysbiosis may have a role in the development of neurocognitive disorders 
such as schizophrenia, depression, bipolar disorder, post-traumatic stress disorder, 
obsessive-compulsive disorder (OCD), anxiety, and dementia, as well as in the 
psychological and behavioural symptoms associated with dementia (Halverson and 
Alagiakrishnan 2020). Numerous cross-sectional studies have shown that 
disruptions in the gut microbial environment (dysbiosis) lead to Alzheimer’s disease 
(AD) and impair memory, learning, and hippocampal plasticity (Spinelli et al. 2019). 
Indeed, despite the widespread belief for a long period of time that the brain was an



entirely separate organ, current data indicate that the GM is the core of bidirectional 
pathway of communication. Hence, diet, prebiotics, probiotics, and other novel 
therapeutic strategies have beneficial impacts on GM modulation, causing positive 
influence on the host, ultimately helping the AD patients by improving the gut and 
general health state. 
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Although the mechanisms behind this relationship remain unknown, addressing 
the microbiome may constitute a novel diagnostic and therapeutic option for 
Alzheimer’s disease and other neurodegenerative illnesses. Despite the fact that 
some publications have addressed potential microbiome-based therapeutics, a thor-
ough overview of gut microbiota-based diagnostic and therapeutic techniques is still 
not available to our knowledge. We discuss the possibility for probiotics, prebiotics, 
nutrition, and faecal microbiota transplantation to be used in conjunction with 
conventional therapies for this fatal and progressive condition. 

22.1.1 The Gut–Brain Axis 

The gut–brain axis (GBA) is a dynamic bidirectional communication pathway that 
links the gastrointestinal tract (GI tract) with the central nervous system (CNS). Its 
primary function is to monitor and integrate intestinal functions, as well as to connect 
the brain’s emotional and cognitive centres to peripheral intestinal mechanisms such 
as immune activation, intestinal permeability, enteric reflex, and enteroendocrine 
signalling via immune and neuroendocrine mediators. The brain influences stomach 
movement, sensory, and secretory functions via this communication network, and 
the gut signals influence brain function in turn. As a result, this link is crucial for 
maintaining gut homeostasis and for understanding the genesis of a variety of 
psychiatric dysfunctions. 

Numerous methods of communication between the brain and the gut microbiota 
have been proposed:

• Through the outgoing and incoming ganglia of the vagus nerve, or via hormones 
generated by 5HT (endocrine cells) (Margolis et al. 2021). The blood-brain 
barrier serves as a protective barrier against blood-borne infections entering the 
central nervous system in either direction.

• Via the production of bioactive peptides (short-chain fatty acids) and a variety of 
other metabolites, as well as through microorganism-mediated regulation of 
transmitters (Margolis et al. 2021; Heijtz et al. 2011).

• Through the HPA’s release of cortisol in response to stress, which impacts 
intestinal motility, and mucus secretion, which affects the CNS through stress 
hormone regulation (Heijtz et al. 2011).

• By cytokines and chemokines that promote inflammation (Rea et al. 2016).
• TLRs and peptidoglycans (PGNs) function as sensors and implicate the immune 

activity to microorganisms. Thus, this immune activation in local area may result 
in an immunological activation in organs such as the brain, through a variety of 
mechanisms (Dichter et al. 2012; Banks and Erickson 2010).
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Table 22.1 Major mechanisms of the bidirectional brain-gut microbiota axis 

Bidirectional brain-gut microbiota axis 

Gut microbiota to brain Brain to gut microbiota 

Production, expression, and turnover of 
neurotransmitters and neurotrophic factor 

Changes in mucus production and 
biofilm formation 

Protection of intestinal barrier and tight junction integrity Modification of motility 

Modulation of enteric sensory afferents Changes in the permeability of the 
intestine 

Bacterial metabolites Immune dysfunction 

Mucosal immune regulation 

Depression and neuro-degenerative illnesses like Alzheimer’s disease have been 
linked to this low-grade immune activation. Table 22.1 represents the main principal 
mechanisms involved in the bidirectional brain-gut microbiota axis (Carabotti et al. 
2015). Given this intricate interaction, it’s unsurprising that the gut–brain axis, and 
consequently the gut microbiota as the key element of this cross-talk, influences 
neuropsychiatric diseases directly or indirectly. 

22.1.2 Alzheimer’s Disease 

Alzheimer’s disease (AD), the most prevalent form of dementia and a frequent fatal 
neurodegenerative condition, is defined by gradual cognitive impairment that finally 
results in memory loss, thinking, reasoning, and personality abnormalities. In the 
earlier stage of AD, individuals may have memory lapses such as they can forget 
familiar terms and places, whereas the intermediate stage may last for many years, 
causing the patient to become irritated, angry, disordered, and develop erratic 
actions. However, at a later stage, individuals lose their capacity to communicate, 
react to their surroundings, and eventually lose control of their movement. 
Individuals need intensive care as memory and cognitive problems continue to 
deteriorate owing to major personality changes. The incidence of AD continues to 
rise globally, posing a significant challenge to the twenty-first century’s healthcare 
system. Alzheimer’s disease is believed to account for between 60% and 80% of 
dementia cases (Alzheimer’s Association (Alzheimer’s Disease Report) 2020). 
There are already 50 million AD sufferers worldwide, and the incidence of the 
disease increases every 5 years after the age of 65. According to the 2016 world AD 
estimate, approximately 131 million people would suffer from AD by 2050, causing 
it to be one of the future’s significant global health issues (Prince et al. 2013). 

Alzheimer’s disease (AD) was initially characterized in 1907 by Alois Alzheimer, 
a German Bavarian physician and neurologist. Since the discovery of AD 110 years 
ago, the amyloid and tau hypothesis have been the most widely acknowledged. The 
senile plaque (SP) is considered as the pathogenic aetiology of AD. It is created by 
gradual deposition of amyloid beta (A) and tangles of hyperphosphorylated tau 
protein neurofibrils in the hippocampus (Reitz et al. 2011). At least in part, synaptic



dysfunction and neuronal death are caused by an overactive or non-resolving 
immune response and infections. This may change neuroinflammation, calcium 
homeostasis, and vascular degeneration, ultimately resulting in neuronal death. 
Neuronal loss, neuropil thread loss, and synaptic dysfunction are all strongly 
associated with AD. 
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Alzheimer’s disease is caused by an abnormality in the amyloid precursor protein 
(APP), a vital component of the protein synthesis process. The principal causes of 
early onset of AD include mutations in APP, Presenilin 1 (PSEN1), and Presenilin 
2 (PSEN 2) (Dorszewska et al. 2016). Additionally, lifestyle factors including 
ageing, food, and environment all have a role in the late emergence of AD, as 
does overexpression of the Apolipoprotein (Apo) E4 gene. A development of 
amyloid plaques is a frequent indication of Alzheimer’s disease. APP enters the 
endosomal compartment through trans-Golgi networks and is endocytosed by 
clathrin. A portion of APP is recycled back to the cell surface through the endosome 
during this operation. The control of APP on the cell surface happens through a 
non-amyloidogenic process involving the action of secretase at the N-terminal end of 
the A domain. As a consequence, 83 amino acids are formed that are both APP and 
membrane-tethered and have a carboxy terminal end (CTF). Thus, CTF-83 will be 
further cleaved by secretase to create the APP and P3 intracellular domains. 
Endosomal APP will be incorporated into the amyloidogenic cascade. The secretase 
interacts with the extracellular domain of APP in this pathway, resulting in 
membrane-bound 99 amino acids consisting of CTF-(C99) and APP. Further cleav-
age of C99 by secretase results in the formation of a soluble fragment and an 
intracellular domain of APP. A peptide oligomerizes in the presence of transition 
metal ions such as Fe2+ and Cu2+, resulting in the formation of H2O2. This increases 
lipid peroxidation, which finally results in the formation of 4-hydroxynonenal 
(4HNE) (Evrard et al. 2018; Steiner et al. 2018; Cheignon et al. 2018). 

Alternatively, impairments in glucose and glutamate transport increase Ca2+ 

inflow, resulting in the formation of inositol 1,4,5-trisphosphate (IP3), which 
stimulates Ca2+ efflux from endoplasmic reticulum storage. Calpain activation 
activates cyclin-dependent kinase (CDK5), resulting in tau hyperphosphorylation 
and the development of neurofibrillary tangles (NFTs), which disrupt microtubule 
assembly and hamper axonal transport. This ultimately results in neuronal and 
synaptic dysfunction, which ultimately results in neuronal death. 

The amplified influx of calcium ions and reactive oxygen species (ROS) into the 
mitochondria induces the production of mitochondrial cyclophilin D. This results in 
the release of proapoptotic molecules such as apoptosis inducing factor (AIF) and 
cytochrome c. Caspase cascades will eventually be initiated, resulting in neuronal 
cell death (Redza-Dutordoir and Averill-Bates 2016). All of these factors induce 
astrocytes to produce cytokines, chemokines, and acute-phase proteins, activating 
microglial cells. Stimulated microglia and astrocytes cause neuroinflammation in the 
brain, which contributes to the pathophysiology of Alzheimer’s disease (Rubio-
Perez and Morillas-Ruiz 2012). Recent results reveal that AD patients have a large 
number of peripheral immune cells and that these immune cells are obviously 
involved in local inflammation. Regardless of the source of peripheral inflammation,



n

whether it is obesity or systemic inflammation, these pro-inflammatory cytokines are 
capable of readily breaching the blood-brain barrier (BBB) and activating further 
brain-specific inflammatory responses. As a consequence, the BBB becomes more 
porous and permeable, allowing for the passage of peripheral immune cells. As a 
consequence, an abnormally large number of microglia will be activated. This is 
originally shown in Alzheimer’s disease patients as decreased hippocampal-
dependent learning (Kinney et al. 2018). 
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22.1.3 GM Dysbiosis and AD 

Intestinal dysbiosis is an imbalance of microbiota which is induced by overgrowth of 
bad bacteriak in the gut, which may result in adverse effects such as improper 
synthesis of necessary metabolites or even the origin of toxic compounds (Weiss 
and Hennet 2017; Pascale et al. 2018). While the makeup of a “healthy microbiota” 
is yet to be defined, it is well established that a stable environment between the 
microbes and host is required to perform important immunological and metabolic 
activities. Dysbiosis has been linked to the development of a variety of disorders in 
recent years, including diabetes, cancer, chronic fatigue syndrome, irritable bowel 
syndrome, anxiety, autoimmune diseases, depression, Parkinson’s disease, multiple 
sclerosis, and many other neurological illnesses (Cenit et al. 2017; Gotkine et al. 
2020; Sun and Shen 2018; Gerhardt and Mohajeri 2018; Jiang et al. 2015; Levy et al. 
2017; Schwabe and Jobin 2013; Abenavoli et al. 2019; Galicia-Garcia et al. 2020; 
Varesi et al. 2021; Ling et al. 2014). Numerous recent investigations have shown that 
changes in the gut microbiota have a direct effect on cognitive impairment, actively 
contributing to the development and progression of AD (Cattaneo et al. 2017; Vogt 
et al. 2017; Haran et al. 2019; Liu et al. 2019; Ling et al. 1891). In general, AD 
patients have a lower gut microbial diversity, with a large alteration toward 
pro-inflammatory taxa which is consistent with the findings of both mice and 
human ageing (Pascale et al. 2018; Cattaneo et al. 2017). For example, 97 individuals 
[33 AD, 32 MCI (mild cognitive impairment), and 32 controls] were used to perform 
faecal microbiota 16S rRNA sequencing, a noteworthy decline in the population of 
Firmicutes was observed in patients with neurodegeneration compared to healthy 
subjects, while Proteobacteria, Gamma-proteobacteria, and Enterobacteria abun-
dance increased. Also, a significant difference in Enterobacteriaceae was also seen 
in AD patients and MCI patients, signifying a gradual shift in the makeup of the gut 
microbiota as dementia progresses (Liu et al. 2019). 

Similarly, a substantial drop in Firmicutes and Bifidobacteria in faecal samples 
from AD patients, countered by an increase in Bacteroidetes species in the same 
group of people, was documented (Vogt et al. 2017). Zhuang et al. (2018) also 
demonstrated changes in the composition of the gut microbiota during 
neurodegeneration with the comparison of 43 AD patients to age- and 
sex-matched controls: rise in Bacteroidetes and decline in Actinobacteria were 
observed which was paralleled with the rise of Ruminococcaceae, Lactobacillaceae, 
and Enterococcaceae, and reduced Lanchnospiraceae, and Bacteroidaceae.  I



contrast to these findings, another research revealed reduced Bacteroides, 
Lachnospira, and Ruminiclostridium levels and increased Prevotellalevels (Zhuang 
et al. 2018). Although reductive, this variation may be explained in part by the 
subjects’ varying geographical origins, since regional identity has been shown to 
have a significant effect on gut microbiota composition as well as other 
co-morbidities (He et al. 2018). In this regard, bigger studies are undoubtedly 
necessary to develop consistent and repeatable insertion criteria, perhaps avoiding 
the perplexing influence of other co-morbidities. 
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The GM is associated with a variety of inflammatory and metabolic processes. 
Dysbiosis impairs the production of signalling proteins, which have an effect on 
metabolic processes involved in the course of AD. Ageing modifies the GM compo-
sition (pro-inflammatory bacteria outnumber anti-inflammatory bacteria) and 
generates localized systematic inflammation, impairing the GIT’s permeability and 
blood-brain barrier function. In AD participants, the Ruminococcaceae, 
Peptostreptococcaceae, Bifidobacteriaceae, Mogibacteraceae,Turicibacteraceae, 
and Clostridiaceaefamilies were found to be less prevalent than the Bacteroidaceae, 
Gemellaceae, and  Rikenellaceae groups (Vogt et al. 2017). More precisely, 
dysbiosis promotes the growth of pro-inflammatory bacteria (such as Shigella, 
Pseudomonas, Verrucomicrobia, Escherichia,and Proteobacteria), while decreas-
ing the population of anti-inflammatory bacteria (such as Bacillus sp., Bacteroides 
sp., and Eubacterium sp.). 

In an investigation of Mild Cognitive Impairment (MCI) and AD patients, 
decreased microbial diversity was detected, with increasing expansion of 
Gammaproteobacteria, Enterobacteriaceae, and Enterobacteriales seen in contrast 
to controls. Additionally, patients had increased biosynthesis and glycan metabo-
lism, decreased activity of immunological pathways, and decreased levels of 
Lachnospiraceae, Firmicutes, Ruminococcaceae, and Clostridiaceae (Liu et al. 
2019). However, considerable changes in the phylum (e.g. Bacteroidetes and 
Firmicutes) were observed (Lee et al. 2018), as well as rise in the Clostridium 
leptum group was observed (Brandscheid et al. 2017). Furthermore, dysbiosis may 
contribute to the development of AD symptoms such as insulin resistance and 
oxidative stress (Liu et al. 2020). 

Theoretically, it has been suggested that the GM may control the CNS’s oxidative 
status through the metabolites generated. Reduced butyrate levels may exacerbate 
mitochondrial dysfunction, which results in the generation of reactive oxygen 
species (Mottawea et al. 2016). Further, Cerovic et al. (2019) claimed that gut 
dysbiosis results in both central and peripheral pathogenic processes that may 
contribute to the risk of Alzheimer’s disease. In 5xFAD animals, dysbiosis was 
related with the advancement of the CCAAT, asparagine endopeptidase pathway, 
and enhancer binding protein, which were implicated in AD pathogenesis by 
cleavage of both A precursor and Tau proteins (Chen et al. 2020). Li et al. (2020) 
recently examined the involvement of dysbiosis in AD using RNA sequencing, Y 
maze, transcriptome sequencing, Gene Expression Omnibus, and quantitative 
reverse transcriptase PCR methods on APPswe/PS1E9 transgenic and wild-type 
mice. They discovered a dramatically altered GM composition, impaired cognitive



performance, and increased amyloid formation. Thus, GM dysfunction is related 
with cognitive impairment and may contribute to amyloid deposition in the brain 
through activation of mitogen-activated protein kinase signalling pathways (which 
regulate a variety of cellular processes, including differentiation, programmed cell 
death, proliferation, and stress responses) (Guo et al. 2020). 
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An increasing body of data shows that dysbiotic gut bacteria contribute to the 
early phases of AD pathogenesis by causing ageing of immune system, 
neuroinflammation, oxidative stress, i.e. pro-oxidant–antioxidant imbalance, and 
cytokine production (Brandscheid et al. 2017). It was documented by Cattaneo 
et al. that people suffering from AD have an increased number of 
pro-inflammatory Escherichia/Shigella endobacteria and a decreased number of 
anti-inflammatory E. rectale endobacteria, and that this alteration is directly linked 
with amyloidosis (Cattaneo et al. 2017). Furthermore, when 108 nursing home 
resident’s stool samples were analysed using metagenomic sequencing, it was 
revealed that a drop in butyrate-synthetizing bacteria was accompanied by an 
increase in pro-inflammatory bacteria, possibly impairing systemic inflammation 
in AD patients (Haran et al. 2019). These findings indicate a strong link between 
microbiota dysregulation and intestinal inflammation as it has been associated with 
low levels of P-glycoprotein expression, a critical component for intestinal homeo-
stasis (Haran et al. 2019). The aforementioned findings provide more credence to the 
notion that changes in the makeup of the gut microbiota correlate with changes in 
intestinal function. Indeed, variations in the population of the gut microbiota may 
alter the body’s tryptophan and serotonin levels, as well as the production of many 
important brain chemicals, including brain-derived neurotrophic factor (BDNF), 
dopamine, and norepinephrine (Morris et al. 2017; Lee et al. 2019; Doifode et al. 
2020). As previously stated, the gut microbiota also has a positive function in the 
formation of SCFAs such as acetate, propionate, and butyrate, which are required in 
energy generation, gut epithelial homeostasis, and immunological modulation 
(Parada Venegas et al. 2019). The synthesis is disrupted due to dysbiosis, the 
deposition of Aß plaques, metabolic dysfunction, and impaired regulation of 
microglia which are encouraged, hence driving cognitive impairment (Colombo 
et al. 2021; Morrison and Preston 2016; Wenzel et al. 2020). Furthermore, a 
reduction in butyrate-producing bacteria has been associated with T cell 
dysregulation, epithelial barrier leakage (“leaky gut”), and an increase in bacterial 
translocation in AD patients (Morris et al. 2017; Köhler et al. 2016; Fuke et al. 
2019). 

When LPS generated by Gram-negative endobacteria circulates, TLR4 is 
activated and the breakdown of the BBB is accelerated, resulting in 
neuroinflammation (Browne et al. 2013; Bonfili et al. 2021). Toxic compounds, 
such as amyloid and trimethylamine N-oxide, may also be produced in the intestines 
due to dysbiosis in the gut. TMAO is a microbial metabolite which has been 
associated with rise in beta amyloid formation, platelet hyperactivity, peripheral 
immunological activity activation, an increase in oxidative stress, and intestinal 
mucosal barrier failure (Gamba et al. 2012; Brandscheid et al. 2017; Gao et al. 
2019; Colciaghi et al. 2004; Evin 2012). In addition, another possibility is that the



ability of certain endobacteria to produce gaseo-transmitter molecules, for example, 
hydrogen (H2), methane (CH4), nitric oxide (NO), ammonia (NH3), and hydrogen 
sulphide (H2S), seems to be critical for normal neuronal function, and its change 
contributes to the pathogenesis of AD (Szabo 2010; Oleskin and Shenderov 2016). 
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In general, these findings show that the interaction between gut microbiota-brain 
connections is much more complex than previously thought, and that only a com-
prehensive knowledge of it may give insight into novel diagnostic and therapeutic 
strategies. It is noteworthy that the microbiota is more medically accessible and 
modifiable than the human genome. This fact provides a promising opportunity for 
preventing or treating neuropsychiatric conditions. 

22.2 Potential Therapeutic Strategies 

22.2.1 Probiotics 

In 1965, Lilly and Stillwell described “probiotics” as “living microorganisms with 
minimal or no pathogenicity that have beneficial effects on the host’s health” (Lilly 
and Stillwell 1965). By boosting cell viability, improving immune response, and 
decreasing pro-inflammatory cytokines synthesis, probiotics may help to maintain 
intestinal ecosystem homeostasis and control intestinal epithelial functioning in 
animal and human models (Martinez et al. 2013). Probiotic bacteria have been 
demonstrated to be capable of regulating immunological responses through Th2, 
Th17, Th1, Treg cells, and activation of B and NK cells when the gut microbial 
environment is modulated. 

Additionally, probiotics have been shown to have an effect on the gut–brain axis. 
Proteins and neurotransmitters like glutamate, serotonin, brain-derived neurotrophic 
factor, and gamma-aminobutyric acid play critical roles in our central nervous 
system and their functions can be modulated by a novel family of probiotics called 
psychobiotics which has the potential to be used in the treatment of mental health 
issues. Probiotics exert their beneficial effects in a number of ways, but the particular 
mechanism by which they do so is uncertain. This occurs as a consequence of 
bacteriocin, short chain fatty acid production, nutritional competition, modulation 
of the immune system, and activation of the gut-brain axis. 

SCFAs are saturated fatty acids that are produced in the stomach in response to 
the fibre content of the food. During fermentation Lactobacillus, Bifidobacterium, 
Bacteriodes, Eubacterium, and Clostridium species create acetate, butyrate, and 
propionate (Verbeke et al. 2015). SCFAs may influence brain function in three 
unique ways: via immune modulation, endocrine regulation, or neuronal factors. 
SCFAs function as endocrine signalling molecules via altering intestinal hormone 
output. Propionate and acetate greatly increase the production of Peptide YY (PYY) 
and Glucagon-like Peptide-1 (GLP-1) through the G-protein-coupled receptor in 
murine colonic cells (Psichas et al. 2014). GLP-1 is generated and released by 
neurons and intestinal enteroendocrine L-cells inside the solitary tract nucleus of 
the brainstem. GLP-1 functions as a neuroprotective factor in the brain, preventing



apoptosis of neurons. PYY acts as a depressant in the intestines. Neuropeptide Y 
dramatically increases in the cerebral cortex of mice with Alzheimer’s disease and 
imparts protective role by activating the PI3K-XBP1-induced Gip78/BiP pathway 
and inhibiting caspase-3 and caspase-4 activity. It also reduces oxidative stress by 
inhibiting A-induced lipid peroxidation as well as modulates BDNF levels. 

496 T. Soni et al.

Additionally, SCFAs may operate as a modulator of neurotransmitters and 
neurotrophic factors. The gut microbiota has been demonstrated to create substrates 
for neurotransmitters or to stimulate the production and secretion of numerous 
neurotransmitters through food metabolism, or even both (Lee et al. 2020). Through 
secretory enterochromaffin (EC) cells, neurotransmitter antecedents encourage the 
synthesis of neurotransmitters like 5-HT and GABA. Yano and colleagues (2015) 
discovered that propionate and butyrate influence the manufacture of 5-HT insera 
and colonic ECs of the host (Yano et al. 2015). Additionally, EC cells synthesize 
neuromodulators metabolites including histamine, tryptophan, and PYY. Certain 
neuroactive metabolites and neurotransmitter precursors may cross the blood-brain 
barrier and play a role in the production of brain’s neurotransmitter and transmission 
in the central nervous system. Certain gut microbes have a direct effect on vagal 
nerve transmission, stimulating the vagus dorsal motor nucleus (DMV). 

By boosting Bacteroides and Actinobacteria in the gut microflora of an AD 
animal model, a probiotic combination enhanced long-term neural plasticity and 
memory (Distrutti et al. 2014). Mitochondrial malfunction, elevated oxygen 
radicals’ generation, and increased apoptosis have all been linked in the aetiology 
of Alzheimer’s disease. Numerous studies have shown the significance of hydroxyl 
radical, nitric oxide, superoxide anion, and hydrogen peroxide in neurotoxicity 
caused by oxidative stress in Alzheimer’s disease (Xie et al. 2002; van Dyke 
1997). Recently, research conducted on mutant AD mice shown that administering 
a probiotic formulation (SLAB51) dramatically decreases cell damage through 
SIRT-1-dependent processes (Bonfili et al. 2018). Additionally, the incorporation 
of a multi-species Bifidobacterium and Lactobacillus probiotic strain has been 
shown to be capable of changing certain cerebral metabolites (O’Hagan et al. 
2017). Brain inflammation was similarly reduced after the integration of probiotic 
with the short Bifidobacterium A1 strain (Kobayashi et al. 2017). Additionally, 
combining Bacillus longum, Lactobacillus fermentum, Lactobacillus acidophilus, 
and Bacillus lactis decreased learning impairment and oxidative stress in rats given 
intra-hippocampal injections of A 1-42 (Athari Nik Azm et al. 2018). While these 
evidences suggest that probiotic bacteria might play a critical role in two-way 
interaction in between the brain and gut and promote the possibility of probiotics 
boosting cognitive function, human investigations in people with AD or MCI have 
shown mixed findings. 

Even though multiple studies have shown the importance of gut microbiota in 
psychiatric and neurological illnesses, the pathway by which probiotics work and 
their effects remain unknown, as well there are significant loopholes and 
contradictions. Therefore, the scope of human study should be broadened to include 
assessment of the gut by identifying probiotic bacteria which may help us to 
understand the microbiome composition of particular patient populations and



determine the safety of strains that have the potential to have a significant impact on 
the gut–brain axis. 
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22.2.2 Prebiotics 

Fibres like oligofructose and inulin, as well as polyphenols like FA found in food, 
may promote a healthy intestinal flora by encouraging the development of 
microbiome and preventing pathogenic bacteria from proliferating (Lupien-Meilleur 
et al. 2016; Constante et al. 2017). These dietary components, termed prebiotics, 
have been found to offer a variety of beneficial effects that help to slow the onset of 
neurological disorder. 

Fructooligosaccharide (FOS) generated from the enzymatic breakdown of inulin 
present in many fruits and vegetables is a well-studied prebiotic. As a nutritional 
supplement, FOS enhances the growth of Bifidobacterium and Lactobacillus as a 
substrate for bacterial reproduction. Numerous organizations have explored the 
impact of FOS on cognitive problems, and their findings in pre-clinical mouse 
experiments support its use as a possible nutraceutical to treat neurodegeneration. 
Sun et al. found that feeding FOS to genetically modified AD mice increased GLP-1, 
a molecule that quickly passes the BBB and increases pancreatic insulin production, 
and satiety (Sun et al. 2018). This rise in GLP-1 prevents resistance in CNS insulin, 
hence slowing neurodegeneration caused by AD patients’ poor glucose metabolism. 

Xylooligosaccharides (XOS) are comparable oligosaccharides that have been 
widely explored and shown similarly promising outcomes. This prebiotic is derived 
from b-1,4 connected xylose units, which combine to produce xylan oligomers. XOS 
is the most prevalent natural polymer in the kingdom plantae and can be synthesized 
organically from biomass of sugar cane, bamboo sprouts, vegetables, and honey 
(Ávila et al. 2020). Its accessibility, along with known anti-inflammatory qualities, 
prompted multiple investigations investigating its possible benefits on mentally 
incapacitated patients. The group of researchers explored this hypothesis by 
providing XOS supplements to APP/PS1 mice with hepatectomy-induced postoper-
ative cognitive impairment (POCD), a frequent comorbidity of AD (Han et al. 2020). 
Typical symptoms of POCD include loss of memory, inability to maintain balance, 
and impairment of executive functioning as a result of neuroinflammation and a 
breakdown of the BBB. Post-operative microbiome research revealed substantial 
increase in three species (Ruminococcaceae, Rodentibacter, and Bacteroides) and 
decrease in two (Muribaculaceae and Faecalibaculum). Increased 
Ruminococcaceae levels have been linked to cognitive failure in AD-induced rats’ 
faeces; however, this association is not totally consistent across investigations. On 
the other hand, it has been shown that increasing Faecalibaculum significantly 
decreases faecal SCFA levels in AD patients, restricting systemic and thus 
neuroinflammation (Biagi et al. 2010; Claesson et al. 2011). Prebiotics supplemen-
tation to operated mice dramatically reduced post-operative microbiota variations, 
most notably in the Muribaculaceae, Ruminococcaceae, Faecalibaculum, 
Bacteroidetes, and Lactobacillus taxa. Additionally, increasing the diversity of the



gut microbiota with XOS medication reduced gut inflammation by reducing levels of 
immune cytokines, which had previously been raised by hepatectomy. 
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Lactulose, the first commercially available prebiotic that is widely consumed as 
dietary ingredient, has shown the learning retrieval and to impede short-term mem-
ory in Alzheimer’s disease rats. Lactulose’s pharmacological approach in AD was 
recently discovered. Lee et al. discovered that lactulose pre-treatment may change 
the insulin sensitivity and gut microbiota, as well as boost autophagy pathway 
expression and reduce neuroinflammation (Lee et al. 2021). This implies that 
lactulose’s neuroprotective impact is mediated partially by autophagy activity. 

Sodium oligomannate (GV-971), another prebiotic, was approved for the first 
time in China in November 2019 for the management of mild to severe Alzheimer’s 
disease (AD) with the goal of improving cognitive performance. GV-971 is a 
combination of acidic linear oligosaccharides generated from marine brown algae 
that is administered orally. GV-971 may block peripheral infiltration of immune cells 
into the brain caused by metabolites, restore dysbiosis in the gut microbiota, correct 
cognitive impairment, and suppress neuroinflammation (Wang et al. 2019). Addi-
tionally, GV-971 may readily traverse the BBB, binding directly to Ab and 
inhibiting the production of Ab fibrils. While prebiotics have been shown to be 
beneficial in AD, their combination with probiotics may provide higher advantages 
in terms of reducing AD symptoms. 

22.2.3 Prebiotics Formulated with the Probiotics 

In 1995, Gibson and Roberfroid initially proposed synbiotics and amassed a 
collection of studies demonstrating the advantages of combined pre- and probiotic 
supplement. A transgenic humanized Drosophila melanogaster model with a 
BACE1-APP-induced AD phenotype was used in one of these research studies 
(Westfall et al. 2019). The polyphenol-rich plant prebiotic Triphala (TFLA), a 
symbiotic (combining strain and substrate), was given to the insects instead of the 
three metabolically active probiotics (Lactobacillus plantarum, Bifidobacterium 
longum, and Lactobacillus fermentum). The probiotic strains used in the combina-
tion were chosen for their potential to create a secondary supply of antioxidants, 
reduce neuroinflammation, and prevent Ab aggregation (Nimgampalle and 
Yellamma 2017; Li et al. 2019). 

Lactobacillus plantarum increases the therapeutic capabilities of Lactobacillus 
fermentum by metabolizing FA to vanillic acid and caffeic, chemicals that further 
boost the mixture’s anti-inflammatory activities and provide neuroprotection 
towards fibril development. Last but not the least, gallic acid, another organic acid 
found in high quantity in the TFLA, has been demonstrated to decrease 
neurodegeneration and support a healthy gut microbiome (Vidhya Rekha et al. 
2019). The results showed that a combinatorial strategy was more beneficial than 
the collection of its components. All biomarkers of Alzheimer’s disease (AD) were 
improved by the synbiotic mixture over the course of the trial, which indicates that 
the combination might be a possible treatment. Indeed, when Drosophila



melanogaster was treated with TFLA or probiotics, survival rose significantly, but 
the impact was highest when both were combined as a synbiotic. Individual and 
combination treatments both improved motility and Ab accumulation to a compara-
ble extent. Intriguingly, as compared to either the probiotic combination or prebiotic 
alone, the synbiotic impact was not significantly superior on any specific test, but 
maintained a consistently high benefit when compared to its competitors. As 
assumption implies, AD lacks a single targetable symptom or biomarker, implying 
that several causes may impact its start. While both probiotics and prebiotics have 
showed efficacy on their own, the consistency of a combinatorial therapy may prove 
to be a more beneficial option for such a complex condition. Overall, synbiotic 
compositions enhance the bioavailability of microbially generated antioxidant and 
anti-inflammatory metabolites providing a pharmacological tool to augment the 
advantages of microbiome regulation on host physiology. 
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22.2.4 Diet 

Diet has the greatest influence on gut microbiota composition throughout the course 
of one’s lifetime. Diet, gut flora, and the host all have a significant role in health. Gut 
microbiota composition is influenced by a person’s diet throughout their lives. 
Microbial composition and diversity may be influenced by a person’s dietary 
choices, which have been widely studied (Thelen and Brown-Borg 2020; Berding 
et al. 2021). Numerous researches have shown a relationship between dietary habits 
and the prevalence of AD, establishing nutrition as a modifiable risk factor (Hu et al. 
2020; Berding et al. 2021). Poor dietary habits and ageing, in combination with 
dysbiosis-induced inflammatory responses, may all influence the aetiology of AD. 

Anti-inflammatory diets like the Mediterranean diet (MedDiet) have been 
demonstrated to lessen the prevalence of many chronic illnesses. According to a 
study by Valls-Pedret et al., the MedDiet is linked to improved cognitive perfor-
mance in the aged people (Valls-Pedret et al. 2015). Epidemiological evidence 
shows that a decreased incidence of Alzheimer’s disease is connected with a 
Mediterranean diet heavy in fruits, vegetables, legumes, and grains and light in 
sweets, high-fat dairy, and meat (Yusufov et al. 2017). In the EPIC-Spain Dementia 
Cohort, obedience to the MedDiet was linked to a 20% decreased overall risk of 
Alzheimer’s disease in Mediterranean research encompassing over 16,000 middle 
people followed up for over 20 years (Andreu-Reinón et al. 2021). Firmicutes/ 
Bacteroidetes ratio and SCFA levels rise after 1 year of MedDiet adherence, which 
is related with lower inflammatory markers in the gut microbiota. Research done by 
Ghosh et al. demonstrated MedDiet to be helpful in modifying the microbiota of the 
digestive tract as well as boosting cognitive performance (Ghosh et al. 2020). This 
microbiome alteration is predominantly driven by an increase in fibre consumption, 
vitamins, and minerals in the MedDiet treatment group, whereas alterations in 
controls were connected with an elevation of dietary fat (monounsaturated fat and 
saturated fatty acids). One of the top five preventive variables against Alzheimer’s 
disease and cognitive decline is MedDiet.
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The ketogenic diet (KD) is a nutritional programme that is high in fat and low in 
protein and carbohydrates (ideally, 4% carbohydrates, 6% protein, and 90% fat). It 
was introduced in 1994 as a therapy for epilepsy, and multiple studies have repeat-
edly demonstrated its efficacy (Ułamek-Kozioł et al. 2019). KD has recently been 
explored in vitro and in vivo as a possible therapy for additional neurological 
illnesses, such as AD and PD (Włodarek 2019; Rusek et al. 2019). Due to the 
sugar deficiency, the body breaks down and oxidizes lipids, producing ketone 
bodies, which are utilized as another source of energy to glucose by a variety of 
organs, along with the brain (Masino and Rho 2012). Ketone bodies have been 
shown to influence channel modulation, decrease neuroinflammation and oxidative 
stress, increase BDNF (brain-derived neurotrophic factor), improve mitochondrial 
function, neurotransmission, decrease in the accumulation of amyloid, and enhance 
learning and memory abilities in mice (Yin et al. 2015). In humans, Randomized 
Clinical trials (RCT) findings indicated that KD may be advantageous for persons 
with moderate cognitive impairment or Alzheimer’s disease (Lilamand et al. 2021; 
Grammatikopoulou et al. 2020). Relative to the ketogenic diet in terms of mecha-
nism of action, the modified Atkins diet and the medium-chain triglyceride (MCT) 
diet/supplementation are effective in reversing cognitive decline in AD and PD 
symptoms such as mood swings in depression, fatigue, epileptic seizures, and 
daytime sleepiness (Włodarek 2021; Taylor et al. 2018). Additionally, since the 
customized Atkins diet does not limit protein consumption like the KD plan does, it 
provides far greater nutritional versatility than the conventional KD. As a whole, 
ketone body-producing diets may be a promising treatment for Alzheimer’s, but 
more research is needed to uncover the protective mechanisms in humans and the 
disadvantages including a lack of flexibility and unpredictability in the dietary 
regimen and a paucity of vitamin- and antioxidant-rich plant-based foods (Bostock 
et al. 2017). 

Modifications in the microbiome composition as a consequence of KD were first 
shown in experimental mice fed with KD diet and exhibited an elevation in Lacto-
bacillus and Akkermansia, as well as an enhancement in vascular brain function 
(Ma et al. 2018). An interventional analysis in which mild cognitive impaired (MCI) 
patients were given a customized Medi-KD illustrated that the diet has a beneficial 
impact on the composition of the intestinal microbiota, increasing the abundance of 
Christensenellaceae, Enterobacteriaceae, and Akkermansia, as well as SCFA pro-
duction, resulting in amelioration of symptoms related to cognition (Nagpal et al. 
2019). While recent research in an AD mice indicated that KD may promote gut 
dysbiosis, a carbohydrate-rich diet seemed to ameliorate the microbiota profile by 
decreasing Proteobacteria and increasing Bacteroidetes (Park et al. 2020; Gupta 
et al. 2015). Dietary patterns that allow for the ingestion of unrefined carbs while still 
producing ketone bodies, such as intermittent fasting, may be a viable preventive 
dietary approach for dementia (Nagpal et al. 2019). 

In conclusion, dietary treatments are typically safer and more beneficial than 
drug-based therapy due to their low cost and ease of administration, which alleviates 
the load on careers of patients with AD.



22 Insights in the Cross-Talk Between Microbiota-Gut-Brain Axis: A Focus. . . 501

22.2.5 Faecal Microbiota Transplantation (FMT) 

Using a faecal microbiota transplantation (FMT) treatment, a donor’s faeces are 
delivered into a recipient’s digestive system through colonoscopy, nasogastric tube, 
or oral tablets in an effort to alter the microbiota composition of the recipient’s 
intestines. A new therapeutic for a wide range of neurological illnesses might soon 
be a revolutionary treatment for FMT-mediated eubiosis reprogramming of the gut 
microbiota (Surawicz et al. 2013). 

Reductions in neurogenesis, reduced BDNF expression, and higher memory 
impairment were seen when AD-model donor faeces were transplanted into healthy 
mice (Kim et al. 2021; Wang et al. 2021). A plaques deposition was also found. 
Senescence-accelerated or senescence-accelerated-resistant mice were used to create 
FMTs in germ-free (GF) mice, and the GF mice who received the senescence-
accelerated-resistant donors’ microbiota had a better profile than the senescence-
accelerated recipients (Zhan et al. 2018). Another study found an increase in the 
production of plaques in GF mice given faeces from APPPS1 transgenic mice with 
cerebral A-deposition. An AD patient’s FMT into GF mice resulted in an increase in 
cognitive decline and a reduction in microbiota-derived metabolites critical for the 
nervous system function (Fujii et al. 2019). 

So yet, just two case studies with encouraging results in humans have been 
conducted. Hazan et al. found that after receiving FMT from an 85-year-old 
woman (recipient’s wife), an 82-year-old man’s AD symptoms (cognitive function, 
memory, and mood) improved (Hazan 2020). In a second case study, comparable 
improvements in cognitive function, microbial diversity, and SCFA production were 
seen in a 90-year-old woman with AD and severe C. difficile infection who received 
FMT from a 27-year-old healthy guy (Park et al. 2021). 

Despite the obvious use of FMT in the treatment of AD, significant barriers 
remain. Standardization of therapy regimens, timing and duration of administration, 
long and short dangers, and criteria for inclusion should all be reviewed and resolved 
(Shanahan and Quigley 2014; Tan et al. 2020). In summary, while the encouraging 
conclusions derived in mice demonstrate that the gut microbiota plays a role in the 
development and progression of neurological illnesses, more human research is 
necessary before recommending FMT as an adjunctive treatment for AD. 

22.3 Conclusions and Future Perspective 

Without a dispute, gut dysbiosis is critical for altering the microbiota–gut–brain axis 
and actively contributes to the etiopathogenesis of AD. The advent of multi-omics 
approaches has resulted in the identification of a growing number of important 
functional microorganisms related with AD pathology and altered brain processes. 
These microorganisms may be exploited as targets for the non-invasive diagnosis 
and subsequent therapy of Alzheimer’s disease. The gut microbiota contributes to 
the pathophysiology of AD via a variety of mechanisms, including oxidative stress, 
Ab abnormalities, neuroinflammation, and neurotransmitter dysregulation.



However, the precise functions and processes of the gut microbiota in individuals 
with Alzheimer’s disease remain unknown. The majority of microbiome research 
can only demonstrate relationships between gut microbiota and AD, but cannot 
demonstrate a causal link between particular bacteria and AD pathology or brain 
dysfunctions. Thus, it is critical to regress microbiome research from relationships to 
cultures in order to establish causation. There is no doubt that culturomics has given 
a fresh method for identifying new bacterial species from microbiome research. In 
addition, to establish the true roles and pathways of bacteria in Alzheimer’s disease, 
it is necessary to employ germ-free animals, particular gene knockout mice, or AD 
humanized animal models. For AD therapy, new techniques that target the gut 
bacteria may be created when a thorough understanding of their involvement in 
the disease’s pathogenesis has been established. 
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Abstract 

Fungi, especially the endophytic fungi which live in association with the plants, 
have been known to mimic their hosts in production of structurally diverse 
biologically active compounds. Bioactive compounds are of great interest as 
new lead structures for medicine and plant protection. Furthermore, they play 
an important role in community balancing and mediating interactions between 
microorganisms and their hosts. Bioactive compounds are of much importance in 
human health as they act as antimicrobial agents, anti-cancer compounds, 
antioxidants, anti-parasitic, and anti-diabetic agents. Thus, the research on the 
chemistry of the natural products has increased tremendously in the recent years 
due to the increased demands of the compounds exhibiting potential pharmaceu-
tical properties or due to their economic value as cosmetics, drugs, and chemicals. 
The present chapter describes about the bioactive compounds from fungi and 
their major roles in human health. 
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23.1 Introduction 

There has been a dramatic shift in recent years toward a more sustainable, 
eco-friendly, and natural way of life. Many researchers believe that there is an 
alarming increase in drug resistance worldwide, and the problem is rapidly 
escalating, rendering current antimicrobial agents futile (Ayukekbong et al. 2017; 
Dadgostar 2019; Vasan et al. 2019). Antibiotic-resistant pathogens infect approxi-
mately two million people worldwide each year, resulting in at least 23,000 deaths 
(Prestinaci et al. 2015). Antimicrobial resistance (AMR), according to the World 
Health Organization (WHO), has emerged as one of the most serious public health 
concerns of the twenty-first century (Manganyi and Ateba 2020). Furthermore, given 
the numerous disadvantages and side effects of current antimicrobial agents, it is not 
surprising that a large proportion of people, particularly those in developing 
countries, are turning to naturally available bioactive alternatives for primary 
healthcare (Manganyi and Ateba 2020). 

Microorganisms have been extremely beneficial to mankind, both environmen-
tally and economically. They have distinct characteristics that are supported by their 
ability to grow quickly. The bacterial and the fungal communities have fascinated 
the scientific community and researchers as producers of novel and precious bioac-
tive compounds and further they can be preserved indefinitely, assuring perennial 
availability of the biologically active compounds (Lam 2006; Uzma et al. 2019). 
Their easy genetic manipulations to obtain improved yields of desired biologically 
active compounds further give additional benefits (Kharwar et al. 2011). 

Bioactive compounds exhibit broad pharmaceutical properties including cardio-
vascular, anti-thrombotic, anti-cancer, antidiabetic, anti-glycaemic, and antihyper-
tensive (Basit et al. 2021). They are also utilized as favoured medicines, made 
synthetically to cure different diseases with minimum side effects (Chang et al. 
2013). Because of their benefits to plants and human health, these are currently in 
high demand in naturopathy and pharmaceuticals. 

Fungal communities have been widely investigated as a storehouse of bioactive 
compounds. The first bioactive compound, penicillin from Penicillium notatum, was 
discovered by Alexander Fleming in 1928. Soon thereafter, there was an explosion 
of new antimicrobial compounds from fungi (Bhardwaj and Agrawal 2014). Griseo-
fulvin from the Penicillium griseofulvum is an effective antifungal agent (Oxford 
et al. 1939). Cyclosporine, an effectual immunosuppressive drug, has been reported 
from fungi Tolypocladium niveum and Cylindrocarpon lucidum (Webber 1981). In 
addition, taxol, an effective anti-cancer agent, has been obtained from Taxomyces 
andereanae (Stierle et al. 1993). Thus, fungi are continuously being used for the 
search of potential pharmaceutical products.
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23.2 Fungi and Bioactive Compounds 

Fungi, particularly endophytes, have recently piqued the interest of the microbial 
chemistry community due to their high potential for contributing to the discovery of 
new bioactive compounds (Verma et al. 2022). It has been suggested that the close 
biological association between endophytic microbes and their plant host results in 
the production of a diversity of biologically active molecules when compared to 
epiphytic or soil microbes (Strobel 2003). Furthermore, because this relationship is 
symbiotic, endophytic bioactive compounds are less toxic to the cell because they do 
not kill the eukaryotic host system. This is chiefly important to the medical commu-
nity as potential drugs may not adversely affect human cells (Alvin et al. 2014). A 
diverse range of the endophytic fungi belonging to Ascomycota, Basidiomycota, 
Mucoromycota, and Oomycota have been reported from diverse crops. The species 
of Aspergillus, Fusarium, Penicillium, and Piriformospora have been reported as 
endophytes from different plants (Nisa et al. 2015). Some niche-specific endophytic 
fungal strains have also been reported, such as Penicillium brevicompactum and 
Penicillium glabrum from Hordeum vulgare; Chaetomium, Cryptococcus, 
Berkleasmium, and Gibberella zeae from Zea mays; and Diaporthe phaseolorum, 
Gibberella moniliformis, Diaporthe helianthi, Leptospora rubella, Didymella 
bryoniae, and Guignardia vaccinii from Triticum aestivum (Kousar et al. 2022; 
Rana et al. 2019a, b). 

Endophytic fungi are known to be the significant producers of bioactive 
compounds. These compounds have gained much attention as therapeutic agents 
for the treatment of many types of the cancers. These compounds include 
anhydrofusarubin, asperpyrone A, camptothecin, chaetomugilides, 
cladodosporol H, diosgenin, fusarubin, hypericin, lijiquinone, myrotheciumone, 
paclitaxel, podophyllotoxin, swainsonine, and vinblastine. Chatterjee et al. (2019) 
reported the bactericidal activity and antioxidant potential of Alternaria alternata 
isolated from Azadirachta indica. The study concluded that the reported strain could 
be a good source of bioactive compounds of medicinal use. The study of Gauchan 
et al. (2020) reported the antimicrobial and cytotoxic potential of crude extract of 
Alternaria alternate, Alternaria brassicae, and Cladosporium cladosporioides and 
concluded that further identification of the bioactive compounds can be a fascinating 
source for novel pharmaceutical agents. Chatterjee et al. (2022) reported the poten-
tial of Alternaria tenuissima for production of bioactive compounds. The study of 
Kumar and Prasher (2022) reported the antibacterial activity of crude extract of 
Fomitopsis meliae. The study further reported the presence of 40 compounds with 
predominance of dodecane, ethyl 2-thiopheneacetate, tetradecane, hexadecane, 
octadecane, benzaldehyde, 4-(1-methylethyl)-, and griseofulvin. Thus, bioactive 
compounds are important targets for drug discovery because they play an important 
role in the development of novel chemical compounds (Kousar et al. 2022).
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23.3 Biological Properties of Bioactive Compounds from Fungi 
in Human Health 

23.3.1 Antibacterial Agents 

Bacterial resistance has emerged as a driving force behind the global search for 
unknown antibacterial agents. Over the past 50 years, antibacterial agents have 
helped establish modern medicine and saved many lives. A public health problem 
that further highlights the need for antibacterial drugs is the challenge in treating 
bacterial infections. Antibacterial agents are those compounds that prevent the 
growth of bacteria, with many disrupting essential biological processes thereby 
causing rapid death of bacterial cell (Langeveld et al. 2014). Over the past 
40 years, antibiotics have been heavily used by humans, not only through direct 
consumption, but also through their widespread use in animal feed (Guzman 2014). 
Bacteria are a promising option in drug discovery due to the unique characteristics 
and vast number of metabolites produced with bioactive potential. Many types of 
bacterial infection have been caused such as bloodstream infections, gastrointestinal 
diseases, urinary tract infections, nosocomial, meningitis, and bacteremia (Janny 
et al. 2013). A large number are antibacterial drugs manufactured by pharmaceutical 
industries due to reduction of bacterial infection. Up to the end of the 1980s, 
pharmaceutical research and subsequently industry ensured that the market had 
steady supplies of new antibacterial agent. These drugs frequently employed a 
novel mode of action that allowed for the avoidance of drug resistance. On the 
other hand, from the 1990s, a small number of new classes of drugs were presented, 
including the oxazolidinones and lipopeptides, which were marketed for systemic 
administration to treat infections brought by multi-resistant Gram-positive/Gram-
negative bacteria. These bacteria have shown several antibiotics including amikacin, 
amoxicillin-clavulanic acid, aztreonam, cefazolin, ceftazidime, cefotaxime, cepha-
losporin, cefuroxime, ertapenem, imipenem, fosfomycin, fluoroquinolones, genta-
micin, meropenem, and piperacillin-tazobactam (Sibero et al. 2017). Various fungal 
species have been reported for having antibacterial activity against different human 
pathogens. 

