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Foreword

There is increasing interest in how microbes interact or communicate with
individuals within and between species. Microbial volatile organic com-
pounds (VOCs) are part of the language microbes used to communicate at a
distance with other individuals or populations. An example of a VOC that
functions in this kind of communication is ethylene. Microbes produce ethyl-
ene through the activity of microbial ethylene synthase enzyme that uses the
amino acid arginine as a substrate to generate ethylene. Ethylene is also a
growth hormone produced by plants to stimulate growth. When microbes
that are endophytic or epiphytic in plant roots produce ethylene, they trigger
growth in plant root cells, and the root cells increase root exudation of nutri-
ents (including carbohydrates, organic acids, and amino acids like arginine)
that feed the endophytic or epiphytic microbes and enable them to grow and
produce additional ethylene. Through ethylene generation, microbes modu-
late plant growth and increase nutrients that they have access to growth.
VOCs comprise several chemical classes, including alkenes, alcohols,
ketones, benzenoids, pyrazines, sulfides, and terpenes. Meta-analysis stud-
ies provided a comprehensive overview of VOCs derived from soilborne
microbes. These secondary metabolites have been reported to be involved
in microbial interactions produced by soil- and plant-associated microor-
ganisms. Several studies have reported that the production of certain micro-
bial VOCs could be induced or suppressed during interspecific microbial
interactions. Microbial VOCs are often considered to be by-products of pri-
mary metabolism; however, recent findings have revealed that they also
demonstrate biological activity. Compared to soluble metabolites, VOCs
may be considered to be long-distance signal molecules. There are many
different interactions in soils, including bacteria—bacteria, fungi—fungi,
fungi—bacteria, bacteria—protists, fungi—plant, bacteria—plant, and bacteria—
fungi—plant interactions.

We now live in a time in which more environmentally safe methods must
replace the old methods of using chemicals to protect crops. The traditional
synthetic fungicides currently used could be replaced with the so far under-
explored microbial VOC-producing organisms for which significant proof of
plant growth-promoting effects and plant protection ability already exists.
Despite the apparent potential of microbial VOCs in agriculture, the field
suffers from the typical “translational gap” because of the lack of studies
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evaluating other unexpected effects of these bioactive molecules on nontar-
get beneficial soil organisms.

The increasing global population and climate change are a significant
concern for researchers, agronomists, environmentalists, and policy makers.
The rising global human population creates pressure on agriculturists due to
limited land resources, low soil productivity, pests and pathogens, and
changing climate. Thus there is an urgent need to explore new biological
methods for sustainable agriculture and health industries. Structural elucida-
tion of volatile natural products with specific action potential would increase
the impact of VOCs.

Deciphering how microbes use VOCs to communicate with and control
other organisms could be vital in understanding how microbes may be used
in agriculture and medicine to improve crop yields and health and to control
diseases. This book unifies the knowledge of VOCs and their effects and
utility in agriculture and health and is thus a step toward a more sustainable
future for agriculture and medicine.

James Francis White
Department of Plant Biology, Rutgers University,
New Brunswick, NJ, United States



Preface

A rising global population puts extra pressure on agriculture production and
farmers due to limited land resources, low soil productivity, regular and extra
use of chemical pesticides, and increased attacks from pests and pathogens
due to changing climatic conditions. Global population increases and climate
change are the major concerns for environmentalists, agronomists, research-
ers, and policymakers. There is an urgent need to explore new and advanced
biological methods for sustainable agriculture and health industries to protect
the environment from environmental pollution or contaminants, global
warming and control the health of human beings from the side effects of var-
ious pharmaceutical products. While focusing on all the aforementioned fac-
tors, this book explores new and valuable aspects of microorganisms in
terms of volatiles, enzymes, bioactive compounds synthesized from them,
and their potential applications in the field of sustainable agriculture and
health-related issues. In agriculture, various microbial volatile organic com-
pounds are now being used to facilitate crop performance and production by
acting as biocontrol agents to inhibit the growth and development of numer-
ous plant pathogens and elicit induced systemic resistance in the plants or
mitigating effects caused by stress factors. However, these volatile organic
compounds are broadly utilized to synthesize antibiotics, bioactive com-
pounds, etc. The ultimate goal is to support the scientific community, profes-
sionals, and enterprises that aspire to understand the latest developments and
advancements about exploiting these volatile organic compounds, including
their application, traditional uses, modern practices, and designing strategies
to harness their potential. In this book, we compiled the latest research and
advancement of volatiles, metabolites synthesized from microbial strains
such as actinomycetes, bacteria, cyanobacteria, fungal species, and their
potential applications in the field of sustainable agriculture and healthcare
issues.

The purpose of editing Volatiles and Metabolites of Microbes is to pres-
ent details of various systems approaches and provide a means to share the
latest developments and advancements about the volatiles and metabolites
of microbes, and their spectrum of applications, with academicians, indus-
trialists and policymakers as well. With 21 chapters contributed by an
exclusive group of researchers working at the forefront of microbiology,
biotechnology, natural products, and development practices, the book
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covers advanced perspectives, latest research, and advancements in the
field of volatiles, secondary metabolites, and bioactive compounds synthe-
sized from the different microbial strains and their diverse potential appli-
cations. This book serves as a helpful reference book for academics,
scientists, members of pharmaceutical and nutraceutical industries, plant
pathologists, professionals, and strategy developers working in the environ-
mental microbiology and food-beverage industries.

Ajay Kumar', Joginder Singh” and Jastin Samuel®

’Agriculture Research Organization, Volcani Center, Rishon, Lezziyon,
Israel, *Department of Biotechnology, Lovely Professional University, India,
Lovely Professional University, Phagwara, India
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Microbes play an immense significance in healthcare and sustainable environ-
ment and also serves as a primary source of essential nutrients of all life forms.
The sum of various biochemical reactions are involved in the process of
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microbial metabolism; these metabolites involve in various cellular process
(Marinelli, 2009; Ahmed and El-Refai, 2010; Reddy and Osborne, 2020b).
Metabolites produced in early idiophase phase of microbial growth are involved
in cellular growth and development and are termed as primary metabolites
(Poltronieri and Reca, 2020). The metabolites in the late idiophase was termed
as secondary metabolites and coined by A. Kossel in 1891 (Thirumurugan et al.,
2018). Primary metabolites are present in all living cells and involved in cell
division, where secondary metabolite incidental metabolomic compounds, which
does not have any significance in organism’s life. However, these metabolites
have various significant roles; for example, it provides defense against patho-
gens, facilitates strong symbiotic relationships with other organisms, enhances
signaling molecules for communicating among microbial population, assists in
adapting to adverse environmental conditions, and makes microbes the chief
recycler in an environment (Prakash et al., 2019; Boyer-Joubert et al., 2003;
Choudhary and Dhar, 2015). Microbial synthesis of secondary metabolites is
highly facilitated with limiting the availability of key nutrient sources such as
carbon, nitrogen, or phosphate (Ruiz et al., 2010) (Fig. 1.1).

FIGURE 1.1  Economical important microbial bioactive metabolites: based on their function.
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Secondary metabolites are special small bioactive molecules with
major advantages over human health, nutrition, plant health, and also on
society’s economy. It was estimated that the global market on microbes
and microbial metabolites was estimated to be nearly 186.3 billion USD
in 2018 and was expected to reach 302.4 billion USD with an annual
growth rate of 10.2% by 2023 (Bennett and Bentley, 1989; Singh et al.,
2017). Antibiotics are the most known and widely produced microbial
metabolites apart from antibiotics antiviral, antitumor, enzyme inhibitors,
and various amino acids are other notable secondary metabolites.
Microbial biosynthesis of secondary metabolites is mediated by certain
pathways such as, polyketide synthase pathway, (3-lactam synthesis, pep-
tide synthesis, shikimate synthesis, and nonribosomal polypeptide syn-
thesis (Butler, 2008; Kingston, 2011). Apart from the advantages over
human health, secondary metabolites also assist in environmental and
plant health by improving nutrient availability by producing metal-
chelating agents, such as siderophore, provides mechanical strength
against environmental stress by producing osmoprotectants and pigments,
enhances competitive interactions with other organisms by synthesis of
antibiotics or signaling molecules like quorum sensing molecules, and
also provides metabolic defense mechanism through flavonoids and alka-
loid toxins (Zhou et al., 2008; Bentley, 1997; Keller, 2019; Reddy and
Osborne, 2020a).

The widespread diversity of secondary metabolites comprises over
35,000 terpenoids and steroid compounds, 12,000 known alkaloids, and
over 10,000 fatty acids. The multitude ability of the secondary metabolites
in application as immunomodulators, antitumor agents, and conventional
antibiotics are well known (Pan et al., 2019; Park et al., 2019). The current
chapter on “Microbial Secondary Metabolites: Recent Developments and
Technological Challenges” comprises various aspects on exploitation and
utilization of microbial metabolites in agriculture productivity by
microbial-derived pesticides, insecticides, etc. The current report also deals
with the recent advancements on synthetic biological approach of metabo-
lite production, i.e., metabolomics as a key tool in bioprospecting new gen-
eration of secondary metabolites.

1.2 Microbial metabolites: definitions and diversity

Microbial metabolites include various organic compounds, amino acids,
nucleotides, fermented alcohols, enzyme inhibitors, signally molecules,
growth factors, antimicrobial agents, etc. (Vallianou et al., 2019; Aden et al.,
2019). The origin of bioactive microbial metabolites are most important
characteristic, specifically their interaction with environment, specific bio-
logical activities, and also based on chemical structures (Kallscheuer et al.,
2019).
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1.3 Taxonomic diversity

The ability of producing secondary metabolites are widespread and uneven
among various species of life forms. Antibiotics and its derived natural pro-
ducts are the secondary metabolites commonly produced by all living organ-
ism including all higher forms of life (Cabello, 2020; Verma et al., 2020). A
diverse group of organisms such as unicellular bacteria, eukaryotic fungi,
and most particularly filamentous actinomycetes are the most abundant and
versatile producers of bioactive secondary metabolites (Kaaniche et al.,
2019). Among prokaryotes unicellular Bacillus and Pseudomonas species are
the primary producers of various bioactive compounds. As result of intense
research in microbial bioactive compounds two novel prolific species of
Myxo and Cyanobacteria has been added in this distinguished category.
Apart from these prokaryotes spirotheces, mycobacterium, and mycoplasma-
tales are other notable producers of bioactive compounds (Horak et al.,
2019; Martinez et al., 2019). Eukaryotes hosts for both microscopic as well
as multicellular produces. Among the microscopic eukaryotes, various fila-
mentous and endophytic fungal species such as Aspergillus, Colletotrichum,
and Edenia species, etc. (Rana et al., 2019). The basidiomycetes are the
most frequently reported among the multicellular fungus. Yeast, phycomy-
cetes, slime molds are other lower form eukaryotes with reported secondary
metabolites (Nalini et al., 2019).

Over microbial secondary metabolites various higher forms plants and
animals also produce various bioactive metabolites (Win and Laatsch, 2020).
Among plant kingdom algae, lichens, and many vascular plants are main
producers’ antimicrobial and antiviral compounds. Marine and terrestrial ani-
mals together where reported to produce more than 7000 bioactive com-
pounds (Tang et al., 2020).

1.4 Biological diversity

Secondary metabolites are widespread diverse compounds with various bio-
logical activity. The specific biological activity is the guiding line which dis-
tinguishes the “bioactive” metabolites from inactive metabolites. The
biological activity of metabolites is highly specified by various uncommon
factors like their specific chemical structures, and structural elements.
Specific chemical groups like macrolactose, cyclopeptide skeleton, and
unique functional groups also influence the specific biological activity of
metabolites (Matsumoto and Takahashi, 2017; Vallesi et al., 2020).
Antimicrobial activity is the most primary function of wide range of sec-
ondary metabolites, it has been reported in various scientific literature
against wide class of pathogenic microbes (Milshteyn et al., 2018). The sec-
ond most abundant metabolite is antiviral compounds, which can be effective
against viral infection in the host by inhibiting viral enzymes and activities
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connecting with neoplastic diseases. Antiviral activity can be monitored
through simple cytotoxicity assay methods and angiogenesis inhibition (Ab
Mutalib et al., 2020; Dhakal et al., 2017).

Apart from antimicrobial activity secondary metabolites exhibit various
other activities generally termed as nonantimicrobial activity with respect to
biological activity. Recent advances in microbial research has developed
novel screening techniques of various bioactivates of secondary metabolite
(Bills and Gloer, 2017; Newman, 2017). Cell-based-receptor binding and
enzymatic assay methods are the target-based detection methods for various
nonantimicrobial metabolites.

Pharmacological-biochemical activity

Biomedical activity

Agricultural activity

Regulatory, biophysical, and other inhibitory activities are the presently
known nonantimicrobial bioactivities

1.5 Microbial metabolites: classifications
1.5.1 Primary metabolites

Metabolites, which are essential for the normal cell growth and division, are
termed as primary metabolites. These are a conserved group of metabolites
among closely related species. Primary metabolites are produced under typi-
cal physiochemical conditions of cell during early idiophase (Yadav et al.,
2020; Sheflin et al., 2019). Various microbial species share similar group of
primary metabolites including amino acids, flavor nucleotides, organic acids,
polyols, polysaccharides, and vitamins. Primary metabolites are considered
to have various vital functions in active phase of microbial growth.

1.5.2 Secondary metabolites

Microbial bioactive secondary metabolites are low molecular organic hetero-
geneous group of compounds which are not involved in any essential func-
tions like cell division or vegetative growth of microbes. Although they have
extremely important function in human health, nutrition, and also in sustain-
able environment (Lancini and Lorenzetti, 1993). This is because the second-
ary metabolites include a wide range of bioactive compounds like
antibiotics, toxins, biopesticides, animal and plant growth factors, enzyme
inhibitors, etc., which has tremendous economic significance (Sunazuka
et al., 2008). Secondary metabolites are highly differentiated from primary
metabolites in mode of synthesis and mode of action. Secondary metabolites
are known to synthesis in late idiophase in lack of any essential nutrition and
also it was known to have no function on cell growth and development
where primary metabolites are involved in basic cellular metabolisms (Liu



6 Volatiles and Metabolites of Microbes

et al., 2020). Secondary metabolites are synthesized as mixtures of closely

related members of chemical families and limited to certain restricted taxo-

nomic groups of various microbes (Vallianou et al., 2019) (Table 1.1).
Secondary metabolites can be defined as

Compounds produced in idiophase phase of batch culture
Compounds with no cellular function

Distributed among specific taxonomical group of microbes
Exhibit varied and unusual chemical diversity

Synthesized as mixture of closely related chemical compounds

Secondary metabolites are widely classified based on their structure,
function, and its biosynthesis. Presently more than 2,00,000 known bioactive
secondary metabolites are in various applications, and these bioactive com-
pounds widely fall under five major classes, namely peptides, polyketides,
volatile compounds, terpenes and steroids, and growth regulators (Jia-Xi
et al., 2019; Singh et al., 2019a,b, Demain and Zhang, 2005).

1.5.3 Peptides

Peptides are soluble microbial metabolites often occur as cyclic compounds
and rarely co-occur with diketopiperazines (amino acids found in the pep-
tides). Microbial peptides are widely involved in antimicrobial activity most
commonly as bacteriocins (Demain and Lancini, 2001; Sanchez and Demain,
2017). Microbial peptides are driven by enzymatically controlled condensa-
tions and also as ring extensions of diketopiperazine units. Microbial pep-
tides are involved in various functions like antimicrobial activity, peptide
vaccines, and also in degradation of various bacterial toxins (Stone and
Williams, 1992). Ovine antimicrobial peptides are anionic surfactant-
associated peptides has significance antibacterial activity against several
Gram-negative bacteria. Dermaseptins are peptides with a variable C termi-
nal antimicrobial domain (Salwan and Sharma, 2020; Ullah et al., 2020).
Dermaseptins and derived peptides exhibit extensive sequence similarity
with its precursor such as dermorphin, dermenkephalin, and adenregulin.
Malaria CSP peptide a short fragment of approximately 400 amino acids
derived from CircumSporozoite Protein with a previous malarial infection
can be used as control peptide for melanoma vaccine studies. A similar
PvMSP-1 peptide was known to induce lymphoproliferative response in indi-
viduals with prior history of P. vivax infection.

1.5.4 Polyketides

Polyketides structurally diverse group of bioactive microbial metabolites
with diverse biological and pharmaceutical activities. Polyketides, biosynthe-
sized by a similar process as fatty acid biosynthesis by decarboxylative
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TABLE 1.1 Bioactive metabolites synthesized by various microbes.

Bioactive
metabolite

Thuricin S

Halobacillin 5b

Bacillomycin

Coaglin

Oxohexaene and
Cephalaxine

Hydrogen
cyanide
Pseudomonine
Bonactin
Puromycin
Limonene and
guaiol
Tuberculariols
Roquefortine C

Pravastatin

Napyradiomycin
(C-16
stereoisomers)

Trioxacarcins

Megacin

Source of
secondary
metabolite

B. thuringenesis

B. licheniformis

B. subtilis

B. coagulans

Streptomyces sp.
RM17

P. pseudoalcaligenes
P4

P. stutzeri KC

Streptomyces sp.
BD21-2

Streptomyces.
alboniger

Trichoderma viride

Tubercularia sp.
TF5

P. roqueforti;
P. crustosum

Penicillium
citrinum

S. antimycoticus

S. ochraceus and
S. bottropensis

B. megaterium

Activity

Bactericidal

Cytotoxin, antitumor
agent

Antibacterial

Bactericidal,
Bacteriolytic

Antibacterial
Antifungal
Competitive
inhibition of
phytopathogens
Antibacterial
O-methyltransferase
(R)
Antimicrobial
Anticancer
Neurotoxin

Anticholesterolemics

Antibacterial

Antitumor and
antimalarial

Bactericidal,
bacteriolytic
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condensation of malonyl CoA. Microbial biosynthesis of polyketides are
guides by multifunctional, proteins called polyketide synthases. Polyketides
are widely classified into three classes: type I: polyketides are mostly macro-
lides synthesized by multimodular megasynthases; type II: polyketides are
aromatic compounds produced by reiterative action of dissociated enzymes;
and type III: polyketides are usually small aromatic compounds widely found
in fungal species. Pikromycin, the first-known macrolide antibiotic belongs
to type I polyketide isolated from S. venezuelae. It is not clinically effective
antibiotic but can be used as raw material for synthesis of other ketolide
compounds (Weissman, 2009; Bills and Gloer, 2017). Apart from antibiotics
polyketides can also be used as immunosuppressant and cell growth inhibi-
tors. Radicicol and pochonin are monorden which bind to Hsp90 and alters
its activity. So, this can be used to regulate cell growth, survival efficiency
apoptosis, and oncogenesis. Tacrolimus, a macrolide lactone synthesized by
S. tsukubaensis, can be used as immunosuppressive drug (Zaynab et al.,
2018).

1.5.5 Volatile compounds

Among many reported secondary metabolites volatile organic compounds
(VOC) are one group of bioactive microbial compounds highly by soil and
plant-associated microorganisms. VOCs are comprising diverse group of low
molecular VOC with high vapor pressure and low boiling point (Piechulla
et al., 2017). High vapor pressure and low boiling point makes these mole-
cules to evaporate and diffuse throughout the pores in soil and rhizosphere.
VOC belongs to diverse class of chemical compounds such as alkenes, alco-
hols, ketones, benzenoids, sulfides, indole, and pyrazines (Hammerbacher
et al., 2019).

Pyrazine 1,4-diazabenzene are major class of VOC widely distributes
among a wide variety of plants and also in a few bacterial species. Microbial
pyrazine is well known for their antimicrobial action. Pseudomonas,
Bacillus, Streptomyces, and chondromyces are known producers of pyrazine.
Indole and its derivates synthesized by ribosomal bacteria are known to
enhance plant growth and inhibit bacterial pathogens. Sulfur-containing
VOC are known to play a vital role in plant microbe interaction and also in
interspecific microbe interactions. Sulfur VOC has a wide structural diversity
ranging from small compounds like dimethylsulfide, dimethyldisulfide to
complex structures like 2 methyltetrahydrothiophen-3-one which are synthe-
sized by homocysteine bacteria.

1.5.6 Terpenoids and steroids

Terpenoids and steroids are biologically active organic compounds derived
biosynthetically from isopentenyl diphosphate. Terpenoids are large and
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structurally diverse organic compounds derived from isoprene and isoprene
polymers, where steroids are biologically active molecules with common tet-
racyclic carbon backbone (Lemfack et al., 2018). Endophytes are the major
source of terpenoids such as sesquiterpenes, diterpenoids, and triterpenoids.
Ergosterol and 5a,8a-epidioxyergosterol are the major antimicrobial steroids
isolated from the endophytic fungus Nodulisporium sp. Terpenoids and
Steroids from endophytes are known to show limited antimicrobial activity,
which limits its application as effective drugs (Misztal et al., 2018).

1.5.7 Growth regulators

Plant-associated microbes are capable of producing several plant growth pro-
moting molecules such as indole acetic acid, phosphate solubilizing low
molecular weight organic acids, metal chelators like siderophore, etc.
(Maheshwari et al., 2019; Gosal et al., 2017). Pathogenicity was the basic
function of phytohormones by their elevated levels of various phytochem-
icals. Rhizo bacteria are known to stimulate the growth of plants by produc-
ing various plant growth promoting organic compounds and also by
immobilizing nutrients. Plant resistance against microbial pathogens can also
be induced by a phenomenon called “induced systemic resistance” (Sindhu
and Sharma, 2020). Plant growth promotion is the direct mechanism of phy-
tostimulation induces by various phytohormones including auxins, cytoki-
nins, and gibberellins (Hassan et al., 2019). Pseudomonas, Bacillus, and
Azospirillum are known producers of well-characterized phytohormones or
growth regulators.

1.6 Secondary microbial metabolites: industrial significance

Microbial communities are promising sources of an enormous number of
bioactive metabolites with various significant applications in healthcare and
agriculture. Biological activity of microbial metabolites are highly dependent
on operational and detection (Modolon et al., 2020). Secondary metabolites
are highly reported with activities like plant growth stimulants, antimicrobial
activity, and herbicides, but apart from these activities these bioactive meta-
bolites also exhibit various antiinflammatory, anticoagulant, antitumor, ana-
bolic, and vasodilating effects (Ranghar et al., 2019). These bioactive
metabolites have potential source of food and feed supplements, bioinsecti-
cides, and bioinsecticides in plant health, and also as antitumor and other
therapeutic agents in human health (Fig. 1.2).

1.6.1 Nutraceutical industries

Nutraceuticals are the natural health promoting substances derived from
various sources, which can exert various physiological benefits against
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ageing-associated disorders, depression, inflammation, gastrointestinal diseases,
and also in diabetes (Benkendorff, 2009). These molecules can be isolated
from various sources like plants, microbes, and also from marine sources.
Microbial nutraceuticals are widely used and has occupied an global market of
$230 billion. Microbial nutraceuticals are low cost and easily synthesized with-
out the requirement of high pressure and heat. Amino acids, vitamins, enzymes,
organic acids, and polyphenols are the widely synthesized commercial nutra-
ceuticals (Bragazzi et al., 2017; Becker and Wittmann, 2012).

Amino acids, building blocks of proteins and also involved in various func-
tions such as antioxidants, nutritional supplements, cattle feed additives, and
also in various cosmetics. Corynebacterium glutamicum and Escherichia coli
are the two major bacterial strains involved in the commercial production
of various amino acids like L-glutamic acid, L-aspartic acid, L-lysine,
L-threonine, and L-methionine. Brevibacterium, Cornebacterium, Micrococcus,
and Microbacterium are also involved in the production of amino acids
involved in animal feed additives like lysine, methionine, threonine, and trypto-
phan. The livestock industry was the largest consumer of amino acids, particu-
larly lysine. Aromatic amino acids such as L-tryosine, L-phenylalanine, and
L-tryptophan are the vital amino acids acts as important precursors and also in
human diet (Mahmood, 2014). Recent advances in microbial fermentation tech-
nologies has made significant advancement in the large-scale synthesis of
amino acids to meet the increasing demands of microbial metabolites.

1.6.2 Healthcare industries

Bioactive microbial metabolites are the most reliable source of drug develop-
ment and antibiotics are the one of the greatest inventions of microbial metabo-
lites with pharmaceutical applications (Berdy. 2005). In spite of accidental
discovery of antibiotics, still its invention revolutionized the world of microbial
metabolites and therapeutics. Apart from antimicrobial activity, recent research
advancement in microbial metabolites were explored and proved various thera-
peutic activities such as antidiabetic, anticancerous, and various immunosuppres-
sive. Diabetes, the most common metabolic disorder, was effectively treated
through microbial-mediated therapeutics by genetically modified E. coli
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(Raimundo et al., 2018). The genetically modified bacteria was able to produce
recombinant insulin called Humulin, which was found to interact with human
insulin receptors. Micromonospora marina is known to produce most effective
anticancerous agent thiocoraline (Schwartsmann et al., 2001).

Bioactive immunosuppressant are most effective in treating autoimmune
diseases and also in patients with organ transplantations. Cyclosporine A
derived from Tolypcladium nivenum and sirolimus from Streptomyces hygro-
scopicus are the most effective and commercially available immune suppres-
sant drugs (Malatesti et al., 2017). Enzyme inhibitors are the most recent
advancements in microbial bioactive metabolites with increasing attention
for their wide application in medicine. A many number of enzyme inhibitors
with different purpose has been isolated; among all, amylase inhibitor was
the most clinically used enzyme inhibitor in the treatment of carbohydrate
related diseases (Sharma et al., 2020).

1.6.3 Agriculture industries

The extensive chemical pesticides have serious deleterious effects on soil
fertility. In order to overcome this ecological problem, there have been cari-
ous alternates for the chemical pesticides like plant derive biopesticides and
also bacterial mediated biopesticides and insecticides. The microbial-
mediated biopesticides are considerable alternative for chemical pesticides

TABLE 1.2 Microbial phytohormones in plant growth promotion.

Bioactive Source of phytohormone Plant References
phytohormone inducer
Gibberellin 4 Serratia nematodiphila Arabidopsis Cohen et al.
thaliana (2015)
Indole acetic Bacillus pumilus, Bacillus Tomato Damodaran
acid subtillis et al. 2011)
Pseudomonas putida, Cotton Egamberdieva
Pseudomonas chlororaphis et al. (2015)
ACC deaminase Curtobacterium albidum Oryza Vimal et al.
sativa (2019)
Auxins Bacillus amyloliquefaciens O. sativa Shahzad et al.
(2016)
Strigolactones Arbuscular mycorrhiza Lettuce, Ruiz et al.
tomato (2010)
Abscisic acid Azospirillum brasilense A. thaliana Cohen et al.

(2015)
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(Vurukonda et al., 2018). The two most important bacteria: Agrobacterium
tumefaciens and Bacillus thuringinesis, insecticidal bacteria widely used in
various crops. The microbes associated in rhizosphere and nodular region of
root are known to induce plant growth by production of various growth pro-
motors, solubilization of nutrients, and facilitating efficient nitrogen fixation
(Etesami and Adl, 2020).

Genetically modified bacterium is the widely used microbial biopesti-
cides and insecticides, various species of Bt are employed in real time farm-
ing for their different function as bioinsecticide in order to control various
pests including beetle larvae, caterpillars, etc. Trichoderma sp. and
Beauveria bassiana are the most commonly available fungal biopesticides.
Both biofungicides can be applied on both phylloplane and rhizosphere in
order to control the fungal infection (Azizoglu, 2019) (Table 1.2).

1.7 Microbial secondary metabolites: recent advances

This part of the chapter details with recent technological advances in
microbial-derived metabolites. Since there was growing interest in the
application of microbial bioactive compounds in health and environment,
exploring unique bioactive microbial metabolites from various sources
has received enormous attention in past decades. This section of the
chapter narrates the recent research advancements based on research and
review papers.

1.7.1 Microbial antitumor agents

Being the deadliest diseases, anticancer drug discovery has witnessed a
huge technological advancement in present decade. Microbes with enor-
mous species diversity makes them as potential sources of novel antitumor
agents (Kingston, 2009). Salinispora arenicola, a novel marine actinomy-
cetes was reported to produce a novel polyketide called Arenicolide
belonging to type I polyketides was proven to show cytotoxic effects on
human colon adenocarcinoma cells (Kinghorn et al., 2009). Arenicolide
was found to be effective at an IC50 of around 30 pg/mL. Various species
of Streptomyces was found to produce a novel anticancerous compound
Chalcomycin. This belong to the class of macrolide; other species of
Streptomyces was also found to produce similar compounds. Saliniketal A
and B are the most identified polyketides with antitumor potential. Both
salinketal are known to source from same species of actinomycetes acts on
tumor cells by inhibiting ornithine decarboxylase (Selvakumar et al.,
2020) (Table 1.3).

Macrolactin-A produced by symbiotic bacteria Noctiluca scintillans was
found to suppress B16-F10 melanoma murine cancer cell lines. It was also
known to protect T-lymphocyte attack and inhibits the proliferation of
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TABLE 1.3 Pharmaceutically important microbial bioactive compounds.

Bioactive metabolite
Ampicillin
Azithromycin
Benzylpenicillin
Bialaphos

Cefaclor

Cephalexin
Daunorubicin
Erythromycin A
Kanamycin sulfate

Mitomycin C Antitumor, natural
mitosane

Oxytetracycline
Rifampin
Spiramycin
Streptomycin sulfate
Tacrolimus (FK506)
Tylosin phosphate
Vancomycin

Pravastatin

Pharmaceutical application
Antibiotic and semisynthetic penicillin
Antibiotic, semisynthetic erythromycin
Antibiotic, natural penicillin

Herbicide, natural peptide
Semisynthetic cephalosporin, Antibiotic
Antibiotic, semisynthetic cephalosporin
Antitumor, natural anthracyclin
Antibiotic, natural macrolide
Antibiotic, natural aminoglycoside

Antitumor, natural mitosane

Antibiotic, natural polyketide, feed additive
Antibiotic, semisynthetic rifamycin, ansamycin
Antibiotic, natural macrolide

Antibiotic, natural aminoglycoside

Natural immunosuppressant, macrolide
Natural macrolide, growth promotant

HCI Antibiotic, natural glycopeptide

Hypocholesterolemic polyketide, statin made by
bioconversion

human immunodeficiency virus. Bryostatins, sarcodictyin, eleutherobin aand
discodermolide are the other potent antitumor peptides and polyketides from
microbial source (Nirmala and Zyju, 2017).

1.7.2 Microbial immunosuppressive agents

Immunosuppressive drugs have drawn wide importance with advancements
in organ transplantation. Immunosuppressive drugs are used against auto-
immune disorders and to prevent graft rejection in transplants (Scheuplein
et al., 2020). Cyclosporin was the first microbial metabolite to exhibit
immunosuppressive property, which was isolated from a mold 7. nivenum.
Apart from cyclosporin, two other important immunosuppressive drugs
where isolated from actinomycetes namely Tacrolimus and sirolimus.
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These metabolites belong to polyketide macrolactoes synthesized by S. tsu-
kubaensis and S. hygroscopicus, they both exhibited dual function of anti-
fungal activity and also inhibits T-cell activation and proliferation involved
in IL-2 and other cytokines synthesis.

1.7.3 Microbial novel antimicrobials

The search for novel antimicrobial compounds constantly increases
with the battle of humanity with pathogenic microbes. Plant endophytic
microbes are the preliminary source of a wide range of novel microbes.
Ecomycins, xiamycins, pseudomycins, and munumbicins are the most
novel endophyte-derived microbial bioactive compounds. Streptomyces
sp. are the most novel group of microbes known to produce wide spec-
trum of antibiotics, which was proven to show significant activity
against HIV (Arnau et al., 2016).

Extremophiles, the microbes exist in extreme habitats are the abundant
source of novel microbial species. Pyochelin, an antifungal metabolite was
isolated from the extracts of thermophilic Pseudomonas. Microcin was
another proteinaceous toxin isolated from psychrophilic bacteria. Microcin
was found to exhibit a broad spectrum of antibacterial activity against vari-
ous pathogens (Giudice and Fani, 2016).

Marine actinobacteria are the known source of various bioactive com-
pounds of economic importance. Marine cyanobacteria are known to produce
small bioactive peptides called cyanobactins, which are proven to show wide
potential antimalarial activity. Viridamide, a low molecular organic com-
pound obtained from a blue green alga of Oscillatoria genes, showed antil-
eishmanial and antitrypanosomal activity (Rule and Cheeptham, 2013)
(Table 1.4).

1.7.4 Microbial enzyme inhibitors

Enzyme inhibitors also plays a crucial role in treatment of various meta-
bolic disorders. Enzyme inhibitors are often administrated in combina-
tion therapy. Clavulanic acid and 3-lactum obtained from Streptomyces
clavuligerus was shown to exhibit inhibitory action of penicillinase with
poor antibiotic activity. Penicillins was administrated as combination
therapy for penicillin resistant bacterial infections. Streptomyces pilosus
was screened to produce desferal an siderophore and it was effective
against high metal binding activity in iron loaded diseases and aluminum
overload in dialysis patients (Takizawa and Yamasaki, 2018). Acarbose,
an inhibitor of a-glucosidase obtained from Actinoplanes sp., was used
in the treatment of diabetes and hyperlipoproteinemia by inhibiting
a-glucosidase.
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TABLE 1.4 Screening assays for various pharmaceutical bioactive

molecules.

Type of bioactive
metabolite

Immunosuppressant

Insecticide

Antihyperglycemic

Antitumor

Antiholesterolemic

Antiinflammatory
Antiparasitic

Antiviral

1.7.5 Microbial plant growth promotors

Assay system

Cell-free: inhibition of
receptor-ligand binding
Cell-dependent:
inhibition of immune
response

In vivo in insects

Enzyme inhibition,
genetic screening

Cell-based: cytotoxicity
vs. rapidly proliferating
cells or tumor cells

Enzyme inhibition

Inhibition of receptor-
ligand binding

In vivo in animals

Enzyme inhibition of
viral enzymes

Mode of action

Inhibition of interleukin
production in cell lines
Suppression of lymphocyte
rection in cell lines
Immunoassay based on the
cyclosporin binding to
cyclophilin

Microbial solid cultures were
administered orally as food to
larvae

Inhibition of a-glucosidases
Polymerase chain reaction based
method to detect sedoheptulose
7- phosphate cyclase

Cytotoxicity, growth inhibition
Microbial prescreening

Inhibition of 3-hydroxy-3-
methylglutaryl-coenzyme A
reductase

Immobilized-ligand IL-1 receptor
binding assay

Activity in mice against
nematode

Inhibition of HIV-1 integrase

Genetically modified bacterium is the widely used microbial biopesticides
and insecticides, various species of Bt are employed in real time farming for
their different function as bioinsecticide in order to control various pests
including beetle larvae, caterpillars, etc. Trichoderma sp. and B. bassiana are
the most commonly available fungal biopesticides. Both biofungicides can
be applied on both phylloplane and rhizosphere in order to control the fungal
infection (Ancheeva et al., 2020).

Microbial bioactive compounds can also be employed as biopesticides
and insecticides. The microbial-mediated biopesticides are considerable
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alternative for chemical pesticides. The two most important bacteria: A.
tumefaciens and B. thuringinesis, insecticidal bacteria widely used in various
crops. The microbes associated in rhizosphere and nodular region of root are
known to induce plant growth by production of various growth promotors,
solubilization of nutrients and facilitating efficient nitrogen fixation.

1.7.6  Omics approach in biosynthesis of microbial metabolites

Bacteria and actinomycetes are some of the most prolific sources of natural
bioactive materials, with a wide variety of biologicals. Several popular bio-
active molecules, widely used in medicine, are used to treat most of the
infectious diseases (Palazzotto and Weber, 2018; Mohite et al., 2019). With
development of advanced sequencing technologies coupled with efficient
bioinformatic tools the wide range of untapped metabolic potential of micro-
bial metabolites can be explored. The advancements in omics such as geno-
mics, metabolomics, and transcriptomics enhances the biosynthetic potential
of various gene clusters and discovering new natural bioactive compounds.
Multiomics analysis enables the analysis of multitremendous evolution of
both diversity and distribution of biosynthetic gene clusters. Most insight
advancements in the omics technologies with combined use of biosynthetic
gene clusters gives wide knowledge on the various microbial communities
and their bioactive metabolites.

1.8 Conclusion

The microbial secondary metabolites with recent developments and techno-
logical advancements show a spectrum of promising applications driving the
revenue and market for several industries while contributing to sustainable
ecofriendly approaches. Further research on genetically engineering and tar-
get specific approaches will gain momentum attracting investors across the
globe.
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2.1 Introduction

Microbial volatile organic compounds (mVOCs) play a key role in the antago-
nism and mutualism among competitive populations. Moreover, microbial
volatiles are responsible for various intra- and interspecies cellular and devel-
opmental processes. Micro/macroorganisms produce enzymes, hormones, pro-
teins, and volatile compounds that these compounds provide advantages for
their surviving in nature besides significant roles related to metabolism, nutri-
tion, establishment, and conservation. Volatiles are the compounds with high
vapor pressure mainly classified into two different groups as organic and inor-
ganic phase. Microbes emit volatile compounds that lead to forming of coloni-
zation on the plant roots and rhizospheres (Mendes et al., 2013). Scientists
have found more than 1000 bacterial volatile organic compounds (VOCs;
Lemfack et al., 2014, http://bioinformatics.charite.de/mvoc) playing a role in
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communication signals with other microorganisms, which in turn influence
interacting of microbial communities (Romoli et al., 2011). Bacterial VOCs
such as 3-butanediol and acetoin have a negative effect on fungal pathogens
and affect plant growth. Abiotic stress resistance occurrence of the bacteria,
belonging to a different genus associated with production of volatile com-
pounds and biofilm formation, has been reported (Wenke et al., 2012a). In
general, bacterial volatiles have a positive effect on growth, differentiation,
and stress resistance (Davis et al., 2013).

2.2 Types of bacterial volatile organic compounds and their
biological role

Bacterial volatile compounds are organic molecules such as fatty acid deriva-
tives (sulfur and nitrogen-containing compounds, and terpenes). The mVOC:s,
different chemical compounds, are generally related to catabolic pathways
involving glycolysis, protein, and lipid degradation pathways (Penuelas et al.,
2014). Bacterial volatiles possibly assist microbial communities as signals dur-
ing inter- and intra-cell and/or cell-to-cell communication (Fig. 2.1). They
have a role in growth-promoting or growth-inhibiting of the plants. Volatiles
also play an important role in population dynamism on bacterial species for
development of different communities living in specific rhizospheres (Fig. 2.1).
The biological and ecological functions of mVOCs have been investigated more
in detail on reactions and adaptations at the physiological, transcriptional, pro-
tein, and metabolic levels of the target organisms (Bailly and Weisskopf, 2012;
Wenke et al., 2012b).

2.3 Bioconversion

Anaerobic and aerobic microbial communities produce CO, and water (Owen
et al., 2007). The most part of anaerobic microorganisms produce formic or
acetic acid and degrades VOCs (Krzycki and Zeikus, 1984; Guyot and
Brauman, 1986). This metabolic pathway from production of methane belongs
to Archaea. In soil, methanogenic bacteria degrade hydrocarbons, saturated/
unsaturated fatty acids, and alcohols, and encompass an acetogenic partner
that they are not able to grow alone on a certain organic compound (Stams
and Plugge, 2009). In fact, VOCs are inaccessible to microorganisms since
they stay in the gas phase. The degradation process occurring after their
adsorption to humic acid or clay mineral surfaces (polar and apolar interac-
tions) work as biofilters (Malhautier et al., 2005). These natural biofilters con-
sist of various microorganism species and environmental conditions. Abiotic
VOC degradation processes play an important role in soils (Wilson and Jones,
1996). Atkinson and Arey (2003) showed physical—chemical degradation of
VOCs in the atmosphere by photolysis and spontaneous reactions with OH
radicals and NO; radicals, O3, and Cl atoms depending on light exposure.



Bacterial VOCs and genenduced hostefense pathways Chapter | 2 25

- Antagonistic or

synergistic effect sensing/quenching

-Plant growth
promoting

' - Bacteria-bacteria
interactions

Bacteria

FIGURE 2.1 Overview of mVOC interactions.

They are the essential processes for VOC degradation by abiotic factors.
Similarly, other powerful oxidants (for instance, hydrogen peroxide) have been
formed by microorganisms by reacting with humic acids or phospholipids.

2.4 Biomineralization of elements

Biomineralization by prokaryotes has a major impact in biology, microbiol-
ogy, and studies related to evolution. Sorption and precipitation properties of
bacteria are useful for bioremediation of radionuclide and heavy metal-
contaminated lands and waters (Lovley, 2013). The growth of iron- and
manganese-oxidizing bacteria remove iron and manganese from wastewater
that renders elimination to possible for the problems due to sticking minerals
in pipelines (Mouchet, 1992). Biomineralization is a mineralization that
occurs in biological environments involving organic matrix or soluble bio-
molecules, along with biological-induced local environments that helps for
the crystallization of minerals and determines their morphologies and loca-
tions of nucleation (Mann, 2001). Bacterially formed minerals are useful
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as biomarkers in various situations. These biomarkers are useful not only
in determining evolutionary processes of prokaryotes on Earth but also
give information of the beginning of life in extraterrestrial materials.
Biomolecules play important roles in controlling the kinetics of the biomin-
eralization process (George and Veis, 2008; Suzuki et al., 2009). The capa-
bility of some microbial species is to adsorb some heavy metals on their
surface (Kumar et al., 2009) or accumulate them within their structure (Atici
et al., 2010; Saravanan et al., 2011). The studies on the formation of the
insoluble gold-amine complexes attributed to the presence of some volatile
biogenic metabolites in the biogas related to growth of the aerobic microor-
ganism showed the efficiency of VOCs. The detoxification of heavy metals
by microorganisms converts VOCs into other forms to reduce their toxicity
in process of chelation, which occurs in metals inside or outside. Lefebvre
et al. (2006) studying on cyanobacterial strains demonstrated to mineralize
the metals ions (Hg“, Ccd**, Pb*", and Cu”) using the VOCs found in
the cultural biogas produced with the aerobic growth of bacteria. However,
further detailed studies are required to identify the cyanobacterial biogases
and to understand their role in the metal chelation process.

2.5 Quorum sensing/quenching

VOCs produced by rhizospheric strains belonging to Pseudomonas fluorescens
and Serratia plymuthica inhibits communication. This case can be attributed
as a kind of quorum-sensing (QS) mediated by N-acyl-homoserine lactone
(AHL) among the gram-negative bacterial cells. These signal communication
molecules are produced by various bacteria, including strains of Agrobacterium,
Chromobacterium, Pectobacterium, and Pseudomonas (Chemin et al.,, 1998).
Inhibition of this signaling, called the quorum-quenching effect, occurred when
AHL-producing bacteria treated with VOCs emitted by these strains led to drasti-
cally decrease the amount of AHL production. Along with AHLs, bacterial vola-
tiles can be considered as another type of signal molecule involved in microbial
communication in the rhizosphere.

S. plymuthica suppresses disease symptoms caused by soil-borne patho-
gens and stimulates the growth of plants. Research findings about the under-
lying mechanisms and regulation are important for the application in terms
of biocontrol strategies. The regulatory function of AHLs in the synthesis of
the plant growth hormone indole-3-acetic acid has shown decreasing by
AHL regulation in vitro assays. However, production of extracellular hydro-
lytic enzymes positively affected AHL regulation. A broad spectrum of
VOCs involved in antifungal activity is influenced by QS. To improve the
performance of any biocontrol agent additional studies on its regulatory
mechanisms are necessary. Antagonistic activity occurs by antibiosis, compe-
tition for colonization, nutrients, minerals, parasitism, and lytic enzymes
(Whipps, 2001). The interaction with the host plant and microbes plays an
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important role in the production of phytohormones, rhizosphere competence,
enhancement of the availability of nutrients, and induction of systemic resis-
tance (Baysal et al., 2013; Baysal and Tor, 2014). However, the studies have
shown the production of antagonistic compounds by rhizobacteria regulated
by AHL-dependent QS systems (Liu et al., 2007). Although several QS-
regulated traits identified in bacterial genus belonging to Serratia, there is no
study analyzing its role in biocontrol of plant pathogens, as reported for
Pseudomonas (Wei and Zhang, 2006). Our recent unpublished data has clari-
fied the genomic property of Serratia spp. involving gene clusters encoding
proteins which helps for understanding the sequence profiles playing role in
biocontrol. The VOCs produced by the rhizospheric strains P. fluorescens
B-4117 and S. plymuthica IC1270 showed inhibition in cell—cell communi-
cation and QS network mediated by AHL signal molecules produced by vari-
ous bacteria (Chernin et al., 2011). VOCs promoting QS quenching has a
significant impact on the producer bacteria and neighboring bacteria in the
rhizosphere, including plant pathogenic and beneficial strains in view of
plant growth promoting and biocontrol effect (Chernin et al., 2013).

