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Preface

Microbial products are one of the most rapidly expanding sectors to be explored today, and their
capabilities are seeing them establish standards in every field. With advances in science and technol-
ogy, an extensive range of techniques for exploitation of these substances has been emerging for the
benefit of mankind. With the rise in environmental consciousness among young scientists, people
are working hard to reduce the harmful effects of anthropogenic activities. Microorganisms are our
great friends in this connection. Research in this field is opening up new avenues for the improve-
ment of the environment. Development of new drugs and utilization of microbial products for such
purposes in day-to-day life is important for sustainable living. Microorganisms provide a variety of
substances for human use and help in the degradation of pollutants. Around 23,000 microbial prod-
ucts are utilized by humans. Secondary metabolites produced by microbes are “wonder molecules”
for immunotherapy, vaccines and drugs. In the food industry microbial products have also had a
significant impact, for example, microbial probiotics in the marine ecosystem have the ability to be
harnessed as sources of microbial food products.

This book examines the ability of microorganisms to provide useful and eco-friendly natural
products, discusses new findings, and provides insights into their applications and translational
trends. This book is divided into four Parts: Environment, Agriculture, Medicine, and In Silico and
Mathematical Tools. Microbial products have found their most successful significance in environ-
mental biotechnology, such as in bioremediation, biodegradation, enzyme production industrial
application, biopolymer production from biowaste, biosurfactants and many more. Many industries
are based on microbial enzymes, including the food industry, waste management, leather industry,
detergent industry, photographic industry, chemical industry, silk degumming, silver recovery, phar-
maceuticals and the medical industry. Similar impacts of microbial products have been manifested
in agriculture. Sustainable agriculture is the need of the hour, and microorganisms provide a sustain-
able approach. The use of microbes or their metabolites in agriculture improves nutrient uptake and
reduces plant stress responses, thereby improving yield. Microbial products can also be used in
biologically compatible formulations in agriculture, for example as biopesticides, biofertilizers,
aquatic probiotics, and more. Interestingly the field of medicine is not an exception to the theme of
this book. The use of products from genetically modified microorganisms, including hormones such
as insulin, vaccines, and enzymes, has enhanced the lives and life expectancy of people with certain
medical conditions. Similarly, fermented foods and beverages have played key roles in the mainte-
nance of good health as they are good reservoirs of macro-nutrients and micro-nutrients, and have
several other therapeutic properties. In view of increasing awareness of healthy food, probiotics
have become a natural and promising immunity booster and may also improve gut microbiome
disparities.

Nevertheless, having collected an enormous amount of information over several decades, our
current era needs the enhanced exploration and exploitation of microbial products. The conventional
lab approach, although it provides ultimate validation, cannot achieve what is required on its own.
Silico and mathematical tools have therefore earned an important place in research and development
in all fields. The integration of machine learning approaches can play a part in the display and opti-
mization of bioprocesses. Integration of machine learning approaches speeds up the progress of
bioprocesses. Computational machine learning techniques have high predictive accuracy and are
suitable for various types of bioprocess modelling. Descriptions of studies and the future prospects
of this field have also been incorporated for a holistic view.

Thus, this book provides a learning experience for those interested in working towards the appli-
cation of microbial products. With contributions from scientists working in these diverse research
fields, this book, covering the latest trends and applications, will nurture young enthusiastic minds
to pursue research and development in the field of utilization of microbial products to the benefit of

Xi
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all of humanity. We would, therefore, like to thank all the contributors for investing their thoughts,
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’I Microbial Products

Applications in the Field of
Biotechnology and Bioremediation
Shalini Porwal, Sonal Chaudhary, Ayushi Singh and

Ajit Varma
Amity Institute of Microbial Technology, Amity University, Noida, India
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1.1 INTRODUCTION

The advent of genetic engineering in the 1970s opened a new arena for transdisciplinary research
in modern biotechnology, and today, with recent advances, it encompasses various disciplines and
has wide fields of application. The term biotechnology was coined by the 19th-century Hungarian
economist, Karoly Ereky, during the discovery of innovative techniques for obtaining more useful
products by converting various raw materials. In 1988, the European Federation of Biotechnology
defined biotechnology as an “integrated approach of biochemistry, microbiology, and engineering
sciences to achieve the application of capabilities of microorganisms, cultured animal cells, or plant
cells, or parts thereof, in industries, agriculture, health care, and environmental processes”. The most
prominent era for biotechnology as a key technology is the 21st century [1].