In a study, antibacterial activity against multidrug-resistant and highly human 
pathogenic bacteria, including Staphylococcus aureus, Salmonella typhi, Staphylo-
coccus epidermidis, and Escherichia coli, has been reported (Ingle et al. 2008). In 
another study, fungi Trichoderma harzianum (CBMAI 43), Guignardia 
sp. (CBMAI 69), and Phomopsis sp. (CBMAI 164) inhibited the growth of human 
pathogenic bacteria Escherichia coli, Pseudomonas aeruginosa, Salmonella 
choleraesuis, and Staphylococcus aureus (Sette et al. 2006). In a study, Alternaria 
alternata and Novosphingobium oryzae inhibited growth of pathogenic bacteria 
causing fecal-oral contamination in humans (Gond et al. 2012). Fungi Penicillium 
citrinum, Penicillium nigricans, and Aspergillus niger isolated from stem and barks 
of (Alstonia boonei-Ahun, Enantia chlorantha-Awopa and Kigelia africana-
Pandoro) were reported to have antibacterial activity against the human pathogens 
Pseudomonas aeruginosa, Escherichia coli, Enterococcus faecalis, and Candida



albicans (Adeyemi 2015). In a report, Talaromyce spurpureogenus was found to 
have antibacterial activity against the pathogenic bacteria including Staphylococcus 
aureus, Bacillus cereus, Salmonella enterica, Pseudomonas aeruginosa, and 
Escherichia coli (Hu et al. 2019). The compound (Violaceol I and Violaceol II) 
produced by endophytic fungus, Trichoderma polyalthiae, was having antibacterial 
activity against the human pathogenic Gram-positive bacteria including Staphylo-
coccus aureus, Bacillus cereus, Bacillus subtilis, and Staphylococcus saprophyticus, 
and Gram-negative bacteria Shigella sonnei, and Salmonella typhimurium 
(Nuankeaw et al. 2020). Fungi Fusarium solani, Trichoderma viride, Penicil-
lium citrinum, and Cunninghamella elegans were having antibacterial activity 
against human pathogenic bacteria including Staphylococcus aureus, Salmo-
nella typhi, Serratia marcescens, Klebsiella pneumoniae, Shigella sp., and E. coli 
(Zainee et al. 2021). The compound Dodecane, Ethyl 2-thiopheneacetate, 
Tetradecane, Hexadecane, Octadecane, Benzaldehyde, 4-(1-methylethyl), and Gris-
eofulvin associated with the endophytic fungi Fomitopsis meliae isolated from 
Dilleniaindica L. was found to have antibacterial activity against human pathogenic 
bacteria Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and 
Bacillus subtilis (Kumar and Prasher 2022). 
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23.3.2 Antifungal Agents 

Nowadays, fungal infection of skin is one of the most common dermatological 
problems worldwide. It has increased intensely during the previous 30 years and it 
was determined that 40 million people suffer from fungal infections. The killing or 
inhibition of fungal growth is referred to as an antifungal action. Superficial and 
subcutaneous fungal infections affect the skin, keratinous tissues, and mucous 
membranes. The primary afflicted disorders include dermatophytic infections, super-
ficial candidiasis of the mouth, skin, or genital tract, and infections caused by 
Malassezia, such as Pityriasis versicolor and Malassezia folliculitis. The pathogens, 
Candida albicans and Aspergillus sp. are the most frequently found and playing role 
in causing systemic fungal infections. Amphotericin B, known to cause considerable 
nephrotoxicity, was the only drug available for the treatment of severe fungal 
infections for almost 30 years. Major improvements in our ability to safely and 
effectively treat local and systemic fungal infections were made possible by the 
approval of imidazoles and triazoles in the late 1980s and early 1990s. The triazoles, 
especially fluconazole, have an excellent safety profile, which has contributed to 
their widespread use. There are other numerous antifungal agents used clinically to 
treat fungal infections, i.e. azoles, allylamines, echinocandins, griseofulvin, and 
flucytosine. The alternative approaches are needed to inhibit the viral infection to 
treat virus-infected disease. Several studies have been reported in which fungal 
species are having antiviral activity against the virus. The compound resveratrol, 
Amphotericin B, showed antifungal activity against the human pathogenic fungi 
Candida albicans, Saccharomyces cerevisiae, and Trichosporon beigelii (Jung et al. 
2005). In a study, Alternaria sp. was having antifungal activity against the human



pathogenetic fungi Paracoccidioides brasiliensis (Johann et al. 2012). In another 
study, the endophytic fungi Alternaria alternate, Fusarium oxysporum, 
Trichoderma atroviride, Aurobasidium sp., Penicillium viridicatum, and 
Cladosporium porophorum were having antifungal activity against the human 
pathogenic fungi Aspergillus niger and Aspergillus fumigatus (Erfandoust et al. 
2020). The antifungal components of Ou-gon were having antifungal activity against 
human pathogenic fungi Trichophyton rubrum, Trichophyton mentagrophytes, 
Aspergillus fumigatus, and Candida albicans (Da et al. 2019). The endophytic 
fungi Cryptococcus neoformans and Trichophyton rubrum were having the antifun-
gal activity against the Candida sp. (Santos et al. 2012). The fungi Pleurotus 
ostreatu showed antifungal activity against human pathogenic fungi Penicillium 
digitatum (Liu et al. 2020). 
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23.3.3 Antiviral Agents 

Viral infections have killed millions of people worldwide during the course of 
human civilization, making the development of antiviral medications increasingly 
necessary. Viruses are microscopic organisms that reproduce only in living cells, and 
they are the world’s largest leading cause of morbidity and mortality in humans 
(Andersen et al. 2020). Previous attention was given to the “one drug, one virus” 
concept, which focuses on eliminating virus-specific aspects. The fighting against 
human life-threatening diseases is aided by modern antiviral medications and 
vaccines. Additionally, the development of viral medication resistance diminishes 
the therapeutic efficacy of the existing antiviral treatments, raising serious concerns 
for global public health (Linnakoski et al. 2018). Ideal antiviral medications would 
essentially have high potency against the targeted virus strains, but low negative 
effects on the host cells. This demonstrates that antiviral medications’ modes of 
action are typically aimed at preventing or suppressing infection by targeting viral 
proteins or the host cellular components that viruses utilize to replicate and take over 
cellular functions (Mason et al. 2018). It is necessary to look for, find, and develop 
novel, affordable, and more effective antiviral medications as well as vaccines to 
address this issue. Isoindolones compounds, namely emeriphenolicins A and D, 
emerimidines A and B, as well as other compounds, including austin, austinol, 
aspernidines A and B, acetoxydehydroaustin, and dehydroaustin were discovered 
in the endophytic fungus Emericella sp. (HK-ZJ) from the mangrove plant Aegiceras 
corniculatum. 

23.3.3.1 Biologically Active Compounds of Basidial Fungi and Their 
Efficacies Against Some Viruses Pathogenic for Humans 

23.3.3.1.1 Influenza Virus 
The influenza virus is the most well-known and widespread of the more than 
100 viruses that cause infectious illnesses of the upper respiratory tract. Every 
year, influenza outbreaks result in 3.5 million cases of serious disease and



300–500 thousand deaths worldwide (Teplyakova and Kosogova 2015). New influ-
enza strains that are causing epidemics point mutations in the surface glycoproteins 
HA (hemagglutinin) and NA (neuraminidase) cause a virus to develop every 
1–2 years. Long-lasting immunity to the virus cannot be developed because the 
influenza virus can get beyond the human immune system’s defences. Entire 
continents can be affected by influenza pandemics that kill a large portion of the 
population (Teplyakova and Kosogova 2015). One of the top tasks in the field of 
public health is searching for new, powerful anti-influenza preventative and thera-
peutic medications. It is recognized that fungus can produce substances that suppress 
influenza viruses. An aqueous extract of the fungus Rozites caperatus contained a 
protein-like component that stopped the reproduction of influenza virus type A 
(Piraino 2005). Triterpenoids, specifically ganodermadiol, lucidodiol, and aplanoxin 
acid G, were found to be the extract of Ganoderma pfeifferi that had the most 
antiviral efficacy against influenza virus type A and HSV-1 (Niedermeyer et al. 
2005). Inonotus hispidus fungus (Bull.) P. Karst. ethanol extract contains the 
isoprenoid compounds, hispidin and hispolon, which have antiviral action against 
influenza virus types A and B. Both the extracts of fruiting body and fungus 
mycelium showed antiviral activity (NA et al. 2003). Melanin from the chaga 
mushroom was tested for its anti-influenza activity, and the results revealed that at 
the same dilution (1:3000), the neutralization index for the human influenza virus 
strain A/Aichi/2/68 (H3N2) was higher than the avian influenza virus A/chicken/ 
Kurgan/05/2005 (H5N1) (6.3 lg and 3.0 lg, respectively). It is undoubtedly related to 
the biological traits of different influenza virus strains (Teplyakova et al. 2013). The 
cytopathic effect (CPE) test in a bioassay demonstrated the effectiveness of the 
fungal extracts against influenza A viral (H1N1) (Zhang et al. 2011). 
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23.3.3.1.2 Human Immunodeficiency Virus 
The combination ARV (antiretroviral) therapy is the only treatment that can stop 
HIV infection from developing and the disease from progressing. ARV therapy is an 
etiotropic treatment for HIV infection that targets to suppress the human immuno-
deficiency virus’s replication. By using ARV medications, we can stop HIV replica-
tion and lower the blood viral content (Gashnikova et al. 2012). This leads to the full 
or partial restoration of the CD4 lymphocyte subpopulation, which enhances the 
quality of life and extends the life expectancy of HIV-infected patients by preventing 
the onset, facilitating the course of, or contributing to the elimination of opportunis-
tic infections. Despite the abundance of anti-HIV treatments now in development, 
there is a problem with antiviral therapy effectiveness. The capacity of HIV-1 to 
acquire resistance to antiviral medications, drug toxicity, and drug expense is the key 
barrier to this problem’s resolution (Baryshev et al. 2014). Because of this, the need 
for the development of efficient and affordable antiviral medications that don’t harm 
humans remains urgent. Human immunodeficiency virus can be inhibited by some 
fungal compounds. HIV-1 can be inhibited in vitro by polysaccharides from PSK 
krestin and PSP from Trametes versicolor. They demonstrate an immunostimulatory 
effect, krestin supporting immune system killer cells, and the polysaccharide-protein 
complex inhibiting HIV-1 gp120 attachment to CD4 surface receptor and activation



of HIV reverse transcriptase (KAC and POHLEVEN 2005). Velutin and flammulin 
proteins isolated from the winter mushroom Flammulina velutipes are cytotoxic and 
render ribosomes inactive. Velutin blocks reverse transcriptase of HIV-1 (Wang and 
Ng 2001). In MT-4 cell culture, several triterpenes from the fungus Ganoderma 
lucidum, such as ganoderic acid B, are effective against human immunodeficiency 
virus type 1 (Yang et al. 2007). 
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23.3.3.1.3 Hepatitis Virus 
All hepatitis viruses cause hepatitis in humans despite belonging to various taxons 
and having varied biochemical and molecular properties. Virus-related hepatitis B 
and C are among the top ten killers of people, along with chronic liver illnesses. 
350 million people worldwide have hepatitis B, compared to 170 million who have 
hepatitis C. Hepatitis B virus infection affects around 2 billion people globally. 
Hepadnaviridae, a family of DNA viruses, cause liver disorders in both humans and 
animals, including HBV (hepatitis B virus). Oriental medicine has historically 
employed the basidiomycetes Cordyceps sinensis, Grifola frondoza, and Lentinus 
edodes to treat liver illness. However, there are still very few research studies on the 
antiviral action of basidiomycete metabolites against the hepatitis virus. The study 
we’ve done allows us to identify two potential pathways for basidiomycetes in 
hepatitis therapy. Additionally, it was discovered that using pure P. ostreatus lectins 
as an adjuvant (1 mg/mL) improved the immunogenicity of the DNA vaccine against 
hepatitis B (Gao et al. 2013). In another study, I. obliquus aqueous extract fractions 
were found to have virucidal effects on the hepatitis C virus, reducing infectious 
characteristics by 100 times in just 10 min. Both preventative usage (24 h prior to 
infection) and therapeutic use (at the time of infecting pig embryo renal canals) of 
fungal extracts revealed antiviral qualities (Shibnev et al. 2011). 

23.3.3.1.4 Herpesvirus 
There is a global spread of herpesvirus infections. The most common site for genital 
herpes infection is HSV-2 (herpes simplex virus type 2) (Weiss 2004). The preva-
lence of genital herpes ranges from 80 to 200 cases per 100,000 people depending on 
the country (Johns and Cunningham 2004). HSV-2 produces widespread internal 
organ lesions and generalized herpetic infection in immunocompromised people, 
often with catastrophic results. Acyclovir (Zovirax, Virolex), a synthetic derivative 
of deoxy-guanidine, is the most often used antiviral for treating herpesvirus 
infections. After phosphorylation, it can inhibit viral DNA polymerase and viral 
DNA synthesis (Ho et al. 2021). Drug-resistant herpesvirus strains have appeared as 
a result of its extensive use. In a study, the production of herpes simplex virus type 
1 virions from Vero cells with an infectious virus titer of 2.0104 PFU/mL was 
entirely suppressed by Lentinus edodes (shiitake mushroom) extract at a dosage of 
0.3 mg/mL (Sarkar et al. 1993). In another study, after reaching the stationary phase 
of growth, a nucleoside was discovered in the fungus Macrocystidia cucumis (Pers.) 
Joss’ culture media. The isolated purine nucleoside was effective in combating 
HSV-1 (Saboulard et al. 1998). In a different study, researchers from Belarus give



information on carotenoids found in the sulfur-yellow Laetiporus sulphureus that 
have efficacy against HSV-1 (Kapich et al. 2004). 
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23.3.3.1.5 Poliovirus 
The virus that causes polio in humans, known as poliovirus (Poliovirus hominis), is a 
member of the enterovirus family Picornaviridae, which also includes the Coxsackie 
and ECHO viruses. It comes in three distinct types (I, II, and III), with type I being 
the most prevalent. In 2007, a study examined antiviral efficacy of polysaccharides 
and aqueous and ethanolic extracts from Agaricus brasiliensis fruiting bodies 
against poliovirus type 1. It is believed that the active components operate at the 
first stage of poliovirus replication because the evaluated compounds demonstrated 
antiviral action (Faccin et al. 2007). In tests examining the antiviral properties of 
extracts from fresh fruiting bodies of 121 species of basidiomycetes against the 
poliovirus, four species demonstrated action such as Mycena pura (Pers.) P. Kumm. 
(1.25–1.75 mg/mL), Lactarius torminosus (Schaeff.) Gray (0.5–2.5 mg/mL), 
Lepista inversa (Scop.) Pat. (= Lepista flaccida (Sowerby) Pat.) (1.0–4.5 mg/mL), 
and Clitocybe nebularis (Batsch) P. Kumm. (1.0–5.0 mg/mL). These fungus 
exhibited vesicular stomatitis virus activity (Amoros et al. 1997). 

23.3.4 Anti-Cancer Agents 

The biggest challenge in the twenty-first century is without a doubt cancer as it is a 
worldwide health issue that affects everyone, irrespective of age, gender, race, 
wealth, or socioeconomic level, and that is endangering the research community 
and the medical system. Approximately ten million fatalities per year are attributed 
to cancer, making it the second biggest cause of death in the world (Prajapati et al. 
2021). The main form of treatment for cancer is a combination of clinical techniques, 
such as chemotherapy or radiation and surgery (Subramaniam et al. 2019). The 
chemotherapeutic drugs used today to treat cancer give patients short-term relief and 
lengthen their lives, but they also have drawbacks like a lack of selectivity, side 
effects, and high prices that not only lower patients’ life quality, but are also out of 
reach for billions of patients in developing countries (Reis-Mendes et al. 2018). The 
development of multidrug resistance and the recurrence of cancer are also by far the 
most serious issues in the management of this complex disorder with a complicated 
genesis and course (Cree and Charlton 2017). There is undoubtedly a need for 
innovative, promising, secure, and less hazardous treatments made from natural 
substances to combat this condition, which is getting worse. 

Numerous phytochemicals are being used to treat this well-known disease as a 
result of research findings that they have anti-cancer properties (Bhadresha et al. 
2022; Patel et al. 2018). Regardless of the fact that phytochemicals are the most 
substantial source of possible drugs, interest in using them in drug research has 
recently decreased due to some remarkable difficulties with the plant as a drug 
molecule origin, like its unusual ecosystems, slow growth rate, limited yield, and 
non-reproducibility of the preferred phytochemicals, as well as an unfaltering danger



from civilization (Garcia-Oliveira et al. 2021). On the other hand, due to their 
prevalence, high biodiversity, and distinctive structure of their generated bioactive 
components, fungi have garnered a great deal of interest as a source of medicinal 
medicines. They regularly produce the desired chemicals and are frequently simple 
to develop in a fermenter under regulated conditions (Abdel-Razek et al. 2020). 
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One of the advantages of fungi is that their metabolites have been employed in 
medical uses; however, not all fungi can provide these advantages, and some fungal 
species can infect people and animals with diseases. The fungal secondary 
metabolites (SMs) with antibiotic and anti-cancer properties are regulated by bio-
synthetic gene clusters (BGCs) (Tran et al. 2019). In addition, numerous endophytic 
fungus secondary metabolites showed action against the tumour cell lines (Sharma 
et al. 2016). For instance, Paclitaxel, a diterpenoid derivative, was effective in 
treating ovarian and breast cancer. Taxomyces andreanae, a fungal endophyte, was 
the source of this anti-cancer substance (El-Sayed et al. 2020). Therefore, fungi play 
a crucial role in human health. Fungi can also create organic acids, enzymes, and 
other substances that may be useful in addition to fungal metabolites (Hyde et al. 
2018). 

Aspergillus, Penicillium, and Talaromyces species are filamentous fungus 
families that serve as factories for producing antibacterial, antifungal, and anti-
cancer medications (Al-Fakih and Almaqtri 2019). Because of this, fungi are a 
valuable source for the discovery of natural compounds (Hyde et al. 2019). Contex-
tually, irofulven, a semi-synthetic derivative of illudin S extracted from Omphalotus 
illudens, demonstrated anti-cancer activity in clinical trials against a number of 
cancers, including those of the brain, breast, colon, lungs, ovaries, pancreas, and 
sarcoma (Hyde et al. 2019). The anti-cancer effects of pure vinblastine from the 
mycelia of Nigrospora sphaerica on breast cancer cell lines has been studied (Ayob 
et al. 2017). Penicillium sp. natural extract produced two novel compounds, 
penicillatides A and B, as well as cyclo(d-Pro-l-Phe) cyclo(R-Pro-S-Phe) and 
cyclo(d-Pro-S-Phe), making members of the genus Penicillium one of the most 
studied fungi by herbal product chemists (R-Pro-R-Phe). The compounds’ cytotoxic 
and antiproliferative effects on three human cancer cell lines, as well as their 
antimicrobial efficacy against a number of pathogens, were assessed. According to 
Diaa and Abdulrahman, compounds 2–4 exhibited varying cytotoxic and 
antibacterial properties (Youssef and Alahdal 2018). 

L-asparaginase was isolated from Aspergillus niger using an enzyme that had 
impacts on various cancer cell lines (Vala et al. 2018). Children with acute clinical 
types of leukaemia are treated with this enzyme (Munir et al. 2019). Additionally, it 
was previously discovered that Penicillium rubens, which was removed from garden 
soil in the Madurai area of Tamil Nadu, produces a very promising anti-cancer 
metabolite. The proportion of HepG2, HeLa, and MCF-7 cancer cells that were 
treated with the bioactive fraction (P5) of P. rubens after 96 h varied between 40 and 
50% (Venkatachalam and Nadumane 2021). When applied to endophytic fungi, the 
indole derivatives varioloid A and varioloid B had lethal effects on human cancer 
cell lines. Paecilomyces variotii, an endophytic fungus of marine algae, provided the 
compounds. In the same circumstance, marine algae-endophytic Aspergillus



ochraceus species produces insulicolide A that has anti-cancer properties 
(Deshmukh et al. 2018). Medicinal mushrooms have important health benefits and 
exhibit a wide range of pharmacological activities, including antibacterial, 
antiallergic, antifungal, antioxidative, anti-inflammatory, cytotoxic, antiviral, anti-
depressant, antihyperlipidemic hepatoprotective, immunomodulating, antidiabetic, 
and digestive, activities that are osteoprotective, nephroprotective, hypotensive, and 
neuroprotective (Venturella et al. 2021). Some anti-cancer compounds obtained 
from fungi are: Irofulven, Aphidicolin, Anti-Cancer Polyketide Derivative Products, 
Nitrogen-Containing Products, L-Asparaginase, and Derivatives of Anti-cancer 
Terpenoid Products (Alhasan and AL-abedi 2021). 
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23.3.4.1 Irofulven 
Irofulven’s chemical makeup is a derivative of illudin S, a semi-synthetic product 
that comes from the Omphalotus illudens toxin. Irofulven is a member of the 
acylfulvene family of anti-cancer agents. Most cancer cells undergo apoptosis, or 
“programmed cell death,” as part of Irofulven’s mechanism of action. Irofulven is 
undergoing phase 2 trials for advanced epithelial ovarian cancer that is hormone-
refractory, recurring or refractory, recurrent malignant glioma, and incurable liver 
cancer. Aggregate chemotherapy is being evaluated in ongoing phase 1 research. 
Low white blood cell and platelet counts, vomiting, nausea, exhaustion, and visual 
impairment are some of the side effects of irofulven (Topka et al. 2018). 

23.3.4.2 Aphidicolin 
Aphidicolin was derived from Cephalosporium aphidicola; the fungal species is 
now known as Akanthomyces muscarius; nonetheless, Nigrospora sphaerica also 
provides this anti-cancer compound (Ayob et al. 2017). The substance is a type of 
tetracyclic diterpene that has the ability to compete with enzymes like DNA poly-
merase for binding sites. Clinical trials with aphidicolin produced no noteworthy 
findings (Ayob et al. 2017). 

23.3.4.3 Anti-Cancer Polyketide Derivative Products 
Among the most useful natural products are polyketides, which contain a variety of 
bioactive substances like antibiotics, anti-cancer agents, antifungal agents, and 
immunosuppressants (Musiol-Kroll and Wohlleben 2018). Numerous enzymes 
take part in the production of non-reduced or partially reduced polyketides 
(Klejnstrup et al. 2012). An illustration of the substance is lovastatin, whose IC50 
values were reported to range from 2 to 39 μM and which showed apoptotic 
induction in certain ovarian cancer cell lines (Martirosyan et al. 2010). Simvastatin 
was found to suppress the apoptotic induction of lung, breast, and melanoma cancers 
by researchers, which led to optimistic results that led to the clinical use of this 
medication for the treatment of cancer (Relja et al. 2010). 

23.3.4.4 Nitrogen-Containing Products 
These compounds are nitrogen-containing natural products that fungi can generate. 
In general, the compounds are formulations that contain the amino acid basic



components that are frequently combined into substances with sophisticated 
heteroaromatic structures, such as diketopiperazines, benzodiazepines, and 
quinazolines (Frisvad et al. 2004). The most frequently used endophytes for the 
isolation of numerous unique types of bioactive compounds are fungi. It is possible 
for fungi like Taxomyces andreanae, which was obtained from the yew plant, to 
create the anti-cancer compound paclitaxel. Other specialized fungal endophytic 
species produce a diverse range of anti-cancer substances, including torreyanic acid, 
vincristine, podophyllotoxin, camptothecin, and vinblastine (Ejaz et al. 2020) 
(Fig. 23.1). 
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Fig. 23.1 Bioactive compounds derived from fungal endophytes with pharmacological relevance. 
Fungal endophytes harbour inside almost every plant tissue. Fungal endophytes can be isolated 
from stem, root, and leaves by culturing in the selected growth media. Fungal endophytes are potent 
source of number of bioactive compounds which can be utilized in the treatment of number of 
human health ailments (Rai et al. 2021) 

23.3.4.5 Derivatives of Anti-Cancer Terpenoid Products 
The biggest class of secondary metabolites, terpenes, are made up mostly of five-
carbon isoprene devices that can be put together in countless ways to create various 
compounds. Terpenoids are a modified class of terpenes with separate functional 
groups and oxidized methyl groups changed or deleted at various places. Terpenes 
are simple hydrocarbons. Depending on the number of carbon atoms present,



terpenoids are classified as monoterpenes, sesquiterpenes, diterpenes, sesterpenes, 
and triterpenes. The majority of terpenoids with different structural variations are 
physiologically active and are used all over the world to treat a variety of disorders. 
Several terpenoids inhibited certain human most cancer cells as anti-cancer 
medications, such as Taxol and its variants (Perveen 2021). 
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23.3.4.6 L-Asparaginase 
L-asparaginase (ASNase), also known as L-asparagine amidohydrolase, was initially 
classified as a hydrolase enzyme. Through catalytic and hydrolyzing activities, this 
enzyme can transform asparagine into L-aspartic acid and ammonia (Paul and 
Tiwary 2020). L-asparaginase is therefore employed in cancer treatment clinical 
trials, where the therapeutic action of this enzyme depends on various degrees of 
metabolic pathways in both normal and malignant cells. Aspergillus flavus, Asper-
gillus fumigatus, Alternaria tenuissima, Aspergillus oryzae, Fusarium oxysporum, 
Trichophyton rubrum, Rhizoctonia solani, Fusarium fujikuroi, Penicillium 
expansum, Pyrenophora triticirepentis, and Fusarium graminearum are a few 
species of fungi that produce L-asparaginase (Paul and Tiwary 2020). 

The potential of fungal metabolites that could move to clinical trials is 
Cotylenin A: It is helpful in retinoid-resistant leukaemia differentiation therapy. 
Myriocin: The S1P signalling pathway, which is involved in actin cytoskeleton 
rearrangements and increased cell proliferation (cell growth kinetics), is inhibited 
by myriocin and numerous of its analogues (cell migration kinetics). Palmarumycin: 
At least in preclinical studies, palmarumycin and its analogues show great promise in 
the treatment of several cancer types. Apicidin: HDAC inhibitor. Chaetocin: It 
exhibits anti-cancer action in a number of ways. Destruxin: It exhibits intriguing 
anti-cancer characteristics, such as regulation of the Wnt/beta-catenin pathway 
(Kornienko et al. 2015). 

Even though there are a lot of anti-cancer hits in collections of metabolites 
isolated from fungi, there are many technological, biotechnological, and physiologi-
cal problems that make it hard to study and sell fungal metabolites. Due to these 
limiting constraints, the “true” metabolic capacity of fungi, which is often much 
greater than that of bacteria and plants, is currently only partially realized. Since 
plants can be easily cultivated and harvested as a crop, and since bacteria can be 
produced more easily than fungi in bioreactors via liquid shaking fermentation, it is 
often easier to procure and supply materials with a botanic or bacterial origin than 
with a fungal one. Therefore, the quantity and expense of a metabolite produced by a 
fungus may actually act as a barrier to the development of clinical research. In fact, 
promising metabolites are frequently produced in lab settings by fungi in milligram 
quantities, usually only enough for the preliminary anti-cancer bioassays, or are 
available commercially as pricey biochemical reagents. 

It is astonishing that relatively fewer of these compounds have reached clinical 
trials given the remarkable diversity of fungal species and the structures 
(metabolites) they create. This is especially true given the pressing need for novel 
cancer chemotherapeutics. Furthermore, the technical difficulties involved in the 
cultivation and biochemically guided isolation of metabolites, as well as estimates



that only a small portion of fungi have been studied, suggest that this area of natural 
product research still has a lot of potential in the domain of anti-cancer research. 
Additionally, these creatures might come to be thought of as Nature’s own “bio-
combinatorial reactors” as a result of the discovery and use of novel methods to 
encourage the fungi to increase the structural diversity of the metabolites they 
generate. The biggest benefit of this strategy would be that each metabolite produced 
in this way would likewise be “privileged” because of its biological origin. In 
conclusion, despite the fact that there are currently no clinical anti-cancer agents 
based on fungal metabolites used in cancer patients’ chemotherapy, it appears that it 
will be a long time before compounds from this category of natural products are 
incorporated into the pharmaceutical arsenal against cancer. 
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23.3.5 Antioxidant Agents 

There has been a significant change in recent decades toward a more natural, 
eco-friendly, and sustainable way of life. According to a majority of scientists, 
antibiotic resistance is alarmingly rising and becoming a major global issue, render-
ing the present antimicrobial drugs useless (Ayukekbong et al. 2017; Vasan et al. 
2019). Antibiotic-resistant bacteria are present in two million people worldwide, 
causing at least 23,000 fatalities per year (Prestinaci et al. 2015). The World Health 
Organization (WHO) claims that antimicrobial resistance (AMR) has become one of 
the most important public health issues of the twenty-first century (Manganyi and 
Ateba 2020). Furthermore, it is not surprising that a sizable fraction of people, 
particularly those who reside in developing countries, are using naturally accessible 
bioactive alternatives for their basic healthcare given the numerous drawbacks and 
side effects connected with current antimicrobial drugs. 

More than 80% of the population in underdeveloped nations, particularly those in 
Africa, Asia, and Latin America, use medicinal plants to satisfy their basic healthcare 
needs and wellness (Manganyi and Ateba 2020). There are over 400,000 different 
plant species on the earth, and the bulk of them are useful for treating a wide range of 
diseases. This has spurred interest in research aimed at finding “perfect” bioactive 
agents that might be helpful to humans since they have a wide range of biological 
properties (Li and Weng 2017; Othman et al. 2019). However, inappropriate use and 
over-propagation could put the plants in danger of going extinct. Extensive research 
has demonstrated that endophytic fungi can colonize plant tissues, offer protection, 
and are a rich source of naturally occurring bioactive chemicals (Rodriguez and 
Redman 2008). Researchers can now easily discover, identify, and recognize pri-
mary and secondary metabolites with high antioxidant capacity, antibacterial, anti-
cancer, and anti-inflammatory characteristics from affordable and readily accessible 
non-traditional sources such as fungi, thanks to recent advances in biotechnology, 
microbiology, and genetic research. 

Free radicals may be created through the chemical process of oxidation, which 
involves the loss of electrons from an atom. Free radicals are unstable molecules that 
are created naturally during chemical processes like digestion. These free radicals



may take part in a cascade of events that could possibly harm human cells 
(Elochukwu 2015). This is mostly caused by the imbalance that results in cell 
damage when an atom loses an electron. Therefore, cells exposed to oxidative stress 
may experience a variety of illnesses, including chronic difficulties in humans (Rahal 
et al. 2014). Numerous studies have shown that oxidative stress exposure to cells 
causes cellular degeneration, as well as cancer, atherosclerosis, coronary heart 
disease, diabetes, Alzheimer’s disease, hepatic and kidney damage, as well as 
other neurological illnesses (Nasri and Rafieian-Kopaei 2013). 
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Reactive oxygen species (ROS) have been associated with a variety of diseases, 
and antioxidant compounds are used to prevent, treat, and combat these diseases. 
Antioxidant agents have also shown very good efficiency against ROS-related 
damage. It has been suggested that ROS strengthens the immune system by 
facilitating cell signalling. Antioxidant substances are used for good in many 
industries, including the food, pharmaceutical, and agricultural sectors. Despite the 
health risks linked to oxidative stress, there is a significant need for safer, more 
effective, and affordable natural antioxidants. According to reports, novel natural 
bioactive molecules protect cells from oxidative damage by avoiding or lowering 
reactive oxygen species and free radicals. Numerous investigations have shown that 
compounds with antioxidant activity include phenolic acids, phenylpropanoids, 
flavonoids, lignin, melanin, and tannins (Patipong et al. 2019; Smith et al. 2015). 

Fungi have been kown to produce a wide range of beneficial antioxidant second-
ary metabolites, such as steroids, polyketides, terpenes, and phenolic compounds 
(Cui et al. 2005; Schuemann and Hertweck 2009). It is now widely recognized that 
biological characteristics like anticarcinogenicity and antiaging effects result from 
this capacity to inhibit cellular oxidation (Cook and Samman 1996). Due to the 
phenolic, terpenoid, and polysaccharide content of Pleurotus and other higher 
Basidiomycetes, these organisms have been recognized as providers of antioxidants 
(Valentão et al. 2005). Antioxidants are essential for the upkeep of cellular functions 
as well as for overall health and wellbeing. This kind of biological function is an 
essential aspect of life. Antioxidant supplementation is advised because the body’s 
production of antioxidants is not always sufficient to prevent cellular harm. Fungi are 
ideal ambassadors for powerful health-promoting organisms since they are a natural 
source of antioxidants and have a high level of biological activity. Grifola frondosa, 
Aspergillus fumigates, Monascus purpureus, P. flavigenum (CML2965), Lentinula 
edodes, Pleurotus sp., and Trametes versicolor are some of the fungi having reported 
antioxidant potential (Arora and Chandra 2011; Smith et al. 2015; Tavares et al. 
2018). 

Numerous mushrooms are said to contain antioxidant characteristics that allow 
them to combat free radicals. The antioxidant components of mushrooms, which 
include polysaccharides, tocopherols, phenolics, carotenoids, ergosterol, and 
ascorbic acid among others, are present in the fruit bodies, mycelium, and culture 
of the mushroom. An important benefit of extracting antioxidant compounds from 
mushrooms is the ability to alter fruit bodies or mycelium to create active chemicals 
in a short amount of time. To prevent oxidation-related harm to the human body, 
antioxidant substances can be isolated and utilized as functional additives, or



mushrooms can be included in our diet as an alternative source of food. Agaricus 
arvensis, Agaricus romagnesii, Agrocybe cylindracea, Agaricus silvicola, Boletus 
badius, Calocybe gambosa, Cantharellus clavatus, Clitocybe alexandri, Fistulina 
hepatica, Ganoderma applanatum, Hericium erinaceus, Hypholoma capnoides, 
Lactarius deliciosus, Lactarius volemus, Pleurotus eryngii, and Suillus luteus are 
some of the mushrooms that produce antioxidant compounds (Sánchez 2017). 
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In conclusion, numerous compounds with promising antioxidant activity have 
been discovered. These molecules can be used in a variety of industries, including 
food, cosmeceuticals, nutraceuticals, and pharmaceuticals. The abundance of active 
metabolites already described can be further enhanced by additional research in the 
field of fungal antioxidants. Additionally, research aimed at creating new genetic and 
metabolic tools for their overproduction can significantly increase the market’s 
supply of novel fungal antioxidants. 

23.3.6 Antiparasitic Agents 

Every year, parasites are known to cause deaths of millions of humans. The diseases 
caused by the parasites are the major cause of mortality in developing countries. 
According to a report of World Health Organization (WHO), malaria, leishmaniases, 
and Chagas disease are the major diseases of concern. Malaria causing protozoa 
named Plasmodium falciparum has reported for causing 1–3 million deaths and have 
400 million cases annually (Mor 2009). On the other hand, leishmaniases is caused 
to 12 million people and untreated patients 100% killed by the pathogen known as 
Leishmania sp. Another fatal parasitic disease which harms the health of humans is 
trypanosomiasis which is caused by Trypanosoma cruzi. Trypanosomiasis has 
annual cases more than 18 million (Sartorelli et al. 2009). The treatment for the 
diseases caused by the parasites is urgent need as some have no appropriate 
treatment and some antiparasitic drugs have stronger side effects. Apart from the 
drug, vaccinations are also not available to control the diseases (Lenzi et al. 2018). 

Fungi, one of the important living microbes, could play an important role in the 
controlling the pathogens. Various fungal species have been reported for having 
antiparasitic activity against different human parasites. In a report, the compound 
(14-norpseurotin A, pseurotin A, FD-838, pseurotin D, and fumoquinone B) isolated 
from Aspergillus sp. was reported for having antileishmanial activities (Martínez-
Luis et al. 2012). A compound namely, C3 epimer of ganoderic acid T from 
Ganoderma boninense, was reported for having antiparasitic activity against Plas-
modium falciparum (Isaka et al. 2013). In another report, Penicillium sp. was found 
to have antiparasitic activity against pathogens including Plasmodium falciparum 
and Trypanosoma cruzi (Higginbotham et al. 2014). Antiparasitic activity against 
leishmaniases causing agent, i.e. Leishmania donovani, was reported by fungal 
(Trichosporum sp.) compound known as (6-S)-3-(1,3-dihydroxypropyl)-6-
(2-methylpropyl)piperazine-2,5-dione (Metwaly et al. 2015). 

Similarly, the growth of another causal species (Leishmania amazonensis) caus-
ing leishmaniases was inhibited by the Trametes versicolor compound Trametenolic



acid B (Leliebre-Lara et al. 2016). Astraeus asiaticus compound Trametenolic acid 
B was reported having antiparasitic activity against malaria causing parasite Plas-
modium falciparum (Isaka et al. 2017). Fungi (Mortierella parvispora, 
Pseudogymnoascus destructans, and Penicillium chrysogenum) isolated from the 
soil of Antarctic were reported having antiparasitic activity (Gomes et al. 2018). The 
compound, (9Z, 11E)-13-oxooctadeca-9,11-dienoic acid of Penicillium herquei 
associated with the Ghanaian mangrove, was reported having antiparasitic activity 
against trichomoniasis causal agent Trichomonas mobilensis (Hayibor et al. 2019). 
The fungal (Aspergillus fumigatus, A. phoenicis A. terreus, A. ochraceus, and 
Cunninghamella echinulata, and C. elegans) obtained kaurane, labdane, and 
clerodane-type diterpenes were reported for having antiparasitic activity against 
schistosomiasis causing pathogen Schistosoma mansoni (Oliveira et al. 2020). The 
compound harzialactone A associated with marine-derived fungal species 
Paecilomyces sp. was found to have antileishmanial activity (Braun et al. 2021). 
French Guiana termites mutualistic fungus Pseudallescheria boydii was reported for 
having antiprotozoal activities against Trypanosoma brucei and Plasmodium 
falciparum (Sorres et al. 2022). 
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23.3.7 Acetylcholinesterase Inhibitors 

Alzheimer’s disease is a degenerative and progressive disease characterized by poor 
judgment, memory loss, deterioration of language, and impaired visuospatial skills. 
This disease is caused by the deficiency of neurotransmitter acetylcholine (ACh) in 
brain. Normally, the ACh has a very short half-life because of large amounts of 
acetylcholinesterase enzyme (AChE), the enzyme which is released from the nerve 
ending. This enzyme AChE hydrolyzes the ester bond in the molecule and results in 
the stimulatory activity loss. The reversible inhibition of this enzyme leads to an 
increase of neurotransmitter concentration in synaptic cleft which may positively 
affect Alzheimer’s disease patients. The AChE inhibition is the most attractive 
approach to treat the Alzheimer disease cognitive symptoms (Singh et al. 2012). 
Many drugs, namely, rivastigmine, eserine, donepezil, tacrine, and galanthamine, are 
known to inhibit the AChE, but it has several clinical limitations such as short half-
lives, low bioavailability, and unfavourable side effects like hepatotoxicity (Melzer 
1998). Alternative approach is needed urgently to inhibit the enzyme acetylcholin-
esterase to treat Alzheimer disease. The fungi have known to produce acetylcholin-
esterase inhibitors which are an alternative approach to treat Alzheimer disease. 

In a report, marine sponge-associated fungi belonging to genera Acremonium sp., 
Aspergillus candidus, and Fusarium sp. were reported for producing inhibitors of 
acetylcholinesterase (Thirunavukkarasu et al. 2012). In another investigation, a 
compound from fungus Paecilomyces lilacinus known as paecilomide was reported 
as a acetylcholinesterase inhibitor (Teles and Takahashi 2013). The compounds of 
endophytic fungus Phomopsis sp., i.e. cytochalasins J, 5′-epialtenuene, the 
mycotoxins alternariol monomethyl ether, alternariol and cytosporone C, were 
found to have AChE inhibition activity (Chapla et al. 2014). Similarly, compounds



such as AS-186c, talaromycesone A and isopentenyl xanthenone, talaroxanthenone 
isolated from fungus marine fungus Talaromyces sp. were reported for having AChE 
inhibitory activity (Wu et al. 2015). The endophytic fungi, namely, Colletotrichum, 
Phyllosticta, Hypoxylon, Xylaria, and Nigrospora, were reported for having AChE 
inhibitory activity (Wang et al. 2016). The AChE inhibitory activity was also 
reported from mangrove endophytic fungus Aspergillus sp. compounds isoaustinol, 
dehydroaustin, and dehydroaustinol (Long et al. 2017). In another investigation, 
endophytic fungal species Colletotrichum sp. was reported having AChE inhibitory 
active metabolites, i.e. 1-O-methylemodin, 5-methoxy-2-methyl-3-tricosyl-1,4-ben-
zoquinone and (3β,5α,6α, 22E)-3-hydroxy-5,6-epoxy-7-one-8(14),22-dien-ergosta 
(Li et al. 2019). Cyclohexanoids from fungal endophyte Saccharicola sp. were 
reported for having AChE inhibition activity (Chapla et al. 2020). 19-hydroxy-
19,20-dihydrophomacin C from Westerdykella nigra, the endophytic fungus was 
reported for having AChE inhibition activity (Sallam et al. 2021). In another 
investigation, Cyathus africanus was reported for producing thirteen different 
cyathane diterpenoids which were having AChE inhibitory activity, and among 
them, (12S)-11α,14α-epoxy-13α,14β,15-trihydroxycyath-3-ene have highest inhibi-
tory activity (Yu et al. 2022). 
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23.4 Conclusions 

Endophytic fungi are an untapped reservoir of unique metabolites with considerable 
pharmaceutical and therapeutical potential. Bioactive compounds from fungi have 
the potential to be an important source of drug formulation or novel drug discovery. 
These biologically active compounds play an important role in human health care, 
such as cancer, diabetes, microbe-related disease, oxidative stress, and inflammation. 
As new ecological groups of fungi and novel chemistries are discovered, fungal 
bioactive compounds are alive and well for development into new drugs. 
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Abstract 

Bacteriophages are among the chief alternative therapies for use against 
multidrug-resistant (MDR) organisms. Bacteriophages were discovered in 1915 
and noted to have clinical role in 1919; however, the simultaneous discovery of 
antibiotics led to the beginning of golden era of antibiotics, halting the phage 
approach. Subsequently, indiscriminate over-the-counter use of antibiotics led to 
emergence of MDR, drying up of antibiotic pipeline, and lack of armamentarium 
against superbugs, reviving the phage therapy. Phages being highly specific, with 
better penetration, less propensity to alter the gut microbiome, and lacking 
adverse effects of hypersensitivity and resistance, have become the hotspot of 
research for clinical and biomedical use. Phages can be either be administered as a 
cocktail of polyphages or personalized monophage or sequential therapy. 
Recently, phage-derived enzymes are being administered, with an advantage of 
mass production using recombinant technology and direct target action, 
eliminating the opportunity to acquire resistance. Phage-antibiotic synergy 
approach is being adopted more recently, and the same has led to the escalated 
use of compassionate phage therapy in patients with pan-drug-resistant 
infections. Despite plethora of advantages, phages also suffer from few 
disadvantages in being specific that they cannot be used under ‘one fits all’ 
approach. Moreover, resistance has also been reported for phages; however, 
this acquisition of resistance by phages is known to have inverse effect on the 
fitness of bacterial host. Phage therapy needs to be regulated stringently and 
information of phages ready for clinical use should be made available online, to 
abridge the laboratory-bedside gap. 
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24.1 Introduction and History of Bacteriophages 

Bacteriophages are most abundant ubiquitous organisms that can infect and replicate 
within the bacterial host. It has been estimated that ~1031 –1032 bacteriophages are 
present on Earth at any given point of time and bacteriophages in oceans outnumber 
stars in the universe (Chanishvili 2012). Bacteriophages have always been the 
fundamental players involved in growth and transmission of bacteria, killing 
~20–40% of marine bacteria every 24 h (Suttle 2007). The annotation of phages 
dates back to ancient biblical times, though, the first formal evidence was reported in 
1915 and it was Fredrick Twort who described the lytic zone associated with 
infection. However, source of infection was identified by Felix d’Herelle, who 
further coined the term ‘bacteriophage’ that means ‘bacterium eater’ (Wittebole 
et al. 2014). Subsequently, he conceived the novel idea of therapeutic usage of 
phages in clinical practice, and in 1919, the first clinical use of bacteriophages was 
documented for pediatric patients suffering from bacillary dysentery in Paris 
(Chanishvili 2012; Sulakvelidze et al. 2001). However, the initial experiments 
were poorly controlled and confronted many fiascoes. The reports of earlier failure 
could be attributed to lesser level of understanding about biological nature of phages, 
crude purification methods, and poor delivery systems. Phage therapy was wel-
comed by few and criticized by many, but despite the mixed responses, pioneers of 
phage therapy continued the research and irrevocably, commercialization of phages 
started in Europe and US in late 90 s (Sulakvelidze et al. 2001). One of the most 
remarkable landmarks in the history of phage therapy was observed in 1923, when 
Eliava Institute was established in Tbilisi by Giorgi Eliava that marked the phase of 
extensive research on phages in the Soviet Union during that era. The Institute is still 
considered one of the pioneer institutes for phage research. The successful usage of 
phages was reported in 1931 trial where cohort of 118 control subjects and 73 exper-
imental subjects were given phage treatment, and 90% reduction in mortality was 
noted (Chanishvili 2012). Another good example of early phage treatment success 
was in 1946 where fifty-six patients with typhoid fever were treated with “type-
specific phage” that is, phage’s grown on the patients’ own isolates. All received 
phage intravenously once. Thereafter, all but 3 had negative blood cultures within 
24 h, became afebrile, and normalized clinically (Knouf et al. 1946). 

Nevertheless, simultaneous research and discovery of antibiotics was underway 
and it was with the rise of antibiotic era in the 1940s and discovery of penicillin 
during the Second World War that phage therapy met a halt. However, former Soviet 
Union and Eastern Europe continued the research and first phage genome was 
sequenced in 1977, following which resurgence of phage research and animal 
studies was reinitiated (Summers 2012).
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Today when less than a century has elapsed since the golden era of antibiotics 
began, footsteps of these pioneer institutes are being trailed by other countries to 
combat the impending danger of multidrug resistance (MDR) and superbugs (Thiel 
2004; Miêdzybrodzki et al. 2012). The constraint of newer antibiotics in the dry 
pipeline further augmented the phage research and the first commercial phage-based 
biocontrol product was approved for use against L.monocytogenes in 2006, which 
was soon followed by controlled clinical trials. The clinical trials have been 
completed for MDR-Pseudomonas aeruginosa chronic otitis, A.baumannii septice-
mia, and wound infections (Wright et al. 2009; Schooley et al. 2017; Jault et al. 
2019). Presently, varied studies targeting dysentery, cholera, sepsis, meningitis, 
typhoid, diabetic foot ulcer, ileo-cecitis, and chronic otitis have been conducted 
(Lin et al. 2017) and many more are underway. 