2.6 Communication signals and defense induction

Bacterial volatiles known for their ecological and biological functions have
many beneficial properties. Although complete volatile spectra of bacteria and
their relevant concentration are not exactly known, the studies on a model plant
Arabidopsis thaliana developed normally in coculture with Bacillus subtilis,
Burkholderia cepacia, Staphylococcus epidermidis, and Escherichia coli showed
growth recession with P. fluorescens, Pseudomonas trivialis, Serratia odorifera,
S. plymuthica, Stenotrophomonas maltophilia, and Stenotrophomonas rhizophila
alone, but phenotypical changes has obtained by cocultivation with S. plymuthi-
ca and S. maltophilia resulted in significant effects on foliage parts of the plant
and roots (Wenke et al., 2012a). Bacterial volatiles, which are the reason for
biochemical alterations, give rise to changes at the cellular and physiological
levels. Changing in gene expression due to pathogen response followed using
synthetic plant promoter/GUS (3-glucuronidase) constructed regulatory elements
(e.g., S-box; AGCCACC, GCC-box; AGCCGCC) has been followed for observ-
ing expression of the genes related to VOCs. Rushton et al. (2002) have demon-
strated the existence of the promoter regions of defense genes (Ohme-Takagi
and Shinsi, 1995). This region confers gene expression upon fungal elicitor
effect and can be manipulated by recombinant DNA technology in vitro (Kirsch
et al., 2001). To detect the gene activation postemission course for bacterial
volatiles, the S-box and the GCC-box promoter/GUS constructed sequences
using reporter gene led to a non-specific expression of the ethylene-inducible
GCC-box with S. plymuthica on cocultivated seedlings. These studies showed
that the volatiles of both bacteria have the capability to activate genes in plants
via stress responsive promoters (Vespermann et al., 2007).
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2.7 Plant growth promoting effect of bacterial volatiles in
agriculture

The plant growth-promoting rhizobacteria support plant growth by mechan-
isms that cause (1) synthesis of plant hormones by bacteria present in rhizo-
sphere, (2) increasing the content of soil minerals, (3) fixation of N,, and
(4) antibiotic production (Raaijmakers et al., 2002). Bacterial volatiles have
positive growth effects for plant growth promoting, which affected the auxin
metabolism, photosynthetic capacity, chloroplast intensity, chlorophyll con-
tent, and iron uptake; increased tolerance to abiotic stress, reduced severity
of disease symptoms caused by plant pathogens; and increased resistance of
the model plant A. thaliana. For instance, B. subtilis (GB03) emits 38 differ-
ent VOCs (Farag et al., 2006), they have the potential to influence cellular or
molecular processes. 2,3-butanediol production induces leaf growth and
decreases of disease symptoms; however, 2,3-butanediol did not improve any
photosynthetic efficiency. The bacterial (B. subtilis) VOCs mixture have
shown inhibitory effects on plant growth (Farag et al., 2006). The antagonis-
tic effect of co-inoculation of two different strains observed on plant trials
has shown negatively regulation on the A. thaliana growth. We should con-
sider that the emitted bacterial volatiles have inhibitory effects on growth of
the plant with co-cultivation of Bacillus amyloliquefaciens (IN937a) and B.
subtilis (GB03), though they have known with growth-promoting effects.
Microbiota with microenvironments is forming in the soil, which cause
colonizing and create microecosystems. The interaction occurring within
microbial communities by mutually exploiting, antagonism, and competition
have given positive and/or negative impacts, which is useful if the pathogen
is weakened and the strengthened one is the host plant. Therefore, the effect
of biological agent is not only with its competitors’ property related to anti-
biosis and antagonism. The dominant volatile compounds play a role in sup-
pression of the pathogen with multilayered defense adaptations including
morphological and physiological alterations by the activation of signaling
pathways to withstand this environmental influence. For instance, microbial
volatiles have the potential for a biocontrol agent in agriculture. In another
study, B. subtilis strain colonizing on the root, and the rhizoplane is able to
supresses cucumber wilt disease caused by Fusarium oxysporum f.sp. cucu-
merinum (Cao et al., 2011). The B. subtilis strain, which is effective to con-
trol of Botrytis mali and Phytophthora sojae, emits bacterial volatiles
playing a role in biocontrol (Jamalizadeh et al., 2010). Many Bacillus species
synthesizing plant growth-promoting VOCs such as 2,3-butandiol and acet-
oin emitted by B. subtilis GBO13 and B. amyloliquefaciens IN937 triggered
induced systemic resistance against Pectobacterium carotovora in A. thali-
ana (Ryu et al., 2004). In our previous study, 2,3-butanediol and acetoin
production emitted by B. amyloliquefaciens (EUQ7) has correlated well with
its suppressive effect on F. oxysporum f.sp. radicis-lycopersici growth
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(Baysal et al., 2013). In the findings of the studies obtained in the last dec-
ades reported that mVOC (dimethyl disulfide) emitted by bacteria, registered
as a novel soil fumigant, plays a key role in pathogen inhibition as an alter-
native to the usage of the methyl bromide for fumigation of soils infected by
soil-borne fungal pathogens (Insam and Seewald, 2010).

Moreover, the role of VOCs produced by microorganisms (fungi and bacte-
ria) in soil has also positive effect to control of the plant-parasitic nematodes.
The evidence of VOCs effect has attracted the attention of the researchers.
Noteworthy further studies are needed to understand the utility of the VOC
knowledge and its positive effects, which suppresses the plant pathogens.
Major VOC molecules produced by B. subtillis and B. amyloliquefaciens with
fungicidal activity showed chemical structure similarity with acetamide, benz-
aldehyde, benzothiazole, 1-butamine, methanamine, phenylacetaldehyde and
I-decene due to their common ketone groups (Arrebola et al., 2010).
Additionally, VOCs from bacterial isolates on the nematode antagonism tested
in vitro for evaluating inhibitory effect on second stage juvenile (J2) immobil-
ity, mortality, and egg-hatching in infected plant have given positive results,
which could be put into practice after expanded field trials. Bacillus megater-
ium VOCs have resulted in nearly 100% death of Meloidogyne incognita J2
and strong suppression on egg-hatching on tomato roots (Huang et al., 2010).

2.8 The role of bacterial VOCs in diary production

Microorganisms play an important role in the development of dairy product
(cheese, yogurt, curd, etc.) flavor. Volatiles from lipolysis of the diary product
by microbial transformation of lactose and citrate are emitted into these foods
(Cheng, 2010). Most important VOCs are acetaldehyde, diacetyl, acetoin, ace-
tone, and 2-butanone have positive effect on the extended shelf-life of the pro-
ducts cause of lipid oxidation (Penuelas et al., 2014). New strains isolated
from dairy products tested for their production of odor-active volatile com-
pounds to modulate product flavors are very important microorganisms in
view of their characteristic property of them (Pogacic et al., 2015). mVOC
profiles of typical fermenting bacteria (Leuconostoc lactis, Lactobacillus spp.,
Brachybacterium spp., Brevibacterium sp., and Propionibacterium sp.) deter-
mined by different analyses that 52 different mVOCs including ethyl esters,
sulfur compounds, branched chain alcohols and acids, and the diacetyl with
carbonyl compounds have been detected (Pogacic et al., 2015).

2.9 Outlook and future perspectives

We believe that mVOCs emitted are widespread and have a more complex
structure than properties previously estimated. Emission profiles of bacteria
under different growth conditions should be investigated more in detail, which
will help for understanding biological and ecological effects of individual
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compounds as well as their mixtures to elucidate the communication ongoing
as microbial—host interactions. Volatile syntheses in bacteria have a massive
potential to provide sustainable and alternative methods, which may replace
chemical pesticides and fertilizers in the plant cultivation and dairy products.

Scientists should find the potential microbial isolates and their VOCs for
the control of different problems caused by plant pathogens and undesired
contamination occurring in nature, considering environment protection and
ecosystem balance. The further studies will be helpful for a better evaluation
of the effects of VOCs from microorganism to effective strategies, aiming at
benefits for human beings and environmental conservation.
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3.1 Introduction

Secondary metabolites are regarded as the best example of microbial interac-
tions. The microbial volatile organic compounds (MVOCs) are also the sec-
ondary metabolites, among which many are undiscovered. Frequently
reported MVOC are described in Table 3.1. MVOC are widely characterized
as odorless, lipophilic compounds with molecular weight less than 300 kDa
(Effmert et al., 2012). MVOCs are produced during the oxidation of glucose
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TABLE 3.1 Frequently reported microbial volatile organic compounds in
the environment.

S. no Microbial volatile organic compounds References

1 3-Methyl 2-Butanol Strom et al. (1994)

2 2-Methylisoborneol Smedije et al. (1996)

3 2-Isopropyl-3-methoxy-pyrazine

4 Geosmin

5 3-Octanol Carlson and Quraishi (1999)
6 2-Octen-1-ol Morey et al. (2000)

7 3-Methyl-1-butanol Mehrer and Lorenz (2005)
8 2-Pentanol Wieslander et al. (2007)
®) 1-Octen-3-ol

10 3-Methylfuran

11 2-Hexanone

12 2-Heptanone

13 3-Octanone

14 Dimethyl disulphide

using numerous substrates (Berry, 1988). The synthesis of MVOC is affected
by pH, growth condition, and temperature. The bacteria which produce vola-
tile organic compounds are called bacterial volatile organic compound
(BVOC) as primary metabolites (acetic acid, acetone, ethanol, etc.) and sec-
ondary metabolites as signaling molecules produced in different combination
based on the inter and intraspecies communication between bacteria (Zhu
et al., 2010). As per literature, there are more than 200 compounds regarded
as BVOC these compounds are not solely produced by bacterial metabolism
but it also has other environmental metabolism. It can also be used as an
indicator for the contaminants in the food processing industries by the
unpleasant odor that indicates the presence of microbes during the storage of
food (Wilkins and Scholl, 1989). From the food industry, it was diverted to
microbial research to identify the separate strains of microbes (Karlshgj and
Larsen, 2005).

Every microorganism has a signaling pathway to sense the environment
and coordinates to give the proper response. The sensing occurs by recogniz-
ing the specific molecules, which play a key role in this mechanism. These
molecules are produced when the microbes interact with close proximity,
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and they are called quorum sensing (QS). These microbes manipulate the
signaling pathway by screening other specific molecules (Bednarek et al.,
2010). Plant-associated microbes also secrete specific metabolites which
affect the plant growth indirectly. These molecules scavenge the nutrients
available in the environment for the benefit of microorganisms, and plants
there are called siderophores. Pathogenic bacteria also produce BVOC, but
these compounds have a virulence factor that affects the plant growth by
attenuating the defense mechanism of the plants, which helps in the prolifer-
ation of virulence factor (Martin and Kamoun, 2012).

Nutritional imbalances trigger the production of BVOC and QS mole-
cules (Korpi, 2001). The other research also states that these BVOC are the
inhibitors of primary metabolites (Sunesson, 1995). The BVOC is con-
verted into various products by environmental factors, for example, alcohol
is converted to aldehyde and carboxylic acids (Wilkins et al., 1997).
Diverse chemicals in the environment also lead to the production of
BVOC, and looking beyond, this suggests that BVOC also has other
resources by human activities such as smoking, trafficking, pollution, etc.
(Helmig et al., 1999). The chapter contends with the bacterial release of
BVOC and QS molecules as a boon for agriculture, which helps as an alter-
nate to synthetic fertilizers and stimulants. It also describes the human
infection with QS molecules.

3.2 Biosynthesis of bacterial volatile organic compounds

Bacteria has wide ability in producing diverse range of volatile organic com-
pounds, which are organic and inorganic in nature. Organic BVOC are usu-
ally fatty acids derivatives such as ketones, terpenes, alcohols, acids and
hydrocarbons.

3.2.1 Organic volatile compounds

3.2.1.1 Ketones

Ketones are derived from decarboxylation of fatty acids. According to Ryu
et al. (2003), acetoin and 2,3, butanedione is derived during pyruvate forma-
tion in the anaerobic condition. The enzyme acetolactate synthase catalyzes
two pyruvate molecules into acetolactate which in turn decarboxylated to
acetoin and the oxidation leads to the formation of 2,3, butanedione.

3.2.1.2 Terpenes

The organic BVOC terpenes are produced either by mevalonate or deoxyxy-
lulose phosphate pathway. According to Schulz and Dickschat (2007) mono-
terpenes and sesquiterpenes derivatives are the end products produced by the
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bacteria. Albaflavenone, the organic BVOC of terpenes group is only found
in Streptomyces and was first isolated in Streptomyces albidoflavus.

3.2.1.3 Alcohols

Aliphatic alcohols with the long chain are synthesized by Enterobacteriaceae
through /3 oxidation of fatty acid derivatives (Hamilton-Kemp et al., 2005)
where short chain aliphatic alcohols are produced in low oxygen condition
by proteobacteria and firmicutes (Farag et al., 2013). According to Marilley
and Casey (2004), branched short chain alcohols like 2-methyl-1-butanol and
3-methyl-1-butanol are produced by the microbes via enzymatic conversion
in the Ehrlich pathway.

3.2.1.4 Acids

According to Schulz and Dickschat (2007), when compared to ketones and
alcohols, organic acids are less abundantly present in bacteria. However,
short chain fatty acids such as propionic acid and acetic acid have been pro-
duced by bacteria. Anaerobic fermentation of carbohydrates leads to the pro-
duction of various aliphatic organic acids as byproducts.

3.2.1.5 Hydrocarbons

Hydrocarbons with linear chains are most likely derived from fatty acid
metabolism by two main pathway elongations: decarboxylation and head to
head condensation, whereas short chain hydrocarbons such as decane to tet-
radecane are found in microorganism and long chain hydrocarbon hexade-
cane are abundant among cyanobacteria and also have the ability to produce
branched hydrocarbons (Ladygina et al., 2006).

3.2.2 Inorganic volatile compounds

Bacteria also produce inorganic volatile compounds such as ammonia, nitric
oxide, hydrogen sulfide, etc. Ammonia is produced by the metabolism of pep-
tides and amino acids (Bernier et al., 2011). Nitric oxide is produced by nitric
oxide synthase from L-arginine, which is homologous to mammalian enzymes
(Mattila and Thomas, 2014). Hydrogen sulfide gas is produced when bacteria
degrade cysteine, an orthologous of mammalian enzymes, and it is produced at
the end of the exponential phase at low oxygen concentration. Hydrogen cya-
nide has been emitted by bacteria such as Chromobacterium, Pseudomonas,
and Rhizobium. And it is catalyzed by hydrogen cyanide synthase and encoded
by hcnABC genes, as a result it forms HCN and CO, from glycine.
Cyanogenesis regulation through QS regulators which are appeared to be strain
specific to Pseudomonas aeruginosa (PAO1) and Chromobacterium violaceum
(CV0) (Blom et al., 2011)
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3.3 Bacterial volatile organic compounds in biofilm formation

The volatile compound secretion by bacteria gets influenced by the biofilm
formation with different stages of biofilm, the type of bacteria involved, and
their motility. Létoffé et al. (2014) reported 12 nontoxic volatile compounds
were tested against Escherichia coli and Pseudomonas aeruginosa. The
exposure to 1-butanol decreased the motility of E. coli and P. aeruginosa.
Where the motility gets increased when both of the organism gets exposed
to 2-butanone or acetoin. Paenibacillus polymyxa, Burkholderia glumae,
Pseudomonas aeruginosa gets affected by the exposure of volatile com-
pounds secreted by Bacillus subtilis (Kim et al., 2013). The swarming of
E. coli is decreased when glyoxylic acid is aerially exposed.

According to Nijland and Burgess (2010) and Létoffé et al. (2014),
BVOC influence the bacteria to form biofilm. Ammonia induces
Staphylococcus aureus, licheniform, and B. subtilis to form biofilm. Indole is
also said to induce biofilm formation of P. aeruginosa, Vibrio cholerae, and
P. fluorescence but, has a negative effect on E. coli. When volatile signal
was used which inhibits P. aeruginosa and E. coli to form biofilm formation
and stimulates biofilm in S. aureus. Other BVOC such as ethanol, hexade-
cane, acetoin, and ammonia has more positive and negative influence in bio-
film formation when tested, bacterial species like S. aureus, B. subtilis, P.
aeruginosa, and E. coli. Barraud et al. (2009) reported that nitrogen oxide
induces the dispersal of bacterial biofilm formation. The sublethal dose of
antibiotics has positive and negative effects on biofilm formation with
respect to several bacterial species. The exposure of BVOC affects the anti-
biotic resistant profile which could indirectly affect biofilm formation and
affects the ability of the antibiotic (Bernier et al., 2011).

3.4 The role of bacterial volatile organic compounds in
agriculture

Food crops have been adversely affected due to pathogens. Synthetic fertili-
zers aid in crop protection against the pests but it has an adverse effect on
human health. To prevent this, researchers are continuously working on bio-
fertilizers and biopesticides as an alternative to synthetic fertilizers. The
exposure of BVOC to plants has a significant impact on modifying the meta-
bolic and physiological changes which help in the confirmation that plants
recognize and react to BVOC. Before a decade plant-BVOC interactions are
laboratorial scale but now the field trials have been carried out (Song and
Ryu, 2013; Cortes-Barco et al., 2010). BVOC plays a crucial role in promot-
ing plant growth with no contact between plant and bacteria. Sharifi and Ryu
(2018) stated that B. subtilis GB03 and Bacillus amyloliquifaciens IN937
have proved to stimulate plant growth by producing BVOC. The leaf surface
got increased in ethylene insensitive (etrl), gibberellic acid insensitive
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(gia2), auxin transporter deficient, and ethylene insensitive and brassienoster-
oid insensitive (cbbi). These prove the necessities of ethylene, brassienoster-
oid, and gibberellic acid are not required for the plant growth when BVOC
is used. B. subtilis GBO3 proved that seeds interact with GB03 before germi-
nation used root exudates during germination and further multiplies a healthy
progeny through plant—microbe interaction (Kloepper et al., 2004).

BVOC also helps in inducing systemic resistance toward abiotic and
biotic stress including salinity, drought, and phytopathogens by PGPR (Yang
et al.,, 2009). Under high salinity, crops undergo osmotic stress, which is
mediated BVOC that helps in reducing the uptake of sodium in roots and
increases the release of sodium ions in shoots. While the plants face drought,
there is an increase in accumulation of osmoprotectants which in turn
increases osmotic pressure to reduce the free water transport to cells. BVOC
such as acetic acid induces biofilm formation when it contains a high amount
of exopolysaccharide, which indirectly provides moisture and prevents
drought (Chen et al., 2015). In order to compete, the biotic stress from
BVOC helps in protecting the plant against phytopathogens. Globally, 13%
of total crop loss occurs due to phytopathogens. BVOC first helps in the
competition, where the rhizobacteria moved toward the root exudates after
the first chemotactic movement and compete pathogen by acquiring the
nutrients and specific niche and thereby reducing the pathogen population.
BVOC next involves in antibiosis where the rhizobacteria produce antibacte-
rial agents to inhibit the pathogen and BVOC finally involves increasing the
plant immunization by colonizing the rhizobacteria which act as a defense
system and responds against the pathogens (Panpatte et al., 2017).

3.5 Inter- and intraspecies communication between
bacterial species

Inter- and intraspecies communication between the bacteria comes under the
mechanism called QS. It is a process in which bacteria monitor cell density
by measuring the signaling molecules also known as auto inducers (Als).
The individual bacteria secrete Als into the extracellular environment and
their concentration is measured and correlated with cell density. Target gene
expression can be altered by QS when Gram-positive bacteria gets involved
in oligopeptide based two component type of QS. Whereas Gram-negative
bacteria get involved luxI/luxR type of QS. luxI is responsible in producing
acyl homoserine lactone (AHL). Each species of Gram-negative bacteria pro-
duces unique AHL or the combination of AHL and only the same species
recognizes and responds to it. The detection of AHL and the alteration in
gene expression is mediated by luxR (Engebrecht et al., 1983). The autoindu-
cer moves in and out of the cell spontaneously by luxI mediated AHL
(Kaplan and Greenberg, 1985). Therefore, the external AHL secretion is
equal to internal AHL secretion and it is increased by cell density (Fuqua
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et al.,, 1994). After it reaches the threshold, the autoinducer gets bound to
luxR protein.

Intraspecies communication is more specific in the interaction between sig-
nal and receptors. When the multiple signals are produced by the same bacte-
ria it regulates with overall receptors and maximize the response as mentioned
in Fig. 3.1 (Jayaraman and Wood, 2008). Autoinducer-mediated QS is the
highest degree of affinity. The bacteria should categorize between the signals
produced by inter- and intraspecies. It is an important criteria in the case of
pathogenic bacteria where the virulence genes interaction with infection and
the other signals, which impact on eliminating the infection. Boedicker et al.
(2009) reported that S. aureus or P. aeruginosa has a characteristic of produc-
ing QS molecules when they are confined to a constructed place, which results
in producing QS molecules as if they are in high cell density.

3.6 Bacterial quorum sensing in human infection

Infectious disease is usually caused by biofilm forming microbes. These bac-
teria have the capability to resist antibiotics. QS bacteria sense the neighbor-
ing cell density by releasing QS molecule, which in turn induces the
expression of virulence factors. The pathogenic bacteria and the eukaryotic
host interaction is the important outcome in human infection, and it is medi-
ated by QS. The pathogens communicate the information to the high cell
density through biofilm formation and simultaneously induces the virulence
gene and develops resistance. The QS system allows the bacteria to interact
as a group with high cell density to invade the immune system and establish
the infection which is impossible for the individual cells.

P. aeruginosa strain is an important model organism in the QS system
because of its highlighted presence in clinical strains (Castillo-Judrez et al.,
2015). It communicates with the eukaryotic cells with QS signaling mole-
cules AHL. P. aeruginosa has three QS systems, among these two are luxI/
luxR and the third system is Pseudomonas quinolone signals (PQS) mediated
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by quinolones (2-heptyl-3-hydroxy-4-quinolone) produced by anthranilate.
The luxI/luxR is AHL dependent. lasl is the homolog of luxI, which pro-
duces N-3-OXO-dodecanoyl-L-homoserine lactone (30-C;,-HSL), which is
identified by lasR homolog of luxI (cytoplasmic receptor) (Parsek et al.,
1999). Rhll the other homolog of luxI synthesis another AHL N-butyrl
homoserine lactone (C4-HSL), which binds RhIR (cytoplasmic receptor)
(Pearson et al., 1997). Both lasR and RhIR are transcriptional regulators.
AHL-1uxR together control the activation of >3000 genes of P. aeruginosa.
maximum of these genes codes for virulence factors which promote infection
(Toder et al., 1991; Gambello et al., 1993). The HSL was termed after the
virulence gene which were found to be under their control. LAS upregulates
the production of elastase by inducing the expression of elastase gene (lasB)
(Gambello and Iglewski, 1991). The PQS system controls the formation of
biofilm (De Kievit, 2009). The intracellular orphan receptor in bacteria
which is a homology of IuxR binds to 30-C12-HSL (Oinuma and Greenberg,
2011). These innate targets become dimer with LasR and RhIR which makes
them inactive and further repress LasRI and RhIRI depending on genes
which in turn prevents QS response before it reaches the high cell density
community (Holm and Vikstrom, 2014; Ledgham et al., 2003). Table 3.2
represents the QS molecules produced by bacteria.

S. aureus has several virulence factors, and these virulence factors are
regulated by QS. The QS regulation in Gram-positive bacteria is mediated
by autoinducing peptides (AIP). In S. aureus QS controls the expression of
virulence factors including leukocidins, exoenzymes, hemolysins, adhesion
to the cell surface, and biofilm formation through AIP (Castillo-Juarez et al.,
2015). The accessory gene regulator (agr) mediated QS upregulates the
expression of virulence factors and decreases the cell surface proteins in
exponential to stationary phase (Novick, 2003). The expression of agr contri-
butes pathogenicity in S. aureus. Biofilm formation and QS in S. aureus sug-
gest that it is important in the development and establishment of chronic
infection (Yarwood and Schlievert, 2003).

According to Hgiby et al., (2010) there are numerous reports on the resis-
tance of antibiotics by biofilm formation, which ultimately causes difficulties
in treating infection. These effects have been observed in P. aeruginosa
(Strateva and Yordanov, 2009), S. aureus (Savage et al, 2013), and
Klebsiella pneumoniae (Vuotto et al., 2014). The biofilm helps the bacteria
to develop different kinds of defense mechanisms like physical barriers and
modification in gene expression (De la Fuente-Nufiez et al., 2013). He et al.
(2015) reported the clinical isolate Acinetobacter baumanii was increasing
the antibody resistance due to levofloxacin and meropenum antibiotic that
triggers the release of AHL, which in turn stimulates QS-mediated biofilm
and as a result, it increases the resistance. QS inhibition makes a potent way
by increasing antibiotic sensitivity and decreasing the antibiotic dosage.
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3.7 Quorum sensing as a boon for plant growth promotion

QS mechanism supplies nitrogen and potassium, and it also induces the resis-
tance against pathogenic bacteria in the rhizospheric region. Intercellular
communication is regulated by AHL, a signaling molecule. AHL and Al pro-
duction is mediated by Gram-positive and Gram-negative soil bacteria. Plant
pathogens use QS for the regulation of virulence factors (Pandey et al.,
2013). The rhizospheric region of the plant is a niche to favorable bacteria,
which aids in the important biological activities in plants.

Rekadwad and Khobragade (2017) reported the QS mechanism in paddy.
The root nodules in paddy plants are formed through legumes and rhizobia,
which is nitrogen-fixing bacteria. These rhizobia synthesized AHL QS sig-
nals (Singh et al., 2015). The signal induces the exopolysaccharide, which
increase the efficiency of nodes, transfer of plasmid DNA, nif gene regula-
tion, and the swarming behavior (Mukherji and Prabhune, 2015). The carbon
sequestration of N-3-Oxo-dodecanyl-HSL. and AHL indicates QS molecules
were produced by Gram-negative bacteria (Kalia, 2015).

Bacteria responds to the QS molecules produced by rhizobacteria and by
plants. It also destroys the other QS molecules produced by other bacterial
species (Dong et al., 2002). Bacillus sp. secretes the enzyme to degrade
AHL produced by Gram-negative bacteria. Gene encoding AHL degrading
enzyme is aiia in Bacillus thuringenesis and other subspecies (Lee et al.,
2002). Bacillus strain breaks down lactone bond via hydrolysis and stimu-
lates Al; in turn, these species struggles in competing with other Gram-
negative bacteria. Therefore, the bacteria functions in the rhizospheric region
which can be directly changed by the plants or by means of other microor-
ganisms by QS molecules (Podile et al., 2014).

Burdman et al. (2001), reported the integral membrane protein of bacteria
helps in the identification of host. Azospirillum brasilense outer-membrane
protein has better adhesion to root exudates of cereals when compared to
tomato and legumes, and it also helps in root adsorption in bacteria. Dekkers
et al. (1998) reported the bacterial lipopolysaccharides help in root habita-
tion. Endophytes have reported having QS mechanisms, which helps in the
habituation of host plants and prevents the plant pathogen.

3.8 Quorum sensing detection technologies

The QS signaling molecules is detected by various biosensor strains. These
strains are constructed and used to identify the QS molecules. The reporter
strain Agrobacterium tumifaciens showed the other strains produced QS
molecules, which were detected with different chromatographic patterns
(Anbazhagan et al., 2012). Gonzalez et al. (2001) reported Acinetobacter col-
coaceticus (BD413) culture supernatant was detected with four QS com-
pounds, and their maximum activity was achieved in its stationary phase.
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The induction test was performed for the identification of short and long
chain AHL molecules. The strain, which produces AHL molecules, is
expected with purple colonies. The induction inhibition test was carried out
and produced colorless colonies by previously adding synthetic AHL and
inhibit the QS molecules. The biosensor strain C. violaceum (CV026) and
A. tumefaciens NT1 (pZLR4). These strain does not produce AHL, but
responds to AHL. The test strains are streaked in LB plates against C. viola-
ceum and 70 pg/mL X gal was supplemented for A. tumifaciens. Plates were
incubated and checked for the purple colonies indicates AHL positive and
colorless colonies indicates AHL negative (Pinto et al., 2007).

Kumar et al. (2016) reported the biofilm formation assay using microliter
plate; 200 pL of LB broth was added into each well and 2 pL of overnight
bacterial culture was added and incubated for 18 hours at 30°C. Hundred
microliters of fresh LB broth was prepared and added into a fresh well con-
taining 1 pL of 18 hours old culture from the titer plates and it was added in
triplicates. It was further incubated for 24 hours at 30°C. The supernatant
was removed and 150 pL of crystal violet (1%) was added into the well and
was incubated at room temperature for 30 minutes. The stain was removed
and washed twice with distilled water and to it, 175 pL of DMSO was added
to dissolve crystal violet and was read in spectrophotometre at 570 nm. The
higher degree of biofilm formation was subjected to NMR and quadrupole
time-of-flight mass spectrometry (QTOF MS).

Wynendaele et al. (2013) reported the QS short chain amino acids are
tested based on the biosensor system and approximately 300 QS peptides,
and its structural analogs were performed using liquid chromatogra-
phy—mass spectroscopy. Plasmid transfer demonstrates the presence of QS
peptides, the genes present in plasmid encodes for bacteriocins, hemolysins,
and antibiotic resistance; these genes are also transferable. The Enterococcus
faecalis strain transfers plasmids by pheromones to a QS peptide (Dunny
et al., 1979). A specific QS strain induces the other strains with conjugative
plasmid to produce protein on the surface, which aids in forming aggregates
and helps in the transfer of plasmids. QS peptides are also known as clump-
ing inducing agents.

3.9 Conclusion

Over the last few decades, BVOC and QS molecules produced by different
bacteria have been increased. These molecules are small in size with an
odorless nature, which modifies the behavior and induces/inhibits the growth
of neighboring strains by playing a vital role in intra- and interspecies inter-
action. QS molecules also help in preventing human infection by QSI, which
increases the sensitivity to antibiotics. The QS molecules also act as a boon
for the plant growth by supplying the required form of nitrogen, phosphorus,
and potassium (NPK) and inducing the resistance against pathogens.
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4.1 Introduction

Microbial volatile organic compounds (MVOCs) are the diverse compounds
formed during bacterial and fungal metabolism. Of the more than 1200 com-
pounds that have been identified as MVOC, none of them are specifically
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among any microbial origin. The MVOC is usually produced in moisture
conditions and during microbial damage (Korpi et al., 2009). MVOCs are
formed during microbial metabolism, and they are formed as the byproducts
(Berry, 1988). The imbalance of nutrition can also trigger the microorganism
for the secretion of numerous MVOC. The MVOC can be converted into
other compounds by the chemical reaction occurred in the environment, and
these chemical reactions also produce volatile organic compounds (VOCs) in
the atmosphere.

According to Fiedler et al. (2001), gas chromatography—mass spectros-
copy combined with headspace solid-phase microextraction (GC-MS-HS-
PME) was used to detect the MVOC released by different microbial species
grown on various substrates. In the late 1980s and early 1990s, MVOC was
detected using activated carbon/Tenax for sampling combined with chemical
elution/thermal desorption in the gas chromatography unit (Larsen and
Frisvad, 1994). In the late 1990s, MVOC detection and analysis can be car-
ried out by HS-SPME. About 150 compounds were identified using the HS-
SPME technique, and all the compounds were identified to be unique.
MVOCs are synthesized as the byproducts by all the living organisms during
the biological metabolism. These compounds are categorized as endogenous
and exogenous based on the compounds emitted by external factors and by
the normal biological function (Mochalski et al., 2014)

Due to the contact with an external source, living organisms produce
exogenous metabolites of VOCs. These exogenous compounds enter into the
organism by ingestion and inhalation, and contributes to the metabolites gen-
erated. The exogenous source includes the environment (including pollutant),
drug, smoking habit, and even ionizing radiation and nutrition, among others
(Montero-Montoya et al., 2018). Living species naturally produce endoge-
nous VOC metabolites. Finding the same metabolites in different body fluids
does not imply that they have an endogenous origin. In hemoglobin, the
inhaled VOCs are dissolved and stored in the body compartments and then
exhaled/excreted via urine. The release of VOCs from plants plays a signifi-
cant role in plant—plant interactions, plant—microbial interactions, and
herbivores-induced VOCs. Depending on the stage of growth or medium, the
cell or microbial interactions produce VOCs. Relevant VOC release from
animals has been recorded recently in dolphins and whales (Cumeras and
Correig, 2018).

A range of sophisticated techniques is used to study MVOC. The refer-
ence techniques are based on chromatographic separation and mass spec-
trometry (GC/MS or LC/MS). Those applications in metabolomics are less
complex in the instrumentation dependent on ion mobility spectrometry
[IMS and high field asymmetric ion mobility spectrometry (FAIMA)] and
chemical sensor arrays, as in e-noses, which ensure full integration and mini-
mal cost. Metabolomics is researching the metabolic small molecular (the
metabolome) of an rRNA. These provide the key lead to emerging fields
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such as transcriptomic and proteomic. The evolvement of omics science also
applies to the low-weight compounds, including carbohydrates, lipids, hor-
mones, and vitamins, which perform a great deal of the cell’s function. The
collection of metabolites synthesized by the biological system constitute their
“metabolome” in parallel to the terms “transcriptome and proteome.” The
analysis of the volatile metabolome part is called Volatilomics. A reduction-
ist approach at every single omics provides an insight into what is happening
at a precise level to create a complete model (Cumeras and Correig, 2018).

4.2 Classification of microbial volatile organic compounds

VOCs produced by bacteria, yeast, fungi, algae, and plants are often divided
into two major categories based on the source of microbial origin of primary
and secondary metabolites. Primary metabolites reflect a unit of biochemistry
and are essential to the life of the organism. Intermediate Krebs cycle, lipids,
nucleic acid, and amino acids are some examples (Keller et al., 2005).
Secondary metabolites, on the other hand, represent a huge class of diverse
natural products, which are often of very unusual chemical structure not neces-
sary for growth and which are almost always constrained by taxonomic
distribution. The documented example of fungal secondary metabolites is anti-
biotics and hallucinogens such as the ergot alkaloids, and mycotoxins such as
the trichothecenes (Cole et al., 2003, Matysik et al., 2009). Specific pathways
(e.g., polyketides, nonribosomal peptides, and isoprenoids) are involved in the
biosynthesizing of secondary metabolites, which constitutes the bulk of a field
known as natural products. Advances in genomics help to classify the clusters
of their signature genes through bioinformatics (Fig. 4.1).

As a group, fungal VOCs are often known as secondary metabolites;
these are characterized by their low molecular weight and their phase-
dependent appearance. However, this simplistic categorization is well under-
stood using the modern technologies available. Secondary metabolites are
typically formed by only a limited number of species whereas the majority
of VOCs can find in across a broad range of organisms. For instance, the
toxic secondary metabolite aflatoxin is produced by certain species of the
genus Aspergillus while the volatile 1-octen-3-ol is widely spread across
many plants, animals, and fungi (Cole et al., 2003, Combet et al., 2006). In
general, secondary metabolites are produced through complex metabolic
pathways coded by linked gene clusters (Cumeras and Correig, 2018). While
plenty is known about the pathways that produce VOCs, many of them are
either metabolic transformation products of heterocyclic metabolites, lipids,
proteins, and other components of living tissues, which are degradation of
fungal catabolic pathways. 1-octen-3-ol is a typical example of the well-
studied fungal VOC, and it comes from linoleic acid (Bennett et al., 2012,
Claeson, 2006). Although 1-octen-3-ol was mostly referred to as a secondary
metabolite, it is more commonly synthesized in lipid degradation. The
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FIGURE 4.1 Common microbial volatile compounds.

enzyme oxidation and cleavage of linoleic and linolenic acids are responsible
for the synthesis of 1-octen-3-ol and a less volatile 10-oxo-trans-8-decenoic
acid. In particular, not all the “small molecules” outside of the central path-
ways of intermediary metabolism are secondary metabolites. Therefore, fun-
gal VOCs can be categorized as primary or secondary metabolites. Rather
we will describe VOCs according to their ring structures, their substituent
group, their number of carbons, and as ketones, acids, terpenes, and alde-
hydes (Keller et al., 2005).

4.2.1 Overview of fungal volatiles

In a variety of various scientific disciplines, fungal VOCs are both theoreti-
cal and practical. They have been studied as indicators to detect the presence
of fungal growth, as contributors to “sick building syndrome,” as signals for
fungal development, and also for their flavor properties (Ashrafi et al.,
2017). Also, endophyte VOCs has emerged as a specific interest in recent
years since some of them have demonstrated antibiotic activity, while others
have the potential for possible use as fuel compounds or “biodiesel.” All of
this research has shown that fungal VOC profiles are both complex and
dynamic: the compounds produced and their abundance differ with the spe-
cies produced, the temperature, abundance of moisture, the age of the fungal
colony, the type of substrate, and other environmental parameters
(Achyuthan et al., 2017). The fungal species Tuber indicum is reported to
produce 2-methylpentan-1-ol (Splivallo et al., 2007). There are many fungal
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TABLE 4.1 Microbial volatile compounds.

Microbes  Microorganism Volatile References
organic
compounds

Bacteria Acinetobacter baumanii Acetic acid Juldk et al. (2003)

Arthrobacter bgilis UMCV2

Bacillus pumilus ES4 Amavizca et al.
(2017)
Bacteroides bivius Wiggins et al. (1985)

Clostridium bifermentans

Enterococcus faecalis

Escherichia coli Propionic acid Bunge et al. (2008)
Fusobacterium necrophorum Juldk et al. (2003)
Lactobacillus acidophilus

Klebsiella pneumoniae

Staphylococcus aureus 3- Preti et al. (2009)
. hydroxybutan-
Bacillus cereus B-569 2 Blom et al. (2011)
-one
Burkholderia tropica LMG 22274
Chondromyces crocatus CM C5 Phenylmethanol Dickschat et al.
. (2005)
Pseudomonas syringae S22
Serratia proteamaculans B5a Butane-2,3-diol Blom et al. (2011)
Staphylococcus warneri CCM 2730 Lemfack et al. (2018)
Marine Streptomyces 4-ethenyl-2- Stritzke et al. (2004)
methoxyphenol
Fungi Laccaria bicolor 3- Miiller et al. (2013)
. - hydroxybutan-
Trichoderma viride 2-one
Saccharomyces cerevisiae
Armillaria mellea GEOSMIN Miiller et al. (2013)
Aspergillus niger
Penicillium expansum Mattheis and Roberts
(1992)
Algae Prochlorococcus Isoprene, Meskhidze et al.
Monoterpenes (2015)

Thalassiosira weissflogii
Thalassiosira pseudonana
Pleurochrysis carterae

Rhodomonas salina
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species producing MVOC, which is used in the hospital (pathogens), indus-
trial, and environment (Table 4.1).

4.2.2 Overview of bacterial volatiles

Like fungi, bacterial species produce complex VOCs. They are produced as
primary (ethanol, acetic acid) and secondary (signaling molecules) metabo-
lites in various amounts and combinations based on the different bacterial
species. Lee et al. (2012) reported the MVOC Pentan-1-ol produced by the
bacteria Bacillus amyloliquifaciens. Using several molecular mechanisms,
bacteria communicate with each other and have interactive effects on species
with which they share ecological niches, including fungi, bacteria, plants,
and animals (Bos et al., 2013). Bacterial volatiles was studied for (1) their
production of “off” odors in food and water supplies, (2) other applied areas,
and (3) their uses in foods, particularly in the dairy industry. In particular,
rhizosphere-associated soil bacteria have been studied for their growth-
promoting activities. The research of quorum sensing has transformed our
view of “single-cell” organisms in basic science (Chen et al., 2017).

4.2.3 Overview of algae volatiles

Algal VOCs (AVOC or biogenic VOC, BVOC) are produced under various
conditions as secondary metabolites (Jerkovic et al., 2018). The chemistry of
VOC, rate of production, and the number of emissions depend on several
biotic and abiotic factors, such as species/strain type, growth phase, water,
stress (seasonal changes, temperature, light intensity, pH, salinity), aeration
(mixing/turbulence) or static culture, gases (H,O, CO,, O3), nutrients, and
the presence of predators (Achyuthan et al., 2017). The algae VOCs and their
respective organisms are listed in Table 4.1.

4.3 Analytical techniques used for the detection purification
and analysis of microbial volatile organic compound

Maurer et al. (2019) reported the emission and detection of MVOC, and it
can also be used as a detection tool in the diagnosis of cancer, diabetes,
asthma, cholera, schizophrenia, chronic lung disease, etc., in humans and
animals. The detection of MVOC from Mycobacterium tuberculosis is per-
formed by closed-loop stripping analysis coupled with GCMS, and the detec-
tion of MVOC from Mpycobacterium bovis is from select ion flow tube
(SIFT) coupled with a mass spectrometer (SIFT-MS) (Nawrath et al., 2012,
Sethi et al., 2013). Ammonia levels in the breath are used to detect
Helicobacter pylori and also to detect the acetonitrile levels in the smoker’s
breath. Sethi et al. (2013) reported electronic e-nose technology for the
detection of MVOC in the sputum samples. E-nose technology has the ability
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to differentiate Mycobacterium tuberculosis and Mycobacterium bovis from
others. Laser spectroscopy, IMS, proton transfer reaction coupled with mass
spectrometer (PTR-MS) can be used for the detection of MVOC with the
diagnosis of tuberculosis (Krisher et al., 2014; Purkhart et al., 2011).

4.4 Chromatography techniques for microbial volatile
organic compound identification

Tait et al. (2014) reported the VOC was identified using HS-SPME coupled
with GC-MS. The effect of the medium was optimized with a gas chroma-
tography column based on VOC produced. Gram-positive bacteria (S.
aureus) and Gram-negative bacteria (E. coli, K. pneumoniae) were used and
evaluated for VOC. Multivariate analysis is required to determine the VOC
parameters. The solid-phase microextraction (SPME) is said to alter the
detected VOC, and it was also varied with an increase in polarity in the GC
column (Souza-Silva et al., 2015). Critical evaluation is required further for
the VOC to be used in clinical diagnostics. SPME method is an effective
protocol for the extraction of VOC. SPME comes with numerous varieties of
coatings. The higher degree of selectivity was seen in two different types of
SPME fibers such as carboxy-polydimethylsiloxane and carbowax divenyl
benzene (Jia et al., 2009). The identification, purification, and analysis of
VOC in the bacterial extract gets based on the culture medium and the col-
umn used for purification.

The VOC is also detected in the sediments. BITEX, aromatic compounds,
alcohols, aldehydes, terpenes, and sulfur compounds are the wide range of
VOC produced, and these VOCs are produced by both natural and anthropo-
genic manner. The VOC concentration depends upon the presence of con-
taminants. The types of sediments matter for the type of VOC produced. If
there are muddy sediments, VOC could be dimethyl sulfide, methyl mercap-
tan, etc. If the sediments are sandy, they have very little possibility of VOC
production (Kataoka et al., 2016).

Matysik et al. (2009) reported the separation, identification, and quantifi-
cation of VOC depend on GC-MS. Several methods are in use depending
upon the type of VOC. Air sampling for the VOC production was carried out
by Tenax desorption tubes, which is accompanied by thermodesorption and
which paves the way for the precise sampling in time and passive diffusion
monitors on charcoal adsorbents used to determine VOC over a long period.
The fungal species Penicillium chrysogenum, Aspergillus fumigatus,
Penicillium expansum, Aspergillus versicolor, Penicillium brevicompactum,
Cladosporium cladosporoides, and Aspergillus niger were grown on a
dichloran glycerol agar, and passive sampling coupled with GC-MS was
used to detect MVOC. It was found that this approach was especially appro-
priate in epidemiological studies attempting to correlate concentrations of
specific VOCs and exposure to indoor molds. After the separation MVOC,
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mass spectroscopy distinguishes the individual constituents present in the
MVOC. To confirm the identification, mass spectra were compared with
library spectra, and the chromatographic retention indices are also used in
combination with the parallel determination of standards (Reyes-Garcés
et al., 2017).

4.4.1 Gas chromatography—mass spectroscopy for microbial
volatile organic compound

Dewulf et al. (2002) reported MVOC detection and analysis using GC. The
injection of samples into the GC column is carried out by sample loops and
syringes. When the MVOC sample is of solvents, a large volume injection
has been developed to load the samples (Adahchour et al., 2001). Pocurull
et al. (2000) reported the special swing injection for a large number of water
samples on water containing samples. Sample evaporation was carried out
with the programmed temperature vaporization. Cryogenically preserved
samples were subjected to thermal desorption to overcome the band thicken-
ing problem.

MVOC was separated on the capillary columns coated with silicone or
alumina-based porous layers for the highly VOC. The multipurpose columns
are designed and developed for the analysis of VOC according to the United
States Environmental Protection Agency standards. The separating columns
are coupled with computer modeling to reduce the analysis time with higher
accuracy in peaks. Sixty-six samples were analyzed in 30 minutes using a wall
coated open tubular column, and 15 samples were analyzed in 16 minutes
using a porous layer open tubular column (PLOT). Ji et al. (1999) reported the
extension PLOT column by improving thermal, chemical, and mechanical sta-
bility. Zeng et al. (2000) designed the crown ether-based column thrown sol-
gel process and the silica gel coating. This column showed high selectivity in
the separating of aromatic compounds. Chiral cyclodextrin-based stationary
phase-based column was used for the analysis of aromatic VOC.

The VOC detection employs flame ionization detection, electron capture
detection, mass spectrometry detection, flame photometry detection, photo-
ionization detection, and nitrogen phosphorous detection (Hill et al., 2000).
Based on the selectivity and sensitivity, the detectors are connected in the
outlet of the GC column.

4.4.2 Ultra-performance liquid chromatography for microbial
volatile organic compound

High-performance liquid chromatography (HPLC) is an important technique
of liquid chromatography (LC) used in the mixture segregation of different
components. It is also used in the process of drug development for the detec-
tion and quantification of compounds and has been used for decades around
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the world. A significant development in instrumentation and column technol-
ogy (column particle size and column dimension) has been made to further
achieve the dramatic increase in resolution, speed, and sensitivity in LC
(Murray, 2012). In 2004 waters introduced and trademarked Ultra-
Performance Liquid Chromatography (UPLC) which is based on small,
porous particles (sub-2-micron particles), to achieve the above target. The
principle behind this evolution is the Van Deemter equation, which correlates
the relation between linear velocity and plate height. The role of UPLC, the
small particles need high pressure, that is, 6000 psi, which is generally the
upper limit of traditional HPLCs. It has been found that there is a significant
increase in effectiveness when the particle size is reduced below 2.5 um, and
this effect does not decrease when the linear speed or flow rate is increased
(Garrity et al., 2001). The tiny radius particles and the maximum number of
resolvable peaks followed by flow rate understand efficiency along with the
resolution. Compared to HPLC, this technique decreases the mobile phase
volume consumption by at least 80% with a shorter runtime of about
1.5 minutes. The separation retention factors will be increased accordingly
with the rise of pressure (up to 1000 bars or more) in small particles. For
UPLC, the lower injection volume is required, which results in higher effi-
ciency and an increase in resolution. The higher column temperature
decreases the viscosity of the mobile phase resulting in the high diffusion
coefficient and flow rate without significant loss in efficiency and increase
in column back pressure. UPLC is a special version of HPLC that has the
advantage of technological development in the performance of particle
chemistry, system optimization, detector design, processing, and control of
data. The vital increase in the efficiency, sensitivity, resolution with the rapid
outcome, and less usage of solvents, which lends to cost-effectiveness and
ecofriendliness (Murray, 2012).

4.4.3 Proton transfer reaction coupled with mass spectroscopy for
microbial volatile organic compound

Detection of microbial VOC with GC-MS is highly limited because high
time consuming and only discontinuous measurements are recorded. In order
to overcome this mass spectroscopy can be coupled with the PTR. PTR
enables both detection and purification of VOCs with the requirement of
crude samples without any preprocessing. Proton ionization facilitates the
chemical ionization of volatile compounds with hydronium ions along with
real-time detection of VOCs. Franke et al. (2019) detection of ethanol, acetic
acid, 3-hydroxy, and 2,3-butanedione using PTR-MS. Bunge et al. (2008) in
their work on online monitoring of microbial volatiles reported the temporal
emission of microbial volatiles in the growth phase of the bacteria, which
was characterized and detected by PTR-MS. The use of PTR-MS was limited
by the major drawback that is the VOCs with similar nominal numbers
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cannot be identified due to the use of low volume resolution of quadrupole
mass spectrometer.

4.4.4 Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry for microbial volatile organic compound

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF mass spectrometry) was conventionally used for the detection
of various peptides proteins and other higher molecular mass organic com-
pounds. The application of MALDI-TOF mass spectrometry can be extended
to a wide range of organic molecules because of its various advantages such
as wide detection range, high sensitivity, and easy sample preparation. For
the analysis of various organic molecules, a wide range of matrices has been
developed based on the nature of the sample. Parylene-matrix with graphene,
porous silicon, ionic liquid matrix, and titania are the most commonly used
matrices for the detection of small volatile compounds. These matrices are
limited for the use of small volatiles, due to the sample preparation in which
the sample is dried in the parylene-matrix chip. The use of graphene as a
matrix in MALDI-TOFMS adds the advantage of analyzing a wide range of
volatiles.

