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Preface

Microbial communities are ubiquitously present in the environment. In order to
establish, maintain, adapt, and survive, microorganisms interact with each other and
their hosts. The communities thus manifest multi-trophic interactions that result in
high diversity. These interactions which may be synergistic or antagonistic shape the
microbial communities and are responsible for the evolution and adaptations of the
microorganisms. One of the mechanisms used by the bacteria for interactions is
quorum sensing. It is a type of cell–cell communication system that plays an
important role in cooperative and competitive microbial interactions. An understand-
ing of quorum sensing mechanisms can provide vital clues about the functioning of
microbial communities. Further, the interactions can be explored for potential uses in
medical and agriculture applications.

This book explores different aspects of microbial communities as unique entities
to study genetic diversity, ecological interactions between microbes and their adap-
tation mechanisms. It also covers the biotechnological prospects of microbes
involved in various microbial communities and their potential use in agricultural,
medical, and industrial applications.

The book brings together an outstanding team of scientists with interest and
expertise in different aspects of microbial community ecology, organismal biology,
biochemistry, and biotechnology. The topics addressed include but are not limited to
diversity and microbial ecology, microbe–environment, microbe–microbe and
microbe–other organism interactions, adaptation and evolution, element cycling,
and biotechnological applications of microbes or their communities obtained from
various ecosystems.

Within the book’s 16 chapters are several studies focusing on microbial abun-
dance in extreme environments, strategies of adaptation, and approaches in microbe-
assisted bioremediation for a sustainable clean environment. Several chapters focus
on synergistic and antagonistic interactions among microbes and try to answer the
question how such interactions can be used as game changers in agriculture and
health sectors. Two chapters describe bacterial community composition dynamics
and quorum sensing in rhizosphere. A dedicated chapter discusses selected aspects
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of lichen microbiome, its diversity, biological role, and biotechnological applica-
tions. Two chapters describe the diversity and ecology of urinary and gut
microbiome, respectively, and the role of these microbiomes in next-generation
therapeutics. Antibacterial secondary metabolites produced by microbes from dif-
ferent ecosystems and their potential in biotechnology are also discussed in this
book. There is a chapter in which the ecology and abundance of benzoate-degrading
bacteria in industrial waste are discussed.

We hope you will enjoy the diverse and exciting research described in this book.

Noida, Uttar Pradesh, India Raghvendra Pratap Singh
Jalandhar, Punjab, India Geetanjali Manchanda
Guwahati, Assam, India Kaushik Bhattacharjee
Yerevan, Armenia Hovik Panosyan
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Chapter 1
Synergistic Interactions Among Microbial
Communities

Sreedevi Sarsan, Arun Pandiyan, A. Vimala Rodhe, and Sridevi Jagavati

Abstract Microorganisms often coexist with each other in close proximity such as
micro-colonies or biofilms and are rare to be obtained as pure cultures from the
environment. Hence, there is always a likelihood of microbe–microbe interactions
among these communities, which can either be positive or negative. Various factors
such as physical, chemical, biological and genetics regulate such interactions and the
molecular mechanisms involved in these interactions between microorganisms. One
of the most important positive microbial interactions is synergism. Microbial syner-
gism is defined as the microbial interaction in which both or all the microbial
population involved gets benefitted, by supporting each other’s growth and prolif-
eration. These cooperative systems are ubiquitous in nature and are involved in
various beneficial activities such as driving various biogeochemical processes,
enhancing soil biomass and nutrients, promoting plant growth, degradation of food
in the colon, waste water treatment, medicine and food industry. Therefore, in the
present chapter we explore the different types of microbial interactions and cooper-
ation between communities. Further, we also discuss the chemical basis of syner-
gism and the factors which influences the synergistic process such as environment,
substrate, etc. Finally, this chapter emphasizes the potential applications and future
prospects of microbial synergism in the field of medicine, food, agriculture and
environment.

Keywords Microbial interactions · Microbial synergism · Cocultivation · Biofilms ·
Microbial consortium
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1.1 Introduction

Microorganisms are omnipresent and play significant role in human health, industry,
disease, animals and plants. Biological interactions include the effects produced
upon each other by the organisms in a community. Microbial interactions are
ubiquitous, unique and diverse in operating biological community. Microbial inter-
actions hold an important practical relevance to various fields such as bioremedia-
tion, forestry, biotechnology, agriculture, food processing and environmental
conservation (Frey-Klett et al. 2011). Major advantages from these microbial inter-
actions include host colonization, biofilm formation and enhanced competition
between same organisms (Singh et al. 2016; Tshikantwa et al. 2018).