24.2 Structure of Bacteriophage 

Bacteriophages are diverse creatures that contain either DNA or RNA genome, 
encapsulated by a proteinaceous capsid. Capsid imparts either icosahedral, filamen-
tous, or head-tail shape to the phage. Phages are considered nonliving owing to their 
inability to reproduce independently without bacterial host. Bacteriophage consists 
of a polyhedral head with collar and tail. Head of bacteriophage is composed of 
~2000 capsomeres enclosing the genetic material, which is followed below by a 
short collar and helical tail. The tail consists of inner hollow tube surrounded by a 
contractile sheath with 24 annular rings. There is a basal plate with tail fibers at every 
corner, at the distal end of tail, which help in attachment to the bacterial cell. 
However, all phages don’t bind to all the bacteria and are rather highly specific 
and infect only those host cells that have complementary receptors (Gordillo 
Altamirano and Barr 2019). 

24.2.1 Development Cycle 

Bacteriophages are classified into two types on the basis of their development cycle 
as virulent or temperate. The virulent phages are those that have lytic developmental 
cycle and temperate ones follow the lysogenic phase. Lytic phase involves destruc-
tion of the cell by bacteriophage, whereas lysogenic phase involves insertion and 
integration of phage into bacterial genetic material, thereby inhibiting future infec-
tion of that bacterial cell to identical phages. These lytic phages adsorb to specific 
receptors on bacterial host, located on either cell wall or capsule or appendages. 
Subsequent to adherence, bacterial host receptors and phages undergo a lock-and-
key conformation, and as a consequence, phage ejects out its genetic material into 
the host. Thereafter, phage takes possession of the bacterial replication repertoire and 
exploits it for formation of phage progeny. The same is continued till phage-encoded 
proteins are synthesized to effectively lyse the cell. On the contrary, lysogenic or 
temperate phages are not used in phage therapy owing to their risk of conversion by



which bacterial host can acquire newer pathogenic traits. Moreover, lysogenic 
phages are prone to development of rapid homo-immunity (Gordillo Altamirano 
and Barr 2019). 
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24.3 Resurgence of Phage Therapy 

The research on phages met with a roadblock after the golden era of antibiotics 
began in the 1940s. This golden era continued for ~four decades before the pipeline 
for antibiotics started drying out. Meanwhile, antimicrobial resistance was gradually 
increasing, and finally, by the dawn of antibiotic era, resistance had outperformed 
and was accepted as one of the major threats of public health concerns. As per one of 
the recent reviews, it has been estimated that antimicrobial resistance might toll ~ten 
million lives by year 2050, costing ~100 trillion US$ (World Health Organization 
2015). Thereby, in order to combat the rising antimicrobial resistance, newer 
antimicrobials and other novel approaches are the need of the hour. Bacteriophage 
therapy is one such novel approach which is presently undergoing the revival owing 
to better understanding of biology, immunology, and genetics of phages. 

24.4 Phages as an Alternative to Antibiotics 

Phages exhibit numerous unique characteristics that can be exploited for their use in 
combating the emerging antimicrobial resistance. Phages are nonliving organisms in 
contrast to the chemical nature of antibiotics. Phages are known to be specific and 
interact only with those bacterial hosts that have complementary receptors, thereby 
narrowing their spectrum of action. This targeted approach spares the commensal 
microbiome from collateral damage and selection of antimicrobial variants. 
Recently, it has been identified that phages can ‘jump’ from one host to another, 
which is facilitated by gut microbiota (De Sordi et al. 2017). Unlike antibiotics that 
can be bactericidal or static, phages impart their action via ‘kill-the-winner’ 
immunophage synergy and target to reduce the host abundance prior to the attain-
ment of equilibrium (Maslov and Sneppen 2017). Another substantial advantage of 
phages over antibiotics is the absence of hypersensitivity reactions to phage therapy. 
The dose of phages doesn’t need to be increased in severe infections as these have 
the potential to reproduce exponentially and can penetrate the biofilms well. Fur-
thermore, by virtue of genetic diversity and ubiquitous nature of phages, there can 
never be a dearth of phages and their delivery can be tailored as per the need via 
modification of delivery systems. Phages were endorsed to be qualified as medicinal 
product for use in humans in June, 2015 at EMA workshop (Debarbieux et al. 2015). 
Phages have an added advantage over antibiotics in terms of better penetration and 
attainment of therapeutic dosage. Certain antibiotics are unable to reach therapeutic 
levels at varied organ systems like mycobacterial infection in lungs, daptomycin in 
respiratory tract infections, vancomycin in osteomyelitis, and cefixime in meningitis. 
The same can be overcome by phages as they exhibit their action by a different



mechanism. Moreover, phages can circumvent the therapeutic failure due to muta-
tion or antibiotic resistance (Strydom et al. 2019; Romero-Calle et al. 2019). Lytic 
phages are the main target of interest for phage therapy; however, a few studies have 
used lysogenic phages wherein lytic phages to bacteria like Clostridium difficile 
haven’t been isolated and in conditions when there is time constraint in emergency 
situations (Hargreaves and Clokie 2014; Philipson et al. 2018). 
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24.5 Approaches to Phage Therapy 

With the revival of phage therapy, two pronounced approaches have been delineated 
(Pirnay et al. 2011). The conventional commonly used approach is the 
“prêt-à-porter” that is based on the principle of ‘one-size-fits-all’ or polyphage 
therapy. In this approach, broad-spectrum cocktail of phages is administered to the 
patient for coverage of both gram-negative and gram-positive bacteria. This 
approach was initially difficult to prepare, standardize, and purify for broad range 
as compared to narrower range. Cocktail phage therapy is now available commer-
cially in Georgia and Russia (Kutter et al. 2010). On the contrary, the second 
approach is “sur-mesure” which is a personalized one or monophage therapy (Brives 
and Pourraz 2020). This includes selection of specific phages from the phage bank 
that infect the target bacteria most efficiently. The personalized phage therapy is 
more sustainable as no selection pressure is there. A recent approach combines usage 
of both monophage and polyphage therapy in a sequential manner. The sequential 
therapy is not only feasible, but also helps combat the emergence of resistance to 
phages. Though there are very few Phase II clinical trials unraveling the efficacy of 
phage therapy, but none of the studies conducted till date have reported any major 
side effects due to phage therapy. On the contrary, the results of PhagoBurn trial 
turned out to be less promising than contemplated, which was later attributed to 
reduction in titer of phages with time, due to improper manufacturing, administra-
tion, and storage, which was further ascribed to poor understanding pertaining the 
same (Jault et al. 2019; Alsaadi et al. 2021). Many phage therapies have been 
approved by food and drug administration for use in food industry against Listeria 
monocytogenes, Pseudomonas syringae, MRSA, Salmonella spp., and E. coli O157: 
H7 (Monk et al. 2010; Voelker 2019). 

A newer approach using phage-derived enzymes, rather than using the whole 
phage, has also been defined. These enzymes have functional homology to lysozyme 
and are responsible for hydrolyzing cell wall during release of phage progeny. Two 
major enzymes being targeted for the same include holins and lysins. Of these, 
holins act as the molecular clock during lytic cycle and lysins are involved in 
bacterial cell lysis and are, thereby, preferred more. Combination of lysins and 
antibiotics has demonstrated significant reduction in in vitro and ex vivo C.difficle 
colon model (Lin et al. 2017). These enzymes can be produced in large numbers 
using recombinant techniques and are easy to be commercialized. Holins, lysins, and 
artelysins have shown good results in elimination or decolonization of P.aeruginosa, 
A.baumannii, and S.aureus (Lin et al. 2017). Another fascinating characteristic of



these phage-derived enzymes is their direct action on cell wall, thereby eliminating 
the chances of development of resistance. 
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Phage-antibiotic synergy is the more acceptable modality of treatment, wherein 
both antibiotic and phages are administered to the patient with the intention to have 
better results as ‘two is better than one’ with different mechanisms of action 
(Gordillo Altamirano and Barr 2019). Despite lack of completed clinical trials, 
phages have been used for treatment of MDR cases, under the ‘Helinski Declaration 
of Ethical Principles for Medical Research Involving Human Subjects’ and this 
therapy is referred as ‘compassionate phage therapy’, in which drugs outside the 
clinical trial are used for patients with no other available therapeutic options. 
Approximately 26 reports of compassionate therapy with phages have been reported 
in patients with failed antibiotic therapy (McCallin et al. 2019; Schmidt 2019; 
Kuipers et al. 2019; BBC n.d.; CIDRAP 2022; Elpais 2022a, b). Poly-phage or 
cocktail phages have always remained the preferred choice for compassionate 
therapy, until few days back when mono-phage therapy targeting Mycobacterium 
chelonae was successfully used in a 56-yer old male with chronic kidney disease to 
relieve the present symptoms of skin and soft tissue infection, in Boston (Elpais 
2022b). Lately, Food and Drug Administration (FDA) has approved the compas-
sionate use of phage therapy in patients with secondary infections and in patients 
with coronavirus disease (FDA n.d.). The success of this compassionate therapy has 
further escalated the role of personalized usage of phages. The most imperative 
factor for compassionate and personalized use of phage therapy is presence of 
stringent regulatory framework in place for every country. 

24.6 Disadvantages of Phage Therapy 

The specific nature of phages in itself is one of prime shortcomings, despite being 
chief advantage as well. Phages, being highly specific, cannot be used in clinical 
practice till the causative pathogen is identified, whereas phages are known to be of 
more use if prescribed within 6 h of infection (Gordillo Altamirano and Barr 2019). 
Monophage therapy will have a limited role in polymicrobial infections like burns. 
Since phages cannot survive on their own, once the host is killed, phages also cease 
to unveil their action. Few animal studies have also shown that phages have the 
propensity to translocate across the intestinal epithelium, and subsequently, enter the 
circulation (Lin et al. 2017). Another speculated shortcoming of phage therapy is the 
‘leaky gut’, as has been shown in animal models that led to a dysfunctional state of 
intestinal barrier. Furthermore, despite the widespread use of lytic phages, they are 
also known to harbor ~50% of genes that code for cryptic function or have a role in 
less understood physiology of bacterial host. Moreover, in case of abortive infection, 
the bacterial host continues to harbor the genes of unknown function (Philipson et al. 
2018). Besides these shortcomings, the major concern with phage therapy is resis-
tance. Phages are prone to resistance like the antibiotics (Tetz et al. 2016).
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24.7 Resistance to Phages 

Phages and bacteria coevolve by mechanism termed ‘antagonistic coevolution’, in  
which both bacteria and the phage are involved in host-parasite relationship. Bacteria 
impose selection of more effective phages, which in turn selects out the resistant 
bacterial hosts. However, this resistance can be easily overcome by phages 
(Buckling et al. 2002). The most common mechanisms known to impart resistance 
to phages include receptor modification used for adsorption by phages, superinfec-
tion exclusion systems that prevent viral entry, and CRISP-Cas systems that identify 
the foreign encountered DNA and degrade them. Recently, restriction-modification 
systems have also been noted in phages that target only phage DNA for action of 
restriction enzymes, sparing the host DNA (Labrie et al. 2010). 

In contrast to the fear of resistance to phages, a recent study has deciphered an 
appealing observation that acquisition of phage resistance is inversely proportional 
to fitness of the bacterial host. It has been noted that there was ~36% reduction in 
bacterial growth when the same was cocultivated with lytic phages (Gomez et al. 
2011). Similar results were obtained in another study with S.aureus and Salmonella 
enterica and impaired capsular production was noted in these bacteria (Capparelli 
et al. 2010). The clinical translation of the same was demonstrated with A.baumannii 
that reverted the sensitivity to minocycline, along with decrease in the bacterial 
growth (Schooley et al. 2017). Another example was witnessed with a clinical strain 
of P.aeruginosa obtained from a graft that was resistant to ceftazidime and in vitro 
results of combination therapy of ceftazidime with phage OMKO1 (that directs 
evolution of P.aeruginosa) showed significant reduction in bacterial count in 
graft (Chan et al. 2018). Phage resistance has been noted to be species-specific, 
non-phylogenetically conserved evolutionary trait (Gordillo Altamirano and Barr 
2019). 

24.8 Regulatory Framework 

Another major concern pertaining phage therapy is regulation of the therapy. We 
need to have stringent regulatory authorities in place to have safe, efficient, sustain-
able, standardized, and ethically approved supply of phages. PageXchange is one 
such global regulatory authority that has launched phage governance platform for the 
same (Pirnay et al. 2020). ‘Magistral phages’ is another such regulatory framework 
in Belgium to incorporate personalized phage therapy (Pirnay et al. 2018). FDA has 
also recommended following good manufacturing practice guidelines and infrastruc-
ture. Phage banks and phage directories are also increasing and their easy online 
availability facilitates the researchers, companies, regulators, and clinicians to effec-
tively communicate and expedite the journey of phages from laboratories to bedside 
(Alsaadi et al. 2021; Würstle et al. 2022; Gelman et al. 2021).
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24.9 Future Prospects 

Since we are living in an era of bioinformatics, bioengineering, and –omics, phage 
therapy can be modulated to deliver in a better manner. Bioengineering of phages 
can broaden the host range and moderate delivery systems. Phages can also be 
exploited for vaccine development. Phage display is one of the emerging strategies 
for antigen expression and delivery of phages (Gordillo Altamirano and Barr 2019). 
However, the main concern is the long road from phage research to bedside. Though 
few of the patients have undergone phage treatment, it still remains less accessible to 
one and all, especially in developing countries. In order to lessen this wide gap, 
phage-libraries (@phagedirectory) are being set up, via which patient can directly 
contact the phage researchers. Similarly, phagesforglobalhealth.org aims to develop 
programs for better comprehension and teaching phage biology to researchers across 
the globe (Gordillo Altamirano and Barr 2019). Phage therapy, if utilized appropri-
ately, can prove to be one of the superlative answers to emerging global antimicro-
bial resistance. 
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Abstract 

Bacteriophages are viruses that have the ability to infect a variety of bacterial 
species. Attention towards bacteriophage therapy has recently resurfaced due to 
the rise of antibiotic and multidrug-resistant bacteria which are a significant cause 
of morbidity and mortality in many diseases. Coronavirus disease 2019 (COVID-
19) is a disease caused by the severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) and has rapidly emerged and spread leading to a pandemic in 
the year 2020. This respiratory virus infection begins in the lungs, however, can 
develop severe secondary bacterial infections that result in death of a patient. 
Much of the current research and development on COVID-19 largely focus on the 
primary cause of the disease which is the SARS-CoV-2 virus and hence 
neglecting research on secondary infections. In this review we discuss COVID-
19-related secondary infections and the issues surrounding antibiotic resistance. 
Additionally, we discuss the bacterial profiles of these secondary infections and 
the potential use of novel bacteriophages for therapy to enhance the recovery of 
COVID-19 patients with severe secondary bacterial infections such as pneumo-
nia. Lastly, the safety concerns surrounding bacteriophage therapy are addressed. 
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Highlights
• Bacteriophage therapy has been considered a therapeutic strategy to combat 

multidrug-resistant bacteria. The potential of using bacteriophages to combat 
bacterial pneumonia that results from SARS-CoV-2 infection is described in 
this review.

• Causative bacteria for COVID-19-associated pneumonia primarily include Staph-
ylococcus aureus, Streptococcus pneumoniae, and Klebsiella pneumonia.

• Repurposing some already available bacteriophage therapies could be a beneficial 
strategy to combat COVID-19-associated secondary bacterial infections.

• This review covers phage therapy safety parameters and describes in depth phage 
modifications that can be made to reduce host immune response to phage therapy. 
The current stance on phage therapy from both the industrial and regulatory 
framework perspective is also discussed. 

25.1 Introduction 

Bacteriophages or phages are viruses present abundantly in the natural ecosystem 
that infect bacteria and utilize the bacteria as a host for their reproduction (Clokie 
et al. 2011). Phages can be ubiquitously found in the biosphere, such as in the ocean, 
soil, and sewage, and have been discovered to outnumber the bacterial population 
(Abedon et al. 2011). Presently, bacteriophage therapy, which was long forgotten, 
receives attention again as a therapeutic strategy to combat challenging multidrug-
resistant infections as well as serve as an alternative to antibiotic usage (Sulakvelidze 
et al. 2001). 

Antibiotic resistance is a natural phenomenon that has been remarkably 
accelerated due to the inappropriate utilization of antibiotics by humans. Antibiotics 
that were once effective against life-threatening bacterial infection have shown a 
decrease in efficacy due to the rise of antimicrobial resistance, leading to prolonged 
hospital stays and expensive healthcare (Tagliaferri et al. 2019; World Health 
Organization, Antibiotic Resistance 2020). The World Health Organization states 
that this is a post-antibiotic era, where minor infections and wounds can potentially 
be lethal (World Health Organization, Antibiotic Resistance 2020). In 2019, the UN 
Interagency Coordination Group on Antimicrobial Resistance warned that by 2050, 
over ten million individuals could succumb to antibiotic-resistant diseases per year 
and that the economic impact caused by antibiotic-resistant diseases is projected to 
be catastrophic, with approximately 24 million individuals anticipated to be pushed 
into extreme poverty (Ginsburg and Klugman 2020). Majority of multidrug-resistant 
bacteria belong to the ESKAPE group of pathogens, comprising Enterococcus



faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter species. ESKAPE pathogens are also 
the leading cause of nosocomial infections around the world and are known to pose 
one of the greatest challenges in clinical practice (Santajit and Indrawattana 2016; 
Kortright et al. 2019). 
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The recent outbreak of the COVID-19, a respiratory infection caused by the 
SARS-CoV-2, has been associated with an increase in pneumonia cases and other 
secondary bacterial infections. The increase in antibiotic use during the current 
COVID-19 pandemic poses a serious threat towards the exacerbation of global 
antimicrobial resistance (Ginsburg and Klugman 2020). To this end, this review 
discusses in detail the association between COVID-19 and secondary infections and 
the potential of phage therapy in treating COVID-19-related secondary infections, 
and lastly, addresses the safety concerns surrounding phage therapy. 

25.2 Severe Acute Respiratory Syndrome Coronavirus 
2 (SARS-CoV-2) 

25.2.1 Epidemiology 

The unprecedented outbreak of COVID-19 was first reported in December 2019 in 
Wuhan, the largest city in Central China (Cui et al. 2019; Coronaviridae Study 
Group of the International Committee on Taxonomy of Viruses 2020; Lai et al. 
2020). Subsequently in March 2020, the World Health Organization (WHO) 
acknowledged and declared the COVID-19 a pandemic (Eurosurveillance Editorial 
Team 2020). As of January 16, 2021, 93,844,190 confirmed cases of COVID-19 
have been reported, affecting 219 countries and territories, with death toll estimated 
to be approximately 2.0 million globally (Hopkins 2021; World Health Organization 
2020a, b; Worldometer 2021). Clinical evidence has proven that the mortality rates 
of COVID-19 are directly proportional to the increase in age, with the elderly and 
those with underlying health comorbidities shown to be more vulnerable to the 
disease (Hong et al. 2020; Lee et al. 2020; Xia et al. 2020; Geiss 2020). 

25.2.2 Clinical Feature of COVID-19 

Patients infected with SARS-CoV-2 may develop different clinical characteristics 
and severity of the disease, ranging from mild symptoms to chronic respiratory 
impairment. In humans, COVID-19 complications primarily cause regular 
symptomatical manifestations such as fever, fatigue (tiredness), myalgia, dyspnea, 
and dry cough, similar to common coronaviruses infections (Chen et al. 2020; Guan 
et al. 2020; Huang et al. 2020; Wang et al. 2020a). Meanwhile, the same studies also 
reported that the irregular symptoms included atypical sputum production, headache, 
hemoptysis, diarrhea, anorexia, sore throat, abdominal pain, chills, and nausea (Chen 
et al. 2020; Guan et al. 2020; Huang et al. 2020; Wang et al. 2020a). In most



common coronavirus infections, the signs of diseases appear after 14 days of viral 
incubation especially in the upper respiratory tract and gastrointestinal system 
(Dahiya et al. 2020; Samanta et al. 2020; Yang and Tu 2020; Zhong et al. 2020). 
Interestingly, the most recent clinical diagnosis of COVID-19 patients is a new onset 
of taste disorder (gustatory dysfunctions) including ageusia (complete loss), 
hypogeusia (partial loss), or dysgeusia (altered taste sensation) that compromises 
around 71% to 88.8% (Lechien et al. 2020; Lozada-Nur et al. 2020; Yan et al. 2020). 
Some patients develop a condition known as long COVID or post-acute COVID-19 
wherein COVID-19 symptoms continue for longer than usual after initially 
contracting the virus, with effects observed on different organs (Taquet et al. 2021). 
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25.2.3 COVID-19 Associated with Co/Secondary Bacterial Infections 

The co/secondary bacterial infection in COVID-19-infected patients may enhance 
the morbidity and mortality of viral infection, but yet, still poorly understood. 
Although it is unknown whether secondary infection contributes towards persistent 
and prolonged sequelae of post-acute COVID-19, it is evident that secondary 
bacterial infection is associated with worse outcomes in COVID-19 than influenza 
patients (Shafran et al. 2021; Nalbandian et al. 2021). In addition, steroids are often 
the preferred choice of treatment for COVID-19 patients with severe inflammatory 
response. Improper usage of steroids may also increase patient susceptibility to 
secondary bacterial or fungal infections (Perappadan 2021). 

Several recent reports have described the increase in antimicrobial-resistant of 
COVID-19 patients (Chowdhary et al. 2020; Hughes et al. 2020; Tiri et al. 2020; Li  
et al. 2020) which might be due to the overuse of the drugs during the pandemics 
(Rossato et al. 2020). Among the findings were two retrospective studies that 
revealed the incidence of patients colonized by Carbapenem-Resistant 
Enterobacteriaceae (CRE) escalated from 6.7% in 2019 to 50% in March—April 
2020, Carbapenem-Resistant A. baumanni and K. pneumoniae were 91.2% and 
75.5%, respectively, and Methicillin resistance of Staphylococcus aureus and 
Coagulase-negative staphylococci were 100% (Li et al. 2020; Tiri et al. 2020). 

Since the first outbreak in China, it was reported that around 15% of hospitalized 
COVID-19 patients in Wuhan had been clinically diagnosed with secondary bacte-
rial infections. A higher number of incidents were reported among the non-survivors 
compared to the survivors (50% vs. 1%) (Ruan et al. 2020). Bacterial co/secondary 
infections have been reported to be common among respiratory-related diseases. For 
instance, it was confirmed that up to 75% of patients diagnosed with Influenza virus 
infection also suffered from the bacterial co/secondary infection (Zambon 2001;  Gill  
et al. 2010; Weinberger et al. 2012). Through screening of COVID-19 patient 
samples, several species of bacteria were identified, including Enterobacter cloacae, 
Acinetobacter baumanni, Serratia marscecens, Streptococcus pneumoniae, etc., 
which have the potential to exuberate the clinical manifestation of symptoms and 
further lead to complications such as the development of bronchitis (Table 25.1) 
(Hughes et al. 2020; Tiri et al. 2020; Li et al. 2020; Rossato et al. 2020; Ruan et al.
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2020; Zambon 2001; Gill et al. 2010; Weinberger et al. 2012; Du et al. 2020; Garcia-
Vidal et al. 2020; Lansbury et al. 2020; Ramadan et al. 2020; Ripa et al. 2020). 
Despite the positive co/secondary infection findings, the threats and degree of 
coinfection in COVID-19 patients are heterogeneous across studies due to the 
demographic factor, the strategy of antimicrobial treatment, patients comorbidities, 
the efficiency of intervention’s management, differences between the healthcare 
system, and sensitivity of the bacterial culture methods (Chen et al. 2020; Guan 
et al. 2020; Huang et al. 2020; Wang et al. 2020a, b; Dahiya et al. 2020; Samanta 
et al. 2020; Yang and Tu 2020; Zhong et al. 2020; Lechien et al. 2020; Lozada-Nur 
et al. 2020; Yan et al. 2020; Taquet et al. 2021; Shafran et al. 2021; Nalbandian et al. 
2021; Perappadan 2021; Chowdhary et al. 2020; Hughes et al. 2020; Tiri et al. 2020; 
Li et al. 2020; Rossato et al. 2020; Ruan et al. 2020; Zambon 2001; Gill et al. 2010; 
Weinberger et al. 2012; Du et al. 2020; Garcia-Vidal et al. 2020; Lansbury et al. 
2020; Ramadan et al. 2020; Ripa et al. 2020; Arentz et al. 2020).
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25.2.4 COVID-19 Pneumonia: Severe Respiratory Illness 

COVID-19 is a pulmonary-related disease that conspicuously targets the respiratory 
tract and eventually causes inflammation in the lungs of an infected person. Gradu-
ally this phenomenon leads to fluid and pus deposition in the alveoli and represses 
the oxygen supply throughout the body. Later, this process develops into a poten-
tially fatal complication known as pneumonia (Manohar et al. 2020). A preceding 
virus of SARS-CoV-2 infection in patients will eventually impair the innate and 
adaptive antibacterial host defenses in order to exploit and compromise the immu-
nological barrier to cause severe viral pneumonia (Ginsburg and Klugman 2020; 
Santajit and Indrawattana 2016; Kortright et al. 2019; Cui et al. 2019; Coronaviridae 
Study Group of the International Committee on Taxonomy of Viruses 2020; Lai 
et al. 2020; Eurosurveillance Editorial Team 2020; Hopkins 2021; World Health 
Organization 2020a, b; Worldometer 2021; Hong et al. 2020; Lee et al. 2020; Xia 
et al. 2020; Geiss 2020; Chen et al. 2020; Guan et al. 2020; Huang et al. 2020; Wang 
et al. 2020a; Dahiya et al. 2020; Samanta et al. 2020; Yang and Tu 2020; Zhong et al. 
2020; Lechien et al. 2020; Lozada-Nur et al. 2020; Yan et al. 2020; Taquet et al. 
2021; Shafran et al. 2021; Nalbandian et al. 2021; Perappadan 2021; Chowdhary 
et al. 2020; Hughes et al. 2020; Tiri et al. 2020; Li et al. 2020; Rossato et al. 2020; 
Ruan et al. 2020; Zambon 2001; Gill et al. 2010; Weinberger et al. 2012; Du et al. 
2020; Garcia-Vidal et al. 2020; Lansbury et al. 2020; Ramadan et al. 2020; Ripa 
et al. 2020; Arentz et al. 2020; Wang et al. 2020b; Manohar et al. 2020; Richardson 
et al. 2020; Yang et al. 2020). Indeed, there are growing numbers of evidence 
indicating that hyper-inflammation plays a major role in COVID-19 disease progres-
sion and increases the severity and mortality of the disease (Afrin et al. 2020; 
Gustine and Jones 2020; Manson et al. 2020; Reddy et al. 2020). Notably, 
researchers have classified the medium of COVID-19—pneumonia infection into 
3 main sources that are community-acquired (CA), hospital-acquired (HA), and 
ventilator-associated pneumonia (VAP) (Garcia-Vidal et al. 2020; Lansbury et al.



2020; Ramadan et al. 2020; Ripa et al. 2020; Arentz et al. 2020; Wang et al. 2020b; 
Manohar et al. 2020; Richardson et al. 2020; Yang et al. 2020; Afrin et al. 2020; 
Gustine and Jones 2020; Manson et al. 2020; Reddy et al. 2020; Cilloniz et al. 2016; 
Dudoignon et al. 2020). According to a study conducted on 74 patients hospitalized 
with COVID-19, around 40.5% were reported with CA pneumonia, 25% with VA 
pneumonia, and 9% with HA pneumonia (Garcia-Vidal et al. 2020). Interestingly, 
several studies showed that the hospitalized COVID-19 patients had lower bacterial 
pneumonia infection compared to other respiratory diseases such as influenza H1N1 
or H3N2 (Garcia-Vidal et al. 2011; Martin-Loeches et al. 2017; Burrell et al. 2018; 
Schauwvlieghe et al. 2018). 
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The most common causative agents of secondary infections in patients with 
COVID-19 pneumonia are Staphylococcus aureus, Streptococcus pneumoniae, 
and Klebsiella pneumonia (Garcia-Vidal et al. 2020; Lansbury et al. 2020; Ramadan 
et al. 2020; Ripa et al. 2020; Arentz et al. 2020; Wang et al. 2020b; Manohar et al. 
2020). The pathophysiology of severe viral pneumonia is more likely to develop 
acute respiratory distress syndrome (ARDS) (Ranieri et al. 2012). Several studies 
indicated that critical patients with confirmed SARS-CoV-2 infection were vulnera-
ble to develop ARDS and received mechanical ventilation (Huang et al. 2020; Wang 
et al. 2020a, b; Dahiya et al. 2020; Samanta et al. 2020; Yang and Tu 2020; Zhong 
et al. 2020; Lechien et al. 2020; Lozada-Nur et al. 2020; Yan et al. 2020; Taquet et al. 
2021; Shafran et al. 2021; Nalbandian et al. 2021; Perappadan 2021; Chowdhary 
et al. 2020; Hughes et al. 2020; Tiri et al. 2020; Li et al. 2020; Rossato et al. 2020; 
Ruan et al. 2020; Zambon 2001; Gill et al. 2010; Weinberger et al. 2012; Du et al. 
2020; Garcia-Vidal et al. 2011, 2020; Lansbury et al. 2020; Ramadan et al. 
2020; Ripa et al. 2020; Arentz et al. 2020; Manohar et al. 2020; Richardson et al. 
2020; Yang et al. 2020; Afrin et al. 2020; Gustine and Jones 2020; Manson et al. 
2020; Reddy et al. 2020; Cilloniz et al. 2016; Dudoignon et al. 2020; Martin-
Loeches et al. 2017; Burrell et al. 2018; Schauwvlieghe et al. 2018; Ranieri et al. 
2012; Gibson et al. 2020). Regardless of the different features of a typical ARDS 
with COVID-19 pneumonia, both conditions contributed to a poor prognosis of 
infected individuals. In the early incident of COVID-19’s outbreak in China, Huang 
et al. confirmed that all 41 patients had pneumonia infection and 29% (12 of 41) of 
patients manifested ARDS, followed by other clinical complications (Huang et al. 
2020). Nevertheless, at the end of the study, 68% of patients were discharged, while 
15% of patients died. Another research was conducted in Washington state and the 
findings were in concordance with the previous study. Common symptoms were 
identified in all 21 patients; however, 15 patients had developed ADRS and required 
oxygen therapy. After all, only 9.5% of patients were discharged from the ICU, 24% 
remained critically ill, and 67% of patients died (Arentz et al. 2020). Because of the 
poor clinical outcomes of COVID-19 pneumonia, there is a growing number of 
studies and persistent efforts by the life sciences industry and professionals to reduce 
the burden of this life-threatening disease across the globe. The present and potential 
treatments especially the implementation of phage therapy to combat COVID-19 
pneumonia will be further appraised in the next section of this review.
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25.3 Phage Therapy in Treating Secondary Infections 

The consideration and testing of the potential of phages to achieve therapeutic 
success in treating bacterial infections has been ongoing for many years and is still 
being researched today. Their application has been tested against diverse human 
bacterial infections, including secondary infections which arose from various 
diseases including cystic fibrosis (CF), viral infections, cancer, gastrointestinal 
disorders, surgical wound infections, and more (Furfaro et al. 2018). In this section, 
we discuss some of the in vivo and clinical successes that have been reported for such 
studies and the potential for using bacteriophage therapy for COVID-19 secondary 
infections. Phage therapy in the past has been applied to secondary infections caused 
by osteoarthritis (arthritis in protective joints), wound infections, gastrointestinal 
infections, and more. Table 25.2 includes some examples of secondary infections 
that have been treated with phage therapy recently. 

25.3.1 Phage Therapy and Treatment of Pulmonary Infections 

The diversity of bacteria and infection sites may require different routes of adminis-
tration of bacteriophage therapy to be effective. Topical and intravenous phage 
therapy has shown potential and success for treatment of burn-mediated wounds 
and diabetic ulcers (Duplessis and Biswas 2020). Other clinical studies have chosen 
to administer phage therapy intravenously as it has proven to be the only route that 
efficiently targets the bacteria of interest. The therapeutic potential of bacteriophages 
in mouse models with acute pulmonary infection (Burkholderia cenocepacia) found 
that systemic phage administration was more effective in treating pulmonary infec-
tion in mice as compared to phage inhalational, which may suggest that phages in 
circulation (intravenous) have better access to bacteria in the lungs as compared to 
topical phages (inhaled) (Carmody et al. 2010). As phage therapy is regaining 
recognition, more research has been conducted in relation to deciphering the dynam-
ics of the therapy as little information or models are currently available for clinicians 
to follow when selecting phage dosages or administration methods, for patients. A 
recent study described the pharmacokinetics and pharmacodynamics of an 
antipseudomonal phage (øPEV20) in rats (Lin et al. 2020a). This study provided a 
technical model that is robust and can be recommended for usage in future preclini-
cal and clinical investigations (Lin et al. 2020a). Prior to clinical trials, in vitro and 
in vivo studies provide indicative results of the efficiency of bacteriophages against 
specific bacterial targets. Table 25.3 identifies some of the recently reported in vitro 
and in vivo studies that have specifically focused on bacterial species that cause lung 
infections and severe pneumonia. 

Recently in May 2019, a case study published reported the successful outcome of 
the adjunctive usage of bacteriophage therapy (using phage: AB-PA01, combination 
lytic phages produced by AmpliPhi Biosciences Cornoporation) to treat a severely ill 
cystic fibrosis patient. The patient, a 26-year-old female, was suffering from chronic 
multidrug-resistant Pseudomonas aeruginosa lung infection. Although she was
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administered multiple antibiotics over weeks of treatment, little to no improvement 
was initially seen. Later during her treatment, the hospital was given approval to test 
bacteriophage therapy along with antibiotics. The patient was reported to have a lack 
of adverse events and there was no recurrence of symptoms or infection within 
100 days following treatment, ultimately achieving full recovery (Law et al. 2019). 
The Food and Drug Administration (FDA) approves bacteriophage therapy on a 
case-to-case basis, such as the abovementioned case, therefore allowing for more 
opportunity for patients in severe conditions such as multidrug-resistant pneumonia 
to potentially recover (Voelker 2019).
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25.3.2 The Application of Bacteriophages for Their Potential 
Therapeutic Usage to Combat COVID-19 Secondary Infections 

Recently, many researchers have begun discussions to seriously consider the usage 
of bacteriophages for their application to combat COVID-19 using a variety of 
approaches. It was highlighted that the decrease of bacterial infection burden in 
patients suffering from secondary infections is ideal for the improvement of the 
immune system of COVID-19 patients, hence allowing for more potential for 
recovery (Wojewodzic 2020). In severe cases of COVID-19, secondary bacterial 
infections resulting in pneumonia are usually the most difficult consequences to 
overcome, which highly contributes to the mortality rates of patients (Manohar et al. 
2020). This is mainly due to the high amount of bacterial growth in the pulmonary 
region. To potentially combat this, some have suggested a combination of natural 
bacteriophages which have specificity to some of the bacterial species in the patient’s 
lungs to be coupled with the usage of antibiotics or other therapies for a more 
efficient recovery (Wojewodzic 2020; U.S National Library of Medicine 2020a). 
This treatment approach of phage therapy is currently being tested in a clinical trial 
(clinical trial identifier number: NCT04636554) as a form of personalized treatment 
for COVID-19 patients with bacterial coinfections of Acinetobacter baumannii, 
Pseudomonas aeruginosa, or Staphylococcus aureus (U.S National Library of 
Medicine 2020a). The feasibility of development, production, and administration 
of phage therapy for COVID-19 is not yet thoroughly established. This process 
requires the attention of researchers in the field for additional trials and experiments 
to be conducted to achieve better detailed workflows. In Fig. 25.1, we have given a 
generalized outline for the steps involved in using bacteriophages for COVID-19-
associated bacterial pneumonia. Although many factors are to be considered such as 
their safety and efficacy, it is indeed worth considering, as their potential has been 
made evident with past successful in vivo and clinical studies in other infections. It is 
especially important to highlight that in severe disease conditions, testing bacterio-
phage alongside other treatments may give patients a better chance at fighting the 
disease. We, the authors, would like to highlight that most of the bacteria causing 
secondary infections in COVID-19 patients reported (Table 25.1) have existing 
bacteriophages (such as SaGR51, KpJH46Φ2, PP1131, BFC-1) that may be consid-
ered for phage treatment of these patients. In addition, current clinical trials



involving the usage of bacteriophages to target pulmonary infections have been 
listed in Table 25.4. It is evident that the potential of bacteriophage therapy to target 
pulmonary infections has been seriously considered, and therefore, we recommend 
combining bacteriophage therapy alongside antibiotics and additional necessary 
medical aids or treatments (such as ventilators, antiviral drugs) to be applied to 
COVID-19 patients with severe pulmonary bacterial infections. Combining other 
therapies with bacteriophages may provide better improvement results as
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Personalized bacteriophage therapy for Covid-19 
pneumonia patients 
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3. Curation of specific phage 
therapy & Modes of delivery 

4. Observation of patient 
response & potential adverse 

effects

-   Screening for compatible
    bacteriophages

-   Isolating lytic phages from
    adequate sources

-   Pulmonary samples from
    pneumonia ill patient

-   Identification of bacterial
    profile specific to patient

-   Identification of antibiotic
    resistant bacteria in sample

-   Purification following
    standard manufacturing
    practices

-   Confirming no traces of
    contaminants remain

-   Delivery mode options include
    intravenous injection and inhalation
    through ventilators

-   Adverse effects are to be identified as
    best as possible and thoroughly
    reported

-   BT should be accompanied by additional
    therapies for enhanced recovery
    chances

-   Patient stability should be monitored
    regularly

-   Once bacterial susceptibility is
    confirmed, and specific bacteriophages
    are purified, the “drug” can be
    developed as a personalized cure for the
    patient that should correctly target the
    bacterial infection 

2. Patient sample 
screening 

Fig. 25.1 Illustration of the suggested generalized workflow for the development, screening, 
therapy, and evaluation of personalized bacteriophage therapy for Covid-19 pneumonia patients
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bacteriophage therapy alone may not be enough to provide significant improvement 
in severely ill patients.
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25.4 Phage Therapy Safety Parameters 

Phage therapy is generally regarded as safe, as it does not directly affect eukaryotic 
cells, poses low inherent toxicity, has a narrower potential for inducing resistance 
when compared to antibiotic therapy, and results in minimal disruption of normal 
flora owing to their host specificity (Loc-Carrillo and Abedon 2011; Hyman 2019). 
Phages are able to evade bacterial defenses in a few ways as to ensure phage 
propagation (Samson et al. 2013). Some of these mechanisms include modifying 
their receptor-binding protein to absorb evolving bacterial populations and 
possessing degrading enzymes that can hydrolyze capsular polysaccharides of 
bacterial receptors (Samson et al. 2013). Immune response to phage therapy, how-
ever, is a major concern. It is important to highlight that phage particles contain a 
protein envelope which encapsulates its nucleic acids, which may be immunogenic 
and may lead to hypersensitivity reactions, such as anaphylaxis (Hargreaves and 
Clokie 2014). Clinical studies are, however, continuously evaluating the changes of 
inflammatory cytokines in response to phage therapy. A study by Dufour et al. 2019, 
examined the impact of specific phage therapy on murine acute pneumonia and 
found that the treatment was not associated with over inflammation, rather resulted 
in lower inflammation, provided faster correction of blood cell count and showed a 
more desired effect as compared to antibiotics (Dufour et al. 2019). In addition, 
phage-triggered production of antiphage antibodies by B lymphocytes has been 
reported to result in phage inactivation, thus hindering clinical therapeutic success 
(Van Belleghem et al. 2018). This issue can be addressed through careful selection of 
phage type, formulation, and dosage as well as through collation and analysis of 
results obtained from elaborate phage therapy clinical trials. Conjugation of phage 
particles with polyethylene glycol (PEG) has also successfully shown to reduce 
phage immunogenicity, thus protecting phages from neutralization by the host 
immune defense mechanisms, consequently increasing its half-life in circulation 
(Kim et al. 2008; Singla et al. 2016; Malik et al. 2017). Furthermore, it is highly 
recommended that phage preparations undergo a series of purification steps prior to 
its therapeutic application, for the removal of host bacterial components such as 
endotoxins produced by Gram negative bacteria, which may lead to critical side 
effects in the patient (Szermer-Olearnik and Boratyński 2015). More recently, spray 
drying phage formulation has turned out to be an attractive technique adopted to 
enhance phage stability, prolong shelf-life, and provide ease of handling (Zhang 
et al. 2020). In addition, according to a study by Puapermpoonsiri et al., encapsula-
tion of dried phage formulations by biodegradable polymers and subsequent 
processing into microspheres, which could be nebulized further, allows for con-
trolled release of phages, thereby improving therapeutic efficacy and minimizing 
host immunogenic responses (Puapermpoonsiri et al. 2009).
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Induction of immune response by phages, however, has also been reported to be a 
key factor in determining the effectiveness of phage therapy (Hodyra-Stefaniak et al. 
2015; Roach et al. 2017). Recognition of phage nucleic acids as pathogen-associated 
molecular patterns (PAMPs) by pattern recognition receptors (PRR) triggers the 
recruitment of phagocytes to the site of infection (Carroll-Portillo and Lin 2019). 
Adsorption of phage onto bacterial surface subsequently allows for ease of infection-
site recognition by the immune system, thus eliciting a phenomenon known as 
immunophage synergy wherein phagocytes aid the phage activity in bacterial clear-
ance through phagocytosis (Roach et al. 2017; Carroll-Portillo and Lin 2019; 
Kurzępa et al. 2009). According to a study by Roach et al., the synergy between 
the host immune system and the bacteriophage is essential for successful phage 
therapy against an acute respiratory pathogen (Roach et al. 2017). A side effect of 
phagocytosis is the production of reactive oxygen species (ROS). However, phages 
have been documented to indirectly inhibit ROS production via unknown phage-
bacteria interactions, which attributes to the reduction in the oxidative stress and 
tissue damage, that is otherwise caused by ROS (Jończyk-Matysiak et al. 2017). 

Multiple studies have reported that phages exert strong anti-inflammatory effects 
as a result of their interaction with the immune system (Van Belleghem et al. 2018; 
Kim et al. 2008; Singla et al. 2016; Malik et al. 2017; Szermer-Olearnik and 
Boratyński 2015; Zhang et al. 2020; Puapermpoonsiri et al. 2009; Hodyra-Stefaniak 
et al. 2015; Roach et al. 2017; Carroll-Portillo and Lin 2019; Kurzępa et al. 2009; 
Jończyk-Matysiak et al. 2017; Górski et al. 2017, 2019a; Sausset et al. 2020). 
Neutrophil degranulation is an immune response exerted in response to certain 
viral infections. Borysowski et al. reported that purified staphylococcal phage did 
not trigger neutrophil degranulation in vitro (Borysowski et al. 2017). Consequently, 
no toxic inflammatory mediators were released from neutrophils. Furthermore, 
Pabary et al. demonstrated that when phages were injected to mice with Pseudomo-
nas aeruginosa lung infection, a reduction in inflammatory cytokine, neutrophil 
levels, and bacterial count in bronchoalveolar fluid was observed, indicating that 
phages do not aggravate inflammation (Pabary et al. 2016). Tothova et al. further 
added that phage therapy in a Cronobacter urinary tract infection model diminished 
the production of pro-inflammatory cytokines (Tothova et al. 2011). Multiple studies 
have shown evidence suggesting that the severity of COVID-19 is associated with 
increased levels of pro-inflammatory cytokines (Khadke et al. 2020; Mustafa et al. 
2020; Ragab et al. 2020;  Ye  et  al.  2020). Immune factors known to be activated in 
response to bacterial infections G-CSF and IFN- γ were both reported to be elevated 
in Covid-19 patient samples (Huang et al. 2020; Wang et al. 2020a, b; Dahiya et al. 
2020; Samanta et al. 2020; Yang and Tu 2020; Zhong et al. 2020; Lechien et al. 
2020; Lozada-Nur et al. 2020; Yan et al. 2020; Taquet et al. 2021; Shafran et al. 
2021; Nalbandian et al. 2021; Perappadan 2021; Chowdhary et al. 2020; Hughes 
et al. 2020; Tiri et al. 2020; Li et al. 2020; Rossato et al. 2020; Ruan et al. 2020; 
Zambon 2001; Gill et al. 2010; Weinberger et al. 2012; Du et al. 2020; Garcia-Vidal 
et al. 2011, 2020; Lansbury et al. 2020; Ramadan et al. 2020; Ripa et al. 2020; Arentz 
et al. 2020; Manohar et al. 2020; Richardson et al. 2020; Yang et al. 2020; Afrin et al. 
2020; Gustine and Jones 2020; Manson et al. 2020; Reddy et al. 2020; Cilloniz et al.