4.4.5 Selected ion flow tube—mass spectrometry

Microbial volatiles is commonly detected using GC-MS, whereas to over-
come the disadvantages like tedious sample processing and narrow detection
range SIFT coupled with MS is a highly recommended alternate (Scotter
et al., 2005). The selected ion flow tube detects the volatiles by chemical
ionization of selected ions for the characterization of volatile molecules.
SIFT-MS is more advantageous over others as it detects the extremely lower
concentration of volatiles and also facilitates the real-time detection.
Ethanol, methanol, acetaldehyde, crotonaldehyde, and acetone are the most
common volatiles from various microbial origin detected using SIFT-MS
(Kumar et al., 2013).

4.5 Conclusions

A general overview of some of the purification and identification techniques
for MVOCs was provided in this chapter; also, the classification of MVOCs
has been discussed, such as bacterial-produced MVOCs, fungal-produced
MVOCs, and algae-produced MVOCs. Many MVOCs/VOCs are potential
sensory irritants and can exceed individually or in combination irritation
thresholds. Some of the emitted compounds can also react to the production
of other, more irritating compounds. A large number of VOC are released
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during the microbial growth of building materials; ketone and alcohol are the
most common production groups, depending on both species.
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5.1 Introduction

The environment comprises of biotic and abiotic components and their coexis-
tence is the key to its sustainability. To adapt to the changing environmental
conditions, change at the molecular as well as the genetic level is important,
indicating evolution is inevitable for survival (Avalos et al., 2018). This is
applicable to the prokaryotic microbial cells as much as it is applicable for the
eukaryotes. Although the eukaryotes and prokaryotes thrive in synergy, there
are disadvantages due to the pathogenic species, especially bacterial patho-
genic population. Infections due to such bacterial strains have emerged in
recent decades as an important threat, which needs further exploration. Given
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the wide diversity in the bacterial phylum and its ever-evolving characteristic,
the cells are observed to develop resistance against the administered antibiotics
(Avalos et al., 2018). An important factor contributing to this adaption is anti-
biotic abuse. The antibiotic prescribed is of an advanced generation than
required, or the patients often do not complete the dosage prescribed in the
treatment designed, rendering bacteria to survive abruptly in the antibiotic-
infused environment and adapt to it (Smith et al., 2006). Once the resistance
develops, the need for successively more lethal drug molecules arises. This
need is fulfilled primarily by mimicking the natural products, both microbial
and plant based (Audrain et al., 2015). However, there is a need of bacterial
populations producing advanced molecules capable of targeting physically dis-
tant microbial cells. The volatiles produced by the microbial cells have been
recently gaining attention as potential antibiotic compounds (Kanchiswamy,
2015). The need for new antibiotics, the possible approaches of discovering
such molecules, and some already known compounds reported for their action
potential have been discussed in this chapter.

5.2 Antibiotic resistance in bacteria

Bacterial infections are prevented and eliminated with the aid of antibiotics. The
discovery and subsequent implementation of antimicrobial agents in clinical
practices revolutionized bacterial infection treatment sector of the medical field
(Komolafe, 2003). As indicated by the World Health Organization (WHO), anti-
biotic resistance is a leading threat to global health as well as food security. The
administration of antibiotic dose over a period of time forces the target microbe
to either die or adapt to the antibiotic molecule. Antibiotic resistance is not
only a natural evolutionary process, for example, vancomycin resistance in
Escherichia coli (Tomasz and Munoz, 1995), but it can also be an acquired phe-
nomenon. Genetic mutation to cope up with the elevated drug concentration is
the most commonly known mechanism of resistance development. This acquired
resistance occurs frequently and is a result of bacteria undergoing mutation
within itself or by acquisition of resistant DNA (Hawkey, 1998). The surviving
microbes carry the resistance gene that are directly transferable to other strains
via transposons and plasmids during the inter- and intraspecies interactions
(Wise et al., 1998). The resistant genes hence transferred to the neighboring cells
eventually result in multidrug resistance (Komolafe, 2003). Additionally, antibi-
otic abuse in humans and animals is accelerating the development of antibiotic
resistance. This leads to advanced challenges in treating the infections and hence
raising the pursuit of novel antibiotics.

5.2.1 Mechanism of action of the antibiotics against the bacteria

In order to understand antibiotic resistance, it is important to study the
mechanisms underlying the activity of the drug. Moreover, drugs can be
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either cidal or static in action. The drugs can be categorized based on their
mode of attack on the bacterial cells as (1) inhibitors of cell wall synthesis,
(2) protein synthesis inhibitors, (3) metabolic antagonists, and (4) nucleic
acid synthesis inhibition.

1. Inhibitors of cell wall synthesis.
Antibiotic groups: penicillins, cephalosporins, and vancomycins.
2. Protein synthesis inhibitors.
Antibiotic groups: aminoglycosides, tetracyclins, macrolides, and
chloramphenicol.
3. Metabolic antagonists.
Antibiotic groups: sulfonamides, trimethoprim, dapsone, and isoniazid.
4. Nucleic acid synthesis inhibition.
Antibiotic groups: quinolones and fluoroquinolones, rifampicin.
5. Cell wall disruption.

Antibiotic group: Polymyxin B

5.2.1.1 Mechanisms of antibiotic resistance

The clinically surfacing bacterial property of developing antibiotic resistance is
well-illustrated in the ever-decreasing efficacy of the antibiotic therapy. To
become refractory to a lethal antibiotic treatment, bacterial populations adopt
different strategies, thus complicating the clinical practices. Survival strategies
emerge as a result of vertical de novo mutation transmission or mobile genetic
elements transferred horizontally. In comparison to vertical gene transfer, hori-
zontal gene transfer is difficult to track in an evolution study set up in a labora-
tory. Minimum inhibitory concentration (MIC) is a routine measure for
quantifying resistance; however, strains with low MIC may also express its abil-
ity to survive during the high dose, although unable to proliferate. This is attrib-
uted to its property of tolerance, level of which can be quantified as the
minimum duration for killing at high concentration (Fridman et al., 2014;
Wiegand et al., 2008). Tolerance of a fraction of bacterial population to the anti-
biotic is referred to as persistence (Brauner et al., 2016; Dewachter et al., 2019).
Exposing a bacteria to a steady dose of antibiotics often results into an evolved
resistance. Low-level resistance is developed as the selection pressure decline
when a single resistance mutation is developed. Further, a gradual increase in
the antibiotic concentration or prolonged time frame of exposure to antibiotics
facilitates accumulation of multiple and highly resistant mutations (Lazar et al.,
2013; Oz et al., 2014; Spagnolo et al., 2016; Toprak et al., 2012).

Bacteria that share an ecological niche with an antimicrobial-producing
organism develop intrinsic resistance to withstand the harmful effects of the
antibiotic molecule in order to thrive in its presence. Given the genetic plasticity
in bacteria as an important tool to respond to a variety of environmental
changes, it is equally important to understand the mechanism of resistance that
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it adapts. This knowledge would help in advancing with the drug development
studies. Genetic mutations within the cells and acquired mutations are the two
groups under which mechanisms of resistance are studied.

5.2.1.1.1 Mutational resistance

As mentioned earlier, a constant exposure to an antibiotic dose triggers
antibiotic-resistance adaptation in the bacterial cell, most commonly via muta-
tions. Upon the onset of mutation, the susceptible cells die, and the resistant bac-
terial cells predominate. With the limited genetic material, the mutations for
resistance often decreases the fitness since they are expressed at the expense of
cell homeostasis (Munita et al., 2016). The mutational resistance mechanisms
include (1) modification of the drug target, (2) reduced drug uptake, (3)
enhanced drug efflux mechanisms, and (4) modulation of regulatory pathways.

5.2.1.1.2 Horizontal gene transfer

Horizontal gene transfer, which enables acquisition of foreign DNA, is an
important propulsion for bacterial evolution. Of the other environmental compo-
nents, soil is a major source of bacterial cells and also for most of the antimicro-
bial agents used in current clinical practices. This supports the robust evidence
that suggests existence of “environmental resistome” arising from a diverse bac-
terial population and supporting the acquisition of resistance genes in bacteria
relevant clinically (Munita et al., 2016). The mechanisms underlying horizontal
gene transfer include (1) transformation (incorporation of a naked DNA from
the milieu), (2) transduction (mediated through phage), and (3) conjugation (bac-
terial “copulation”). Resistance genes initially found in a few species/pathogens
have been now observed to be distributed among other species widely. One of
the classic examples is presence of tetracycline resistance determinants, initially
found to be present in Streptococcus spp. and Campylobacter jejuni, but is now
widely distributed among different bacterial species. This can be explained on
account of their presence in numerous plasmids and broad-range of conjugative
transposons (Connell et al., 2003).

5.2.1.2 Antimicrobial resistance-mechanistic understanding

A comprehensive classification based on the biochemical route involved in
resistance mechanism can be categorized as (1) drug molecule modification,
(2) hindrance in reaching the target, (3) change in and bypass of the target
site, and (4) changes in the regulatory networks. The mechanisms have been
graphically described in Fig. 5.1.

1. Drug molecule modification

As an efficient strategy, bacteria-produced enzymes that either change
the chemical structure of the antibiotic molecule or destroy the complete
molecule, resulting in an inactive antibiotic.
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FIGURE 5.1 Mechanistic understanding of the antibiotic resistance in bacteria: (A) drug mole-
cule modification; (B1) inhibited drug permeability; (B2) increased drug efflux; (C) change in
target site; and (D) expression of drug-inhibiting proteins.

a. Chemical alterations
The primary targets of the resistant bacterial machinery are the drug
molecules that are acted upon by inhibiting protein synthesis at the ribo-
somal level (Wilson, 2014).
b. Destruction of the molecule

Certain enzymes destroy the entire drug molecule; the most relevant
example is B-lactamase enzyme. The B-lactamases render the molecule inac-
tive by breaking the amide bond of the lactam ring (Abraham and Chain,
1940; Costa et al., 2011).

2. Decreased antibiotic permeability and increased efflux
a. Decreased antibiotic permeability
The prime targets of antibiotics are present usually intracellularly and in

the inner membrane of the cytoplasmic membrane in case of gram-negative
bacteria. Since the mode of activity requires the bacteria to penetrate the cell
membrane as the primary step, bacteria prevent the influx of the molecules
with the adapted mechanisms. Here the bacteria utilizes the outer membrane
as the first line of defense (Pages et al., 2008).
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b. Increased efflux action

Bacteria producing complex efflux machineries are another efficient way
of expressing antibiotic resistance. The earliest evidence of drug efflux can
be noted from early 1980s, where in E. coli was reported to pump out tetra-
cyclins from the cytoplasm (McMurry et al., 1980).

3. Change in and/or bypass of the target site

Another common strategy adapted by bacteria is to alter the target sites.
This is achieved with strategies classified in the following broad categories.

a. Target protection
The basic underlying mechanism is the bacterial production of pro-
teins homologues to the antibiotic molecule with binding affinity for the
drug target site, thus competing with the drug molecule for executing its
activity.
b. Modification of the target site

Another interesting and common mechanism involves modifying the drug
target site, thus rendering it incompatible for the drug to bind. These changes
may be (1) point mutations in genes coding the target sites, (2) enzymatically
altering the target site, and (3) replacement of the active site of the target
molecule.

4. Changes in the regulatory networks

To survive extreme hostile environments inclusive of the human
body, bacteria adapt sophisticated mechanisms of survival. They not only
need to compete with nutrients but also survive by protection from rival
cells (eukaryotic and prokaryotic). While residing in the biological niches
of an animal body, it is under constant stress induced by the immune
system; bacteria develop resistance to these attacks over a series of
reactions.

5.3 Approaches for discovering microbial volatiles as
antibiotics

5.3.1 Culture-based approach

Screening for antagonism imbibes/utilizes a common principal of the inhibition of
a test strain in the presence of a closely cultivated indicator strain, a systematic
method first developed by Selman Waksman in 1940s for soil bacteria. Bacteria
evolve in a way that also supports their existence in presence of bacteria-
producing antimicrobial compounds; however, production of the antimicrobials is
also a part of their defense strategy of survival in cases of foreign bacterial inva-
sions. Bacterial strains are screened with techniques such as cross-streak method,
spot-on-the-lawn method, and diffusion method (Durand et al., 2019). Bacteria as
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a source of antibiotic property is among the earliest as well as the well-known
strategy for procuring antibiotic molecules.

5.3.2 Assessing the antimicrobial properties of the already known
compounds

Looking into the available resources, such as chemical databases, and filter-
ing potent drug molecules is another successful and progressive approach.
These databases comprise of several millions of compounds awaiting an
exploration of their biological significance, for instance, molecules such as
fidaxomicin and linezolid were discovered several years before their use as
antibiotics (Durand et al., 2019; Lewis, 2013).

5.3.3 Synthesis of new molecules and improvement of already
known compounds

For a drug to be efficient it must display appropriate absorbance upon adminis-
tration, target specificity, and nontoxicity in the host; a commonly recognized
rule for industrial purposes is Lipinski’s rule. The rule evaluates a compound’s
drug likeness, with the compounds to be having a molecular mass not greater
than 500 Da, five or less hydrogen bond donors, 10 or less hydrogen bond
acceptors, and an octanol-water partition coefficient lop P not greater than 5
(Lewis, 2013). In place of looking for volatile compounds that satiate these
properties, rational drug designing takes the reverse approach. It is an empirical
synthesis of a novel molecule satisfying the objective. Alternatively, modifica-
tion of the known compound is carried out to specifically overcome resistance
in bacteria; for example, for plazomicin, a modified sisomicin (aminoglycoside)
molecule, the efficacy is comparable to levofloxacin in treating pyelonephritis
as well as urinary tract infection (Armstrong and Miller, 2010; Connolly et al.,
2018). Although there is an availability of several molecules and available
expertise, the number of drugs reaching clinical trials are limited (Lewis, 2012).

5.3.4 Gene mining

Every molecule synthesized by a cell can be tracked down to genetic level.
Enormous prokaryotic gene data is available online in the form of sequence data-
bases; of these, the biosynthetic gene clusters (BGC) code for secondary metabo-
lites can be the gene pool of interest for antibiotic discovery. In the Human
Microbiome Project, 74 BGCs were identified of 59 genomes, and these BGCs
majorly belonged to firmicutes, proteobacteria, and bacteroidetes. The putative
volatile bacteriocins, hence coded by these BGCs, belonged to class III and IV
(Walsh et al., 2015).
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5.3.5 CRISPR-Cas9

Bacterial cells gain genetic material from phages; these are not always bene-
ficial to the bacterial host, and a mechanism is required to prevent the bacte-
rial cell from imbibing these genetic materials.

The latest addition to the discovery of the bacterial immune system is the
CRISPR-Cas (clustered regularly interspaced short palindromic repeats) sys-
tem. This bacterial defense system is being explored to target the resistance
gene of highly resistant bacterial populations, thus making them sensitive to
the antibiotics. The CRISPR-Cas9 system, transformed by plasmids and
transduced by bacteriophages in the target populations of bacterial cells, acts
on the resistance gene; for example, phagemid targets Staphylococcus aureus
methicillin-resistant gene (Bikard et al., 2014). This approach targets not
only the plasmidic gene but also those present on the chromosome (Citorik
et al., 2014).

The role of compounds found in the form of microbial volatiles as a
result of a culture-based approach has been discussed in detail.

5.4 Microbial volatiles and their action potential in the
antibiotic research

As mentioned earlier, survival in a native environment diverse in microbial
population requires the bacteria to develop defense mechanisms. Since these
are not crucial products under a laboratory environment, they are termed as
secondary metabolites. Thus, natural macromolecules (Proteins, DNA, and
RNA) and their precursors are not included in the working definition of natu-
ral products (Katz and Baltz, 2016). Over the past 75 years, since the discov-
ery of penicillin, more than 23,000 natural products have been characterized
for their potential roles; bacteria belonging to the family Actinomycetaceae
are found to be the major contributors (Bérdy, 2012). Natural products, their
derivatives, and synthetic drugs (based on the pharmacophore of the natural
products) contribute to about 50% to the total new chemical entities regis-
tered as new drugs (Bhanot et al., 2016; Demain, 2014; Giddings and
Newman, 2013; Kinch et al., 2014). Antiinfection, especially antibacterial
therapy, is the prominent use of the natural products and their derivatives of
advanced generations.

Bacterial population survival in a given environmental niche is an out-
come of their synchronized gene expression (Ryan and Dow, 2008). To
achieve this, cell-to-cell communication becomes essential to monitor their
population density (quorum sensing). The processes regulated in such coordi-
nated fashion includes developmental as well as survival strategies by con-
tributing to virulence, antibiotic production, biofilm formation, and so forth.

The signaling molecules produced by bacteria are chemically diverse and
vary in size. Some of these with lower molecular weight might act as volatile
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compounds. Microbial volatiles can be considered as an important reservoir
of molecular templates for designing drugs, especially antibiotics.

5.4.1 Bacterial volatile compounds and their antibacterial activity

With the advantage of traveling distances, the bacterial volatile organic com-
pounds (VOCs) have a direct antagonist effect on other bacteria. The VOCs
produced by various marine and terrestrial microbes are diverse in their
chemical properties (Piechulla et al., 2017; Schulz et al., 2010). The various
chemical classes include alkanes, alkenes, esters, alcohols, ketones, terpe-
noids, and other sulfur-containing compounds. The variations in these classes
are enormous but yet are to be discovered (Klapschinski et al., 2016; von
ReuB et al., 2010). Several bacterial volatiles have been identified for their
antibacterial properties, and some are discussed here. The bacterial volatile
metabolites produced are key players in promoting cross-kingdom interactions.
Briefly, Gram-negative bacteria use cyclic peptides, fatty acid derivatives, or
N-acylhomoserine lactones (quorum-sensing molecules); Gram-positive bacteria
employ amino acids, modified peptides, or gamma butyrolactones for communi-
cation with their kind (Kai et al., 2009).

5.4.1.1 Bacterial volatile compounds with direct and indirect
activity

Pseudomonas fluorescens and Serratia plymuthica are rhizobacteria reported
to emit dimethyl sulfide having a bacteriostatic effect on plant pathogens—
Agrobacterium tumefaciens and Agrobacterium vitis (Dandurishvili et al.,
2011). Another strain, P. fluorescens WR-1, had bacteriostatic effects on
tomato pathogen Ralstonia solanacearum via its volatiles benzothiazole and
1-methyl naphthalene (Raza et al., 2016a). The growth of R. solanacearum is
also inhibited by volatiles, 1,2-benzisothiazol-3(2 H)-one and 1,3-butadiene,
produced by Bacillus spp. (Tahir et al., 2017). The g-butyrolactones are
hormone-like in structure with antifungal and antibacterial activity (Schulz
et al., 2010). The compound albaflevenone is another terpenoid (sequestered
ketone) produced by bacteria. It was first reported and isolated as a product
from Streptomyces albidoflavus (Schulz and Dickschat, 2007). It has been
reported to express bactericidal activity against Bacillus subtilis (Giirtler
et al., 1994).

In addition to direct antagonistic effects, certain bacterial volatiles have
been evaluated to influence other bacteria to produce antibiotic molecules.
Collimonas pratensis and S. plymuthica volatiles induced growth of P. fluor-
escens Pf0-1 and provoked increased secondary metabolite production that
had antagonistic activity against Bacillus (Garbeva et al., 2014).
Paenibacillus when interacts with Burkholderia, emits 2,5-bis(i-methyl)-pyra-
zine that has been reported to exhibit activity against human pathogens such
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as E. coli and S. aureus (Barka et al., 2016; Bérdy, 2012). Pyrizines have
become an important class of antimicrobials in recent times.

5.4.1.2 Molecular mechanisms involved in the action of
bacterial volatiles

VOCs are also capable of altering the transcriptional expression levels of
genes involved in pathogenecity and motility, such as type III secretion sys-
tem, virulence regulator PhcA, and extracellular polysaccharide production.
Schleiferons A and B, produced by skin-borne Staphylococcus schleiferi,
interferes with prodiginine production in Gram-positive bacteria, thereby
inhibiting their growth and modulating the skin microbiome (Lemfack et al.,
2016). Furfuryl isovalerate acts as quorum quencher in Gram-negative bacte-
ria but inhibits growth of both Gram-negative and positive bacteria (Schulz
et al., 2010). About 15% of the total tested actinobacteria species emitted
volatiles that exhibited inhibitory activity against B. subtilis or E. coli
(Avalos et al., 2018). The volatiles acted on either Gram-negative bacteria or
Gram-positive bacteria but not on both; suggesting a unique mode of action
on both. Among others chemical VOCs, a well-studied molecule is the dif-
fusible signal factor (cis-11-methyl-2-dodecenoic acid). It has been observed
to modulate virulence factors in Xanthomonas campestris (Barber et al.,
1997; Wang et al., 2003); it reduced the transcription of genes involved in
drug efflux and biofilm formation in B. subtilis (Deng et al., 2014). Certain
beneficial bacteria produce volatile metabolites that enhance their explora-
tion properties; for example Streptomyces cells produce trimethylamine
which increases the pH of the environment, favoring the exploration for itself
and the neighboring exploration-competent streptomycetes (Jones and Elliot,
2017). On the contrary, the trimethylamine has been shown to influence the
antibiotic resistance in pathogens such as E. coli (Létoffé et al., 2014). The
bacterial volatiles impart immunity in indirect ways significantly. Inside
the human host, the bacterial diversity is intriguing. The gut microbial load
is often considered to be an organ in itself. It functions and self-maintains
the microbial load by timely exclusion and/or elimination of pathogenic spe-
cies from the gut environmental niche. For elimination, the primary method
explored is its ability to produce antibacterial compounds. The human gut
provides protection from the invading pathogens with the aid of short-chain
fatty acids (SCFAs) such as butyrate, propionate, and acetate. These SCFAs
are metabolites of the microbial homeostasis, that is, they are bacterial fer-
mentation products of undigested starch and dietary fibers. Butyrate is the
most abundant among the SCFAs in the gut; along with various antioxida-
tive, antiinflammatory, and anticarcinogenic activities, it primes in synchro-
nizing gastrointestinal immunity (Corréa-Oliveira et al., 2016; Louis et al.,
2014; Natarajan and Pluznick, 2014; Thorburn et al., 2014). It aids the
immune system by playing a protective role against the enteric pathogens
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either directly or by mediating the process through the immune system. They
are capable of directly diffusing through the bacterial membrane, entering
the pathogenic cells, and reducing the pH, this imparts damage to the patho-
gens. On the other hand, the SCFAs maintain the integrity of the epithelial
barrier function thereby inhibiting the pathogenic invasion (Ashida et al.,
2012; Honda and Littman, 2012). Additionally they induce antimicrobial
peptide production in enterocytes. The macrophages differentiating in the
presence of butyrate have been shown to express increased antimicrobial
properties (Schulthess et al., 2019).

5.4.1.3 Sensitizing effects on the drug-resistant bacterial cells

Although the volatilome is abundant in chemical diversity, these volatiles
must be further studied to explore their activity-synergism with the soluble
antibiotic molecules. Identifying molecules with properties to sensitize the
resistant cells would be a boon for overcoming the increasing threat of bacte-
rial infections. This effect has been reported for terpene eugenol that lowers
the MIC for antibiotic-resistant bacteria, thereby conferring antibiotic sensi-
tivity (Hemaiswarya and Doble, 2009). Also, phenylpropanoids, B-cinnamic
acid and ferulic acid, have shown restored sensitivity towards erythromycin,
amikazin, and vancomycin (Hemaiswarya and Doble, 2009). A combination
of monoterpenes (G-terpinene, 1S-a-pinene, B-myrcene, and B-pinene) syn-
thesized by C. pratensis showed inhibitory activity on S. aureus and E. coli
(Song et al., 2015). The activity of antituberculosis drugs such as ethanbutol,
isoniazid and rifampicin has been subjected to enhancement upon pre-
treatment with essential volatile oil components such as limonene. sabinene,
thymol, a-pinene and even carvacrol (Sieniawska et al., 2017).

5.4.1.4 Involvement of microbial volatiles in promoting plant
health

Beyond human pathogens, bacterial pathogens also affect the plant health;
growth inhibition has been reported in tomato wilt pathogens R. solanacearum
by Bacillus amyloliquifaciens strain SQR-9 volatilome (Raza et al., 2016b),
although the exact compound and its mechanism of action remains unevaluated
so far. Another activity of the bacterial volatilome has been observed in strains
of Pseudomonas chlororaphis, S. plymuthica, and Serratia proteamaculans; their
volatilomes showed bacteriostatic activity against the well-studied A. tumefa-
ciens (Popova et al., 2014). P. fluorescens and S. plymuthica have been reported
to be capable of emitting bacteriostatic compound dimethyl sulfide, active
against A. tumefaciens and A. vitis (Dandurishvili et al., 2011). This is also
indicative of efficiency in activity due to the diversity in chemical composition
when tested collectively as a volatilome.

The activity of these VOCs are as diverse as their chemistry range.
However, the reported cases of their antibacterial cases are limited.
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5.4.2 Fungal volatile compounds and their antibacterial activity

Bacteria not only contribute to antibacterial activity but also influence the
growth of fungal colonies in their niche of existence. On the other hand, fun-
gal VOCs impact the bacterial cells in their coexistence phenotypically.

Fungal strains have the potential to attract mutualistic bacteria and repel
the competitors by targeting the bacterial motility under the influence of the
VOC:s they produce (Piechulla et al., 2017). The antibacterial activity of fun-
gal volatiles are poorly explored, however, the antifungal activities of fungal
volatiles have been reported. The volatiles produced by Fusarium oxysporum
acts antagonistically against F. oxysporum lactucae strain Fuslat10 by repres-
sing its two putative virulent genes (Minerdi et al., 2009).

5.4.3 Volatile compounds from Cyanobacteria

Microalgae are extremely evolutionary and phylogenetically diverse. The micro-
green algae and the cyanobacteria are widely known and recognized by their
toxins; however these also hold the potential of developing antibiotics (Berry
et al., 2004). The microalgal metabolites are chemically diverse (Senhorinho
et al., 2015). The production of volatile compounds by Spirulina platensis, with
heptadecan and tetradecan as major components, showed antibacterial activity
but at low efficacy (Ozdemir et al., 2004). Although many compounds sourced
from cyanobacteria have been investigated for antimicrobial activity, the data
available on volatile microalgal compounds is limited.

5.5 Conclusion

The limited exploration of microbial volatiles, specifically for their antibiotic
potential, indicates the existence of persistent challenges. These typically
include the primary detection of the volatile compounds, and purification is
further challenging. Appropriate methods need to be developed to identify its
antibiotic activity since the diffusion pattern is often affected by the volatility
of the compounds. Given together, although volatile compounds have the
potency, their identification and role in an ecosystem needs to be mechanisti-
cally better understood.
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6.1 Introduction

Endophytes may be based on theory, and defined by Hallmann et al. (1997)
as microbes that could be either placed apart from the surface-infected plant
tissue or extracted between the plant body as well as not damaging the plant.
The definition may not be appropriate because it does not include endo-
phytes that are uncultivable and difficult to access phytopathogenic and dis-
tinguish hidden pathogens from endophytes, in particular for unculturable
fungi related to the microbiome family (Hyde and Soytong, 2008; Hardoim
et al., 2015; Mercado-Blanco, 2015; Card et al., 2015). Fungi can manage
the symbiotic relationship with the host along with several lifestyles, such as
mutual interaction with only one plant (Hardoim et al., 2015). Scientific
endophytes are assumed to be microbes that can be detected within plant tis-
sue and generally asymptomatic. To examine the endophytic lifestyle of
microbes first, it must be shown that a healthy seedling study with the help
of a microscope could be reintroduced into the Koch postulate (Hyde and
Soytong, 2008).

6.2 Main objective of chapter

Because we know the basic features of fungal volatile endophytes, the main
objective of the chapter is to gain insight into how fungal endophytes are fur-
ther used for positive effects as enlightening the development and growth of
plant health along with adaptation to different stress conditions. Fungal endo-
phytes used in agriculture and horticulture will be replaced as an example,
although many reviews have interpreted several characteristics of fungal
endophytes (Strobel and Daisy, 2003; Aly et al., 2011; Saikkonen et al.,
1998; Friesen, 2013; Johnson et al., 2013b). More of them have focused on
the combined aspect of:

1. Some selected endophytes with their secondary metabolite improve the
healthy development and implementation of plant adaptation.

2. The product and commercialization of fungal endophytes themselves can
be achieved.

3. Loss of beneficial fungal endophyte activity due to cultivated plant
breeding and overuse of fungicide prevention of these properties in the
future.

Although most plants remain unstudied in terms of their endophytic
diversity or function, as not all plants contain endophytes. Although the
exponential increase in plant adaptation by the use of endophytes represented
in various studies (Johnson et al., 2013b; Hardoim et al., 2015; Card et al.,
2016; Kivlin et al., 2013) shows a growing appreciation of the limited scien-
tific community for crop production by exploitative endophytes.
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6.3 Grouping of endophytic volatile fungi by functional
group

The clarification of the particular symbiotic and environmental function of
endophytic fungi requires a proper classification of fungal endophytes accord-
ing to a functional group based on several criteria, which provides an essential
framework and provides scholars and researchers with important information
on the fundamental and biological queries of almost these microbes. Rodriguez
and Redman (2008) state that there are different endophytic fungi functional
groups based on their phylogenetic and lifetime characteristics. Class 1 endo-
phytes are represented as claviciptaceous endophytes (including balansia spe-
cies and epic hole species). Epic hole classes are considered to be one of the
most important examples of the relationship of plant endophytes as they form
symbiotic interaction and association with grass tissue of above ground parts
(Johnson et al., 2013b). The nonclaviciptaceous species are further divided into
three subclasses 2, 3, and 4, where Class 2 encompasses both ascomycetes and
several basidiomycetes. The most distinct character of colonizing root stems
and leaves is the extensive infection of plants (2009). Class 3 endophytes are
very diverse, forming a major infection in overground tissue, for example, trop-
ical trees and vascular and nonvascular plants (Rodriguez and Redman, 2008).
Class 4 endophytes are also known as shadow septate endophytes, and their
functioning biotrophic fungi have a distinctive characteristic of dark septate
hyphae (Jumpponen, 2001) and plant root colonization. They suggest that an
additional class is essential for identifying and distinguishing entomopathogenic
endophyte fungi, which are considered to be symptomless endophytes of a
plant with unit characteristics of infecting and colonizing insects (Quesada
Moraga et al., 2014; Vidal and Jaber, 2015).

6.4 Occurrence, spread and biosynthesis of fungal volatile

There is a large microbial community of bacterial, fungal archaeal, and protis-
tic microbes in every plant (Hardoim et al., 2015). The different identification
of the classification, as well as the discovery of fungi along with the estima-
tion of the diversity of fungi present on earth, varies by about 1.5 million spe-
cies (Hawksworth, 2001) to the current estimate of 5.1 million, based on the
type of high throughput sequence Blackwell (2011). Researchers estimate that
at least 1 million endophytic fungal species are still present (Strobel and
Daisy, 2003; Ganley et al., 2004). Such a figure indicates the importance of
fungal microbes as an essential endophyte for fungi biodiversity. They are
mainly ascomycetes with a ubiquitous appearance in biodiversity due to their
presence in large ecosystems along with hot deserts, for example, the plant
adopted mangroves of the arctic tundra. Temperate and tropical forests have a
significant presence of fungi, including grassland, cropland, and savannah
(Arnold, 2008). Along with major terrestrial lineages, Fungi is commonly
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present in mosses and other nonvascular plants, both ferns and flowering
plants (Arnold, 2008); while appreciative of the fungi variety across a wide
geographic area, it examined the fact that the plant’s endophytic diversity has
decreased from tropical to northern boreal forests (Arnold, 2008). Although
some endophyte groups that are characterized by comparatively few fungal
species, different endophytic species that are large in number compressed
within less class dominate tropical endophytes (Arnold, 2008). The fungi range
in the plant fluctuates according to time, space, and leaves, and is colonized
by several fungi resulting in a different range of secondary metabolism.

In parallel transmission situations, proliferation is generally dependent on
the reproductive structures of the endophyte, which carry spores that can be
blown along with wind or dispersed by rain, as well as by vector-like insects
from one plant to another plant in the soil, by air and vector movements. The
different class of endophytes, such as 2 and 3, and the colonization of plants
occurs through the infected structure, which directly penetrates the hyphae of
plant tissue (Ernst et al., 2003; Gao and Mendgen, 2006). The spread of the
sexual species of Epichloe (Class 1) horizontally through well-known ascos-
pores (reviewed in Leuchtmann et al., 2014). If mating partners are compatible
ascospores, they are produced and expelled into the air and the wind that med-
iates transmittable infections (Brem and Leuchtmann, 1999; Chung and
Schardl, 1997). The choice of a spread path chosen by the sexual Epichloe clas-
ses for transmission amusingly influences the advantageous or antagonistic
symbiotic result for the host plant due to the direct effect of the endophyte life
cycle on the host reproduction (Fig. 6.1).

6.4.1 Role in the ecosystem

It plays an important role in protecting plants against various stresses such as
abiotic and biotic stress and increasing flexibility, as well as helping them to
adapt to new habitats, and fungal endophytes play critical roles in ecosystems
(Strobel and Daisy, 2003; Aly et al., 2011; Friesen 2013). In return, plants pro-
vide a spacious structure, protection from parchment and nutrients. In the case
of vertical distribution, it provides broadcasting to the next generation of hosts
(Schulz, 2006). It also plays a role in the ecosystem as antagonistic fungal
interfaces affect plant growth. Examples of interactions between endophytes
and pathogens in host plants of maize are Ustilago maydis and Fusarium verti-
cillioides, where metabolites are secreted by endophytes that break down plant
compounds that limit Ustilago growth. This may result in a reduction in the
growth rate of pathogens. Some fungal endophytes initiate biological depriva-
tion of dead and decaying host plants that help to recycle nutrients in the eco-
system (Strobel and Daisy, 2003; Aly et al., 2011; Boberg et al., 2011). In a
study conducted by Vazquez de Aldana et al. (2013) on grass, endophytes dom-
inate endophyte grasses that are found to be airborne fungi. It was assumed
that some of these species require sporulation after host senescence to complete
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FIGURE 6.1 Common metabolites generated from secondary biosynthesis pathway in fungi.

their life cycle from endophyte to saprophyte. A well-known presence in tis-
sues, endophytes show instant contact with nutrients in plants accessible during
plant senescence (Aly et al., 2011; Rodriguez et al., 2008).

6.5 Improvement in plant performance with volatile fungal
endophytes

Fungal endophytes have a significant contribution to the health benefits
of the plant, providing plant host adaptation for different stresses
(Rodriguez and Redman, 2008; Franken, 2012; Aly et al., 2011; Johnson
et al., 2013b, 2014; Card et al., 2016). Varied secondary metabolites of
various types of fungi (Gunatilaka, 2006; Tan and Zou, 2001), some of
which are bioactive compounds articulated as defensive mechanisms to
protect the host plant from both pest and disease. Habitat-adapted symbio-
sis, a term coined by Rodriguez et al. (2008), defines how, under different
environmental conditions, some fungal endophytes (Class 2 types) adapt
to stress in a habitat-specific manner. The different molecular and
biochemical mechanisms behind this result are unknown with habitat
symbiotic interactions, resulting in high-stress tolerance in the plant.
Another beneficial feature of conferred is the promotion of endophyte-
enhanced plant growth. For root colonization, endophyte is most com-
monly achieved through improved translocation as well as nutrient uptake
and intonation of phytohormones involved in growth and development
(Johnson et al., 2014).
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6.5.1 Fungal volatile endophytes against pest and disease
resistance

Epichloe endophytes (Class 1), which are found in a few temperate grass
species along with their major symbiotic and significant influence in the host
plant result in the production of bioactive metabolites, which can act as pre-
ventions to pests as well as herbivores. Epichloe festucae var. lolii, a com-
mon toxic endophyte, produces three major secondary metabolites:

1. Lolitrem B: a neurotoxin well-known to cause ryegrass staggers
(Gallagher et al., 1981, 1984; Fletcher, 1993; Fletcher et al., 1999).

2. Ergovaline: a metabolite causing vasoconstriction (Oliver, 2005) resulting in
heat stress (Fletcher, 1993; Fletcher et al., 1999) and in tall fescue it causes
the condition referred to as fescue toxicosis (Hoveland, 1993; Bacon, 1977).

3. Peramine: an insect feeding deterrent (Rowan et al., 1990; Rowan, 1993).

Endophyte type of free grass is nontoxic for fodder purpose of animals
and having prone to insect or pests. A novel (ARI) strain of Epichlée which
was familiarized 15 years ago did not produce ergovaline and lolitrem B, but
forming peramine which provided resistant to crucial insect pest such as
Listronotus bonariensis (Aegentine stem weevil, ASW) (Johnson et al.,
2013b). After that, the existence of additional alkaloids was found in endo-
phytes, A novel strain of Epichloe consisting epoxy-janthitrems is an indole
diterpene type, which is only present in perennial type ryegrass infected by
AR37 strain. In New Zealand, five main pasture pests are presents out of six
against those grasses, which are infected by AR37 strain having the side
effect of pesticides. Yet it has not been properly explained that the com-
pounds epoxy-janthitrem role against the resistance form insects (Johnson
et al., 2013a). There is a brisk acceptance by farmers for these novel endo-
phytes introduced by improving ryegrass preserving without causing any
harmful effect to animals. Johnson et al. (2013a) examined that different
munificent stories that the strain of Epichlde contains important secondary
metabolites and it also establishes their application. For the solution of eco-
nomic and sustainable agriculture, the endophytes of Epichloe received
worldwide acceptance for its significance in grassland areas and has also
contributed in providing the best model for studying numerous facet related
to entophyte biology in accumulation to explore both the symbiosis of the
molecular basis and ecological implication. E. festucae is acquiescent to
molecular function studies and above all can be civilized on axenic media.
Increasing numbers in mutants E. festucae to characterizing studies have
divorced that maintaining both iron homeostasis and native oxygen by
(Johnson et al., 2013b) that are a crucial factor for keeping good mutualistic
cooperation in between grasses (Takemoto et al., 2011; Tanaka et al., 2006,
2008). The facultative root colonizing Piriformospora indica endophyte
forms favorable symbiosis by roots of plants and also has potential to use in
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floriculture, horticulture, and agriculture (Gill et al., 2016; Johnson et al.,
2014; Varma et al.,, 2013; Oberwinkler et al., 2013; Ansari et al., 2013;
Qiang et al., 2012; Franken, 2012; Oelmiiller et al., 2009). Verma et al.
(1998) were the first who isolated P. indica from the xerophytic plant’s
rhizosphere in the Thar Desert of India. P. indica filamentous fungus gen-
erally belongs to Sebacinales order of Basidiomycota (Weiss et al., 2004)
and provides large numbers of host benefits for example nutrient stress
condition, plant growth promoter, and also provided tolerance to abiotic
stress (heavy metals, salinity, water, extreme temperature, drought) and
biotic stresses (foliar and root pathogens). Original inoculation experiment
showed that P. indica has an ability to colonizing the roots of the plant
(Verma et al., 1998). P. indica making symbiotic interaction of roots with
both dicotyledonous and monocotyledonous plants also included model
plants, important crops as barley, Arabidopsis thaliana, and Nicotiana taba-
cum (Johnson et al., 2014).

Plants showed enhanced tolerance to various root and foliar pathogens
when colonized with P. indica (Johnson et al., 2014). P. indica can poten-
tially be used as a biocontrol solution to control various root diseases in
different crop species such as maize, tomato, wheat, and barley (Kumar
et al., 2009; Fakhro et al., 2010; Serfling et al., 2007; Rabiey et al., 2015;
Waller et al., 2005). Systemic resistance to numerous foliar pathogens via
P. indica has also been demonstrated by Qiang et al. (2012). Fakhro et al.
(2010) noticed the effects of inoculation of tomato with P. indica in a
study and observed that P. indica colonizes the roots of tomato relatively
increased the biomass of leaves up to 20% and reducing the disease sever-
ity of Verticillium wilt caused by Verticilliumdahliae by more than 30%,
and in hydroponics it increased biomass of fresh tomato fruit up to 100%,
resulting in higher fruit yield and increased the dry matter content up to
20%. Moreover, at light densities, it repressed Pepino Mosaic Virus a
widely found disease of tomato found in greenhouses of many European
countries, Morocco, South and North America, and in China (Fakhro
et al., 2010). Many other fungal endophytes have also been found to guard
host plants against pathogenic fungi. Epicoccum nigrum is an endophyte
isolated from sugarcane particularly known for its biocontrol activity
against pathogens, like Sclerotinia sclerotiorum in sunflower, Pythium in
cotton, phytoplasma bacteria in apple and Monilinia spp. in nectarines and
peaches (de L Favaro et al., 2012).

6.5.2 The effect of the pathogenic fungi in host plants protected by
most of the fungal endophytes

The endophyte, which is isolated from sugarcane (E. nigrum) is particularly
used as the various acts of biocontrol against many pathogens like in
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sunflower (S. sclerotiorum), in cotton (Pithyum), phytoplasma bacteria in
apple, and Monilinia spp. in peaches and nectarines (de L Favaro et al., 2012).
The fungal endophytes, which are isolated from the wild plants Hordeum mur-
inum subsp. Murinum L (Murphy et al., 2014) and verified the seed-borne fun-
gal infections activity on barley seeds, which were successfully able to hold
back the activity of the seed-borne fungal infections. The tested seeds protect
the most barely deteriorating pathogens as well as species of Fusarium,
Pyrenophora, Cochiolobus, and Rhyncosporium. The suppression of the infec-
tions by fungal endophytic isolates includes strain results in 100% suppression.
Besides destroying seed-borne pathogens, Penicillium vicompactum strain also
suppressed the growth of the soil-borne pathogen Gaeumannomyces graminis
vartritici (Murphy et al., 2014). From Theobroma cacao tissue, the fungal
endophytes are isolated and have been screened for in vitro resistance against
main pathogens of cacao, which may include Moniliopthora roreri (causal
organism of frosty pod rot), Phytophthora palnivora (causal organism of black
rod pot), and M. perniciosa (causal organism of witches broom). The endo-
phytic fungi in field trials have exposed the treatment with Colletotrichum
gloeosporioides decreased the pod loss due to black pod and the treatment
with Clonostachys rosea reduced sporulation lesions on cacao poda (Mejia
et al., 2008). The fungal entomopathogens are considered as an important class
of endophytes having properties of biocontrol for insects. The capability to
infect along with colonizing the insects result in affecting survival as well as a
reproduction of insects is unique not all have the ability to colonize plant
(Vidal and Jaber, 2015). Interestingly the species of Beauveria, Metarrhizium,
Lecanicillium, and Isaria are the most commercially produced entomopatho-
genic fungi and have the characteristics of endophytes in the parts of their life
cycle (Vidal and Jaber, 2015). The mode of action of the commercial endo-
phytic products have not been used, however, at least able to colonize plants
as such products endophytically (reviewed in Vidal and Jaber, 2015). The pen-
etration as well as colonization of various plant tissues by the entomopatho-
genic fungi Beauveria bassiana was first described Wagner and Lewis (2000).
The root colonization of plants by entomopathogenic fungi is further reviewed
by Vidal and Jaber (2015) and discussed the variability as well as the effec-
tiveness of colonization rates while using with different combinations of
strains/cultivator. One of the most distressing pests of coffee throughout the
world is coffee berry borer (Hypothenemus hampei) and the fungal endophytes
of the coffee plants are collected from different places of the world like
Hawaii, Colombia, Mexico. The major role played by the fungal entomopatho-
gens is nitrogen fixation in soil. The capability of Metarhizium robertsii is the
movement of insect-derived nitrogen to plants was tested by Behie et al.
(2012). The wax moth larva is injected with 15-N labeled nitrogen, which
placed the labeled insect on haricot bean (Phaseolus vulgaris) and switch grass
(Panicum virgatum) in the presence of Me. Roberts and observed the incorpo-
ration of 15-N into amino acid of plants.
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6.6 Fungal volatile for deliberating the abiotic stress along
with climate change

Mutual fungal endophytes provide fitness benefits and are responsible for
plant adaptation, not only to biotic stress but also to abiotic stress by increas-
ing acceptance of drought and water stress as well as acceptance of high
temperature and salinity (Aly et al., 2011). Plants with compelling observ-
able facts, such as habitat, adapted the stress tolerance of the plant to pro-
duce habitat-specific symbionts and the symbiotic process, and are subject to
plant growth in a stressful environment (Rodriguez et al., 2008). A large
number of Class 2 endophytes have habitat adaptation properties that con-
tribute to the tolerance of habitat-specific selective stress such as pH, temper-
ature, and salinity (Rodriguez and Redman, 2008). Rodriguez et al. (2008)
studied and determined that grass species can be adapted to coastal and geo-
thermal habitat locations by maintaining salinity and heat tolerance, respec-
tively, with the help of symbiotic fungal endophytes. Dunegrass plants from
coastal beach habitats in the United States have shown a symbiotic relation-
ship with the endophyte Fusarium culmorum. Some experiments have been
conducted to demonstrate endophytic fungi against heat tolerance. Tropical
panic grasses, Dichanthelium lanuginosum, which grow in geothermal soils
in Yellowstone National Park, have been found to form mutualistic symbi-
otic interactions with Class 2 endophytes, Curvularia protuberates, which
provide heat tolerance (Redman et al., 2011). Symbiotic plants inoculated
with endophytes tolerate and survive a temperature of 65°C in the root areas
of the plants, whereas individual plants or endophytes cannot tolerate a tem-
perature of more than 38°C (Marquez et al., 2007). However, the relationship
between the plant and the endophyte is compounded, and it is discovered
that the endophyte raises the virus in a mutually symbiotic manner and that
the virus is an essential partner for the heat tolerance of the host plant,
whereas the virus-free endophyte is not capable of providing tolerance to the
plant (Marquez et al., 2007).

Moreover, water consumption by endophytes reduced by 20%—30% with
increasing reproductive yield, growth rate, and biomass of greenhouse-grown
plants, and they also provide cold tolerance to greenhouse-grown plants. The
incorporation of fungal symbionts may be a useful strategy in reducing the
effects of climate change on major crops and expanding agricultural produc-
tion on marginal lands (Redman et al., 2011) (Fig. 6.2).

Turning toward endophytes has the ability to increase the growth of the
plant. P. indica is known for the encouragement of early flowering, germina-
tion of seeds, vegetative growth, and setting of seeds has been found repeat-
edly with different families of the plant by their species (Franken, 2012).
Networks of signaling phytohormones and the set of extensive phytohor-
mones involved in decreasing growth activities of plants, which are responsi-
ble for increasing the early growth of roots promotion, and lastly to raising
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FIGURE 6.2 Role of fungal volatiles endophytes in the improvement of plant growth.

the biomass. Around 50.0% in the promotion of growth is extended, yet there
are major differences in this because the growth of a plant is done in the
environmental variability and various condition of experiments. In plants the
mechanism of tolerance due to stress of salt colonized by P. indica has been
considerably researched, and the same trait also has been used for demon-
stration in tobacco and rice as well as barley and wheat and the species of
reactive oxygen are detoxified by the induction of a higher amount of envi-
ronmental antioxidants, which increases the efficiency of photosynthesis
(Johnson et al., 2014).