The global population explosion has caused high consumption demand which has had a nega-
tive impact on the feedback process for the purification and recycling of nutrients in the ecosys-
tem. Environmental contamination and pollution, and climate change, is the major consequence of
anthropogenic and industrial activity [2, 3], which are regarded as the major source of persistent
toxic chemicals detected in our ecosystem. Because of the increased use of natural resources,
particularly non-renewable ones, a rapid rate of production and extraction of natural resources
may be required to fulfil the demands of the world’s growing population. The trend and intensity
of pollution in our living environment and ecosystem cannot be reversed sooner even with a huge
increase in education levels and living standards. Pristine ecological niches are rapidly declining
in number, and human activities are adding persistent and toxic chemicals, including polymeric
materials or plastics, to our ecosystem [4]. Industrial processes designed to improve the quality
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FIGURE 1.1 The strategies of synthetic biology applicable for bioremediation [13].

of human life have caused the natural ecosystem to become contaminated with a large quantity of
various types of xenobiotics, such as anthropogenic halogenated hydrocarbon [5-7], which con-
tains a wide range of biocidal chemicals in, for example, agriculture and household products, and
invisible microplastics [4, 8].

The heterogeneity of the ecosystem, which consists of the lithosphere, hydrosphere, atmospheres,
biospheres, and anthroposphere, does help provide different niches for sequestration and storage of
toxic chemicals and materials [9]. Chemicals are extremely resistant to biodegradation, persisting
for an extended period which results in accumulations of toxicity, ecologically and biologically
[4, 8, 10—12]. While polymeric materials have remarkable application properties due to their chemi-
cal composition, they have also caused continuous xenobiotic and associated recalcitrant compound
contamination of the environment.

The key to removing persistent contaminants from the environment is bioremediation. Traditional
bioremediation processes have limitations, so new bioremediation technologies must be devel-
oped to achieve better results. Researchers are investigating several synthetic biological models
of microbial bioremediation, including the conditions for constructing synthetic biological mod-
els of microbial bioremediation (Figure 1.1) [13]. With recent advances in analytical methods and
developing understanding of the free and bioavailable fraction of total concentration, the actual
concentration of the specific toxicant can be detected.

1.2 THE ROLE OF MICROBES IN BIODEGRADATION AND BIOREMEDIATION

During evolution organisms, whether small or large, have acquired the genetic traits and biochemical
capabilities for dealing with unfavorable environmental conditions. Such capabilities in microbes
including fungi (yeasts), bacteria, and viruses have laid the foundation for basic as well as trans-
lational research in environment biotechnology. Capabilities enabling them to detoxify and adapt
via enzymes or biochemical reactions for extracting energy, and develop resistance to toxicity are
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FIGURE 1.2 Bioremediation of contaminants and associated biotic and abiotic factors [14].

of prime interest in bioremediation and biodegradation which are accomplished with bioaugmenta-
tion and biostimulation (Figure 1.2). As we all know, highly toxic organic compounds such as fuels,
PCBs, PAHs, pesticides, and dyes [9] have been synthesized and released into the environment for
long-term (direct or indirect) applications. Other synthetic chemicals, such as radionuclides and
metals, are much more resistant to biodegradation by native flora than naturally occurring organic
compounds, which degrade quickly after being introduced into the environment, whereas there are
some other toxic agrochemicals, such as atrazine, which metabolize through aerobic microorgan-
isms. However, the deprivation of anaerobic conditions has not yet been proved [4, 5, 15, 16].