2016; Dudoignon et al. 2020; Martin-Loeches et al. 2017; Burrell et al. 2018; 
Schauwvlieghe et al. 2018; Ranieri et al. 2012; Gibson et al. 2020; Furfaro et al. 
2018; Duplessis and Biswas 2020; Carmody et al. 2010; Lin et al. 2020a; Law et al. 
2019; Voelker 2019; Wojewodzic 2020; U.S National Library of Medicine 2020a; 
Loc-Carrillo and Abedon 2011; Hyman 2019; Samson et al. 2013; Hargreaves and 
Clokie 2014; Dufour et al. 2019; Van Belleghem et al. 2018; Kim et al. 2008; Singla 
et al. 2016; Malik et al. 2017; Szermer-Olearnik and Boratyński 2015; Zhang et al. 
2020; Puapermpoonsiri et al. 2009; Hodyra-Stefaniak et al. 2015; Roach et al. 2017; 
Carroll-Portillo and Lin 2019; Kurzępa et al. 2009; Jończyk-Matysiak et al. 2017; 
Górski et al. 2017, 2019a; Sausset et al. 2020; Borysowski et al. 2017; Pabary et al. 
2016; Tothova et al. 2011; Khadke et al. 2020; Mustafa et al. 2020; Ragab et al. 
2020; Ye et al. 2020; Costela-Ruiz et al. 2020). The suppression of pro-inflammatory 
cytokines through the use of phage therapy for the treatment of COVID-19-
associated secondary infections may potentially aid in improving patient recovery 
time. The interferon landscape across the respiratory tracts of COVID-19 patients is 
complex, with IFN-I and IFN-III exhibiting varying expression levels during early 
and late infection stages. In the lower respiratory tract, it seems that IFN-III gets 
overexpressed, while in the upper respiratory tract IFN-1 gets overexpressed in more 
severe cases (Sposito et al. 2021). The interferon signaling, evasion, and application 
in COVID-19 are adequately described by Park and Iwasaki (Park and Iwasaki 
2020). An in vitro study of mice fed with oral bacteriophage T7 observed very 
minimal changes in serum IFN- γ and other inflammatory cytokines (Park et al. 
2014). This study, however, did not specifically test for IFN-I and IFN-III. Further 
studies examining potential variations in IFN-I and IFN-III could provide greater 
insight into the potential application of bacteriophages for severe COVID-19 
therapy. 
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25.5 Current Stance on Phage Therapy 

The adaptability of phage therapy is reflected in the various strategies that have been 
employed in various case studies and clinical trials, as illustrated in Fig. 25.2 (Pires 
et al. 2016; Reuter and Kruger 2020; Wei et al. 2020). According to a study by Gu 
Liu et al., phage-antibiotic synergy can resuscitate an ineffective antibiotic for 
previously resistant bacteria as well as lower the minimum inhibitory concentration 
of antibiotic required to inhibit the growth of a given bacterial strain (Gu Liu et al. 
2020). Phages can also be genetically engineered to improve therapeutic efficacy. 
For instance, the modification of tail fibers and base plates of phages allows for the 
formulation of a more uniform group of phages that have a shifted or broadened host 
range. Mahichi et al. transferred long tail fiber genes of E. coli phage IP008 with a 
broader host range to phage T2 of high lytic activity but narrower host range, thus 
resulting in a chimeric phage with a broader host range and higher virulence 
(Mahichi et al. 2009). Furthermore, Ando et al. demonstrated that modifying collar 
genes of phages facilitates its adsorption to host bacteria and alters its host specificity 
(Ando et al. 2015). Lastly, the discovery of phage-derived antimicrobials, such as



endolysins, could also potentially replace or augment antibiotics in treating bacterial 
infections (Cooper et al. 2018). 
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Fig. 25.2 A simplified schematic representation of the various therapeutic strategies of phages 
used in case studies and clinical trials so far 

Although phage therapy has been used for over a decade and has substantially 
gained momentum over the years, there are no strict regulatory guidelines 
established governing the use of phages for the treatment of bacterial infections in 
humans. At present, the regulatory framework surrounding the use of phage therapy 
in humans varies across different countries, with most countries suggesting compas-
sionate use (Brives and Pourraz 2020). For instance, the Food and Drug Adminis-
tration in the United States allows the application of phage therapy to critically ill 
patients, following the emergency investigational new drug pathway (Górski et al. 
2019b). On the other hand, the regulatory framework for phage therapy in Belgium 
is more flexible, which allows the preparation of personalized phage formulations at 
a pharmacy as per physician’s prescription (Pirnay et al. 2018). The current regu-
latory framework for industrial drug development and medical products is not well 
suited for phage-based therapeutics, owing to its live nature (Fauconnier 2017; 
Sharma et al. 2017; Bretaudeau et al. 2020). The legal framework requires extensive 
modifications and further investigations as to whether phage therapy medical 
products require a marketing authorization. Lack of accepted regulations and a 
proper framework for the development and marketing of phage-based therapeutics 
impedes pharmaceutical companies from investing into the business (Cooper et al. 
2016). Therefore, it is strongly recommended that strict international regulatory 
guidelines/recommendations for the development, marketing, and usage of phage-
based therapeutics be established in order to increase user acceptance, improve



public awareness, and allow for more standardized data collection on the efficacy of 
phage therapy. 
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25.6 Conclusion 

Severity of the COVID-19 disease is partially due to secondary bacterial infections 
that manifest after the primary pathogen infection. As most research is focused on 
prevention of SARS-CoV-2 infection or drug development to reduce disease sever-
ity, it is important to highlight that reducing the severity of secondary infections 
experienced by most COVID-19 patients may potentially improve their recovery as 
seen in other hospital case studies who applied bacteriophage therapy to severely 
affected patients of other diseases. Bacteriophages may reduce the amount of 
immunogenic bacteria in an infection, thus reducing the burden of the disease 
experienced by the patient. Novel and already available bacteriophages are relatively 
easy to isolate and develop for therapeutic purposes. They can be highly specific to  
their bacterial targets which could significantly reduce the potential of adverse 
effects experienced by patients. In a time where therapy is in desperate demand, 
bacteriophage therapy deserves a wider chance of consideration, especially for 
severely ill patients with bacterial coinfections who may have no other option for 
therapy. 
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Abstract 

The human race has been seeking ways to protect themselves in order to prevent 
the emergence of deadly diseases from centuries. As it is known, the practice of 
inoculation for the prevention of disease is of considerable antiquity. A vaccina-
tion is a substance that is given to a person to boost the immune system. It can be 
administered through various routes to prevent and to protect the community 
from contracting an infectious disease. Microorganisms are closely related to 
vaccination. To get employed in vaccinations, the disease-causing bacteria are 
either attenuated or heated/chemically treated. The genetic makeup of the 
microorganisms used in DNA vaccine production is also crucial. Additionally, 
in order to boost immune response and memory against the disease-causing 
pathogen, microorganisms are also utilized as vaccine vectors. As part of this 
chapter, microbes are discussed as they are used for the development of the first 
generation of vaccines to the current generation of DNA and mRNA vaccines. 
Also discussed are the subunit and conjugate vaccines made from 
microorganisms. 
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26.1 Introduction 

26.1.1 Background 

The human race has been seeking ways to protect themselves in order to prevent the 
emergence of deadly diseases from centuries. As it is known, the practice of 
inoculation for the prevention of disease is of considerable antiquity. Immunization 
has a long history, beginning with experiments and from taking risks to the global 
roll-out of a vaccine in the midst of a pandemic which was unprecedented (Riedel 
2005). In spite of the fact that vaccine production can take a long time, it isn’t 
difficult to produce them. However, the process of vaccine production requires 
extensive testing so as to ensure that there are no unintended consequences from 
newer ones. Therefore, technical, ethical, and regulatory hurdles must be overcome 
before vaccines can be produced and rolled out to the general population at global 
level (Robinson 2016). 

26.1.2 History of Vaccine 

A history of efforts to induce immunity to smallpox dates back to the fifteenth 
century, when smallpox crusts were inhaled or inserted into small cuts by both 
Chinese and Turks; what is called as “Variolation” (Miller 2018). After these crude 
attempts, Lady Mary Wortley Montagu was the first to encourage further immuni-
zation experiments since 1718, and Edward Jenner’s experiments with cowpox to 
stimulate immunity against smallpox were far more notable than these earlier 
experiments (Clem 2011). 

The new understanding of disease and immunity offered by Pasteur went beyond 
attenuating or weakening microbes to enhancing the ability of the immune system to 
prevent the disease itself without causing it. 

This balance must be taken into account in determining the efficacy of a live 
vaccine. The first laboratory-developed vaccination against the bacterial disease 
chicken cholera was created by Louis Pasteur in 1879 (Pasteur 1881). Based on 
Robert Koch’s (1843–1910) pivotal 1876 proof of the causal agent for anthrax, he 
created a vaccination for veterinary anthrax in 1881. In 1885, Pasteur created the first 
therapeutic vaccination to stop postexposure disease in addition to the rabies vac-
cine. Scientists concentrated their efforts on isolating diseases and creating 
vaccinations against them after Pasteur’s achievements (Witebsky 1967). 

26.2 Definition 

When exposed to a pathogen later, a vaccination can be used to safely elicit an 
immune response that gives protection against primary infection or disease. A 
vaccination increases immunity by preventing the onset of an infectious disease in 
a person. Immune responses are sparked by vaccinations by weak or dormant



components of a particular organism known as antigen (Siegrist and Lambert 2016). 
Clinical trials that link immune responses to the vaccine’s antigen to clinical end 
points determine the degree of protection that a vaccination confers (such as the 
prevention of infections, a reduction in disease severity, or a reduction in hospitali-
zation). Finding an immune response that is correlated with protection helps speed 
up the development and availability of novel vaccines. 
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26.2.1 The Concept of Modern Vaccines 

Modern vaccines contain either the blueprint for making antigen or the whole 
antigen itself. This weakened version will not cause the disease in a person receiving 
the vaccine, but rather will cause their immune system to respond to the pathogen 
even if exposed to it, for the first time (Gomez et al. 2013). There are various ways of 
using microbes in vaccines either to make vaccines, sometimes as carrier of impor-
tant genes or antigens (World Health Organization 2022a). Genetic material from 
microorganisms is also used for the generation of DNA vaccines. In addition, 
microorganisms are also used as vectors for vaccination in order to increase the 
immune response and memory against disease-causing pathogens (Centers for 
Disease Control and Prevention 2012). 

26.3 Role of Microbes in Manufacture of Vaccines 

The Global Alliance for Vaccines and Vaccination (GAVI), whose goal is to 
increase access to immunization in developing nations, has made significant strides 
in improving access to and uptake of vaccines in the developing world over the past 
10 years. Through GAVI, 72 nations are collaborating to provide, manage, and 
effectively cover everyone under various global vaccination schemes, increase the 
funding of health systems, and achieve full immunization coverage with conven-
tional vaccines (WHO Global Health Workforce Alliance 2020). 

26.3.1 Immune Response and Microbes 

To induce an immune reaction, an antigen is required. This step includes the 
generation of the pathogen itself for subsequent inactivation or isolation of a subunit 
or generation of a recombinant protein derived from the pathogen. On the other 
hand, viruses are grown on cells, primary cells like chicken fibroblasts, or on 
continuous cell lines such as MRC-5. The bacterial pathogens are grown in 
bioreactors to maximize the antigen yield while maintaining the integrity of the 
antigen. The recombinant proteins can also be manufactured in bacteria, yeast, or 
cell culture. It’s also necessary to protect the seed cultures, cell lines, and bacterial 
cultures used for viral production (Casto and Brunell 1991).
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26.3.2 Steps in the Manufacturing of Vaccines 

The first step in manufacturing of vaccine is that a “master cell bank” (MCB) must be 
established, which is a collection of viable cells that will form the basis of all future 
production. In addition to its high performance, it is free of adventitious agents. A 
working cell bank is prepared from this bank and then used as the routine culture for 
future production lots. An alteration in the vaccine’s seed can be as challenging as 
developing a new product. The next step is to release the antigen from the substrate 
and finally purification of the antigen is done through column chromatography and 
ultrafiltration in case of recombinant vaccines; however, in case of inactivated 
vaccines, the virus can simply be inactivated and no further purification is required. 
Lastly, adjuvants are added to enhance the immune response in order to preserve and 
stabilize so as to prolong the vaccine shelf-life before delivering it (European 
Medicines Agency 2022). 

26.4 Role of Microbes in Vaccine Development 

The vaccines not only protect the individual, but also provide herd immunity 
(Giubilini 2020). As part of its 2017 Annual Review of diseases prioritized under 
the Research and Development Blueprint, the World Health Organization has 
identified the top seven priority pathogens. In addition to Crimean-Congo hemor-
rhagic fever viruses (CCHFV), Middle East respiratory syndrome coronaviruses 
(MERS-CoV), severe acute respiratory syndrome coronaviruses (SARS-CoV), 
Ebola and Marburg viruses (EBOV), Rift Valley fever viruses (RVFV), and Nipah 
viruses (NiV), these diseases can trigger outbreaks and even pandemics. So, to avoid 
an uncontrollable pandemic in the near future, scientists have been developing 
vaccines against Chikungunya virus and Zika virus which are also among these 
priority pathogens (Mehand et al. 2018). 

The importance of microbes in developing vaccines has not decreased over 
centuries despite changes in the process of vaccine development. There are many 
ways in which microbes can be used to develop effective vaccines (Khan et al. 
2022). Vaccines can be classified into several broad categories, which are briefly 
described below, depending on the principle of vaccine development. 

26.5 Classification of Vaccines 

26.5.1 Live Attenuated Vaccines 

The concept of vaccination likely came from a practice known as variolation, in 
which people were given little doses of poison or toxins to render them immune to 
the harmful consequences of disease (Boylston 2012). Edward Jenner tested a 
similar idea by injecting animal pox virus into human beings to prevent small pox 
in people. He then proposed the idea that a substance that is harmful to animals but



not to humans could nonetheless cause important immunological reactions (Plotkin 
2014). Following the eradication of small pox in 1980, the vaccinia vaccine was 
among the most effective vaccinations. According to the World Health Organization, 
another grave human illness of the time, poliomyelitis, has also been all but 
eradicated worldwide, thanks to Albert Sabin’s live attenuated vaccine (WHO) 
(Minor 2012). This live attenuated tuberculosis vaccine is made from an attenuated 
strain of tuberculosis called (Bacillus Calmette-Guerin) BCG, which is an avirulent 
strain that triggers an immune response sufficient to protect against tuberculosis in 
contrast to the contagious strain of Mycobacterium tuberculosis (Tangy and Naim 
2005). Vaccines with attenuated properties have shown significant advantages over 
vaccines with killed components (Luca and Mihaescu 2013). Although attenuated 
vaccines have been shown to be quite effective, there are many problems with their 
efficacy. Since the attenuated version of the virus can change into a pathogenic form, 
risking the lives of those who received the vaccination, a live attenuated vaccine 
necessitates considerable knowledge of the pathophysiology of the virus 
(Pennington et al. 2016). The appearance of paralytic polio in kids who had received 
oral polio vaccinations is a well-known illustration of virulence reversal (OPV). A 
Stalk inactivated polio vaccine (IPV) was taken into consideration for the treatment 
of polio when virulence reappeared with changes in the attenuated strains (Galen 
et al. 2016). Additionally, after injection, certain live vaccinations show either brief 
immunity durability or partial immunity. 
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26.5.2 Killed Vaccines 

Another popular method of vaccination is the use of killed vaccines that require 
microbes which are metabolically active. In this, the microbes are rendered 
inactivated by genetic engineering, but they can still elicit immune responses in 
humans despite being incapable of growth and pathogenesis. The advantage of killed 
vaccines is that there is no possibility of reversing the virulence as these microbes are 
modified to introduce an absolute block on the DNA replication, which eliminates 
the possibility of growth and pathogenesis. Thus, killed vaccines provide an advan-
tage over the live vaccines (Baicus 2012). An example of killed vaccine is the 
cholera vaccine with presence or absence of the B subunit of the cholera toxin, 
which can be administered as an oral vaccine. Formalin-inactivated whole-cell 
pertussis vaccine is another example of a killed vaccine (Dubensky et al. 2012). 

26.5.3 Purified Proteins and Polysaccharides Vaccines 

Without introducing the actual organism, these vaccines produce enough immuno-
genicity. The host immune system’s primary site of recognition for most of these 
vaccinations is the polysaccharide capsule that surrounds them. It was shown that the 
polysaccharide capsule component of the first polysaccharide vaccine for meningo-
coccus induced a significant degree of immunological response without triggering



pathogenesis (Holmgren et al. 1992). Several other polysaccharide vaccines, includ-
ing those for typhoid, pneumococcus, and influenza, were introduced based on the 
same principles (Reckseidler-Zenteno et al. 2010). Without exposing the body to the 
actual pathogen, these vaccinations induce enough immunogenicity. The majority of 
these vaccinations are included in polysaccharide capsules, which act as the main 
immune system of the host recognition site. A B cell-mediated immune response is 
the basis of how the polysaccharide vaccine functions. Schneerson and associates 
created a novel immunization strategy for Haemophilus influenzae in 1980. They 
enhanced the immunogenicity and efficacy of the vaccine component by conjugating 
the polysaccharide capsule to a protein subunit. Later, scientists exploited this 
concept to create more potent meningococcal and pneumococcal vaccinations for 
all age groups. 
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Additionally, vaccines made of proteins can produce toxic substances. It is a toxin 
that has been rendered inactive and boosts immune responses, but has no toxicity 
(Schneerson et al. 1980). For instance, poisons are rendered inactive, while yet 
maintaining their capacity to stimulate the formation of antibodies against them in 
order to create toxoid vaccines. The most popular and effective immunization up to 
this point has been the tetanus toxoid shot. In recent years, protein-based vaccines 
against a range of diseases have grown in popularity (Kumar et al. 2022). As an 
illustration, an acellular pertussis vaccine uses microbe-specific proteins that might 
trigger an immune response. After the influenza virus was artificially produced and 
digested to remove the essential protein components, a similar method was 
employed to separate the main immunogens from it (Sato and Sato 1999). 

26.5.4 Genetically Modified Vaccines 

These vaccines entail genetically altering pathogens as well as altering other species’ 
pathogen recognition antigens (PRA) in order to administer the vaccination to the 
host body without affecting the pathogen. The DNA sequence for the pathogen’s 
surface antigen was inserted into a yeast cell to produce many copies of the antigen, 
which elicit an appropriate immune response in the host body. This procedure was 
used to create the first effectively genetically designed vaccination against hepatitis 
B (Cate et al. 1977). Other examples of genetically engineered vaccinations are 
meningococcal protein vaccines, cholera vaccines, human papillomavirus (HPV) 
quadrivalent or bivalent for females in the reproductive age group, and vaccines 
against Lyme disease (Valenzuela et al. 1982). 

26.5.5 Viral Vectored Vaccines 

Another type of vaccination known as vectorized vaccines has been created with the 
recent introduction of genetic engineering in the manufacture of vaccines. These 
vaccines result in the production of a carrier virus that carries a particular gene from 
the target pathogen, such as an adenovirus or poxvirus. Although these carriers are



not pathogenic, they can express a significant number of interesting genes. Once 
these vectors have begun to express the inserted genes, a T cell response 
and protective immunity are produced in response to these antigens (Germanier 
and Füer 1975). Adenovirus-based vaccines are created by manipulating the E1A 
and E1B area of the virus’ genetic code. However, because adenoviruses are innate, 
the host cells must be coaxed into expressing adenoviral receptors on their surfaces 
in order for the immune system to identify them (Ramezanpour et al. 2016). Due to 
their capacity to maintain physical and genetic integrity while avoiding integration 
into the host genome, nonreplicating adenovirus vectors (AdV) were used to create 
vaccines in the wake of the Covid pandemic. A recombinant, nonreplicating viral 
vector vaccine called ChAdOx1 nCoV-19 was created utilizing a chimpanzee 
adenovirus-encapsulated plasmid vector and expressed the S protein. Because the 
gene that causes the virion to assemble has been removed, making it safer for the 
host cell, these modified adenoviruses cannot reproduce in humans. The Covid 
vaccines are produced by AstraZeneca and Janssen/Johnson & Johnson using viral 
vector systems. Following that, a number of studies are currently concentrating on 
the creation of viral vector vaccines against various diseases like Ebola, Zika, and 
HIV. Viral vectors have been investigated for gene therapy, cancer treatment, and 
molecular biology studies in addition to their usage in vaccinations (Capasso et al. 
2014). 
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26.6 Development of the mRNA Vaccines 

As a general rule, vaccine development takes approximately 15 years for clinical 
trials to be approved through sequential procedures. Despite this, the fastest vaccine 
developed so far was for mumps in the 1960s, which took approximately 4 years to 
develop. As a result of reverse vaccinology, vaccine development for recent pan-
demic has sped up. By saving millions of lives in Covid-19, this technique has 
proven beneficial for mankind (World Health Organization 2022b). The mRNA 
class of vaccines is capable to imitate the antigen structure and therefore does not 
pose a risk of infection or insertional mutagenesis. The mRNA can also elude the 
anti-vector immunity after repeated vaccinations (Cohen 2020). MRNA vaccine 
delivery methods are crucial as these molecules must penetrate lipid membranes, 
localize in the cytoplasm, and trigger translation-to-transcription processes. The 
manufacturer of the BNT162b2 vaccine, Pfizer, uses lipid nanoparticles (LNP) to 
encapsulate mRNA in the vaccine, which has been shown to effectively deliver 
mRNA in vivo and protect it from degradation by nucleases (Padda and Parmar 
2022). 

Almost 2 years after the discovery of SARS-CoV-2, rapidly advancing technol-
ogy has made it possible to produce a COVID-19 vaccine. Vaccines for COVID-19 
are being developed at a rate unprecedented in history, some using platforms never 
used in humans before this pandemic. As a matter of concern, a number of new 
variants have arisen despite the rapid production and distribution of vaccines to all



corners of the world, with threats that vaccines might fail to provide the population 
with effective immunity against these variants (Rijkers et al. 2021). 
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Outbreaks like influenza A, Zika virus, severe acute respiratory syndrome 
(SARS), dengue fever, etc. are a major threat to humankind. Among the parasitic 
diseases, malaria is also a global threat that requires immediate effective vaccines 
(Karanja and Kiboi 2016). With the advent of new technologies, the time will soon 
come when vaccines will be used against vector-borne diseases also (Weaver et al. 
2018). 

26.7 Recent Advances 

Worldwide, extensive research is being done to improve the current and develop 
innovative vaccine production techniques. The use of modified vectorized vaccines, 
which are currently the subject of intensive research, is one of the potential 
strategies. Since there are many different viral vectors available today, scientists 
have also been able to learn a lot about how to manipulate them and how they work 
as immunogens. The benefit of viral vectors is the confirmation and accurate 
expression of the target antigen within the host, the capacity to imitate the 
infection-related conditions that naturally occurred, and the induction of both cellu-
lar and humoral immunity against this target antigen (Rauch et al. 2018). 

The creation of DNA or RNA that encodes for an antigen is another novel vaccine 
development process. These nucleic acid sequences are taken up by the host cell, 
which then expresses these antigens on the cell surface, making them simple prey for 
cellular and humoral immune responses. However, when given using these tradi-
tional ways, DNA vaccines are less immunogenic. The desired antigen may only 
then be translated from RNA by means of DNA transcription. The RNA vaccine, on 
the other hand, can function effectively after crossing the plasma membrane because 
the endoplasmic reticulum may utilize it to create the necessary protein. It is clear 
that using various microorganisms in the manufacturing of vaccines has a direct 
impact on how those vaccines are produced (Leitner et al. 1999). 

26.8 Conclusion 

A known pathogen can unexpectedly harm all of humanity due to a very small 
mutation, making changes and improvements in this field of medicine of utmost 
importance in light of the emerging and impending pandemic threats from known or 
unknown pathogens. The development of vaccines is without a doubt one of the 
most significant advances in medical science. Therefore, it is crucial that vaccines be 
used as effectively as possible during outbreaks. Further research on the bacteria is 
necessary to rule out any potential negative long-term impacts on the host organism. 
It must be made sure that these bacteria are never permitted to initiate pathogenesis 
on their own or to affect the person’s innate immunity. It is crucial to realize that 
using microbes in the production of vaccines will help people fight future outbreaks



and pandemics more effectively, along with ongoing research and future 
developments in this area. 
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Abstract 

The creation of sustainable environment has revolutionized the world in the past 
two decades. The area of biomineralization sector has also grown to provide 
promising results as a potential environment eco-friendly process to produce. 
Microbial-Induced Calcite Precipitation played a major role in promotion of 
biomineralization, and many patents have been generated in the past few years. 
Even now studies related to optimization, economic, and eco-friendly perspective 
are carried out and compared with other sustainable techniques to tackle environ-
mental pollutants. In this chapter, MICP-based bio-cement has been focused as an 
alternative of cement produced using non-renewable sources. The pros of using 
bio-cement against cement have been discussed along with impact on conven-
tional cement market. Lastly, different stages of bio-cement production using 
MICP process have been discussed to provide a step forward in sustainability. 
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27.1 Introduction 

Cement is the primary material used in construction, providing mechanical 
properties such as compressive strength to buildings (Mukherjee et al. 2019). But 
along with the benefits, there are some disadvantages. Cement production requires 
high-temperature conditions maintained by burning fossil fuels and other materials 
leading to the release of gasses and chemicals in the environment that cause 
pollution. Nitrogen oxides, sulphur dioxide, carbon monoxide, ammonia, mercury, 
HCL, hydrogen fluoride, etc. are the primary pollutants of cement production 
(Mishra et al. 2022). Cement manufacturing consumes between 15% and 8% of 
the energy utilized in the cement industry and accounts for 5% to 8% of anthropo-
genic CO2 emissions (Martuscelli et al. 2020). Higher demand for cement has 
generated new ideas, such as calcite precipitation using microbes. Microorganisms 
like bacteria, algae, and fungi are exploited in microbially induced calcite 
precipitation. 

MICP is also used for increasing soil adhering, which can be done using chemical 
treatments, e.g. chemical grouting, which has harmful effects on the environment, so 
MICP can be an alternative and sustainable approach towards soil adhering using 
microorganisms (Sharma et al. 2021), e.g. a new method called MICP, which plugs 
concrete’s pores with bacteria, algae, and fungi, extends the life of concrete 
structures by enhancing their mechanical qualities (Kaur et al. 2021). Different 
ways, like using photosynthetic microbes, can produce bio-cement. The second 
method uses sulphate-reducing microbes, and the third method uses urease-positive 
(Seifan et al. 2016), which utilizes CO2, while calcite precipitation gives a sustain-
able approach. 

Since it doesn’t produce CO2 during production, bio-cement offers a more 
environmentally friendly alternative to regular cement. The CO2 is used up in the 
mineralization of calcium carbonate (CaCO3) when the metabolic conversion of 
calcium salts creates it. Additionally, these minerals can increase the strength and 
longevity of cementitious materials. Research on the microbiological precipitation of 
CaCO3 by urea hydrolysis has been conducted with applications in soils to develop 
novel building materials and fill concrete cracks. Due to its environmental benefit, it 
has proven superior to many older methods (Martuscelli et al. 2020). Agricultural 
waste can also produce bio-cement by providing bacteria with a substrate for growth 
(Joshi et al. 2020), which makes it an eco-friendly approach as it will also help to 
solve the problem of using rice husk or other agricultural waste. 

27.2 Types of Sustainable Materials 

A sustainable substance is typically created from natural or recycled resources with 
minimal energy use. It has little impact on the environment and uses few 
non-renewable resources. Therefore, a material can be sustainable if produced with 
negligible adverse effects on the environment and human health. This allows the 
resources from which it was created to remain accessible to future generations. The



building industry, in particular, has given “green” materials a lot of attention in 
recent years. Research organizations routinely develop unique, eco-friendly 
materials with fascinating thermal and acoustic properties. Ceramic materials, 
some metals and their alloys, some types of bioactive glass, polymeric materials 
and their composites, and materials made from animal origin are among the several 
sustainable biomaterials (Asdrubali et al. 2012; Biswal et al. 2020; Desarnaulds et al. 
2005; Kumar Gupta et al. 2016). 
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However, a material regarded as sustainable must follow specific pointers men-
tioned below: 

1. Single-use materials that can’t be composted or recycled ought to be avoided. 
2. Products made from renewable resources are always preferred above those 

based on fossil fuels and vice versa. 
3. Sustainability needs to be preserved throughout the lifespan of manufactured 

goods and future uses of product components, resource recovery from waste, 
and feedstock expansion. 

4. Sustainability must incorporate social, health, economic, and environmental 
challenges. 

5. The items are made and created to be naturally recyclable, reusable, or 
compostable. 

6. The federal and state governments should support sustainable agricultural infra-
structure for farmers and other communities. 

7. Genetically engineered species should be outlawed and not used to produce 
feedstock. 

8. It is desirable to utilize chemicals that adhere to the 12 principles of green 
chemistry in agricultural fields. 

9. It is necessary to restrict the use of chemicals and nanomaterial products that, 
throughout their life cycles, pose a risk to the environment and the general 
public’s health. 

10. The various production-process steps must be decentralized. 

27.2.1 Biopolymeric Materials 

The scientific community has shifted its focus to using ecologically friendly 
materials to minimize the environmental impact of conventional synthetic plastics 
due to advancements in polymer research and engineering. Biopolymers exhibit 
great potential for use in various industries, e.g. food, electronics, etc. They are also 
environmentally friendly, chemically adaptable, sustainable, biocompatible, biode-
gradable, naturally functional, and eco-friendly (Arif et al. 2022).
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27.2.2 Bio-Cement/Biomaterials 

Around the world, the building sector significantly impacts social and economic 
growth. However, it has a significant carbon footprint because it uses a lot of energy 
during every stage of manufacturing, from gathering raw materials to building 
structures. It quickens the process of global warming, ice cap melting, and the 
subsequent rise in sea levels. The world’s population is suffering due to this 
environmental issue. The building materials that release the most carbon dioxide 
(CO2) during production are burnt clay brick, concrete, and cement mortar. The 
MICP applications can enhance comprehension of the function of bio-cementation 
in the construction of environmentally friendly structures. The scientific data can 
provide a clear path for further investigation into the mechanism of microorganism 
bio-cementation in creating tangible bio-based building materials equivalent to 
conventional resources (Choi et al. 2017; Iqbal et al. 2021). 

27.2.3 Biofuels 

More than any other sector, transportation has seen an increase in greenhouse gas 
(GHG) emissions. The sector heavily depends on fossil fuels, which accounted for 
96.3% of all transportation fuels in 2018. Transport is responsible for 23% of all 
energy-related CO2 emissions and 15% of global GHG emissions. Biofuels are 
frequently seen as practical substitutes for petroleum-based fuels that can help 
reduce dependence on them and fight climate change. Bioenergy is one of the 
various resources that can be exploited to supply the energy demand. Bioenergy 
obtained from organic materials is referred to as biomass. There has been a lot of 
algae used in the creation of bioenergy. The energy received is often used in biofuels 
and electricity. On a global scale, bioenergy contributes around 10% of the energy 
supplies as thermal energy for cooking and heating. Biomass sources for bioenergy 
include plants, animals, agricultural waste, algae, and industrial waste (Jeswani et al. 
2020; Singh et al. 2022). 

27.3 Microbial-Induced Calcite Precipitation as a Coping 
Approach 

Microbial-induced calcite precipitation uses several organisms like bacteria, algae, 
and fungi. Microorganisms which have the property to hydrolyse urea into ammo-
nium and can precipitate calcium into calcium carbonate. The different tests help 
select microorganism for MICP, urease assay, and calcite precipitation test, and 
furthermore, scientific techniques like XRD, SEM, FTIR, etc. help select microor-
ganism capable of MICP (Abo-El-Enein et al. 2012). So, urease-positive 
microorganisms are exploited for this technique (Kumar et al. 2020). These ureolytic 
bacteria, in the presence of urea and calcium, can produce calcite. This technique can 
also be used for binding loose soil and can increase soil water retention properties.



These microorganisms can also remove cations from wastewater (Cheng et al. 2020). 
MICP can be obtained using plant-based urease enzyme, but it is easy to use 
non-pathogenic microorganisms, which take less time and can utilize agricultural 
waste as a substrate. Also, municipal sludge can be used whose burial or spreading 
on land utilizes a large amount of energy and currency (Parmar and Marjadi 2017). 
Few bacteria present have ureolytic activity and can precipitate calcite, 
e.g. B. subtilis and B. sphaericus, which shows promising results in MICP. These 
non-pathogenic microorganisms convert urea into ammonium and convert calcium 
into calcium carbonate (CaCO3). Bacteria can grow within 24 h of incubation and 
are easy to cultivate, making them a good candidate for MICP (Sharma et al. 2021). 
Organisms induce calcite in MICP by the hydrolysis of urea by the enzyme urease, 
which results in the production of carbonate ions in the presence of ammonium. 
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Fig. 27.1 Representation of process for bio-cement 

The pH rise caused by the ammonium (NH4+) released from the urea hydrolysis 
results in calcium carbonate precipitation (calcite). When calcium ions (Ca2+ ) from 
the supplied calcium chloride react with carbonate ions (CO3

-) from the urea 
hydrolysis, calcite is precipitated. 

Parameters including cell number, pH, and ammonia are monitored over a 
consistent period of time to ascertain the relationship between the creation of 
calcium carbonate and the parametric changes during the MICP process. Calcite 
precipitation is indicated by a change in pH or the generation of ammonia in a 
sample. The calcite (CaCO3) formed is responsible for improving the engineering 
properties of soil (Fig. 27.1). 

MICP has one more property that is self-healing which solves the problem of 
early cracking. In cement produced using technique MICP, cracks get repaired 
automatically when spore of microorganisms gets in touch with water entering 
through those cracks or is provided by nutrition from outside to get it repaired.



Using microorganisms for crack repair can save a lot of labour, time, and money; 
because of this advantage, this technique is getting considerations as it provides safe, 
natural, and pollution-free solution to a big issue, i.e. early cracking. This technique 
provides great microcrack filling capacity, strong bond, high compatibility, and is 
favourable to thermal changes, and is a sustainable approach (Luo et al. 2018). 

598 I. Devgon et al.

27.4 Microbial-Induced Calcite Precipitation Process 

In the recent years, MICP is gaining much attention to researchers for the bio-cement 
formation worldwide. One of the most widely known methods for calcite (calcium 
carbonate) production by MICP is the urease activity existing in bacteria. Biological 
control and biological induction are the two main mechanisms involved in the 
calcium carbonate precipitation. In biologically controlled mechanisms, the 
organisms primarily affect the nucleation and growth of mineral particles. However, 
the unique form of minerals has been synthesized from the organisms which are not 
related to the environment conditions. On the other hand, bio-induced mineralization 
mechanisms involved the calcium carbonate production by bacteria. The minerals 
produced by this mechanism are mostly affected by the environmental conditions 
and no other mechanisms involved in it. There are some key factors that affect the 
calcium carbonate precipitation process such as the pH value, calcium ion concen-
tration, bacterial species, bacterial concentration, temperature, and many other 
factors (Zhang et al. 2021; Castro-Alonso et al. 2019). 

The presence of microorganisms has been found everywhere on the earth where 
they undergo numerous metabolic processes. These processes increase the total 
carbonate content and pH levels and result in the carbonate biomineral precipitation. 
The following vital metabolic strategies/ processes involved in MICP are as follows: 
urea hydrolysis, denitrification, photosynthesis, dissimilatory sulfate reduction, and 
ammonification of amino acids in which strains having urea hydrolytic action show 
highest calcite precipitation (~20–80%) (Jain et al. 2021; Achal et al. 2011). 

27.4.1 Urea Hydrolysis 

In this process, the microbial enzyme called urease hydrolysed the urea and leads to 
ammonia and carbamic acid formation which was further hydrolysed to produce 
biocarbonate ions. The alkalinity of the environment increases and results in 
hydroxyl and ammonium ions formation due to reaction between ammonia and 
water (Van Tittelboom et al. 2010). By measuring the free Cu ion concentration in 
the soil solution, a recent study showed the inhibitory effect of Cu in the soil. Due to 
the presence of a vital component, calcium, caused by microbially generated calcium 
carbonate precipitation, urea hydrolysis is inhibited (MICP). The free Cu ion 
concentration in the soil solution was found to be 0.39 mg/L, which is half of the 
maximal inhibitory concentration (Chung et al. 2020). One more study demonstrated 
the role of S. pasteurii urease activity on the bio-treated coarse sand specimens. The



bacterial urease activity was decreased up to the desired volume for the MICP 
procedure from generation to generation and this results in the mean particle size 
of very coarse sand at 1820 μm. This study spotlights the importance of urease 
activity for the quality and quantity of the cements made with calcium carbonate. 
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CO NH2ð Þ2 þ H2 →NH2COOHþ NH3 

NH2COOH þ H2O→NH3 þ H2CO3 

H2CO3 $ HCO-
3 þ Hþ 

NH3 þ 2H2O→ 2NHþ 
4 þ 2OH 

HCO-
3 þ Hþ þ 2NHþ 

4 þ 2OH→CO32 - þ 2NHþ 
4 þ 2H2O 

Ca2þ þ Cell→Cell-Ca2þ 

Cell-Ca2þ þ CO-
32 →Cell-CaCO3 

27.4.2 Denitrification 

In the presence of organic matter, nitrate is denitrified to produce alkalinity, carbon 
dioxide, and nitrogen gas. Moreover, bicarbonate ion formation takes place when 
carbon dioxide equilibrates with water (Martin et al. 2013). The denitrification-based 
MICP process has been observed for the cementation of soils. The sand samples 
were treated with different levels of denitrification, and after conducting several 
triaxial tests, result in the improvement of the dilatancy and peak drained strength of 
the tested samples. Moreover, the resulting calcium carbonate precipitation amount 
and rate can be as high as 4.61% by weight and 0.129% per day comparison to other 
literature study (Gao et al. 2022). 

CH3COOHð Þ2Caþ NO-
3 →CaCO3 þ 4=5N2 þ 3CO2 þ 3H2Oþ OH: 

27.4.3 Photosynthesis 

This process includes photosynthetic microorganisms such as cyanobacteria and 
microalgae cause calcium carbonate precipitation due to exchange of bicarbonate 
and carbonate ions. Numerous settings, including freshwater, marine, hot springs, 
and terrestrial locations, have been found to contain various types of carbonate 
minerals, the majority of which are generated by microbial photosynthesis (Zhu 
and Dittrich 2016; Rodríguez-Martínez et al. 2012; Abdel-Basset et al. 2021).
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Ca2þ þ 2HCO-
3 →CaCO3 þ CO2 þ H2O 

Ca2þ þ HCO-
2 þ OH- →CaCO3 þ 2H2O 

2HCO-
2 $ CO2 þ CO-

32 þ H2O 

27.4.4 Dissimilatory Sulfate Reduction 

In this process, the sulfate-reducing bacteria produce hydrogen sulfide and bicar-
bonate ions that are responsible for reduction of sulfate under both aerobic and 
anaerobic circumstances (Castro-Alonso et al. 2019). 

6CaSO4 þ 4H2Oþ 6CO2 →CaCO3 þ 4H2Sþ 2Sþ 11O2: 

27.4.5 Ammonification of Amino Acids 

The production of ammonia and CO2 takes place by the microbial activities during 
metabolism of amino acids. Ammonium hydrolysis results in the production of 
ammonium and hydroxide ions all over the cell which increases the system pH 
and bicarbonate ions formed by CO2 (Zhu and Dittrich 2016) (Fig. 27.2). 

Amino acidsþ O2 →NH3 þ CO2 þ H2O 

NH3 þ H2O→NH4 þ OH-

CO2 þ OH→HCO-
3 

Ca2þ þ HCO-
3 →CaCO3 þ Hþ 

27.5 Market and Sustainable Potential of MICP 

27.5.1 Market Potential 

The market for bio-cement is expanding rapidly due to urbanization, industrializa-
tion, and the global construction sector in not just the developed economies but even 
in the developing and least developed countries. Bio-cement market’s fastest-
growing region is Asia-Pacific, which is directly related to the region’s expanding 
construction sector. While the market may be broken down into many categories 
(intrinsic, capsule-based, and vascular healing), there are other divisions, such as 
civil and residential. China is the centre of this rapidly growing global construction 
sector, accounting for 20% of all construction investment globally. China plans to 
invest more than US$13 trillion in construction projects by 2030.



27 Microbial-Induced Calcite Precipitation Approach Towards Sustainable. . . 601

MICP 
Strategies 

Dissimilatory 
sufate reduction 

Photosynthesis 

DenitrificationUrea hydrolysis 

Ammonification 
of amino acids 

Fig. 27.2 Schematic representation of Microbially induced calcium carbonate precipitation 
(MICP) Strategies 

The Australian government announced $50 million in May 2020 for their 
programme for smart suburbs and cities. They aim to rely upon cutting-edge 
technological solutions for growing urban difficulties in cities, suburbs, and towns, 
while enhancing their productivity, sustainability, and liveability. These initiatives 
anticipate strengthening the region’s building sector and raising demand for 
bio-cement. 

Favourable incentives by the governments are being extended in many nations to 
support the construction of green buildings, which directly propels the bio-cement 
market. As an illustration, the state governments of numerous Indian states, such as 
Punjab, Rajasthan, West Bengal, Uttar Pradesh, Maharashtra, Andhra Pradesh, and 
Haryana, among others, offer additional Floor Area Ratios (FAR) for green building 
projects that receive the Indian Green Building Council’s Gold or higher rating 
(Global Bio-cement Market Demand, Analysis, Trends and Forecast -
ResearchCMFE n.d.).The world market for self-healing concrete was estimated at 
USD 24.60 billion in 2019 and is anticipated to increase at a CAGR of 37.0% from 
2020 to 2027. Over the projected period, rising demand for dependable and long-
lasting projects, including infrastructure, commercial, industrial, and residential, is 
anticipated to fuel the market for self-healing concrete. An increase in the desire for 
less structural upkeep of buildings, together with the expanding global construction



sector, is an additional factor predicted to promote market expansion (Self-Healing 
Concrete Market Size, and Share Report, 2020–2027 n.d.). 
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Some of the top players in the bio-cement market include Biomason, Bio-Cement 
Technologies Basilisk, Halliburton Technology India Private Limited, Acciona 
Infrastructures S.A., Avecom N.V., Comercializadora Espanola De Innovaciones 
Y Materiales, COWI A/S, Devan-Micropolis, and Fusion. The bio-cement market is 
expanding due to the constantly expanding construction sector and the increasing 
demand for green buildings around the globe. The construction sector can use 
bio-cement for various purposes, such as reinforcing and stabilizing soil, coating 
techniques for buildings and walls, and stabilizing sand in earthquake-prone areas. 
The leading bio-cement businesses also strongly emphasize product innovation and 
research, broadening the market. 

The leading market participants have identified the key market drivers and are 
concentrating on creating low-cost nutrient sources to lower the manufacturing costs 
of bio-cement. They are working hard to strengthen the market’s motivators and 
remove obstacles to support market expansion. Additionally, major market players 
are engaging in mergers and acquisitions to enhance their corporate performance and 
gain an advantage over rival companies. For example, a multinational fashion 
company’ H&M Group’, and Biomason, a pioneer in environmentally responsible 
building, announced their strategic alliance in June 2021. Through this relationship, 
Biomason hopes to enhance the development of ecologically friendly retail 
environments and help the H&M Group achieve its sustainability objectives for 
circular construction. 

Henceforth, the construction sector can use bio-cement for various purposes, such 
as reinforcing and stabilizing soil, covering walls and buildings, and stabilizing sand 
in earthquake-prone areas. These advantages expect to increase the demand for 
bio-cement in the building sector. The key players in the bio-cement sector also 
concentrate on product innovation and research, broadening the market (Self-
Healing Concrete Market Size, Share and Industry Forecast 2025 n.d.). 

27.5.2 Sustainable Potential 

Simply put, sustainable development is a cleaner and more innovative way of 
economic development for countries worldwide. It is one of the most fundamental 
principles of international environmental law and has become a watchword for all 
ecological policymakers. The Stockholm Declaration’s Principle 11, adopted in 
1972, was the first document to propose sustainable development on a global scale 
formally. “The environmental policies of all States should enhance and not 
adversely affect the present or future development potential of developing countries, 
nor should they hamper the attainment of better living conditions for all”.1 

1 Right to development | Environment Rights. https://environment-rights.org/rights/right-to-
development/

https://environment-rights.org/rights/right-to-development/
https://environment-rights.org/rights/right-to-development/
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The most common definition of ‘sustainable development’ is that it is the 
“development that meets the needs of the present, without compromising the ability 
of the future generations to meet their own needs”. This definition came from the 
World Commission on Environment and Development’s (Brundtland Commission) 
report known as ‘Our Common Future’. Since 2015, the United Nations and its 
member states have agreed on 17 SDG 9: “Build resilient infrastructure, promote 
inclusive and sustainable industrialization, and foster innovation.” SDG 11: “Make 
cities and human settlements inclusive, safe, resilient, and sustainable.” SDG 12: 
“Ensure sustainable consumption and production patterns.” SDG 13: “Take urgent 
action to combat climate change and its impacts.” 

Environmental governance could be arbitrary, discretionary, subjective, and 
unpredictable without an environmental law and the enforcement of legal rights 
and obligations. Largely, ecological problems, including climate change, biodiver-
sity loss, water scarcity, air pollution, and soil degradation, are intimately related to 
poverty and growing social inequality. Conflicts over natural resources and environ-
mental crimes exacerbate these problems. 

At least 40% of internal disputes during the past 60 years had some connection to 
natural resources. When using natural resources causes economic hardship, damage 
to the environment, or an uneven distribution of benefits, the likelihood of violent 
conflict rises. Managing natural resources in a transparent, ethical, and consistent 
manner with the rule of law could provide sustainable development and a foundation 
for peace and justice (Environmental Rule of Law | UNEP - UN Environment 
Programme n.d.). 

MICP, as a sustainable approach, has reduced its environmental carbon footprint 
by switching to commercial-grade calcium chloride for MICP. All MICP routes 
experienced a decline of between 18% and 49.62%. The available calcium chloride 
is a crucial element for all processes. To further improve the sustainability of calcium 
carbonate (bio-cement) produced by MICP, future studies should look into 
alternatives to sources of laboratory-grade calcium. The carbon footprint created 
by the given organic carbon source (urea or nitrate) during MICP via urea hydrolysis 
or denitrification is more significant than calcium chloride. All approaches, except 
denitrification, saw a considerable reduction in embodied energy (between 43 and 
95%). This decline is mainly attributable to the use of commercial-grade calcium 
chloride in place of laboratory-grade calcium chloride. The fuel utilized in the MICP 
process is 91% less than the conventional carbonation method. 

The calcium source was a significant factor in the carbon footprint, embodied 
energy, and cost for all MICP metabolic routes (calcium chloride). The carbon 
footprint was reduced by between 26.7 and 82% when commercial calcium chloride 
was used in place of laboratory-grade calcium chloride. To further improve the 
sustainability of carbonates produced using the MICP process, it is evident that 
alternatives to laboratory-grade calcium sources should be looked into and added in 
subsequent trials (Porter et al. 2021).
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27.6 Conclusion 

Microorganisms have always come to rescue humans almost in every aspect in their 
life to provide a sustainable and meaningful life ahead. Researchers have formulated 
many sustainable molecules derived by microbes to be applied to our daily life, 
e.g. biofuel, biogas, bioplastics, bio-cement, etc. However, the biggest challenge or 
gap faced by them is the applicability of bio-products in real life. 

There is need to widen research in pilot scale for the bio-products to be success-
fully applied in day-to-day life. There is also a need to produce bio-products using 
economical substrate of renewable sources to provide an alternative of 
non-renewable sources. Finally, the biggest challenge still faced is the awareness 
among humans to utilize bio-sustainable products in daily life. To make a sustainable 
future in coming years, these challenges need to be addressed and worked upon. 
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Abstract 

Bacteria, yeast, and microalgae serve as catalysts in producing several food 
components, such as enzymes and nutraceuticals. The current fad for natural 
ingredients has significantly increased the demand for microbially-derived 
flavours, colours, and enzymes and their large-scale bioprocessing. It is, there-
fore, crucial that microbes are exploited as bio-factories for the continuous 
production of their metabolites like organic acids, enzymes, proteins, vitamins, 
antibiotics, and hydrocolloids. It has been shown that lactic acid bacteria, in 
particular Lactococcus lactis, make the best cell factories to manufacture these 
vital nutraceuticals. In recent years, researchers have discovered that bacteria is 
also a significant source of terpenes, a crucial component of many medications 
and food additives. Furthermore, diseases including protein energy malnutrition 
(PEM), anaemia, diarrhoea, cancer, obesity, ulcerative colitis, Crohn’s disease, 
irritable bowel syndrome, and gluten treatment-resistant celiac can all benefit 
from the use of microorganisms as adjuvant therapy. 
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28.1 Introduction 

Functional foods are referred to as conventional foods or dietary ingredients that 
supply vital nutritional constituents, such as carbohydrates, proteins, fats, vitamins, 
and minerals (Galanakis 2021). They might provide other health advantages that can 
be used to prevent or reverse a diseased state. Bioactive substances, naturally 
occurring molecules produced from plants, animals, or microorganisms and advan-
tageous for human health, may be present in functional foods. Since ancient times, 
cyanobacteria have been used as potential nutritional supplements (Pai et al. 2022). 
Spirulina maxima was first used for food purposes in 1521 when it was taken from 
Lake Texcoco and sold dry in the markets of Mexico City. The first Spirulina 
products were produced commercially here in the 1970s as well. Since 1940, 
members of the Kanembu tribe in Africa who reside near Lake Chad have utilised 
Spirulina as a protein supplement (Saha et al. 2015). The use of bacteria, yeast, and 
microalgae can accelerate the production of food components, enzymes, and 
nutraceuticals. Recent interest in microbial flavour, colours, and bioprocessing 
employing enzymes has increased due to the current vogue for natural ingredients 
(McNeil et al. 2013). The importance of microbial synthesis of chemicals, including 
organic acids, enzymes, proteins, vitamins, antibiotics, and hydrocolloids, has not 
changed. It has been shown that lactic acid bacteria (LAB), especially Lactococcus 
lactis, are the optimal cell factories for the manufacture of these vital nutraceuticals 
(Angelin and Kavitha 2020b). Metabolic engineering and mutations may be used for 
some food-grade microorganisms for overexpression, improvement of 
nutraceuticals, or introducing their production in microbes for the first time as 
newly engineered strains. Microbes are responsible for the generation of food 
flavours, flavonoids, carotenoids, terpenoids, enzymes, organic acids that are utilized 
in food, food preservatives such as bacteriocins, amino acids, live probiotic cells, 
nutraceuticals, and other derivatives used in foods and pharmaceuticals (Lyu et al. 
2022). They are also used to produce microbial polysaccharides in food, produce 
xylitol, and other polyols such as prebiotics and oligosaccharides. Scientists recently 
discovered that microorganisms could potentially be a significant source of terpenes, 
which are a key component of many pharmaceuticals and food additives (Gültekin 
2019). The previous studies identified 262 gene sequences in genomic databases of 
different bacteria. Terpenes synthases, enzymes that catalyse the synthesis of 
terpenes, are to be encoded. The researcher subsequently isolated 13 previously 
unidentified bacterial terpenes using a number of those enzymes (Boutanaev et al. 
2015). The terpene compounds are produced using a bio-refinery made of geneti-
cally modified Streptomyces bacteria. 