The broad host benefits of P. indica as well as its convenience for the
study of fundamentals of biology, are tempting properties for research pur-
poses and potential for sustainably improving agricultural crop production is
normally exciting. Interaction of P. indica with barley shows increases in
numbers of grains and yield (Murphy et al., 2014; Waller et al., 2005).
Improving grain yield and earlier flowering of the trigger appeared due to P.
indica, and increases the input of nutrients with lower temperature. The
result shows that P. indica grows effectively in the treatment of crop under
low-stressed temperature barley, and it has the potential to improve the yield
of the crop under an environment of the temperate region to provide with a
proper supply of nutrients (Murphy et al., 2014). Franken (2012) informs
that P. indica is difficult for supplying in market or agricultural shops
because (1) India was the first country to isolate and patent the fungus and
in different countries (number of international publication-WO 99/29177)
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forming any reliant mercantile vision on the owner of a patent to licensing
and manufacturing it; (2) sometimes it has an enigmatic synergetic effect on
the growth of a plant. In India it has been deployed for trials in the field, and
P. indica is developed in the formulation of powder under the ROOTONIC
trade name (Varma et al., 2013).

There are various types of barley endophytes that can be advantageous in
an agricultural setting. The wild variety of barley form isolated type of endo-
phytic fungi (Murinum L., H. murinum subsp.) and previously explained the
different types of biotic benefits. Among these, of all the isolates few were
able to raise the numbers of grains and yield in a cultivar of barley having
nutrient deficiency (up to 28%). The higher impact of isolated endophytes on
yield comes from grains, and the weight of dry shoot was cognizable under
the lowest input of nutrients. Keeping as it is the theme of increasing the per-
formance of the plant, the class (IV) and Dark septate endophytic (DSE)
fungi having root colonizing, characterized by bright septa of melanize,
enthralling endophytes group that are existing in a broad range of terrestrial
(subastral) ecosystem, but they are popular especially in the alpine and polar
ecosystems (Rodriguez and Redman, 2008). In the environment, the stress of
cold water (arbuscular mycorrhizal fungi, AMF) mutualists in the roots of
grass at lesser latitudes along with altitudes are virtually absent (Newsham,
2011) and it also informs that these species of DSE might behave as surro-
gate fungus in those habitats. Dicotyledonous and monocotyledonous species
of plants inoculated with that fungi and increases the biomass of shoot and
root, nitrogen of shoots, and content of phosphorous. The inorganic form of
nitrogen is readily accessed by plants roots when species of DSE does not
form benefits by apparent plants (Newsham, 2011).

6.7 The various secondary metabolites which are produced
by fungal endophytes

6.7.1 Fungal endophytes are considered as a source of bioactive
natural products

Due to the presence of incredible endophytes of fungal diversity, we get sev-
eral opportunities to discover natural products having distinctive chemical
structures. The present-day progress of showing technologies has disclosed
capability of endophytes for the production of naturally active complexes in
fields such as medicine and agriculture (Zhang et al., 2006; Aly et al., 2011;
Wu et al., 2015b). The process of communication between organisms such
as protection of plant as well as habitat adaptation according to environmen-
tal changes are carried by these types of molecules. Many synthetic products
of agriculture have been and will be removed from the common market due
to the reasons of environmental problems and safety issues. The pest and
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pathogens can be controlled by the fungal endophytes produced by secondary
metabolites (Strobel and Daisy, 2003).

For the better understanding of endophyte-produced bioactive, we have to
know that some are known for antioxidants, anticancer agents, antibiotics,
and biofuels (Strobel and Daisy, 2003). In the first step, we have to discover
plants which bear these microbes having a capability for production novel
bioactive metabolites.

6.7.2 Microbial bioactive metabolites discovered by plants

Some microbial metabolites have characters of biotopes at both the taxo-
nomic and environmental level (Schulz, 2001). The study showed that the
organisms reside on distinctive biotopes as well as habitats which were
exposed to constant metabolic as well as environmental interactions results
in increased in yield by secondary metabolites than the organisms which do
not reside (Schulz, 2001). This is the reason that search mainly held on
organisms that inhibit unique biotopes for novel secondary metabolites.
There is a collection of successful plants harboring endophytes that are pro-
ducing novel and unique natural bioactive, which requires the plant docu-
mentation (Strobel and Daisy, 2003).

e from the distinctive settings of environment, especially with infrequent
biology characters and possessing new approaches for survival;

e that has an ethnobotanical history, which relates to specific uses or
requests of interest;

e that is endemic having infrequent longevity and acquires certain ancient
land masses; and

e that grow and develop in areas with greater biodiversity.

Secondary metabolites which are produced by endophytic fungi are dis-
covered in Amazonian rain forest expeditions.

6.7.3 Antimicrobial secondary metabolites

There are several examples of secondary metabolites, which are produced
from endophytic fungi and are used in agriculture and horticulture for con-
trolling pest and pathogens. This involves endophytes of fungal, which pro-
duce auspicious but not so identified complexes through the well understood
and described antimicrobial, considered as secondary metabolites. Gunatilaka
(2006) published the 230 metabolites, which are produced by a plant that is
associated with microbial stains includes many endophytes of fungal. Some
of the examples which are well-characterized as antimicrobial secondary
metabolites from fungal of endophytic are given below. Numerous com-
pounds are described by Strobel and Daisy (2003). This chemical structure
of selected complexes is shown in the figures.
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Some of the antimicrobial complexes produced by the sugarcane endo-
phyte E. nigrum have been characterized as (Brown et al., 1987):

e Epicorazines A-B by Baute et al. (1978) where flavipin (Bamford et al.,
1961), epirodines A-B by Ikawa et al. (1987), epipiridones and epicocar-
ines by Wangun and Hertweck (2007), and the last one was epicoccines
A-D by Zhang et al. (2007).

Particularly the compounds like flavipin and epicorazines A-B was asso-
ciated with E. nigrum, which is further considered as a biocontrol activity
(Madrigal and Melgarejo, 1995; Brown et al., 1987).

We obtain the antifungal and antioomycete acid called ambuic acid from
an endophytic fungus named as Pestalotiopsis microspora. Several of the
world’s tropical rain forest have isolates of it. It is highly active against many
species of Fusarium as well as Phythium ultimum (Li et al.,, 2001). The
appearance looks like quorum-sensing (Fuqua et al., 1994) inhibitor (Gary
Strobel, pers. comm.). Colletotrichum sp., which is isolated from Artemisia
annua produces Colletonoic acid (Bills et al., 2002). This can be used as a
good antibacterial, antialgal as well as antifungal (Hussain et al., 2014).
Colletotric acid is considered as one of the metabolites of C. gloeosporioides
species, which is an endophytic fungus obtained from Artemisia mongolica. It
further acts as an antimicrobial agent against bacteria and some fungi like
Helminthosporium sativum (Zou et al., 2000). An endophytic fungus
Cordyceps dipterigena produces Cordycepsidone A, which acts strongly as an
antifungal agent against some plant pathogenic fungi like Gibberella fujikuroi.
A lipopeptide cryptocandin is obtained from fungus Cryptosporiopsis querci-
na, which is usually related to the hardwood species in Europe. It also acts
strongly against much plant pathogenic fungi involves S. sclerotiorum and
Botrytis cinerea. Stated that it also acts strongly in opposite to various fungus
of plant pathogen involving B. cinerea and S. sclerotiorum. These antimycotic
type of compounds are also called as penumocandins and the echinocandins
(Walsh, 1992). Li et al. (2001) also obtained Cryptocin from C. quercina,
which shows the highest activity of potent against the fungus of Pyricularia
oryzae. It may have energetic activities against various types of pathogenic
fungi named as Fusarium oxysporum, S. sclerotiorum, G. candidum, and
Rhizoctonia solani, along these; it is effective for oomycetes of plant patho-
gens such as Phytophthora cinnamon, Ph. Citrophthora, and Py. Ultimum (Li
et al., 2001). Papua New Guinea has P. Jester and evolves jesterone from it,
which is further isolated from the highly moist areas where there the plant
pathogenic oomycetes usually grows. These compounds have the antioomycete
type of activity as anticipated. The P. microspora evolved by the antioxidants
of isopestacin and pestacin, which is obtained by Terminalia morobensis
(Harper et al., 2003). Antimicrobial activity is performed by both antioxidants
(Daisy et al.,, 2002). The secondary type of metabolites Phomopsichalasin
obtained by species of Phomopsis and have some antibacterial activities in
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FIGURE 6.3 (A-G) Examples of antimicrobial secondary metabolites from endophytic fungi.

opposite to Staphylococcus Bacillus subtilis and Salmonella enteric (Horn
et al., 1995). Scandenin is taken by the plant named Derris scandens, which is
present in Pakistan and strongly behaves as a representative antibacterial in
opposite to B. megaterium and also having good properties of antialgal and
antifungal (Hussain et al., 2015). Various diseases of the plant caused by
microbes controlled with bacteria’s present in the fungi of endophytic, none of
which are produced by the secondary metabolites of an antimicrobial
(Figs. 6.3 and 6.4).

6.8 Antivolatile organic compounds

Even though the volatile antibiotics topic was disused in the previous sec-
tion, they are described in a different heading because special methods and
techniques are involved in the detection of these compounds. There are
many ways to detect the antimicrobial activity of VOCs such as by creating
air contact between the fungus (producing volatile compound) and the
marked pathogen. The detection and separation of volatile compounds can
be subsequently done by using many methods but liquid chromatogra-
phy—high resolution mass spectrometry is one of most prominent method
another most adopted method used for separation is nuclear magnetic reso-
nance and multivariate data analysis (Wu et al., 2015a). It has been observed
that the endophytic fungus Muscodor albus is producing almost 28 volatile
compounds, which are isolated from little branches of Cinnamomum zeylani-
cum (cinnamon tree) and have the ability to kill other bacteria and fungus
(Worapong et al., 2001) (Strobel and Daisy, 2003). Some individual volatile
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FIGURE 6.4 Some examples of antioxidant secondary metabolites from endophytic fungi.

compounds had several inhibitory effects against the test fungi and some
bacteria, but none of them was considered lethal. Although the effect of
these compounds has been found more efficient collectively as compared to
an individual, collectively they generate synergistic interaction and cause
strong damage to a wider range of plants/human pathogenic bacteria or fun-
gus. There are five-known classes of volatile compounds such as lipids, alco-
hols, ketones, esters, and acids. Among all five classes ester was considered
as the most effective and only class of producing inhibitory and biologically
active compounds like isoamyl acetate. (Strobel and Daisy, 2003). Later on
many strains of M. albus strains were developed to produce a variety of vola-
tile compounds but from isolated strains, not a single one had ester or any
biologically active compounds.

6.9 Fungal volatile compounds: reduction in their beneficial
activities

We all know that there are very few wild plants species have fungal endo-
phytes, which are not enough to fulfill their promising target. The most chal-
lenging requirement of endophyte fungus is to maintain a desirable
environment within the plant, endophyte fungus within the plants required
specific environment to continue their physiological activity. Because of the
inadequate use of fungicides and pesticides along with synthetic fertilizer
plants does not get the benefit of endophytes and presence of these chemical
compounds within the plant cell inhibits the activity of fungal volatile com-
pounds. Under the situation where low selective pressure, the effect of endo-
phytes were found less because due to the absence of secondary metabolites
or because they preferred mutation. Finally, the plant does not get expected
benefit from an application of endophytes.

Here, some experimental proofs to understand the behavior of endophytes
within the plants following:

1. Weese et al. (2015) rhizobium was collected from two different fields
where the clover was cultivated and one field was taken as control, where
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no nitrogenous fertilizers were applied, compared to another field where
nitrogenous fertilizers were applied regularly for 22 years. When a com-
parison was made, there was a frequent reduction in N-fixing activity of
rhizobacteria, lesser chlorophyll content, and reduction in the crop by
16%—30% in N fertilizer applied field.

2. Redman et al. (2011) show that the activity of endophyte fungus in the
rice field was increased under salt and drought stress was found more
prominent and resulted in generating tolerance to these two abiotic stres-
ses. It was observed that the colonization of endophytes fungus during
the absence of abiotic stresses was decreased by 100% at planting to
65%. Plants grown under drought and salt stress were strongly main-
tained at 100% colonization.

6.10 Conclusion and future scopes for increasing
production, use, and maintenance of fungal volatile
compounds for raising their standards to commercial levels

Previously, in this chapter, we were discussing fungal (endophyte) volatile
compounds, and our main focus of discussion was targeted on fungus endo-
phytes, but this study is not limited to fungus; it is also provisional for bacte-
rial VOCs and their uses. Our observation has been targeted toward fungal
volatile endophytes, but in many cases, it will apply for many bacterial endo-
phytes. Many germplasm libraries should be appreciated for maintaining the
probability that the seeds having many fungal endophytes have scientific and
economic importance. In seed storage houses, seeds were stored at low tem-
peratures and low humidity that will promote the durability of seed along
with its viability to any of the fungal endophyte they may contain. The treat-
ment of seed with fungicides and placing at higher temperature should be
avoided. Our second request is toward our plant breeders that they should
realize the benefits of their crop importance for fungal endophytes, and the
following suggestions should be taken:

1. They have to check the loss of recognized valuable microbes had been
lost during breeding.

2. For an objective to incorporate the microbiomes, they should adopt the
protocols.

3. They should sequence and collect the DNA from many plant seeds,
mainly from their center of origin before the propagation so that there
can be an identification of involvement of potential endophytes, which
are beneficial.

4. Check the loss of valuable microbes as well as mutation of genes from
the origin center while treating the seeds or during the propagation
process.
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5. Seeds companies should also check the killing of microbes or weakness
the useful microbes, which are present in or on the seeds while heating
the seeds and using of artificial as well as natural fungicides for seed
coating processes.

6. The substances used during the process of seed coating should be
checked so that the beneficial microbes should not be lost during stor-
age and germination.

7. The seeds, having beneficial fungal endophytes should be stored at low
temperature and humidity.

8. Request the microbiologists try to arrange or preserve all microbiomes
of plants from their center of origin.

9. Identify that the collection of microbes are beneficial for agricultural
and horticultural point of view.

10. A search should be done to find out the beneficial microbes and second-
ary metabolites from the center of origin and from tropical rain forests.

11. Some suggestions are there for the politicians, public and other opinion
makers that know the position of the microbiomes of plants for plant
health as well as food production.

12. Wild plants should be preserved, and also the microbiomes in their
habitats. There are lots of natural habitats, plant species, and their fun-
gal endophytes by various anthropogenic activities like clearing, har-
vesting, fire, agricultural developments, mining, or the other human-
oriented activities.

Since microbes hold the crucial role to give prospects for the attainment
of sustainable agriculture, we should search for the profits of these beneficial
microbes with some urgency.
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7.1 Endophytes

Microorganisms colonizing and residing in the internal tissues of plants without
causing any diseases are termed as endophytes. They can be isolated from
a woody tree to herbaceous plant, monocotyledonous to dicotyledonous plant
(Ryan et al., 2008). These microorganisms are known to make a mutualistic
association with almost all plants, including herbaceous, woody, monocotyle-
dons, and dicotyledons. They can be isolated from all plant parts like roots,
shoots, leaves, bark, flowers, fruits, etc. During the association, the endophytic
microorganisms obtain nutrients and minerals from their host for their survival.
In return, these microorganisms produce metabolites helping the host plant to
resist environmental stress. The association between the host plant and micro-
bial population of endophytes is dependent upon different components including
type and density of microbes, plant species and development, and environmen-
tal factors (Khare et al., 2018).
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Endophytes can be grouped into obligate or facultative categories depending
upon their dependence on plants, whereby the former are exclusively dependent
on plants for their survival. They are transmitted along with their host by vec-
tors or vertically. While the endophytes falling under the group “facultative”
spend some of their life cycle stages outside host plant and are connected with
their host through the soil. It has been reported that plant—endophyte relation-
ship is highly specific with respect to plant specificity, transmission mode, and
abundance (Andreote et al., 2014). It has also been proposed that endophytic
association is more likely to be exhibited by microorganisms with a small
genome (Mitter et al., 2013).

There has been an increased interest in developing and discovering new
drugs due to the threat caused by drug-resistant microbial pathogens. New and
novel solutions are required to overcome the challenge of emerging drug resis-
tance. Endophytes have a vast potential to be used in medicine and agriculture
due to their ability to produce a large number of secondary metabolites and
organic volatiles. The ability of these metabolites to be used in a wide range
of fields has grabbed the attention for several years in view of their antimicro-
bial, insecticidal, cytotoxic, anticancer, antidiabetic, and antioxidant properties.
They are known to produce metabolites belonging to different classes like
alkaloids, steroids, terpenes, terpenoids, diterpenes, coumarins, isocumarins,
flavonoids, polyketides, quinones, lactones phenylpropanoids, peptides, lig-
nans, tannins, and phenolics. Many bioactive metabolites including paclitaxel,
camptothecin, isopectacin, cytosporone, oocydin, etc. have been extracted
from various endophytes with anticancer, antibacterial, antifungal, and antioxi-
dant activities (Zhao et al., 2005; Elsebai et al., 2014). Additionally, organic
volatiles including 1,8-cineole, acetic acid, ethyl ester, dimethyl disulfide,
dibenzofuran, methane-thiol, ketones, propanoic acid, 2-methyl-methyl ester
and acetic acid, 2-methyl propyl ester, etc. isolated from endophytes have
inhibited numerous plant and human pathogens (Banerjee et al., 2014; Chen
et al.,, 2016; Wang et al., 2017). In many cases, metabolites extracted from
these endophytes are similar to those produced by their host plants. In addition,
endophytes are also reported to improve plant growth, soil fertility, and crop
production due to the production of many plant growth-promoting metabolites.

7.2 Secondary metabolites: diversity and significance

Endophytes have immense potential for synthesizing secondary metabolites with
different applications and biological activities. Efforts have been made recently
to explore the chemical nature of compounds produced by endophytes.
Endophytes including bacteria, fungi, and actinomycetes have been reported to
produce antibiotics, anticholesterol, anticancer, and immunosuppressants,
highlighting their importance in pharmaceutical industries. For example, a fun-
gus Penicillium sp. LDL4.4 isolated from Huperzia serrata produced Huperzine
A (HupA) with the potential to treat Alzheimer’s disease (Le et al., 2019).
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Apart from their importance in medicine, these endophytes are equally impor-
tant in agriculture. An endophytic bacterium Pseudomonas aeruginosa isolated
from rice produced N-acylhomoserine lactone, pyochellin, phloroglucinol, lahor-
enoic acid, diketopiperazines, hydroxy-2-alkylquinolines, and rthamnolipids with
antimicrobial activity and biosurfactant potential (Yasmin et al., 2017). Many of
the compounds have been grouped as alkaloids, steroids, peptides, terpenoids,
flavonoids, etc. with diverse functions. Biologically active secondary metabolites
from Alternaria alternata isolated from Maytenus hookeri were identified as
alternariol, alternariol monomethyl ether, altenuene, adenosine, 5-epialtenuene,
uridine, ACTG toxin-E, and ergosta-4,6,8,22-tetraen-3-one by nuclear magnetic
resonance (Ma et al., 2010). Recently, peptides, including acrepeptins A-D,
guangomide A and destruxin B with antiinflammatory activity is reported from
Acremonium sp. isolated from marine microalgae (Hsiao et al., 2020).

7.3 Metabolites with anticancer activity

Many important anticancer compounds belonging to different chemical clas-
ses have been isolated from endophytes. Taxol or Paclitaxel, a diterpenoid
compound used to cure ovarian, breast, and lung cancer, was isolated for the
first time from Taxus brevifolia (Stierle et al., 1993). It was subsequently iso-
lated from various endophytes including actinomycetes and fungi associated
with Taxus species and other plants. Taxol has been isolated from various
endophytes: Pestalotiopis microspore from Taxus wallichiana (Strobel et al.,
1996); Colletotrichum gloeosporioides from the leaves of Justicia gendarussa
(Gangadevi and Muthumary, 2008); Metarhizium anisopliae isolated from
Taxus chinensis (Liu et al., 2009a); Pestalotiopsis species from Taxus cuspida-
ta (Kumaran et al., 2010); Lasiodiplodia theobromae from Morinda citrifolia
(Pandi et al., 2011); Taxomyces andreanae from the inner bark of T. brevifolia
(Selim et al., 2017); Fusarium redolens from Himalayan Yew (Garyali et al.,
2013); Acremonium, Colletotrichum, and Fusarium spp. from Taxus baccata
(El-Bialy and El-Bastawisy, 2020); and Epicoccum nigrum from T. baccata
(El-Sayed et al., 2020a).

Apart from taxol, other important anticancer compounds like camptothe-
cin, vincristine and podophyllotoxin have been isolated from endophytes
(Table 7.1). Cordyceps militaris extract inhibited the growth of MCF-7
human breast cancer cells in a dose and time-dependent manner (Xu, 2008).
The fungal extract reduced methylation of DNA through the suppression of
methyltransferase transcripts leading to the recovery of tumor-suppressor
genes and eventually inhibiting tumor cell growth. Deoxy-podophyllotoxin
production is reported from the fungi associated with Juniperus communis L.
Horstmann (Kusari et al., 2009). Altersolanol A with anticancer potential
was isolated from endophyte Stemphylium globuliferum (Teiten et al., 2013).
A quinoline alkaloid- camptothecine extracted from endophytic bacteria
associated with Miquelia dentata Bedd. has been shown to be a powerful
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114 Volatiles and Metabolites of Microbes

inhibitor of topoisomerases I of eukaryotes (Shweta et al., 2013). Two alka-
loids 7-isoprenyl indole-3-carboxylic acid and 3-acetonylidene-7-prenylindo-
lin-2-1 isolated from endophytic actinobacteria Streptomyces sp. were found
to have anticancer activity (Zhang et al., 2014). Endophyte Microbiospora
sp. produced (-carbolines and 3-indole compounds with cytotoxic activities
against cancer cell lines, and inhibitory activities against Micrococcus luteus
and Kocuria rosea (Savi et al., 2015). E. nigrum isolated from Terminalia arjuna
bark produced digoxin with anticancer activity (El-Sayed et al., 2020b).

7.4 Metabolites with antioxidant activity

Antioxidant metabolites with the ability to scavenge reactive oxygen and
free radicals help in combating many diseases. Many endophytes have been
reported to exhibit antioxidant activities and metabolites responsible for the
activity have been extracted and purified from these endophytes (Table 7.1).
Isopestacin extracted from the endophyte Pestalotiopsis microspore exhibited
antioxidant properties by inhibiting hydroxyl and superoxide free radicals
along with exhibiting antifungal activity (Strobel, 2002). In addition to anti-
cancer activity, aryl tetralin lignans extracted from Trametes hirsute showed
antioxidant activity (Puri et al., 2006). Likewise, the activity was shown by the
metabolites produced by many endophytes: Pestacin and isopestacin isolated from
an endophyte Pestalotiopsis microspora (Harper et al., 2003; Tejesvi et al., 2007);
yangjinhualine A and 2,6-dimethoxy terephthalic acid extracted from endophyte
Streptomyces sp. associated with Alpinia oxyphylla (Zhou et al., 2014); luteolin
isolated from Aspergillus fumigatus associated with pigeon pea (Zhao et al.,
2014); 1,2-(1-hydroxy-1-methyl)-2,3-dihydrobenzofuran-5-ol; 7-isopropenylbicy-
clo[4.2.0]octa-1,3,5-triene-2,5-diol; 2, 2-dimethylchroman-3 and 6-diol,2-(3-dihy-
droxy-3-methyl butyl) benzene —14-diol extracted from Acremonium sp.
associated with Cladostephus spongiosus (Sarasan et al., 2017); S-adenosyl-N-
acetylhomocysteine extracted from Micromonospora sp. associated with Pueraria
candollei Graham ex Benth (Boonsnongcheep et al., 2017); Oxo-agarospiral,
B-agarofuran, o-agarofuran, (3-dihydro agarofuran and ®-eudesmol from endo-
phytes Anthrinium sp., Colletotrichum sp., and Diaporthe sp. associated with
Agquilaria subintegra (Monggoot et al., 2017).

7.5 Metabolites with antimicrobial activity

Majority of endophytes are reported for antagonism against pathogens,
whereby they inhibit/control pathogens of animals and plants. Endophytic
microorganisms isolated from various sources, including medicinal plants,
have shown activity against multiple pathogens (Table 7.2). The metabolites
with antimicrobial activity produced by endophytes have been identified
chemically and been placed in a suitable group (Table 7.2). Few examples
include Cryptocandin produced by Cryptosporiopsis cf. quercina, isolated
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Endophytic microbes Chapter | 7 125

from Tripterigeum wilfordi against Candida albicans (Strobel et al., 1999);
Colletrotric acid extracted from C. gloeosporioides associated with Artemisia
mongolica with antibacterial activity (Zou et al., 2000); Cytonic acid A and
B produced by endophytic fungus Cytonaema sp. with inhibition activity
against human cytomegalovirus protease (Guo et al., 2000); Jestoerone iso-
lated from endophyte Pestalotiopsis jester with antifungal activity (Li et al.,
2001); Javanicin, produced by Chloridium sp., associated with neem plant
with activity against Pseudomonas sp. (Kharwar et al., 2009); alkaloids, fla-
vonoids, phenols, and steroids produced by Methylobacterium radiotolerans
isolated from Combretum erythrophyllum against Bacillus subtilis, Bacillus
cereus, Klebsiella oxytoca, Mycobacterium smegmatis (Photolo et al., 2020).

The antimicrobial secondary metabolites produced by endophytes have
been grouped chemically as:

Alkaloids

These are a class of naturally occurring basic compounds containing at
least one nitrogen. They also include some neutral or weekly acidic com-
pounds. In view of the medicinal properties, many new alkaloids have been
isolated and characterized from endophytes (Table 7.2). Kakadumycin A iso-
lated from Streptomyces sp. associated with fern, Grevillea pteridifolia showed
a broad-spectrum activity against malaria parasite and Gram-positive bacteria
(Castillo et al., 2003). Likewise, Pestalachloride A, isolated from the endo-
phyte Pestalotiopsis adusta associated with an unknown Chinese tree, has
shown activity against Gibberella zeae, Verticillium albo-atrum, and Fusarium
culmorum (Li et al., 2008a). Four metabolites, namely Lansai A—D with anti-
fungal and anticancer potential, have been isolated from Streptomyces sp.—an
endophyte of Ficus benjamina (Tuntiwachwuttikul et al., 2008). Similarly,
Fumigaclavine C and Pseurtotin C from Aspergillus sp. isolated from
Bauhinia guianensis showed antibacterial activity against Escherichia coli,
P. aeruginosa, Staphylococcus aureus, and B. subtilis (Pinheiro et al., 2013).
Diketopiperazine belonging to this category also have substantial medicinal
properties. For example, diketopiperazine gancidin W extracted from
Streptomyces sp. associated with the Shorea ovalis bark showed positive activ-
ity against Plasmodium berghei in vivo (Zin et al., 2017).
Terpenes and terpenoids

Terpenes are naturally occurring compounds formed by the combination
of isoprene units, while terpenoids are derived from terpenes with some
rearrangements or containing some oxygen functionality. The two terms are
used interchangeably. These are the main constituent of essential oils
derived from medicinal plants and are widely used in medicines and for fra-
grances. Many terpenes and terpenoids have been obtained from endophytes
isolated from various sources (Table 7.2). Guanacastepene extracted from
an unidentified fungus isolated from Daphnopsis americana showed antimi-
crobial activity against Staphylococcus aureus (Methicillin-resistant) and
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Enterococcus faecium (vancomycin-resistant) by damaging bacterial mem-
branes (Singh et al., 2000). Additionally, many sesquiterpenes were
reported from endophytes with antimicrobial activity: Cedarmycin A and B
from Streptomyces sp. against Candida glabrata (Sasaki et al.,, 2001);
Periconicins A and B from Periconia sp. isolated from Taxus cuspidate
against B. subtilis, Klebsiella pneumoniae and Proteus vulgaris (Kim et al.,
2004); Scoparasin B from Eutypella scoparia isolated from Garcinia dulcis
against Microsporum gypseum (Pongcharoen et al., 2006); Trichodermin
from Trichoderma harzianum isolated from Ilex cornuta against Alternaria
solani and Rhizoctonia solani (Chen et al., 2007); 8- acetoxyphomadecalin
and Phomadecalin from Microdiplodia sp. isolated from Pinus sp. against
P. aeruginosa (Hatakeyama et al., 2010); a-terpinene, ~-terpinene, and
(—)-4-terpineol from Diaporthe apiculatum isolated from Leucaena leucoce-
phala against fungi (Song et al., 2019).
Phenolics

These are the compounds with phenol as a functional group. Many
plants and endophytes produce phenolics in response to environmental
stress conditions. Endophytes able to produce phenolic compounds have
shown antimicrobial and germicidal activity (Table 7.2). Colletotric acid
isolated from endophyte Colletotrichum gloeosporioides associated with
Artemesia mongolica inhibited Bacillus subtilis, Staphylococcus aureus,
Micrococcus luteus and Helminthosporium sativum (Zou et al., 2000);
Cytonic acid A and B isolated from Cytonaema associated with Quercus
sp. inhibited Cytomegalovirus (Guo et al., 2000); Altenusin isolated from
Alternaria sp. associated with Trixis vauthieri inhibited Trypanosoma and
Leishmania (Cota et al., 2008); phenol and steroids isolated from
Methylobacterium radiotolerans associated with Combretum erythrophyl-
lum inhibited Bacillus subtilis, B. cereus, Klebsiella oxytoca, and
Mycobacterium smegmatis (Photolo et al., 2020).
Polyketides

Polyketides are the secondary metabolites with varied structures,
either containing alternating methylene and carbonyl groups. They are
sometimes derived from the precursors containing these alternating
groups, and many of them have proven antimicrobial activity.
Endophytes have been proven to be a virtuous source of these compounds
with antimicrobial activities (Table 7.2). Chaetoglobosins A and C;
Chaetomugilin A and D from Chaetomium globosum associated with
Ginkgo biloba have shown activity against brine shrimp larvae and
Mucor miehei (Qin et al., 2009). Similarly, Nodulisporins D-F isolated
from the endophyte Nodulisporium sp. associated with Erica arborea
showed inhibition against Bacillus megaterium, M. violaceum and C. fus-
ca (Dai et al., 2009). Likewise, Pyrrocidines A and B from Acromonium
zeae isolated from Zea mays showed activity against Fusarium verticil-
lioides, Aspergillus flavus, Eupenicillium ochrosalmoneum, Curvularia
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lunata, and Clavibacter michiganense (Wicklow et al., 2005; Wicklow
and Poling, 2009). Recently, 15-hydroxy-1,4,5,6-tetra-epi-koninginin G
obtained from Trichoderma koningiopsis associated with Artemisia argyi
has shown activity against Vibrio alginolyticus (Shi et al., 2020).
Peptides

Endophytes are an important source of novel peptides with antimicro-
bial activity. A large number of antimicrobial peptides have been isolated
from endophytes associated with medicinal and nonmedicinal plants.
Leucinostatin A, Cryptocandin, Echinocandin A, Actinomycin X2,
Coronamycin, and S-adenosyl-N-acetylhomocysteine are some of the
examples of peptides isolated from fungal and actinomycetes endophytes
exhibiting antimicrobial activity against plant and human pathogens
(Table 7.2).
Flavonoids and coumarins

Flavonoids, coumarins, and tannins are also important antimicrobial natu-
ral metabolites produced by endophytes. Flavonoids, naturally found in
vegetables and fruits are polyphenolics with antioxidant and antimicrobial
activity. Some important flavonoids including like fisetin, naringenin, xenog-
nosin B, 4/,6-tetrahydroxyflavone, 7-methoxy-3,3’, 2',7-dihydroxy-4’,5'-
dimethoxyisoflavone, and 3'-hydroxydaidzein isolated from Streptomyces sp.
have shown activity against Bacillus subtilis, B. cereus, and Staphylococcus
aureus (Taechowisan et al., 2014).

In addition to flavonoids, coumarins are also reported from endophytes.
Saadamycin and 5,7-dimethoxy-4-p-methoxyl phenyl coumarin isolated from
Streptomyces sp. associated with Aplysina fistularis showed inhibitory activ-
ity against clinical fungi and dermatophytes (El-Gendy and EL-Bondkly,
2010). Likewise, 5, 7-dimethoxy-4-phenylcoumarin from S. aureofaciens
was found to prevent or delay the formation of metastases (Taechowisan
et al., 2007). Decursin extracted from Streptomyces sp. associated with
Zingiber officilnale inhibited the growth of pathogenic bacteria B. subtilis,
B. cereus, and S. aureus (Taechowisan et al., 2013). Similarly, coumarins
extracted from Curvularia tsudae associated with Cynodon dactylon (L.)
Pers., exhibited inhibitory activity against E. coli, Pseudomonas fluorescens,
Enterococcus faecalis, and S. aureus (Nischitha et al., 2020)

7.6 Organic volatiles from endophytes

Various organic volatiles or volatile organic compounds are produced by a
number of microorganisms living within plant parts and have shown benefi-
cial activities including antagonism against pathogens, plant growth promo-
tion, the potential of being used as fuel, etc. (Table 7.3). Myrothecium
inunduatum associated with Acalypha indica also produced organic volatiles,
including methylcyclohexadiene, 1-methyl-, and 1-ethyl propyl cyclohexane
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with the potential of fuel (Banerjee et al., 2010). Organic volatiles like 1,8-cine-
ole, 1-methyl-1,4-cyclohexadiene, and alpha-methylene-alpha-fenchocamphorone
produced by fungal endophyte Hypoxylon sp. associated with Persea indica
exhibited activity against Botrytis cinerea, Sclerotinia sclerotiorum, Cercospora
beticola, and Phytophthora cinnamomi suggesting, thereby, that the organic vola-
tiles may play an important role in the survival of endophyte inside its host
(Tomsheck et al., 2010). 1,8-cineole, a monoterpene is an octane derivative and
has the potential to be used as a fuel additive. The study further showed that
organic volatiles produced by Hypoxylon sp. have wide applications in medicine,
industry, and energy production. An endophyte Phomopsis sp. isolated from
Odontoglossum sp. produced a monoterpene sabinene showing activity against
pathogenic fungi (Singh et al., 2011). In addition, organic volatiles like 1-
propanol, 2-methyl, 2-propanone, 1-butanol 3-methyl, and benzene ethanol were
also produced by Phomopsis sp. Likewise, Nodulisporium sp. associated with
Thelypteris angustifolia was reported to produce ketones like acetone; 2-penta-
none; 2-hexanone, 4-methyl; 3-hexanone 4-methyl; 3-hexanone, 2,4- dimethyl;
and 5-hepten, 2-1 (Hassan et al., 2013). Under microaerophilic conditions,
Nodulisporium sp. produced a number of organic volatiles including alkyl alco-
hols including 1-hexanol, 1-pentanol, 1-propanol-2-methyl, 1-nonanol, 1-butanol-
3-methyl, 1-heptanol, 1-octanol, and phenyl ethyl alcohol (Schoen et al., 2017).
Additionally, the endophyte also produced secondary alcohols, alkyl ketones, ter-
penoids, alkyl esters, few benzene derivatives, and some hydrocarbons with the
ability to be used as fuel. Two bacterial endophytes Pseudomonas stutzeri and
Stenotrophomonas maltophilia showed the production of volatile organic com-
pound dimethyl disulphide exhibiting antifungal activities against Botrytis ciner-
ea and plant growth promotion (Rojas-Solis et al., 2018).

7.7 Conclusion and future prospects

Endophytes are comparatively less explored and exploited group of
microbes. However, they have a vast potential of synthesizing diverse meta-
bolites with antimicrobial, anticancer, antidiabetic and antioxidant activities,
to be utilized in medicine and agriculture. Alkaloids, terpenes, terpenoids,
polyketides, phenolics coumarins, tannins, and peptides are some important
chemical classes of antimicrobial metabolites produced by endophytes with
tremendous scope in pharmaceuticals in view of emerging multidrug resistant
microorganisms. Apart from inhibiting human pathogens, these compounds
are equally efficient in inhibiting plant pathogens, thus can be used in place
of chemical pesticides for sustainable agriculture. However, research should
also be focused on the metabolites produced in traces or small quantities as
these metabolites are sometimes missed or overlooked. Moreover, culturable
endophytic microorganisms constitute only a fraction of total endophytes
associated with plants. What is known about endophytes is not sufficient
enough to understand their diversity and functionality. There is a probability
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of occurrence of nonculturable endophytic microorganisms that need to be
explored for the discovery of novel metabolites for use in medicine, agricul-
ture, and industries.
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8.1 Introduction

A large number of secondary metabolites have been involved in microbial
interactions. Some reports submitted that the three are a group of microbial
volatile organic compounds (MVOCs) associated with plant and soil
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microbes (secondary metabolites) formed by their interactions, although they
are mostly unknown to date. The chemical behavior of volatile organic com-
pounds (VOCs) is described as being compounds with low molecular mass
(<300 DA), malodorous compounds (<C15) with a high vapor pressure at
low boiling point and constituting lipophilic moiety. All chemical properties
of VOC compounds encourage physical and chemical processes in plants
and their rhizospheres such as soil evaporation, transport, and diffusion of
macrosoils and micropores filled with water and gas (Insam and Seewald,
2010; Effmert et al., 2012). MVOCs are active in a variety of synthetic clas-
ses containing groups of alkenes, alcohols, ketones, benzenoids, pyrazines,
sulfides, and terpenes (Schulz and Dickschat, 2007; Lemfack et al., 2014,
2017; Kanchiswamy et al., 2015; Schmidt et al., 2015). The ongoing analysis
provided an extensive diagram of VOCs acquired from soil-associated micro-
organisms (Schenkel et al., 2015). The formation of MVOCs in the soil is
affected by various elements containing the development phase of microor-
ganisms, the availability of nutrients and oxygen, temperature, pH, and soil
water content (Wheatley, 2002; Insam and Seewald, 2010).

A recent review described the creation of defined microbial VOCs main-
tained within the cell to be encouraged or regulated during interspecific
phase microbial interactions. Product derived from primary metabolism
serves as a volatile compound, although recent discoveries have shown that
various MVOCs determine biological activity (Schmidt et al., 2015; Tyc
et al., 2017a). In the case of bacteria, it has been observed that the creation
of a specific microbial volatile compound depends on the two major regula-
tory components called GacS/GacA (Cheng et al., 2016; Ossowicki et al.,
2017). All discoveries are noticeably dissatisfied by the judgment that all
microbial volatile compounds (created by bacteria, fungi, protists, and
through their interactions) simply squander items. Physiologically, due to the
soluble properties of primary metabolites, they are often liable for limited
interactions but are considered long-distance messengers (Tyc et al., 2017b;
Westhoff et al., 2017).

8.2 Interaction of microbial volatile organic compounds

At present, there are various forms of microbial interactions occurring in
subterranean, for example, microbial interactions within bacteria with bacte-
ria, and fungi with other bacteria.

A fungus with bacteria.

Bacteria with protists.

Fungi with a plant.

Bacteria with plant.

Bacteria with fungi with plant interactions.
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FIGURE 8.1 Showing the effects of microbial volatile organic compounds released from dif-
ferent sources.

However, the maximum level of subterranean-facilitated interactions
between VOCs is mainly concentrated on root-emitted volatiles (recently
reviewed by Delory et al., 2016). The different information collected from
the previous study shows that MVOCs have both a user and a destructive
impact on different living beings (Effmert et al., 2012; Schmidt et al., 2015).
These metabolites help to provide living beings with quick and accurate
approaches for the perception of neighborly living beings (both friends and
foe) and the dispatch of appropriate reactions. The main purpose of this anal-
ysis is to encapsulate recent information on the different roles of metabolites
in intra- and interkingdom interactions, including MVOCs (e.g., terpenes),
associated with microbe interactions with microbe and microbe interactions
with plant interactions, which leads demonstrate difficulties in studying sub-
terranean MVOCs-mediated interactions and chances for additional studies
and examination applications (Fig. 8.1).

8.2.1 Interaction of volatile organic compounds released from
different bacteria

Bacterial metabolites, which show direct adverse effects on other micro-
scopic organisms. For example, the sequester peneal baflavene produced by
Streptomyces albidoflavus exposed to Bacillus subtilis (Giirtler et al., 1994)
and the emission of dimethyl disulfide by two rhizospheric bacteria,
Pseudomonas fluorescens and Serratia plymuthica revealed bacteriostatic
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effects against two plant bacterial pathogens Agrobacterium tumefaciens and
Agrobacterium vitis (Danda). Pseudomonas fluorescens WR-1 produces vola-
tile substances such as benzothiazole and 1-methyl naphthalene with bacteri-
ostatic effects on Ralstonia solanacearum (Raza et al., 2016a). Numerous
types of bacteria, such as Pseudomonas and Bacillus, can also be used as
one of the biochemical operators against different plant pathogens to supply
metabolite compounds with antibacterial properties (Raza et al., 2016a,b,c;
Xie et al., 2016; Rajer et al., 2017; Tahir et al., 2017a,b). The ongoing report
showed that bacterial species that produce metabolites of organic compounds
containing benzaldehyde,1,2-benzisothiazol-3 (2 H having a strong inhibitory
action against the R. solanacearum family, the causative agent of bacterial
wilting disease (Tahir et al., 2017a). Metabolites, which alter the level of
transcriptional expression of multiple genes (genetic material), are entangled
in motility as well as pathogenicity and promote systemic tolerance through
plants, leading to a reduction in wilting disease. Various reports indicate that
bacterial virulence of VOCs occurs in bacteria due to low tolerance. The
compound, 2,3butanediol and acetone have virulence in Pectobacterium
carotovorum. Similar compounds increase the chemical formation of viru-
lence causes in different bacteria, such as Pseudomonas aeruginosa (Audrain
et al., 2015). On the other hand, the different volatiles produced by some
bacteria has positive effects on the growth of the bacteria present in the rhi-
zosphere. There are a few reports of the impact of VOCs on bacterial viru-
lence. For example, 2,3butanediol and acetoin are mandatory for destruction
in P. carotovorum. Similar compounds increase the development of virulence
factors in P. aeruginosa (Audrain et al., 2015). Interestingly, VOCs delivered
by certain microbes may also have positive effects on the development of
other adjacent bacteria in the rhizosphere. This is recommended that C.
Pratensis and S. Plymuthica may show stimulating and attractive properties
for the development of P. fluorescens Pf0—1 (Garbeva et al., 2014). These
VOCs stimulated the expression of genes associated with motility in P. fluor-
escens Pf0—1 and stimulated the development of secondary metabolites with
antibacterial activity against Bacillus (Garbeva et al., 2014). This is sug-
gested that C. Pratensis and S. Plymuthica may attract and stimulate the
development of P. fluorescens in a combined attempt to increase their risk to
various bacterial competitors or soil fungal pathogens.

The effects of antagonistic activity against different bacteria and the per-
formance of different bacteria can also be adopted by the VOCs, and their
protection against antimicrobials can be balanced. Various bacterial types of
volatiles, such as 2-aminoacetophenone, nitric oxide, hydrogen sulfide, tri-
methylamine, and ammonia may affect the development of biofilm, bacterial
motility, its influence, and dispersal (Raza et al., 2016a; Audrain et al.,
2015). Bacterial use their utility regularly to move to different territories
with more assets and fewer competitors. In Streptomyces venezuelae, another
method of improvement, the supposed investigation, recently examined that
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allows nonmotile bacteria to enter more nutrients in media (Jones et al.,
2017). Nonbranched types of vegetative hyphae are developing rapidly with
the help of S. venezuelae, which can create hydrophilic settings by consump-
tion of glucose and pH raised to escape the low-nutrition zone. The explor-
atory type of development promotes the various forms of species with the
communication of long-distance signals that the explorer cells can deliver.
Out of these signs, trimethylamine does not work as a sign to connect
remotely detected streptomycin and also promotes exploratory developmental
types but additionally shows antibacterial activity against Micrococcus luteus
and B. subtilis, possible by increasing the pH of that medium (Jones et al.,
2017).

8.2.2 Interaction bacterial MVOCs and fungal MVOCs

VOCs can play a significant part in the long-distance interaction between
bacteria—fungus and leads to distinctive physiological reactions in the
accomplices formed by interaction. VOCs produced by T. viride expanded
the demonstration of a (PhlA), that is, biocontrol gene in P, 2, 4-diacetyl
phloroglucinol biosynthesis encoded by the fluorescent (Lutz et al., 2004).
Some latest examinations show that the development of a few species of bac-
teria can be through VOCs parasitic (Werner et al., 2016). For example,
VOCs display the inhibitory impacts on B. subtilis and B. cercus created
through Pleurotus ostreatus mushroom of olyster. In recent times, Schmidt
et al. (2015) determined the strains of bacteria in soil responses phenotypic
to volatiles released by a few strains soil infections under the distinctive con-
dition of enhancement during various stages of development. Out of this
type of attempted physiological reaction, such as motility and biofilm organi-
zation, antimicrobial activity, improvement changes, and motility of micro-
scopic livings beings (both amassing and swimming), was on a very basic
level determinedly or antagonistically affected by the contagious and oomy-
cetal VOCs. In the examination, mutualistic bacteria attract the fungus
toward itself by utilizing a potential technique that reflects consequently and
by using VOCs controlling their motility to resisting the competitors
(Piechulla et al., 2017). The Fusarium culmorum type of fungal pathogen
produces VOCs presented in PRI-2 S. plymuthica that examined by the pro-
teomics and transcriptomics. It shows that PRI-2C S. plymuthica response
for the fungal VOCs that changes in expression of protein and genes, identi-
fied by the transduction signals, motility, production of secondary metabo-
lites, biogenesis for cell enveloping, and energy metabolism ( Schmidt et al.,
2017). VOCs fungus presented by the metabolic investigation of PRI-2C
S. plymuthica, the expression of the gene cluster, methyltransferase, and ter-
pene synthesis by the coexpression of heterologous exposed the creation of
sodorifen, also named as an uncommon terpene (Von Reuf} et al., 2010; Kai
et al., 2010), to the response of fungal type VOCs. The innovation sustains
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the recommended significance of VOCs as indicating the molecules in the
interaction between bacteria and fungus. Different types of soil bacterial pro-
duce the VOCs by the impact of antifungal and hence the addition to it
known as fungus of soil, where propagules of fungus are limited in their
capacity for developing and growing (Garbeva et al., 2011). In recent times,
Cordovez et al. (2015) exposed to facilitate the antifungal properties of
Streptomyces spp. emitted volatile compounds show against Rhizoctonia
solani and may add to suppressiveness of plant against diseases. Ossowicki
et al. (2017) indicated that the chemical compound collected from the rhizo-
sphere of tomato is Pseudomonas P482 might be having an antifungal
response, which recommends that the antagonistic capacities of this strain
against plant pathogens are because of their volatile potential (Ossowicki
et al., 2017). This impact of metabolites generated from bacteria against
oomycetes is not a segregated case, and various P bacteria (Pseudomonas)
strains were described for promoting antioomycete activity (De Vrieze et al.,
2015; Hunziker et al., 2015).