The biodegradation and bioremediation processes are not scientifically equivalent. Bioremediation
uses living organisms, particularly microorganisms, to degrade pollutants and convert them into less
toxic or nontoxic forms. Bacteria, fungi, and plants are examples of suitable organisms because they
have the physiological abilities to degrade or detoxify the harmful elements. On the other hand,
biodegradation is a natural process that recycles biologically essential elements in the Earth’s bio-
geochemical cycles. It is mainly mediated by microbes and enzymes that are arranged in pathways
to convert chemicals via a series of intermediates into end products which usually catalyze biodeg-
radation processes [5, 15, 16]. These methods aim to use the incredible natural microbial catabolic
diversity to degrade, transform, or accumulate a wide range of compounds, including hydrocarbons
(e.g., oil), PCBs, PAHs, radionuclides, and metals [12]. Bioremediation of polluted places is an
entirely separate problem, although there are many factors assisting in making a bridge between the
two. The claim for on-site bioremediation based on laboratory demonstration of selective toxicant
degradation highlights the huge gap between on-site bioremediation and biodegradation. Many of
the successful bioremediation scenarios are in bioreactors or in field conditions where natural dimi-
nution is a major contributor. Nevertheless, these selective laboratory demonstrations have signifi-
cant implications for on-site bioremediation and clean-up, but in conjunction with knowledge and
data of the chemical, bioavailability, size characteristics, and bioactivities of potential degrading
microorganisms, as well as changes in climate conditions.

The degradation of environmental pollutants by various microbes has been the subject of
numerous studies. For instance, hydrocarbons, polychlorinated biphenyls (PCBs), polycyclic aro-
matic hydrocarbons (PAHs), pesticides, dyes, heavy metals, and many others are all degraded with
the help of microorganisms. Bacteria that help in the degradation of hydrocarbons are known as
hydrocarbon-degrading bacteria. The nitrate-reducing bacterial strains Pseudomonas sp., Bacillus,
Corynebacterium, Staphylococcus, Streptococcus, Shigella, Alcaligenes, Acinetobacter, Escherichia,
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Klebsiella, and Enterobacter isolated from petroleum-contaminated soil biodegrade hydrocarbons
under aerobic and anaerobic conditions. PCBs can be biotransformed by anaerobic and aero-
bic bacteria alike. Anaerobic microorganisms dehalogenate higher chlorinated PCBs by reductive
dehalogenation. Aerobic bacteria oxidize lower chlorinated biphenyls. Gram-negative strains of
Pseudomonas, Burkholderia, Ralstonia, Achromobacter, Sphingomonas, and Comamonas have
so far been the focus of research on aerobic bacteria. Several reports on PCB-degrading activ-
ity and characterization of PCB-degrading genes, on the other hand, suggested that some gram-
positive strains could also degrade PCBs (Rhodococcus, Janibacter, Bacillus, Paenibacillus, and
Microbacterium). The chlorpyrifos-degrading bacterium Providencia stuartii is isolated from agri-
cultural soil [17] and isolates Bacillus, Staphylococcus, and Stenotrophomonas capable of degrading
dichlorodiphenyltrichloroethane (DDT) from cultivated and uncultivated soil. Heavy metals cannot
be destroyed biologically (no “degradation,” or change in the element’s nuclear structure), but can
only be transformed from one oxidation state or organic complex to another to reduce their toxicity
[14]. Furthermore, bacteria are effective in the bioremediation of heavy metals. Adsorption, uptake,
methylation, oxidation, and reduction are some of the mechanisms that are used by microorganisms
to protect themselves from heavy metal toxicity. Dissimilatory metal reduction is a technique for
reducing metals: for example, under aerobic [18] or anaerobic conditions, the reduction of Cr(VI) to
Cr(III), the reduction of Se(VI) to elemental Se, and the reduction of U(VI) to U(IV) [14], and the
reduction of Hg(Il) to Hg(IV).

Fungi metabolize dissolved organic matter and are the primary organisms responsible for carbon
decomposition in the biosphere. Fungi have significant degradative capabilities, which have impli-
cations for the recycling of recalcitrant polymers (such as lignin and laccase) and the removal of
hazardous wastes from the environment [19].

Yeasts are known for removing toxic heavy metals from the body. Biosorption of heavy met-
als by yeasts has been documented in numerous studies. Several studies have shown that yeasts
can accumulate heavy metals like Cu(Il), Ni(II), Co(II), Cd(II), and Mg (II) and are better metal
accumulators than bacteria [20]. Researchers have discovered that P. anomala can remove hexava-
lent chromium Cr(VI), and have investigated Cr(VI) biosorption by live and dead cells of three
yeast species: Cyberlindnera fabianii, Wickerhamomyces anomalus, and C. tropicalis. Several yeast
strains have been shown to reduce Cr(VI) to Cr(Ill): S. cerevisiae, P. guilliermondii, Rhodotorula
pilimanae, Yarrowiali polytica, and Hansenula polymorpha [21]. P. guilliermondiis tolerance to
chromate was also found to be dependent on its ability to chelate Cr(VI) and Cr (II) outside the
cell. The efficiency of immobilized yeast cells in metal removal has been reported in most studies;
one example is Schizosaccharomyces pombe for copper removal.