Furthermore, for conditions like protein energy malnutrition (PEM), anaemia, 
diarrhoea, cancer, irritable bowel syndrome, ulcerative colitis, and gluten-treatment-
resistant celiac, microorganisms can be used as an adjuvant therapy (Masyita et al. 
2022). Numerous diseases, including physiologic and lifestyle disorders like diabe-
tes, high blood pressure, cardiovascular, neurological, etc., are largely caused by free 
radicals. Free radicals catalyse harmful oxidative processes that result in the genera-
tion of toxic lipid peroxides. Additionally, they prevent the electron transport chain



(ETC) from functioning, damage DNA and proteins, and render the cell fetal 
(Pizzino et al. 2017). Therefore, looking for newer, less harmful alternatives to 
allopathic medications is critical. With the aid of their enzyme “racemases”, the 
bacteria synthesise amino acids and contribute to lowering D-amino acid toxicity. 
However, the fact that D-amino acids are dangerous to life on Earth is perpetually in 
flux produced through bacterial growth and geological racemization (Panjiar et al. 
2017). 
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28.2 Functional Foods and Nutraceuticals 

Functional foods are believed to offer advantages above and beyond basic nutrition 
and may help to lower or minimise the risk of developing certain illnesses and other 
health issues. In addition to providing essential nutrients (such as vitamins and 
minerals), functional foods are believed to have the additional health benefits (Hasler 
2002). When consumed regularly as a part of a varied diet, functional foods may help 
lower or prevent the risk of developing certain diseases and other health conditions 
(Table 28.1). The idea first emerged in Japan in the 1980s, when the Ministry of 
Health and Welfare established a regulatory framework to certify specific meals with 
proven health advantages for enhancing the country’s ageing population (Shimizu 
2003). Now known as items for specified health use, these foods are qualified to 
display a distinctive seal. Functional foods are any modified food or food ingredients 
that may give health benefits in addition to the traditional nutrients it provides, 
according to the Food and Nutrition Board of the National Academy of Sciences, 
which issued this definition in 1994 (Hasler 2002). 

In 1989, the Foundation of Innovation Medicine (FIM), Crowford, New Jersey, 
combined the words “nutrition” and “pharmaceutical“to get the phrase 
“nutraceuticals.” Health Canada has altered its meaning, defining nutraceuticals as 
a substance that have been separated or purified from foods, typically offered in 
therapeutic forms unrelated to food, and proven to provide physiological benefits or 
offer protection from chronic disease, for example, β-carotene and lycopene (Zhao 
et al. 2021). Functional foods and nutraceuticals both contain active ingredients with 
physiological actions that promote a better and happier way of life. While the 
administration differs between nutraceuticals and functional foods, both share the 
same biological and chemical processes (Mahajan and Rishi 2016). The body 
requires precise amounts of vitamins, lipids, proteins, carbs, and other nutrients 
from functional food to ensure a healthy existence. Functional food is referred to be 
nutraceutical if it helps with the prevention or disorders other than anaemia. Citrus 
fruits and fortified dairy products (like milk) are examples of nutraceuticals 
(e.g. orange juice) (Cencic and Chingwaru 2010). 

Over the millennia, our forefathers have advocated the idea that certain diets 
might fend off disease. In the Old Testament, proverb 24:13, the wise Solomon 
emphasised the primary significance of honey in nourishment and as a treatment for 
health issues, saying, “Eat honey, my son, since it is good” (Jalgaonkar et al. 2019). 
Like cinnamon, valued higher than gold in ancient Egypt, ginseng has been used as a
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Table 28.1 Functional food components, natural sources, and its beneficial effects on human 
health (Jalgaonkar et al. 2019) 

Functional food 
components 

Spinach, tomatoes, mango, 
pumpkin, carrots 

Β-carotene Reduced the risk of developing 
cancer or heart related disease 

Papaya, watermelon, red cabbage, 
mango, tomato and its products 

Lycopene Reduced chronic eye disease 
(associated with age related macular 
degeneration) 

Citrus fruit, corn, spinach, papaya, 
broccoli, cabbage, collards, turnip 
greens 

Zeaxanthin Reduced the risk of breast and 
prostate cancer arises due to 
misbalancing cellular signaling 
pathways 

Millet, sorghum, triticale, quinoa, 
cereal grains 

Whole grains Reduced the chances of the coronary 
heart disease (CHD), contribute to 
maintain well and healthy weight 

Bran, nuts, fruit skins, vegetables 
(potatoes green beans 

Insoluble fibres Contributing to maintain healthy 
digestive system, reduced the risk of 
breast and colonic cancer 

Cheese, beef, some mushroom 
species (Agaricus bisporus), meat 
products 

Conjugated 
linoleic acid 

Contributing body building aid 

Fish oil, algal oil, fatty fish (salmon) Long-chain 
ɯ-30fatty acids 

Reduced the risk of autoimmune 
disease like rheumatoid arthritis, 
CHD, enhance infants cognitive 

Kidney beans, beetroot, fruits, 
tomatoes 

Anthocyanins 
(cyaniding, 
malvidin) 

Help in improving cholesterol level 
as well as blood sugar 

Citrus fruits Flavanones Protection against free radicals, 
reduced the risk of many chronic 
disease as well as cancer, prevention 
against cardiovascular disease 

Low fat dairy products, fish, foods 
and drinks, leafy vegetables 

Calcium Provide bone strength, help to 
maintain body weight 

Onions, plums, pears, coffee, 
apples, whole grain 

Caffeic acid Prevent against free radicals, 
improves heart health 

Cereal grain, meat, pork Thiamin Improve mental health, metabolism 
regulation 

Fish, dairy products, meat, nuts Riboflavin Increase cellular growth, precursors 
for coenzymes FMN and FAD 

Broccoli, beans, green leafy 
vegetables, carrots 

Folate or folic 
acids 

Reduced the risk of neural tube 
defects, helps to reduce anemia, skin 
disorder 

Eggs, almonds, nuts, dairy products, 
oysters 

Biotin Help to treat skin disorder, metabolic 
regulation, enhance hair growth 

Meat, beef liver, fish nuts, bananas Pyridoxine Regulate immune system, enhance 
energy level



traditional medicine for thousands of years in China. Due to the focus on economic 
development, the standard of living in terms of earnings, expenses, and lifestyle has 
significantly increased today (Metwaly et al. 2021). The nutraceuticals market has 
grown due to the notion that they are essential to wellness and a viable alternative to 
contemporary medications. Numerous reported data have proposed the application 
of dietary supplements as healing agents in recent years due to their beneficial 
effects, keeping the end in mind of validating their success in extending life 
expectancy, improving the lifestyle quality for the elderly, and, last but not least, 
lowering the overall cost of health care (Alali et al. 2021).
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28.3 Microbes as a Potential Source for the Production 
of Nutraceutical Ingredients 

Nutraceuticals, as opposed to functional foods and drugs, are now more focused on 
both structural and functional aspects of various bioactive substances which have in 
the long run therapeutic or physiological benefits in addition to merely nutritional or 
direct pharmacological effects (Hoti et al. 2022). They can originate from a multi-
tude of sources, including plants (such as phytochemicals and vitamins), animals 
(such as polysaccharides), microbes (such as poly amino-acids) (Table 28.2), and the 
marine sources (such as glucosamine and chitosan) (Wang et al. 2016). Numerous 
people use nutraceuticals to promote health or prevent disease, particularly in the 
prevention of ageing-related illnesses such as cancer, diabetes, inflammation, oxida-
tive stress, depression, osteoporosis, gastrointestinal disorders, and cardiovascular 
diseases (Das et al. 2012). The need for an interest in nutritional supplements to 
maintain human wellness has significantly fueled the market’s expansion. Although 
the nutraceuticals market is growing, be satisfied with the output of traditional 
nutraceuticals industries (Das et al. 2012). The effectiveness of inventory control, 
the low amount and purity of the nutraceuticals, the price and access to raw 
materials, and direct extraction procedures are all the factors that restrict their use. 
Although a different method, chemical synthesis can only produce simple 
biochemicals and is impractical for synthesising complicated biochemicals, espe-
cially the ones that are chemically unfavourable (Atanasov et al. 2015). Microbes 
and microbial-based metabolic engineering provide a sustainable solution to clarify 
these problems. 

28.3.1 Microbes as Producers of Amino Acids 

According to studies, bacteria are capable of producing some important amino acids. 
The productivity of strains that produce amino acids is constantly increasing via 
metabolic engineering, particularly Corynebacterium glutamicum and Escherichia 
coli strains. Combining intracellular metabolite sensing with traditional mutagenesis 
and screening has sped up both processes (Wendisch 2014). In order to actualise a 
variable feedstock concept, synthetic biology technologies have made it possible to
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Table 28.2 Microbial production of nutraceuticals in different metabolically engineered strains 

Name of the 
nutraceuticals 

Name of the 
strain 

Production 
concentration (mg/L) 

Apigenin (flavones) Escherichia coli 13 Miyahisa et al. 
(2006) 

Curcumin 
(curcuminoid) 

Escherichia coli 0.6 Wang et al. (2015b) 

Caffeic acid Escherichia coli 766.68 Huang et al. (2013) 

Catechin (flavanonol) Escherichia coli 910.9 Zhao et al. (2015) 

Genistein glucosides Escherichia coli 37.29 Pandey et al. (2014) 

Genistein Saccharomyces 
cerevisiae 

Not defined Li et al. (2014) 

Daidzin Saccharomyces 
cerevisiae 

Not defined Li et al. (2014) 

Galactooligosaccharides Lactococcus 
lactis 

197,000 Yu and O’Sullivan 
(2014) 

Heparosan Escherichia coli 1880 Zhang et al. (2012) 

Hyaluronan Streptomyces 
albulus 

6200 Weissmann and 
Meyer (1954) 

Scleroglucan Sclerotium rolfsii 22,320 Survase et al. (2007) 

Cyanophycin Escherichia coli 120,000 Miyahisa et al. 
(2006) 

Zeaxanthin Escherichia coli 43.46 Li et al. (2015) 

Poly-γ-glutamic acid Bacillus subtilis 
BL53 

17,000 Da Silva et al. (2014) 

Poly-ε-L-lysine Streptomyces 
sp. M-Z 18 

35,140 Chen et al. (2012)
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28.3.2 Microbes as the Source of Vitamins 

A high vitamin intake is related to better health as humans and other organisms 
require various vitamins to sustain metabolic processes. Their primary function is to 
act as co-enzymes and enter biological reactions (Tardy et al. 2020). The B-group or 
B-complex vitamins, including thiamin (B1), riboflavin (B2), niacin (B3), pyridox-
ine (B6), and pantothenic acid (B5), cobalamin (B7 or H), biotin (B7 or H), and 
folate (B11-B9 or M) (B12) are all synthesised by microorganisms (Rodríguez et al. 
1989). These compounds are soluble and significantly impact the metabolic pro-
cesses, specifically the protein metabolism within cells, plus fats (riboflavin and 
pyridoxine). B-group vitamins are typically found in a variety of foods, but because 
cooking and food processing may easily remove or destroy them, it is usual for 
people to be deficient in them (Bonku and Yu 2020). Due to this, a number of nations 
have passed legislation requiring the fortification of particular vitamins and minerals 
in various foods. Microbes possess the simplicity and adaptability required for 
efficient vitamin synthesis. Enzymes involved in the manufacturing pathway of 
different vitamins can be over-expressed in a variety of microorganisms by genetic 
engineering (Bonku and Yu 2020). In addition to having a higher yield than 
chemical synthesis and the capacity to grow on inexpensive feedstock, microbial 
production of vitamins also claims a significantly reduced energy input need. Lactic 
acid bacteria (LAB) used in foods to produce, release, or increase particular nutra-
ceutical substances is made possible by some of its key characteristics (Kennedy 
2016), including their biosynthetic ability and metabolic plasticity. 

Innovative approaches are being used for food production by fermentation that 
enhances nutritional and/or health-enhancing properties by careful selection and 
utilization of LAB that produces nutraceuticals. LAB-promoted biosynthesis can 
produce fermented milk or bread with higher concentrations of B-group vitamins 
(such as folate and riboflavin) (Thakur et al. 2016). In order to produce innovative 
fermented foods by LAB that produces nutraceuticals, vitamin synthesis by 
lactobacilli is increasingly being focused on (Capozzi and Russo 2012; Leblanc 
et al. 2011). Numerous lactobacilli include the genes necessary for riboflavin 
(vitamin B2) production; however, the genetic ability to do so varies depending on 
the species and/or strain. It has been demonstrated that some bacteria, such as 
L. plantarum WCFS1, have interruptions in the rib operon, which prevent them 
from producing riboflavin. 

On the other hand, due to their ability to synthesise riboflavin, Lactobacillus 
plantarum NCDO 1752, Lactobacillus plantarum JDMI, and other strains recently 
isolated from products produced from cereals can survive without this vitamin 
(Thakur et al. 2016). The generation of vitamins by microorganisms still faces 
several significant problems. Vitamin or synthesis pathway intermediates can 
cause allosteric inhibition, for example, can lower yield in engineered 
microorganisms expressing every enzyme required to produce the needed vitamin 
(Vijendra et al. 2022).
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28.3.3 Microbial Production of Polysaccharide 

Numerous bacteria, yeast, and fungus may synthesise polysaccharides, which are 
sugar polymers with a variety of structures. They can also be taken from plant and 
animal tissues. Due to their favourable health effects, polysaccharides produced 
from microbes have been recognised as a source of nutraceuticals (Angelin and 
Kavitha 2020a). Xanthan, gellan, dextran, and alginate are a few examples of 
bacterial polysaccharides that can be produced and purified by microbes for com-
mercial use. Exo-polysaccharides (EPS) are widely used in dairy products and are 
preferentially synthesised through metabolic engineering of Lactococcus and Strep-
tococcus (Gupta and Diwan 2017). The wide immunostimulating, anticancer, 
antibacterial, antioxidant, hypercholesterolemic, and hypoglycemic effects of bioac-
tive fungal polysaccharides, in particular, suggest tremendous promise in both 
nutraceuticals and pharmaceutical applications. Scleroglucan is a potential antican-
cer and anti-viral polysaccharide secreted by Sclerotium rolfsii mycelia, and its 
yields may be increased by L-lysine with uridine monophosphate (UMP) addition. 
A number of animal polysaccharides, such as hyaluronic acid (HA) (Lemieszek and 
Rzeski 2012), chondroitin, and heparosan, synthesised by microbial hosts rather than 
being extracted from animal tissues. Bacteria have produced hyaluronic acid in a 
variety of hosts, including Escherichia coli, Lactococcus lactis, and Streptomyces 
albulus. Engineered Escherichia coli may manufacture medicinally significant 
polysaccharides like heparosan and chondroitin, reaching comparatively high titers 
of 1.88 g/L and 2.4 g/L, respectively (Wang et al. 2016). 

28.3.4 Microbes as producers of Alkaloids 

Alkaloids are nitrogenous chemicals produced from amino acids that have signifi-
cant medicinal benefits, such as anticancer and anti-malarial properties. Due to their 
complicated structures and protracted biosynthesis pathways, plants have been the 
only source of alkaloids for a very long period (Bufo and Karaman 2019). The top 
three recognised alkaloids are monoterpene indole alkaloids (MIAs) obtained from 
glucosinolates and tryptophan, and benzylisoquinoline alkaloids (BIAs) synthesised 
from tyrosine. In recent years, the explicating of BIA pathways in both Escherichia 
coli and Saccharomyces cerevisiae was made possible by the reconstruction of 
numerous BIA biosynthetic pathways (Ehrenworth et al. 2015). Bacterial consortia 
comprising Escherichia coli producing (S)-reticulate and 7.2 mg/L of magnoflorine 
and 8.3 mg/L of scoulerine were produced by Saccharomyces cerevisiae expressing 
either CYP80G2 monooxygenase or the berberine bridge enzyme (BBE). Saccharo-
myces cerevisiae was also made to create (R, S)-reticuline, and it was further 
developed to manufacture salutaridine from (S)-reticuline and scoulerine, 
tetrahydrocolumbamine, and tetrahydroberberine from (R)-reticuline (Bird and 
Facchini 2001). However, in microorganisms, there is little metabolic engineering 
of MIA alkaloids. By inserting 21 new genes and removing three others from the 
yeast genome, de novo manufacture of the MIA alkaloid strictosidine has just been



accomplished in yeast. Glucosinolates are natural substances generated from amino 
acids that are sulfur-rich. Tryptophan is used to make the compound 
indolylglucosinolate (IG), has recently been synthesised in Saccharomyces 
cerevisiae (Wang et al. 2015a) by introducing eight plant genes into the genome. 
This is a rare instance of glucosinolate production in microorganisms. Although 
plant platforms are better suited for producing scalable amounts of alkaloids, 
metabolic engineering in microorganisms has demonstrated possibilities for produc-
ing these plant-derived compounds at a low cost (Mora-Pale et al. 2013). 
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28.4 Probiotic-Based Functional Foods 

There are already more than 500 probiotic food products available into the market on 
a global scale in the last several years, and this number is steadily rising. The 
probiotic foods made from the fermentation of fruits and vegetables, grains, and 
animal products are attracting interest from both consumers and scientists (Rezac 
et al. 2018). Probiotics are now commercially available in items including ice cream, 
milk, sour milk, and fruit juices. The most recent probiotic-containing foods are 
mayonnaise edible spreads, cheese and cheese-based dips, meat-based goods, and 
cheese. The probiotic bacteria are artificially infused into the food during the 
manufacturing of probiotic foods (Terpou et al. 2019). Most culture preparations 
are produced for various uses as either highly concentrated freeze-dried cultures or 
freeze-dried powders, both of which are commercially available in extremely 
concentrated forms. Due to the production of many metabolic components, includ-
ing the production of byproducts such as acetic acid during fermentation by 
Bifidobacterium spp., the scent and flavour of food products may change when 
probiotic microorganisms are added (Vijayendra and Gupta 2014). The amount of 
active cells or total viable cells/ml/g of the item right before consumption by the 
individual determines how successful probiotic food products are as medicines. To 
retain consumer confidence in probiotic food products, we must make sure that a 
high probiotic survival rate is maintained throughout the during production and over 
the storage of the products. (Mohammadi et al. 2011). The survival of the LAB in 
various food products throughout production, processing and storage is influenced 
by a number of factors. Chemicals like bacteriocins, hydrogen peroxide, colouring 
agents, and artificial flavours are among the factors that have been identified. 
Titratable acidity, water activity, molecular oxygen, and the amount of sugar and 
salt are a few examples of food parameters (Misra et al. 2022). Processing 
parameters include incubation temperature, the rate at which food products cool 
after high-heat treatment, storage procedures, and packing materials and methods. 
Microbiological parameters include the percentage (%) of inoculums and the sym-
biotic count. 

Infants that get probiotic supplements from the Lactobacillus casei bacterial 
strain had high levels of circulating immunoglobulin A, which is correlated with a 
shorter duration of rotavirus-induced diarrhoea (Aspri et al. 2020). Additionally, the 
circulating blood granulocytes’ nonspecific immunological phagocytic activity is



noticeably enhanced by the addition of probiotic foods containing Bifidobacterium 
bifidum and Lactobacillus acidophilus. According to a study, probiotic yoghurt 
consumption can increase blood mononuclear cells’ ability to produce cytokines 
(Gill and Guarner 2004). Only when the food contains the necessary minimum 
viable microbe count at the moment of intake, probiotics’ claimed health benefits 
can be realised. The food sector frequently uses the lowest advised level, which is 
106 CFU/mL at the time of ingestion (Cristofori et al. 2021). The United States Food 
and Drug Administration (US FDA) recommends probiotic food items include a 
minimum of 106 CFU/mL. A daily dose of 108 to 109 probiotic bacteria is necessary 
to accomplish probiotic action in humans, depending on the amount consumed and 
considering storage conditions (Zommiti et al. 2020). 
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28.4.1 Health Promoting Properties of Probiotic Functional Foods 

Probiotics should be consumed first by healthy individuals because they improve 
general health and protect against various ailments. Improving health is the most 
sensible and preventive move we can take to safeguard ourselves against various 
illnesses (Amara and Shibl 2015). However, how do probiotics enhance health? The 
topic of how probiotics directly or indirectly benefit our health will be discussed in 
the following paragraphs. The various microorganisms found in human bodies 
collaborate to carry out various tasks. Our digestive system’s functions are its 
most important ones (Chandarakesan et al. 2018). These microbes improve the 
consumption and digestion of particular foods and significantly lighten the load on 
our digestive system. These bacteria simplify the processes that the human body 
must go through in order to change complicated dietary structures. The following 
facts and points can be used to summarise how probiotics relate to improving human 
health: 

I. Probiotic microbes are functional and user-friendly. 
II. Probiotic microorganisms aid in the fermentation of our food, turning it from a 

complex form into simpler byproducts, and they can improve our health in a 
variety of ways. 

III. They have the ability to competitively inhibit harmful microorganisms and 
seize control of our digestive system. 

IV. Numerous variables, including poor diet, ageing, alcohol consumption, and a 
number of others, may result in a decline in the viable count of probiotic 
microorganisms. Probiotics should therefore be a part of our everyday diets as 
a supplement. 

V. They are expected to be significantly impacted in certain circumstances, such 
as after taking antibiotics. Thus, they should be taken orally in large quantities 
with food. 

VI. They deliver essential beneficial consequences to the organism. 
VII. They eliminate the harmful microorganisms’ negative effects.
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VIII. Because they make it possible for any amount of food to be properly digested 
and metabolised, they reduce the amount of food that the human body needs. 

IX. They lessen the additional stress placed on the digestive tract of humans. 
X. They reduced the impact of the initial attack of hazardous substances on our 

cells by forming a biofilm. 
XI. By using lactose intolerance, that are genetically determined traits, probiotics 

can often compensate for the deficiencies in our genetic makeup. 

28.5 The Mechanisms Through Which Functional Foods 
and Nutraceuticals Exert Health Advantages 

Numerous studies have demonstrated the neuroprotective effects of nutraceuticals 
and functional foods, which work at several biochemical and metabolic levels. In 
particular, they can guard against cell death, oxidative stress, toxic levels of tau and 
amyloid-b, mitochondrial damage, and oxidative stress (Atlante et al. 2020). They 
have been shown to have a significant impact on the composition of the gut 
microbiota, which has helped researchers understand how the diversity of bacteria 
affects the production and accumulation of harmful proteins in the brain. It is more 
than just a diet to follow; it is a way of life that plays a significant part in the 
prevention and treatment of numerous diseases as well and reduced the risk of 
developing diabetes, heart disease, cancer, and other of our most dreaded illnesses 
(Zhang et al. 2015). The same is true in terms of preventing Alzheimer’s disease 
(AD). Owing to its high metabolic activity and amount of oxidisable components, 
the brain is especially vulnerable to oxidative damage, including the lipid milieu of 
the myelin membrane found in neuronal cells (Gella and Durany 2009). Therefore, 
diets high in antioxidants may enhance cognitive performance. According to the 
studies, a number of berries have significant antioxidant capacities because they 
contain tannins, anthocyanins, and phenols, which can boost the plasticity of the 
hippocampus and aid in learning and memory function. Alpha lipoic acid is addi-
tionally essential for preserving mitochondrial energy balance and enhancing cogni-
tive abilities, which may be reported in vegetables like spinach and broccoli (Kelly 
et al. 2018). 

Additionally, the antioxidant-rich beverages such as green and both types of 
black tea include epigallocatechin gallate, both types of black tea contain 
epigallocatechin gallate, which has been demonstrated to indirectly lessen the 
development of amyloid plaques, one of the AD’s  defining characteristics (Gella 
and Durany 2009). When taken in and absorbed by the gut, nutraceuticals function 
similarly to pharmaceuticals, providing preventative and/or adjuvant activity in the 
process of healing in the healing phase and increasing our resistance to dangerous 
environmental chemicals. Plants produce compounds having high antioxidant activ-
ity as a defence mechanism against insects, and they’re mostly found in fruits and 
vegetables (Atlante et al. 2020). As a result, they are of considerable importance to 
humans via the positive effects that may be utilised even at low dosages. The fact 
that the growing number of innovative studies suggest that generations may



experience the effects of diet on mental health, which is a fascinating idea is an 
intriguing aspect of the situation, despite the fact that the molecular processes 
underpinning the impact of nutrition on epigenetic are still not fully understood 
(Stevens et al. 2018). The ability of a dietary element to influence non-genetic 
events—even those that nonetheless result in potentially heritable phenotypic 
changes—opens a therapeutic pathway that may be useful in the management, if 
not only the control, of the illness development (Franzago et al. 2020). The antioxi-
dant, anti-estrogenic, anti-inflammatory, immunomodulatory, and anticarcinogenic 
effects of these nutrients make them significant for the human body (Fig. 28.1) even 
though they are not necessary for survival, unlike vitamins, for example. Addition-
ally, they are less potent as bioactive substances than pharmaceuticals, but because 
they are routinely ingested in large quantities as part of a meal, they can nevertheless 
have important long-term physiological impacts (Cory et al. 2018). Thus, 
phytonutrients or phytochemicals may have an anti-chronic inflammatory effect 
and may aid in the prevention of age- and chronic-related disorders, including 
atherosclerosis and arthritis. By modifying the makeup of the microbiota, the 
aforementioned bioactive substances have profound effects on the gut environment 
(Yin et al. 2019). The biological functions of functional dietary components can also 
differ since the gut microbiota itself can impact their metabolites and relative effects, 
which can even vary from person to person. Although numerous animal and in vitro 
researches have been conducted to examine the bioactivity of various functional 
foods (nutraceuticals), clinical trials involving humans are currently rare and incon-
clusive (Valdes et al. 2018). It must be remembered that any chemical changes to the 
initial bioactive component that take place during digestion or storage could signifi-
cantly alter both the compound’s bioactivity and bioavailability. 
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Fig. 28.1 Some of the proposed mechanisms by which functional foods and nutraceuticals exert 
their beneficial effects
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To further explain this idea, it should be remembered that while a compound’s 
antioxidant activity, as measured in a test tube, can be used to gauge a product’s 
quality, this does not necessarily mean that it will perform well in vivo or within a 
living being. Pomegranate ellagitannins are the subjects in this instance (ETs) 
(Sadeer et al. 2020). Pomegranates are one of the most potent in vitro antioxidants 
because of the high antioxidant potential of ETs. In contrast, these substances are not 
absorbed in living organisms and are heavily degraded by the intestinal microbiota 
into urolithins, which are no longer endowed with the ETs’ initial antioxidant 
capacity (Asgary et al. 2014). Onion, garlic, grapes, rosemary, broccoli, spinach, 
turmeric, parsley, and other foods have significant antioxidant properties and guard 
against a number of neurodegenerative illnesses, including AD. For instance, anti-
oxidant compounds found in odourless old garlic extracts (AGE) help to reduce 
oxidative damage (Atlante et al. 2020). AGE has been demonstrated to prevent 
damage to cells, cellular damage, brought on by the buildup of -amyloid peptide 
(Aβ) in vitro and to mitigate the toxicity of Aβ. 

Additionally, glycogen synthase kinase-3 activity is regulated to control tau 
protein hyperphosphorylation, usually in relation to the aetiology of AD (GSK) 
(Diering and Freeman 2018). Garlic’s ability to penetrate through the way of blood-
brain barrier (BBB), a characteristic that further supports its promise as a medicinal 
substance, has been used to investigate the neuroprotective effects of AGE on 
dementia caused by AD. A bioactive component’s distinct ability to cross or not 
the BBB can differ more that this property is now deserving attention in the AD 
therapy strategy (Mathew and Biju 2008). 

28.6 Applications of Microbial Functional Foods 
and Nutraceuticals 

A set of compounds with recognised nutritional functions, including vitamins, 
minerals, amino acids, and fatty acids, are referred to as “nutrients,” naturally 
occurring in our foods and have a wide range of possible health advantages (Chen 
et al. 2018). Most vegetables, entire grains, dairy products, fruits, and meat and 
poultry from animals all include vitamins that are beneficial for managing diabetes, 
cancer, cataracts, heart disease, stroke, and other conditions (Asif 2014). The 
minerals found in plants, animals, and dairy products are beneficial for treating 
anaemia and osteoporosis, strengthening bones, teeth, and muscles, and enhancing 
nerve signals and heart rhythm. The term “nutraceuticals” describes a large group of 
substances (Atlante et al. 2020). Some important nutraceuticals and functional foods 
and their applications are described as follows: 

Dietary Fibres Dietary fibres are chemicals of the vegetable origin that are found in 
meals that increase the amount of intestinal contents without being digested in the 
large intestine. In chemistry, the term “dietary fibre” refers to carbohydrate polymers 
having at least a percentage of 3’s polymerization that is not absorbed or processed 
in the small intestine (Lunn and Buttriss 2007). Fruit, barley, oats, lignin, cellulose,



and pectin are among examples, and other items. An appropriate intake of these 
fibres through food is linked to a decreased risk of gastrointestinal problems, colon 
cancer, hypertension, diabetes, obesity, and cardiovascular disease (Nirmala Prasadi 
and Joye 2020). 
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Probiotics Probiotics are living bacteria found in food that have a variety of 
positive effects on the human body. The enhancement of the intestinal microbiota 
has been attributed to the benefits of probiotic-rich diets that are prepared either 
naturally or through commercial fermentation techniques (Markowiak and 
Ślizewska 2017). 

Polyunsaturated Fatty Acids Polyunsaturated fatty acids found in oily fish, flax 
seeds, soybeans, and other foods include omega 3 fatty acids such as -linolenic acid, 
eicosapentaenoic acid, and docosahexaenoic acid. Omega 6 fatty acids, such as 
α-linoleic acid and arachidonic acid, are also present in foods like corn, soybean, 
sunflower, and wheat (Balić et al. 2020). 

Prebiotics Prebiotics are non-living substances, in contrast to probiotics. These 
short-chain polysaccharides with distinctive chemical compositions particularly 
fructose-based oligosaccharides that are present in food either naturally or artificially 
yet nonetheless have a variety of beneficial effects on our bodies while not being 
digested by people. The microbiota’s composition and function fluctuate in the 
colon, affecting the development and activity of particular bacteria that benefit the 
host’s health (Megur et al. 2022). Prebiotics act as the nutrition of probiotics and 
promote their growth in the gastrointestinal tract. The roots of chicory, bananas, 
tomatoes, alliums, beans, etc., are a few examples of these edibles (Markowiak and 
Ślizewska 2017). 

Polyphenols In order to defend themselves against reactive oxygen species and 
photosynthetic stress, plants synthesise phytochemicals called polyphenols. Others 
include the anti-inflammatory and antioxidant characteristics of flavonoids, 
anthocyanins, and phenolic acids (Panche et al. 2016), which can be found in a 
range of foods. 

Additionally, some nutraceuticals or functional foods are found in many food 
products, such as quercetin, which is found in red grapes, broccoli, onions, and other 
foods. This makes mentioning the foods that are higher in a substance or family of 
substances while discussing nutraceuticals worthwhile. The exact quantity of 
nutraceuticals or functional foods in food is affected by several factors, including 
the soil on which plants grow and how animals are fed. As a result, eating a gorgeous 
red tomato that has ripened in the sun or merely a rosé tomato is not the same (Das 
et al. 2012). In actuality, adverse reactions and toxicity are frequently recorded due 
to the consumption of nutraceuticals and functional foods. Perhaps, this contamina-
tion comes from pesticides, other hazardous plants, metals, fertilisers, etc. (Colombo



et al. 2020). The possible health advantages of functional foods are mentioned 
below: 
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(a) Enhancing the nutritional value of food. 
(b) Aid in extending the life. 
(c) Assist in preventing specific medical conditions. 
(d) May appear more “natural” than conventional treatment and be associated with 

less negative side effects. 
(e) Foods that are nutrient rich for the elderly are one example of how to improve 

the nutritional content of food for those with special needs. 
(f) Be readily available and reasonably priced. 

28.7 Future Perspectives 

The realm of “neuro-nutraceuticals” currently offers strong research ideas, as was 
extensively noted in this study, and in the near future, it may open interesting 
windows on effective and secure treatments, even in individuals with dementia 
who have already been diagnosed. We hope that several food-borne chemicals will 
eventually help AD therapy because of the preclinical evidence that they may be 
beneficial in preventing and treating cognitive decline. To validate their positive 
effects on humans, additional research is required. Currently, adopting an active 
lifestyle along with a diet that fits the criteria of the Mediterranean diet (perhaps 
enhanced with walnuts and olive oil) is the strongest suggestion in terms of 
behaviour and nutrition—when a healthy cognitive reserve still exists. Recent 
research by Ravi et al. highlights the beneficial, mild, and preventive anti-AD 
properties of the Mediterranean diets, which are mostly constituted of fruits, 
vegetables, and omega-3 fatty acids. We can battle this debilitating neurological 
condition by making the necessary lifestyle changes. Maintaining a healthy diet is 
vital for all age groups. However, it is crucial to encourage specific nutritional 
practices among the elderly owing to the possibility of malnutrition, decreased 
absorption, appetite loss, and chewing difficulty, all of which can impair a person’s 
nutritional status. In reality, nutritional intake and assimilation can be reduced in 
ageing individuals, which may help to explain the contradictory outcomes of clinical 
research involving dietary treatments. These techniques aim to fundamentally 
restore the variety of gut flora in the elderly in an effort to lessen certain negative 
effects of ageing. 

28.8 Conclusion 

Due to the high demand for value-added nutraceuticals to protect people from 
diseases, the technologies based on metabolic engineering of microorganisms have 
made amazing strides in manufacturing nutraceuticals over the past few decades. 
The preparation and manufacture of complex natural chemicals like carotenoids on



an industrial scale using only basic carbon sources were made possible, thanks to 
metabolic engineering in microorganisms. Novel or more complex value-added 
substances could be created in microbes naturally, particularly with the clarification 
of biosynthetic pathways and the development of synthetic biology technologies. 
The effectiveness of enzymes produced by plants or animals, which restricts the 
production of the target molecules, is one of the main drawbacks of microbial 
platforms. While various non-microbial manufacturing methods, such as those 
using algae and plant-based cell cultures, have also been developed to produce 
naturally occurring or synthetic value-added nutraceuticals and functional foods. 
Therefore, even though there is no question about the role that nutraceuticals and 
functional foods play in preventing, limiting, and treating numerous diseases, it is 
important to remember that everyone responds differently to nutraceuticals. The 
assimilation of an individual’s nutraceuticals and susceptibility to a specific disease 
will depend on their lifestyle, environmental exposures, and genetic makeup. 
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Abstract 

Modern life is not conceivable without the involvement of nanoparticles. Major 
aspects of science are dependent on nanotechnology for varied applications. The 
nanoscale size of nanoparticles, larger surface/volume ratio, characteristic 
structures, and similar dimensions to biomolecules led to their application in 
biomedical sciences. In the due course of development, nanoparticle synthesis has 
come a long way from conventional physical and chemical methods to latest 
method involving environment-friendly biological synthesis. Microorganisms 
like bacteria, fungi, blue-green algae, and yeast have been screened and adopted 
for biological synthesis of variety of metallic nanoparticles. This chapter 
discusses the detailed mechanism of microbe-mediated biosynthesis of 
nanoparticles, their applications in healthcare mainly as antimicrobials, and 
attempts at optimizing the factors influencing the quality of nanoparticles along 
with the newer dimensions and limitations of this arena. 
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29.1 Introduction 

Nanotechnology is the branch of science and engineering that involves the design, 
production, and application of structure, and systems by manipulating atoms and 
molecules at the nanoscale, i.e. having at least one dimension in the order of 1 nm to 
100 nm. It is concerned with the creation of nanoparticles (NPs) that exhibits unique 
chemical properties, controlled monodispersity, and more reactivity than parent 
metal atom owing to their high surface-to-volume ratio (Sahoo et al. 2021). NP 
consists of three layers: a surface layer equipped with a wide range of molecules, 
surfactants, metal ions, and polymers; a shell layer, above the core, which is the 
central portion of NP; and the NP itself (Shin et al. 2016). These are classified into 
different types based on their morphology, size, and shape. Organic NPs include 
ferritin, micelles, dendrimers, and liposome. Being biodegradable and non-toxic, 
they are widely used in drug delivery. Inorganic NPs are biocompatible, hydrophilic, 
and non-toxic besides being more stable than organic ones, and include both metallic 
as well as non-metallic oxide NPs. Ceramic NPs are non-metallic solids having wide 
applications in the photodegradation of dyes, photocatalysis, catalysis, and imaging. 
Bio-nanoparticles are an aggregate of atoms/ions/molecules, which are prepared in 
the living system naturally (Ijaz et al. 2020). 

NPs have been reported to improve crop yield, seed germination, and total 
biomass of crops (Ali et al. 2021). Metal-based NPs, in particular, have gained 
significance in the agriculture sector as nanobiofertilizers and nanobiopesticides. 
Different types of metallic NPs have been created as they exhibit unique physical, 
chemical, and biological properties and have broad-spectrum applications in areas 
such as drug delivery, gene transfer, management of insect pests and agriculture and 
as antibacterial agents (Ghosh et al. 2008; Rai et al. 2011). 

There have been innumerable attempts on researching and analyzing the most 
economical and efficient ways to synthesize the NPs. These are synthesized by 
physical methods such as the ball milling method, pulsed wire discharge method, 
and pulse laser ablation. Chemical production of NPs is an expensive, harmful, time-
consuming, and low-yielding process; whereas, physical methods require sophisti-
cated and high power consuming equipment (Khodashenas and Ghorbani 2014). 
Recently, the focus has shifted towards reducing the production cost and to enhance 
the properties of NPs mediated by various biological systems, which are eco-friendly 
and safer to use. It involves the production of NPs using a living source, bacteria, 
fungi, plant extract, etc., and is termed a biological or ‘Green’ synthesis (Mukunthan 
and Balaji 2012). This chapter describes the biogenic synthesis of NPs via 
microorganisms, related aspects such as the mechanism taken up by them to reduce 
metal ions into its nano-form, and factors influencing the same. In addition, it cites 
recent developments happening in this particular field along with future prospects.
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29.2 ‘Green’ Synthesis of NPs 

Conventional physical and chemical methods of synthesizing the NPs are associated 
with their respective limitations. Physically synthesized NPs are formed by a 
top-down approach in which bulk material is broken down into nano-size particles. 
Although it is a fast manufacturing process, a high requirement of energy makes it 
unsuitable for large-scale production. It also leads to imperfection in surface struc-
ture, which affects other properties of the material (Kandasamy and Prema 2015). 
Chemical methods viz., chemical reduction, microemulsion, and solvothermal 
decomposition, employ a bottom-up approach using organic or inorganic chemicals 
acting as reducing (sodium citrate, sodium borohydride, and sodium hydroxide) and 
stabilizing/capping (PVA, PVP, polyethylene glycol, and polymethacrylic acid) 
agents (Satyanarayana and Reddy 2018). In the chemical and physical method of 
NPs synthesis, highly toxic, expensive, and hazardous chemicals are used which are 
harmful to the environment. The biological method is preferred, as it does not 
involve toxic chemicals for the synthesis of NPs. It is a non-toxic and energy-
efficient method. Herein, NPs are formed by the bottom-up/constructive method 
by reducing and stabilizing metabolites present in the microbial supernatant/micro-
bial cell or plant extract; thereby, there is no requirement of adding these agents 
separately (Salem and Fouda 2021). In addition to this, the biogenic method is 
environmentally safe, and is being seen as a more sustainable way of NPs production 
as compared to the other conventional methods in use. 

29.3 Microbe-Mediated Biogenic Synthesis of NPs and Their 
Applications 

Production of NPs through microorganism is considered one of the most efficient 
ways of synthesizing NPs, as they are less toxic and covers a wider area of 
applications. Different types of microbes utilize different kinds of mechanisms to 
synthesize NPs (Rani et al. 2022). Reducing enzymes, mainly reductase, and 
stabilizing or capping agents present in microbes help in the conversion of metal 
into its nanoscaled particles (Rao et al. 2017). Stabilizing and capping agents prevent 
aggregation, therefore, lead to the formation of stable NPs. On the basis of the 
location of NPs formation, it can be differentiated as intracellular and extracellular 
synthesis. The reduction of metal ions into their nanoform within the cell is referred 
to as the intracellular mode of synthesis. It starts by binding oppositely charged 
metal ions to the carboxylate groups of the metabolites like polypeptides, and 
enzymes, present on the microbial cell wall (Zhang et al. 2011). This binding is 
necessary to facilitate the trapping of metal ions inside the cell, which are reduced to 
their atomic form by the reducing agents such as NADH-dependent reductase, 
present in the microbial cell. Then, these atomic nuclei undergo growth leading to 
the formation of aggregates and ultimately NPs after being stabilized by amino acids 
such as tryptophan, cysteine, tyrosine, and proteins/peptides (Iravani 2014; 
Shedbalkar et al. 2014). NPs are found to accumulate in the cytoplasm as well as



cell wall (Mukherjee et al. 2001; Yusof et al. 2019). The extracellular mode of 
synthesis is facilitated by the extracellular enzymes that are either located on the cell 
membrane or released into the growth medium and mediate the reduction of metals 
from their ionic to atomic form followed by nucleation to form NPs. A few 
extracellular proteins also acts as capping agents and stabilize the NPs thus formed 
(Yusof et al. 2019). A number of microbial metabolites have been found to involve 
in the extracellular production of NPs (Ovais et al. 2018a, b; Ghosh et al. 2022). 
Barabadi et al. (2017) and Qamar and Ahmad (2021) discussed a few compounds 
that are involved in the synthesis of NPs from bacteria and fungi. Chemical 
structures of some of them have been depicted in Fig. 29.1. 
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Fig. 29.1 Structures of the chemical compounds involved in the synthesis of nanoparticles from 
microbes (tyrosine, cysteine, tryptophan, glucose, lactic acid, griseofulvin, NADPH, mevastatin, 
and lovastatin) 

There have been a number of attempts at synthesizing the metallic NPs from the 
microorganisms in recent times, some of which have been discussed below. Copper 
NPs are well known for their anti-microbial, anti-oxidant, and catalytic activity 
(Reddy Mallem 2022). Shantkriti and Rani (2014) reported the synthesis of 
CuNPs by incubating cell-free culture supernatant of non-pathogenic bacteria 
P. fluorescens with CuSO4 (Copper sulfate) solution for 90 min. Lv et al. (2018) 
used Shewanella loihica PV-4 to produce CuNPs having antibacterial activity 
against E. coli. Noman et al. (2020) studied the production of CuNPs from the 
bacteria Escherichia sp. within a size range of 22.3 to 39 nm that acts as a photo 
catalyst during dye degradation. ZnONPs, widely used in antibacterial creams, 
lotions, ointments, mouthwashes, and paints, also act as antimicrobial agents and 
biofilm growth inhibitors (Mandal 2016). Spherical Zinc NPs within a size range of 
14.39–37.85 nm were reported to be synthesized from the supernatant of a 
microalgae, Cladophora glomerata (Abdulwahid et al. 2019). A yeast, Pichia 
kudriavzevii, was also employed to prepare hexagonal zinc NPs by Moghaddam 
et al. (2017). Nadeem et al. (2018) reported bacterial strains, Bacillus subtilis, and 
Lactobacillus sp., as a source for the bio-production of TiO2 NPs. Khan et al. (2021) 
reported that iron oxide magnetic nanoparticles synthesized by Pseudomonas 
aeruginosa are used in many applications, such as magnetic resonance imaging,



diagnostics, and therapeutics. Magnetic NPs with narrow-size distribution help in 
maintaining the temperature needed as per the exact calculations for cancer treat-
ment. Iron NPs synthesized using Proteus vulgaris ATCC-29905 proved to be 
excellent anticancer and antimicrobial agents (Nadeem et al. 2021). Spherical 
AgCl (silver chloride) NPs with a centered cubic crystal structure and a mean particle 
size of around 10–50 nm synthesized by cell-free culture supernatants of Pantoea 
agglomerans and Raoultella planticola exhibited antimicrobial activity against 
Staphylococcus aureus, Streptococcus pyogenes, Salmonella, and Bacillus 
amyloliquefaciens (Ghiuta et al. 2021). Alsamhary (2020) studied the antibacterial 
efficacy of Bacillus subtilis-mediated silver NPs to treat MDR (multidrug-resistant) 
microorganisms. Jebur and Abd (2021) synthesized MgO (magnesium oxide) NPs 
having different average diameters by two Streptococcus sp., S. salivarius and 
S. mutans. These NPs showed antibacterial efficacy against MDR, Gram-positive 
bacterium, Acinetobacter baumannii with a MIC (minimum inhibitory concentra-
tion) of 250 μg/mL. In a similar study, Fouda et al. (2021) investigated the antimi-
crobial potential of MgO-NPs (Source-Penicillium chrysogenum) which exhibited a 
zone of inhibitions at 200 μg/mL against Staphylococcus aureus, Bacillus subtilis, 
Pseudomonas aeruginosa, Escherichia coli, and Candida albicans. 
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29.4 Factors Affecting the Microbial Synthesis of NPs 
and Optimization Studies 

Microbial species, the concentration of metallic precursor solution, incubation and 
reaction time, varying concentration of supernatant, pH, and temperature, are the 
factors that influence the quantity and quality of NPs significantly (Patra and Baek 
2014). Not just the metabolites composition of each microbial species is different, 
but the pathways taken up to synthesize the NPs are also distinct. HR-TEM analysis 
revealed variations in the size and shape of NPs when the same microbe took up 
extracellular and intracellular modes of synthesis (Mohd Yusof et al. 2020). Differ-
ent precursors of similar metals are used along with its varying concentration that 
influences the characteristics of NPs viz., shape and size. Therefore, a number of 
studies have been taken up to optimize these parameters in order to obtain NPs of 
desired quality and yield. One factor at a time (OFAT) is one of the most common 
approaches to carry this out that involves varying one factor at a time while keeping 
other factors as standard. Ebadi et al. (2019) optimized the synthesis of ZnONPs 
from the cell extract of cyanobacterium Nostoc sp. EA03. The maximum quantity of 
ZnONPs was obtained at a slightly alkaline pH (9) and 1000 μL cell extract 
concentration. Similarly, Bukhari et al. (2021) optimized the parameters that came 
out to be the concentration of Cu metal precursor solution (5 mM), reaction time 
(60 min.), filtrate to substrate ratio (1:1), and pH (7), from marine Streptomyces 
sp. Table 29.1 depicts various metallic NPs that have been optimized for different 
parameters affecting their biological synthesis from the microbes.
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Table 29.1 Optimized parameters for the microbial synthesis of metallic NPs 

Optimized 
conditions 

Size 
(nm) 

Ag Bacillus subtilis T (37 °C), pH 
(7.5) 

2–26 Antibacterial 
properties against 
Escherichia coli, 
and 
Staphylococcus 
aureus 

Yu et al. (2021) 

Streptomyces 
sp. SSUT88A 

T (37 °C), pH 
(7), incubation 
time (5 days) 

74.12 Antimicrobial 
activity against 
Pseudomonas 
aeruginosa 

Rosyidah et al. 
(2021) 

Chlorella 
vulgaris 

pH (12), 
incubation time 
(24 h), 
concentration 
of AgNO3 

(3 mM), extract 
ratio (8:2) 

55 Photocatalytic 
degradation of 
methylene blue 

Rajkumar et al. 
(2021) 

Aspergillus 
sydowii 

T (50 °C), pH 
(8.5), substrate 
concentration 
(1.5 mM) 

1–24 Antifungal 
activity against 
clinical 
pathogens 

Wang et al. 
(2021) 

Cedecea sp. T (50 °C), 
incubation time 
(8 h), silver salt 
concentration 
(1.5 mM) 

10–40 Antimicrobial 
activity against 
Staphylococcus 
epidermidis and 
Staphylococcus 
aureus 

Singh et al. 
(2021) 

Kocuria sp. T (55 °C), pH 
(9.8), 
incubation time 
(15 h), Silver 
nitrate 
concentration 
(1 mM) 

46.73 Antibacterial 
potential against 
Escherichia coli, 
Salmonella 
typhimurium 

Kumar et al. 
(2022) 

Au Agaricus 
bisporus 

T (28 °C), pH 
(7), reaction 
time (72 h), 
concentration 
of gold chloride 
(1:9) 

10–50 Antibacterial 
potential against 
human pathogens 

Krishnamoorthi 
et al. (2021) 

Se Lactobacillus 
paracasei HM1 

T (35 °C), pH 
(6), reaction 
time (32 h), 
agitation speed 
(160 rpm) 

56.91 Antifungal 
activity against 
animal 
pathogenic fungi 

El-Saadony 
et al. (2021) 

MgO Aspergillus 
terreus 

T (35 °C), pH 
(8), 
concentration 

8–38 Inhibiting the 
growth of 
pathogenic 

Saied et al. 
(2021)
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of Mg
(NO3)2.6H2O
(3 mM)

microbes,
tanning effluent
treatment, and
chromium ion
removal
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Table 29.1 (continued)

Optimized 
conditions 

Size 
(nm) Reference 

TiO Synechocystis 
NCCU-370 

pH (7), 
temperature 
(30 °C), 
reaction time 
(12 h) 

73.39 Antimicrobial 
activity against 
Candida 
albicans 

Siddiqui et al. 
(2022) 

FeO Alcaligenes sp. T (70 °C), pH 
(13), 
concentration 
of FeCl3 
(2 mM), 
incubation time 
(2 h) 

50–7 Degradation of 
malachite green 

Sharma et al. 
(2022) 

Purpureocillium 
lilaceinum 
MW831030.1 

pH (9), 
concentration 
of ferrous 
sulphate 
solution 
(3 mM), 
incubation time 
(3 days) 

57.9 Dye removal 
(Safranine) and 
antibacterial 
activity against 
Pseudomonas 
aeruginosa 

Hammed et al. 
(2022) 

29.5 Bimetallic NPs: A New Dimension of Microbe-Based 
Nanotechnology 

Bimetallic NPs, composed of two metals, are prepared by reducing the ions of two 
different metals simultaneously. These have been reported to improve the catalysts 
property of the original single metal that creates a new property (Ramsurn and Gupta 
2013). The synergy existing between these metals is the major cause of their multi-
functionality. They act as effective catalyzers in a variety of reactions owing to their 
large surface area. Bimetallic nanostructures comprise segregated and mixed 
nanostructures. Two different metals possess ordered and random arrangements of 
atoms, in the case of mixed structures like intermetallic and alloy nanoparticles, 
respectively. Segregated nanostructures, on the other hand, usually involve the 
formation of an initial structure of one metal type followed by the addition of the 
second metal. Thus, these are further classified as subcluster structures (separate 
distribution of two metals with a shared interface), core–shell structures (metal core 
is surrounded by a shell of second metal), multishell core–shell structures (shells 
possess alternative arrangement forming a shape like onion rings), and multiple core 
materials coated by a single shell (Ferrando et al. 2008; Srinoi et al. 2018).
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Exhibiting higher activity, selectivity, and stability, they have wide applications 
in imaging and biomedical devices including nano-medicines (Erkey 2011; Loza 
et al. 2020). Bimetallic nanocomposites act as sensors and help in the early diagnosis 
of the disease. They have the ability to detect even 2–3 cancerous cells present in the 
body and are emerging as a bright option in the diagnostics field (Sharma et al. 
2019). They also demonstrate greater antioxidant activity and dye removal efficacy 
used for wastewater treatment as compared to monometallic NPs (Riaz et al. 2022). 
Merugu et al. (2021) used the toddy palm extract to synthesize copper-zinc bimetal-
lic NPs having anti-bacterial activity against Alcaligenes faecalis, S. aureus, 
K. pneumoniae, and Clostridium perfringens. Similarly, Riaz et al. (2022) took up 
the synthesis of monometallic as well as bimetallic/alloy NPs of zinc and copper 
from the aqueous extract of Mirabilis Jalapa. An equal volume of the plant extract 
was added to the aqueous solution of zinc chloride and copper sulfate (precursor salts 
of both metals) at varying concentrations. The continuous change in color from royal 
blue to sea green indicated the formation of nanoparticles. Fawzy et al. (2021) 
suspended cell pellet as well as cell-free supernatant of Pseudomonas fluorescens 
(PS1and PS2) into ZnSO4 and CuSO4 solution wherein color change indicated the 
formation of bimetallic (Cu-Zn) NPs. Iron-manganese NPs synthesized using 
bacteria-fermented supernatant containing auxin complex compounds (indole-3-
acetic acid) as reducing agents were evaluated as plant nanofertilizer. Spherical 
NPs showed a positive impact on seed germination, root development, and fresh 
weight of Zea mays (de França Bettencourt et al. 2020). They also act as promising 
antimicrobial agents besides displaying their tendencies in several industries affected 
by microbes such as water, food, textiles, and oil and gas (Arora et al. 2020). 