8.2.3 Interaction of microbial volatile organic compounds released
from different fungi species

The 1-octen-3-ol, major particular parasitic VOC, well-known for the specific
smell in mushroom, is delivered by a broad range of filamentous fungi and may
work as a development sign among different fungus group (Miyamoto et al.,
2014). Similar metabolites had been reported for showing function in
Penicillium paneum like a self-inhibitor indication during the spore germination
stage (Chitarra et al., 2004). While formative signs during populace foundation,
some fungi-generated metabolites that perform in a way that focuses subordi-
nately on specific development of mycelia and spore germination (Nemcovic
et al., 2008; Stoppacher et al., 2010). The fungi-generated metabolite com-
pounds are imposing self-inhibitory impacts and initiative interaction between
different fungi metabolites, such as the Muscodor albus (endophytic) and
Oxyporus latemarginatus, are able to intensely prevent the development of
some plant diseases causing fungi example Botrytis cinerea and R. solani
(Strobel et al., 2001). The compound VOCs generated by Trichoderma
spp. have a solid impact in mitigating the effect of plant diseases causing fungi,
for example, Alternaria solanii, Sclerotium rolfsii, and Sclerotinia sclerotiorum
(Amin et al., 2010). In recent times, the study showed that metabolite com-
pounds generated by fungus could affect through cata and anabolic pathways to
avoid pathogenic fungus development (Fialho et al., 2016). There is a range of
fungal species having the ability to inhibit the growth of antifungal compounds
formed by other microbial (fungi, bacteria, and protest) competitors present in
rhizosphere, such as Fusarium spp., which act as an antifungal compound
against poisonous compound pentyl-alphapyrone, transmitted through
Trichoderma harzianum species of fungus (Cooney et al., 2001). All volatile



Role and behavior of microbial volatile organic compounds Chapter | 8 149

compounds generated by fungus may be preserved as significant sources of
energy for fungi colonizing in carbon-constrained conditions (Cale et al., 2016).
Alternatively, for fungi colonizing more carbon-rich conditions, VOCs may act
as semi-or synthetic substances in a subordinate way to facilitate antagonistic
and valuable interactions between fungi.

8.2.4 Interaction of protists volatile organic compounds and
bacterial volatile organic compounds

A various and plentiful gathering of soil-borne microorganisms are called pro-
tists or Protozoa. The nutrient cycle remains between plant and soil, food web
chain of ecosystem, and metabolism of carbon; all of these activities are carried
out by protest because of their touching activities (Geisen et al., 2015, 2016).
Protists are identified as major predators for bacteria and possessing antibacterial
property against different bacterial species through their judicious feeding habits
(Griffiths et al., 1999; Bonkowski and Brandt, 2002; Rosenberg et al., 2009;
Gliicksman et al., 2010). In this manner, detection of their major prey in the rhi-
zosphere in the permeable soil medium will be a valuable characteristic of soil
protists. An ongoing report submitted by Schulz-Bohm et al. (2017) discovered
that secondary metabolites could assume an important part in the wider interac-
tion of bacterial—protists. Through investigations it was found that the interac-
tions of different protest-generated volatile compounds are genetically
distinctive among soil microorganisms like protest-bacteria. Relating to those,
and direct trophic interactions, they exhibited that particular bacterial generated
volatiles may provide early identification of appropriate prey in environment.
Stimulatingly, soil protists, for example, Dictyostelium discoideum produce vola-
tiles terpenes. These volatile terpenes may be associated with barrier compo-
nents, for instance, to repulse predator of nematodes. Additionally, it was
indicated that soil bacteria could deliver explicit volatiles to resist predators of
protists (Kai et al., 2009; Schulz-Bohm et al., 2017; Chen et al., 2016). There
are some special volatile compounds that play a significant role in interorganism
communications during stress, such as nitric oxide, which occurred abundantly
in the atmosphere. Accumulation of NO is resultant of anthropogenic activities,
for example, inadequate use of nitrogenous fertilizers, burning of fossil fuels,
etc. During abiotic stress response of VOCs leads to an increase in the concen-
tration of ozone at troposphere. In the 1990s, the properties and behavior of NO
were described as unstable gases and can be diffused in liquid and aqueous
media. In plants, NO is responsible for producing physiological regulators.
However, NO molecule has greater stability and are easily reacted with radicals
because of its lipophilic nature combined called reactive nitrogen species such
as NO,, N0, etc. Even these nitrogenous compounds are involved in lipid per-
oxidation chain reaction. NO is also considered as one of the major mediators
of reactive oxygen species (ROS) signaling during stress.
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8.3 The behavior of volatile organic compounds released
from Trichoderma

VOCs are considered as an important agent in agriculture because they play
a vital role in the interaction of abiotic and biotic factors. Recently, there are
around 500 species of different bacteria and fungus have been reported for
the production of a wide range of VOCs such as ketones, ester, lactones
(Bitas et al., 2015; Splivallo et al., 2015; Lemfack et al., 2014; Effmert
et al., 2012). The use of the Trichoderma species in agriculture is very com-
mon and found effective in many manners such as mobilization, diseases
resistance, and stress tolerance, which leads to improved growth and devel-
opment of the plant. It has been found that there are several VOCs secreted
by trichoderma in the rhizosphere, and commonly reported are alcohols,
group of ketones, and other derivatives (Ryu et al., 2003; Zhang et al.,
2008a; Huang et al., 2012). The VOCs of Trichoderma have been explored
intensively for their beneficial role in signaling during stress, agricultural,
and antimicrobial activity (Strobel et al., 2001). The VOCs produced from
Trichoderma are commonly gas-phase molecules of low and high molecular
weight origin. These VOCs obtained from Trichoderma have been found
important for agronomic, medicinal use. The VOCs of Trichoderma have a
long-lasting effect in inhibiting pathogens growth in the rhizosphere and pro-
motes a disease-free environment for plant growth (Wheatley, 2002; Huang
et al., 2012).

8.3.1 Role of volatile organic compounds under abiotic stress

The major and unique behavior of VOC compounds under abiotic stress (salt
stress, heavy metal stress, drought stress, etc.) provides resistance to plants
to continue growth. The process responsible for providing resistance towards
stress includes antioxidant production, Na accumulation, signaling and regu-
lates the secretion of stress hormones (Sharifi and Ryu, 2016). It has been
reported that the production of enzymes and the stability of membrane dur-
ing stress is regulated by different organic osmolytes and glycine. Another
example of VOCs secreted by Pseudomonas increase the tolerance of the
plant toward drought stress, and salicylic acid improves the tolerance against
salt stress. Furthermore, VOCs improves acceptance to drought stress by reg-
ulating hormonal balance in the plant (Vardharajula et al., 2011).

8.3.2 Volatile organic compound-mediated recruitment of
beneficial insects

VOCs also improve plant health and growth by attracting natural enemies.
Many reports show that VOCs also improve the interaction of microbes with
plants in soil and also enhance the oil content in leaves or aerial parts
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(Sharifi et al., 2018). Another biofertilizer like mycorrhizae is responsible
for converting the outline of emitted microbial secondary metabolites in a
French bean. Exogenous application of mycorrhizae produced two enzymes
(-caryophyllene and (3-ocimene, and they tend to magnetize the parasitoids
of spider mites. Many researchers admit that the role of jasmonic acid in reg-
ulating essential metabolic activities of plants, and in generating secondary
metabolites compounds by inducing herbivores and microbials, is very prom-
ising even under harsh conditions. The volatile metabolites generated as a
byproduct of microorganisms can control the signaling pathway of jasmonic
acid (Sharifi and Ryu, 2016; Sharifi et al., 2018). Endophytic fungus
(Neotyphodium uncinatum) inoculation to aerial parts of plants due to the
presence of some volatile compound leads to attract beneficial insects.

8.3.3 Volatile organic compound-mediated plant growth
promotion

We all know that microbes of soil have enough potential to increase the
growth of the plant without forming any relation with VOC production. At
first, Ryu et al. (2003) examined that growth of plant increases by the VOCs
production with B. subtilis GB03. In another paper, the growth of the plant
was promoted two-fold by Bacillus megaterium XTBG34, produced by
2—pentylfuran VOC (Zou et al.,, 2010). Similarly, VOC (methyl ethyl
ketone, 2-methyltridec-1-ene and E-11, 13-tetradecadien) produced by
Pseudomonas fluorescens SS101 increases the Nicotianatabacum (Park
et al., 2015). The organic compounds present as a bacterial byproduct in soil,
that is, Pseudomonas, improves the integrity of cell division expression to
maintain the protein content that increases the growth of the seedling off
soybean (Vaishnav et al., 2015). Previous studies show that microbe-
generated organic compounds, also responsible for the decrease in normal
plant growth, is the effect of plant hormones regulation; the MVOC impor-
tance was well acknowledged in the previous decade and also determined
under naturalistic conditions (Cortes-Barco et al., 2010; Raza et al., 2015).
All microbes help to produce a conspicuous mixture of VOC produced by
each microbe, which plays a major role in all microbial life cycles as well as
their relation with different organisms. For example, some VOC microbes
increase the growth of the plant (Ryu et al., 2003) while some decrease path-
ogen attack (Audrain et al., 2015). Few modulated the motility of bacteria,
production of antibiotics, and formation of biofilm (Kim et al., 2013). Even
each microbe of the VOC does not propose a single contribution. For exam-
ple, VOCs suppress and kill pathogens as well as nematodes (Anyanful
et al.,, 2005), decrease resistance to antibiotics (Audrain et al., 2015),
improve the formation of biofilm in microbes (Bailly et al., 2014), and
increase the growth of plants (Bansal et al., 2010).
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8.3.4 Volatile organic compounds: impact on photosynthesis

Microbes of VOCs increases the health and growth of the plant through vari-
ous ways and increases photosynthesis of plant and accumulation of carbohy-
drates. For example, Castulo-Rubio et al. (2015) and Zhang et al. (2009)
examined those VOC microbes, raising the photosynthesis efficiency by
increases content of chlorophyll in plants. Mostly two methods are followed
for mediating this effect. One is the uptake of iron in plant cells, which is an
important factor for electron transportation chain pathway, photosynthesis,
and chlorophyll (Briat, 2007). Zhang et al. (2009) reported that the rhizo-
sphere has been acidified by subtilis GB03 of Bacillus having VOCs by
three-fold increase in photon release, increased iron uptake and solubility,
and then converted to Fe21 and then plant uptake by Fe-regulated transporter
1 (AIRTI). In this perusal, the contents of iron in VOC-unveiled plants were
twice in size than the controlled treatment. In another observation, Wang
et al. (2017) examined that Bacillus amyloliquefaciens BFO6 VOCs raising
Nitric oxide formation in Arabidopsis that acts as the upstream of deficiency
of iron-inducing transpiration factor 1 (FITI) under conditions of iron-
deficiency, mobilized, and chelated Fe. And another mechanism is to raise
the unfavorable response to an accumulation of sugar on photosynthesis rate
by microbes of VOCs. The observation shows that the concentration of sens-
ing hexose sugar regulates the rate of photosynthesis negatively by
Arabidopsis hexose sensor kinase-1 (HXK1) (Cho et al., 2010). Arabidopsis
accumulates 60% less hexose sugar than VOCs of Bacillus than also from
the controlled treatment (Zhang et al., 2008b).

8.3.5 Role of volatile organic compounds released by plant roots

It is a well-known study that plant roots of any family or genus secrete sev-
eral kinds of VOCs, which may be synergistic or antagonistic with microbes
present in the rhizosphere, other plants, nematodes, and in pests (Weissteiner
et al., 2012). The same kind of organic volatile compounds is also released
by the release by herbivore insects present in rhizosphere or hyllosphere of
the plant, which further acts as signals for circumlocutory defense, and
engages insect predators. Correspondingly, under abiotic or biotic stress the
plant as a stress protectant secretes certain kind of VOCs. (Van Tol et al,,
2001). Reports submitted that there are some plants that play a vital role in
enhancing the role of beneficial microbes, improving the interaction between
plant and ecosystem, and secreting 200,000 metabolites. There are about
three to four classes of VOCs produced by plant roots such as alkanes,
ketones, fatty acids, and sulfur compounds. It is reported that around 1% of
plant metabolites are VOCs and they attract as chemostimulants, signalers,
and antimicrobials. Van Dam et al. (2016) has reported that inoculation of
Janthino bacterium and Pseudomonas cell in nutrient-deficient soil increases
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the nutrient ability to plant roots. Moreover, VOCs like limonene and bor-
neol are the most popular VOCs excreted by plant roots, which improves
bacterial quorum sensing. In the case of legumes, flavonoids are VOC com-
pounds secreted by plant roots, which attract nitrogen-fixing bacteria and
improve nitrogen’s ability to crop. Correspondingly, in the case of the maize
plant produced benzoxazinoids, which attract different PGPRs like Bacillus
and Pseudomonas. Moreover, a sesquiterpene VOC (E)-3-caryophyllene,
increase the attraction of nematodes toward rhizosphere because of root-
feeding beetle larvae (Van Tol et al., 2001). The latest research estimated
that the movement of microbes in soil toward plant roots could also be
encouraged by VOCs released from the roots of plants. Interestingly, antifun-
gal activity in plant root was increased by pathogen present in the rhizo-
sphere (Schulz-Bohm et al., 2015). Application of bulk quantity of nutrient
to soil influenced microbial activity (Schulz-Bohm et al., 2015). Several
studies suggested that there are certain species of microbes that secrete
VOCs and enhance nutrient activity under nutrient-deficient condition.
Therefore, plant VOCs act as messenger chemical compounds provides
attraction toward the nutrient and mineral-rich environment around the
plants.

8.3.6 Volatile organic compounds improves nutrient acquisition

In soil salinity, soils are found deficient with Fe2+ mineral. Many microor-
ganisms carried out the mechanism of mineralization of iron in soil and the
compounds of VOCs, which are mutually associated with plant roots and rhi-
zosphere (Wintermans et al., 2016). The frequent root-association of benefi-
cial soil microbes with plant roots is strongly influenced by various
biofertilizers such as Rhizobium, Mycorrihza, and Trichoderma. Application
of these microbes to soil enhances nutrient mobilization and make them
available to plant, apart from nutrient mobilization; these microbes also
enhance the resistance of the plant to both biotic and abiotic stress.
Stimulation of Fe uptake by the plant is strongly related to genes generated
from microbial volatiles. The use of Rhizobacterium and Pseudomonas
release certain types of VOCs, which promotes growth and plant develop-
ment. The VOCs released from TRICHODERMA are reported for minimiz-
ing the deficiency of Fe in tomato shoots, suggesting that the phenomenon
has occurred across plant species. There have been many pieces of evidence
during the current year that support the suggestion that plants react strongly
to MVOCs. There have been many researchers observed in which the effect
of MVOCs at Arabidopsis thaliana. Studies have shown that microbes can
cause alteration in the root system of the plant, physiology of plants, hor-
monal balance, and production of biomass. It has been found that a single
MVOCs can perform different functions in the plant, such as production
dimethyl disulfide production, which helps to improve the reduced sulfur
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content that improves the growth of the plant through their experiments and
inferences characteristic compound of 6-pentyl-pyrone, Trichoderm asperellum
can be raising the defense reaction of plant and sporulation of Alternaria
alternate and B. cinerea decreases at the same interval of time. Plants of
tobacco and maize are also protected by limiting and inducing tolerance to
pathogens against Cochliobolus heterostrophus and B. cinerea. There are
many studies that show that the beneficial nature of MVOC:s in soil microbes
can improve the growth of plants. There are only a few studies that focus on
the mechanism of plant growth and development of soil-borne microbes,
which are pathogenic in nature. The study indicates that soil-born R. solani
increases the production of MVOCs for helping the growth of the plant and
reduce insect resistance. It has also been approved, through a successful
strategy, that pathogenic fungi improves root biomass and increases the
growth of lateral root formations, which provides more surface area to help
colonize fugal and its infection. Bitas et al. (2015) concluded, through his
experiment, pathogenic F. oxysporum emitted VOCs and stimulated the
Nicotiana tobacum and A. thaliana growth and effecting the signal and trans-
portations of auxins. The pathogen of Alternaria-emitted VOCs has raised
the early flowering, growth, and Arabidopsis photosynthesis rate, pepper,
and maize by affecting plastic cytokine level. To analyze the impact of
VOCs on plant growth, a significant factor of high-CO, production must be
considered as contributing to inefficient plant growth. However, after so
many studies, there is still limiting knowledge of the role of MVOCs in the
attraction of the beneficial organism and mechanism of the various function
performed by the microbes associated with plants and how they affected the
quality and quantity of the plant volatile emissions. Del Giudice et al. (2008)
reported that the association of bacteria with vetiver grassroots used by ses-
quiterpenes in the form of a carbon source. There is a variety of various
experiment, which explain the chemical dialog in between plants, microbes,
and organisms by the exchanging of dissolvable molecules. Most studies
have reported that MVOCs mediate communication, which is unidirectional
in nature, while there are very fewer studies about bidirectional interaction
mediated through MVOCs. Spraker et al. (2014) observed through his
experiments and stated that “VOCs decreases dialog in between fungi and
bacteria where VOC present in fungal type plant pathogen, that is,
Aspergillus flavus decreases the formation of the main EPS envy factor
developed from R. solanacearum bacterial type plant pathogen. Aspergillus
flavus reply to R. solanacearum VOCs by decreases production of conidia
and raisin production of aflatoxins”. For example, there is an important role
played by VOCs helped in the interaction of Verticillium longisporum, that
is, a fungal-type pathogen orbits antagonistic bacteria P. polymyxa in plants
and experiments in vitro conditions. This interaction, which is mediated
through specific VOCs, has been found to result in the disallowance of cellu-
lar metabolic activities and reduction in the growth of the fungal pathogen.
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Schulz-Bohm et al. (2017), experimented using a system, that is, glass olfac-
tometer, for the attraction of distant bacteria in soil from plant roots, and
glass olfactometer equipment have been used successfully for the study of
plant—herbivore or plant—nematode interactions. However, the glass olfac-
tometer equipment was used to study the interaction in between microbes
and plants. It is found that when the fungal type of infection is present than
it changes the mixture of VOCs in roots and attracts the particular bacterial
having antifungal properties. A strong bioinformatics technique based on the
utilization of the Hidden Markov Model (HMM) and Protein Families
Database (PFAM) research that gives permission to bacterial origin by ter-
pene synthesis discovery and has shown that various phylogenetic bacteria
can be a rich terpene source.

8.4 Conclusion and outlook

During the last decades, there have been many experiments performed on
MVOCs, which helps reveal the functions of them and are produced by dif-
ferent soil microbes. From this experiment, it is evident that these small
molecules, which are odorous in nature, can lead to the modification in
behavior of living organism and can promote or inhibit their growth. As
many researchers are focused on the unidirectional nature of MVOCs pro-
duced by a single organism and the responses of the organisms perceiving
them. While there are very much fewer studies regarding the bidirectional
nature of MVOCs-mediated dialog. From the experiment conducted until
now regarding MVOCs, most of the interactions, which are mediated through
MVOCs, take place between bacteria fungi and plants. There is less research
regarding releasing of VOCs by other microbes like archaea, protista, or
microbes present in rhizosphere regions like nematodes or earthworms.
MVOCs could alter the composition of soil bacterial and fungal communities
and significantly increased the relative abundance of proteobacteria, bacteroi-
detes, firmicutes, and ascomycota. Furthermore, MVOC-influenced genes are
involved in important soil functions such as N-fixation (nif H), nitrification
(amoA), denitrification (nirS), and antibiotic production (NRPS). Through
studies, it has been observed that there are some common MVOCs released
by plant roots, fungi, bacteria, and protists. For example, terpenes are the
most enormous and most diverse class of metabolites, which have a great
function as plant metabolites; however current studies also revealed that ter-
penes can be produced by all living organisms, including protista. Powerful
bioinformatics method based on the use of HMMs and PFAM searches have
allowed the discovery of terpene synthases of bacterial origin and showed
that phylogenetically different bacteria can be a rich source of terpenes.
However, while considering the implementations of MVOCs is very limited.
Much research is yet to be done regarding the potential application of
these compounds on large-scale agriculture and horticulture. The many
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experiments related to MVOCs are carried out in vitro conditions while we
have to apply them under open field conditions in agriculture. There are little
studies regarding the application of MVOCs under open field conditions and
studies are yet to be done to know about their application in open field con-
ditions of agriculture.
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9.1 Introduction

The volume of wastewater generated by countries around the world has wit-
nessed a constant increase with increasing population growth accompanied
by urbanization and economic development. Conventionally, wastewater is
collected through sewer networks and treated collectively in centralized
wastewater treatment plants. It is critical that wastewater treatment plants
(WWTPs) are constantly rehabilitated keeping in mind the national and inter-
national discharge standards. It is equally important that WWTPs are con-
structed with a design capacity keeping in mind the population growth
projection of the entire command area it serves. For example, the WWTP at
Leeuwkuil in South Africa was established in 1952 with a design capacity of
4.5 million litres per day (MLD) and was upgraded to 36 MLD in 1980. As
of 2015, the plant treats ~43 MLD with plans for upgradation between the
years 2020 and 2025. Increased population has led to a change in wastewater
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characteristics and with treatment above the design capacity, has compro-
mised on the effluent characteristics (Teklethaimanot et al., 2015). This can
also affect the quality of the water bodies into which the treated water is
released.

In many instances, not all parts of the city, especially in developing coun-
tries, may be connected to the sewer network. In such cases, wastewater is
discharged into nearby streams, polluting the water body (Samie et al., 2009;
Trang et al., 2010). The costs of bringing these localities into the existing
sewer network may not be an economically feasible option. Rapid urbaniza-
tion places undue stress on the limited freshwater resources available. Urban
activities and agricultural usage of land around water bodies can be consid-
ered to be major contributors of pollution in water bodies (Camorani et al.,
2005). Decentralized wastewater treatment is a viable option in such cases
and can be implemented in both rural and urban areas.

9.1.1 Wetlands system for wastewater treatment

Among the various decentralized methods, constructed wetlands (CWs) can
be considered to be a low cost, low maintenance, chemical-free, and robust
technology to treat wastewater (Kivaisi, 2001). CWs also provide other land-
scape and social benefits such as habitat for wildlife, esthetic appeal, and
places for recreation (U.S. Environmental Protection Agency U.S. EPA,
1999). CWs have been used to treat various types of wastewater, such as
agricultural, municipal, industrial, aquaculture, as well as domestic (Wu
et al., 2017).

9.1.1.1 Components and types of the wetland system

Water, air, wetland plants, bacteria in the biofilms, and support media (or
substrate) are some of the major integral components of any wetland system.
Natural wetlands, CW, and floating wetlands are some of the wetland sys-
tems used to treat water. Of these, natural and CW systems can be used for
ex situ treatment of wastewater while floating wetlands can be used as a ter-
tiary level in situ treatment system in water bodies. Depending on the influ-
ent wastewater characteristics, the wetland system can be coupled with other
relevant pretreatment technologies to treat water to permissible limits. Many
countries have adopted strict guidelines to minimize the use of chemicals as
much as possible with regard to decentralized alternative technologies for
water treatment.

9.2 Role of microbes in wastewater treatment

Among the various components of the wetland system, bacterial communi-
ties constitute the most important component for removal and transformation
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of hazardous contaminants (Ramond et al., 2012; Ahn et al., 2007).
Bacterial communities, as indicated from experimental studies, require
around 75—100 days to stabilize in CW (Truu et al., 2009). Numerical and
simulation studies have also been conducted to confirm the duration that
bacterial communities require to reach stability. Samso and Garcia (2013)
used a numerical model, BIO_PORE to simulate the dynamics of com-
monly found bacteria in subsurface flow CWs and determined that time
taken to achieve stability (400—700 days) was much longer than deter-
mined by experimental studies. Some of the commonly found groups of
bacteria in wetlands are heterotrophs, autotrophic nitrifying, fermenting,
acetotrophic methanogens, and acetotrophic sulfate reducing and sulfate
oxidizing bacteria (Samso and Garcia, 2013).

Bacteria present in the wetland systems can perform various functions
such as nitrification, denitrification, ammonia oxidation, phosphorus solubili-
zation, biofilm formation, etc. Ma et al. (2018) identified the microbial com-
munities in the roots and substrate of wetland plants with Salicornia sp.
treated with marine aquaculture effluents. Genera of Pseudoalteromonas,
Acinetobacter, Bacillus, Pseudomonas, Vibrio, Stenotrophomonas, Comamonas,
Nisaea, Nitrospina, Nitrosopumilus, and Planctomyces responsible for biofilm
formation, denitrification and nitrification, promotion of plant growth, nitrite
and ammonia oxidation, and phosphorus solubilization were identified in the
roots and substrate by sequencing studies. A difference in diversity of the
bacterial community is observed with differences in the nature of the influent
wastewater in the wetland system. For example, in a wetland with Phragmites
australis and fed with oil-contaminated water, predominant bacteria in the
rhizosphere soils were hydrocarbon-degrading types. Ochrobactum and
Pseudomonas were the hydrocarbon-degrading bacteria sequenced from these
soils (Abed et al., 2017). Bacterial communities can also vary with the location
as well as with different plants from the same species.

The role of microorganisms in the transformation and removal of
pollutants from CW is even more significant than plants as they can crit-
ically counteract any negative effects on plants by the production of
plant growth promoters (PGP) (Li et al., 2014). Studies on a CW system
with Juncus acutus treating contaminated water with bisphenol A
revealed an increased tolerance of the plants and also ability to degrade
the contaminants when the bacterial community was enriched with PGP
strains (Syranidou et al., 2017). In another related study, the rhizosphere
bacteria from Phragmites australis were isolated and characterized for
their PGP potential and their ability to enhance azo dye phytodepuration
with potential for Se biomethylation and volatilization from selenate and
selenite (Azaizeh et al., 2003; Riva et al., 2019). Fig. 9.1 shows a repre-
sentative image of a horizontal subsurface flow CW system with media
supporting the plants. The extended root area with microbes surrounding
the rhizosphere region is shown.
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FIGURE 9.1 Representative image of a horizontal subsurface flow constructed wetland with
plants supported on a suitable substrate.

9.3 Production of microbial volatiles in soil and their role in
wastewater treatment

9.3.1 Microbial volatiles-their production

Volatile organic compounds are smaller odor-producing compounds with
high vapor pressure, lower boiling point and molecular weight and can be
either evaporated or diffused above and below ground (Schenkel et al.,
2015a,b; Vespermann et al., 2007). Volatile compounds produced by
microbes have different purposes and can either be pleasant or undesirable
to the human nose. For example, volatiles produced during putrefaction of
organic matter are unpleasant while aromas from wine, cheese fermenta-
tion, and earthy smell from soil are pleasant to smell (Lemfack et al.,
2014). These microbial volatile organic compounds (MVOCs) include clas-
ses such as alcohols, terpenes, alkenes, ketones, aldehydes, ester, ethers,
and sulfides (Alcega et al., 2017; Schmidt et al., 2015; Schulz-Bohm et al.,
2017). Some of the factors which determine the production of MVOC in
soil environment are the presence or absence of oxygen, availability of cer-
tain nutrients, pH, and moisture content of soil (Insam and Seewald, 2010).
Recent studies have indicated that these MVOCs have molecular masses
below 300 Da and are mostly lipophilic in nature (Kanchiswamy et al.,
2015).

MVOC can be sampled by any bioaerosol sampling method as there are
still no standardized protocols available. The most commonly used method
to collect the bioaerosol sample is using thermal desorption tubes coated
with Tenax/Carbotrap 50/50 v/v. Varied sampling times are used ranging
between 30 minutes to one day (Alcega et al., 2017). Some of the commonly
used detection techniques for MVOC are mass spectrometry, gas chromatog-
raphy (Insam and Seewald, 2010) and other advanced techniques such as
proton transfer-reaction mass spectrometry which has detection limits up to
the pptv levels (Lindinger et al., 1998).
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9.3.2 Microbial volatiles in wastewater treatment

WWTPs can be a site which can contribute to the majority of MVOC emissions.
Different stages of wastewater treatment—primary, secondary, and tertiary—can
lead to emission of different classes of MVOC, which can be measured either at
the site, upwind or downwind of the site. In a study conducted by Alcega et al.
(2017), some of the major MVOC detected from WWTPs were ketones, alde-
hydes, alcohols, and alkanes. These VOC can be produced by the microbes
during different stages of wastewater treatment such as aerobic digestion, nitrifi-
cation and denitrification, P solubilization and transformation, etc. Studies indi-
cate seasonal variations in MVOC emissions from WWTPs with more
percentage of emission in summer (79%) as compared to winter (43%).
Aldehydes, ethers, and ketones were the common groups of MVOC emitted in
summer while it was alcohols in winter. Emission of aldehydes, ketones, and
ethers in summer was due to the fermentation of organic matter by the microbes
due to insufficient oxygen availability. Some of the major MVOC detected in
WWTPs are formic acid, decane, dodecane, and butyl ester (Alcega et al.,
2018).

9.3.2.1 Microbial volatiles in wastewater treatment using
wetland systems

9.3.2.1.1 Root system of wetland plants

The root system of wetland plants is significantly distinct from terrestrial
plants. They are well adapted to tolerate extreme conditions such as high salin-
ity, heavy aquatic pollution, etc. The rhizosphere region of wetland plants har-
bors numerous microbes, predominantly bacteria and fungi (Mendes et al.,
2013). As compared to normal plants, wetland plants have an extended root
system as a stress response to metal toxicity in wastewater. The rhizosphere
region around the root surface provides a suitable environment for microbes to
aid in degradation and assimilation of contaminants. Wetlands plants may be
classified into two based on their root system-rhizomatic roots and fibrous
roots. Wetland plants such as Phragmites and Typha have a rhizomatic root
system while plants belonging to Cyperus sp. have a fibril root system. As
compared to rhizomatic roots, fibrous root systems have larger biomass,
increased nutrient removal due to higher root surface area and faster growth.
However, the longevity of fibrous roots is shorter in comparison to rhizomatic
roots. A larger root surface area may indicate a larger attachment area for the
nitrifying bacteria. A higher root porosity can also indicate more oxygen trans-
fer to the rhizosphere region by the roots and also enhanced nutrient removal.
The root surface area of common wetland plants with their root porosity is
shown in Table 9.1.

The root surface area can be calculated theoretically or also measured
using image analysis software. This extended root surface area also ensures
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TABLE 9.1 Comparison of active root surface area of wetland plants.

SNo  Wetland Root surface Root
plants area (m?/plant)® porosity (%)

1 Canna 2.28 20.42 +£3.20  Wenyin et al. (2007);
indica Lai et al. (2011)

2 Cyperus sp. 0.20 32.16 £3.42

3 Phragmites 0.06 40.16 =3.85

4 Typha 0.08 16.71+2.32

5 Spider Lily 0.20 -

6 Scirpus - 30.00 =£1.63
validus

?Period = 147 days.

increased release of oxygen to support the microbes in the rhizosphere
region. The roots of wetland plants are also known to release more oxygen
as compared to terrestrial plants. The oxygen release rate from wetland plants
has been determined by various methods such as root respiration studies, simu-
lation models, and radial oxygen loss (ROL). ROL is considered to be among
the primary ways of oxygen input in subsurface CW. In the case of wetland
plants, transport of oxygen to the roots is through the well-developed aeration
tissues. Aeration tissues are well developed in wetland plants as they are
adapted to survive in difficult conditions such as flooding and high pollutant
loads. The input of oxygen in the CW is primarily through atmospheric reoxy-
genation, ROL, and influent reoxygenation (Konnerup et al., 2011). The oxy-
gen release rate from the roots to the rhizosphere region has been documented
and measured by root respiration studies. The release rate will also depend on
external factors such as the surrounding rhizosphere environment. As such
roots of wetland plants have barriers to prevent radial loss of oxygen, however,
oxygen is released into the rhizosphere through porous regions in the root tips
and the lateral roots (Armstrong et al., 2000) (Table 9.2).

Oxygen release in the rhizosphere region of wetland plants can be aug-
mented by factors such as type of wetland plants, microbes in the rhizo-
sphere, and also climatic conditions (Rehman et al., 2016).

9.3.2.1.2 Microbes on the rhizosphere region of wetland plants

Microbial diversity plays a critical role in the maintenance and treatment
efficiency of a CW system. Colonization of the rhizosphere region by fungi
and bacteria is a very dynamic and competitive process. For example, litera-
ture shows that at least a hundred species of fungi can coexist on the
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TABLE 9.2 Oxygen release rate of selected wetland plants.

Plant Plant oxygen release Based on References
rate (g/m>/d)

Phragmites sp. 0.014-0.015 Respiration Ye et al. (2012)
Scirpus sp. 0.005—0.011 Radial Bezbaruah and
oxygen loss Zhang (2005)
Typha sp. 0.023 Respiration Wau et al. (2001)
Typha sp. 0.45 Simulation Mburu et al. (2012)
Bulrush 28.6 BOD removal Burgoon (1993)

BOD, biological oxygen demand.

rhizosphere region of a single plant (Bahram et al., 2011). Some of the bene-
ficial activities of microbial volatiles produced by the root colonizing fungi
are to promote plant growth (Kia et al., 2017) and also inhibit the activity of
other pathogenic fungi. Bacteria colonizing the rhizosphere region, on the
other hand, are known to promote beneficial activities such as enhanced
nutrient uptake and better stress response (Schenkel et al., 2019). At least
841 microbial volatiles that can influence plant interactions has been identi-
fied to date (Schenkel et al., 2015a,b). However, most of the studies on
microbial volatiles on plant response have been carried out on only terrestrial
plants, and more extensive research is needed on how they induce wetland
plant response in wastewater treatment.

Nitrogen removing bacteria Nitrogen removal in CW is accomplished by
a two-step process- nitrification followed by denitrification. Nitrification
involves the oxidation of ammonia as well as the oxidation of nitrite.
Oxidation of ammonia is regarded to be the rate-limiting step for nitrification
in CW (Choi and Hu, 2008). Ammonia-oxidizing bacteria are predominantly
considered to be autotrophic (Wang et al., 2010) though recent studies have
also identified heterotrophic as well as mixotrophic bacteria capable of
ammonia oxidation in CWs (Houda et al.,, 2014; Kouki et al., 2011).
Nitrifying bacteria compete with other heterotrophic and sulfide oxidizing
bacteria for the limited available oxygen in the CW (Wu et al., 2013).
Nitrifying bacteria are known to grow abundantly only when the chemical
oxygen demand (COD) concentrations are low (Samso and Garcia, 2013).
Some of the ammonia-oxidizing and nitrifying bacterial species identified
in the rhizosphere of Typha wetland plants in horizontal and vertical subsur-
face flow CW are Bacillus sp., Arthrobacter sp., Pseudomonas sp.,
Bordetella sp., Nitrosomonas sp., and Ochrobactrum sp. (Houda et al., 2014;
Kouki et al., 2011; Ruiz-Rueda et al., 2009). Some of the MVOCs produced
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by Bacillus strains are 3-hydroxy-2-butanone, 2,3 butanediol, other alcohols,
amines and phenols including hexadecane, 2,3-dimethoxybenzamide, and
O-anisaldehyde (Rudrappa et al., 2010; Zhang et al., 2013). Some of the
MVOCs detected from Pseudomonas sp. include 2-(benzyloxy) benzonitrile,
benzothiazole, and 1-methyl naphthalene (Kai et al., 2007; Raza et al,
2016). Denitrifying bacteria isolated from a salt-stressed CW with Canna
indica showed the presence of Pseudomonas and Arthrobacter in the pres-
ence of a salt-tolerant inoculum of Alishewanella sp. (Wang et al., 2020). In
another related study, bacteria present in the rhizosphere region of
Myriophyllum aquaticum surface flow CW to treat swine wastewater was
sequenced. Some of the denitrifying bacteria identified include Bacillus sp.,
Acidovorax sp., Rhodoplanes sp., Hyphomicrobium sp., Nocardia sp.,
Bradyrhizobium sp., Zoogloea sp., and Streptomyces sp. (Sun et al., 2017).
Some of the MVOCs produced by Streptomyces sp. are ethylene, butanol,
dimethyl disulfide, trimethyl disulfide, gamma butyrolactones, isoprene,
cyclopentanone, geosmin, and acetone (Scholler et al., 2002; Schulz and
Dickschat, 2007; Effmert et al., 2012).

Sulfate reducing and oxidizing bacteria Some of the sulfate reducing and
oxidizing bacteria identified in CWs with Typha latifolia are Desulfobacter
sp. and Thiobacillus sp. (Chen et al., 2016) in addition to commonly found
Desulfovibrio sp. (Lloyd, 2003). Studies indicate that sulfate reducing bacte-
ria take sufficient time to establish in newly constructed subsurface flow
CWs and hence initial sulfate removal rates are not encouraging in such wetlands
(Wiessner et al., 2005). Low levels of acetate in the influent wastewater can also
delay the establishment of sulfate-reducing bacterial communities and can be
established once enough fermenting bacterial biomass are present (Samso and
Garcia, 2013). Among the different types of wetland plants, surface flow CWs
with Typha have been studied to be very effective in sulfate removal as compared
to other systems with Acorus and Nuphar plants with the highest number of bacte-
ria being supported by the Typha system (Park et al., 2009). Table 9.3 shows the
list of most commonly found bacteria in the root rhizosphere and their associated
microbial volatiles.

Metal uptake and contaminant removal Wetland plants are especially
known for their enhanced capacity to remove trace metals as well as dyes
from contaminated waters. They are known to accumulate these heavy
metals in their stem and roots. Wetland plants are aided by dye reducing and
heavy metal accumulating microbes in the rhizosphere region of the plants.
For example, the microbe Geobacter metallireducens can reduce U(VI) to
insoluble U(IV) while microbes such as Desulfovibrio desulfuricans and
Desulfovibrio fructosovorans help in the reduction of Technetium (VII) (De
Luca et al., 2001; Lovely and Coates, 1997; Lloyd, 2003). The microbes are
also known to release volatiles which stimulates root and shoot growth of
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TABLE 9.3 Commonly found bacteria in rhizosphere region of wetland
plants and their corresponding microbial volatiles.

Genus of
bacteria

Arthrobacter
sp.

Bacillus sp.

Pseudomonas
sp.

Zoogloea sp.

Streptomyces
sp.

Desulfovibrio
sp.

Function of
the bacterial
species

Nitrogen
removal

Nitrogen
removal

Nitrogen
removal

Nitrogen
removal-
Denitrification

Nitrogen
removal-
Denitrification

Sulfate
reduction

Microbial volatile
produced

Acetamide,
Benzaldehyde,
Benzothiazole,
1-Decene,
Phenylacetaldehyde

3-hydroxy-2-butanone,
2,3 butanediol,
hexadecane, 2,3-
dimethoxybenzamide,
O-anisaldehyde,
acetoin, isoprene,
acetic acid, acetone.
Ethanol

Ethyl acetate, xylene,
methyl acetate, 1-
undecene, ethyl
benzene, 2-(benzyloxy)
benzonitrile,
benzothiazole;
1-methyl naphthalene

Methyliodide

Ethylene, butanol,
dimethyl disulphide,
trimethyl disulphide,
gamma butyrolactones,
isoprene,
cyclopentanone,
geosmine, acetone

Dimethylsulfide,
Dimethylselenium,
Trimethylarsine
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plants as well as increase their stress resistance, thus indirectly aiding in the
cleaning of wastewaters.

Even though the role of microbes and plants in wastewater treatment has
been extensively reported, the role played by microbial volatiles in mediating
the responses of the wetland plants to respond effectively is fully not
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understood. There is more scope for research to identify and map all the micro-
bial volatiles produced by the different types of microbes present in the wetland
system and categorize their role in modulating the wetland plant response.

9.4 Summary

The contents of the chapter can be summarized by the following points men-
tioned below:

1. CW play a critical role in removing contaminants from wastewater in a
sustainable manner and are one among the most commonly used alterna-
tive methods of wastewater treatment in a decentralized way.

2. Wetland plants, substrate, and microbes form the main parts of a wetland
system. The substrate media form a supporting matrix for the microbes
while the rhizosphere region of the wetland plants harbors the microor-
ganisms, which aid in wastewater treatment.

3. Wetland plants have an extended root system with an increased root sur-
face area which releases more oxygen as compared to normal plants.
This supports the extensive microbial biota in the rhizosphere region.

4. Degradation of organic matter, removal of trace metals, and dyes are
some of the ways by which a CW system treats wastewater. Organic mat-
ter degradation is mainly brought about by the removal of major
nutrients-nitrogen and phosphorus.

5. Removal of nutrients from wastewater is accomplished with the help of
microbes in the rhizosphere region. The microbes are studied to release
volatiles, which affects the plant responses. The beneficial effects that
these volatiles has on the wetland plants are improved tolerance to stress
conditions such as high salt environment, improved resistance to patho-
gens and also increased root and shoot growth.

6. More research on microbial volatiles produced by specific wetland plants
and their role in modulating the plant response is needed. Identification
and qualitative analysis of these volatiles specific to each microbial genus
in the rhizosphere region of the wetland plant will help in using the spe-
cific microbial blends to elicit desired and improved responses in wetland
systems for wastewater treatment.
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10.1 Endophytic bacteria

Endophytes are endosymbiotic microbes that inhabit the tissues of plants,
either throughout or for a phase of their life (Wilson, 1995; Hardoim et al.,
2008). Various plants, ranging from wild to domesticated perennial trees,
weeds, and agronomic plants, are reported to harbor endophytes (Yuan et al.,
2014; Kumar et al., 2016; Gupta et al., 2019). The entry of endophytes inside
plant tissue occurs primarily through the roots (Egamberdieva et al., 2010).
However, entrance through stomata of leaves, openings of flowers, stems, and
cotyledons has also been documented (Ferreira et al., 2008; Girsowicz et al.,
2019; Kumar et al., 2020). After entering the host, they are transported across
the plant tissues by the vascular system and, thereafter, colonize within cells
or intercellular spaces (Sapers et al., 2005; Compant et al., 2010). After gain-
ing residence within the plant tissues, the endophytes synthesize a diverse
range of bioactive compounds that aid in the plant growth by combating sev-
eral abiotic and biotic stresses (Truyens et al., 2015; Gupta et al., 2020).

Volatiles and Metabolites of Microbes. DOI: https://doi.org/10.1016/B978-0-12-824523-1.00009-2
© 2021 Elsevier Inc. All rights reserved. 177



178 Volatiles and Metabolites of Microbes

The symbiotic bacterial groups with the capability to invade plant tis-
sues, without harming them, are called endophytic bacteria (EB). They
could be either obligate or facultative. Most of them possess a dual staged
life cycle, circulating between soil and plant environment (Reinhold-Hurek
and Hurek, 1998). Being rhizospheric, EB mainly invade the root tissue
and then get translocated into the other aerial parts of the plant. This path-
way has been studied by confocal laser scanning microscopy, gfp or gus
reporter gene labeled strains, immunomarkers, and fluorescence in situ
hybridization (FISH) (Gamalero et al., 2003). However, the entrance of
EB into the plant through wound, stomata, hydathodes, and insects has also
been reported (Vorholt, 2012). Both plant and EB contributes to establish-
ing symbiotic colonization. The specific compounds in root exudates are
recognized by EB, while the transpiration stream aid in their translocation
to different plant tissue (de Weert et al., 2002). The bacterial flagella,
lipopolysaccharides, quorum sensing (QS), and capability to synthesize
enzymes as cellulase and pectinase are the properties of EB that help in
their colonization inside plant tissue (Bohm et al., 2007; Suarez-Moreno
et al., 2010).

The EB are highly diversified. Their diversity has been investigated by
culture-independent and culture-based methods. In cultivation-based techniques,
the bacteria are isolated in culture media and then studied through microscopic
and biochemical assays. Whereas cultivation-independent methods use DNA
based molecular techniques to study endophytic communities structure dynamics
in response to several factors as plant types, tissue types, different stress condi-
tions, etc. (Menpara and Chanda, 2013). Studies revealed that the EB is mainly
comprised of Proteobacteria, followed by Actinobacteria, Firmicutes, and
Bacteroidetes (Fig. 10.1). The smaller fraction of EB falls under the category of
Chloroflexi, Cyanobacteria, Armatimonadetes, Verrucomicrobia, Planctomycetes,
and Nitrospirae (Edwards et al., 2015; Sessitsch et al., 2012). Several factors as
host plant species, soil types and fluctuations in environmental CO, and tempera-
ture determine the community structure of EB (Liu et al., 2017). However,
numerous EB still need to be explored. An understanding of the ecology of EB
and bioactive compounds synthesized by them can have great potential for
bioprospecting.

The EB produces an array of bioactive compounds which are directly or
indirectly beneficial to plants (Singh et al., 2017). Such compounds have evi-
dently enhanced the ability of host plants to deal with several biotic and abi-
otic stresses, thereby assisting their growth. These bioactive compounds are
not only beneficial to plants, but are also useful to a human. Endophytes
residing in medicinal plants are a significant source of valued secondary
metabolites which are medically important bioactive compounds, which con-
tribute almost 80% of the commercially available natural drugs (Singh and
Dubey, 2015). The source and roles of major bioactive compounds synthe-
sized by EB are discussed below.
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FIGURE 10.1 Relative abundance and diversity of endophytic bacteria with examples of major
group. Adapted from reference Edwards, J., Johnson, C., Santos-Medellin, C., et al., 2015. Structure,
variation, and assembly of the root-associated microbiome of rice. Proc. Natl. Acad. Sci. U.S.A.
112, E911—E920; Sessitsch, A., Hardoim, P., Doring, J., et al., 2012. Functional characteristics of
an endophyte community colonizing rice roots as revealed by metagenomic analysis. Mol. Plant
Microbe Interact. 28—36.

10.2 Bioactive compounds of agricultural importance

Plant growth promoting EB synthesizes various secondary metabolites, phy-
tohormones, and novel bioactive compounds, which are capable of promot-
ing plant growth through direct and indirect methods. The direct mechanisms
include providing plants with nutrients and synthesizing certain phytohor-
mones (Santoyo et al., 2016), while indirect aspects mainly incorporate their
hostile impacts toward phytopathogens (Compant et al., 2010). Major bioac-
tive compounds, along with their functions, produced from agriculturally sig-
nificant EB have been summarized in Table 10.1.