1.3 ENVIRONMENTAL BIOTECHNOLOGY

Environmental biotechnology is based on fundamental science integrated with its application
in solving environmental issues, e.g., in manufacturing, engineering, and the ecosystem. Two
important pillars of fundamental sciences, biology and chemistry, provide support to environ-
mental biotechnology with engineering and management thrown in for good measure, as shown
in Figure 1.3. Similar to any biotechnology establishment, environmental biotechnology is first
illustrated with organisms, biochemical processes, and specific chemical reactions in order to
pave the way for the trial of prototypes to be tested using innovation theory [22]. Genuine opera-
tion and applications may also reach different scales, ranging from laboratory microtubes and
various-sized controllable reactors to full-scale applications for pollutant elimination, [18] to
purify wastewater, [20, 23] entire scales of polluted areas, or to restore and clean up a lake, rive,
or wetland in a coastal environment. Thus, both fundamental biology and chemistry are required
to lay solid foundations for the process involved. It includes the use of specific microorgan-
isms (such as bacteria, archaea, insects, fungi, and plants), the selective enzyme and biochemi-
cal capability of the organism, the transformation of a biochemical product or intermediate for
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FIGURE 1.3 Chemistry and biology as the foundation of environmental biotechnology.

environmental pollution or toxics clean-up. Some of the successful implementations involve:
i) activated sludge, which uses activated microorganisms to achieve removal and deprivation
of organic and inorganic pollutant ranges or toxicants; ii) converting residual oil in reservoirs;
iii) improving nutrition and food production; iv) protecting sustainable environments from
eutrophication; v) extracting conventional energy from reservoirs; or vi) producing new energy
supplies in a variable form [19, 21, 24].

1.4 BIOLOGICAL ACTIVITIES OF NATURAL PRODUCTS AND BIOLOGICS

Some natural products have biological properties that are also relevant for the health of humans,
including antifungal, antibiotic, anticancer, anti-inflammatory, and biofilm inhibitory activities.
These products can be grouped into different categories.

1.4.1 ANTIBIOTICS

Natural products are rich resources for the development of antibiotic drugs, but the maximum usage
is made of those that can also be classified as non-ribosomal peptides, polyketides, and aminogly-
cosides [24]. When combined with polyketide synthases, polyketides produce the most diverse class
of chemically diverse natural compounds, which are also among the most significant secondary
metabolites for use in medicine, industry, and agriculture. Puromicin, which is highly potent against
multi-drug-resistant respiratory pathogens, was the first polyketide antibiotic, produced from S. ven-
ezuelae in 1950. Erythromycin, discovered in 1952, is another polyketide antibiotic with significant
clinical application, from S. erythraea. It is used to treat bacterial infections, such as gastrointestinal
and respiratory, for acne, and in patients allergic to penicillin.

Vancomycin is a glycopeptide antibiotic that prevents the formation of cell walls. The hydro-
philic part of vancomycin can bind to the alanine residues of NAM/NAG-peptides, preventing the
cell wall linking enzyme from joining. Vancomycin was discovered in 1953 by Edmund Kornfeld
from a soil sample of Amycolatopsis orientalis, and it was first marketed in 1954. It treated gram-
positive bacterial infections that were resistant to other antibiotics. Vancomycin is inefficient against
gram-negative bacteria due to its mechanism [25].

1.4.2 ANTIFUNGAL AGENTS

In the year 1950, the primary active polyene antifungal reagent obtained was Nystatin from
Streptomyces noursei, which was highly effective against Aspergillus species. It is used in the treat-
ment of oral and genital candidosis, and gastrointestinal infections [26, 27]. Amphotericin B is a tra-
ditional antifungal polyene product that helps in the treatment of life-threatening fungal infections
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caused by Aspergillus species and is especially beneficial to patients who have had organ trans-
plants, are undergoing rigorous chemotherapy, or have acquired immunodeficiency syndrome.