29.6 Conclusion 

Microbial synthesis of NPs is expected to take a leap forward in the near future 
owing to its environment friendliness, lesser cost of production, and biocompatibil-
ity provided it address a few limitations (Ovais et al. 2018a, b). A slower reduction 
process, reproducibility issues, and requirements of entirely aseptic infrastructure, 
besides unelucidated mechanisms underlying the same, can halt the synthesis as well 
as the application process (Rani et al. 2022). Therefore, besides focusing on explor-
ing various microbial taxa for the synthesis of metallic NPs, researchers should also 
focus on the details of the reduction and stabilization process. In addition, the 
procedures involved in the extraction and purification of NPs from microbes needs 
to be studied in order to facilitate the full-fledged use of this application. 
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Abstract 

Urolithiasis is a potentially brutal condition characterized by the presence of 
insoluble deposits or stones in the kidneys and urinary tract. Among the various 
urological diseases, urolithiasis is ranked third in its prevalence. Around one in 
11 people over the globe is affected by a highly pervasive urolithiasis which 
accelerates to excessive pain and chronic kidney diseases, thereby affecting 
people’s health and quality of life. Oxalate that is endogenously produced by 
the liver as well as consumed in the diet is the major component of nearly 80% of 
kidney stones. Although, till date several drugs and therapies have been 
recommended and assessed both in vitro and in vivo for targeting kidney stones, 
but microbial drugs for stone dissolution have rarely been explored. Therefore, 
specific drugs for stone prevention and urolithiasis are still limited, and hence, it 
becomes essential to discuss microbial biopharmaceuticals such as oxalate 
degrading enzymes, probiotics and postbiotics that provide new strategies for 
prevention and treatment of CaOx kidney stones. 
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30.1 Introduction 

Oxalate is a small dicarboxylic acid that is likely to contribute to chronic kidney 
diseases (CKD), end-stage renal disease (ESRD)- associated cardiovascular 
diseases, polycystic kidney diseases and/ or poor renal allograft survival (Alshaikh 
and Hassan 2021). However, the elevated oxalate level in urine known as 
hyperoxaluria is one of the major risk factors for recurrent urolithiasis and progres-
sive nephrocalcinosis (Shah et al. 2021). Hyperoxaluria elicits supersaturation of 
calcium oxalate salts and crystal formation in the urine, thereby resulting in urolith-
iasis and deposition of calcium oxalate crystals in kidney parenchyma, a condition 
termed as oxalate nephropathy (Buysschaert et al. 2020). Besides calcium oxalate 
(which accounts for more than 75% of renal stones), kidney stones are also com-
posed of calcium hydroxyl phosphate (brushite or calcium hydroxyapatite) magne-
sium ammonium phosphate (struvite or triple phosphate), urate and cystine (Gupta 
and Kanwar 2018). Risk factors such as diet, environmental factors, socio-economic 
status, drugs, family or personal history of kidney stones, host genetics are responsi-
ble for occurrence of different types of kidney stones (Gupta and Kanwar 2020a). 
Being a multifaceted disease, renal stone formation is enhanced by high dietary 
oxalate intake, low fluid intake, high salt intake and consumption of high animal 
protein intake. Besides these, obesity, diabetes, hypertension and hyperlipidemia are 
other factors known to contribute to calcium oxalate stone formation (Thakore and 
Liang 2021). Kidney stones also have a considerably high recurrence rate with 
almost half of the patients displaying a recurrent episode in 10 years and about 
90% within 30 years (Alelign et al. 2021). 

Apart from the formation of stones in the kidney, oxalate crystals can destruct 
epithelium in the oral cavity and gastrointestinal tract, causing inflammation, diar-
rhoea and gastric haemorrhage (Gupta and Kanwar 2020b). Chronic kidney stone 
disease may ultimately advance to kidney failure and is often associated with other 
co-morbidities such as asthma, cardiovascular diseases, metabolic syndromes as well 
as end stage renal diseases (ESRD) like renal cancers (Gupta and Kanwar 2020a). 
Oxalate stones prompt renal inflammation and through overexpression of inflamma-
tory bodies like interleukins (IL) and activating NOD like receptors proteins 
(NLRP3)/inflammatory bodies that cause necrosis of renal tubular epithelial cells 
thereby leading to oxalate nephropathy (Gupta and Kanwar 2022). 

With its tendency to relapse, severity, increase in morbidity and reduced age of 
diagnosis, the management of urolithiasis has become an un-met real challenge in 
the field of urology. Conventional methods being employed for the treatment of 
kidney stones including drug therapy and surgical methods such as extracorporeal 
shock wave lithotripsy, ureteroscopy lithotripsy and percutaneous nephrolithotomy 
give unsatisfactory results and have several shortcomings (Lin et al. 2017; Paul et al. 
2018). The exposure to the shock waves leads to severe side effects including acute 
renal injury, decreased renal function and increased rate of stone recurrence as well 
as being highly expensive. Dietary management of oxalate stones through restricting 
oxalate intake in diet might not be a reliable approach to prevent recurrent stones in 
many patients, as this may lead to nutritional deficiencies (Tavasoli et al. 2020). For



absolute treatment and prevention of kidney stones, the ideal strategy is to target the 
initial processes of stone formation like oxalate supersaturation or crystallization 
events. Oxalate degrading microbial enzymes such as oxalate decarboxylase 
(OxDC) and the oxalate oxidase (OxOx) act directly on oxalate and therefore 
represent biochemical factors useful in dissolving or reducing the size of CaOx 
stones already formed in the urinary tract. Using such enzymatic therapies to treat 
kidney stones would be highly relevant in patients, especially those who are poor 
candidates for surgery, have rapidly recurrent formation of stones and/or have 
received shockwave lithotripsy. However, oxalate degrading probiotic bacteria 
colonization in the gut or their products (postbiotics) can reduce the chances for 
renal stone formation and also manage hyperoxaluria (Fig. 30.1). Therefore, in the 
present study, we discuss the potential of oxalate degrading microbial products or 
probiotic bacteria as potential futuristic remedies for treatment and prevention of 
urolithiasis. 
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Fig. 30.1 Microbial biopharmaceuticals in management of urolithiasis 

30.2 Oxalate Decarboxylase: A Novel Therapeutic 
in Management of Calcium Oxalate Urolithiasis 

Oxalate decarboxylase catalyses the disproportionation reaction of oxalate 
monoanions into formate and CO2 (Zhu et al. 2018). It is a member of the cupin 
superfamily of proteins and exists as a homogenous polymerase with manganese 
ions (Lin et al. 2017). O2 and Mn2+ ions act as the cofactors for this enzyme, and it 
displays a strong pH dependency between pH 5 and pH 6. It was originally 
discovered in mycelia extracts of the white-rot fungi Trametes hirsuta (Coriolus



hirsutus) and Flammulina velutipes (Collybia velutipes) (Shimazono ). Other
than these, OxDC has been reported in several other microbial species (Table ).
Bacillus subtilis oxalate decarboxylase is the best oxalate metabolizing enzyme
characterized till date. The enzyme is coded by the Yvrk gene and is effectuated by
the acidic pH (5.0) of the growth media (Qi et al. ). Also, the B. subtilis yoaN
(renamed as oxdD) and yxaG genes might also encode for enzymes exhibiting the
OxDC activity (Lee et al. ). Another structural genomics study of proteins
encoded by putative open reading frames in Thermatoga maritima and
Photorhabdus luminescens has identified an oxalate-binding monocupin as a puta-
tive bacterial OxDC (Chellappan et al. ). Our recent investigation described a2020
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Table 30.1 Microbial diversity of oxalate decarboxylase and their applications 

Class Organism Applications Reference 

Fungi Ascomycetes 
Aspergillus niger, Aspergillus 
clavatus, Aspergillus 
fumigates, Aspergillus 
phoenicis, Aspergillus oryzae, 
Aspergillus flavus, Aspergillus 
nidulans, Aspergillus terreus, 
Myrothecium verrucaria, 
Penicillium chrysogenum 

Oxalic acid removal for 
prevention of scaling in 
pulp and paper industry 

Cassland et al. (2010), 
Makela et al. (2010) 
and Winestrand et al. 
(2014) 

Basidiomycetes 
Agaricus bisporus, 
Coprinopsis cinerea (Coprinus 
cinereus), Ceriporiopsis 
subvermispora, Dichomitus 
squalens, Flammulina spp., 
Flammulina velutipes, 
Gloeophyllum trabeum, 
Heterobasidion annosum, 
Laccaria bicolor, 
Phanerochaete chrysosporium, 
Phanerochaete sanguinea, 
Pleurotus ostreatus, Postia 
placenta, Schizophyllum 
commune Serpula lacrymans, 
Trametes ochracea, Trametes 
versicolor, Trametes hirsuta 

Oxalate removal in 
breweries 

Liang et al. (2015), 
Paul et al. (2017) and 
Conter et al. (2019) 

Determination of 
oxalic acid level in 
blood, plasma, urine, 
wort and beer 

Gupta and Kanwar 
(2020a) and Vos et al. 
(2021) 

OxDC expressing 
plants: 
Chickling vetch 
(Lathyrus sativus) 
Lettuce (Lactuca 
sativa) 
Tomato (Solanum 
lycopersicum) 
Tobacco (Nicotiana 
tabacum) 

Lambein et al. (2019) 
and Kumar et al. 
(2019) 

Bacteria Agrobacterium tumefaciens, 
Bacillus subtilis, Pandorea 
spp., Synechocystis spp., 
Thermotoga maritima, 
Photorhabdus luminescens 

Treatment of 
hyperoxaluria, 
urolithiasis and 
nephrocalcinosis 

Paul et al. (2019) and 
Chellappan et al. 
(2020) 

Depletion of dietary 
oxalate with enzyme 
formulation 

Gupta and Kanwar 
(2020a) 

OxDC-expressing 
probiotic lactic acid 
bacteria 

Mathivanan (2021)



potent 49 kDa OxDC from a Gram-negative bacteria Pseudomonas sp. OXDC12 
may serve as a prospective therapeutic agent for hyperoxaluria or kidney stones as it 
significantly inhibited the formation of calcium oxalate crystals under in vitro 
conditions (Gupta and Kanwar 2021). Knowledge-based modelling of the enzyme 
displayed a β barrel core in each of the two domains organized in the hexameric 
state. A cluster of three histidine, suitably juxtaposed to coordinate a divalent metal 
ion exists in both the domains. It was hypothesized that the histidine clusters were 
involved in the catalytic mechanism of the enzyme, possibly through coordination of 
a metal cofactor. The histidine triad forms an optimal topology for binding of Mn2+ 

ions due to the orientation of the imidazole rings in the two domains of the OxDC. 
The histidine-coordinated divalent Mn ion in the two domains provide scope for 
binding of ligands (oxalate and formate). The Mn bound oxalate is degraded by 
OxDC through C-C bond cleavage involving the PCET reaction resulting in the 
formation of formate (Gupta and Kanwar 2022).
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The enzyme functions in a distinctive manner by firstly catabolizing free oxalate 
to minimize oxalate’s bioavailability which lowers its levels below supersaturation 
and permits the dissolution of precipitated crystals naturally and/or secondly, within 
the stone matrix, it dissolves the calcium oxalate mineral precipitates slowly thereby 
directly acting on calcium oxalate crystals in kidney stones (Peck et al. 2016). OxDC 
displays good prospects in the deduction of excess dietary oxalate as well as in the 
dissolution of CaOx stones in the kidneys as the enzyme can degrade oxalate into 
formate and carbon dioxide. Studies in the hyperoxaluria model of mice have 
revealed that oral therapy using a cross-linked formulation of OxDC could reduce 
the amount of oxalate in urine, suggesting a potential approach for treatment of 
hyperoxaluria (Langman et al. 2016). Previously, the heterologous expression of this 
enzyme in Lactobacillus plantarum (L. plantarum) was developed and utilized as a 
potential probiotic for depletion of intestinal dietary oxalate (Albert et al. 2020). In a 
recent double blind, placebo controlled, randomized, crossover study, administration 
of OxDC orally in healthy volunteers on a high oxalate diet significantly reduced 
urinary oxalate levels without affecting urine creatinine or other solutes coupled to 
supersaturation of CaOx, (Quintero et al. 2020). Fungal OxDC expressed in trans-
genic plants might significantly reduce nutritional stress for herbivores because of 
diminished oxalate content in the feed (Chakraborty et al. 2013). 

30.3 Oxalate Oxidase 

Oxalate oxidase (OXO) also known as the oxalic acid oxidase pertains to the oxido 
reductase enzyme family with an enzyme commission number of 1.2.3.4. The 
enzyme requires FAD and Mn2+ as cofactors and plays role in glyoxylate and 
decarboxylate mechanism (Arumugam et al. 2020). The enzyme catalyses oxidation 
of oxalate to CO2 with the reduction of molecular oxygen to hydrogen peroxide. The 
OXO activity was initially observed in plants due to a functionally diverse super-
family of proteins known as cupins which play a role in cell wall synthesis, floral 
induction, fungal defence and salt tolerance. However, studies have reported



extracellular OXO activity in various microbial strains such as Ceriporiopsis 
subvermispora (a white rot basidiomycete), the bacterium Pseudomonas 
sp. OX-53 and Ochrobactrum intermedium CL6 (an endophytic bacterium; 
Kizhakedathil et al. 2020). Lately, Graz and colleagues detected the oxalate oxidase 
activity in nine basidiomycete fungi which can be used in the diagnosis and 
prevention of kidney diseases caused by the precipitation of calcium oxalates 
(Grąz et al. 2023). Various commercial kits have been prepared using OXO to 
monitoring oxalate levels in blood and urine that helps control hyperoxaluria and 
prevents urolithiasis. In a recent investigation, Kizakedathil and his co-workers for 
the first time reported the activity of OXO in decomposing calcium oxalate crystals. 
The thermophilic OXO was produced from the fungal strain Fusarium oxysporum 
RBP3 isolated from rotting taro corn (Kizhakedathil et al. 2020). Concurrently, 
Arumugam and his team extracted an oxalate oxidase from the bacterium Staphylo-
coccus pasture which when analysed for its efficiency against the formation of 
kidney stones exhibited significant degradation of calcium oxalate kidney stones 
under in vitro conditions (Arumugam et al. 2020). 
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30.4 Probiotic Management of Kidney Stones 

Using probiotic therapy for treatment and prevention of kidney stones and 
hyperoxaluria is a new frontline area for researchers. It has been observed that 
aerotolerant Lactobacillus and obligatory anaerobe Bifidobacterium residing in the 
intestine show oxalate-degrading activity, which was considered useful for the 
prevention of CaOx stone formation (Abratt and Reid 2010; Akulenko et al. 
2020). Studies confirmed that through treatment with Bifidobacterium lactis DSM 
10140, Bifidobacterium longum MB 282 and Bifidobacterium adolescentis MB 
238 strains, the degradation of oxalate could be achieved up to 61%, 35.2% and 
57%, respectively (Gupta and Kanwar 2020a). Both Lactobacillus and 
Bifidobacterium spp. are known as “generalized oxalobacters” as they do not use 
oxalate as a sole source of carbon and degrade it only in the presence of glucose and 
lactose (Sadaf et al. 2017). It has been experimentally demonstrated that Lactobacil-
lus acidophilus NCFM contains genes that code for the oxalyl CoA decarboxylase 
(oxc) and formyl CoA transferase (frc) enzymes and constitute the functional oxalate 
catabolising operon. Various native sources such as milk, yogurt, pickles, cucumber 
and dieffenbachia plant were figured out to contain natural population of Lactoba-
cillus and Oxalobacter probiotics used in the prevention of kidney stones (Gomathi 
et al. 2014). According to a report, “Oxadrop” the brand name of a mixed culture of 
Bifidobacterium infantis, L. acidophilus, Streptococcus thermophilus and Lactoba-
cillus brevis did not produce any effect on the inhibition of kidney stone formation 
when given along with a low oxalate diet; however, with a normal diet, it reduced 
oxalate excretion (Miller and Dearing 2013). 

Oxalobacter formigenes is an anaerobic oxalate degrading bacterium in the 
mammalian gut that relies exclusively on oxalate for growth (Fig. 30.2). It has the 
greatest reservoir of oxalate metabolizing genes (Nazzal et al. 2021). Results from

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fusarium-oxysporum


numerous ongoing clinical trials studying the effect of Oxalobacter formigenes in 
patients with urolithiasis have made apparent that O. formigenes intake decreases 
oxalate levels in patients with kidney stones. Investigations demonstrated that 
urinary oxalate levels were lower in patients positive for O. formigenes. The dearth 
of this bacterium in the gut increases the likelihood of hyperoxaluria and recurrent 
urolithiasis (Wigner et al. 2022). In another clinical study, Nazal and co-workers 
illustrated that O. formigenes colonization was remarkably suppressed in subjects 
exposed to antibiotics; however, it remained stable in controls (Nazzal et al. 2021). 
Further, a cohort study with a large number of patients showed a 70% decreased risk 
of recurrent kidney stone formation on colonization with O. formigenes (Daniel et al. 
2021). The study conducted by Verhulst and his team on animal models displayed 
beneficial effects of O. formigenes treatment on nephrocalcinosis and ethylene 
glycol-induced hyperoxalemia and thus supports the use of O. formigenes as poten-
tial therapeutics in primary hyperoxaluria (Verhulst et al. 2022). 
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Fig. 30.2 Oxalate metabolism by Oxalobacter formigenes 

Recently, it was manifested that after administration of Lactobacillus, the oxalate 
content and stone size were significantly reduced in patients with hyperoxaluria. 
Expression of OxDC by Lactobacillus was considered responsible for oxalate 
degradation. Besides Lactobacillus regulates the expression of tight junction protein 
and the body’s immune response thereby strengthening the intestinal barrier, playing 
an important role in maintaining the balance of intestinal flora. Given the advantages



of Lactobacillus and OxDC mentioned above, it has turned out into a promising and 
potential strategy for the treatment of CaOx stones patients (Wu et al. 2022). Al and 
co-workers demonstrated that colonization of the intestinal tract of D. melanogaster 
with Bacillus subtilis 168 (BS168) exerted promising outcomes by reducing stone 
burden in dissected Malpighian tubules and faecal excreta. Similarly, in vitro exper-
imentation involving pre-treatment of MDCK cell lines with BS168 prevented CaOx 
crystal adhesion and aggregation thereby suggesting that BS168 provides a novel 
curative which could significantly reduce the incidences of recurrent CaOx 
nephrolithiasis in high-risk patients (Al et al. 2020). However, due to bioavailability 
issues or viability of the probiotic formulations, these attempts of human coloniza-
tion with oxalate degrading probiotic bacteria should not be considered successful so 
far and hence demand further research into it. 
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30.5 Postbiotics: A Futuristic Therapy for Urolithiasis 

Dysbiosis in the intestinal microbiota and urinary tract microbiome can result in 
sever kidney stone disease. The use of prebiotics, probiotics and postbiotics to alter 
the gut microbiome has attracted recent interest. Postbiotics are substances produced 
by or released by metabolic activity of the microorganisms, which directly or 
indirectly employ a positive effect on the host (Żolkiewicz et al. 2020). Although 
studies demonstrated reduced urinary oxalate excretion on administration of 
O. formigenes in the gut, however, it was also exhibited that colonization of the 
bacterium inside the gut depended on dietary calcium intake. The colonization of the 
bacterium was persistent only when dietary calcium was low, i.e. there was less 
calcium available to bind oxalate. This reduces the beneficial effects of 
O. formigenes probiotic therapy on oxalate degradation as this would require a 
low calcium diet. These benefits of probiotic O. formigenes could be reinstated by 
the postbiotic O. formigenes lysates (Favero et al. 2022). Investigations revealed that 
enteric coated encapsulated O. formigenes freeze diet lysates twice daily for 5 days 
reduced urinary oxalate excretion by 50% as well as in rats with renal insufficiency 
and hyperoxaluria it supported colonic oxalate secretion. In this study, freeze-dried 
lysates of O. formigenes strain, oxalyl CoA and thiamine pyrophosphate in the ratio 
of 8:1:1 was formulated and used in the form of gelatin capsules. Also enhanced 
uptake of oxalate was observed in Cacoo 2BEE cells when incubated in 
O. formigenes conditioned medium as compared to control cells grown in 
non-O. formigenes conditioned medium (Arvans et al. 2017). Although additional 
studies are necessary to verify the efficacy of O. formigenes postbiotic however, the 
results obtained in this work braced the concept that the postbiotic could maintain a 
balance renal and enteric oxalate (Hatch et al. 2006).
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30.6 Conclusion 

Over the years, hyperoxaluria or kidney stones have evolved from an acute disease to 
a chronic condition which leads to recurrent stone formation and severe renal 
disorders for which satisfactory therapeutic options are still awaited. Renal calculi 
or kidney stones with a worldwide prevalence of 1–20% are predominantly made up 
of calcium oxalate crystals and are found to a greater extent in males than in females. 
Drugs and surgical intervention of kidney stones are available; however, the side 
effects posed by these therapies as well as recurrence rate of stones have stipulated 
for better and safer options. Microbial products such as oxalate degrading enzymes, 
i.e. oxalate decarboxylase and oxalate oxidase have been explored in the recent past 
as potential therapeutics for kidney stones and hyperoxaluria. Moreover, coloniza-
tion of the gut with whole O. formigenes (probiotic) or treatment with O. formigenes 
lysates (postbiotics) have been demonstrated to reduced urinary oxalate excretion in 
animal models. Therefore, further advancements in this filed can guarantee superior 
and definitive therapeutics for urolithiasis. 
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Use of Yeast in the Welfare of Human 
and Their Applications 31 
Nishu Lohan and Sukesh Chander Sharma 

Abstract 

The usage of yeasts in human nutrition together with food technology, as an 
alternative source of protein to substitute the requirements in a world of low 
agriculture production and rapidly multiplying population, makes yeast incredi-
bly important. The use of yeasts, for SCP production, is more accessible, as they 
can be effortlessly reproduced utilizing inexpensive raw materials and readily 
picked due to their bigger cell sizes and flocculation capabilities. One of the 
benefits of using yeast is that they hold a lesser quantity of nucleic acids than 
bacteria, so it can be used by human. Yeast biomass along with biomass-enriched 
yeast through trace minerals proved to be a non-traditional alternative source of 
protein. And it is applicable in enhancing animal fitness and growth performance 
and characterizes a premium supplement to the human diet owing to the high 
content of minerals, proteins, and vitamins, too. Yeast can also be used as a trace 
element supplement in food, feed, and medicine, known as trace element enriched 
yeast; it is specified for its capability to accumulate metal ions and to form 
organically bounded microelements. This review will explore the potential 
applications of yeast in human welfare. 

31.1 Introduction 

Yeast is a unicellular, chemoorganotrophic eukaryotic microorganism categorized as 
a kingdom fungus member. The earliest yeast evolved hundreds of millions of years 
ago. Yeasts are very frequent in the environment, grow excellent in a slightly acidic
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pH to neutral pH, and are generally isolated from sugar-rich materials (like exudates 
from plants, the skin of berries, and fruits). Yeasts are also found in the gut flora of 
mammals and some insects and indeed deep-sea environments host an array of 
yeasts. Yeast may have sexual and asexual (budding and fission) reproductive 
cycles. The prevalent mode of vegetative growth in yeast is asexual reproduction 
by budding (Balasubramanian et al. 2004); few yeasts also reproduce by fission. It 
was reported that yeasts (terrestrial as well as marine yeast) can produce many 
bioactive substances, such as amino acids, enzymes, phytase, glutathione, glucans, 
killer toxins, and vitamins with probable applications in the various domains of food, 
pharmaceutical, cosmetic, and chemical industries (Zaky et al. 2014). Therefore, 
over the centennial, yeasts turned out to be extensively used in different industries, 
such as baking, brewing, wine, bioethanol, bioremediation, foods, and nutritional 
supplements, probiotics, scientific research, genetically engineered biofactories, and 
pharmaceutical protein production. Certain strains of some yeasts species produce 
proteins called yeast killer toxins that permit them to exclude hustling strains. They 
have the potential as natural antimicrobials in food and for biological control of plant 
pathogens and therapeutic agents against animal and human infections. The yeast-
killer toxins harm the bacteria that usually produce antibiotics to kill the parasite; as a 
result, the yeast-killer toxin can be used as bio preservative and it has been 
anticipated as a possible alternative for chemical food preservatives (their potential 
toxicity comprises a direct risk to public health, has supported research into alterna-
tive and secure approaches of food preservation, i.e., biopreservation). They may 
also have medical uses in treating yeast infections. Among the potential microbial 
antagonists, yeasts have been highly studied since they own several features that 
make them a suitable biocontrol agent (Santos et al. 2004). Many yeast species have 
simple nutritional needs, and they can colonize dry surfaces for long times and can 
grow quickly on affordable substrates in bioreactors (Chanchaichaovivat et al. 
2007). Thus, accompanying its nutritional value, yeast can be used as a dietetic 
supplement. Dietary supplements are becoming progressively applicable and popu-
lar widespread, further booming this multi-billion-dollar industry, while consumers 
struggle for self-optimization, longevity, health, and standard of living.
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31.2 The Nutrition Aspects of Yeast for Human Health 

Yeast biomass contributes to the bioavailability of bread which is now widely used 
around the world. Saccharomyces cerevisiae contains higher vitamins, amino acids, 
and mineral contents. Yeasts contain minerals such as chromium, iron, magnesium, 
and zinc, B complex vitamins such as riboflavin, folic acid, niacin, and biotin, many 
essential amino acids such as valine, lysine, and leucine, nucleic acids, and various 
phenolics such as protocatechuic acid, cinnamic acid, and gallic acid (Demirgul et al. 
2022). In addition to essential amino acids, yeast extracts are also rich in flavor-
enhancer amino acids such as alanine, alanine, aspartic acid, and glutamic acid. 
Today, yeast SCP is considered a potential protein source for humans as well as 
animals. Yeast also holds some primary and secondary metabolites, they may



function as neurohormones and antioxidants, opening a new scenario of applications 
from nutritional supplements to functional foods, that are significant for human 
nutrition and health. The acceptability of a particular microorganism as food or 
feed depends on its nutritional value and safety (including the presence of toxins, 
nucleic acid content, and residual undesirable compounds such as heavy metals). 
Presently, the only species completely acceptable as food for humans is S. cerevisiae 
also known as baker’s and brewer’s yeasts; therefore, S. cerevisiae has become an 
essential component of human civilization. 
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31.3 Applications of Yeast for Human Welfare 

31.3.1 Food-Grade Yeast 

Food-grade yeasts can be accustomed as sources of high nutritional value proteins 
(SCP), vitamins, and enzymes, through usages in the health food industry as 
nutritive supplements, food subsidiaries, flavoring agents, and conditioners, for the 
production of microbiology media, together with livestock feeds. Yeasts are 
encompassed in starter cultures, for the production of precise sorts of fermented 
foods like fermented meat, vegetable products, sourdoughs, bread, cheese, vinegar, 
etc. Varied microorganisms are used for human consumption widespread as SCP or 
as ingredients of conventional food starters, including fungi (Penicillium, Aspergil-
lus, etc.), bacteria (Alcaligenes, Lactobacillus, Cellulomonas, etc.), algae (Spirulina, 
Laminaria, Chlorella, Rhodymenia, etc.), and yeasts (Saccharomyces, Candida, 
Torulopsis, Pichia, and Kluyveromyces) (Bekatorou et al. 2006). Among the yeast 
species, Saccharomyces cerevisiae and Candida utilis have been completely accept-
able for human consumption. The highly frequent food-grade yeast is Saccharomy-
ces cerevisiae, also known as baker’s yeast, which is used widely for the production 
of bread and baking products. 

31.3.2 Probiotic Yeast 

Probiotics are vital and beneficial organisms that offer health benefits to the host 
organisms. Saccharomyces boulardii, the only patented strain belonging to yeast 
genera for human use, has been broadly evaluated for their probiotic effect. Probiotic 
yeasts have promising antimicrobial, antioxidant, and anticancer properties, choles-
terol assimilation, and immunomodulatory effects and can also be utilized as 
biotherapeutics. Yeasts are broadly used in biotechnological and industrial 
applications for the production of fermented food products, including enzymes, 
acids, and vitamins on large scale. To act constructively, probiotics should be in 
the living condition to create symbiotic stability in the host alimentary tract. Being 
resistant to antibiotics proves to be a beneficial characteristic of a probiotic organism. 
Hence, it seems to be an important attribute for their use as a probiotic. The major 
threat associated with antibiotic-resistant Lactobacillus strains is their capability to

https://www.sciencedirect.com/topics/immunology-and-microbiology/saccharomyces-boulardii


transfer the resistant gene to pathogenic bacteria. The transfer of genes between yeast 
and bacteria is rare; therefore, their application as probiotics is secure and advisable 
(Shruthi et al. 2022). Saccharomyces cerevisiae var boulardii is the ultimate com-
mon human yeast probiotic that is available in the market presently. Yeasts promote 
both human and animal health, also intensify the bioavailability of minerals through 
hydrolysis of phytate, folate biofortification, detoxification of fungal toxins, and 
xenobiotics. Yeast probiotics produce different VOCs (volatile organic compounds, 
which are metabolites with low molecular weight and high vapor pressure, and low 
polarity), mycotoxins (killer toxins), and antimicrobials which show the antagonistic 
effect against pathogenic fungi and bacteria. Yeast’s genera that produce killer 
toxins include Saccharomyces, Candida, Torulopsis, Cryptococcus, Kluyveromyces, 
Debaryomyces, Pichia, Cryptococcus, and Zygosaccharomyces. Phagocytic cells 
produce a high level of microbicidal ROS (reactive oxygen species) like superoxide 
anion and hydrogen peroxide, to attack invading foreign pathogens during phagocy-
tosis. However, excessive relative oxygen species are generated, which can cause the 
oxidation of membrane phospholipids, mutations in DNA, and damage to proteins. 
In this process, superoxide dismutase and catalase are the crucial enzymes that 
convert ROS into less reactive oxygen species (Angulo et al. 2019). The well-
known mechanisms of the killer toxins are they disturb the cell cycle and stop 
DNA synthesis and block the synthesis of the cell wall by inhibiting β 1,3-glucan 
component (present in a cell wall) (Liu et al. 2015). These killer toxins and volatile 
organic compounds have antagonistic effects against the opens. Thus, probiotic 
yeast metabolites show virtuous antioxidant properties. 
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31.3.3 Yeast Extract 

Yeast extract containing water-soluble mixtures of the yeast cell that remains behind 
the disruption and dumping of the cell wall (Khan et al. 2020) and is accustomed in 
various foods like noodles, sauces, gravies, soups, bouillons, and meatballs to 
enhance their flavor and aroma. Since it improves the umami taste of these foods, 
yeast extract is used as an alternative to monosodium glutamate (MSG, E621), which 
owns enticed consumers’ response in current periods (Wang et al. 2019). It can 
likewise demote the use of NaCl in foods due to its salty flavor (Desmond 2006). 
Besides its flavor-enhancing property, yeast extract contributes to the nutritional 
value of the foods it uses because of its rich nutritional composition (Filipović et al. 
2020). In addition to its rich nutritive content, yeast extracts retain the potential to be 
used in operating foods due to their DPPH radical scavenging activities, immune 
regulation properties, antioxidant activities, and anti-inflammatory properties. Yeast 
extracts are positively valuable ingredients for vegetarian as well as traditional diets.
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31.3.4 Pulse-Yeast-Based Formulations for Celiac People 

Safe, functional, and gluten-free snacks are made from pulse-yeast-based 
formulations. The term “nutritional yeast” refers to the deactivated form of Saccha-
romyces cerevisiae, which is rich in proteins, vitamins (mainly vitamins of 
B-complex), minerals (Mg, Zn, Fe, and Cr), and low in sodium and fat. The 
novel-developed extruded gluten-free snacks are advisable for celiac people. As 
nutritional yeasts are gluten-free, they are a suitable food source for the AC patients 
(Pérez-Torrado et al. 2015). Therefore, the consumption of nutritional yeast-
enriched products, like ready-to-eat snacks developed from pulses flours, is a healthy 
substitute for celiac people, athletes, vegans, as well as young people during the 
puberty period. It is the first time that nutritional yeast is used in the production of 
novel “gluten-free” flavorful expanded snacks, which may contribute to an increase 
in the consumption of pulses, mainly in teens and children, and it is a novel 
alternative for celiac people. The improved expanded snack-type products are 
developed from high-protein nutritional yeast flours, and novel formulations of 
lentils, under suitable environments of temperature and moisture. The developed 
novel snack-type products contain increased content of beneficial α-galactosides 
(having prebiotic properties) and significantly low content of undesirable lectins, 
inositol phosphates, and trypsin inhibitors. Therefore, the final product is considered 
a safe, functional gluten-free food that could be suitable for celiac as well as the 
general population. 

31.3.5 Role of Minerals-Enriched Yeast in Maintaining the Health 
of Living Organisms 

31.3.5.1 The Function of Trace Elements 
Micronutrients play a crucial role in maintaining the health of living things. The 
WHO categories the essential trace elements into three classes. The first class 
contains the following essential trace elements: chromium (Cr), selenium (Se), 
zinc (Zn), iodine (I), iron (Fe), copper (Cu), molybdenum (Mo), and cobalt (Co). 
The second class contains boron (B), manganese (Mn), vanadium (V), silicon (Si), 
and nickel (Ni). The third class includes those trace elements which are probably 
toxic but may have necessary roles for the human body at low dosages, including 
fluorine (F), lithium (Li), cadmium (Cd), lead (Pb), mercury (Hg), arsenic (As), 
aluminum (Al), and tin (Sn). Yeast is not only used as single-cell proteins and 
fermentation products, but also used as a trace element supplement that is broadly 
used in feed, food, and medicine. Trace-element-enriched yeast, namely, chromium-
, selenium-, zinc-, and iron-enriched yeast, is an impressive microelement supple-
ment since it is safer than its inorganic and organic equivalents and is more effective 
and more environmentally friendly. Yeast is known for its capacity to accumulate 
metal ions and to form an organically defined microenvironment.

https://www.sciencedirect.com/topics/food-science/snack
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31.3.5.1.1 Chromium 
Chromium functions in maintaining the regular metabolism of glucose, lipid, and 
protein in the body. It can maintain the dynamic equilibrium of blood glucose and 
improves levels of lipid and blood glucose to some limit (McCarty 2000; Via et al. 
2008). Chromium is a significant active element of glucose tolerance factor (GTF), 
which enhances the sensitivity of tissue receptors regarding insulin (Anderson 
2000). GTF can control the metabolism of biological macromolecules, deposition 
of muscle tissue, and use of cholesterol by accelerating the tendency between the 
insulin and tissue receptors (Moeini et al. 2011). At the same time, chromium is also 
known to be a promising anti-heat stress element that can demote the use of 
antibiotics because of its strong antioxidant effect, which prohibits ROS from 
demolishing lipid film structures, leading to lipid peroxidation and cell damage 
(Bin-Jumah et al. 2020). In the case of metallic chromium, tetravalent chromium is 
found as the most toxic form. In contrast with the tetravalent form, the toxicity of 
trivalent chromium is too low, and the quick reduction of tetravalent chromium by 
intracellular reducing agents (such as glutathione, ascorbic acid, and cysteine) to 
trivalent chromium generates ROS and chromium in the pentavalent and hexavalent 
forms. Prolonged exposure to chromium in its hexavalent state is affiliated with an 
elevated threat of lung cancer. 

31.3.5.1.1.1 Chromium Enriched Yeast 
Chromium (III), as an essential trace element, is a significant element of human 
glucose tolerance factor and can improve hyperglycemia by lowering fasting blood 
glucose and enhancing glucose tolerance (Sundaram et al. 2013). Chromium (III) 
shortage augments the threat of lipid and glucose metabolism disorders (Li et al. 
2019). Dietary chromium (III) addition can accelerate glucose tolerance and insulin 
sensitivity, hence decreasing the risk of atherosclerotic complexities and hypergly-
cemia. However, inorganic chromium (III) is challenging to be immersed in the 
gastrointestinal tract and perhaps adverse to human fitness because it can be oxidized 
into toxic hexavalent chromium (Guo et al. 2020). In comparison with inorganic 
chromium (III), organic chromium (III) attracted increasing attention lately owing to 
its fairly low toxicity, high bioavailability, and broad range of health advantages 
(Kralovec et al. 2009). After estimating the pharmacological properties of certain 
synthesized organic chromium supplements, such as chromium histidinate, chro-
mium propionate, polysaccharides-chromium (Hayat et al. 2020), and YCr is chro-
mium (III) rich yeast preparation, only YCr reported with no hostile physiological 
effects in a sequence of animal toxicological investigations or human clinical 
efficacy trials (Hou et al. 2019). A 16S rDNA amplicon sequencing displayed that 
dietary YCr intervention possesses advantageous effects on enhancing fasting glu-
cose tolerance, decreasing hepatic TG, serum TC, hepatic glycogen levels, and blood 
pressure in patients with type 2 diabetes (Hosseinzadeh et al. 2013). Therefore, it can 
be served as a functional component to prevent hyperglycemia and hyperlipidemia, 
thus suggesting that chromium (III)- enriched yeast have preventative effects on 
high-fat and high-fructose diet (HFHFD). Chromium-fortified yeast elevates liver 
glycogen synthesis and glucose tolerance. Liver metabolomics dissection exposed



that dietary YCr intermediate substantially regulated the levels of certain biomarkers 
involved in glycerophospholipid metabolism, purine and pyrimidine metabolism, 
citrate cycle, phenylalanine, tryptophan, and tyrosine biosynthesis, and so 
on. Furthermore, dietary YCr intervention controlled the mRNA levels of main 
genes connected with glucose, bile acids, fatty acids, and cholesterol, metabolism 
in the liver. Liver metabolomics was further used to examine the preventive mecha-
nism of YCr on hyperlipidemia and hyperglycemia. Outcomes displayed that dietary 
YCr intervention significantly elevated the levels of acetylcarnitine, arachidonate, 
retinol, and ergothioneine, but decrease the levels of taurochenodeoxycholate, 
kynurenine, and 4-pyridoxic acid, in the liver. Retinol (essential fat-soluble micro-
nutrient) was found to be critically interrelated with plasma cholesterol level, 
hampering lipid over-accretion in mammals, and therefore is advantageous for 
reducing the occurrence of atherosclerosis. Additionally, retinol can be metabolized 
into retinoic acid in the liver, which further provokes liver lipolysis and decreases 
triglyceride levels (Wolf 2010). The presence of arachidonic acid can elevate the 
biosynthesis of long-chain unsaturated fatty acids, and it diminished the concentra-
tion of free fatty acids in the liver (Hatziantoniou et al. 2004). Ergothioneine is 
known as a powerful scavenger of discrete reactive oxygen species (ROS), that may 
evade the destruction of cellular constituents and manage the function of a mito-
chondrion (Kushairi et al. 2020). In addition, acetylcarnitine defends the liver against 
oxidative stress by enhancing the activities of glutathione peroxidase. The 
4-pyridoxic acids (synthesized from pyridoxal via enzyme aldehyde oxidase) are a 
potent positive indicator of vascular risk score (Obeid et al. 2019). Kynurenine is a 
direct precursor of kynurenic acid, reported being increased in the mice suffering 
from a tumor. Taurochenodeoxycholate is a potential marker of liver injury and is 
synthesized in the gut through microbial fermentation and is closely connected with 
glycolysis and fatty acid biosynthesis (Wang et al. 2018). 
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31.3.5.1.2 Selenium 
Selenium is a constituent of selenocysteine and a necessary element of enzymes 
selenases and selenoproteins such as phospholipid hydrogen glutathione peroxidase 
(PHGPx), thioredoxin reductase (TrxR), and glutathione peroxidase (GPx) (Yadav 
et al. 2015). Selenium in the form of selenocysteine is the active component of 
several antioxidant enzymes in the body. Selenium also has been connected to 
human antioxidant activity, and anti-inflammatory and anti-virus properties (Zoidis 
et al. 2018). Selenium insufficiency can induce tumor diseases, skeletal muscle, 
myocardial necrosis, and a decrease in immune function (Zoidis et al. 2018). 

31.3.5.1.2.1 Selenium-Enriched Yeast 
In S. cerevisiae, the enzymes glutathione synthase (GSH2) and glutamylcysteine 
synthetase (GSH1) catalyze the regular synthesis of glutathione (Li et al. 2004). 
Glutathione is composed of three amino acids, namely, glycine, cysteine, and 
glutamate. The thiol group of cysteine in glutathione binds to heavy metals to 
conquer the toxicity induced by metals so that they cannot disintegrate cellular 
metabolic activities (Valko et al. 2016). Glutathione not only binds to selenium



through cysteine residues but also is closely relevant to the production of Nano-
selenium. In S. cerevisiae, tetravalent selenium ions readily react with reduced 
glutathione to form selenide glutathione (GS-Se-SG) and glutathione disulfide 
(GSSG) (Herrero and Wellinger 2015). Selenide glutathione can be further 
converted back into glutathione. The enzyme superoxide dismutase catalyzes the 
conversion of glutathione into elemental selenium (Se0). It was reported that this is 
the key pathway used by S. cerevisiae to reduce selenite to form organic elemental 
nano-selenium (Kessi and Hanselmann 2004). Selenium integrated as methyl selenic 
acid might participate in apoptosis, cell cycle arrest, angiogenesis, and alternative 
mechanisms for cancer prevention. The organic form of selenium acts as a chemo 
protectant against many types of cancer, it involves the following mechanism of 
action- regulation of cell cycle and apoptosis, specific inhibition of tumor cell 
growth, effect on DNA repair, and protection of selenoproteins from antioxidants. 
Selenium may have a necessary role in immune function, male reproduction, 
mammalian development, and decelerating the aging process. 
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31.3.5.1.3 Iron 
Iron is an important component of hemoglobin and its deficiency can cause anemia. 
Iron is involved in transporting oxygen through red blood cells, so iron deficiency 
may provoke chronic inflammation (Cappellini et al. 2017). Iron participates in 
many essential biochemical processes, such as the synthesis of amino acids, lipids 
deoxyribonucleotides, and sterols. Iron is an essential element of cytochrome 
enzymes; therefore, it participates in the electron transport chain and is crucial to 
oxidative phosphorylation and redox reactions involved in the respiratory chain 
(Puig et al. 2017). A normal grain-based diet is generally unable to fulfill the daily 
requirement of iron; thus, it can lead to iron deficiency. 