10.2.1 Providing nutrients

Soil is a heterogeneous mixture that contains most of the macro- and micro-
nutrients required for the growth of plants. However, some of the nutrients
need to be converted into a plant’s usable form. The EB perform this crucial
role by converting insoluble nutrients, particularly nitrogen, phosphorus, and
iron, into soluble complexes (Table 10.1A).
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Nitrogen is vital for plant growth and development. It is required for the
formation of amino acids, proteins, enzymes, and nucleic acids. Although
30%—50% of required N, in crop fields is fixed by N, fixing microbes of
soil (Gourion et al., 2015), the endophytic nitrogen-fixing bacteria have been
found more efficient than rhizospheric microbes in supporting the plants to
flourish in nitrogen-restricted soil situations (Hurek and Reinhold-Hurek,
2003). The nitrogenase enzyme present in EB fixes the atmospheric nitrogen
into the plant tissue. Along with the classic example of Rhizobium residing
in root nodule of legumes, several other EB such as Bradyrhizobium,
Bacillus sp. Pelomonas, and Herbaspirillum seropedicae have been
accounted to actively synthesize nitrogenase enzyme (Terakado-Tonooka
et al., 2008). The nitrogenase activity in Paenibacillus strain P22 has been
accounted to contribute in the nitrogen supply to the tissues of the poplar
tree (Scherling et al., 2009). Similarly, presence of G. diazotrophicus has
been marked in tissues of pine and sugarcane (Carrell and Frank, 2014).
Furthermore, N, fixing Paenibacillus polymyxa P2b-2R was isolated from
pine and maize tissue (Puri et al., 2016).

Phosphorous is a macronutrient which is required for several enzymatic
activities occurring during various physiological processes. It is a component
of nucleic acids, ATP, signaling molecules, phytin, etc. A major portion
(approx. 70%) of the phosphorus supplied through fertilizers bind to soil and
form insoluble complexes and therefore, becomes inaccessible to plant spe-
cies (Ezawa et al., 2002). The EB can solubilize such complexes by chela-
tion, ion exchange or by acidification (Nautiyal et al., 2000). Moreover,
phosphatase, secreted by EB, mineralizes the organic phosphorus into usable
soluble form (van der Heijden et al., 2008). The phosphate uptake by EB
was established by growing cacti with EB on phosphate. The bacteria-free
cacti were used as control and the growth was compared with the fertilized
cacti. The growth comparable to the fertilized plant was observed in former
while the latter failed to thrive (Puente et al., 2009). This provided the direct
evidence of phosphate solubilizing capability of EB.

Iron is one of the most important micronutrients required for the growth
and development of plants. It is a constituent of cytochromes, ferredoxins,
electron transport chain, and several enzymes as peroxidase, catalase, etc.
Iron is required by plants for the fundamental metabolic pathways like chlo-
rophyll biosynthesis, photosynthesis, and nitrogen fixation. However, its bio-
availability in the soil is limited. To combat this, the EB produce high-
affinity siderophores which chelate insoluble Fe** bounded to the soil into
soluble complexes, which is readily absorbed by the plants (Ma et al., 2016).
The siderophore’s importance in rice plants by endophytic Streptomyces sp.
GMKU3100 has been deduced by the use of siderophore-deficient mutant
(Rungin et al., 2012). A positive correlation between siderophore production
and increment in biomass of maize was established by Marques et al. (2010).
Furthermore, the growth of tomato in hydroponic culture was documented to
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be assisted by siderophores produced by EB (Radzki et al., 2013). The iron
uptake by siderophores provides an additional advantage of depriving iron
availability and thereby limiting the multiplication of phytopathogens
(Verma et al., 2011; Aznar et al., 2015).

The uptake of certain micronutrients is also assisted by EB. The cadmium
uptake by B. pumilus E2S2 enhanced the roots and shoots biomass in con-
trast with the untreated sorghum plants (Luo et al., 2012). Furthermore, strain
NBRI-SN13 of B. amyloliquefaciens actuated tricalcium phosphate solubili-
zation in rice (Nautiyal et al., 2013).

10.2.2 Phytohormones

Phytohormones production is a general attribute of EB to improve plant bio-
mass and combat stresses. The genes encoding auxin/indole acetic acid
(IAA), cytokinins, gibberellins, and abscisic acid are frequently reported in
the genome of plant EB (Shahzad et al., 2016).

Auxin is involved in root initiation, synthesis of ethylene, photoperiod-
ism, stem elongation, cell—cell signaling and induction of plant defense sys-
tems (Woodward and Bartel, 2005; Gravel et al., 2007; Glick, 2012). Studies
indicate that the EB regulate the level of auxin by synthesizing it in case of
low concentration, or by destroying it in case of a high amount
(Table 10.1B). It has been observed that the IAA producing EB is capable of
improving plant root biomass by generating lateral roots (Tsavkelova et al.,
2007). Direct evidence was provided by Patten and Glick (2002) using IAA
mutant GR12-2 strain of Pseudomonas putida, which was incapable to aug-
ment lateral root formation. On the other hand, Leveau and Lindow (2005)
demonstrated TAA degrading capability of Pseudomonas putida 1290 that
totally nullified the impacts of supplemented IAA on the roots of radish.

In another examination, the mutant PsJN strain of Burkholderia phytofir-
mans, deficient in auxin, could not restrain the impacts of externally supplied
auxin in A. thaliana contrasted with its native strain (Zdiiga et al., 2013).
Thus, the auxin by EB possesses dual characteristics to regulate optimum
auxin concentration so as to create a net constructive outcome on the host
plant.

Several studies have shown EB residing in plant tissues can produce cyto-
kinins and gibberellins (Table 10.1B). Cytokinin-like compounds were
extracted from Pseudomonas resinovorans and Paenibacillus polymaxa inha-
biting Gynura procumbens plant cotyledon (Bhore et al., 2010). While
Azospirillum lipoferum was found to synthesize gibberellins and abscisic
acid in maize plants (Cohen et al., 2009). Additionally, the EB has been
shown to modulate ethylene concentration in plant tissue. The synthesis of
gibberellins and abscisic acid along with the regulation of ethylene by EB
has found to be imperative for plant stress mitigation. This has been dis-
cussed in detail in the proceeding section.
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10.2.3 Combating stresses

Phytohormones, such as abscisic acid, ethylene, and gibberellins display a
crucial role in plants to combat biotic and abiotic stresses. Concentration of
these hormones fluctuates during stress condition, thereby affecting the phys-
iological processes like cell elongation, root nodulation, root initiation,
abscission, leaf senescence, ripening of fruit, and transport of auxin (Sun
et al., 2016). EB aid in tolerating such stress responses by regulating hor-
mones level (Table 10.1C). For instance, it has been observed that adverse
environmental factors, such as soil salinization, desertification, extreme
weather, global warming, etc., resulting in accumulation of ACC (1-amino-
cyclopropane-1-carboxylate) in plant tissue, which is ultimately converted to
ethylene by ACC-oxidase (Tudela and Primo-Millo, 1992). Upregulated eth-
ylene production further leads to decreased growth and cell death. The EB
protect the plant from stress and nullify the elevated level of ethylene by
synthesizing ACC deaminase enzyme. The enzyme hydrolyzes ACC to gen-
erate ammonia and a-ketobutyrate, which is further metabolized as a source
of nitrogen (Sun et al., 2009). Thus, the synthesis of ethylene, the stress hor-
mone, is reduced, thereby aiding the plant to alleviate stress. Several EB has
been studied to possess the above mentioned enzyme (Rashid et al., 2012).
Furthermore, several EB has been isolated from the stress resistance
plants. The role of EB in promoting plant growth by combating stresses has
been evident in several studies. The psychrotolerant EB, P. frederiksbergen-
sis strain OS261, and Pseudomonas vancouverensis strain OB155 were
observed to protect tomato from cold stress by increasing antioxidant activity
and inducing the bacterial cold acclimation genes (LeCBFI and LeCBF3)
(Subramanian et al., 2015). Similarly, Burkholderia phytofirmans strain PsIN
aided Arabidopsis to cope up with cold stress by strengthening their cell wall
(Su et al., 2015). The transcriptomics analysis revealed the up-regulation of
cellular homeostasis and reactive oxygen species (ROS) detoxification in B.
phytofirmans PsJN that minimized the effects of drought stress in potato
(Sheibani-Tezerji et al., 2015). A decline in the H,O, concentrations and
increase in the proline contents was observed in chickpea co-inoculated with
B. subtilis NUU4 and M. ciceri IC53, thereby, combating the adverse effects
of salt stress. Additionally, B. subtilis NUU4 was capable to inhibit F. solani,
causative agent of root rot in chickpea (Egamberdieva et al., 2010). The
Brachypodium distachyon endophytic promotes the carbohydrate solubiliza-
tion which further stimulates drought tolerance capacity in grass (Gagné-
Bourque et al.,, 2015). The osmotic stress in pepper plants (Capsicum
annuum L.) was managed by proline synthesis by endophytic Arthrobacter
sp. and Bacillus sp. (Sziderics et al., 2007). Besides, certain enzyme activi-
ties are elevated by EB that aid to combating abiotic stresses by plants. In
response to high Na™ concentration, certain Bacillus sp. has been reported to
induce increment of catalase, peroxidase, phenylalanine lyase, and
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superoxide dismutase (Damodaran et al., 2014). Recently, Gordonia terrae
KMP456-M40 isolate were found to enhance the root length of mangrove
seedlings by 65% and the biomass of salt-stressed rice under axenic condi-
tions by 62%. The bacterium was also able to enhance barley biomass under
salt stress (Soldan et al., 2019). The studies presented G. terrae KMP456-
M40 isolate as promising candidates for sustainable agricultural production
in salt-affected soils. Thus, the EB sense changes in plant’s physiology and
accordingly alter gene expression and hormones concentration to adjust and
thrive in the modified condition. However, the specific mechanisms in EB
involved in promoting plant growth during stress still need to be elucidated.

10.2.4 Protection against phytopathogens

EB are capable of inhibiting bacterial, viral and fungal phytopathogens by
synthesizing an array of inhibitory compounds like siderophores, volatile
organic compounds (VOCs), toxins, hydrolytic enzymes, and antimicrobial
peptides (Table 10.1D). The most common EB genera possessing the antimi-
crobial activity belongs to Actinobacteria, Enterobacter, Bacillus,
Paenibacillus, Serratia and Pseudomonas (Liu et al., 2010a,b). Overall, there
are three processes by which EB confer resistance against phytopathogens:
(1) by induced systemic resistance (ISR); (2) by antimicrobial compound
synthesis; and (3) by disrupting QS of phytopathogens.

The ISR, initiated by EB, could effectively protect against bacterial and fun-
gal infections (Alvin et al., 2014). The EB, particularly, Bacillus, Pseudomonas
and Serratia, trigger the ISR by salicylic acid (SA), jasmonic acid (JA), and/or
ethylene (ET) mediated pathways (Pieterse et al., 2012). The EB in Arabidopsis,
Bacillus cereus AR156 and Enterobacter radicincitans DSM 16656 are found
to trigger ISR by both, SA and JA/ET mediated pathways (Niu et al., 2011;
Brock et al., 2013). While inhibition of leaf pathogens Pseudomonas syringae
pv. and Xanthomonas translucens pv. translucens in tomato DC3000 was
induced by R. radiobacter F4 solely via the JA-mediated pathway (Glaeser
et al., 2016). In a further study, Actinobacteria of Arabidopsis conferred resis-
tance against phytopathogenic fungus Fusarium oxysporum and bacteria
Erwinia carotovora and by JA/ET and SA mediated pathway, respectively
(Conn et al., 2008). The B. pumilus inhibited phytopathogen Phaeomoniella
chlamydospora, thereby imparting immunity in grapevine (Haidar et al., 2016).
These studies presented EB as an effective agent to boost plant immunity.

The bioactive compounds released by EB to suppress that growth of phy-
topathogen indirectly promote the growth of host plant. Numerous antagoniz-
ing compounds against pathogen have been studied to be synthesized by EB.
A fungicide isolated from EDR4 strain of B. subtilis, endophyte of wheat,
was reported to restrain growth of R. cerealis, G. graminis, F. graminearum,
Macrophoma kuwatsukai, F. oxysporum f. sp. vasinfectum, and B. cinerea
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(Liu et al., 2010a,b). The iturin A, surfactin, and fengycin, isolated from
apple tree inhabiting B. methylotrophicus, have shown to be effective against
Sclerotium rolfsii, Phytophthora sp., Pythium aphanidermatum, F. oxyspor-
um, and Dematophora necatrix (Mehta et al., 2014). The isoforms of iturins
were isolated from cotton endophytic Bacillus amyloliquefaciens that trig-
gered immunity against infection of fungus, Verticillium dahliae (Han et al.,
2015). The endophytic Enterobacter aerogenes, residing in northern corn
leaf, is reported to produce volatile 2, 3- butanediol (2, 3-BD), which inhibit
Setosphaeria turcica, causative agent of blight disease (D’Alessandro et al.,
2014). Growth of fungus, F. moniliforme, was also restricted by lipopeptides
synthesized by B. subtilis and B. amyloliquefaciens in Zea mays (Gond et al.,
2015). Poaeamide, a novel lipopeptide, was extracted from Pseudomonas
poae which harbored sugar beetroot tissue. The extract was capable to
restrain the growth of Rhizoctonia solani (Zachow et al., 2015). The EB
Bacillus megaterium BP17 and Curtobacterium luteum TC10 imparted resis-
tance to black pepper plant against Radopholus similis Thorne, a nematode
(Aravind et al., 2009). Considering the effectiveness of EB, the large-scale
industrial production and usage of Pantoea vagans C9-1 against fire blight is
in practice (Smits et al., 2011).

Some EB releases extracellular hydrolytic enzymes that cleave the mem-
brane and disrupt the activity of plant pathogens. B. thuringiensis have be
reported to produce chitinase which inhibit various phytopathogenic fungi,
such as S. rolfsii, F. oxysporum, Physalospora piricola, Pyricularia grisea,
and F. gramineum (Tang et al., 2012, 2017). Other hydrolytic enzymes, such
as proteases, chitosanases, and glucanases inhibit the population of phyto-
pathogenic microbes (Mehta et al., 2014). However, the application of such
antimicrobial compounds from EB in field condition is still in its infancy.

QS plays a critical role in establishing biofilm formation, cell-to-cell
communication, adaptation, and multiplication of phytopathogens (Miller
and Bassler, 2001). Recently, some EB has been studied to utilize QS
quenching technique to prevent the colonization of pathogenic microbes. The
bacteria residing in tissues of Cannabis sativa L. is reported to interrupt cell-
to-cell communication of the pathogen Chromobacterium violaceum by
quenching its QS signals (Kusari et al., 2014). Bacillus species possess the
capability to produce quorum quenching enzymes, in particular N—acyl-
homoserine lactonase (AiiA), which hydrolyze/modify and inactivate autoin-
ducer compounds, typically N-acyl-homoserine lactones (AHLSs). The hydro-
lyzed nonfunctional autoinducers could no longer participate in signaling and
thus the communication between pathogens gets disrupted (Chen et al.,
2013; Lopes, 2018). Additionally, species of Bacillus are capable to disrupt
fatty acid signaling molecules and hence preventing QS-mediated virulence
in Xylella fastidiosa and Xanthomonas species (Newman et al., 2008).
However, molecular mechanism of QS quenching capability of EB to inhibit
colonization of pathogen still needs to be explored.
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10.3 Bioactive compounds of pharmacological importance

Globally numerous infectious diseases cause 50% (approx.) reported fatali-
ties annually (Menpara and Chanda, 2013). With advances of the molecular,
biochemical, and computational techniques, several nano to pico drugs have
been generated. However, the natural sources are still considered as the best
resource for drug formulation. Plants with medicinal properties are being
effectively used as an alternative and/or a complementary medicine for the
treatment of various diseases. Most of the pharmacological and toxicological
drugs obtain from such plants are observed to be produced from endophytes
inhabiting the plant tissues. The array of novel secondary metabolites, gener-
ated by endophytes, have been found to possess therapeutic properties as
antimicrobial, antidiabetic, antitumor, antiarthritic, and immunosuppressors
(Godstime et al., 2014). The bioactive compounds produced from EB along
with their roles in controlling diseases have been depicted in Table 10.2.

10.3.1 Antimicrobial compounds

Various antimicrobial compounds isolated from EB, belong to different
chemical groups like alkaloids, peptides, steroids, quinines, terpenoids, phe-
nols, and flavonoids (Table 10.2A). The antimicrobial peptides can addition-
ally be used as food preservatives by controlling growth of pathogens
causing food spoilage and thus, curbing food-associated diseases (Liu et al.,
2008). The lipopeptides, as already discussed in Section 10.2.3, play a cru-
cial role as antibiotic for enhancing plant immunity. As an antibiotic, they
display antimicrobial, cytotoxic, and surfactant activities (Stein, 2005;
Raaijmakers et al., 2010). Among the EB, lipopeptides from Bacillus sp. and
Paenibacillus sp. are well characterized (Villarreal-Delgado et al., 2018).
Recently, Paenibacillus kribbensis and B. subtilis isolated from Taxus brevi-
folia (Pacific yew) and Ginkgo biloba L., respectively, were observed to pos-
sess antibacterial activities. They were found effective against five
foodborne pathogenic bacteria. Scanning electron microscopic analysis
revealed ruptured and lysed cells of all the assayed foodborne pathogens,
suggesting that metabolite(s) of EB could have penetrated the cell membrane
and caused cell lysis, thereby leading to cell death (Islam et al., 2018, 2019).

Several studies have presented the endophytic Streptomyces sp. as a
storchouse of numerous antimicrobial peptides. Echinomycin and
Kakadumycin A are novel antibiotics possessing a notable antimalarian
activity and a potential anticancer drug (Waring and Wakelin, 1974). These
antibiotics were isolated from fern-leaved grevillea (Grevillea pteridifolia)
endophytic Streptomyces sp. (Castillo et al., 2003). The “Coronamycin,” is
yet another novel peptide antibiotic obtained from Streptomyces sp. isolated
from Monstera sp. It was found to be active against the human fungal patho-
gen Cryptococcus neoformans, along with the malaria parasite, Plasmodium
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falciparum (Ezra et al., 2004). Furthermore, Streptomyces sp. GT2002/1503,
inhabiting mangrove (Bruguiera gymnorrhiza) plant was found to produce
the novel pentacyclicindolosesquiterpene, named as Xiamycin-A which
exhibited selective anti-HIV activity (Ding et al., 2010). Sansanmycin A iso-
lated from Streptomyces sp. were observed effective against Mycobacterium
tuberculosis H37Rv (Xie et al., 2010). Other antibiotics such as munumbi-
cins, valinomycin, rapamycin, hypericin, and clethramycin have also been
isolated from Streptomyces sp. which exhibited antimicrobial activities
against pathogens like Escherichia coli, Vibrio cholera, Coronavirus,
Shigella sp. etc. (Gouda et al., 2016). Among them, munumbicins display an
impressive antimicrobial activity. The methicillin resistant S. aureus strain,
vancomycin insensitive E. faecalis strain and multidrug resistant (MDR)
strain of M. tuberculosis have been found sensitive to munumbicins (Castillo
et al., 2002). The antimalarial action of munumbicins has been accounted for
to be two-fold more than that of chloroquine (Castillo et al., 2006).

The pseudomycins represent a group of antimycotics peptides which are
isolated from broth of endophytic P. syringae culture. These mycopeptides
are effective against a variety of human and plant pathogenic fungi (Harrison
et al., 1991). The endophytic bacterium, Pseudomonas viridiflava, residing in
grass tissue is known to produce Ecomycins (Miller et al., 1998), which
inhibit the human pathogens Candida albicans and Cryptococcus neoformans
(Harrison et al., 1991). Significant antimicrobial activities against a group of
human pathogens (E. coli, Staphylococcus aureus, Streptococcus agalactiae,
Klebsiella pneumoniae, Candida albicans and Proteus mirabilis) were
observed by crude extracts of the Bacillus sp. and Pseudomonas sp. isolated
from roots of medicinal plant, Plectranthus tenuiflorus (El-Deeb et al.,
2013). In recent studies, Malaysian plants-endophytic B. subtilis was
observed to efficiently inhibit S. aureus and Pseudomonas aeruginosa (Fikri
et al., 2018).

10.3.2 Antioxidants

The antioxidants are the free radicals scavenger which effectively nullify the
damages caused by ROSs, which contribute to adverse effects like cellular
degeneration, DNA damages, and carcinogenesis (Huang et al., 2007).
Antioxidants have been regarded as an effective therapy for ROS-associated
pathological conditions like neurodegenerative diseases (Parkinson’s and
Alzheimer’s), cancer, aging, hypertension, etc. (Valko et al., 2007). Various
antioxidants released from EB (Table 10.2B) exhibits anitimicrobial, anticar-
cinogenic, antiinflammatory, or antimutagenic activities (Owen et al., 2000;
Sala et al., 2002; Cozma, 2004). The Stemona japonica endophyte
Paenibacillus polymyxa produced ‘“exopolysaccharides” which displayed
remarkable scavenging activities on free radicals (Liu et al., 2009). The cura-
tive and therapeutic use of Aloe vera is attributed to free radical scavenging
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compounds produced by endophytic Firmicute, Macrococcus caseolyticus. A
major portion (approx. 80%) of the EB residing A. vera were found to syn-
thesize 1,1-diphenyl- 2-picrylhydrazyl, which exhibited almost 75% of the
cellular scavenging activities (Akinsanya et al., 2015).

10.3.3 Anticancer

Endophyte extracts are better choice against chemotherapeutic agents due to
their less toxicity on non-tumor cells and better activity against drug-resistant
microbes. Owing to a better therapeutic efficacy with low side-effects, the nat-
ural endophyte-derived metabolites are being considered as the preferable
human anticancer drugs (Cardoso-Filho, 2018). The endophytic novel second-
ary metabolites have shown promising results against the cancerous trans-
formed cell lines in several in vitro studies (Table 10.2C). The salaceyins,
obtained from Streptomyces laceyi MS53, an endophyte of Ricinus communis,
possessed the cytotoxic property against SKBR3 continuous cell line derived
from the human breast (Kim et al., 2006). The anthraquinones synthesized
from Lupinus angustifolius-endophytic Micromonospora sp. remarkably pre-
vented the growth of 26-L5 carcinoma cells cultured from murine colon (Qin
et al., 2011). The B. amyloliquefaciens sp., isolated from Ophiopogon japoni-
cas, produced exopolysaccharides which exhibited anticarcinogenic activity
against SGC-7901 and MC-4 carcinoma cell lines obtained from gastric cells
of human (Chen et al., 2013). Streptomyces sp. strain 1s9131 from Maytenus
hookeri were reported to inhibit several human tumor cell lines, namely, HL60
leukemia, A- 549 lung, BEL7402 liver and SGC7901 gastric (Zhao et al,,
2005). Furthermore, Streptomyces alnumycin from Alnus glutinosa inhibited
the propagation of human K562 leukemia cell line (Bieber et al., 1998). The
anticancer activity of biphenyls obtained from Streptomyces sp. BO-07 of
Boesenbergia rotunda was studied by Taechowisan et al. (2017) in human
Huh7 and HepG?2 liver, and HeLa cell lines. Recently, Streptomyces cavouren-
sis YBQS59, endophyte of Cinnamomum cassia, was observed to prevent the
multiplication of human lung adenocarcinoma cell lines (Vu et al., 2018). The
research related to characterization and effect of endophytic bacterial anti-
tumor metabolites in animal models is in progress. Once established, they
could prove to be a potential drug for effective, low cost, and safer treatment
for cancer.

10.3.4 Anti-inflammatory

The anti-inflammatory properties of endophytic Streptomyces sp. have been
studied (Table 10.2D). The major antiinflammatory compounds were found
to suppress the mediators of inflammatory responses, such as TNF-a, PGE2,
NO, IL-6, IL-10, and IL-13. The in vitro antiinflammatory activity of
5,7-dimethoxy-4-phenylcoumarin and 5,7,4'-trimethoxy-4-phenylcoumarin,



Endophytic bacteria as source of novel bioactive compounds Chapter | 10 195

obtained from Z. officinale endophytic Streptomyces aureofaciens
CMUACc130, was estimated in lab condition. The results indicated the sup-
pression of iNOS and COX-2 proteins, which further reduced the synthesis
of TNF-« (Taechowisan et al., 2007). In another study, 3-methylcarbazoles,
obtained from Streptomyces sp. LJK109, endophyte of Alpinia galanga, was
shown to reduce the production of inflammatory mediators (Taechowisan
et al., 2012). Recently, anti-inflammatory activity of Streptomyces flavoviri-
dis A3BWK extract was found significantly more compared to that of its host
plant Ocimum basillicum, thereby presenting endophyte as a better anti-
inflammatory agent (Khanam and Vootla, 2018).

10.4 Conclusion

EB have demonstrated to be wealthy storehouse of diverse secondary meta-
bolites with wide range applications in agricultural and pharmaceutical are-
nas. The excellent novel metabolites from EB not only accelerate plant
growth by employing different direct and indirect mechanisms, but also
assist the plant to thrive by nullifying the effects of environmental stresses.
The implementation of such beneficial bacteria in agriculture will certainly
ensure the reduced usage of environmentally hazardous chemical fertilizers,
pesticides, and other agrochemicals. This biopractice will pave the pathway
for productive, sustainable, and environmentally friendly agriculture systems.
Additionally, the EB can considerably be valuable in the biomedical field for
the development of anti-infection agents, which will be vital in the treatment
of human ailments. Such secondary metabolites are evidently cheaper, effec-
tive, and safer as compared to chemical drugs. Overall, the novel bioactive
compounds from EB could be of huge assistance in addressing the difficul-
ties of agriculture, medicine, and environment.

10.5 Future perspectives

Although many EB have been identified, a large group of them still remain
unexplored. The possibilities of discovering unexplored distinct bacteria in
the medicinal plants are enormous. The modern technologies as metage-
nomics and next-generation sequencing could explore the numerous pools of
antimicrobials secreted by yet uncultivated EB. Moreover, a brief examina-
tion on a particular population in a host is imperative before mass production
of bioactive compounds. Furthermore, a better insight of complex dynamics
that define the plant-endophyte relationship is imperative to achieve consis-
tent results under field conditions. The factors affecting relationship of
plant-endophyte should be thoroughly assessed at the molecular level using
genomic, transcriptomics, and metabolomics tools. Future investigations
should concentrate on unraveling the metabolic pathways for the synthesis of
various significant endophytic bioactive compounds.
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11.1 Introduction

Bacteria are primitive forms of life that appeared millions of year ago on
Earth, which are single-cell, a few micrometers in size, and a microscopic,
prokaryotic biological entity that constitutes a large domain of microorgan-
isms. These organisms exist either alone or in groups in a particular arrange-
ment and present in diverse environments like soil, water, hot springs, acidic
condition, basic condition, radioactive waste, and deep biosphere of almost
every habitat. Most of the bacteria are not completely characterized but
some of them are broadly classified and studied based on various parameters
like shape, size, arrangement, mode of respiration, staining property, growth
condition, biochemical test, metabolic pathway, and metabolites produced.
only 27%—35% of the known bacteria are understood and studied well so
that it can culture in a laboratory environment.

There are various types of bacteria that can be either harmful (pathogenic),
causing disease and harming the condition of health, or beneficial such as
commensal and probiotics, which help to support, enhance, and protect many
forms of life: animals, plants, or both. They are used in various fields like agri-
culture, dairy, veterinary, industrial, and medicinal purposes based on their
usefulness and application. There are various organic and inorganic com-
pounds that are used by bacteria as the source of energy and metabolism for
survival, growth, reproduction, and to support basic functions of life.

Bacteria are known for various sources of diverse organic compounds
and molecules having small molecular weight, which are synthesized as an
intermediate product, final product, and byproduct of various metabolic path-
way occurring inside the cell, which are known as metabolites. Metabolites
are restricted to a small molecule having various functions as the source of
energy, structural component, signaling, communication, stimulation, inhibi-
tion, catalysis, defense, and activation of various enzymes. Some of the
examples are amino acids, organic acids, enzymes, peptide, alkaloids,
Macrolides, pigments, vitamins, and antibiotics. Fig. 11.1 depicts the wide
application of bacterial metabolites.

11.2 Physiological pathways in bacteria for metabolite
generation

11.2.1 Heterotrophic metabolism in bacteria

The bacteria, which cannot synthesize its own source of energy and use the
source of energy synthesized by other autotrophic organism, are generally
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Laboratory

FIGURE 11.1 Wide application of bacterial metabolites.

termed as heterotrophs, and the mode of nutrition is known as heterotrophic.
Most of the heterotrophic bacteria are pathogenic, which obtains energy
from organic compounds like carbohydrates, proteins, peptide, amino acids,
and lipids by oxidation process with the generation of ATP as the currency
of energy. In this process, some precursor molecules are also formed which
are required during biosynthesis or assimilatory reaction in the bacterial cell.
The catabolic reaction of heterotrophic metabolism inside the bacterial cell is
the major pathway that simultaneously produces energy in chemical form
(ATP and NADP) and precursor molecules, which are required during bio-
synthesis of new cellular components.

Heterotrophs require organic compounds containing carbon and nitrogen
synthesized by autotrophs, and are used for growth and development by the
aerobic or anaerobic process to generate NADH + H + as a chemical energy
source. These type of bacteria readily grow in enriched media containing car-
bohydrates, proteins, lactose, blood, or other sources of metabolite.

11.2.2 Bacterial glycolysis

It is a physiological process that occurs in almost every living organism
either prokaryotes or eukaryotes, and aerobes or anaerobes. The primary site
of this physiological process is cytoplasm inside the cell, where the carbohy-
drate molecule like glucose is modified by chemical reactions in the presence
of various enzymes to produce molecules with small carbon number as pyru-
vic acid. In this process ATP and NADH molecules are also generated as
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energy currency. It is the initial or first step of respiration and consists of a
total of ten steps where various intermediate and final products are formed
as metabolites. Some of them include glucose 6 phosphate, fructose 6 phos-
phate,1,6-fructose biphosphate, dihydroxyacetone phosphate, glyceraldehyde
3 phosphate, 1,3 bisphosphoglycerate, 3 phosphoglycerates, 2 phosphoglyce-
rates, phosphoenolpyruvate, and pyruvate.

11.2.3 Anaerobic respiration

The process of respiration in the absence of oxygen for oxidation of organic
compounds to generate energy for growth, development and metabolism, and
gas as a byproduct can be stated as an anaerobic mode of respiration or
anaerobic oxidation. Various species of bacteria perform this method of oxi-
dation reaction where they use certain molecules like NO37, SO427, fuma-
rate, and CO, as terminal electron acceptors (Baron, 1996). These electron
acceptor molecules must be added in media during the culture process for
proper growth of these type of organisms. Most important bacteria that are
anaerobes in nature are nitrate reducers, methanogens, and archaebacteria.
These bacteria are a source of various metabolites like nitrate, methane, vari-
ous enzymes, pigments, and antibiotics.

11.2.4 Fermentation by bacteria

Fermentation is also a heterotrophic mode of metabolism where organic
compounds are used to accept electrons for oxidation phenomenon. In this
process, simple organic compounds like methanol, ethanol, acetic acid, alde-
hydes, ketones, lactic acid, and acetic acid are produced from various carbon
sources as a metabolite from bacteria. In this process, glucose molecules are
partially oxidized to generate simple organic compounds, which act as termi-
nal electron and hydrogen acceptor and is further secreted in the medium as
a waste metabolite by bacteria. ATP molecules are formed by dehydrogena-
tion reaction. This incomplete biological oxidation process generates energy,
but the energy produced in this process are sufficient for bacterial growth
and development.

The physiology of fermentation was discovered by Pasteur in the late
1980s which differentiate the microbial world as aerobes and anaerobes.

Based on the product formed by bacteria in the fermentation process, they
can be divided into homofermentative like Streptococcus lactis, Lactobacillus
casei, Lactobacillus pentosus and heterofermentative Lactobacillus, Leuconostoc,
Microbacterium, Enterobacteriaceae group, etc. All the metabolites produced at
the end of the fermentation process mostly occurs through the glycolytic path-
way, where carbohydrate source like glucose dissimilates into pyruvate or further
modification occurs in the presence of enzymes to generate other forms of
metabolite as stated in Table 11.1.
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TABLE 11.1 Summarizes the various types of bacteria and their
metabolites produced during the fermentation process (Kluyver, 1956).

Name of bacteria Product
Enterobacteriaceae (Escherichia coli, salmonella, CO,, H,, formate, acetate,
shigella, proteus) lactate, succinate
Aeromonas, Serratia, Erwinia, Bacillus CO,, H,, ethanol, carbinol,

butylene glycol

Propionibacterium, Veillonella CO,, propionate, acetate,
succinate

Acetobacter Acetate

Gluconobacter Gluconate

Lactobacillus Lactic acid

11.2.5 Kreb cycle in bacterial membrane

The Kreb cycle or TCA cycle is one of the physiological processes in which
three different types of organic acids are formed in a series of chemical reac-
tion performed by all aerobic organism in the presence of multiple enzymes.
It is an oxidative reaction to oxidize acetyl-CoA to ultimately release stored
form of energy as ATP and completely decarboxylated to CO,. In the case
of bacteria, the Kreb cycle occurs in the cytosol with a proton gradient
across the cell surface as mitochondria are absent and synthesize various
intermediate and final metabolic products like citrate, isocitrate, a-ketogluta-
rate, NADH, FADH,, and GTP (Kornberg, 1970).

11.2.6 Glycoxalate cycle in bacteria

A modified version in the Krebs cycle is the glyoxalate cycle or shunt, which
is present in certain bacteria that lack certain enzymes required for the Krebs
cycle. In case of bacteria, molecular O, are required to oxidize L-malate
through electron transport chain.

In this process, the acetic acid production by oxidation of fatty acid is
further oxidized to generate acetyl-CoA by the 3-oxidation pathway to pro-
duce malic acid as a metabolic product. It is an unusual pathway discovered
during a study of the oxidation process of lipids in bacteria, leading to bio-
synthesis of carbohydrates. In this process, oxaloacetate is either converted
to pyruvic acid and CO, or into phosphoenolpyruvic acid by bacteria like
Azotobacter vinelandii (Hempfling, 1979).
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11.2.7 Final oxidation as electron transport chain

The completing stage of respiration by multiple oxidation-reduction reactions
in which transfer of electron and proton across the membrane takes places
with the help of various biological compounds for the generation of ATP by
oxidative phosphorylation process is known as an electron transport system;
enzymes related to electron transfer in this process are present in cell mem-
brane and are also known as mesosomes in bacteria (Jurtshuk et al., 1975).
The electron transport chain is diverse in case of bacteria where it can also
oxidize lactate, malate, formate, glutamate by nonpyridine nucleotide-
dependent pathway. Bacteria also contain various types of cytochromes like
cytochrome p-450, p-420, ¢/, ¢'c’. In the electron transport system, energy is
generated in the membrane, conserved in it, and then translocated by the cou-
pled process for the formation of the ATP molecule. All enzymes for this pro-
cess are bound to the membrane when electron transfer in various steps with
the help of electron carrier ATP is formed from ADP (Jurtshuk et al., 1981).

11.2.8 Proton extrusion pump

The proton extrusion pump hypothesis is also known as the Mitchell hypoth-
esis, which is one of the highly complex and fascinating concepts that tries
to explain the conservation of energy in a biological system by a process like
the chemiosmotic coupling of photosynthetic and oxidative phosphorylation.
The conservation of free energy is based on osmotic potential due to the dif-
ference in proton concentration across the membrane. The various models
have been proposed where this states that the coupling process is required
energy production and management across an intact membrane.

11.2.9 Bacterial photosynthesis

Many bacteria have bacterial chlorophyll and possess a phototropic mode of
nutrition by the process of photosynthesis. The major difference in between
bacterial photosynthesis and plant or cyanobacterial photosynthesis is the com-
pound which donates the hydrogen for reduction of CO, to glucose. Unlike
heterotroph, the phototrophic organism can synthesize the glucose molecule,
intracellularly by the process of photosynthesis in which inorganic compound
like CO, and H,O (H,S) are used in presence of chlorophyll pigments and
sunlight to synthesize carbohydrates by photolysis of H,O and reduction of
CO, through light and dark reactions, respectively. Most of the phototrophic
bacteria are Gram-negative, few heliobacterium strains show the presence of
endospores. Halobacterium salinarum an archaebacterium have purple mem-
brane containing rhodopsin as photosynthetic pigments and a Gram-positive
bacteria Helicobacterium chlorum phylogenetically related with family
Bacillaceae have a new type of chlorophyll as bacteriochlorophyll G.
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11.2.10 Nitrogen fixation/cycle

All the chemicals like sulfur, oxygen, nitrogen, carbon, and hydrogen must
be balanced in the environment to sustain life on Earth by biochemical
cycles. Generally, nitrogen is recycled from one organism to another organ-
ism as the source for growth and development. The potential of some spe-
cies of bacteria for the chemical transformation of nitrogen in various
compounds is highly appreciated and useful in the field of agriculture. The
various process in the nitrogen cycle includes ammonification as an essen-
tial step for reuse of nitrogen from one life form to another by the decom-
position process of organic compounds in an inorganic form. The other
major steps in the nitrogen cycle are nitrification to produce nitrate, denitri-
fication for nitrogen gas production, and finally nitrogen fixation to convert
the inorganic form of nitrogen to the organic form. This process of the
nitrogen cycle is completed with combined effects of various bacteria
which can be free-living like Azotobacter, Dexia, and Azomona species, or
can be symbiont like Rhizobium species.

11.3 Classification of bacteria metabolites based on their
function

Bacteria produce various small molecular weight (<2500 AMU) organic
compounds known as metabolites for the regulation of their metabolic
process for proper growth, a development where some metabolites
directly influence the growth of the organism, and some play an indirect
role to support their life. Some metabolites produced by bacteria can be
beneficial to other organisms, which help them in their growth and devel-
opment, and some metabolites inhibit or prohibit the reproduction and
development of other organisms, which are harmful to them. Bacteria pro-
duce various metabolites like antibiotics to inhibit the growth of other
microbes, toxins for a defense mechanism, pigments for camouflage, anti-
oxidants, photosynthesis, macrolides, growth-stimulating factors, organic
acids, and alcohols. Bacterial metabolite plays a very important role in
shaping various diversity by regulating the environmental conditions.
There are diverse metabolite produced by bacteria that are synthesized
naturally inside the cell during various physiological pathway; more than
25,000 types of metabolites have been reported, but only 2% from them
are properly studied, and its function is well understood (Rose and
Tempest, 1985)

Based on the use of and utility during the growth and development of
bacterial lifespan, they are broadly classified as

1. Primary bacterial metabolite
2. Secondary bacterial metabolite
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11.3.1 Primary bacterial metabolites

Primary bacterial metabolites can be said to those small molecules and bioor-
ganic compounds which have a direct role in primary physiological pathways
which sustain proper growth and reproduction. These metabolites are well
used in the supply of nutrition and are also used in biotransformation of bac-
teria. One of the best examples of a primary metabolite produced at a large
scale in the industry is C,H, (ethylene).

11.3.2 Secondary bacterial metabolites

The secondary bacterial metabolites do not play a vital role in fundamental
functions and physiology of life but have a very important role in ecological
functions, such as defense, offense, inhibition of growth, and many more.
They are generally formed at the latent stage of bacterial life with the diverse
applications, such as antibiotics, pigments, growth hormones, antitumor
agent, macrolides, antioxidants, and toxins. Some of them are derived from
primary metabolites. These are obtained after an extraction process and are
used in pharmaceutical and food industries for their promising capabilities in
disease, health, and nutrition management area (Rose and Tempest, 1985).

11.4 Classification of bacterial metabolites based on their
application

11.4.1 Bacterial metabolites for nutrition enhancement and food
quality improvement

Bacteria are the major and key player in determination of the quality of any
food product. The quality of food does not completely depend on nutritional
value, but also depends on various factors like appearance, smell, flavor, ten-
derness, softness, shape, size, packaging, preservatives used, etc. There are
so many additives that are used to increase the quality of any food product
which is processed either from the kitchen or industry. There are various
bacterial metabolites used as these additives.

11.4.1.1 Bacterial metabolites as food colorant

The food product processed from various industries must appear attractive to
look more appealing. Various food industries use either synthetic or natural
color (dye, pigment). In recent times, almost every food industry is attracted
toward the utilization of natural coloring agents due to various side effects of
synthetic color (Aberoumand, 2011; Venil et al., 2013).

These natural coloring agents mostly belong to various bacterial pigments
or metabolites, which imparts colors to the food product, natural color from
bacteria are cheap in production, easy in the extraction and have higher
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TABLE 11.2 Summarizes various types of bacteria and pigment synthesize
by them as metabolite (Rao et al., 2017).

Pigments Organism

Blue pigment Streptomyces coelicolor

Yellow pigments (carotenoids) Streptomyces spp.

Orange pigments (canthaxanthin) and dark red Bradyrhizobium sp.

(canthaxhant)

Red pigment (rubrolone) Streptomyces
echinoruber

Yellow pigment (zeaxanthin) Paracoccus spp.

Blue and green pigments (pyocyanin) Pseudomonas spp.

yields (Malik et al., 2012). The metabolite that is a pigment produced by
bacteria is diverse in color, which not only expands in use but also helps in
various other applications. Various colored pigments like blue, yellow (caro-
tenoids), orange (canthaxanthin) and dark red (canthaxhant), red (rubrolone),
yellow (zeaxanthin), blue and green (pyocyanin) are synthesized by different
bacteria, which are given in Table 11.2.

Pigments like canthaxanthin are used in food products like cheese, candy,
fish, meat, beverage, wine, and beer. Riboflavins are mostly used in bev-
erages, desserts, and ice cream, whereas carotenoids are used to prevent
photoreactions (Chattopadhyay et al., 2008).

11.4.1.2 Bacterial metabolites as antioxidants

Free radicals are present inside our body or cells, which are produced during
various reactions frequently happening inside the cells. An increase in the
number of free radicals increases the chance of chronic diseases, such as can-
cer, diabetes, and a cardiovascular and autoimmune disorder (Rankovic
et al., 2011). An antioxidant is used to reduce the activity of free radicals as
an additive in food products. Antioxidants are the molecule which neutralizes
the free radical by donating an electron and prevent cellular damages (Lobo
et al., 2010). There is a various bacterial metabolite which has antioxidant
property some of them are carotenoids, naphthoquinone (Tuli et al., 2015),
melanin from Streptomyces glaucescens and Xanthomonas. These bacterial
metabolites protect the cell from either photodamage or oxidative damage.

11.4.1.3 Bacterial metabolites as vitamins

These are organic compounds with fewer requirements but act as essential
components in the regulation of normal physiology. It is not synthesized by
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TABLE 11.3 Summarizes various vitamins produced by bacteria and their
function in human life (Berg et al., 2002; Bolander, 2006).

Vitamins Function References

Vitamin K Blood clotting, treat osteoporosis, activation Berg et al. (2002),
of the receptor for transcription mechanism Bolander (2006)

Vitamin A Gene transcription, growth and development, Berg et al. (2002)

and as a precursor of rhodopsin

Vitamin B2~ Growth and reproduction

metabolic activity inside the human body so it is added as a dietary supple-
ment in balanced condition inside food product (Gupta and Gupta, 2015).
Several vitamins are synthesized with the help of various bacteria, which are
further added as additives in food. The vitamins formed by bacteria as their
metabolite have a very important role in humans, like vitamin K, helps in
blood clotting, treat osteoporosis, activation of the receptor for transcription
mechanism. Vitamin A helps in gene transcription, growth, and development,
and as a precursor of rhodopsin and Vitamin B2 helps in growth and repro-
duction (Berg et al., 2002; Bolander, 2006). Industrial production of ribofla-
vin by using two bacterial species are Eremothecium ashbyii and Ashbya
gossypii, whereas Vitamin B12 are produced by using Pseudomonas denitri-
fificans and Propionibacterium shermanii (Kusel et al., 1984; Spalla et al.,
1989; Demain et al., 2005) (Table 11.3).

11.4.1.4 Bacterial metabolites as amino acids

It is an amphoteric organic compounds containing both acidic and basic
groups in a single molecule. These molecules bind with each other by pep-
tide bond and give various protein molecules which can act as building con-
stituent of cellular components or as enzyme for a various metabolic
reaction. Some amino acids can be synthesized inside our body, hence called
nonessential amino acids, but some cannot, such as essential amino acids.
Amino acids are essential components for proper growth so requirements of
these components are important in our balanced diet; various amino acids
produced as bacterial metabolite are used as an additive in various food
products.

The amino acid is used for various purposes to increase the food quality.
Some of them are used as food additives like lysine, methionine, and threo-
nine; flavor enhancers like aspartic acid, glutamate, serine, antioxidant like
cysteine, tryptophan, and histidine; and sweeteners like aspartic acid
and phenylalanine (Bommarius et al., 1998; Ikeda, 2003; Mueller and
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Huebner, 2003; Leuchtenberger et al., 2005; Park and Lee, 2008; Ivanov
et al., 2014), which can be used in various food products. These all amino
acids are metabolic products of various bacteria species of genus as
Brevibacterium, Corynebacterium, Micrococcus, and Microbacterium (van

Doyen et al., 2012).

11.4.1.5 Bacterial metabolites as organic acids

Small molecular weight acids are produced through the fermentation process,
which can be further used as an additive, preservative, and more to increase
food product quality. These are generally used in beverages, pickles, and
other food items. Those used in food quality improvements include acetic
acid, lactic acid, glutamic acid, and citric acid (Sauer et al., 2008).

Vinyl acetate is generally used as the packaging material of food pro-
ducts, and citric acids are generally used in food and beverage. Seventy per-
cent of citric acid is also used as an antioxidant to preserve or enhance the
aroma of the product.

11.4.2 Role of bacterial metabolites as pigments

In this demanding era of natural dye, bacterial pigments are available as
alternative sources of natural pigments since synthetic dyes can have various
harmful effects. It is easy to harvest various bacterial pigments since bacte-
rial culture is easy, rapid, and controllable. Bacterial pigments are not only
helpful as a colorant but also act as antioxidants, antimicrobials, and antican-
cer agents. Pigment-producing bacteria are present in almost every habitat.
Multiple genera of bacteria produce a variety of pigments. The most com-
mon genus to produce a high amount of pigment is Streptomyces (Conn and
Jean, 1941). Bacteria produce a wide variety of pigments as their metabo-
lites, which can be carotenoids, melanin, violacein, prodigiosin, pyocyanin,
actinorhodin and zeaxanthin (Ahmad et al., 2012; Venil et al., 2014).
Sources of various pigment metabolites along with the bacteria that produced
them are given in Table 11.4.

11.4.3 Role of bacterial metabolites as a biomarker for disease
diagnostic

Biomarkers are the biological molecules, which help in identification of spe-
cific organism. It is one of the most important aspects for diagnosis and dif-
ferentiation of various pathological and nonpathological microbes. Every
bacterial species has at least one particular organic compound in them which
becomes its characteristic function, and those molecules help to identify
those bacteria from the bacterial population. The early detection of bacterial
infection based on biomarkers with the help of various advances tool will
lead to better management of the patient (Yuan et al., 2012). Multiple
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TABLE 11.4 Summarizes different type of pigments synthesized by various
bacteria and their function (Tuli et al., 2015; Venil et al., 2013; Ahmad
et al., 2012).