Many types of interactions are known to exist in nature. Microbes interact with
plants, animals, humans, other microbes and various environmental factors. These
interactions are thus basically of two types and include abiotic and biotic interac-
tions. In Abiotic interaction, there is no biological component interacting with the
microbes. Abiotic factors include nonliving parts of the environment factors like
sunlight, oxygen, water, pH and temperature which will have a major impact on
living organisms. Interactions in which the bio component is involved are called as
biotic interactions. Biotic factors include all the living organisms of an ecosystem
like plants, animals and microorganisms and their interactions among themselves.
Dynamic interactions among microorganisms have resulted as a consequence of a
long evolutionary history in which many of the biological components adjust to one
another over time. These microbes usually appear as complex interactive networks in
natural ecosystem rather than existing as single species (Tecon and Or 2017).
Therefore, microorganisms have established intricate communication systems via
secretion of chemicals thus allowing intraspecies and interspecies interaction
(Scherlach and Hertweck 2018). Such delicately balanced population of microor-
ganisms each influencing and interacting with other members of the population
forms a microbial ecosystem. Table 1.1 explains clearly about various terminologies
used in this chapter.

The biotic interactions between any two populations are classified based on
whether any one or both populations of a particular association are affected in a
positive or negative manner (Fig. 1.1). The figure depicts different types of microbial
interactions, with 0 denoting no effect, � denoting negative effect and + denoting
positive effect among the interacting species. There are six categories of ecological
interactions:

1. Mutualism: positive–positive interactions
2. Competition: negative–negative interactions
3. Antagonism: positive–negative interactions
4. Commensalism: positive–neutral interactions
5. Amensalism: negative–neutral interactions
6. Neutralism: neutral–neutral interactions

2 S. Sarsan et al.



Table 1.1 Terminologies related to ecosystem and interactions

Term Definition References

Biotic
interaction

Interactions occurring among two living organisms. García-Callejas
et al. (2018)

Productivity Increase in cell numbers or biomass over time that reflecting
the efficacy with which organisms rise to biomass.

Schnurr et al.
(2016)

Synergistic
interactions

It leads to an improved fitness of the cooperating individuals
relative to single cultures.

Ellis et al.
(2015)

Antagonism Interaction between two organisms in which one profits at
the cost of the other (in terms of fitness); the behaviour is a
resulting strategy.

Sorci and
Garnier (2019)

Competition Negative interaction amongst the organism resulting from
overlying resource requirements or chemical warfare, resul-
tantly reduction in fitness of the interacting organisms.

Martin et al.
(2016)

Mutualism Interaction between organisms of varied species that
benefited both of them.

Grover (2008)

Amensalism Interaction between individuals of different species in which
the acting organism experiences no benefit or detriment and
the recipient organism experiences a negative outcome.

Pacheco and
Segrè (2019)

Community A group of potentially interacting species that co-occur Nemergut et al.
(2013)

Fig. 1.1 Types of microbial interaction based on outcome of interaction. (Source: Adapted from
Zélé et al. 2018)
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These microbial interactions can happen between different species, same species,
or even among microorganisms belonging to different families and genera. These
interactions may be positive, negative or neutral. The term positive interaction can be
defined as an “encounter between organisms that benefit at least one of the partic-
ipants and cause harm to neither” while negative interaction can be defined as “an
encounter between microorganisms that are detrimental to one of the participants”
(Stachowicz et al. 2007).

1.2 Types of Microbial Interactions

There are many kinds of interactions among microorganisms which are immensely
significant in the ecosystem functioning. This type of interactions existing among
organisms can be either beneficial or detrimental to the host. Based on the positive or
negative outcome of an interaction, there are different classes of microbial interac-
tions. However, for a long time, microbial interactions were considered to be
naturally inhibitory. But, recent innovations in microbiological research indicate
that in a given natural environment, different microorganisms produce different
products upon interactions thus proving to have wider applications and useful
aspects beyond the usual antibiosis. There are many different kinds of interactions
including synergism, amensalism, parasitism, antagonism, predation,
protocooperation and competition, prevailing amongst the organisms (Fig. 1.2).
Positive interactions such as commensalism or mutualism or synergism among
microbial members are more prevalent and can significantly augment the produc-
tivity of the bioprocess and stability thus ensuring their application in industries. On
the flipside, negative interactions such as parasitism, predation or amensalism that
result in the exclusion of microbes sabotaging the community structure thereby
disrupting the performance of the entire bioprocess (Ghosh et al. 2016).