31.3.5.1.3.1 Iron-Enriched Yeast 
Iron deficiency can be treated through oral supplementation. But, the use of dietary 
supplements is also associated with the risk of side effects, the most common of 
which are gastrointestinal symptoms such as nausea, vomiting, abdominal pain, 
constipation, flatulence, and diarrhea, occurring in up to 40% of patients (Jankowska 
et al. 2016). Additionally, these preparations are characterized by having a metallic 
taste and low absorption of iron in the intestines (Shubham et al. 2020). Yeasts 
produce metal-protein complexes called metalloproteins, which are highly absorbed 
by the human body. The use of iron-enriched yeast in PEF conditions for the 
preparation of dough increased the iron content in the flatbreads to almost 386 mg/ 
100 g dry mass (Nowosad and Sujka 2021). The flatbread with yeast P has the 
highest iron bioavailability, which is associated with the highest iron element 
content in the product. The studies proved that rather than adding iron compounds 
directly to the product, we can use yeast enriched with iron ions to prepare flatbread. 
The prepared flatbread contains about 386 mg/100 g dry mass of iron with good 
potential bioavailability of the element. Thus, it is acceptable to consumers (without 
metallic aftertaste) and has a moderate glycemic index.
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31.3.5.1.4 Zinc 
The element zinc contributes to cell growth and apoptosis. Zinc is abundant in the 
brains of mammals, and insufficient intake of zinc can affect intellectual develop-
ment and immunity among children (Brown et al. 2002). Zinc is also important for 
the central nervous system. About 10% of the human proteome consists of zinc 
bound proteins involved in gene regulation and their functions. Zinc deficiency 
activates inflammatory responses which trigger ROS-induced oxidative stress 
(Hosseinzadeh et al. 2013). Prolonged and severe zinc deprivation critically impairs 
the immune system and increases incidences of intestinal infection (Hosseinzadeh 
et al. 2013), being responsible for about 10% of diarrheal diseases worldwide 
(Maares et al. 2022). Dietary Zn availability and absorption are reduced in the 
presence of phytates, and high dietary intakes of calcium, phosphorus, and copper 
(Šillerová et al. 2012). 

31.3.5.1.4.1 Zinc-Enriched Yeast 
Multiple inorganic and organic zinc sources are available on the global market as its 
supplementation compensates for insufficient zinc status and plays a positive role in 
the treatment of diseases such as diarrhea and the common cold (Haase et al. 2008). 

The study demonstrated that S. pastorianus Rh was well suited to generate zinc-
enriched biomass as a readily bioavailable organic source of zinc. This was 
highlighted by its characterization regarding zinc enrichment and distribution as 
well as the intestinal zinc bioaccessibility and bioavailability, which was comparable 
to commonly used organic and inorganic zinc supplements. Most importantly, zinc 
released from ZnYeast after digestion was available for biological processes upon its 
uptake by human enterocytes. 

According to our zinc bioaccessibility and bioavailability screening, zinc-
enriched S. pastorianus Rh released about 40% of its zinc content into the intestinal 
liquid after gastrointestinal digestion, having a bioavailability similar to other com-
monly used inorganic and organic zinc supplements. 

Considering its zinc content (5.9 ± 1.0 mg zinc/g yeast) and intestinal accessibil-
ity of 40%, already 1.1–1.5 g of Zn Yeast would be sufficient to restore daily 
endogenous zinc losses (Haase et al. 2020). 

31.4 Industrial Applications of Yeast 

S. cerevisiae becomes an essential component of human civilization since it has been 
extensively used in food and beverage fermentation of sugar and is the oldest and 
largest industrial application of yeast. The yeast species that has been most closely 
connected with humankind is Saccharomyces cerevisiae which has long been used 
for brewing, distilling (for both industrial and drinkable alcohol), winemaking, and 
baking bread. A wide diversity of pure yeast cultures, mainly Saccharomyces 
(S. cerevisiae, S. bayanus, S. uvarum, S. oviformis, S. carlsbergensis, 
S. chevalieri, S. diastaticus, S. fructuum, S. pasteurianus, S. sake, S. vini, etc.) 
(Bekatorou et al. 2006) are prompted industrially for the use in induced wine 
fermentations, coinciding to the industrial requirements for fermentation efficacy

https://www.sciencedirect.com/topics/medicine-and-dentistry/intestine-infection


and productiveness. Their operational purposes are to constantly metabolize wort 
(an herbaceous plant) ingredients into carbon dioxide, ethanol, and other fermentable 
products to produce spirits and beer with good quality, reliability, and portability. 
The industrial uses of yeast can be categorized as yeast extracts, potable ethanol, 
industrial ethanol, Baker’s yeast (biomass, flavoring, and carbon dioxide), heterolo-
gous peptides and proteins, and a plethora of medicinal applications. Baker’s and 
brewer’s yeast are distinct strains of Saccharomyces cerevisiae; they are rather 
different from each other. Baker’s yeast functions as the leavening of dough in 
baking which causes the bread to rise by converting fermenting sugar (present in 
dough) into carbon dioxide and ethanol. Sourdough appetizers can likewise be 
accustomed to the conditioning of dough, development time of bread and improve-
ment preservation time, and baking products with unique organoleptic properties. 
Brewer’s yeast is used in brewing several types of beers via fermentation. Nutritional 
brewer’s yeast is a type of inactive yeast (quiescent cells without any leavening 
power), the residues that are left after the brewing process. It is a great source of 
protein, and it is used as a nutrient supplement rich in B vitamins, Fe, Mn, K, Cu, 
Cr, P, Ca, Mg, and Zn (Bekatorou et al. 2006). It has been extensively for its 
medicinal properties such it is frequently used for the treatment of diabetes (regula-
tion of insulin levels), loss of appetite, chronic acne, diarrhea, etc. It is also confined 
as a dietary supplement for healthy hair and nails. Another nutritious food that can be 
used as a dietary supplement is Torula yeast, which is highly nutritious and digest-
ible, containing minerals and vitamins (mainly pantothenic acid niacin and B 
vitamins) more than 50% of protein (rich in valine, glutamic acid, lysine, and 
threonine) (Olvera-Novoa et al. 2002), Torula yeast can be used as a food additive 
or flesh substitute in several refined foods, in sauces, soups, seasonings, spices, dips, 
etc. It is also used in diet food and vegetarian, in doughs, baby food, meat products, 
etc. Similarly, probiotic yeasts, like S. cerevisiae, are live microbial feed 
supplements that benefit the host animal by improving its intestinal microbial 
balance. Probiotic properties of yeasts have been studied and revealed their ability 
to survive through the gastrointestinal (GI) tract and interact antagonistically with GI 
pathogens such as Shigella, Escherichia coli, and Salmonella. Specifically, 
S. boulardii a thermophilic, non-pathogenic yeast is used as an animal feed probiotic 
supplement and therapeutic agent for the treatment of various gut disorders like 
diarrhea (Lourens-Hattingh and Viljoen 2001). This yeast is safe, it is resistant to 
antibiotics, attains high cell numbers in the intestine in little time, does not eternally 
inhabit the intestine, and is immediately cleared following the halt of administration. 
Its probiotic effects are also intensified by its ability to produce polyamines, which 
are mixtures that vigorously influence cell growth and differentiation. Saccharomy-
ces makes positive contributions to the fermentation of beverages and foods more so 
than many other yeast species; thus, S. cerevisiae has a high commercial 
significance.
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Abstract 

Photoautotrophic microbes are distributed globally and have been here since long 
(3.5 billion years). These are among the early organisms which included 
cyanobacteria and various types of algae. These organisms have been found to 
be rich in important components of food and nutraceuticals which are being 
probed further and used globally, in addition, for many new applications for 
human beings. These vary from prokaryotic to eukaryotic in their cell structure 
and may or may not have chloroplasts and mitochondria enclosed in a membrane 
in all of these organisms. These are rich in protein, vitamins, polyunsaturated fatty 
acids, iron, beta-carotene, and antioxidants due to which the World Health 
Organisation labelled them as the super health food on this planet. These have 
been found to be hepatoprotectant and anticancerous too. Apart from this, their 
role from quenching the carbon dioxide respired out to providing oxygen for our 
survival will also be discussed briefly. 
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32.1 Introduction 

The blue-green algae (Cyanobacteria) are pioneer in the evolution of eukaryotes 
during the Cretaceous period. Though these evolved to different groups of 
organisms, still these maintained their own presence to date too. Algae and plants 
are broadly similar in producing similar storage products but differ in the level of 
their differentiation (Kaur et al. 2021). Algae lack typical root, stem, leaves, flowers, 
and fruits but instead some brown algae have holdfast, stipe and blade-like structures 
as the advanced ones as these show some advancement over more primitive parts. 

To combat food scarcity and to ensure a nutritious food supply for a sustainable 
living of an increasing population, microalgae provide adequate alternative (Majit 
and Dua 1992; Mandotra et al. 2020; Ścieszka and Klewicka 2019). They can lay 
aside the vast quantities of food reserves on which the animal world is entirely and 
irrevocably dependent. Algae are expected to initiate all animal food chains in the 
sea and freshwater. Further, these organisms act as the important nutraceuticals, 
pharmaceuticals, and cosmeceuticals and also provide protection from harmful 
wavelengths of radiations. 

Algae alone produce 50% of the oxygen for the sustenance of different life forms 
including the mankind. Attempt has been made to highlight the role of algal species 
to achieve some of the sustainable development goals like SDG-2 (Zero Hunger), 
SDG-6 (clean water and sanitation), SDG-7 (affordable and clean energy), SDG-12 
(responsible consumption and production), SDG-14 (life below water), and SDG-15 
(life on land) (Mandotra et al. 2020; Pal and Bose 2022). 

32.2 As Source of Food, Nutraceuticals, Pharmaceuticals, 
and Cosmeceuticals 

These microbial organisms are diversified organisms which are active photosynthet-
ically. These play an important role in the food industry as food supplements in 
addition to functional food. During last few years, the range of such species as food 
supplements has increased significantly and their applications are becoming more 
diverse. Their judicious use can contribute at large to the sustainable development 
goals which state that by 2030, hunger must be taken care of sustainable develop-
ment goals (SDG-2) and ensuring its access to such people, particularly the poor and 
people in vulnerable situations, including infants, for safe, nutritious and sufficient 
food throughout the year (Amita 2010). The most commonly consumed macro-algae 
include the red algae Porphyra yezoensis, Gracilaria sp., Chondrus crispus, and 
Palmaria palmata (dulse), the brown algae Laminaria, Undaria, and Macrocystis 
sp., and the green algae Caulerpa racemosa, species of Codium and Ulva



(Borowitzka 1998). However, microalgae are richer source of proteins, lipids, fatty 
acids, vitamins, and minerals (Bhatia et al. 2014, 2016). In addition, many PUFA 
(polyunsaturated fatty acid) like DHA (docosahexaenoic acid), EPA 
(eicosapentaenoic acid), linolenic acid, and linoleic acid are highly valuable in 
human diet (Swanson et al. 2012; Torres-Tiji et al. 2020). Algae like Spirulina 
maxima, Spirulina platensis, Chlorella vulgaris, Scenedesmus sp., and Porphyra 
yezoensis are rich source of protein (Araújo and Peteiro 2021; Bhatia et al. 2014; 
Michalak et al. 2020). In addition, these provide biocolors and their food colouring 
products are extensively used in food industry. For example, β-carotene from 
Dunaliella sp. is used to enhance colour of flesh of salmon fish (Borowitzka 2013; 
Pulz and Gross 2004) reported the use of astaxanthin from Haematococcus sp. to 
enhance the colour of fish muscle and brighten shell colour as well. Recently, 
Reliance company has got a patent for faster growth of such useful species. Spirulina 
market size was worth US$410.2m in 2021 and it is pegged to be US$ 989.6m by 
2028. North America has been the largest consumer of Spirulina products. It is 
projected as an immune booster and antiviral. Hence, during Covid outbreak, there 
was an increased demand of Spirulina as a protein source with anti-oxidising and 
antiviral properties. Even Spirulina beverage market size has been at US$15.5m in 
2019 and increased during Corona to US$17.25m in 2020. 
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Microalgae are in the vanguard of emerging nutritional supplements which have 
myriad of therapeutic benefits due to its rich macro- and micronutrient diversity. 
These are continuously been acknowledged as quality dietary supplement and 
nutraceuticals. Spirulina (Arthrospira platensis and Arthrospira maxima) and  Chlo-
rella powder are considered safe for human consumption. Dried Spirulina biomass 
contains balanced proteins with essential amino acids in balanced proportions and 
also rich in antioxidant pigments phycocyanin, phycoerythrin and allophycocyanin. 
According to the available literature, anti-inflammatory, antioxidant and membrane-
stabilizing properties of Spirulina are believed to be effective to treat diabetes, 
hypertension, inflammation, liver diseases, allergic rhinitis (Bhatia et al. 2016) an  
also act as antiviral and immunostimulatory (Tiwari et al. 2022). Chlorella improves 
total cholesterol, diastolic and systolic blood pressure and blood glucose (Fallah 
et al. 2018). In addition, Chlorella supplement can decrease wound healing time and 
increase immunity (Merchant and Andre 2001) and act as antioxidant and 
hepatoprotective (Mobin and Alam 2017). Thus, microalgae are an alternative 
food and nutraceutical source to brace SDG-3 and its sustainable cultivation 
practices assist SDG-12, SDG-14 and SDG-15 (Fig. 32.1). 

32.3 Cost-Effective Cultivation 

The cost of large-scale production is one of the barriers to popularise these 
organisms among masses. Increased interest in last few decades to use microalgae 
as food has resulted in major research for increased cultivation of microalgae. 
However, the cost of cultivation is directly proportional to the final product being 
produced (Hoffman et al. 2017). Food, feed and supplements from microalgae



require low cost methods for producing biomass (Ray et al. 2019) while its pharma-
ceutical use requires photobioreactors for culturing microalgae for quality and 
purity. Several steps have been taken to reduce cost per yield by maximizing nutrient 
load, carbon dioxide augmentation, retention time, mixing, and culture recycling. 
Efforts regarding production, optimization and developing novel strains will 
improve cost effectiveness. 
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Fig. 32.1 The cosmeceutical, neutraceutical, and pharmaceutical properties of microbial 
photoautotrophs
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32.4 Harvesting 

Harvesting cost is a major challenge faced by microalgal growers. Many factors 
contribute in high harvesting costs such as low cell concentrations, small cell size, 
culture density, and buoyancy (Montemezzani et al. 2017). Various methods of 
harvesting are divided into two parts depending on its cost (1) low cost: gravity 
harvesting, dissolved air floatation, and chemical flocculation, etc. and (2) high cost: 
membrane filtration and centrifugation. New technologies and more research in 
effective advances would greatly impact the microalgal production at the commer-
cial level. 

32.5 Processing 

The cost of downstream processing technique depends upon the specificity of 
microalgae product, e.g., nutraceutical requires extraction and purification while 
biogas production depends on simple anaerobic digestion of biomass for processing. 
The availability of many microalgae products in the market proves that downstream 
processing can be cost effective. However, industrial level extraction and purifica-
tion is still crucial in sustainable bio-economy of microalgae (Khanra et al. 2022). 

Continuous improvement and research is required to manage cost effectiveness 
for establishing successful microalgae industry. Effective steps are needed to be 
taken in order to make it affordable and accessible to all the nations. Research capital 
has to be invested in making this rapid development in microalgal technology 
searching new effective strains of useful organisms and involving a variety of 
innovative measures. 

32.6 Cultivation of Photoautotrophs (Algae and Cyanobacteria) 
Involves Indoor and Outdoor Culture Facilities 

In outdoor cultivation, energy requirement is lower as solar light provides enough 
energy for photosynthesis and production of useful biomolecules for human con-
sumption. This also adds value for our climate stability as these organisms take up 
carbon dioxide (fix carbon) biologically to produce renewable feedstock and reduc-
ing the foot print of carbon dioxide during the process (Singh and Ahluwalia 2013). 
In addition, these provide oxygen in plenty without which human beings cannot 
survive. Spirulina species have been reported to have 20 times more protein/hectare 
than any other crop, require lesser water than many crops, recycle about 6.4 tons of 
carbon dioxide/hectare, and produce nearly 16.8 tons of oxygen. Some algae like 
Nannochloris sp. showed a high photosynthetic rate with increasing height and 
temperatures (up to 45 °C) and achieved an outdoor biomass productivity of 43 g/ 
m2 /d in summer (Paul et al. 2022). The application of red light/far red light cycle in 
green algae, an enhanced productivity especially in Haematococcus sp., has been



achieved. These algae have a great potential for commercial cultivation to produce 
food ingredients, nutraceuticals, and vegetable protein. 
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Cyanobacteria differentiate specialized cells called heterocysts which are the 
major sites of nitrogen fixation to provide bio-fertilizer to crops therapy reducing 
the use of chemical fertilizers (Ahluwalia 2004). This in turn provides healthy 
vegetables and grains for human consumption, in addition to proteins, useful fatty 
acids, and antioxidants. 

32.7 Protection from UV Radiations 

Some Cyanobacteria (Scytonema sp., Microcoleus vaginatus, etc.) has the ability to 
produce compounds like Scytonemin and mycosporine-like amino acids (MAA) that 
absorbed strong sunlight in ultraviolet range (370–384 nm) (Fuentes-Tristan et al. 
2019). Hence, these are utilized to protect human skin from strong sunlight and 
ultraviolet radiations. Among the three spectral forms of UV like UV-A, UV-B and 
UV-C, the most harmful response is from UV-B radiations. UV-C is absorbed by 
Ozone, and hence, its negative effect is mitigated. Therefore, the effect of UV-B 
radiation is taken care of by algal sunscreens through MAA absorbing between 
310 and 360 nm (La Barre et al. 2014). Thus, MAAs can protect the human skin 
from ill effects of UV radiations. Members of Cyanobacteria are used in the 
preparation of many products meant for the protection of humans from such 
radiations (Fuentes-Tristan et al. 2019). 

32.8 Cyanotoxins 

These toxins are produced by some Cyanobacteria and broadly are of two types like 
neurotoxins and hepatotoxins (Svrcek and Smith 2004). Neurotoxins comprise 
alkaloids of low molecular weight which can block transmission of signal from 
neuron to neuron and neuron to muscle in man and animals. It can result in 
staggering, muscle twitching, gasping, etc. and prove fatal due to respiratory arrest 
at high concentrations. Cyanotoxins can be anatoxins and hepatotoxins. 
Cyanobacteria produce anatoxins in Anabaena sp., Oscillatoria sp., and other 
species. Hepatotoxins are terpenoids in nature and usually cause bleeding in the 
liver by inhibiting protein phosphatase 1 and 2A (Cross 1997). These can cause 
vomiting, diarrhoea, and weakness. These further can be either microcystins and 
nodularins named after the species which produce them. Bloom formation of toxin 
producing algae and Cyanobacteria can be harmful to humans. Poisoning may result 
rarely with cyanotoxins. Of course presence of such organisms in water bodies 
produce a musty/muddy odour. These compounds can be significant in food, 
beverage, and perfume industries.
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32.9 Source of Healthy Food and Fodder 

Keeping in the view the population increase and the fear of climate change, scientists 
have been on the look out to find alternative sources of nutritious food. Hence, the 
use of algae as promising nutritious organisms appeared on the scene. A vast 
spectrum of distribution of algae and cyanobacteria exist globally and researchers 
are optimistic that some of these organisms will provide enough biomass to feed the 
growing population. San Francisco-based start-up is making bacon from the 
seaweeds. Algae may help fill the nutritional gaps in future food markets. Unique 
feature of these organisms is that they can grow using sun light in marine water as 
also in freshwater or terrestrial habitats and hence do not compete with traditional 
crops for land. Therefore, market scenario for use of seaweeds as food products is 
rosy and positive. It is estimated that in 2020, the macro-algal seaweed market was 
worth 40 billion dollars which is likely to be more than double in next 5–7 years. In 
addition, there are microalgae too which form the major part of primary producers to 
carry on the food chain for human food. Most of the contribution for food comes 
from members of brown algae, red algae, and green algae; important food 
supplements, however, are contributed by Cyanobacterial species. 

32.10 Nutraceuticals 

Spirulina is one of the Cyanobacteria which has been well recognized globally as an 
emerging source of nutritional supplement with a diversity of macro-nutrients and 
micro-nutrients. This organism has a rich therapeutic chemical profile. It is important 
even in metabolic disorders. The role as hepato-protectant has been known. Hence, 
Spirulina is useful in liver disorders and hepatic toxicity. Even hypolipidemic and 
hypocholesterolemic nature of this organism plays a significant role in the mitigation 
of non-alcoholic fatty liver disease. It acts by lowering the raised activity of liver 
enzymes. It can be useful as anti-inflammatory and antioxidant and has membrane 
stabilizing properties. Spirulina intake has been safer in different forms, i.e., 
capsules, powder, tablets, pastries, Spirulina-filled chocolate blocks, etc. It has 
been without any adverse effect; though in very few cases, temporary giddiness 
has been indicated. Experiments for its role in cancer mitigation and radiation 
protection have indicated effective positive results. In China, Spirulina industry is 
supported by the State Science and Technology Commission as a natural strategic 
program. 

It is available as also many other algal products at health food stores in the 
developed countries. Nostoc sp. is known as ‘hair vegetable’ due to its hair-like 
appearance (Su et al. 2005). Chinese add spiritual value to this food. It has been in 
use there as food for the last 2000 years. In Japan also, Cyanobacterial dishes have 
been known since ancient times which mainly comprised of Aphanothece sacrum, 
Nostoc verrucosum, and N. commune. In Mexico City, such food has been reported 
since 1521. They were collecting it from lakes and selling in the form of small cakes, 
which curdles and make bread with a flavour like cheese. However, another



cyanobacterium Aphanizomenon flos-aquae has been harvested from lakes in 
California, USA, for the last about 40 years and sold as food and as health 
supplement (Carmichael et al. 2000). 
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Algal blooms refer to excessive growth of these organisms which affect the 
quality of drinking water, fish stocks, killing due to species of Chaetoceros, 
Chrysochromulina, Spirogyra, etc. clogging the gills of fish and oxygen deprivation 
towards end of the bloom season. Cyanobacterial blooms also result in the produc-
tion of phyco-toxins which kill most of their predators. Filter feeding fish get more of 
toxins accumulated and may harm humans and animals on their consumption. 
Neurotoxins can be anatoxin and saxitoxin which can block the communication 
signal among neurons. Hepatotoxins are microcystin and nodularin which also 
inhibit phosphatase 1 and phosphatase 2A. Fish poisoning has been known from 
toxins produced by various algal groups, i.e., dinoflagellates, Bacillarioplyceae, 
Raphidophytes, Prymnesiophyceae, etc. They produce a variety of toxins like 
dinophysistoxin, ciguatoxin, brevetoxins, saxitoxins, pteriatoxin, neurotoxin, 
yessotoxin, etc. 

32.11 Red Algae 

These algae produce polysaccharides like agar and carrageenan (Haslin et al. 2001). 
Commercially species of Gelidium, Pterocladia, Gracilaria, etc. are employed for 
agar extraction through a defined process. This is used in food preparation, technol-
ogy, and pharmaceutical industry. It is important in canning of fish and meat, 
manufacture of processed cheese, puddings, creams, and jellies. Some species are 
used as laxative, stabilizer for emulsions, and cosmetic preparations for skin 
ointments. Carrageenans inhibit replication and reverse transcriptase in human 
immunodeficiency virus (HIV) (Bourgougnon et al. 1996). Carrageenan-based vag-
inal microbicide called ‘Carraguard’ has been reported to block HIV and other 
sexually transmitted diseases. ‘Carraguard’ has been undergoing clinical trials in 
South Africa (Burges Watson and Stratford 2008). 
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Abstract 

The current coronavirus disease 2019 (COVID-19) outbreak caused by severe 
acute respiratory syndrome (SARS)-coronavirus-2 (CoV-2) has caused a global 
economic and healthcare crisis. The routes of transmission, signs and symptoms, 
incubation period, pathogenesis, and pathophysiology of the disease have been 
studied extensively. In such situations, autopsies remain important as they pro-
vide insight into the possible mechanisms of SARS-CoV-2 activity and the extent 
of organ involvement during infection. In this chapter, we describe the
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relationship between autopsy and COVID-19, autopsy findings in patients with 
COVID-19, the relationship between vaccinations and deaths, and biosafety.
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33.1 Introduction 

The current coronavirus disease 2019 (COVID-19) outbreak is caused by severe 
acute respiratory syndrome (SARS)-coronavirus-2 (CoV-2) and has caused a global 
health and economic crisis. SARS-CoV-2 is a new member of the betacoronavirus 
genus of the family Coronaviridae that emerged in Wuhan, China, at the end of 2019 
and caused the current SARS-CoV-2 outbreak (Hu et al. 2021). This outbreak has 
lasted for longer than 2 years despite personal preventive behavior, public health 
measures, and vaccines, and this virus will likely establish a niche in humans and 
coexist with us. 

The routes of transmission, signs and symptoms, incubation period, pathogenesis, 
and pathophysiology of the disease have been studied extensively (Hu et al. 2021). 
However, performing autopsies to provide insight into the possible mechanisms of 
SARS-CoV-2 activity and the extent of organ involvement targeted by this virus 
remains crucial (Sperhake 2020; Khatam-Lashgari et al. 2021; Bryce et al. 2021). 

In the current review, we describe the relationship between autopsy and COVID-
19, as well as that between COVID-19 vaccination and death. 

33.2 Autopsy 

There are two main types of autopsies, namely clinical and forensic. In this chapter, 
we focus on clinical autopsies, especially hospital-based autopsies performed by 
pathologists. Autopsy (derived from Greek autopsia) means “to see for oneself” and 
is synonymous with the terms postmortem, postmortem examination, and necropsy 
(Burton 2001; Hanzlick and Hutchins 1999). Its long history began with mummifi-
cation and human dissection in 3000 BC and persisted in ancient Greece, where 
Hirophilus performed a live dissection of a human being, discovering the duodenum. 
This led to Rokitansky’s work on gross pathology and Virchow’s systematic method 
of autopsy based on cellular pathology, leading to autopsy of modern pathology 
based on immunology and molecular biology (Van den Tweel and Taylor 2013). 
Autopsies are important and necessary to define the exact cause of death, offering 
useful clinical and epidemiologic information, as well as pathophysiological 
findings to further provide diagnostic and therapeutic tools. Pathology departments 
with high-level pathological activities are also expected to feature not only a center 
of provision of samples such as biopsies, surgical parts, or autopsies, but also tissue 
processing centers and histochemical, immunohistochemical, and molecular



techniques (da Silva et al. 2016). Autopsies yield advantages besides direct clinical 
or administrative advantages, such as educational and epidemiological value. 
Autopsy is the gold standard for quality control of clinical management; thus, the 
number of significant diagnostic discrepancies can be reduced, and patient care can 
be optimized (Marshall and Milikowski 2017; Kurz et al. 2021). 
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However, the global clinical autopsy rate has declined for several decades. The 
statistics are unclear and not based on national statistics in any country. Autopsy was 
performed in 40–60% of all hospital deaths in the United States before 1970 
(Shojania and Burton 2008; Hoyert 2011). Currently, this rate has dropped to 
<5% (Shojania and Burton 2008; Hoyert 2011). In Japan, the rate was 54.1% in 
1958, below 10% in 2004 and 2.8% in 2018 (Irie et al. 2021). Another group 
reported that the mean autopsy rate of all university hospitals in Japan was 
maintained at 45% until 1983, then began declining steadily and reached 6.8% in 
2021 (Yang et al. 2016). A 30% decline in the overall number of autopsies 
performed between 2005 and 2014 was observed in Germany. The reduction in 
autopsy numbers is not only a recent phenomenon observed in 1983. This decline 
appears to be attributable to several factors such as costs, cultural reasons, and 
diagnostic progress (Waidhauser et al. 2021). However, a significant increase in 
autopsy rates can be achieved through intensive and structured cooperation between 
clinicians and pathologists and increasing physicians’ motivation to obtain consent 
to perform an autopsy (Waidhauser et al. 2021). A meta-analysis of 5863 hospital 
autopsies revealed a 5.5–100% prevalence of misdiagnoses, especially for diseases 
such as myocardial infarction, pulmonary embolism, and pneumonia (Winters et al. 
2012). A recent comparative retrospective analysis of 1112 cases revealed that 
73.9% of patients had no discrepancies between autopsy and clinical diagnosis 
(Kurz et al. 2021). Age, cardiovascular diseases, and duration of hospital stay also 
significantly affected discrepancies in ante- and post-mortem diagnoses. Thus, 
autopsies play an important role in assessing discrepant diagnoses. 

33.3 COVID-19, Biosafety and Autopsy 

Coronaviruses are considered inconsequential pathogens that cause the common 
cold in humans. However, in the twenty-first century, two highly infectious 
coronaviruses appeared: SARS-CoV, which was first reported in November 2002 
in Guangdong, China, and resulted in 8098 laboratory-confirmed cases with a global 
case fatality rate of 9.6%. SARS-CoV is highly contagious and primarily transmitted 
via respiratory droplets, leading to the highest transmission rates of SARS occurring 
in healthcare facilities (Mann et al. 2020). Infected patients present with myalgia, 
malaise, fever, chills, cough, dyspnea, and respiratory distress. The routes of trans-
mission include respiratory droplets, fomities, and fecal-oral routes. The other is 
Middle East respiratory coronavirus (MERS-CoV), which was first reported in Saudi 
Arabia in 2012 with 2521 laboratory-confirmed cases and a fatality rate of 36%. 
Infected patients presented with fever, cough, chills, sore throat, myalgia, arthralgia, 
dyspnea, pneumonia, and acute renal failure. The route of transmission is through



respiratory droplets and fomites (Mann et al. 2020). SARS-CoV-2 is the third most 
recently discovered coronavirus disease (COVID-19). In 2019, SARS-CoV-2 was 
detected in sewage samples as early as March and November in Europe and South 
America, respectively. However, the index case is generally attributed to China. A 
mysterious pneumonia outbreak occurred that was characterized by fever, dry 
cough, fatigue, and occasional gastrointestinal symptoms. On March 11, 2020, the 
World Health Organization (WHO) declared the novel coronavirus disease 
(COVID-19) outbreak a global pandemic (Khatam-Lashgari et al. 2021; Mann 
et al. 2020; Kumar et al. 2021). The number of COVID-19 cases continues to 
increase worldwide, with more than 70 million cases and 1.6 million deaths world-
wide as of December 15, 2020. A systemic review reported that fever, cough, loss of 
appetite, shortness of breath, loss of taste, and sputum production are common 
symptoms. Gastrointestinal symptoms, such as diarrhea, nausea/vomiting, and 
abdominal pain, have also been reported in patients. ARDS, acute respiratory failure, 
acute cardiac injury, and acute renal failure are common complications in patients. 
SARS-CoV-2 is thought to spread through respiratory droplets, unprotected direct 
contact with patients, and contact with contaminated objects. Medical professionals 
are at a particularly high risk of exposure as they directly handle contagious 
materials from patients with COVID-19. This risk is elevated due to the varying 
disease severity in patients with COVID-19 (Khatam-Lashgari et al. 2021; Kumar 
et al. 2021). 
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The risk of infectious disease transmission has been recognized by pathologists, 
clinicians, and other individuals in close proximity to autopsies. Other hazards 
include toxic chemicals such as formalin and radiation from radionucleotides used 
for therapy and diagnosis. Pathogens may be transmitted during autopsy after direct 
cutaneous inoculation, contact with droplets, or aerosol exposure (Nolte et al. 2002). 
For example, pathologists have died of streptococcal sepsis after sustaining minor 
cutaneous injuries during autopsies in individuals with the same disease. 
Pathologists are also recognized as a high-risk group for occupationally acquired 
hepatitis B virus infection because of their exposure to blood. Mycobacterium 
tuberculosis is transmitted through autopsy-generated aerosols. Autopsy-transmitted 
tuberculosis has broken out in medical facilities such as the Syracuse Medical 
Examiner’s Office, Los Angeles Coroner’s Office, and University of Arkansas 
School of Medicine. 

Biological safety levels have been established in both biomedical and 
microbiological laboratories (NIH Guidelines n.d.). Biological agents are classified 
as RG1-RG4 (Loibner et al. 2021). As risk group classifications vary between 
countries, Table 33.1 shows the risk groups defined by the NIH guidelines and 
WHO (NIH Guidelines n.d.; WHO 2004). Biosafety levels (BSLs) prescribe 
procedures and containment levels for particular microorganisms or material 
(including research involving recombinant or synthetic nucleic acid molecules), 
are classified as 1–4, and are established by the CDC/NIH. Agents with increased 
relative risk require higher degrees of containment when they are worked with. 
Laboratories and other workplaces are also characterized by BSLs at each level, 
affording a greater degree of containment. BSLs do not always correspond to RGs. A



risk assessment determines the degree of correlation between the agent’s risk group 
classification and BSL (NIH Guidelines n.d.). 
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Table 33.1 Basic classification of risk groups 

RG NIH Guideline (April 2019) WHO Laboratory Biosafety Manual 3rd 

RG1 Agents not associated with disease in 
healthy adult humans 

(No or low individual and community 
risks). A microorganism unlikely to cause 
human or animal disease 

RG2 Agents associated with disease that is 
rarely serious in humans and for which 
preventative or therapeutic interventions 
are often available 

(Moderate individual risk; low community 
risk). A pathogen that can cause human or 
animal disease but is unlikely to be a 
serious hazard to laboratory workers, the 
community, livestock, or the environment. 
Laboratory exposures may cause serious 
infection, but effective treatment and 
preventive measures are available and the 
risk of spread of infection is limited 

RG3 Agents associated with seriousness or 
lethal human disease for which preventive 
or therapeutic interventions may be 
available (high individual risk, but low 
community risk) 

(High individual risk; low community 
risk). A pathogen that usually causes 
serious human or animal disease but does 
not ordinarily spread from one infected 
individual risk to another). Effective 
treatment and preventive measures are 
available 

RG4 Agents are likely to cause serious or lethal 
human disease for which preventive or 
therapeutic interventions are not usually 
available (high individual and community 
risk) 

(High individual and community risk). A 
pathogen that usually causes serious 
human or animal disease and can be readily 
transmitted from one individual to another, 
directly or indirectly. Effective treatment 
and preventive measures are not usually 
available 

RG risk group 

Strong suggestions have been made regarding the biosafety of autopsies under 
such circumstances, e.g., that BSL 3 should be considered the standard for every 
autopsy facility (Nolte et al. 2002). The guidelines for safe autopsies are based on 
either national or international systems that group infectious diseases depending on 
factors such as severity, transmission rate, and treatment options. The WHO, CDC, 
European Center for Disease Prevention and Control (ECDC), and Royal College of 
Pathologists have provided autopsy recommendations, all of which emphasize the 
importance of a high BSL (Khatam-Lashgari et al. 2021). 

SARS-CoV-2 has been classified as an RG-3 pathogen by the European Com-
mission and several other organizations. However, the mandatory requirements for 
BSL-3 do not include further specified PPE requirements because BSL-3 
requirements are defined and implemented at different levels in each country. 
Differing requirements include guidelines published by the WHO or European 
Commission (Loibner et al. 2021). The CDC has provided guidelines that specifi-
cally address biosafety requirements for the collection and handling of postmortem 
specimens (Loibner et al. 2021; Kritselis and Remick 2020). According to their



recommendations, all autopsies would be safest if performed at BSL-3 facilities, and 
if these are unavailable, autopsies can be performed using the barrier precautions of 
BSL-2 accompanied by negative airflow and the respiratory precautions of BSL-3 
(Kritselis and Remick 2020). During autopsy, the examiners should wear a fluid-
resistant jumpsuit or shirts and pants that cover the body from the neck to the feet and 
arms, waterproof aprons and sleeves, closed-toed shoes covered with fluid-proof 
shoe covers or booties, and a surgical cap or hood bonnet covering the entire head. 
Double gloving is recommended with cut-resistant gloves of fine-woven steel 
covered by rubber gloves. At the very least, examiners should also wear a disposable 
N-95 respirator, which was approved by the National Institute for Occupational 
Safety and Health. Those without N-95 equipment are required to wear a purified 
air-powdered respirator. When removing the brain, aerosol generation should be 
minimized by avoiding the use of oscillating saws, moistening the bone before 
cutting, and using vacuum attachments if an oscillating saw is used (Kritselis and 
Remick 2020). Various pieces of information about autopsy management have been 
presented and accumulated to date to implement strict infection prevention and 
control measures to curb the spread of COVID-19 (Basso et al. 2020; Keten et al. 
2020; Rani 2020; Skok et al. 2021; Pomara et al. 2021a). 
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Looking back on the first phase of COVID-19, many governments imposed 
severe restrictions on the corpse management of subjects with COVID-19 related 
deaths (Pomara et al. 2021a). These restrictions were imposed without any 
individualized risk assessment and performed prudently to reduce the risk of infec-
tion. Recommendations by the Autopsy Work Group of the Spanish Society of 
Anatomical Pathology and the Royal College of Pathologists were more restrictive 
than the WHO guidelines, which led to difficulties in performing autopsies (Pomara 
et al. 2021a). In practice, few standard BSL-3 or BSL-4 autopsy facilities exist as 
they are expensive to build, operate, and maintain worldwide. The uncertainty in the 
potential exposure risk during autopsy and constrained PPE supply have also 
resulted in fewer autopsies being performed. Moreover, most hospitals likely did 
not perform autopsies on patients who died from COVID-19 since the cause of death 
is often related to respiratory failure (Bhatt et al. 2022). In such situations, the few 
reported early autopsies of patients with COVID-19 revealed that the respiratory 
organs were the major affected organs in most cases; however, various lesions were 
observed in other organs, as well as comorbidity (Pomara et al. 2021a; Salerno et al. 
2020), suggesting that autopsy practice is an investigative tool to define an effective 
treatment to reduce mortality. 

Interestingly, Davis et al. reported the risk of COVID-19 transmission during 
autopsy. Given that one person involved in COVID-19 autopsies acquired COVID-
19 infection after approximately 675 exposures, performing autopsies with the 
recommended PPE appears to present an exceedingly low risk of COVID-19 
transmission to autopsy personnel (Davis and Williamson 2020). 

Several studies have suggested a so-called cytokine storm and immune 
dysregulation as a rationale for treating severe forms of COVID-19 with various 
immune system modulators and anticoagulants; however, studies on the underlying 
mechanisms of COVID-19 pathogenesis remain surprisingly scarce (Layne et al.



2022). Layne et al. posed outstanding questions for pathology studies of COVID-19 
(Layne et al. 2022), i.e., can biomarkers be identified and used to predict progression 
to severe COVID-19? and other 4 questions. These findings indicate that more 
autopsy studies are required to understand the pathogenesis of severe COVID-19. 
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33.4 Pathological Findings from Autopsies 

The index case was reported on December 8, 2019, and the WHO China Country 
Office was informed of several cases of pneumonia of unknown etiology detected in 
Wuhan. Eventually, the novel COVID-19 outbreak, which turned into a pandemic, 
was declared by the WHO. As mentioned above, severe restrictions on the corpse 
management of subjects who died of COVID-19 related causes were imposed. In 
China, upon the outbreak of COVID-19, over 60 pathologists and technicians 
assembled a COVID-19 Pathology Team in Wuhan and Chongqing, China. As of 
April 22, 2020, the COVID-19 Pathology Team had performed systematic autopsies 
on 37 deceased patients with COVID-19 (Bian 2020). The PubMed database was 
searched for articles written in English from December 1, 2019, to December 
31, 2020. In May 2020, some English case reports began to be published in China. 
The reports found during the search primarily focused on pulmonary pathology and 
originated from Spain, Switzerland, Italy, USA (Conde et al. 2020; COVID-19 
Autopsy 2020; Suess and Hausmann 2020; Aguiar et al. 2020; Barton et al. 2020; 
Carsana et al. 2020), showing histologically diffuse alveolar damage and vascular 
thrombi. 

Several autopsy-based reports, studies, and systematic reviews of COVID-19 
have been conducted to date, in which numerous pieces of information regarding 
the organ and tissue tropism of SARS-CoV-2 and morphological features of 
COVID-19 were accumulated (Maiese et al. 2021; Caramaschi et al. 2021; Chawla 
et al. 2022; Menezes et al. 2022; Jonigk et al. 2022). 

Pathological findings of the respiratory system were accumulated since the 
beginning of the pandemic. Pulmonary manifestations are the primary cause of 
death in patients with COVID-19 since SARS-CoV-2 infects the nasopharynx and 
lungs, resulting in various symptoms of varying severity. These patients usually 
presented with peripheral lung ground-glass opacities on CT, consistent with 
autopsy findings. Macroscopic examination revealed that the lungs appeared heavy 
and edematous. On microscopic examination, both exudative and proliferative 
diffuse alveolar damage are in difficult stages, with hyaline membrane formation, 
hemorrhage, edema, and pneumocyte damage as clinically acute respiratory distress 
syndrome (ARDS). This feature resembles the pulmonary damage caused by SARS 
and MERS (Maiese et al. 2021; Jonigk et al. 2022). SARS-CoV-2 infection leads to 
angiocentric inflammation in cases of COVID-19-induced respiratory failure, as well 
as several angiotensin-converting enzyme 2 (ACE2)-positive endothelial cells. 
ACE2 regulates the renin-angiotensin-aldosterone system, which is central in angio-
tensin II (AngII) signaling (Aimrane et al. 2022; Lamers and Haagmans 2022). The 
binding of SARS-CoV-2 to ACE2 and TMPRSS2 is followed by the fusion of the



virus with the plasma membrane and endocytosis. Several other organs express this 
membrane-integrated protein, and infection can spread from the pulmonary system 
to other organs (Jonigk et al. 2022; Aimrane et al. 2022; Lamers and Haagmans 
2022). Clinically, endothelial dysfunction is a denominator of SARS-CoV-2 infec-
tion, which is histologically characterized by acute vascular inflammation and 
perivascular T-cell recruitment, leading to swelling and disruption of the endothelial 
cell barriers and an anomalous microvascular architecture. Consequently, vascular 
injury causes thrombosis, vasoconstriction, and intussusceptive angiogenesis. Pul-
monary thrombosis in large vessels was only observed in some cases, whereas 
obstructed microvasculature was observed in most. An exacerbated immune 
response, including severe inflammation and cytokine activation, can also lead to 
respiratory and multiple organ failure, resulting in death in some cases. Respiratory, 
olfactory, and paranasal sinus epithelia with tropism to ciliated mucosa have also 
been observed as the nasopharyngeal and oropharyngeal tissues are the primary 
entry and early replication points of SARS-CoV-2. 
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Table 33.2 Summary of the common pathological findings in the post-mortem examinations 

Organ/System Pathological findings 

Lung Diffuse alveolar damage at different stages (acute, proliferative, and 
fibrosis), hyaline membrane formation, interstitial/alveolar edema, 
interstitial lymphocytic infiltration, pneumocyte hyperplasia, pulmonary 
microthrombi, alveolar hemorrhage, fibrosis 

Heart Hypertrophy, fibrosis, cardiomegaly, cardiac inflammation, dilatation 

Kidney Arteriosclerosis, acute tubular injury, endothelial injury, microthrombi, 
glomerulopathy, focal segmental glomerulosclerosis, shock kidney 

Liver Steatosis, congestion, fibrosis, shock liver 

Spleen Congestion/hemorrhage 

Gastrointestinal Shock changes 

Genitourinary Interstitial edema, thrombosis 

Central nervous 
system 

Hypoxic-ischemic injury, olfactory bulbus edema, neuronal degeneration, 
necrosis, inflammatory infiltration 

Skin Perivascular mononuclear/lymphocytic infiltrate, endothelial change, fibrin 
microthrombi 

In addition to severe respiratory damage, various systems, such as the nervous, 
motor, urinary, reproductive, and digestive systems are affected (Table 33.2) 
(Maiese et al. 2021; Caramaschi et al. 2021; Chawla et al. 2022; Menezes et al. 
2022; Jonigk et al. 2022; Aimrane et al. 2022; Lamers and Haagmans 2022). These 
pathological findings could be attributed to patients’ underlying diseases, as most 
patients suffered from hypertension, coronary heart disease, or diabetes mellitus.
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33.5 COVID-19 Vaccines, Adverse Effects, and Autopsy 

Successes in global smallpox eradication programs have given great hope for 
vaccines and the control of infectious diseases, leading to the development of 
comprehensive vaccination programs, which have become the cornerstone of public 
health intervention (Hardt et al. 2016). 

The COVID-19 pandemic has caused a major burden on the healthcare system 
due to its high morbidity and mortality rates. Despite the implementation of strict 
public health measures, the global economy was impacted significantly. The ideal 
goal of the COVID-19 vaccination is to promote global herd immunity, and as a 
result, the main aim of COVID-19 vaccination is to minimize deaths, severe disease, 
and overall disease burden, leading to socioeconomic restoration. Various countries 
have approved COVID-19 vaccines for human use in response to the COVID-19 
pandemic, and drugs are expected to be licensed. These platforms can be classified 
either as traditional approaches that have previously resulted in licensed vaccines, 
such as inactivated recombinant proteins and vectored vaccines, or as novel 
approaches that have not been used as licensed vaccines to date, such as RNA and 
DNA vaccines (Rahman et al. 2022). On March 16, 2022, the WHO validated nine 
COVID-19 vaccines in the Emergency Use Listing: the Pfizer/BioNTech Comirnaty 
vaccine (BNT162b2) on December 31, 2020, the SII/CIVISHIELD and 
AstraZeneca/AZD1222 vaccines (Oxford and AstraZeneca, ChAdOx1 nCoV-19) 
on February 16, 2021, and the Janssen/Ad26 vaccine. The COV2.S vaccine was 
developed by Johnson & Johnson on March 12, 2021, the Moderna COVID-19 
vaccine (mRNA-1273) on 30 April, 2021, the Sinopharm COVID-19 vaccine on 
May 7, 2021, the Sinovac-CoronaVac vaccine on June 1, 2021, the Bharat Biotech 
BBV152 COVAXIN vaccine on 3 November, 2021, the Covovax (NVX-CoV2373) 
vaccine on December 17, 2021, and the Nuvaxovid (NVX-Co V2373) vaccine on 
December 21, 2021. Table 33.3 shows the vaccine platform and formulation 
techniques (Rahman et al. 2022). However, countries have autonomy to issue 
emergency use authorizations for any health product based on their national 
regulations and legislation. Thus, domestic emergency use authorizations were 
issued at each country’s discretion. For example, in the USA, FDA-approved 
COVID-19 vaccines authorized for emergency use include the Pfizer-BioNTech, 
Moderna, and Janssen COVID-19 vaccines. 