Bacteria Pigment Function References
Micromonospora Anthraquinone  Antitumor agent
lupine
Streptomyces sp. Carotenoid Food grade pigment
Chromobacterium Viocein Antiparasitic agent,
antitumor agent
Chromobacterium Viocein Antifungal agent
sp., NIIST
Hymenobacter sp. Carotenoid Photosensitizer
Streptomyces Melanin Antimicrobial and
antioxidant
Pseudomonas Pyocyanin Antimicrobial
Hahella chejuensis Prodiginines Antibiotic
Pedobacter Carotenoid Antioxidant

metabolites produced during various metabolic pathways leads to the identi-
fication of various biomarkers (Nicholson and Wilson, 2003). Some of the
bacterial metabolites as the signature to identify them, such as volutin gran-
ules in cytoplasm, helps to identify Corynebacterium diphtheria; the pres-
ence of enzyme coagulase helps to identify Staphylococcus aureus; the
urease enzymes help to identify proteus and cytochrome oxidase enzyme to
identify Pseudomonas, Neisseria, and Vibrio.

Sometimes bacterial pigments can also be used as their biomarker to
identify them like yellow pigments (carotenoids) in Streptomyces, the red
pigment in Streptomyces echinoruber. Blue and green pigments (pyocyanin)
in Pseudomonas spp. (Tuli et al., 2015). Fig. 11.2 explains the application of
bacterial metabolites in disease identification.

11.4.4 Role of bacterial metabolites for medication and
therapeutics

In these long durations, humans have learned about the diversity of metabo-
lites and find various methods to harness them for medical applications.
There are diverse bacterial metabolites that are being used for the treatment
of disease and to improve human health.

Some of those metabolites are as follows.
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FIGURE 11.2 Application of bacterial metabolites in disease identification.

11.4.4.1 Bacterial metabolite as antibiotics

Antibiotics are those organic compounds secreted by the microorganism or syn-
thesized in the laboratory to destroy or inhibit the growth of bacteria in its sur-
rounding. These are also known as antibacterial agents used as a medication for
the treatment of disease caused by different bacterial species. These antibiotics
produced by bacteria are a form of a secondary metabolite, which are generally
synthesized by the modification of primary metabolites in bacteria. There are
hundreds of antibiotics used in health care for treatment of various microbial
infection and disease; the new antibiotics identified or derived from bacteria are
having unique characteristics and are playing a major role in the treatment of
antibiotic-resistant bacteria. Some of the examples of antibiotics produced as a
metabolite by bacteria are streptomycin, tetracycline, vancomycin, gentamycin,
amphotericin B, chloramphenicol, daptomycin, neomycin, tetracyclin, neomycin,
colistin, bacitracin, polymyxin, and others, which act on various microbes like
Gram-positive bacteria, Gram-bacteria, and fungus. The most common genus of
bacteria-producing antibiotics are Streptomyces; they produce various types of
antibacterial, antifungal, antiparasitic, and a wide variety of bioactive compounds.
The sources of various antibiotic-producing bacteria are given in Table 11.5.

11.4.4.2 Bacterial metabolite as macrolides

Macrolides are a class of antibiotics which was isolated first time in the
1950s from Streptomyces erythreus (a soil bacterium). It inhibits the process
of protein synthesis in a Gram-positive organism and acts as bacteriostatic
agents. It binds with the 23s rRNA of the large subunit and blocks the exit
tunnel of the ribosome. Its structures consists of sugars, an amino sugar, and
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TABLE 11.5 Summarizes the diversification of antibiotics produced by
bacteria as their metabolite and their range of action on various organism
(Omura, 1992; Miyadoh, 1993; Lazzarini et al., 2000; Berdy, 2005).

Antibiotics
Streptomycin
Tetracyclin
Vancomycin
Gentamycin
Ampbhotericin B
Nystatin
Natamycin

Chloramphenicol

Daptomycin

Fosfomycin

Lincomycin

Neomycin, streptomycin
Tetracyclin

Clavulanic acid

Di-2,4-
diacetylfluoroglucylmethane

Colistin

Bacitracin

Polymixin

Organism
Streptomyces griseus
Streptomyces rimosus
Streptomyces orientalis
Micromonospora
Streptomyces nodosus
Streptomyces noursei
Streptomyces natalensis

Streptomyces venezuelae

Streptomyces roseosporus

Streptomyces fradiae

Streptomyces lincolnensis

S. fradiae, S. griseus
Streptomyces aureofaciens
Streptomyces clavuligerus
Pseudomonas aurantiaca
Bacillus polymixin var.
colistinus

Bacillus subtilis var. tracy

Paenibacillus polymyxa

Activity

G — bacteria
Broad-spectrum
G + bacteria
Broad-spectrum
Fungus

Fungus

Fungus

G- and G+
bacterium

G + bacteria

G+ and G —
bacteria

G+

G+ and G —
bacteria

G+ and G —
bacteria

G+ and G —
bacteria

G + bacteria

G — bacteria

G + bacteria

G — bacteria

aglycone ring. Some examples are clarithromycin, erythromycin, roxithromy-
cin, azithromycin, spiramycin, tilmicosin, and tylosin, these compounds
inhibit the growth of bacteria and are recommended for bacterial infection.

11.4.4.3 Bacterial metabolite as immunosupressor

There are various types of metabolites produced by bacteria and having
many properties; some metabolites of bacteria also possess the property of
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immune suppression which help for times when the patient is immunocom-
promised. During various organ or bone marrow transplants, the immune
system of the patient is suppressed with the help of these metabolites to
reduce the chance of rejection. Some examples of immune-suppressive meta-
bolites are rapamycin and tacrolimus. Rapamycin was first isolated from soil
bacteria and have antibacterial, antifungal, and immunosuppressant proper-
ties, and it is also known as sirolimus. Tacrolimus is a macrolide produced
by soil bacteria Streptomyces tsukubaensis, has an immunosuppressive prop-
erty, and is mostly used in the allogeneic graft.

11.4.4.4 Bacterial metabolite as anticancer agent

Cancer is one of the diseases having the highest mortality rate. During cancer,
the normal cell starts multiplying uncontrollably and form a bulk known as a
tumor, which further spread by the process of metastasis from its site of origin
to another part of the body. Still, it has a major impact on society all over the
world as 8.2 million people die every year according to WHO. The rate of dis-
ease incidence is increasing every year and almost 70% of new cases have been
reported in the past two decades. Cancer is caused due to various factors but the
most important factor is a mutation which can be either induced due to carcino-
genic compounds or naturally. Where normal physiology of a cell is hindered,
cancer is treated by various methods like surgical removal, radiotherapy, and
chemotherapy. Chemotherapy is considered one of the most effective methods to
treat cancer like surgery and radiotherapy cannot manage cancer with metastasis
(Baba and Catoi, 2007) Many bacterial metabolites have been reported having
an anticancer property, and these anticancer agents of bacteria are secondary
metabolites, which is mostly produced by bacteria of genus Streptomyces. The
first anticancer metabolite isolated was Actinomycin by Waksman and
Woodruff. Other anticancer metabolites are aclacinomycin, calicheamicin, doxo-
rubicin, chromomycin A3, actinomycin D, mitomycin C, bleomycin, streptozoto-
cin, thiocoralin, mithramycin, daunomycin, and epothilone (Singh et al., 2017).
These metabolites are useful for various different types of cancer; some are
under the development stage and some are present in the market for cancer treat-
ment. The source of these anticancer metabolites is presented in Table 11.6.

11.4.4.5 Bacterial metabolite as vaccine

The vaccine consists of biological (intact organism or in part) or organic
components (toxins, proteins, DNA, and adjuvant) which help to protect
from various infectious diseases by providing active acquired immunity. A
vaccine particularly contains complete microbes or its components like tox-
ins or surface proteins, which are either killed, inactivated, or weakened so
that it should only mimic the antigen and do not infect healthy cells. The
antigen given as a vaccine helps to stimulate the body’s immune system,
which secrete antibodies to neutralize these antigens and further neutralize
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TABLE 11.6 Summarizes various anticancer metabolite produced by diverse
range of bacteria and their use in various types of cancer (Singh et al., 2017).

Anticancer
agent

Aclacinomycin
Calicheamicin
Doxorubicin
Chromomycin

A3

Actinomycin
D

Mitomycin C
Bleomycin
Streptozotocin

Thiocoraline

Mithramycin
Daunomycin

Epothilone

Source

Streptomyces
galilaeus

Micromonospora
echinospora

Streptomyces
peucetius

Streptomyces
griseus

Streptomyces
antibioticus

Streptomyces
caespitosus

Streptomyces
verticillus

Streptomyces
achromogenes

Micromonospora
marina

Streptmyces plicatus

S. peucetius

Sorangium
cellulosum

Type of cancer

Lung cancer

Leukemia

Uterus and ovarian cancer

Breas and urinary bladder cancer
Wilm's tumor

Stomach, esophagus breast cancer
Hodgkin’s disease, squamous cell
carcinoma, testicular cancer
Pancreatic cancer

Colon cancer

Bone and testicular cancer
Leukemia

Breast cancer

the microbes associated with these antigens. The vaccine can be used both as
a prophylactic and as a therapeutic agent.
There are various vaccines prepared from bacterial sources to prevent

infectious disease. These vaccines contain either toxins, surface proteins,
killed bacteria, or attenuated bacteria, and various disease like Tuberculosis,
tetanus, meningitis, cholera, and typhoid pneumonia are prevented with vac-
cines produced from various bacterial metabolites. Fig. 11.3 summarizes var-
ious bacterial candidates for vaccine development.

11.4.4.6 Bacterial metabolites as antiviral agent

There are various metabolites synthesized by bacteria through the various
pathways; some of them have medicinal properties and some are used for
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FIGURE 11.3 Various bacterial candidates for vaccine development.

other purposes. Various species of bacteria or bacterial extract shows antivi-
ral properties like recent study suggest antiviral nature of extremophilic acti-
nomycetes extract against influenza virus and paramyxoviruses. This is due
to the presence of metabolites, which are either precursors of antiviral com-
pounds or antiviral in nature, and several metabolites produced by bacteria
act as a precursor. Some of them are formyl glycals (precursor for various C
or N nucleoside) and benzimidazoles, which on modification by various
chemical reaction shows an antiviral property. Many polycyclic sugars, pyra-
zole pyrimidines, and hydrazide derivatives give rise to the antiviral
compound.

11.4.4.7 Others

Other functions of bacterial metabolites in health care and management can
act as an antidiabetic effect due to lactic acid bacteria, which maintains the
glucose level as well as acts as probiotics as an antiinflammatory, antifungal,
and more.

11.4.5 Role of bacterial metabolites as a probe for the study of life
at a molecular level

Multiple physiological pathways occur inside the cell to synthesize various
component for maintenance, growth, repair, and development or to generate
energy to sustain in nature. These anabolic and catabolic pathways can be
easily studied and fully understood with the help of probes inside the system.
Multiple researchers are using a variety of bacterial metabolites such as
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BioProbes to investigate process and pathway at micro dimension in multiple
ways to understand the function of the cell.

These bacterial metabolites are helping to decode the complexity of the
cellular mechanism. Once it is fully decoded and understood, it can be easily
manipulated for industrial and health benefits. Some important metabolites,
which are used as BioProbes in cellular biology, are bafilomycin (macrolides
produced by Streptomycetes), fostriecin (produced by Streptomyces pulvera-
ceus), and geldanamycin (isolated from Streptomyces hygroscopicus).
It inhibits the function of HSP90, herbimicin, leptomycin (secondary metabo-
lite, antifungal), and tautomycin (phosphatase inhibitor, synthesized by
Streptomyces spiroverticillatus).

There are various enzymes and organic compounds formed as an interme-
diate product during the physiological process, which is also used to track
the process. There are various receptors on the cell surface which are either
antagonist or agonist with bacterial metabolites reflecting the possibility to
study cell and physiological pathway through multiple dimensions, these all
application of metabolites helps to explore and use the knowledge in multi-
ple ways to target any organism or any metabolic pathway and engineer at
the cellular and molecular level without harming the nature.

11.4.6 Role of bacterial metabolites in health improvement

There are various species of bacteria which are beneficial for humankind,
some species are pathogenic in nature and cause various illnesses, but vari-
ous bacterial species coexist in nature with humankind as commensal; the
bacteria which do not harm human health are also known as good bacteria,
and these bacteria directly or indirectly provide benefits to human health.
These good bacteria can be broadly classified into two major groups that
improve human health directly or indirectly. They are

1. Probiotics
2. Commensal

11.4.6.1 Probiotics

Probiotics are those types of bacterial species that help to improve the health
of the host, and their composition in host digestive tract is beneficial as they
control the diversity of microbes present inside gut and control metabolic
activity of existing bacteria. They are also known as good bacteria, which
are generally present in fermented products. We consume these bacteria in
our diet every day, and research has revealed the health benefits of
probiotics.

These bacteria provide benefits through proper digestion process, to pre-
vent diarrhea and autoimmune disease, and to decrease vaginal and urinary
tract infections. In various studies it is found that these organisms produce
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certain enzymes or proteins which inhibit the growth of harmful bacteria.

Some strains can even stimulate the immune system and it also plays an

important role in hormone production, vitamins, and nutrient absorption.
These probiotics can be broadly classified into two main species.

11.4.6.1.1 Bifidobacteria

These are generally used in food supplements, which helps in supporting the
immune system, maintaining gut microbiome and in proper breakdown of
food particles. The most common species used of this genus are
Bifidobacterium animalis (present in yogurt; helps in digestion and boost
immunity), Bifidobacterium breve (present in the digestive and urinary tract,
helps in digestion and inhibit the growth of harmful bacteria),
Bifidobacterium lactis (present in raw milk of Nestle’s product), and
Bifidobacterium longum (present in GI tract, breaks down carbohydrates, and
act as an antioxidant).

11.4.6.1.2 Lactobacillus

These generally contain lactase enzymes that help in lactic acid formation,
which helps in regulation of pH and inhibits growth of other microbes (Abe
et al., 1995). It also acts as a source of energy and helps in mineral absorp-
tion. Some common species are Lactobacillus acidophilus (present in GI
tract, yogurt, and prevent from various infection), and Lactobacillus reuteri
(present in mouth and intestine; prevent tooth decay and GI tract infection).

11.4.6.2 Commensals

Commensals are those type of microbes that reside on either surface of the
body or at mucosa without harming human health. The microbes living in har-
mony with human mostly consist of bacteria, also known as commensal bacte-
ria, which are 10 times more than the cells present in our body. These bacteria
are present at a particular location of the body such as the skin surface, oral
cavity, intestine, nasopharyngeal cavity, mucosal surface of the genital tract,
and other anatomical places that provide a suitable environment for proper
growth and multiplication (Kova et al., 2011). The microbiome present inside
the human gut is highly complex and is not understood properly; 70% of the
bacteria present inside our body cannot be cultivated by the present microbial
technique. There are around 50 different bacterial phyla residing inside the
human gut but most prominent phylum of bacteria are Acitinobacter,
Proteobactor, Firmicutes, and Bacteroidetes (Eckburg et al., 2005).

These commensal bacteria have a compounding effect in human health in
several ways. Some of them are protecting from various pathogenic bacteria
by inhibiting their growth, by breaking various food components, and help-
ing in absorption to prevent the colonization of other microbes by synthesiz-
ing various growth stimulatory factors. It also helps in boosting the host
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immune system to prevent various diseases like inflammatory bowel disease,
celiac disease, rheumatic disease, allergies, and some neurological diseases
(Carding et al., 2015). It also helps in shaping innate and adaptive postnatal
immunity conditions.

11.4.7 Role of bacterial metabolites for dairy product
enhancement

Milk and dairy products are the essential component of the daily balanced
diet. The dairy product is added in our diet from prehistoric times. they are
rich in protein, calcium, phosphorous, and vitamins. There are various dairy
products available in the market, which may be as raw milk or fermented
product of milk. Lactic acid bacteria play an important role in dairy fermen-
tation, as these bacteria are abundantly found in nature and are also consid-
ered as “Generally Recognized as Safe” bacteria. some of the species of this
group include Lactobacillus, Lactococcus, Streptococcus, Leuconostoc, and
Pediococcus (Wouters et al., 2002). Lactic acid, which helps in precipitation
of protein in milk and makes the product thicker and solid, is the product of
bacterial fermentation process as a metabolite.
Some important dairy products in markets are as follows.

11.4.7.1 Curd

Curd is the coagulated product of milk, which can be made by adding an edi-
ble acidic substance or without adding any acids. In normal processes lacto-
bacillus, a rod-shaped bacterium, converts lactose into lactic acid through the
fermentation process, which imparts the sour taste of old milk. The curdling
of milk can be separated into two parts: whey as a liquid part containing the
protein of milk, and another as curd, the solid part containing milk protein or
casein.

11.4.7.2 Yogurt

Yogurt is a fermented dairy product that is made by heating milk up to 80°C
(to kill other microbes and for denaturation of the milk protein), then cooled
to 45°C and inoculated with bacteria like Lactobacillus and Streptococcus sali-
varius subsp. Thermophilus at room temperature. Sometimes probiotic are also
used which are Streptococcus thermophilus, L. acidophilus, and Bifidobacteria
for yogurt production, which is also known as bioyogurt. Many studies suggest
the consumption of probiotic in balance concentration results in multiple thera-
peutic benefits (Viljoen and Lourens-Hattingh, 2001).

11.4.7.3 Cheese

Cheese is also one type of fermented dairy product that helps in the preserva-
tion of milk for a longer duration. The process of making cheese from milk
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consists of three main steps. The first step includes preparation of curd by
coagulating milk protein (casein) in the presence of lactobacillus species
(Button and Dutton, 2012). In the next step, the solid part of the curd along
with milk protein is separated and molded into various shapes and sizes. In
the last step the cheese is left for aging where the flavors of cheese are pro-
duced due to amino acid catabolism by various microbes on the surface of
the cheese to produce a malty, fruity, and sweet flavor, floral, chemical fla-
vor, and buttery flavor (Yvon and Rijnen, 2001; Ardo, 2006).

11.4.7.4 Kefir

Kefir, a fermented dairy beverage containing alcohol, is made by adding
milk along with kefir grain, the kefir grains have association of multiple
varieties of lactic acid bacteria (Lactobacillus fermentum, L. acidophilus,
Lactobacillus helveticus, L. casei, Lactobacillus kefir, L. lactis, Lactobacillus
Brevis, and Lactobacillus parakeferi), acetic acid bacteria (Acetobacter aceti,
Acetobacter rasens), and yeast, which helps in the fermentation process. The
composition of bacteria may differ based method of cultivation, the origin of
grains, geographical distribution, etc. (Witthuhn et al., 2005; Pintado et al.,
1996).

11.4.7.5 Kumis

Kumis is also a fermented dairy product containing alcohol and used as a
beverage in various countries. It is made from liquid starter culture and raw
milk where the milk for kumis contains a high amount of sugar which on fer-
mentation produce a higher amount of alcohol in compare with kefir. Based
on the amount of lactic acid in kumis, they are strong kumis (acidification of
milk to pH 3.6—3.3 with lactic acid from lactose conversion ratio is 80%—
90% by Lactobacillus bulgaricus and Lactobacillus rhamnosus), moderate
kumis (acidification up to pH 4.5—3.9 with a conversion ratio of 50% by L.
acidophilus) light kumis (acidification to reach pH 4.5—5 by S. thermophilus
and Streptococcus cremoris). (Danova et al., 2005). Another dairy products
fermented by the association of various bacteria are sour cream, also known
as fermented cream, a cultured buttermilk fermentation product of cow’s
milk by S. lactis and L. bulgaricus.

11.4.8 Role of bacterial metabolites for agriculture and crop
production

11.4.8.1 Bacterial metabolite as pesticides and herbicides

Pesticides and growth regulators are the most important components used in
agriculture for the cultivation of crops and to increase crop yield. Most com-
monly used chemical pesticides are halogenated, carbamate, and organophos-
phorus, but their use results in various adverse effects such as heavy toxicity
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TABLE 11.7 Summarizes the function of different subspecies of Bacillus
thuringiensis (Lambert et al., 1992; Milner, 1994).

Bacillus thuringiensis subspecies Function
Var. tenebrionis Control beetle larva
Var. kurstaki, entomocidus, galleriae, aizawai ~ Control caterpillars

Var. israeliensis Control mosquito and blackfly larvae

in agricultural products, water and soil contamination (Canan, 2013), the
mutation in various insects, and disturbances in the natural balance (Lacey
and Siegel, 2000). There are so many bacterial metabolites that have
pesticide-like properties, which are also known as biopesticides. These are
more convenient than chemical pesticides because they are biodegradable
and highly effective, with high target specificity and low environmental risk.

Biopesticides include biofungicides, bioherbicides, and bioinsecticides
(Bacillus thuringiensis, Bacillus sphaericus) (Canan, 2013). The major role-
playing bacteria as an insecticide is B. thuringiensi with diverse pest-
controlling properties. It is used as Bt sprays on fruits and vegetables
(Meadows, 1993). The roles of various species of B. thuringiensis is given in
Table 11.7.

11.4.8.2 Bacterial metabolite as the nitrogen source

Nitrogen is an important element required for the biosynthesis of bioactive
compounds like amino acids, proteins, nucleic acid, enzymes, and various
others that have a proper function in the development of crops. Plants cannot
absorb molecular or free form nitrogen from the atmosphere, it can only
absorb as a combined form as nitrate. This form of nitrogen is made avail-
able by bacteria through a process called nitrogen fixation, in which the free
forms of bacteria are Cyanobacteria, Anabaena, Nostoc, and Clostridium,
and Rhizobium are symbiotic in root nodules of leguminous plants to
increase soil fertility.

11.4.8.3 Bacterial metabolite as biofertilizer

Fertilizer consists of essential components in the organic form needed for
proper development of plants and crops, and in ancient times multiple chemi-
cal fertilizers have been used to improve crop yield, but these chemical ferti-
lizers reduce the fertility of the field and destroy the quality of agricultural
soil. It also contaminates various water reservoirs (Heinrich, 2000). There
has been a study suggesting the use of biofertilizers not only enhance crop
yield but also increases the fertility, sustainability, and health of the soil.
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Biofertilizers are ecofriendly organic compounds containing various live
bacteria and microbes, which in the soil during the cultivation of crops create
microbiome at the rhizosphere and promote the growth of the plant by sup-
plying the primary nutrient. It can either be done by the process of nitrogen
fixation or by making nutrients into a soluble form.

The most common form of bacteria present in biofertilizers is Anabaena-
Azolla, Rhizobium spp., Streptomyces spp., and Pseudomonas spp.

11.4.9 Role of bacterial metabolites used in veterinary

Veterinary is the science which explains about the health and welfare of
domestic animals, it not only deal about the health and disease associate
with domesticated animals but also explains about various factor associated
with them like nutrition, gut microbiome, antibiotic and chemical used and
various other things. In the present era, farmers are more focused on animal
husbandry to use various food products produced by animals. The most
important bacterial metabolite used are antibiotics to improve poultry farm-
ing, pig and cattle husbandry. Whereas the use of probiotic which is supple-
mented by bacteria of genus like Lactobacillus, Bifidobacterium, Bacillus,
Enterococcus helps animals to gain weight in very less time as these bacteria
help in the digestion of food and protect from infectious microbes (Chang
et al., 2001).

These microbes produce various enzymes like amylase and protease,
which helps in digestion of carbohydrates and proteins. These bacteria
increase the size of villi for better absorption of nutrition from the gastroin-
testinal tract (Abe et al., 1995). They also help in boosting the immune sys-
tem of cattle. The fibrous feed of the cow is broken down by various
bacteria present in the rumen of a cow by an enzymatic process to break cel-
lulose and hemicellulose. The most common bacteria in the rumen of the
cow are Ruminococcus and Selenomonas.

11.4.10 Role of bacterial metabolites used for industry

Bacteria are a source of various compounds used in daily life in the various
fields of health, such as in medication, in agriculture as pesticides and fertil-
izer, in the field of dairy for nutritional enhancement, but a large-scale
requirement is fulfilled only by the industrial production of bacterial metabo-
lites. Bacteria are cultured in favorable artificial conditions inside fermenters
to isolate metabolites like antibiotics, probiotics, drugs, vaccine, insecticides,
enzymes, fuels, solvents, and various peptides. Lactobacillus, Lactococcus,
and Streptococcus are used in the dairy industry. Lactic acid and acetic acid
bacteria are used to produce olives, pickles, and sauerkraut through the pro-
cess of pickling in food industries. Various antibiotics, vaccines, and some
useful enzymes in pharmaceutical industries are also produced by various
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bacteria. Actinomycetes spp. are used to produce tetracycline, erythromycin,
rifamycin, streptomycin, and ivermectin. Bacillus and Paenibacillus spp. are
used for polymixin and bacitracin production. Various bacteria or their com-
ponents are used for the preparation of a vaccine against various
preventable bacterial disease in pharma industries.

Various other bacterial metabolite having an industrial application is as
follows.

11.4.10.1 Ethyl alcohol, A bacterial metabolite

Ethanol is one of the most common chemical compound used in our daily
life, which is also a primary metabolite of various bacteria. It is widely used
in chemical industries as a reagent for various compounds and mixture for
explosive, cosmetic products, solvents for organic compounds like dye, oil,
and waxes. It is also used to prepare various hand gels, sanitizers, and disin-
fectants to kill various microbes. Ethanol is also produced for the application
of fuel due to its combustible nature. About 90%—95% bioethanol formed
from various carbon sources is due to a microbial activity known as fermen-
tation (Sarris and Papanikolaou, 2016). Escherichia coli, Klebsiella, and
Clostridium are commonly used bacteria in industrial production of ethyl
alcohol (Moniruzzaman and Ingram, 1998).

11.4.10.2 Amino acids as bacterial metabolite

These are essential molecules needed to build diverse biological compounds.
Amino acids have a wide application in the food industry as a flavoring
agent (serin, aspartic acid, and glutamate), sweetener (phenylalanine, aspartic
acid), food additive (lysine, methionine, threonine), and antioxidant (cyste-
ine, threonine) (Bommarius et al., 1998). Fermentation and enzymatic pro-
cess are used for the synthesis of essential amino acids in the industry as it is
pure and globally accepted methods. Corynebacterium and E. coli are com-
monly used for the synthesis of various amino acids in the industry (van
Ooyen et al., 2012).

11.4.10.3 Organic acids as bacterial metabolite

There are various applications of organic acids in day to day practice. They
are important constituents of various food products, beverages, pharmaceuti-
cal products, solvents, petrochemical, detergent, textile, rubber, cosmetic pro-
ducts, plastics, and dye (Sun et al., 2015). It has wide application in the
construction and automotive industries too. The most common organic acids
produced in industries due to bacterial fermentation process are acetate, lac-
tate, and citrate (Sauer et al., 2008). Vinyl acetate monomer is widely used
as packaging material and citric acid as preservatives, flavoring, emulsifier,
and buffering agent in industries.
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11.5 Bacterial metabolites from genetically modified bacteria

Bacteria are well-studied forms of life whose metabolic pathway is studied
more deeply at the molecular and genetic level. So, it becomes easy to manipu-
late with various genetic engineering and biotechnological tools and techniques.
Multiple biotechnology companies produce severe compounds like enzymes,
hormones, stimulating and inhibitory factors, medicine, vaccine, nucleic acids,
and proteins by using bacteria for humankind. Genetic engineering requires
two fundamental approaches to produce any metabolite from bacteria, which
does not synthesize it. The first is to identify the gene or metabolic pathway
associated with the metabolite synthesis in the natural host cell, and secondly is
to manipulate the bacterial metabolic pathway by gene insertion or mutation
process with the help of genetic engineering tools and methods.

Several human hormones, enzymes, and proteins are produced by the
genetically modified method and are widely used as therapeutic agents for a
disease like diabetes, heart attack, tuberculosis, and AIDS. Some of them are
insulin (Walsh, 2005), as well as human growth hormones streptokinase, uro-
kinase, interferon, and tumor necrosis factor. Genetically modified Bacillus
subtilis and Corynebacterium ammoniagenes are used for riboflavin produc-
tion (Koizumi et al., 2000). Blue pigment-producing Streptomyces coelicolor
is used for yellow (kalafungin), orange, or yellow-red pigments. Genetic
modification of any bacteria leads to change in some property of bacteria;
the modified bacteria gain extra features due to genetic modification. It is
not applicable in only human welfare, genetic modification of various bacte-
ria is also done for decreasing and decontaminating various pollution and to
clean the environment. Another approach of genetic engineering is to pro-
duce super strains of bacteria, which can synthesize multiple new metabolites
and help in bioremediation and pollution degradation to clean the environ-
ment. Fig. 11.4 explains the genetic modification of bacteria for metabolites.

11.6 Future aspects of bacterial metabolites and their
application

The bacterial metabolite is large in number and diverse in their properties and
applications. Multiple bacterial metabolites have been unexplored to date, so
the future of the bacterial metabolite will solely depend on exploring it, as the
new metabolite will discover the new field of application and will be open.
There is a wide range of application for the bacterial metabolite. There are mul-
tiple infectious and noninfectious diseases in animals, and each disease has an
effect on metabolism and host condition, which leads to the generation of
abnormal metabolites that can be used as a biomarker for disease diagnosis and
effective management of a patient. It is not only sufficient for therapeutic appli-
cation, it can only give a general idea of the disease. To start treatment a physi-
cian should know the causative agent for selection of appropriate drug.
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FIGURE 11.4 Genetic modification of bacteria for metabolites.

To identify the causative agent of any bacterial disease, again metabolites
come to play a very important role as a biomarker for identification of bacte-
ria. If bacterial metabolite can be used as a biomarker, the various rapid diag-
nostic kit can be designed and the various tests can be standardized, which not
only reduce time in health care centers but also reduce the mortality rate.

Bacterial metabolites have wide application in therapeutics where they
can be directly used as antibiotic, antifungal, antiviral, antiinflammatory, and
anticancer compounds, or they can be used as reagents to develop various
new classes of medicine having antipathogenic, anticancer, and immunosup-
pression properties. Bacterial metabolites are synthesized and used by bacte-
rial cell or any other by various metabolic pathways. To understand and to
study those metabolic pathways and biochemical reactions, suitable metabo-
lites can be used as a probe to understand those pathways so that metabolic
engineering can be done if required in future. A better knowledge of these
metabolic pathways and their relationship at the genetic level will help to
create various strains of bacteria for synthesis of the required compound in
any environmental conditions. New strains of bacteria are produced either by
genetic engineering, where the gene of interest is added to the bacterial
genome with various tools and techniques in which bacteria gets extra genes,
or it can be produced through induced mutation by suitable mutagenic com-
pounds. Where the existing gene of bacteria is either upregulated or downre-
gulated based on the requirement of the condition. Bacterial strains produced
by these methods can be used for various purposes in industries to produce
various products, in the environment for bioremediation, and bioaccumula-
tion of toxic compounds and minerals, metals, and minerals, respectively. It
helps to decrease the pollution from the environment.
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Bacterial metabolites have also multiple uses in agriculture, fishery, and
animal husbandry, an association of the bacteria with every life form inter-
links and broadens the application of the compounds produced by it. The sci-
entific proof behind, the mechanism of action of various metabolite
produced by probiotics, and commensal are still not known, which can be
explored for proper monitoring of these gut bacteria for productive results.

Bacterial metabolites have wide applications not only in the biological
field, but it can be also used in the field of physics and chemistry. Various
metabolites, especially pigments, can be used to harvest sunlight, but various
instruments like dye-sensitized solar cells can also be designed; where meta-
bolic bacterial pigment can be used, the piezoelectric property of various
metabolite should be used to design various sensors like the cantilever.
Various composites and nanomaterials can be prepared from these metabo-
lites for mimicking an in vivo environment inside in vitro conditions, and for
site-directed drug delivery. There are a lot more.
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Microbiome and their metabolites are substantially imperative in the regulation
of host immunity, cellular function, overall metabolism, and human welfare.
Microbial cell growth requires nearly 60—70 various metabolites (Feist and
Palsson, 2010). Microbes are single-celled microorganisms such as bacteria,
fungi, archaea, algae, protozoa, and parasites, although some species were
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animal pathogens and belong to commensal groups. Intervention should pro-
duce prolonged stable microbiota with prevention of diseases at early childhood
and adult human developmental stages, whereas new intervention would boost
curing medical conditions like inflammatory bowel disease (IBD), influencing
longer durations of development through to adulthood (Nicholson et al., 2012).
Biocatalytic transformation of microbes act as programmable biofactories have
potential impact on consumables and clinical biomolecule production necessi-
tates for human race (Abubucker et al., 2012). There are scenarios of human
system biology where transgenomic cross-talk among metabolic products
(microbiota genome) and signaling pathways (host genome) influence dietetic
machinery (Holmes et al., 2012). Discovery of novel metabolites and phyto-
chemicals were expressed in microbes for heterologous production provides
conducive condition by engineering host metabolic pathway. Bioengineering of
metabolic pathway in suitable heterologous host requires sufficient data of cog-
nate enzymes involved in biosynthesis. These unsolved pathways are still chal-
lenging the perception of the detailed structural and functional characterization
of metabolic enzymes (Kotopka et al., 2018). Application of rational genetic
engineering methodology for producing novel and altered metabolites through
biosynthetic gene clusters. Manipulation of biosynthetic gene clusters through
de nova biosynthetic pathway, protein engineering through direct evolution
method (Menon and Jenner, 2018). Combinatorial biosynthesis approaches of
manipulating BGCs through site-specific mutagenesis, mutasynthesis, gene
insertion, gene deletion, gene alteration, biosynthetic pathway reorganization
through mapping intersubunit interaction, domain swapping, module swapping,
subunit swapping (Menon and Jenner, 2018). High-throughput metagenomics,
metatranscriptomics, and metablomics are the foundation of “omics” platforms
and are revealed as macromolecular machineries to understand the microbial-
host behavior and robust gene discovery of uncultured environmental microbes
for novel secondary metabolites. Pharmacometabolomics applications for per-
sonalized medicine used for drug therapy screening at the “omics” level create
metabolic signatures of patients to help identify disease heterogeneity
(Kaddurah-Daouk and Weinshilboum, 2013). A system-based metabolic model-
ing approach as genome-scale metabolic models (GEMs) are dealt with anno-
tated genomes (genes for enzyme catalyzing reaction, metabolic reaction, and
metabolites) mapping microbial metabolism from host genotype to phenotype
(Jia et al., 2020), flux balance analysis (FBA) for RNAseq data (relative and
absolute gene expression pattern based on reaction fluxes on active and nonac-
tive gene), and metabolomics for understanding cellular metabolic behavior
(Pinu et al., 2018). Recent developmental tools used as relative expressions and
metabolomics integrations (REMI) dealt with metabolite concentration, thermo-
dynamics, gene expression, and metabolic models based on an abundance of
data from metabolites, differential gene expression validation between wild
types, and test sample (mutant) conditions related to metabolic flux level pre-
dicting cellular phenotypes (Hadadi et al., 2020).
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12.2 Microbial metabolites

Microbial metabolism is divided into three major categories: (1) growth
requires an electron donor, (2) a carbon source is required for essential
metabolism, and (3) metabolic energy is required for growth. Primary and
secondary metabolites are products of microbial metabolism used for large-
scale production in microbiology industries such as antibiotics, recombinant
vaccine, essential amino acids, and isolated novel chemicals.

12.2.1 Primary metabolite

The evolutionarily distinct metabolism of microbes provides the fundamental
aspects of conserved primary metabolite biosynthesis, which play an essen-
tial role in cellular homeostasis. Tryptophan metabolite is a precursor for
actinomycin antibiotics synthesis (Laurans et al., 2018).

12.2.2 Secondary metabolite

The fundamental discovery of secondary metabolites were natural drug-like
activity harnessed for pharmaceutical applications optimized during evolu-
tionary time scale for target host-microbe interaction provide conducive
environmental condition. The secondary metabolite synthesis that occurs in a
stationary growth phase product were nonribosomal peptide synthase
(NRPS), polyketide synthase (PKS), shikimate pathway intermediates, and
terpene biosynthesis (Hug et al., 2020). Exotoxins and endotoxins were bac-
terial products poisonous to mammalian systems and produced at a larger
scale; for example, clostridium botulinum secreted botulinum toxins used for
cosmetics and muscle paralysis treatment (Fredrick et al., 2017). Diversified
molecular function of secondary metabolite exhibiting clinical properties
include immunosuppressive compounds, antibiotics, antifungals, and antican-
cer agents. Microbial indole compounds signaling interleukin-22 (IL-22) pro-
duction in immune cells act as a mucosal barrier and gastrointestinal
immunity (Laurans et al., 2018). Insoluble proteins and carbohydrates used
as prebiotics for gut microbial targets undergo fermentation synthesis-
distinct metabolites as branched-chain fatty acids (BCFA), short-chain fatty
acids (SCFAs), and hydrogen sulfide (Verbeke et al., 2015).

12.3 Bioactive microbial metabolites in human welfare

The precursor-directed biosynthesis produces a new derivative of complex
metabolites by manipulating biosynthetic pathways and incorporating chemi-
cal synthesis materials of nonnative origin, integrating with microbial gen-
omes using enzymes without manipulation. Fed growing microorganism with
precursor analogs in the growth medium follows substrate consumption and
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direct incorporation into the metabolic pathway for producing novel struc-
tural metabolites. These methodology have limitation of least substrate incor-
poration rate and macromolecular stability problem. This novel version of
methodology is called mutasynthesis, or a combinatorial biosynthesis
approach, in which mutagenized bacterium (Streptomyces fradiae 3535)
grow in a medium containing precursors (2-epistreptamine and an aminocy-
clitols streptamine) resulting in four novel antibiotics named hybrimycins A
and their isomer, and hybrimycins B and their isomer (Shier et al., 1969).
Using heteroaromatic and aromatic aminoacids has wide potential for inter-
mediates synthesis in Actinosynnema pretiosum during mutasynthesis pro-
cess, which yield ansamitocin derivatives (Harmrolfs et al., 2014).
Myxopyronin (a-pyrone antibiotics) produced in Myxococcus fulvus use
advanced biosynthetic intermediates (Sahner et al., 2015). IBD patients with
reduced trimethylamine and SCFA levels are indicators identified from meta-
bolomic analysis (Marchesi et al., 2007). The higher production of SCFAs
can prevent pathogen entry, infection, and epithelial integrity (Osbelt et al.,
2020). In addition, SCFAs activate GPR43 and GPR41 autonomic nervous
systems and are transversed to the blood-brain barrier (Park et al., 2019).

12.4 Microbial metabolites in the regulation of host
immunity

Microbial metabolites involved in cellular homeostasis is highly dependent
on host immune response treatment for metabolic diseases (Imai and
Kurihara, 1984). Regulation of host signaling mechanism under microbe-host
interaction in metabolite production connection with innate and adaptive
immune response. Indoleamine 2,3-dioxygenase (IDO), an enzyme involved
in tryptophan degradation in mammals and bacteria increases activity on reg-
ulatory T cell—mediated immune tolerance and promote negative feedback
on cancer cell development (Laurans et al., 2018). In human, bariatric sur-
gery have altered microbiota composition and increased in the gut such as
~-proteobacteria, reducing obesity, type-2 diabetes mellitus. Microbial com-
position also increases 4-cresol, propionate, acetate concentration in rat
blood plasma and urine excretion (Li et al., 2014).

Bacteria lipopolysaccharides provoke innate immune response activate
TLR4 (Toll-like receptor-4), an antigenic repertoire-enhanced novel symbiont
acclimatization in intestinal mucosa (Fang et al., 2017). Lacking TLRS5
receptor-mediated modulation of gut microbiota transferred from genetically
altered mice to recipient wild-type mice (germ-free), the results in hyperphagia
lead to obesity and low insulin sensitivity (Carvalho et al., 2011). NLRP6 and
NLRP3 receptor-lacking mice leads to pyroptosis activation, which triggers
gut microbiota immunity responses (Henao-Mejia et al., 2012). Glucagon-like
peptide 2 synthesis from prebiotic treatment increases permeability in mice
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intestine immune functions and abolished bacterial migration (Cani et al.,
2009; Lei et al., 2018). Dendritic CX3CR1 chemokine receptor for gut lumen
bacteria, with clearance to prevent mesenteric lymph node migration, causes
obesity (Imai and Kurihara, 1984). Intestinal bacteria translocation to kidney
and liver cells in streptozotocin-treated diabetic mice leads to adipose tissue
inflammation (Imai and Kurihara, 1984).

12.5 Microbial metabolites in nutrition, health, and disease

Microbial tryptophan synergistic can have effects on the indoleamine 2,3-
dioxygenase activity in mammalian metabolic disease (Laurans et al., 2018).
Obese mice (ob/ob) feces-derived stercobilin, known as gut bacterial metabo-
lites, upregulate in type-II diabetes conditions (Sanada et al., 2020).
Stercobilin in blood circulation increases reabsorption mechanisms and
induces higher metabolic rates (Sanada et al., 2020). Bacteria metabolites,
such as L-carnitine and phosphatidylcholine, regulate cardiometabolic dis-
eases (Papandreou et al., 2020). Microbe-secreted bile acids and choline are
linked to fatty liver disease and nonalcoholic fatty liver disease (Dumas
et al., 2006). Bile acids and hydrogen sulfide are detrimental factors in path-
ogenic bacteria’s critical role in inflammatory conditions (Hertel et al.,
2019). Butyrate-mediated G-protein-coupled receptor 43 (GPR43) activation
recruit regulatory T cells, histone deacetylase inhibition acts as an intestinal
barrier, and GPR43 inhibition induces inflammation in mice (Zhang and
Davies, 2016). Glycine under minimal levels of circulation involved in non-
alcoholic fatty liver disease, obesity-related disease, and restoration of bene-
ficial impacts using glycine supplementation or through diet regulates liver
metabolism (Alves et al., 2019).

Elevated cresol levels induced depression in mice from fecal transplanta-
tion using the metabolomics platform (Casaccia et al., 2016). Choline, manni-
tol, GlcNAc-6-P metabolite synthesis in Streptococcus sp. M334, M143, and
Clostridium sp. HGF2 are using metabolomics and metagenomics platforms
(Amedei and Morbidelli, 2019). Diethylhexylphthalate (DEHP) used as a plas-
ticizer in neurodevelopmental disorder alters gut microbe composition in mice
(Lei et al., 2019). Salt-enriched diet and fruit berries linked to gut microbial
modulation, predominantly Erysipelotrichaceae and Proteobacteria families of
bacteria regulating polyphenol excretion, cause increased risk of cardiovascu-
lar disease in hypertensive rats (Gomes et al., 2019). Innate lymphoid cells
(ILC) migration to infectious areas undergo tissue restoration, embryo devel-
opment, and host defensive mechanism, which revealed organ system homeo-
stasis controlled endogenous metabolite and microbiota (Willinger, 2019).
Retinoic acid (Vitamin A), oxysterols (Cholesterol) induced ILC3 and ILCl1
intestine migration control GPR183 receptor signal transduction (Willinger,
2019).
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12.6 Gut microbiome: a key modulator of metabolism in
health

Understanding the dynamics of gut microbiomes is crucial for digestion,
enhanced immune machinery, and drug metabolism. An imbalance of
healthy and unhealthy gut microbiota can be associated with metabolic disor-
ders. Gut microbial enzyme action on bile acids metabolism is involved in
steroid and cholesterol biosynthesis in gut activates, which host nuclear
receptors for health and diseases (Kriaa et al., 2019). Therapeutic interven-
tions, such as prebiotics, probiotics, diet, and fecal transplant options are
metabolic axes of gut microbiome modulation (Quigley and Gajula, 2020).
Gut microbiome manipulation would result novel in therapy for curing gut
dysbiosis (Wong and Levy, 2019). One modality comprises target usage of
specific antibiotics to eliminate or attenuate nonessential gut bacterial gen-
era. Druggable microbiome is phenomenon for specific microbial action
engineered for benefiting the host without wipeout bacteria (Lemon et al.,
2012). Human gut producing secondary metabolite called lantibiotic were
synthesized through posttranslationally modified peptides (RiPPs) pathways,
that is, ribosomally synthesized and RiPPs. Oxazole-modified microcins,
thiazole-modified microcins, bacteriocins, and ruminiococcin A were second-
ary metabolites producing through RiPPs Pathways (Wang et al., 2019).
NRPS pathway mediated synthesis of metabolites in Klebsiella oxytoca pro-
duce novel tilivalline derivatives (pathogenicity factor) reconstituted with
precursors anthralnilate, indole protein reducing pathogenicity, and supple-
mented for medicinal applications (Tesmar et al., 2018).

Probiotics are safe, live microorganisms, and the dosage would meet the
criteria of US FDA standards for human consumption in terms of
eatable viability during prolonged storage condition. They remain in the GI
tract to provide a beneficial response, amenable for commercial production,
for example, yogurt consumed by humans for thousands of years (Simone,
2019). Lactobacilli and bifidobacteria were two gut bacteria used for gut
microbiome modulation importance for inhibition of harmful bacterial
growth, secretion of vitamin B12, strengthening host immunity and regula-
tion of lipid profile (Pique et al., 2019). Probiotics studies in human and
mice feeding yogurt composite lactobacillus bacteria produce higher-fold
gene expression for carbohydrate metabolism (McNulty et al., 2011).

Prebiotics are nondigestible dietary eatables that can be cooked in a way
which will not affect their chemical nature; for example, unassimilated oligo-
saccharides (soyoligosaccharides, transgalactooligosaccharides, and isomaltoo-
ligosaccharides) metabolized in the large intestine, and through bifidobacteria
that benefit human health (Davani-Davari et al., 2019). Medical complication
such as intestinal tumor, stomach inflammation, intestine rupture, hypersensi-
tive reactions were being treated using prebiotics and probiotics. Uptake of
prebiotics and probiotics helps in gut microbiome modulation which leads to
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benefit host health (Kho and Lal, 2018). The advantages of prebiotics include
gastrointestinal absorption, enhanced fermentation of gut microbiota, preven-
tion of gastric acidity, hydrolysis by enzymes, colon assimilation, and growth
enhancers such as xylan and cellulose (Davani-Davari et al., 2019). European
volunteers have tested prebiotics using lactulose and transgalactooligosacchar-
ides with minimal feeding duration revealing distinct gut microbial constitu-
tions (Bruno-Barcena and Azcarate-Peril, 2015). Gut microbiota proteomics
and genomics platform comprises mass spectroscopic, nuclear magnetic reso-
nance (NMR) analysis, whole genome sequencing—454 pyrosequencing (Li
et al., 2014). Gnotobiotic mice tissue sample analysis using NMR spectros-
copy showed steep changes in plasma lipid profile and dynamic metabolic
effects on various tissue compartments (Claus et al., 2008).