The use of B. licheniformis to protect ornamental plants against fungal diseases has been autho-
rized. It produces an antibiotic that kills fungi and may also make an antifungal enzyme. Many
species of fungus, particularly those that cause leafspot and blight diseases, are resistant to B.
licheniformis. A flavus CM5 growth was reduced by 88% in in-vivo experiments on maize ears,
with total prevention of fungal sporulation and aflatoxin build-up. 3-methyl-1-butanol was the most
abundant component in the GC-MS-based volatile profile. The findings imply that B. licheniformis
BL350-2 is an effective biocontrol agent for mycotoxigenic fungus, at least during cereal grain
storage [17].

1.4.3 ANTICANCER AGENTS

Many microbe-derived anticancer agents are evaluated through clinical trials. The polyketide acti-
nomycin was discovered from Streptomyces parvulus in 1940, and it was also the first antibiotic to
be shown to have anticancer action. FDA-approved Actinomycin D, which is also known as dactino-
mycin, is also used widely in clinical practice as the anticancer drug for the treatment of tumor-like
childhood rhabdomyosarcoma, Wilms Tumor, metastatic, non-seminomatous testicular cancer.

Antibiotics generated from the microorganism Streptomyces peucetius are known as anthracy-
clines. Doxorubicin, a hydroxylated daunorubicin derivative, is used to treat lymphoma, sarcomas,
and carcinomas in people and animals. It has no cell cycle specificity and produces cytotoxicity by
a number of methods, including free radical production, DNA intercalation, and protein synthesis
suppression. It also inhibits topoisomerase, resulting in the formation of cleavable complexes, DNA
damage, and cell death [28]

1.4.4 IMMUNOSUPPRESSIVE AGENT

FK506 (Tacrolimus) and Rapamycin, also called Sirolimus, are microbial natural products with
immunosuppressive properties. Rapamycin inhibits cell proliferation in response to stimulation by
IL-2, IL-3, platelet-derived growth factor, insulin, and epidermal growth factor [29]. Rapamycin
works in conjunction with other immunosuppressants, such as cyclosporin, to reduce kidney dam-
age and acute renal allograft rejection. The chemical is being developed for the purpose of coating
coronary stents and inhibiting organ transplant rejection and lymphangioleiomyomatosis. It received
FDA approval in 1999. Rapamycin also possesses various other biological attributes, including anti-
tumor, lifespan extension activity, antineoplastic, etc.

1.4.5 ANTI-INFLAMMATORY AGENTS

Many natural products are also concerned with anti-inflammatory activities. FK506 showed effi-
cacy for treating refractory rheumatoid arthritis, a chronic inflammatory disease [29]. By reducing
the activation and multiplication of inflammatory cells and cytokines, Rapamycin also inhibits the
inflammatory response after spinal cord injury, and thus there is a reduction in injuries of the spinal
cord, further providing a neuroprotective effect. Salinamides A and B from Streptomyces sp. CNB-
091 have strong anti-inflammatory effects in a phorbol ester-induced mouse-ear edoema experi-
ment. The peptides can inhibit the NF-KB pathways in vitro and have anti-inflammatory properties
in vivo in the colitis model produced by dinitrobenzene sulfate.

1.5 CONCLUSION AND FUTURE PROSPECTS

Environmental biotechnology redefines solutions for numerous environmental hazards in cases
where solutions in the form of biodegradation and bioremediation are identified. This chapter
has underlined the problems observed in identifying and designing solutions for environmentally
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friendly approaches, where the limitations rest in the viability of metabolically dynamic behav-
ior and the ability of the microorganism to degrade the pollutants under consideration. All types
of life can be expected to have applications in environmental biotechnology. The classification of
hazardous pollutants and their relationship with microorganisms producing natural bioremediate
plays a vital role where antifungal, antibiotic, anticancer, anti-inflammatory, and immunosuppres-
sive agents are employed as solutions. With the assistance of genetic engineering and recombinant
DNA technologies, researchers are able to manipulate at the genetic levels of living organisms as
well. As environmental biotechnology is the translational outcome of fundamental biological and
chemical knowledge, equal priority should be given to both from the beginning. Moreover, no single
method can be considered the optimal solution for environmental problems. A collective approach
that includes the application of biotechnology will be more prominent and effective, and it is in this
area that ongoing research is anticipated.
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