Fig. 1.2 Types of microbial interactions

4 S. Sarsan et al.



1.2.1 Positive Interactions

The most common type of cooperative interactions seen among microbes are those
of mutually beneficial. These positive interactions which are beneficial to both the
participating species plays a key role in both evolutionary and ecological practices
(Hernandez et al. 2019). There are many forms of positive associations benefitting
the partners in association.

1.2.1.1 Mutualism

Among all the positive interactions, mutualisms has important part in determining
the way different groups are organized and their performance (Traveset and Rich-
ardson 2014). Mutualism or symbiosis can be defined as an compulsory association
where the mutualist and host are dependent on each other and signifies the interac-
tion between the organisms, each getting benefited from the association. There exists
a distinguishing feature between mutualism and its related term “symbiosis” which
means the co-living of species within close proximity not necessarily benefitting
each other. In mutualism, two communities interact with each other benefitting both
the members accordingly (Fig. 1.3). There exists a common interest among the two
interacting communities. Mutualism is a very specific type of relationship is which
the members of association are consistent and other species of organisms cannot
replace the existing organisms. In mutualism a specific, intimate physical contact is
required between the organisms of association which allows them to carry out all
activities as a single organism. Mutualism can be best explained by taking the
example of Lichens. Lichens are an association including the biotic components
fungi and algae belong to certain genera. The fungal component is termed as
mycobiont and algal component is termed as phycobiont. The phycobiont may be
a member belonging to green algae and cyanobacteria.

Microorganisms secrete a wide range of molecules into the environment making
the nutrients available to the organisms in vicinity. They include amino acids,
fermentation products like acetate, and electrons in the form of hydrogen or other

Fig. 1.3 Different forms of microbial mutualism. (a) Shared metabolism (b) Pathogenic associa-
tion of bacteria and fungi (c) Joint colonization of niches. (Source: Adapted from Scherlach and
Hertweck 2018)
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molecules. In such cross-feeding interaction, one species benefits without affecting
the other (Hillesland et al. 2011). For example, bacteria produce certain metabolites
called siderophores during mutualistic microbial interactions. These molecules are
exclusively secreted by the cell into the exterior environment transported via plasma
membrane. Based on the need of one organism with other, mutualists may be
obligatory or facultative. Facultative mutualism is that in which one organism
didn’t requires other for growth or reproduction but one species gets benefit from
the other partner such as an increase in growth or capability. Obligate mutualists are
those which require the interaction of the their partner for growth, reproduction and
other life cycle functions (Mittelbach and Vannette 2017). Mutualisms also vary in
specificity and are either species-specific or guild-specific. In species-specific based
mutualisms, a precise partner is obligatory to fulfil activities that facilitate the
mutualistic exchange. Whereas in guild-specific mutualism which is a more gener-
alized and diffuse type, organisms within a league of functionally similar species
will interact and benefit from each other (Crowley and Cox 2011) The evolution of
mutualism in ecological communities is driven by the competitive process of natural
selection (Darwin 1859). Long-term mutualisms may end when one of the partner
ceases to require or to benefit from the other partner (Leigh 2010).

1.2.1.2 Syntrophism

The term “syntrophism” is defined as a cooperation in which the two organisms
depend on each other to complete a metabolic activity and simple addition of a
co-substrate or any nutrient will not suffice the mutual dependence (Schink and
Stams 2006). Syntrophism can also be defined as “obligate mutualistic metabolism”

(Morris et al. 2013). They are also considered as facultative mutualists as their
survival depends on certain factors such as disease suppression and host organism
and also environmental conditions (Singh et al. 2020). However, some of the
classical definitions for syntrophism are given in Table 1.2. Syntrophy is a wide-
spread phenomenon, because all organisms are interdependent in order to make sure
the life does not stagnate. In Syntrophism, the growth of one of the organisms is
dependent on the nutrients/substrates released by another organism. Syntrophism is
an association in which both the associated organisms are benefitted from each other.
Some of the syntrophic activities include: (1) Production of degradative or hydro-
lytic enzymes by soil microbes like Arthrobacter and Streptomyces, acting in
conjunction with pesticides. (2) Utilizing toxic end products for their own metabo-
lism, (3) chemotactic interaction between algal population and bacteria. Some of the
examples of syntrophism are mentioned below:

1. In food industry, yoghurt is produced by the process of syntrophism, with the
mutual cooperation of Lactobacillus delbruecki subsp. bulgaricus and Strepto-
coccus thermophillus (Azam et al. 2017). This interaction involves the
L. bulgaricus, which produces proteases from cell wall, in return for nutrients
from S. thermophillus (Sieuwerts et al. 2008).
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2. The bacteria like Enterococcus faecalis and Lactobacillus arobinosus are capable
of growing together but not individually in minimal medium. The phenomenon of
synergism is shown by two organisms: E. faecalis and L. arobinosus. E. faecalis
requires folic acid produced by L. arobinosus which is dependent on phenylala-
nine formed by E. faecalis.