Gastrointestinal tract and aging developmental stage is associated with
immune suppressive effects on gut microbiota homeostasis. Symbiotic micro-
bial composition is associated with carbohydrates; protein metabolism in the
large intestine is related to aging diseases and metabolic pathways of gut
microbiota. Milk is supplemented with fructooligosaccharides as prebiotic
ingredient and Lactobacillus johnsonii (Lal) as probiotic bacteria. This sup-
plementation is feed to 6-week-old infants as a test sample and compared to
normal breastfed infants taken as control sample. Fecal sample analysis has
elucidated that beneficial microbiota modulation is highly abundance in test
sample only (Holscher et al., 2012). Gut microbial composition shows dis-
tinct phenomena in autistic disorder children with increased 4-cresyl sulfate,
phenylacetylglutamine in urine exertion, and steep abundance of clostridia
in the gut (Yap et al., 2010). A comparison of higher antibiotic user 65 years
and above and younger individuals profiling gut microbiota differences in
fecal samples constitutes higher clostridium species in the older groups
(Tiihonen et al., 2010). Eubacterium limosum anaerobic bacteria present in
the gut and beneficial in nature produces acetate as energy sources for all
age groups, particularly centenarians, showed a 10-fold increase in gut
microbiota composition than younger individuals (Zhang and Davies, 2016).

12.7 Microbial metabolites and chronic metabolic disorders
with respective to molecular mechanism

Idol1™"~ knock out mice elucidates glucose homeostasis impaired, insulin
resistance, fat deposition in hepatic cell would prevent secondary metabolites
indole formation from microbial conversion (Laurans et al., 2018). IBD
patients with indole metabolite concentration altered level binds with host
aryl hydrocarbon receptor (AhR) downregulates inflammatory protein and
upregulates tight junction protein (Bansal et al., 2010; Shimada et al., 2013).
Likewise, indole interaction with AHR activates colitis in mice through
dextan sulfate sodium upregulation (Ji et al., 2015). Mice with CARD9 pro-
tein (caspase recruitment domain family member 9) undergo tryptophan
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elimination and IL-22 production to prevent microbial growth, whereas
Card9™'~ mice are prone to colitis. Card9™'~ mice supplemented with AhR
agonist and lactobacillus strain reduced intestinal inflammation (Lamas
et al., 2016). Interestingly, patients with IBD extracted microbiota exempli-
fied low production AHR ligands (Lamas et al., 2016). Berry-derived micro-
bial metabolite urolithin A (UroA) enhances gut barrier activity mediated
through Nrf2 pathway (nuclear factor erythroid 2-related factor 2) increases
protein for epithelial tight junction and prevent colinic diseases (Singh et al.,
2019).

Stercobilin screened from transplantation feces material obtained from
murine model to GF mice as recipient expressed donor phenotypes with min-
imized chronic inflammation against type-II diabetes and obesity triggering
IL-13 and TNF-a proinflammatory molecule expressed macrophage
RAW264 cell (Sanada et al., 2020). Trimethylamine (TMA) as gut microbial
metabolite derived from nutrients and enzymatic cleavage of TMAO moiety
conversion in liver cells act as proinflammatory responses (Wang et al.,
2020). Neurological disorders such as depression and irritable bowel syn-
drome are linked to gut microbial dysbiosis (Rogers et al.,, 2016).
Lactobacillus plantarum is a genetically engineered strain to modify techoic
acid biosynthesis pathway in mice generated immune response activating
IL-10 production (Grangette et al., 2005).

12.8 Reprogramming microbe genetically in terms of
agronomy and clinical products

Microbial genetic engineering and cost-effective genome sequencing leads to
identification of novel metabolites. Most therapeutics phytochemicals are
remain challenging to produce using microbial host tailoring plant metabolic
pathway. First step is to mining plant and microbial enzymes. Secondly, to
improve plant enzymes activity through cytochrome P450 and electron trans-
fer system in the heterologous host. Finally, control multienzymes pathway
through compartmentalization of heterologous host metabolism and optimi-
zation of metabolites synthesis (Kotopka et al., 2018). Rational site-specific
mutation of biosynthetic gene vioprolides, an antifungal agent undergo
adenylation (A) domain interaction with serine amino acid not with alanine.
N-methyltransferase domain to site-directed mutagenesis produced diversi-
fied vioprolide conformation (Tesmar et al., 2018). Nonribosomal peptides
combinatorial biosynthesis procedure on subdomain swapping adenylation
(A) domain from phenylalanine to valine (Kries et al., 2015). Two bioengi-
neered L. plantarum strains (ammonia-consuming) administered in mice
successfully treated liver failure (hyperammonemia) (Nicaise et al., 2008).
Overexpressing bile salt hydrolase in L. plantarum 80 containing vector
pCBHI1 administered as microencapsulated form to mice effectively act on
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taurodeoxycholic acid detoxification to lowering blood cholesterol (Jones
et al., 2004).

12.9 Prospective of human health with host-microbiata-drug
interaction

Novel drug exposure in the human digestive system were upregulates of
drug metabolizing enzymes. This happens due to natural selection of xeno-
biotics, microbial toxins, and plant toxins acclimatization in gut. During the
course of history our body immune system develop to detoxify new drug
adverse chemical reaction. Liver and gut naturally acquired tailored detoxifi-
cation system using cytochrome P450 enzymes enhancing dietary metabo-
lism. In mice, stool transfer experiment elucidates microbiome-dependent
IDO activity directly proportional to microbial metabolism and inversely
proportional to growth elimination targeted action of combinatorial antibio-
tics as metronidazole, neomycin, ampicillin, and vancomycin (Laurans et al.,
2018). Two phases of drug metabolism reactions are phase 1, which under-
goes hydroxylation and redox reaction render conjugation nonnative com-
pound with ions and metabolites catalyzed through host enzymes transfer to
increase polarity for urine exertion, for example, sulfotransferases transfers
sulfate to hydroxyl phenolic products (4-cresol). Phase 2 drug metabolism
undergoes conjugation coupling gut metabolite or drugs, adding particular
functional groups example uridine 5’-diphospo—glucuronosyltransferase in
glucuronidation reaction converts D-glucuronic acid to phenolic O-ether
glucuronides (Holmes et al., 2012). Gut producing phenylacetic acids and
benzoic acids through microbial activity eliminating neuroactive amino acid
production at excess levels as glutamate and glycine, which are called neuro-
active deamination (Beyoglu et al., 2012).

Glucuronidated and sulfate-modified drug such as acetaminophen
(Tylenol) are metabolized through cytochrome P450 reaction (Holmes et al.,
2012). Drug effects were predicted based on mathematical model called
pharmacometabonomics which is proposed for metabolites profiling.
Modified acetaminophen conjugated with 4-cresyl sulfate and excreted in
urine test samples which greatly differ among individuals (Holmes et al.,
2012). Likewise, many drugs have properties to form hydroxylated metabo-
lites, which get eliminated from excretion through sulfation, for example,
4-cresol synthesis in the distal colon could determine a drug’s fate and
metabolism (Holmes et al., 2012). Using novel procedure for modulation of
drug action associated with gut microbes for improving safety drug metabo-
lism and absorption in the gut for altered host phenotype. (1) utilization
of metabolic substrate competition, (2) gut microbiota drugs administered
orally thorough primary metabolism, (3) human metabolites from secondary
metabolism, and (4) bioavailability (ionization condition) in the gut.
Chemotherapeutic drug CPT-11 administered on specific dose level for
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FIGURE 12.1 Dynamics of human gut modulation with perceptive to developmental stages,
health, and host-microbiata-drug interaction.

treatment colon cancer (Wallace et al., 2010). Beyond CPT-11, elevated
level lead to adverse side effects such as diarrhea through symbiotic bacterial
enzyme action (3-glucuronidases involved in phase 2 conjugation. This con-
version to glucuronide conjugate results in incomplete detoxification in
hepatic cells in recycled gut-secreted bile acids regenerated with CPT-11
drug action in gastrointestinal side effects (Wallace et al., 2010). Microbial
B-glucuronidase inhibitors prevent enzyme action without ill effects; other
microbial symbionts in mice (orally administered) and deconjugation CPT-
11 drugs minimized toxicity effects (Wallace et al., 2010). Helicobacter
pylori reduced levodopa drug action for Parkinson’s disease therapy using
bioavailability, whereas H. pylori elimination substantially increases levo-
dopa level in serum increases during Parkinson’s therapy (Disbrow et al.,
2018). Microbial metabolism-enhanced (-glucuronidase activity reduces
colon cancer treatment and increases gastrointestinal toxicity by blocking
B-glucuronidase inhibitors, which increases irinotecan drug activity in intesti-
nal carcinoma with minimized gastrointestinal side effects (Carmody and
Turnbaugh, 2014) (Fig. 12.1).

12.10 Bioengineering biosynthetic process and heterologous
production of metabolites

Perception of individual microbe and metabolites vital for microbiome engi-
neering understanding novel functionalities. Cost-effective and efficient
chemical synthesis of metabolite to improved bioengineered microbes to
modify biosynthetic pathway of target metabolite production and host pro-
ducing natural products three dimensional structure are known to be discov-
ered. Heterologous expression of metabolite may offer enormous benefit
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without comprising chemical structure, genetic manipulation, foreign biosyn-
thetic gene clusters (BGCs) higher expression, synthesizing optimum yield
of secondary metabolites. Procedure for heterologous expression of BGCs
using (1) appropriate vector selection with gene cassette, (2) heterologous
host transformation, and (3) successful inducible expression of metabolite.
Selection of heterologous host which is evolutionary associated with donor
species for better gene expression. Example Xenorhabdus sp. is genetically
associated with heterologous host (Escherichia coli) for successful BGCs
expression (Huo et al., 2019; Cai et al., 2017).

Genetically distant microbial species for overexpression of protein using
(1) optimization of codons biased, (2) engineering strong promoter and
regulatory gene sequence, and (3) engineering of ribosome-binding site for
increasing translational efficiency (Horbal and Luzhetskyy, 2016). Optimized
actinomycetes BGCs expression in bioengineered Streptomycetes albus,
Streptomycetes lividans, and Streptomycetes coelicolor (Huo et al., 2019).
Antimalarial drug artemisinin overproduced in Saccharomyces cerevisiae in
which artemisinic acid intermediate changed to artemisinin through efficient
photochemical process via. singlet oxygen addition (Paddon et al., 2013).
E. coli known for recombinant protein production as pegfilgrastim, fusion pro-
tein interleukin-2, insulin, filgrastim, endostatin (Folkman, 2006; Babaeipour
et al., 2015; Molineux, 2004). Multimodular NRPS and PKS genes challenging
an E. coli host expression to a lesser concentration of metabolic substrate,
higher guanine-cytosine content, and codon biases (Cai et al., 2017).
Thiolactomycin BGCs increased threefold production in commercial marine
bacteria Salinispora tropica CNB-440 (Zhang et al., 2018). Argyrins (antibio-
tics A21459) extracted from actinomycetes function as potent antibacterial,
anticancer, immunosuppressant activity, and BGCs expression is highly opti-
mized in S. coelicolor and Cystobacter species (Huo et al., 2019; Sasse et al.,
2002). Myxococcus xanthus DK 1622, genetically modified bacteria that car-
ried the synthetic form of argyrins in BGC expressions failed due to inefficient
genetic manipulation in native host NRPS pathways, which requires a sub-
strate for megasynthetase and deficient tailoring methods. Myxobacterial syn-
thetic DNA construct polyketide synthase-like LC-PUFA synthases BGCs
were expressed in Yarrowia lipolytica (oleaginous yeast) consume trace level
of nicotinamide adenine dinucleotide phosphate and precursors of acyl-CoA
incorporation (Gemperlein et al., 2019). Docosahexaenoic acid (PUFA) de
novo synthesis in Y. lipolytica construct produces 350 mg/L highest concentra-
tion with better quality followed by omega-3 fatty acids synthesis with same
procedure (Gemperlein et al., 2019; Lenihan-Geels et al., 2013). Genomics
integration of cryptic BGCs belongs to Frankia alni strain ACN14a were
transferred to S. albus chassis strains J1074 encoded bacterial artificial chro-
mosome (BAC) comprises 15 biosynthetic gene clusters. S. albus deletion
mutant were created Dell4 strain for enhancing novel fralnimycin production
(Myronovskyia et al., 2018).
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Cytochrome P450s from plant origin engineered in microbe for in vivo
production of novel metabolites. Novel semi-biosynthetic platform for
expressing high titer terpenoids in E. coli, which is fully functioned and
cost-effective production at larger scale (Dietrich et al., 2009). Traditional
complex phytochemical production of cannabinoid biosynthesis uses S. cere-
visiae (Luo et al., 2019). The fermentation process creates better optimiza-
tion in S. cerevisiae, which produced 300-fold thebaine and hydrocodone
(opioids) than bacteria host expression (Galanien et al., 2015). Clinical taxol
used as anticancer agent, which is extracted from pacific yew tree barks.
This provides lower yield of metabolites extraction nearly 0.4% level.
Paclitaxel precursor as taxadiene were overexpressed in E. coli generated
1 g/l (Kotopka et al., 2018; Ajikumar et al., 2010; Biggs et al., 2016).
Optimized taxadiene-5a-ol production in E. coli strain bioengineered cyto-
chrome P450 enzymes pathway favors high level oxygenation chemistry for
taxol biosynthesis (Kotopka et al., 2018; Ajikumar et al., 2010; Biggs et al.,
2016). Improved fermentation strategies to harvest phytochemicals of higher
pharmaceutical importance uses two bacterial systems platforms due to bac-
terial cells lacking compartmentalization (Kotopka et al., 2018). Coculture
fermentation platforms can be achieved through separating each module’s
metabolic pathway split and forwarded module to each dedicated microbial
strain for soluble protein expression to avoid misfolded protein aggregation
and membrane-bound proteins synthesis during stress conditions (Kotopka
et al., 2018). Various types of E. coli strain with different gene constructs
were growing in the same growth medium for phytochemicals production.
These phytochemicals are flavonoids and resveratrol were produced through
cocultivation of distinct microbes (Zhou et al., 2015; Jones et al., 2016).
S. cerevisiae and E. coli co-culturing for expressing cytochrome P450 genes
in order to produce scoulerine and corytuberine (Minami et al., 2008).

12.11  Microbiome functional characterization in terms of
metabolites production

Several metagenomics sequencing project based on culturing novel microbes
from environmental sample through environmental DNA (eDNA) and novel
compound extraction for metabolite production.

12.11.1 Metagenomics

Microbiome screening using marker gene 16S ribosomal RNA sequencing
platform for human and animal infectious models reveals our ideas toward
diversified gut microbes. This paves the way for more accurate fingerprinting
of evolutionary genomic origin and functional dynamics of microbial com-
munity even though strategies have been biased toward nonspecificity. Using
high-throughput shotgun metagenomics sequencing helps gain functional
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insights into the gene functioning of target bacterial communities. Genome
breaking and amplification of template DNA obtained short reads mapped
using de novo assembly or reference genome and functional annotation done
within a genome database. Whole genome mapping should be conducted
using online and offline platforms such as METAPREP, MG-RAST, and
HUMAnNN (Abubucker et al., 2012; Meyer et al., 2008; Goll et al., 2010).
Shotgun metagenomic sequencing is a technique for microbial DNA amplifi-
cation without any host DNA sequence contamination. Sequencing data
accuracy helps to improve mapping of human disease and strain-specific
genes within the microbial community (Abubucker et al., 2012).

Malacidins A and malacidins B calcium-dependent antibiotics, discovered
from metagenomics sequencing platforms, are successful in probing for novel
secondary metabolite families (Hover et al., 2018). A 2000 special Earth-
specimen probe for NRPS A domains for BGCs sequencing isolated a vast
array of genomic collection using PCR with degenerate primers. Friulimicin
and daptomycin structures distinct from malacidins, calcium-dependent anti-
biotics, and biosyntheses mediated through NRPS pathway is similar (Hover
et al., 2018). Screening complex scaffold and novel eDNA remains challeng-
ing, but eventually functional metagenomics platforms have identified novel
derivatives of chloramphenicol (Nasrin et al., 2018). One such phenomenon
followed for endophytic bacterium metagenomics includes (1) sample isolated
from trace level material, (2) structure determination using NMR spectroscopy,
(3) collection data merged with synthetic biology, (4) eDNA sequencing pro-
vide completed functional characterization to novel discovery of metabolites,
and (5) BGCs sequencing and expression in heterologous host. Exploring
metagenomics-based gene discovery suitable for divamide A and anti-HIV
lanthipeptide derived from tunicates, marine invertebrates carrying uncultured
symbiotic bacteria (Smith et al., 2018). Fecal samples collected for potential
screening of gut microbiota using illumina sequencing among 124 European
volunteer datasets collected around 576.7 Gb obtained, and an annotated part
reveals 3.3 million genes are nonredundant in nature from contigs assembly
constitutes 99% belongs to bacteria (Luo et al., 2009). Metagenomics and
metatranscriptomics datasets allow us to predict bacterial gene and transcript
mapping to novel metabolites.

12.11.2 Metatranscriptomics

A snapshot metabolic pathway, cellular machinery, molecular function of spe-
cific genes, composition, and structural aspects of screening from gut microbes
have impacts on human disease and health. Metatranscriptomic shotgun
sequencing is one such approach for microbial gene regulation under various
pathological conditions. Microbial RNA library construction using total
microRNA, mRNA have been isolated and converted to complementary DNA
(cDNA) using reverse transcriptase. The sequence been annotated from contigs
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assembly and nonredundant sequence screening novel genes and function
using the reference genome database (Bashiardes et al., 2016). Pre-mRNA
half-life is highly unstable, leads to poor RNA quality, however, needs to
improve RNA integrity would be good for gene expression studies (Bashiardes
et al., 2016). RNA-seq performed for short-period xenobiotics exposure to gut
microbes revived altered protein biosynthesis, biosynthesis of vitamin, pentose
phosphate pathway, host xenobiotic metabolism, and biodegradation (Haiser
et al., 2013). Assessing multiomics approach to sieve best candidate microbes
and metabolites.

12.11.3 Metabolomics

Lactobacillus fermentum and Lactobacillus acidophilus predominate gut bacte-
ria contributions to the largest number of blood metabolites as p-cresol sulfate,
phenylacetylglutamine, sebacate, and tartronate (Holmes et al., 2012). For
example, one blood metabolite coordinated with 118 host bacterial species and
93 pathways of bacterial metabolism (Visconti et al., 2019). Fifty individuals
have had feces and blood samples tested, screening for gut microbial ecosys-
tems at functional and taxonomic levels with a perspective on human health,
using whole metagenome shotgun sequencing and metabolomics studies asso-
ciated with 191 microbial species, 347 metabolic pathway, and 713 metabolite
retrieved from fecal sample analysis, while blood sample analysis revealed
233 microbial species, 370 metabolic pathways, and 673 blood metabolites
(Visconti et al., 2019); 191 microbial species and 713 fecal metabolites
showed 116,090 associations, and likewise, 713 fecal metabolites and 347
metabolic pathways showed 235,852 associations from fecal sample analyses
(Visconti et al., 2019). Similarly, 233 species and 673 blood metabolites
showed 150,792 associations and 673 blood metabolites, and 370 metabolic
pathways showed 245,641 associations (Visconti et al., 2019).

Evaluate host metabolism and gut microbes fingerprinting using germ-free
(GF) mice tissue experimentation with normal mice. Limitation factors are
GF mice acknowledged with severe abnormalities in developmental stages
and gastrointestinal tracts with disordered features such as a thinning of the
intestinal wall, smaller villi, and enlargement of the cecum (Coates, 1975;
Al-Asmakh and Zadjali, 2015; Nicklas et al., 2015). Discovering novel GF
mice is a tedious process providing greater opportunities for the gut microbial
associations with host metabolome, bacterial metabolites production, host phe-
notypes, and host pathological state. Control mice compared with GF mice
revealed thousands of metabolites circulated in kidney, central nervous system,
heart, liver, and peripheral blood serum (Martin et al., 2007; Wikoff et al.,
2009; Claus et al., 2008; Matsumoto et al., 2013). Advances in analytical
chemistry techniques such as LC-MS, and NMR for the discovery of novel
metabolites such as nonribosomal peptides, glycolipids, polyketides, secondary
bile acids, biogenic amines, posttranslationally modified peptides. Selected ion
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flow tube-mass spectrometry (SIFT-MS) used for screening markers and
detecting volatile organic compounds (VOCs) for IBD.

Crohn’s disease (CD) patient distinguished clearly from ulcerative colitis
(UC) patients from detecting VOC, hydrogen sulfide, and dimethyl sulfide
produced from microbes using SIFT-MS. Matrix-assisted laser desorption
ionization time-of-flight mass-spectrometry (MALDI-TOF) application used
for specific metabolite detection (Singhal et al., 2015). Evenly pure microbe
culture obtained from complex fecal sample detection in spectra peaks output
in high-throughput manner analysis with databases such as SetupX, Human
Metabolome Database, BinBase, and MetaCyc (Kouskoumvekaki and
Panagiotou, 2011). The Integrated Microbial Genomes Atlas of Biosynthetic
Gene Clusters (IMP-ABC) (https://img.jgi.doe.gov/abc/) database developed
for secondary metabolite discovery is based on 40,000 microbial isolates
genome and 700,000 novel genes clusters (GCs) from published literature to
fish out biologically active compounds using new interactive network graphs
and heat map visualizations, facilitating in-depth analysis (Hadjithomas
et al., 2015). Gut microbial contributions to xenobiotic metabolism and sec-
ondary metabolites production for better understanding of metabolomics
research would have a substantial impact on human health. Regulation of the
host drug metabolism and gut microbiota promotes ingested xenobiotic trans-
port to hepatic cells (Haiser et al., 2013). Some drug availability to host tis-
sues get altered due to xenobiotic metabolism, for example, cardiac
glycoside (digoxin drug) for treating arrhythmias and cardiac failure (Haiser
et al., 2013). In rare cases cardiac glycoside has incomplete efficiency in
patients due to arginine present at higher levels, inhibiting drug action syn-
thesis from Eggerthella lenta in the gut (Haiser et al., 2013).

12.12 Conclusion for future challenge

Bioengineering standards needs general understanding of microbial commu-
nity function and physiological suitability, however, such intervention is
fragmentary and lacking. The detoxification process of host drug toxicity
and metabolism often route to microbial metabolites linked directly to drug
metabolism on an enzymatic basis over thousands of years of natural selec-
tion in the gut. Drugs that target microbial genes for therapeutic purposes.
Likewise, drugs that target regulated pathways of mammalian hosts that can
enhance the modulation of gut microbes to improve human health. Designed
drugs to help chemotherapeutics treatment with minimized side effects for
patient health. Designed drugs to help prevent malicious enzyme actions
eventually secreted from symbiotic microbes without harming the mamma-
lian host. This provides a sequence of window for codevelopment age-
associated gut microbiome enhancement throughout host circadian rhythms.
Successful metabolic engineering is vital for the deregulation of biosynthetic
and catabolic pathways. Biosynthetic machinery reprograming is a vital
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direction for selected metabolites and novel derivatives in heterologous host
production, circumventing low yield and bottleneck associated with BGCs.
Scenario of spatial metabolomics is the snapshot of small molecules with
perceptive to specific location and chemical properties. Spatial metabolomics
helps to understand immune modulation of the host, microbial metabolic
interaction, in situ spatial relationship with host metabolism. Spatial metabo-
lomics techniques called metaFISH to understand symbiotic relationship of
host-microbes with respective to their metabolic interactions. This technique
is combination of high-resolution atmospheric-pressure MALDI mass spec-
trometry and FISH microscopy to easy mapping of metabolite fluorescent
images at micrometer scale (Geier et al., 2020). Metabolite extraction in
plants is a challenging task due to difficulties in getting completed BGCs
expressed in a bacterial host from cell and chromosome architectures (Azmir
et al., 2013). Phytochemicals have low availability in a plant, but serve great
importance in agricultural and pharmaceutical sectors. Promising alternative
approaches for high-value phytochemical production that is cost-effective at
an industrial-scale is achieved through bioengineered yeast and bacteria as
heterologous hosts. Construction metagenomic DNA libraries of heteroge-
neous origin is a cumbersome process eventually for snapshotting novel
BGCs in comparison with the sequence alignment of respective microorgan-
ism and logical choice of selecting suitable heterologous host. In rare cases,
eDNA BGCs showing inefficient expression in heterologous hosts rather
than native bacterial hosts would be a good choice of expression.

References

Abubucker, S., Segata, N., Goll, J., Schubert, A.M., Izard, J., Cantarel, B.L., Rodriguez-Mueller,
B., Zucker, J., Thiagarajan, M., Henrissat, B., White, O., Kelley, S.T., Methe, B., Schloss, P.
D., Gevers, D., Huttenhower, C., 2012. Metabolic reconstruction for metagenomic data and
its application to the human microbiome. PLoS Comput Biol. 8 (6), €1002358.

Ajikumar, P.K., Xiao, W., Tyo, KEJ., Wang, Y., Simeon, F., Leonard, E., Mucha, P., Phon, T.H.,
Pfeifer, B., Stephanopoulos, G., 2010. Isoprenoid pathway optimization for Taxol precursor over-
production in Escherichia coli. Science 330, 70—74.

Al-Asmakh, M., Zadjali, F., 2015. Use of germ-free animal models in microbiota-related
research. J. Microbiol. Biotechnol. 25, 1583—1588.

Alves, A., Bassot, A., Bulteau, A., Pirola, L., Morio, B., 2019. Glycine metabolism and its
alterations in obesity and metabolic diseases. Nutrients 11 (6), 1356.

Amedei, A., Morbidelli, L., 2019. Circulating metabolites originating from gut microbiota con-
trol endothelial cell function. Molecules 24 (21), 3992.

Azmir, J., Zaidul, I.S.M., Rahman, M.M., Sharif, K.M., Mohamed, A., Sahena, F., Jahurul, M.H.
A., Ghafoor, K., Omar, A.K.M., 2013. Techniques for extraction of bioactive compounds
from plant materials: a review. J. Food Eng. 117, 426—436.

Babaeipour, V., Khanchezar, S., Mofid, M.R., 2015. Efficient process development of recombi-
nant human granulocyte colony-stimulating factor (rh-GCSF) production in Escherichia coli.
Iran. Biomed. J. 19, 102—110.



Microbial metabolites in nutrition and healthcare Chapter | 12 251

Bansal, T., Alaniz, R.C., Wood, T.K., Jayaraman, A., 2010. The bacterial signal indole increases
epithelial-cell tight-junction resistance and attenuates indicators of inflammation. Proc. Natl.
Acad. Sci. U. S. A. 107, 228—233.

Bashiardes, S., Zilberman-Schapira, G., Elinav, E., 2016. Use of metatranscriptomics in micro-
biome research. Bioinform. Biol. Insights 10, 19—25.

Beyoglu, D., Smith, R.L., Idle, J.R., 2012. Dog bites man or man bites dog? The enigma of the
amino acid conjugations. Biochem. Pharmacol. 83 (10), 1331—1339.

Biggs, B.W., Lima, C.G., Sagliania, K., Shankara, S., Stephanopoulosc, G., Meya, M.D.,
Ajikumara, P.K., 2016. Overcoming heterologous protein interdependency to optimize
P450-mediated Taxol precursor synthesis in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A.
113, 3209-3214.

Bruno-Barcena, J.M., Azcarate-Peril, M.A., 2015. Galacto-oligosaccharides and colorectal can-
cer: feeding our intestinal probiome. J Funct Foods. 12, 92—108.

Cai, X., Nowak, S., Wesche, F., Bischoff, 1., Kaiser, M., Furst, R., Bode, H.B., 2017.
Entomopathogenic bacteria use multiple mechanisms for bioactive peptide library design.
Nat. Chem. 9, 379—386.

Carmody, R.N., Turnbaugh, P.J., 2014. Host-microbial interactions in the metabolism of thera-
peutic and diet-derived xenobiotics. J. Clin. Invest. 124, 4173—4181.

Cani, P.D., Possemiers, S., Van de Wiele, T., Guiot, Y., Everard, A., Rottier, O., et al., 2009.
Changes in gut microbiota control inflammation in obese mice through a mechanism involv-
ing GLP-2-driven improvement of gut permeability. Gut 58 (8), 1091—1103.

Carvalho, F.A., Aitken, J.D., Gewirtz, A.T., Vijay-Kumar, M., 2011. TLRS activation induces
secretory interleukin-1 receptor antagonist (sIL-1Ra) and reduces inflammasome-associated
tissue damage. Mucosal Immunol. 4 (1), 102—111.

Claus, S.P., Tsang, T.M., Wang, Y., Cloarec, O., Skordi, E., Martin, F.P., Rezzi, S., Ross, A.,
Kochhar, S., Holmes, E., Nicholson, J.K., 2008. Systemic multicompartmental effects of the
gut microbiome on mouse metabolic phenotypes. Mol. Syst. Biol. 4, 219.

Coates, MLE., 1975. Gnotobiotic animals in research: their uses and limitations. Lab. Anim. 9,
275-282.

Davani-Davari, D., Negahdaripour, M., Karimzadeh, I., Seifan, M., Mohkam, M., Masoumi, S.J.,
et al., 2019. Prebiotics: definition, types, sources, mechanisms, and clinical applications.
Foods. 8 (3), 92.

Dietrich, J.A., Yoshikuni, Y., Fisher, K.J., Woolard, F.X., Ockey, D., McPhee, D.J., Renninger,
N.S, Chang, M.C.Y., Baker, D., Keasling, J.D., 2009. A novel semi-biosynthetic route for
artemisinin production using engineered substrate-promiscuous P450BM3. ACS Chem. Biol.
4,261-267.

Disbrow, E.A., Lu, X., McGee, D.J., 2018. Stomaching the possibility of a pathogenic role for
Helicobacter pylori in Parkinson’s disease. J. Parkinson’s Dis. 8 (3), 367—374.

Dumas, M.E., Barton, R.H., Toye, A., Cloarec, O., Blancher, C., Rothwell, A., et al., 2006.
Metabolic profiling reveals a contribution of gut microbiota to fatty liver phenotype in
insulin-resistant mice. Proc. Natl. Acad. Sci. U. S. A. 103, 12511—12516.

Fang, W., Bi, D., Zheng, R., Cai, N., Xu, H., Zhou, R, et al., 2017. Identification and activation
of TLR4-mediated signalling pathways by alginate-derived guluronate oligosaccharide in
RAW264.7 macrophages. Sci. Rep. 7, 1663.

Feist A.M., Palsson B.O., 2010. The biomass objective function. Curr Opin Microbiol. 13 (3),
344—-349.

Folkman, J., 2006. Antiangiogenesis in cancer therapy—endostatin and its mechanisms of action.
Exp. Cell Res. 312, 594—607.



252 Volatiles and Metabolites of Microbes

Fredrick, C.M., Lin, G., Johnson, E.A., 2017. Regulation of botulinum neurotoxin synthesis and
toxin complex formation by arginine and glucose in Clostridium botulinum ATCC 3502.
Appl. Env. Microbiol. 83 (13), e00642—17.

Galanien, S., Thodey, K., Trenchard, 1.J., Smolke, C.D., 2015. Complete biosynthesis of opioids
in yeast. Science 349, 1095—1100.

Geier, B., Sogin, E.M., Michellod, D., Janda, M., Kompauer, M., Spengler, B., Dubilier, N.,
Liebeke, M., 2020. Spatial metabolomics of in situ host—microbe interactions at the micro-
metre scale. Nat. Microbiol. 5, 498—510.

Gemperlein, K., Dietrich, D., Kohlstedt, M., Zipf, G., Bernauer, H.S., Wittmann, C., Wenzel, S.
C., Muller, R., 2019. Polyunsaturated fatty acid production by Yarrowia lipolytica employ-
ing designed myxobacterial PUFA synthases. Nat. Commun. 10, 4055.

Goll, J., Rusch, D.B., Tanenbaum, D.M., Thiagarajan, M., Li, K., Methe, B.A., et al., 2010.
METAREP: JCVI metagenomics reports—an open source tool for high-performance com-
parative metagenomics. Bioinformatics 26, 2631—2632.

Gomes, A., Oudot, C., Macia, A., Foito, A., Carregosa, D., Stewart, D., et al., 2019. Berry-
enriched diet in salt-sensitive hypertensive rats: metabolic fate of (poly)phenols and the role
of gut microbiota. Nutrients 11 (11), 2634.

Grangette, C., Nutten, S., Palumbo, E., Morath, S., Hermann, C., Dewulf, J., et al., 2005.
Enhanced antiinflammatory capacity of a Lactobacillus plantarum mutant synthesizing mod-
ified teichoic acids. Proc. Natl. Acad. Sci. U. S. A. 102, 10321—-10326.

Hadadi, N., Pandey, V., Chiappino-Pepe, A., Morales, M., Gallart-Ayala, H., Mehl, F., et al.,
2020. Mechanistic insights into bacterial metabolic reprogramming from omics-integrated
genome-scale models. NPJ Syst. Biol. Appl. 6, 1.

Hadjithomas, M., Chen, .M., Chu, K., Ratner, A., Palaniappan, K., Szeto, E., Huang, J., Reddy,
T.B, Cimermancic, P., Fischbach, M.A., Ivanova, N.N., Markowitz, V.M., Kyrpides, N.C.,
Pati, A., 2015. IMG-ABC: a knowledge base to fuel discovery of biosynthetic gene clusters
and novel secondary metabolites. mBio 6, €00932.

Haiser, H.J., Gootenberg, D.B., Chatman, K., Sirasani, G., Balskus, E.P., Peter, J., Turnbaugh, P.
J., 2013. Predicting and manipulating cardiac drug inactivation by the human gut bacterium
Eggerthella lenta. Science 341, 295—298.

Harmrolfs, K., Mancuso, L., Drung, B., Sasse, F., Kirschning, A., 2014. Preparation of new
alkyne-modified ansamitocins by mutasynthesis. Beilstein J. Org. Chem. 10, 535—543.

Hertel, J., Harms, A.C., Heinken, A., Baldini, F., Thinnes, C.C., Glaab, E., et al.,, 2019.
Integrated analyses of microbiome and longitudinal metabolome data reveal microbial-host
interactions on sulfur metabolism in Parkinson’s disease. Cell Rep. 29 (7), 1767—1777.

Henao-Mejia, J., Elinav, E., Jin, C., Hao, L., Mehal, W.Z., Strowig, T., et al., 2012.
Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature 482
(7384), 179—185.

Holmes, E., Kinross, J., Gibson, G.R., Burcelin, R., Jia, W., Pettersson, S., et al., 2012.
Therapeutic modulation of microbiota-host metabolic interactions. Sci. Transl. Med. 4,
137rv6.

Holscher, H.D., Faust, K.L., Czerkies, L.A., Litov, R., Ziegler, E.E., Lessin, H., et al., 2012.
Effects of prebiotic-containing infant formula on gastrointestinal tolerance and fecal micro-
biota in a randomized controlled trial. JPEN J. Parenter. Enteral. Nutr. 36 (Suppl. 1),
95S—105S.

Horbal, L., Luzhetskyy, A., 2016. Dual control system — a novel scaffolding architecture of an
inducible regulatory device for the precise regulation of gene expression. Metab. Eng. 37,
11-23.



Microbial metabolites in nutrition and healthcare Chapter | 12 253

Hover, B.M., Estrela, A.B., Molina, H., Park, S., Perlin, D.S., Brady, S.F., 2018. Culture-
independent discovery of the malacidins as calcium-dependent antibiotics with activity
against multidrug-resistant Gram-positive pathogens. Nat. Microbiol. 3, 415—422.

Hug, J.J., Krug, D., Muller, R., 2020. Bacteria as genetically programmable producers of bioac-
tive natural products. Nat. Rev. Chem. 4, 172—193.

Huo, L., Hug, J.J., Fu, C.,, Bian, X., Zhang, Y., Miiller, R., 2019. Heterologous expression of
bacterial natural product biosynthetic pathways. Nat. Prod. Rep. 36, 1412—1436.

Imai, A., Kurihara, Y., 1984. Endogenous infection in mice with streptozotocin-induced diabetes.
A feature of bacterial translocation. Can. J. Microbiol. 30, 1344—1348.

Ji, T., Xu, C., Sun, L., Yu, M., Peng, K., Qiu, Y., et al., 2015. Aryl hydrocarbon receptor
activation down-regulates IL-7 and reduces inflammation in a mouse model of DSS-induced
colitis. Dig. Dis. Sci. 60, 1958—1966.

Jia, X., Osborn, L.J., Wang, Z., 2020. Trimethylamine (TMA) is a metabolite synthesis by microbes
in the gut derived from enzymatic cleavage of TMA moiety. Molecules 25 (8), 1862.

Jones, M.L., Chen, H., Ouyang, W., Metz, T., Prakash, S. 2004. Microencapsulated genetically
engineered Lactobacillus plantarum 80 (pCBH1) for bile acid deconjugation and its implica-
tion in lowering cholesterol. J. Biomed. Biotechnol., 61—69.

Jones, J.A., Vernacchio, V.R., Sinkoe, A.L., Collins, S.M., Ibrahim, M.H.A., Daniel, M.,
Lachance, D.M., Hahn, J., Koffas, M.A.G., 2016. Experimental and computational optimiza-
tion of an Escherichia coli co-culture for the efficient production of flavonoids. Metab. Eng.
35, 55-63.

Kaddurah-Daouk, R., Weinshilboum, R.M., 2013. Pharmacometabolomics: implications for clini-
cal pharmacology and systems pharmacology. Clin. Pharm. Ther. 95 (2), 154—167.

Kho, Z.Y., Lal, S.K., 2018. The human gut microbiome — a potential controller of wellness and
disease. Front. Microbiol. 9, 1835.

Kotopka, B.J., Li, Y., Smolke, C.D., 2018. Synthetic biology strategies toward heterologous phy-
tochemical production. Nat. Prod. Rep. 35, 902—920.

Kouskoumvekaki, I., Panagiotou, G., 2011. Navigating the human metabolome for biomarker iden-
tification and design of pharmaceutical molecules. J. Biomed. Biotechnol. 2011, 525497.

Kriaa, A., Bourgin, M., Potiron, A., Mkaouar, H., Jablaoui, A., Gerard, P., et al., 2019.
Microbial impact on cholesterol and bile acid metabolism: current status and future pro-
spects. J. Lipid Res. 60 (2), 323—332.

Kries, H., Niquille, D.L., Kries, D., 2015. A subdomain swap strategy for reengineering nonribo-
somal peptides. Chem. Biol. 22, 640—648.

Lamas, B., Richard, M.L., Leducq, V., Pham, H.P., Michel, M.L., Da Costa, G., et al., 2016.
CARD?9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydro-
carbon receptor ligands. Nat. Med. 22, 598—605.

Laurans, L., Venteclef, N., Haddad, Y., Chajadine, M., Alzaid, F., Metghalchi, S., et al., 2018.
Genetic deficiency of indoleamine 2,3-dioxygenase promotes gut microbiota-mediated meta-
bolic health. Nat. Med. 24 (8), 1113—1120.

Lei, Q., Bi, J., Chen, H., Tian, F., Gao, X., Li, N., et al., 2018. Glucagon-like peptide-2 improves
intestinal immune function and diminishes bacterial translocation in a mouse model of par-
enteral nutrition. Nutr. Res. 49, 56—66.

Lei, M., Menon, R., Manteiga, S., Alden, N., Hunt, C., Alaniz, R.C., et al., 2019. Environmental
chemical diethylhexyl phthalate alters intestinal microbiota community structure and metab-
olite profile in mice. mSystems. 4 (6), €00724—19.

Lemon, K.P., Armitage, G.C., Relman, D.A., Fischbach, M.A., 2012. Microbiota-targeted thera-
pies: an ecological perspective. Sci. Transl. Med. 4 (137), 137rv5.



254 Volatiles and Metabolites of Microbes

Lenihan-Geels, G., Bishop, K.S., Ferguson, L.R., 2013. Alternative sources of omega-3 fats: can
we find a sustainable substitute for fish? Nutrients 5, 1301—1315.

Li, J.V., Ashrafian, H., Bueter, M., Kinross, J., Sands, C., le Roux, C.W., et al., 2014. Metabolic sur-
gery profoundly influences gut microbial—host metabolic cross-talk. Gut 60 (9), 1214—1223.
Luo, X., Reiter, M.A., Wong, J., Denby, C.M., Lechner, A., Zhang, Y., Keasling, J.D., 2019.
Complete biosynthesis of cannabinoids and their unnatural analogues in yeast. Nature 567,

123—126.

McNulty, N., Yatsunenko, T., Hsiao, A., Faith, J.J., Muegge, B.D., Goodman, A.L., et al., 2011.
The impact of a consortium of fermented milk strains on the gut microbiome of gnotobiotic
mice and monozygotic twins. Sci. Transl. Med. 3, 106ral06.

Marchesi, J.R., Holmes, E., Khan, F., Kochhar, S., Scanlan, P., Shanahan, F., et al., 2007. Rapid
and noninvasive metabonomic characterization of inflammatory bowel disease. J. Proteome
Res. 6, 546—551.

Martin, F.P., Dumas, M.E., Wang, Y., Legido-Quigley, C., Yap, LK., Tang, H., Zirah, S.,
Murphy, G.M., Cloarec, O., Lindon, J.C., Sprenger, N., Fay, L.B., Kochhar, S., van
Bladeren, P., Holmes, E., Nicholson, J.K., 2007. A top-down systems biology view of
microbiome-mammalian metabolic interactions in a mouse model. Mol. Syst. Biol. 3, 112.

Matsumoto, M., Kibe, R., Ooga, T., Aiba, Y., Sawaki, E., Koga, Y., et al,, 2013. Cerebral low-
molecular metabolites influenced by intestinal microbiota: a pilot study. Front. Syst. Neurosci. 7, 9.

Menon, B.R.K., Jenner, M., 2018. Biosynthesis: reprogramming assembly lines. Nat. Chem. 10
(3), 245-247.

Meyer, F., Paarmann, D., D’Souza, M., Olson, R., Glass, E.M., Kubal, M., et al., 2008. The
metagenomics RAST server — a public resource for the automatic phylogenetic and func-
tional analysis of metagenomes. BMC Bioinformatics 9, 386.

Minami, H., Kim, J., Ikezawa, N., Takemura, T., Katayama, T., Kumagai, H., et al., 2008.
Microbial production of plant benzylisoquinoline alkaloids. Proc. Natl. Acad. Sci. U. S. A.
105, 7393—7398.

Molineux, G., 2004. The design and development of pegfilgrastim (PEG-rmetHuG-CSF,
Neulasta®). Curr. Pharm. Des. 10, 1235—1244.

Myronovskyia, M., Rosenkrénzera, B., Nadmidc, S., Pujicb, P., Normandb, P., Luzhetskyy, A.,
2018. Generation of a cluster-free Streptomyces albus chassis strains for improved heterolo-
gous expression of secondary metabolite clusters. Metab. Eng. 49, 316—324.

Nasrin, S., Ganji, S., Kakirde, K.S., Li, X., Liles, M.R., 2018. Chloramphenicol derivatives with
antibacterial activity identified by functional metagenomics. J. Nat. Prod. 81, 1321—1332.

Nicaise, C., Prozzi, D., Viaene, E., Moreno, C., Gustot, T., Quertinmont, E., Demetter, P., Suain,
V., Goffin, P., Deviére, J., Hols, P., 2008. Control of acute, chronic, and constitutive hyper-
ammonemia by wild-type and genetically engineered Lactobacillus plantarum in rodents.
Hepatology 48, 1184—1192.

Nicholson, J.K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W, et al., 2012. Host gut
microbiota metabolic interactions. Science 336 (6086), 1262—1267.

Nicklas, W., Keubler, L., Bleich, A., 2015. Maintaining and monitoring the defined microbiota
status of gnotobiotic rodents. ILAR J. 56, 241—249.

Osbelt, L., Thiemann, S., Smit, N., Lesker, T.R., Schroter, M., Galvez, E.J.C., et al., 2020.
Variations in microbiota composition of laboratory mice influence Citrobacter rodentium
infection via variable short-chain fatty acid production. PLoS Pathog. 16 (3), e1008448.

Paddon, C.J., Westfall, P.J., Pitera, D.J., Benjamin, K., Fisher, K., McPhee, D., et al., 2013.
High-level semi-synthetic production of the potent antimalarial artemisinin. Nature 496,
528—-532.



Microbial metabolites in nutrition and healthcare Chapter | 12 255

Papandreou, C., More, M., Bellamine, A., 2020. Trimethylamine N-oxide in relation to cardio-
metabolic health—cause or effect? Nutrients 12, 1330.

Park, J., Wang, Q., Wu, Q., Mao-Draayer, Y., Kim, C.H., 2019. Bidirectional regulatory poten-
tials of short-chain fatty acids and their G-protein-coupled receptors in autoimmune neuroin-
flammation. Sci. Rep. 9, 8837.

Pinu, F.R., Granucci, N., James, D., Han, T., Carneiro, S., Rocha, I., et al., 2018. Metabolite
secretion in microorganisms: the theory of metabolic overflow put to the test. Metabolomics
14 (4), 43.

Pique, N., Berlanga, M., Minana-Galbis, D., 2019. Health benefits of heat-killed (Tyndallized)
probiotics: an overview. Int. J. Mol. Sci. 20, 2534.

Quigley, EEM.M., Gajula, P., 2020. Recent advances in modulating the microbiome. F1000Res
9, F1000.

Rogers, G.B., Keating, D.J., Young, R.L., Wong, M.L., Licinio, J., Wesselingh, S., 2016. From
gut dysbiosis to altered brain function and mental illness: mechanisms and pathways. Mol.
Psychiatry 21, 738—748.

Sahner, J.H.J., Sucipto, H., Wenzel, S.C., Groh, M., Artmann, R.W., Miller, 2015. Advanced
mutasynthesis studies on the natural a-pyrone antibiotic myxopyronin from Myxococcus ful-
vus. ChemBioChem 16, 946—953.

Sanada, S., Suzuki, T., Nagata, A., Hashidume, T., Yoshikawa, Y., Miyoshi, N., 2020. Intestinal
microbial metabolite stercobilin involvement in the chronic inflammation of ob/ob mice.
Sci. Rep. 10, 6479.

Sasse, F., Steinmetz, H., Schupp, T., Petersen, F., Memmert, K., Hofmann, H., et al., 2002.
Argyrins, immunosuppressive cyclic peptides from myxobacteria. 1. Production, isolation,
physico-chemical and biological properties. J. Antibiot. 55, 543—551.

Shier, W.T., Rinehart, K.L., Gottlieb, D., 1969. Preparation of four new antibiotics from a
mutant of Streptomyces fradiae. Proc. Natl. Acad. Sci. U. S. A. 63, 198—204.

Shimada, Y., Kinoshita, M., Harada, K., Mizutani, M., Masahata, K., Kayama, H., et al., 2013.
Commensal bacteria-dependent indole production enhances epithelial barrier function in the
colon. PLoS One 8 (11), e80604.

Simone, C., 2019. The unregulated probiotic market. Clin. Gastroenterol. Hepatol. 17 (5),
809—-817.

Singh, R., Chandrashekharappa, S., Bodduluri, S.R., Baby, B.V., Hegde, B., Kotla, N.G., et al.,
2019. Enhancement of the gut barrier integrity by a microbial metabolite through the Nrf2
pathway. Nat. Commun. 10, 89.

Singhal, N., Kumar, M., Kanaujia, P.K., Virdi, J.S., 2015. MALDITOF mass spectrometry: an
emerging technology for microbial identification and diagnosis. Front. Microbiol. 6, 791.
Smith, T.E., Wyche, T.P., Mataina