COVID-19 vaccines have undergone randomized clinical trials to test their 
quality, safety, and efficiency, and have been approved by the WHO for emergency 
use listing. After approval, they continued to be monitored for their ongoing safety 
and effectiveness. A vaccine’s  efficiency is measured in a controlled clinical trial and 
is based on how many vaccinated people developed the disease compared with the 
number of people who received the placebo that developed the disease. Vaccine 
effectiveness (VE) is a measure of how well vaccines work in the real world. Real-
world effectiveness can differ from the efficiency measured in a trial because we 
cannot predict exactly how effective vaccination will be for a much larger and more 
variable population, i.e., getting vaccinated under real-life conditions (https://www. 
who.int/news-room/feature-stories/detail/vaccine-efficacy-effectiveness-and-

https://www.who.int/news-room/feature-stories/detail/vaccine-efficacy-effectiveness-and-protection
https://www.who.int/news-room/feature-stories/detail/vaccine-efficacy-effectiveness-and-protection


protection). A systematic review and network meta-analysis revealed that the 
BNT162b and mRNA-1273 prevented symptomatic COVID-19 infections more 
effectively than Gam-COVID-Vac, NVX-CoV23730, CoronaVac, BN02, WIV04, 
and Ad26.COV2.5 (Rotshild et al. 2021). The efficacy of these vaccines is reported 
as follows: Pfizer, 95%; Moderna, 94.1%; AstraZeneca, 70.4%; and Janssen-66.9%, 
indicating that they effectively reduce the incidence and severity of SARS-CoV-
2 infection among the study populations. (Francis). The efficacy of the vaccines are 
also reported as follows: Sinopharm-Whuan, 72.51%; BBV152, 77.8%; and 
CoronaVac, 51% and 83.5% in Brazil and Turkey, respectively (Rahman et al. 
2022). 
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Table 33.3 COVID-19 vaccines (until 20 December 2021 approved by WHO) 

Vaccines Platform and formulation techniques Target antigen 

BNT162b2 RNA, nucleotide modification of SARS-CoV-
2 mRNA 

Spike protein 

ChAdOx1 
nCoV-19 

Non-replicating viral vector, use recombinant Spike protein 

ChAdOx1 Adenoviral vector encoding the spike (S) protein 
of the SARS-CoV-2 

Ad26.COV2. 
S 

Non-replicating viral vector, use and replication 
incompetent 

Spike protein 

Adenovirus type 26 (Ad26) vector which 
encodes the SARS-CoV

-2 spike (S) protein 

mRNA-1273 RNA, encapsulation of SARS-CoV-2 Spike protein 

mRNA in lipid nanoparticle (LNP) 

Sinopharm Inactivated SARS-CoV-2, in vitro production in 
Vero cells 

Whole virus 

CoronaVac Inactivated SARS-CoV-2, in vitro production in 
Vero cells 

Whole virus 

BBV152 Inactivated SARS-CoV-2, in vitro production in 
Vero cells 

Spike protein 

NVX-
CoV2373 

Recombinant protein Spike protein, both 
humoral and cell mediate 

Global real-world VE has been reported in a series of studies. Zheng et al. 
reported the real-world effectiveness of COVID-19 vaccines in a meta-analysis 
comprising 51 records (Zheng et al. 2022), showing that the VE against SARS-
CoV-2 infection, COVID-19-related hospitalization, intensive care unit admission, 
and death were 89.1% (95% CI 85.6–92.6%), 97.2% (95% CI 96.1–98.3), 97.4% 
(95% CI 96.0–98.8%), and 99.0%(95% CI 98.5–99.6%), respectively. The VE 
against infection in the general population aged ≥16 years, the elderly, and health 
workers was 86.1% (95% CI 77.8–94.4%), 83.8% (95% CI 77.1–90.6%), and 95.3% 
(95% CI 92.0–98.6%), respectively. For those fully vaccinated against infection, the 
observed effectiveness of the Pfizer-BioNTech vaccines was 91.2%, that of the 
Moderna vaccine was 98.1%, and that of the CoronaVac vaccine was 65.7%. They 
concluded that COVID-19 vaccines were highly protective against SARS-CoV-2-
related diseases in real-world settings (Zheng et al. 2022). Ssentongo et al. reported

https://www.who.int/news-room/feature-stories/detail/vaccine-efficacy-effectiveness-and-protection


the real-world effectiveness of COVID-19 vaccines, including BNT162b, mRNA-
1273, and AD26.COV2.S, using a meta-analysis comprising 18 records representing 
nearly seven million individuals. In this study, VE against all SARS-CoV-
2 infections declined from 83% in the first month after completion of the original 
vaccination series to 22% at five months or longer. The VE against symptomatic 
COVID-19 declined from 94% in the first month after vaccination to 64% by the 
fourth month. VE against severe COVID-19 for all ages was high overall, with a 
level of 90% (95% CI 87.0–92.0%) at 5 months or longer after being fully 
vaccinated. VE against severe COVID-19 was lower in individuals aged ≥65 
years and those who received the Ad26.COV2.S vaccine (Ssentongo et al. 2022). 
Their data show the temporal waning of VE against SARS-CoV-2 infection and 
symptomatic illness with preservation of VE against severe illness in most 
circumstances, and the need for booster vaccine doses should be considered in the 
context of clearly outlined international public health goals for VE outcomes. 
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The evolution of the SARS-CoV-2 virus during the COVID-19 pandemic has 
resulted in the emergence of four variants of concern (VOC), namely alpha (B.1.1.7), 
beta (B.1.351), gamma (P.1), and delta (B.1.617.2) (Tregoning et al. 2021). These 
SARS-CoV-2 VOC are more transmissible and have the potential to increase disease 
severity and decrease the effectiveness of COVID-19 vaccines. In Tregoning’s 
group, a reduction in in vitro serum neutralization activity was observed in highly 
sensitive assays, and evidence of infection with VOCs has been observed in 
vaccinated populations. However, the disease severity is nevertheless much reduced, 
indicating that vaccines remain highly effective (Tregoning et al. 2021). Nasreen 
et al. reported the effectiveness of BNT162b2, mRNA-1273 and ChAdOx1 vaccines 
against symptomatic SARS-CoV-1 infection and COVID-19 hospitalization or 
death caused by the alpha (B.1.1.7), beta (B.1.351), gamma (P.1), and delta 
(B.1.617.2) VOC in Ontario, Canada, using a test-negative design study. Their 
results suggested that even a single dose of these three COVID-19 vaccine products 
provides considerable protection against symptomatic infection and severe outcomes 
caused by these four VOC, particularly in young adults, and that two doses provide 
even higher protection (Nasreen et al. 2022). At the time of writing, a rapid increase 
in COVID-19 cases due to the omicron variant (B.1.1.5290 variant of SARS-CoV-2) 
in highly vaccinated populations raised concerns on the effectiveness of current 
vaccines. A test-negative case-control study in England indicated that two doses of 
the BNT162b2 or ChAdOx1 nCoV-19 vaccines failed to provide adequate levels of 
protection against infection with the omicron variant and mild disease, and boosting 
with BNT162b2 or mRNA-1273 provided a substantial increase in protection 
against mild disease, although this waned over time, suggesting that boosters will 
likely offer even greater levels of protection against severe and fatal diseases 
(Andrews et al. 2022). 

Adverse effects due to COVID-19 vaccines, including local events such as pain, 
redness, and swelling, as well as systemic events such as fatigue, headache, and 
muscle or joint pain, have been reported in randomized clinical trials. Most adverse 
effects were mild to moderate; however, approximately 50–90% of participants 
reported experiencing some adverse effects (Beatty et al. 2021). In a real-world



cohort with BNT162b2, mRNA1273, and JNK-78436735, serious COVID-19 vac-
cine adverse effects were rare and similar to industry and government reports (Beatty 
et al. 2021). However, the severity of adverse effects varied between vaccine brands. 
For example, compared with participants receiving the BNT162b2 vaccine, those 
receiving mRNA-1273 had were at a two times higher risk of reporting adverse 
effects (odds ratio, 2.00; 95% CI 1.86–2.15; p < 0.01). Cases of more serious 
adverse events, such as anaphylaxis, myocarditis, and thrombocytopenia, have 
been reported, although infrequently. Sixty-six cases of anaphylaxis have been 
reported among 17,524,676 mRNA vaccinations in the USA as of February 2021 
(Shimabukuro et al. 2021). A meta-analysis of the risk of anaphylaxis due to 
authorized COVID-19 vaccines revealed that the highest incidence of anaphylaxis 
was observed in vaccinated women compared to men aged 18–85 years. Interest-
ingly, in this cohort of women, administration of BNT162b2 vaccines yielded the 
most cases of anaphylaxis. The results of this study suggest that all authorized 
COVID-19 vaccines may cause anaphylactic reactions, anaphylactoid reactions, 
anaphylactic shock, and anaphylactoid shock (Sobczak and Pawliczak 2022). In 
May 2021, several cases of myocarditis and pericarditis were reported by the US 
Center for Disease Control and Prevention Vaccine Adverse Event Reporting 
System following BNT162b2 or mRNA-1273 vaccination. In a descriptive study 
of reports of myocarditis to the Vaccine Adverse Event Reporting System (VAERS) 
following mRNA-based COVID-19 vaccination between December 2020 and 
August 2021 in 192,405,448 individuals aged >12 years in the USA, the risk of 
myocarditis increased across multiple age and sex strata and was highest after the 
second vaccination dose in adolescent males and young men (Oster et al. 2022). The 
European Medicines Agency concluded that a causal link exists between AZD1222 
(ChAdOx1 nCoV-19) administration, blood clotting, and low platelet counts (throm-
bocytopenia) in an extremely small number of vaccinated individuals, leading to 
30 deaths in vaccinated individuals. As a result, vaccine agencies in EU countries 
and the UK have issued age-based restrictions on the use of AZD1222. Extremely 
rare events of thrombocytopenia were also observed in the USA, reportedly due to 
Ad26.COV2-S vaccination. The FDA briefly paused the use of As26.COV2-S in 
April 2021. Thrombocytopenia appears to be more strongly associated with 
adenovirus-based vaccines; however, it has also been observed after mRNA vacci-
nation. The rate of vaccine-induced immune thrombotic thrombocytopenia (VITT) 
differs among countries. A systematic review of published reports of VITT based on 
searches of PubMed, SCOPUS, and Web of Science from December 2020 to May 
2021 revealed that certain demographics were associated with an increased risk of 
VITT and clinical presentations thereof following ChAdOx1 nCoV-19 and Ad26. 
COV2.S vaccination, namely young individuals, particularly women. The clinical 
presentation of VITT commonly includes cerebral thrombi, pulmonary embolism, 
and deep venous thrombosis, but other presentations are also possible, highlighting 
the importance of clinical vigilance in recent vaccine recipients (Elberry et al. 2022). 
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Coincidental adverse events, including death and related fatalities, influence the 
COVID-19 vaccination campaign. Hesitancy to be vaccinated against COVID-19 is 
generally caused by safety concerns and adverse effects, as well as mistrust of the



vaccine and government. Thus, COVID-19 vaccine hesitancy must be overcome to 
achieve a higher percentage of vaccinated individuals. In the first month of COVID-
19 vaccine safety monitoring in the USA between December 14, 2020, and January 
31, 2021, a total of 13,794,904 COVID-19 vaccine doses were administered, and 
6994 cases of COVID-19-associated adverse events were reported in the Vaccine 
Adverse Event Reporting System (VAERS) (Gee et al. 2021). Among all reports, 
6354 (90.8%) were classified as non-serious and 60 (9.2%) as serious, and 
113 (1.6%) deaths were reported. All-cause mortality is high in residents of long-
term care facility (LTCF). Using the VAERS over roughly the same period, Lv et al. 
reported a mortality rate of 53.4 per million following COVID-19 vaccination 
among LTCF residents during the study period. This was far lower than the 2019 
monthly all-cause mortality rate of 0.3% among adults aged ≥65 years. They 
suggested that the benefits of COVID-19 vaccines far outweighed the potential 
risks in older frail populations (Lv et al. 2021). Recently, while the safety of the 
COVID-19 vaccine booster doses was being monitored among adults between 
September 22, 2021, and February 6, 2022, a total of 721,562 unique v-safe 
registrants aged ≥18 years received a COVID-19 vaccine booster (Lv et al. 2021). 
A total of 39,286 cases of adverse events were reported in the VAERS. In this report, 
myocarditis was most often reported among men aged 18–24 years following an 
mRNA-1273 vaccine booster (8.7 per one million doses administered). However, 
there is no mention of a relationship between COVID-19 vaccines and mortality, 
except for the unusual case of an ongoing investigation into the relationship between 
the mRNA-1273 vaccine and myocarditis. 
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Postmortem studies in patients following the first dose of the BNT162b2 vaccine 
have been reported (Edler et al. 2021; Hause et al. 2022; Hansen et al. 2021) along 
with a series of thrombotic thrombocytopenia cases following ChAdOx1 nCoV-19 
vaccine administration (Greinacher et al. 2021; Schultz et al. 2021; Pomara et al. 
2021b). 

Sessa et al. analyzed 17 papers published on fatal cases with post-mortem 
investigations (Sessa et al. 2021). A total of 38 cases were analyzed, of which 
22 were related to ChAdOx1 nCoV-19 administration, 10 to BNT162b2, 4 to 
mRNA-1273, and 2 to Ad26.COV2.S. They suggested that autopsy is extremely 
useful for defining the main characteristics of VITT after ChAdOx1 nCoV-19 
vaccination and myocarditis related to the BNT162b2 vaccine. In a literature review 
of COVID-19 vaccine-related deaths performed in accordance with the Preferred 
Reporting Items for Systematic Review (PRISMA) standards, 55 cases of death after 
COVID-19 vaccination have been reported. A causal relationship was excluded in 
17 cases, not specified in 8 cases, considered possible in 15 cases, probable in one 
case, and very probable/demonstrated in 14 cases. The causes of death included 
32 cases of VITT, 3 cases of acute myocarditis, one case of disseminated encepha-
lomyelitis, and one case of rhabdomyolysis. They mentioned that post-mortem 
investigations are required to deepen the understanding of the possible pathophysio-
logical mechanisms of fatal adverse effects due to vaccination (Maiese et al. 2022).
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33.6 Summary 

Conventional autopsy is a well-known crucial method for auditing the reliability of 
clinical diagnosis and analyzing how diseases, including infectious diseases, affect 
various organs and systems. With the global number of conventional autopsies 
decreasing yearly, this number has decreased even further during the COVID-19 
pandemic. Thus, few studies exploring pathological lesions in fatal COVID-19 cases 
have been conducted, which have led to fundamental insights into the pathogenesis 
of this disease. However, a comprehensive analysis of autopsy data must be 
conducted to provide more detailed insights into the fatal adverse effects and deaths 
associated with vaccination. 
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Abstract 

COVID-19 pandemic has drastically affected each and every section of social, 
economic and industrial sectors. Sever life-threatening episodes, psychological 
and mental disorders have been faced by mankind. Despite several health 
impacts, management of generated plastic-based personal protective equipment 
(PPE) and single-use plastic wastes also became a challenge. In order to restrict 
the transmission of infectious and contagious COVID-19, complete lockdown 
with confined manmade activities and complete industrial shut down has imposed 
across the globe for several months. Restrictions imposed during lockdown might 
have slowed the economic growth globally, but on contrary, natural ecosystems 
have got some disturbance-free environment from numerous anthropogenic 
activities to flourish. Restricting anthropogenic activities during lockdown 
could have encouraged sustainable and environmental resilience with biodiver-
sity revival and improved ecosystem health predominantly in the aquatic 
ecosystem. 
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34.1 Introduction 

Incidence of coronavirus disease (COVID-19) has ruthlessly impacted mankind 
globally. It has stroked more than 200 countries of the world and threatened the 
health security of public globally (Singh 2020). COVID-19 first emerged in Wuhan, 
China, in the late December during the year 2019. Within few months, the virus had 
spread across several nations, thus becoming a serious matter of concern. The World 
Health Organization (WHO n.d.) stated a pandemic of the novel coronavirus disease 
(COVID-19) on 13 March 2020 (Cucinotta and Vanelli 2020). With the passage of 
time, the pandemic has been spreading among more and more communities across 
the globe with increasing number of deaths gradually. In addition to health damage, 
the pandemic has declined economic growth along with fostering many environ-
mental mutilations. Until now, any scientifically accepted vaccines or antiviral 
medications and treatments which could work effectively to counter COVID-19 
have not reported (Chakraborty and Maity 2020). Rapidly spreading pandemic has 
posed immense pressure on well-being of people, financial development, along with 
several environmental, and societal challenges over the human population entirely 
around the globe. As per the International Monetary Fund reports, the pandemic has 
already affected the topmost economies of developed countries that has impacted the 
global economy majorly. The pandemic has resulted the whole world economy 
probably to undergo sharp contraction by around -3% during the year 2020 
which is much worse than the financial crisis raised during the year 2008–09 (IMF 
2020). In this twenty-first century, six major worldwide diseases and widespread 
outbreaks similar to COVID-19 have previously strutted over the world viz. Severe 
Acute Respiratory Syndrome (SARS) (2002–2004), H1N1 influenza (2009), Middle 
East respiratory syndrome (MERS) (2012–2020), the West-African Ebola virus 
epidemic (2013–2016), the Zika fever (2015–2016), and Avian influenza 
(2008–2014) (Cheval et al. 2020). However, not any of them has attained that 
much spatial extent and the extensively wide-ranging impacts which the current 
coronavirus has realized quickly. To restrict the transmission of coronavirus, various 
preventive and protective guidelines have been issued by governments throughout 
the world. They recommended complete lockdown across the globe by ensuring 
closure of various activities like religious, commercial, industrial, communal, scien-
tific, cultural, sports tournaments, and congregation of political masses along with 
the cancellation of several events like Hajj, Olympics, etc. (Verma and Prakash 
2020). In the meantime, efforts such as lockdown to check covid-19 spread have 
shown an outstanding effect in the terms of environmental health. As a result of 
non-functioning and closure of industries, stopping of vehicles on roads, a signifi-
cant reduction in harmful emissions including greenhouse gases into environment 
has noticed. Rivers like Ganges showed noteworthy upgradation in the lockdown 
time (Dutta et al. 2020). Several metro cities such as Hyderabad, Kolkata, Mumbai, 
and Chennai including the national capital New Delhi have witnessed clean air 
(Singh and Chauhan 2020). Although several efforts were made before the pandemic 
to regain environmental health, no considerable results were obtained. However, 
novel coronavirus pandemic had made it possible to effect environmental resilience.



Aviation emissions as per Environmental and Energy Study Institute (EESI) 
contributes around 2.4% of global CO2 emissions in 2018 have found it dropping 
substantially (Verma and Prakash 2020). 

34 COVID-19 and Their Impacts on Aquatic Systems: Is It a Solution. . . 697

34.2 Origin and Characteristics of Coronavirus 

Coronaviruses are considered as huge assemblage of viruses coming under the 
family Coronaviridae that can transmit diseases between humans and animals and 
for that reason they are popular as zoonotic viruses (Sreenivas et al. 2020). These are 
basically enveloped and single-stranded positive sense RNA viruses. These are 
further categorized into sub-family Coronaviridae depending upon their genomic 
organization and phylogenetic relationships. Coronaviridae comprises four different 
genera or variants of coronavirus such as alpha (αCoV), Beta (βCoV), Gamma 
(γCoV), and Delta (δCoV) (Cui et al. 2019). These viruses are acknowledged to 
result infections in humans fluctuating between mild respiratory infections like 
common cold/flue, fever, etc. to further deadly disorders like Severe Acute Respira-
tory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS). Presently, 
the new strain of coronavirus resembles share 98% of its spike protein with that of 
the bat coronavirus. Evolutionary history of coronaviruses showed that αCoV and 
βCoV have been emerged from bats and rodents, whereas γCoV and δCoV are 
known to be evolved from birds (Ge et al. 2017). SARS-CoV, MERS-CoV, and 
SARS-CoV-2 can be majorly recognized as βCoV (Chakraborty and Maity 2020). 
These three βCoV are known to be evolved from bats and further spread into their 
respective intermediate or transitional mammalian hosts. Civet cats are acknowl-
edged as the intermediate host for SARS-CoV while in case of MERS-CoV, camels 
are identified as the intermediate host. These hosts ultimately spread the viruses 
among humans that cause mild to severe health implications (Song et al. 2019). 

34.2.1 Novel Coronavirus/COVID-19 Disease 

In the late December of the year 2019, a deadly infection called COVID-19 
(coronavirus disease 2019) has been emerged and within few months, it spread out 
across the globe, thus becoming pandemic. The infection pertains to common cold, 
highly contagious and identified to be resulted by a novel class of corona virus, 
known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Bilal 
and Iqbal 2020). The new strain of coronavirus is deadly because infection caused by 
this strain has no treatment at yet, i.e., October 2020. These viruses are generally 
spherical in shape and bear protruding protein structures called spikes on their 
surface that give the virus particle a crown-like appearance (Yaqinuddin 2020). On 
coming in contact with the human cell, the protein spikes present on the surface of 
coronavirus (SARS-CoV-2) tends to bind with cellular receptor called angiotensin 
converting enzyme 2 on resting on the human cell membrane that permits the virus to 
get entered into the cell (Guo et al. 2020). The protein spikes present in SARS-CoV-



2 are found to have about 10 to 20 times more binding power than that of earlier 
coronaviruses like SARS (Zheng 2020). This ability of SARS-CoV-2 makes it 
distinguished from other available strains and also serve as a major force behind 
the reckless man to man spread of COVID-19. Because of this, the novel corona 
virus has shown its impact throughout the world irrespective of cast, color, religion, 
and creed. The incubation period for COVID-19 lies between 1 and 14 days (mostly 
5 days) (Li et al. 2020). It is the time taken by the virus to begin to show the 
symptoms of disease after caught. Early indications of COVID-19 mostly comprise 
high body temperature, tiredness, dry cough, loss of smell as well as taste, etc. Later 
symptoms may comprise body aches, painful throat tenderness, breathing problem 
due to nasal congestion, or sometimes looseness of the bowels (Cuevas-Barragan 
et al. 2020). These symptoms are usually mild and begin slowly and progressively. 
However, these symptoms are not the sole determiners for infection of COVID-19. 
There are many cases where people do not get any symptoms but reported the 
infection of COVID-19. Out of every six COVID-19 infected people, there occurs 
one person with severe illness that develops major symptoms like difficulty in 
breathing (Patil and Jain 2020). The severity of this disease also ranges from mild 
to deadly effects depending upon various factors like age, immunity, or occurrence 
of previous health disorders (Derosa et al. 2020). Moreover, as per WHO, there 
occurred some cases where most people (around 70%) after taking some precaution-
ary measures like quarantine, social distancing, and little medical care have recov-
ered from the disease without getting any special treatment. 
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34.2.2 Modes of COVID-19 Infection 

34.2.2.1 Droplet Transmission 
Droplets are water holding entities and respiratory in origin with a diameter greater 
than 5 μm. Healthy person can be caught by droplets infected from diseased person 
within a certain range of approximately 1 m. These are produced during sneezing, 
coughing, and speaking to an infected person, and the infected droplets can reach to 
healthy person in a closed proximity. Any person in vicinity of someone with 
respirational indications like coughing, sneezing, etc. is likely to be exposed to 
potentially infectious respiratory droplets that can be accidently inhaled (Wilson 
et al. 2020). 

34.2.2.2 Direct Contact with Surface Deposition/Contamination 
Infected respiratory droplets containing coronavirus from infected person may land 
and place on a surface of door bells, stairs, lift push button, fruits, vegetables, etc. 
where the virus could persist viably. These surfaces may frequently encounter 
healthy persons, and thus, the virus may reach from these surfaces to hands and 
subsequently to eyes, nose, mouth, etc. and finally may result in contacting the 
healthy person with new covid-19 patients. It is also apparent to say that an infected 
person’s surroundings can serve as an excellent source of coronavirus transmission 
(Morawska et al. 2020).
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34.2.2.3 Fecal-Oral Transmission 
Fecal stuff is also regarded as one of the leading transmitting sources in Covid-19 
infected patients. Some investigations have indicated that the virus may cause 
several intestinal problems and thus can be found in stools or feces. However, risk 
of catching virus through this route appears to be quite less (Ding and Liang 2020). 

34.2.2.4 Transmission Stages of COVID-19 
The novel COVID-19 appeared very infectious or contagious disease and has swiftly 
spread worldwide. Globally, in accordance with the WHO reports, as on 11th of 
October 2020, there have been about 36,996,501 people infected with COVID-19, 
that include around 1,069,476 demises. These digits are growing rapidly with the 
passage of time. Researchers have claimed that the novel coronavirus involves four 
transmission stages to spread the disease (Fig. 34.1). These stages are as follows: 

34.2.2.4.1 Stage-1: Imported Cases 
When a healthy person visits abroad and gets infected with coronavirus and return to 
the native country or several goods imported from the infected country and they start 
the transmission of virus within the country. This is the early and first stage of 
pandemic. This also occurs when any infected person visits to another country and 
spread the virus among the individuals residing there. 

1stStage 2ndStage 3rdStage 4thStage 

COVID-19 
Infected 
person 

Fig. 34.1 Different stages involved in man-to-man transmission of novel coronavirus (COVID-
19). (https://timesofindia.indiatimes.com/india/india-has-30-days-to-halt-onset-of-stage-iii-says-
icmr-dg/articleshow/74620277.cms)

https://timesofindia.indiatimes.com/india/india-has-30-days-to-halt-onset-of-stage-iii-says-icmr-dg/articleshow/74620277.cms
https://timesofindia.indiatimes.com/india/india-has-30-days-to-halt-onset-of-stage-iii-says-icmr-dg/articleshow/74620277.cms
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34.2.2.4.2 Stage-2: Local Transmission 
This is the second stage of virus transmission which is dangerous than stage 1. It 
takes place locally among the masses by the infected patient. This can be illustrated 
as local transmission of coronavirus from corona positive persons. 

34.2.2.4.3 Stage-3: Community Transmission 
This is a much high-level transmission stage when a significant number of corona-
virus infection cases appeared every day. In this stage, the disease spreads within the 
community and large areas get affected. 

34.2.2.4.4 Stage-4: Transmission Out of Control 
This is the final stage of coronavirus transmission when the virus acquires the shape 
of an epidemic and spread seamlessly out of control or with no clear endpoint. This is 
the stage where most of the top developed and developing nations are existing 
including India. 

34.3 Role of Health Organizations to Deal with COVID-19 

COVID-19 disease has affected the mankind overwhelmingly. Several global 
organizations like WHO, World Bank, World Trade Organization (WTO), and 
International Monetary Fund (IMF) besides many other international-, national-, 
central-, and state-level bodies are playing major role in supporting the whole world 
by providing policy advice, technical assistance, financial resources, and much 
more. These organizations are providing direct services to mankind to tackle the 
drastic situation created by novel coronavirus. These are offering help to public 
regardless of any profit or gain. Threat to human health is the foremost challenge of 
COVID-19 that the world is confronting. In this regard, WHO is the prime organi-
zation that is playing significant role in protecting human health by providing 
requisite guidelines to deal with the novel coronavirus and preventing human health 
from being exposed to virus. WHO has issued several directions in the form of 
reports administrating the do’s and don’ts during the novel covid-19 pandemic. As 
per WHO, all workers working at different fields such as doctors, nurses, waste 
handlers, waste pickers, soldiers, and many others are required to wear appropriate 
personal protective equipment (PPE), that comprises protective outerwear, goggles 
or a face shield, a face mask, gloves, and boots (World Health Organization 
2020a, b). The workers also needed to sanitize hands frequently and must avoid 
touching the face including eyes, nose, and mouth with unhygienic hands. WHO has 
also published guidelines to manage public health by implementing some social 
measures including social distancing, quarantine wards for patients suspected with 
novel coronavirus symptoms, proper hand hygiene, lockdown, etc. As vaccine is not 
discovered against covid-19, in order to prevent and hinder the virus infection 
transmission as well as to protect ourselves from virus, the usage of mask along 
with frequent usage of the alcohol-based hand sanitizers or hand wash are regarded 
as best preventive measures, following certain norms including social distancing.



There are numerous technical documents providing guidelines on specific concerns, 
including infection prevention and control (IPC) has been published by WHO. These 
documents can be accessed from https://www.who.int/emergencies/diseases/novel-
coronavirus2019/technical-guidance/infection-prevention-and-control. 
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34.3.1 Waste Generation Due to COVID-19 Infection 

Contributing towards worldwide economic recession, Covid-19 pandemic has also 
created a huge quantity of medical or healthcare waste. The waste generated amid 
Covid-19 may consists of several disposable and discarded plastic-based personal 
protective equipment (PPE) and one-time usable plastics that can pose enormous 
negative impact on health of public as well as environment (Rowan and Laffey 
2020). Solid waste management has previously been a major problem for world 
since a long time. Presently, the rapid surge in biomedical waste because of COVID-
19 pandemic is additionally intensifying the solid waste management menace. 
Among the various solid wastes generated due to Covid-19, biomedical wastes 
(BMW) are one of the most concerning wastes as these possibly can serve a potent 
source of infection itself and spread the contagious virus, if left untreated and 
improperly handled. BMW may arise from different healthcare facilities, 
laboratories, quarantine centers, quarantine homes, etc. (Kargar et al. 2020). These 
wastes may include the sharp or piercing wastes such as needles, syringes, blades, 
etc., pathological/anatomical wastes such as blood and other fluids, tissues, placental 
wastes, etc. and many other infectious wastes such as gloves, bandages, or gauges 
contaminated with blood and other body fluids or microbes such as bacteria, viruses, 
or parasites. BMW can cause generation of toxic wastes like pharmacological waste 
(expired and useless medications), chemical waste (inoperable and destroyed chem-
ical constituents, unusable antiseptics, and sanitizers), and radioactive or radiation 
emitting wastes (including dangerous radioactive constituents, packaging wastes, 
glassware wastes, radionuclides enriched excretory wastes of patients undergone 
treatment or tested with radionuclides and sealed sources) (Anwer and Faizan 2020). 
However, not 100% BMW is hazardous but around 85% of the waste is found to be 
non-hazardous and the rest 15% is considered hazardous that includes 5% 
non-infectious and 10% infectious waste (Choudhary and Rai 2019). These wastes 
are generated in enormous quantity every day which makes it quite challenging to 
confront waste management problem. Unsafe disposal of various kind of wastes 
generated due to Covid-19 can have an instantaneous threat of resulting environ-
mental pollution along with sprawl of numerous infectious and deadly diseases like 
cholera, typhoid, hepatitis, human immunodeficiency virus (HIV)/acquired immu-
nodeficiency syndrome (AIDS), and many other respiratory complications.

https://www.who.int/emergencies/diseases/novel-coronavirus2019/technical-guidance/infection-prevention-and-control
https://www.who.int/emergencies/diseases/novel-coronavirus2019/technical-guidance/infection-prevention-and-control


702 K. Goria et al.

34.3.2 Management and Handling of COVID-19 Waste 

To combating the waste generation problem aided by Coronavirus (COVID-19) 
pandemic, solid waste management especially healthcare wastes handling and man-
agement has become a critical issue. Different variety of wastes has been emerged 
from different sources and to manage and handle such kind of waste, different 
management strategies are required. Generally, there occurs following steps in the 
management of healthcare waste as shown in Fig. 34.2. WHO has provided appro-
priate guidelines to manage the infectious and other wastes generated due to Covid-
19 (World Health Organization 2020a, b). 

34.3.2.1 Classification/Categorization of Waste 
Solid wastes usually include solid materials which become unfit for use and not have 
any economical importance. For proper management of wastes, waste classification 
is the foremost step that classify solid waste based on their characteristics and source 
of origin. They may categorize as waste from public activities or municipalities, 
industries, farming activities, healthcare places, etc. In hospitals and other health 
centers, waste get generated consequently from curing animal or human patients as 
well as from other medical and testing laboratories by performing diagnostic tests 
like blood test, urine test, and stools tests of infected patients. Such kind of wastes 
are named as biomedical wastes (BMW). Huge quantity generation and transmission 
of BMW among the masses are majorly accompanied by healthcare centers. It is the 
need of the hour to manage that waste as management of it reflects an essential role 
in countering the spread of infections as well as supporting allied hygiene programs 
in healthcare places. 

Classification / 
categorization of waste 

Seggregation/separation 
of waste 

Minimzing waste 
generation 

Collecting and handling 
the waste generated 

On-site transportaion 
and storage of waste 

Waste disposal after 
treatment 

Fig. 34.2 Steps in management of healthcare waste
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34.3.2.2 Waste Segregation and Waste Minimization 
Measure should be adopted to minimize waste generation and wherever possible, 
non-infectious wastes should be segregated and reused again. 

34.3.2.3 On-Site Handling of Waste 
On-site healthcare waste handling and management involves treatment of generated 
waste within the healthcare facility premises or hospitals. Whereas in case of waste 
treatment where hospitals decontaminate or remediate their generated waste along 
with other health facilities, then the waste collected in small area is termed as cluster 
treatment. If any dedicated waste management unit involved in handling the wastes 
of various healthcare centers in a municipal or regional center, then it is referred to 
central treatment. 

34.3.2.4 Waste Treatment and Disposal 
Waste is treated finally to lessen the possible risks to be imposed due to healthcare 
waste and to keep the man and environment healthy and the remaining residues must 
be disposed of properly. Treatment of waste must be regarded in the aspect of the 
waste management hierarchy represented in Fig. 34.3. 

34.3.2.5 Treatment of Healthcare Waste 
There are five basic processes commonly used to treat harmful wastes of healthcare 
units which is also called as disease causing and pathological waste. These are 
physical treatment, chemical treatment, radiation method, biological disinfection or

Most Preferable 

Least Preferable 

Avoid waste generation 

Reduce the waste 

Reuse the non-infectious waste 

Recycle the resuable material 

Recover from waste 

Treatment of waste 
to diinfect 

Waste dsposal 

Fig. 34.3 Waste management hierarchy



degradation method, and mechanical methods. Mechanical methods are usually 
supplement for other treatments.
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34.3.2.6 Physical Treatment Processes 
The physical process of waste remediation mainly comprises heating treatment 
termed as thermal treatment method. The process relying on heat for destruction of 
infectious pathogens is commonly called as thermal treatment process. These are 
basically classified into two types, i.e., high-heat thermal systems that operates 
above 800 °C and involve combustion and/or pyrolysis treatment methods for 
treating healthcare waste and low-heat thermal systems that are also termed as 
non-burn or non-incineration treatment technologies. Such non-burn process 
makes use of thermal energy at temperatures capable to adequately kill pathogenic 
microbes, however, insufficient in carrying out waste combustion or waste pyrolysis. 
This is because of the fact that combustion and pyrolysis take place at the tempera-
ture lying in the range of 100 °C and 180 °C. Low-heat thermal treatment methods 
are often taking place in humid or dehydrated heat conditions. Humid or wet heat 
utilizes steam in waste sterilization which is generally carried out in devices like 
autoclaves or other steam-based structures. Such thermal processes are commonly 
termed to as wet thermal process. However, dry or dehydrated heat makes use of heat 
devoid of water or steam less to sterilize the waste. 

34.3.2.7 Chemical Treatment Process 
The waste treatment methods making the use of disinfectants like ozone gas (O3), 
oxide of chlorine (ClO2), lime solution, peracetic acid, bleach (sodium hypochlo-
rite), or dry inorganic chemicals are referred as chemical treatment methods. 

34.3.2.8 Radiation Process 
It makes the use of radiations irradiating from radioactive electrons, Cobalt-60, or 
UV radiation sources for falling on infectious pathogenic wastes and destroy 
pathogens. However, being a highly expensive and costly method, it is not com-
monly applied to treat healthcare waste. 

34.3.2.9 Biological Treatment Process 
This process particularly pertains natural deterioration processes for management of 
biological waste. These processes are generally comprised of biodigestion, 
composting, vermiculture, and natural decay via burial of remains of body parts 
called cadavers, tissues, and anatomical parts. Some technologies add enzymes to 
speed up decomposition of organic waste. Composting and vermiculture methods 
are effectively being used for natural decomposition of wastes including placenta 
and hospital kitchen waste. 

34.3.2.10 Mechanical Process 
These involve grinding, crushing, mingling, and compaction that results in volume 
reduction of waste, yet incapable in destruction of harmful pathogenic microbes. 
This makes more surface area of waste to be exposed to treatment. These are usually



supplement methods for other treatment options. These methods are required to be 
utilized only after the waste is fully disinfected because in case of mixing and 
shredding of infectious waste in an open system may increase the risk of workers 
exposure to pathogens. 
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34.3.2.11 Treatment Prior Disposal 
Biomedical wastes treatment is appropriately performed through sterilization in 
sterilizer systems like autoclaves, hybrid steam-based units, microwave units, fric-
tional heat unit, and dry heat units to make them free from any contamination from 
virus, bacteria, or other microbes. After decontamination, the waste can become 
suitable for environmental disposal and can be in a controlled and insulating landfill 
systems. 

34.4 Consequences of COVID-19 

COVID-19 pandemic has swallowed the entire globe and impacted the lives of 
people, economy, and the environment most importantly. With a view to control 
the transference of deadly virus, to isolate the virus affected cases, mandatory nation-
wide lockdown and border closures, halt on domestic and international flights were 
carried out in almost every nation of the world as stringent steps taken towards 
mitigating the pandemic. But these measures have proven to shatter the modern 
world economy (Ibn-Mohammed et al. 2020). Inspite of these efforts, the deadly 
virus became successful in establishing its roots throughout nations, thereby 
distressing labour-intensive system, disturbing the financial markets (Sarkis et al. 
2020). Socioeconomic activities close down in many ways as millions were 
quarantined at home or at quarantine centre; national and international borders 
were locked; schools, colleges, and training institutions were closed; road and air 
traffic, manufacturing and travel industries paralysed; and restaurants and shopping 
and entertainment complexes were closed to avoid gathering. Tourist destination 
locations were deserted, and among all this, unemployment claims reached millions 
(Basilaia and Kvavadze 2020; Devakumar et al. 2020; Kraemer et al. 2020; 
Lokhandwala and Gautam 2020; Ibn-Mohammed et al. 2020). The COVID-19 has 
also negatively affected sustainable development goals as most of the targets will not 
be achieved by 2030 due to the pandemic and the associated impacts (Naidoo and 
Fisher 2020). From the very beginning when COVID-19 was declared pandemic, the 
scientific community has been constantly working hard to inspect the consequences 
of COVID-19 on different components of the environment. 

34.4.1 Effects of COVID-19 on Human 

COVID-19 pandemic has resulted into a state of health emergency worldwide and 
affected the health and medical infrastructure at the most. As many as 3.5 million 
people (hosts for the virus) were infected with a mortality rate of more than 3.6% as



calculated for the early 3–4 months since COVID-19 was declared pandemic 
(Kumar et al. 2020a, b). It has brought a wave of anxiety and fear around the 
globe as is evident from shorter term to extended psycho-social and mental health 
implications. Such psychological disorders are more prominent in children and 
adolescents as compared to adults (Singh et al. 2020). This could be due to the 
number of susceptibility aspect like age, previous mental health condition, income, 
gender, physical activity, and current educational status (Pieh et al. 2020; Shen et al. 
2020; Singh et al. 2020). Complete isolation to contain and prevent the further 
spread of deadly virus, no doubt brought benefits to the community at a large 
scale, but has created psychological problems that cannot be overlooked (Liu et al. 
2020). Studies carried out on the behavioural changes of children, adolescents, and 
adults due to lockdown were observed and found that children in the age group of 
3–6 years were more liable with noticeable symptoms like fear of family members 
being infected, become more clingy as compared to the children of age between 
6 and 18 years. However, all the children irrespective of their age showed severe 
psychological conditions like increased clinginess, bad temper, inattention, dis-
turbed sleep, poor appetite, and separation-related anxiety (Jiao et al. 2020; Singh 
et al. 2020; Viner et al. 2020). 
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Closure of schools and colleges all over the globe for a long period of time have 
negatively affected a vast majority (> 91%) of the world’s student population with 
youngsters anxious about termination of examinations and academic events, lack of 
interaction with the peer group (Lee 2020). With the closure of educational and 
training institutions, children lack access to the conducive learning environment, 
lack of interactions with the peer group and with the teachers. Also, opportunities of 
development of basic skills like social conduct, communication skills is also ham-
pered. Home confinement and lack of interactions with the fellow mates and friends, 
lack of physical activities may trigger outburst of temper crabbiness among 
teenagers resulting in conflict between parents and teenagers (Jiao et al. 2020). 
Excessive surfing of internet about COVID-19 also results in anxiety among 
adolescents. Unemployment due to loss of job created trauma and anxiety among 
adults. 

Emerging data clearly suggests that COVID-19 infected patients associated with 
multiple medical conditions such as high blood pressure, disturbed blood sugar 
levels, cardiovascular disease, obesity, chronic pulmonary disease, asthma, chronic 
kidney disease, and malignancy have shown increased complications and high 
mortality rate (Singh and Misra 2020). The frontline healthcare workers which 
comes in direct contact with COVID-19 positive patients are reported to have 
much more chances of COVID-19 contraction as compared to general community 
because of inadequate supply of PPEs (Nguyen et al. 2020). Because of surge in 
number of COVID-19 infected patients, the health and medical infrastructure col-
lapsed as there is acute shortage of medical facilities, ventilators, beds in the 
hospitals, making the situation even worse.
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34.4.2 Effects of COVID-19 on Animals 

There have been not much evidence that coronavirus can infect animals, and studies 
are still going on about the infection of animals by coronavirus. A study ranked the 
animals susceptible to SARS-CoV-2 with primates as most susceptible, followed by 
carnivores, cetaceans, and wild rodents. The laboratory rodents are at lower risk 
whereas most of the birds, reptiles, and amphibians were placed at the bottommost 
ranges in the susceptibility analysis. There is an urgency in taking preventive 
measures enabling limited or avoiding direct human contact with wildlife, and for 
monitoring of wildlife for the virus (Martínez-Hernández et al. 2020). The farm 
animals which are directly dependent on humans are greatly affected by COVID-19 
as because of human confinement, these animals are not given proper care and 
suffered from shortage of food and animal diseases. Lockdown in response to 
COVID-19 has badly affected the food production sector especially aquaculture in 
many countries (Kumaran et al. 2020). 

COVID-19 pandemic focuses on increased dependence on animal research as the 
human population is facing exceptional threat, and there is need for the development 
of an effective drug. Development of effective drug requires animal research. A 
detailed investigation on how COVID-19 and other diseases create complications 
and increase mortality rate, the adaptive immunity against the virus can only be 
authenticated in animals (Genzel et al. 2020). Animals crucially used in COVID-19-
related research include rodents, ferrets, non-human primates, and pigs. 

The rodents can be infected with the coronavirus responsible for the pandemic. 
Now, research communities are trying to develop the hamsters, mice, ferrets, and 
monkeys into animal models intended to develop effective COVID-19 vaccines and 
treatments and to know the viral pathogenesis (Cohen 2020; Genzel et al. 2020). 
Thus, with COVID-19, there has been increase in the use of laboratory animals in the 
research studies. 

34.4.3 Effects of COVID-19 on Environment 

Despite fall in global economy due to lockdown, many detrimental effects of 
COVID-19, some accidental positive implication of lockdown imposed to curb 
and to contain the deadly coronavirus can also be seen on the environment 
(Ibn-Mohammed et al. 2020). Global spread of COVID-19 in a relatively short 
span resulted in drastic decline in the industrial and production system and with 
highly reduced road traffic (Khursheed et al. 2020). As humans were locked up at 
their residences, the nature, environment, and wildlife started blooming. There have 
been reports about wild animals, peacocks, and deers roaming on the roads and along 
residential complex areas in cities. Reports from across the globe are indicative of 
resiliency and restoration in the environmental conditions as evident from improve-
ment in air and water quality (Chen et al. 2020; Saadat et al. 2020; Lokhandwala and 
Gautam 2020). There is marked reduction in the release of greenhouse gases (GHGs) 
as the industrial units and transportation sectors were stopped and road traffic



restricted. The coal dependence for energy requirement by industrial units also 
dropped because of COVID-19 pandemic resulting in less release of harmful gases 
and GHGs into the atmosphere (Ibn-Mohammed et al. 2020). The reduced vehicular 
traffic and industries being shut resulted in noise-free environment. PM2.5, PM10, 
and NO2 concentration in the air greatly reduced during the global shutdown in 
response to COVID-19 (Aman et al. 2020). Studies carried in Egypt showed 
reduction in NO2, CO, and GHGs emissions during the COVID-19 lockdown 
period. The ozone level increased by 2% over Cairo and Alexandria in Egypt 
(Mostafa et al. 2020). The atmospheric environment of Southeast Asia (Malaysia) 
as reported by a study (Kanniah et al. 2020) also showed marked reduction in PM 2.5, 
PM 10, NO2, SO2, and CO percentage. One can also see pollution free and clean 
beaches (Ibn-Mohammed et al. 2020; Mostafa et al. 2020). Despite the above-said 
positive impressions of COVID-19 on environment, there is a surge in the rate of 
municipal waste generation. The dispersal of used, discarded masks, and gloves on 
streets along road sides is creating environmental harm and degradation (Ragazzi 
et al. 2020). This problem needs to be controlled though proper management 
practices to prevent the future waste disaster. 
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34.5 Aquatic Ecosystems Resilience: Impacts Noticed 

Although Covid-19 brought major setback to human life in terms of health, social, 
economical, and psychological aspects but has proven as a healing phase for the 
earth’s environment. Imposing lockdown throughout the world and restrictions on 
numerous factories and industrial operations in an effort for Covid-19 spread 
prevention, natural ecosystem has realized healing effect. Generally, a number of 
industrial effluents and harmful discharges from different operations find their way 
into water bodies resulting in the deterioration of aquatic environment. Minimization 
of anthropogenic activities due to mandatory period of restriction has reduced the 
industrial discharge into water bodies and started recovering to the original, clear, 
and pollution-free state of aquatic systems to a greater extent, thereby encouraging 
the aquatic life to flourish effectively. Many evidences and observation have been 
found regarding enhanced water quality and rejuvenation of some river systems such 
as Ganga, Yamuna, Rapti, Saryu, etc. during the lockdown period (Verma and 
Prakash 2020). All these studies show positive impacts of COVID-19 on aquatic 
ecosystems as pollution-free rivers signify healthy ecosystem. 

COVID-19 lockdown resulted as a blessing to the aquatic ecosystem as seen from 
the improved water quality index (WQI) of many rivers across the globe. Yamuna 
river, one of the polluted rivers of India, showed marked drop in turbidity and 
suspended particulate matter (SPM) due to reduction in pollution loads from anthro-
pogenic activities (Patel et al. 2020). The period of closure also improved the surface 
water quality of lakes in terms of reduced SPM (Yunus et al. 2020). A case study of 
the Sabarmati river from Ahmadabad (India) helped to realize the consequence of 
anthropogenic activities on the hydrosphere on short- and long-term basis (Aman 
et al. 2020). The study showed average decrease in SPM concentrations by 36.48%



during lockdown when compared with pre-lockdown. However, waste water from 
domestic activities continued to drain the river confirming industrial sewage water 
and other outdoor activities as main culprits for deteriorating the quality of hydro-
sphere (Aman et al. 2020). Signs of restoration and significant positive enhancement 
in many water quality parameters are also shown by one of the polluted Indian rivers, 
the Ganga river. Several efforts to clean Ganga failed but due to COVID-19 
lockdown with number of anthropogenic activities restricted, factories and industries 
being shut, the river reached its self-reclamation potential and started showing 
resiliency (Dutta et al. 2020). With temporary closure of industrial and commercial 
establishments due to coronavirus pandemic, industrial wastewater was not 
discharged into the river resulting in significant transformation in river water quality, 
giving signs of optimism from the point of restoration. Because of restriction on 
religious activities, the organic pollution load in terms of flowers, earthen pots, and 
saplings is highly reduced resulting in reduced BOD and COD values indicating 
improved water quality. Such transformations indicate that a periodic stoppage in the 
pollution load enabled the rivers to attain its self-restoration potential, indicating the 
anthropogenic activities as the prime and sole cause of water pollution. However, it 
is to be noted that these transformations are short-lived and the rivers will revert to 
their original, previous, and polluted state, once the restrictions are lifted. 
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34.6 Conclusion 

COVID-19 pandemic shattered the global economy, badly affected human life in 
terms of psychological and mental disorders, mortality, and unemployment but has 
caused some accidental positive impacts on the environment. During the COVID-19 
period, with humans being quarantined, stoppage of industrial and production units, 
the nature, environment, and wildlife started blooming. With industries and com-
mercial units, non-functional, negligible pollutants, and industrial wastewater is 
discharged into rivers. With negligible pollution load and human interventions, the 
rivers reached their self-purification capacity. They are showing signs of resiliency 
and recovery. However, these improvements in the aquatic ecosystems are short-
lived. Because of human negligence and improper waste management strategies, the 
used facemasks and PPE kits are seen floating in the water bodies. These need to be 
checked by imposing strict waste disposal and management rules and guidelines; 
otherwise, this careless attitude will further lead us to the future waste disaster. We 
should learn a lesson from COVID-19 that humans because of greed and careless 
attitude resulted in degradation of environment. With humans in confinement, 
locked indoor, the nature, rivers, and air started healing. This transformation is not 
permanent and policy makers should frame policies and guidelines so that resiliency 
is achieved by nature and aquatic ecosystems should not reverted.
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