3. Some of the other applications or examples for syntrophism includes the biodeg-
radation of aromatic and polyaromatic compounds under anaerobic condition
(Berdugo-Clavijo et al. 2012; Fuchs et al. 2011), degradation of oil (Jones et al.
2008) and amino acid degradation (Schink and Stams 2006).

1.2.1.3 Protocooperation

This is a synergistic interaction/relationship in which both the organisms which are
associated are mutually benefited from each other. The relationship between the
organisms in protocooperation is similar to mutualism except that they are not
obligatory as in mutualism. The synergistic association of Chromatium and
Desulfovibrio involves protocooperation between the sulphur cycle and carbon
cycle. Similarly, an interaction between Cellulomonas, a cellulolytic bacteria and
N2-fixing bacteria is a good example of protocooperation activity.

1.2.1.4 Commensalism

Commensalism is defined as the interaction between two microbes in which com-
mensal gets profited, while the host remains unaffected, i.e. neither has beneficial nor
harmful effect (Mathis and Bronstein 2020). This interaction is unidirectional and if
the host and commensal are separated, the commensal is capable of surviving.

Table 1.2 Classical definitions and illustrations of syntrophy

Definition References

Cooperations in which two organisms depend on each other to accomplish a
particular metabolic activity and addition of a co-substrate or any nutrient
will not overcome their mutual dependence.

Schink (1997)

Strongly coupled mutualistic interaction which is essentially proving its role
in global carbon cycling under anaerobic environment.

McInerney et al.
(2009)

The low concentration of degradation end products (hydrogen/formate/
acetate) is essential to bring about the degradation of fatty acid and other
compounds which is a thermodynamically interdependent

McInerney et al.
(2011)

A nutritional condition where a substrate cannot be catabolised by either of
the organism, rather, it is brought about by the joint metabolic capabilities
of two or more organisms

Stams and Plugge
(2009)

Associations where two organisms rely on each other for energy purposes to
accomplish a fermentation process together, which none of them can do on
their own

Schink (2002)
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Commensalism does not involve physiological interaction or dependency between
the host and the commensal. In commensalism, the two partners can survive
independently and yet the commensal may be able to feed on elements/nutrients
ingested by the host because of their spatial proximity. There are many examples of
commensalism existing in different biosystems (Table 1.3). Commensalism may
involve different mechanisms and are of different types.

1. Phoresy is a type of commensalism in which one microbe called as the phoretic is
transported by other microbe mechanically—the host, without exercising nutri-
tional or developmental consequences on the host (Houck and O’Connor 1991).

2. Inquilinism is a type of commensalism in which one of the species is used as a
platform or cavity for the living condition of the recipient microbe.

3. Chemical commensalism is another type which is most often associated with two
bacterial species but may not be always the case. In this type, one bacterium break
down a chemical which is invaluable to the other species, and produces a
metabolite that will be used as an energy source by the beneficiary second species
(Veiga 2016).

Some of the representative examples of Commensalism are given below:

1. E. coli (host)—Non-pathogenic facultative anaerobe, in the intestinal tract of
human, utilizes molecular oxygen and declines the Oxygen concentration. This
creates a conducive environment where obligate anaerobes such as Bacteroides
(commensal) start growing.

2. Commensalism between Nitrosomonas (host) and Nitrobacter (commensal) in
the process of Nitrification: Ammonia is oxidized into Nitrite by Nitrosomonas

Table 1.3 Reported cases of commensalism in different biosystems

Interacting species partners Interaction mechanism Reference

Host for Mouse:
B. thetaiotaomicron

Secretion of specific nutrients by mouse host
for selective uses by bacteria

Hooper
et al.
(2000)

G. candidum, P. camemberti G. candidum Presence boost the growth and
metabolite production by P. camemberti

Aziza and
Amrane
(2006)

Pseudomonas sp. AS1:
A. oleivorans DR1

Naphthalene degradation to salicylate by
Pseudomonas sp. AS1 which favour the
growth of A. oleivorans DR1 in naphthalene
comprising medium

Seo et al.
(2012)

Chlamydomonas reinhardtii:
Stenotrophomonas sp. or Pseudo-
monas sp.

During hydrogen production, the hydroge-
nase enzyme of the algae is activated due to
anoxic habitat which is created by bacterial
species through respiration

Li et al.
(2013)

Rhodotorula mucilaginosa R30:
Acidithiobacillus sp.

During tannery sludge bioleaching process,
Dissolved organic matter (DOM) which is
repressive to Acidithiobacillus sp. And is
degraded through heterotrophic
R. mucilaginosa R30

Wang et al.
(2010)
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and this nitrite is used as a substrate by Nitrobacter for energy and thus oxidizes it
into Nitrate.

3. In Swiss cheeses, the Lactic Acid Bacteria (LAB) produces lactic acid which used
by propionic acid bacteria (Mounier et al. 2008). Similarly, in surface-ripened
cheese, the lactic acid produced by LAB is being metabolized by Geotrichum
candidum and Debaryomyces hansenii (Mounier et al. 2005).

1.2.2 Negative Interactions

Negative interactions are a type of interaction between the two microbial
populations, where one population of organisms either attacks or inhibits the other
organisms for the survival and food source. Negative interactions include many
types such as antagonism, parasitism, predation and competition.

1.2.2.1 Antagonism

Antagonism or Ammensalism is a negative relationship in which two types of
microbial populations exist in which one of the populations secretes substances
that may be inhibitory or lethal to the other population (Prajakta et al. 2019; Singh
et al. 2019). The Population which secretes or produces inhibitory compounds are
benefited i.e. they are not affected or may exist in competition and successfully
survive in the environment, at the same time inhibiting other population. This type of
phenomenon where one of the populations is inhibited by biochemical molecules is
called as antibiosis. Various types of antagonistic interactions existing in bacteria
include inhibition of growth by antibiotics and/or hydrolytic enzymes, inhibition of
adjacent cells. Their antagonistic activity may be limited to killing within the species
or may also be able to kill between species from different genera, families and orders
(García-Bayona and Comstock 2018).

Examples of Antagonism

1. Many normal flora organisms like Lactic acid bacteria (LAB) produce lactic acid
in genital tract of females which is antagonistic to many pathogens like the
fungus, Candida albicans.

2. Many pathogenic bacteria invading the skin are inhibited by several fatty acids
produced by normal flora of skin (Nipa 2015)

3. Thiobacillus thioxidans produces sulphuric acid as a result of sulphur oxidation.
This leads to lowering of pH in the medium and thus inhibits other microorgan-
isms especially most bacteria.

Antagonism involves killing of competing organism with the release of extracellular
compounds such as antibiotics or toxins. Earlier studies have shown that bacteria
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produce large group of antibacterial peptides and proteins by using the secretion
systems to deliver these toxins to competing cells. There are diverse types of
antimicrobial peptides and proteins produced by bacteria which vary in their struc-
tures and functions, cellular targets, mechanisms of action and spatial range. The
most common type is “Bacteriocin” which are defined as a varied group of peptides
or antibacterial toxins produced by bacteria (Schaechter 2009). Bacteriocins are
ubiquitous and produced by almost all major groups of eubacteria and archaebacteria
(Besse et al. 2015). On the contrary, bacteriocins characteristically have a narrow-
spectrum of activity, targets and kills thoroughly related members of the producing
strain (Cotter et al. 2013). Bacteriocins employ different mechanisms to kill the
bacterial cells such as via pore-formation, degradation of peptidoglycan, cell wall
synthesis and protein synthesis inhibition, nuclease activity and gyrase inhibition
(Heng et al. 2007). These toxins produced by microbiota helps in evading pathogens
and thus find potential applications in medical, agricultural and other industrial
sectors (Pérez-García et al. 2011). A myriad of natural bioproducts produced by
some fungi and bacteria are potential sources of important antibiotics and therapeutic
drugs-like anticancer agents, immune suppressors, cholesterol controlling drugs,
anaesthetics etc. these are used routinely to treat specific diseases and other medical
conditions (Medema and Fischbach 2015).

1.2.2.2 Parasitism

Parasitism is the relationship between two different organism types whereby one
organism (parasite) gets the benefit and acquires the required nutrition from the other
(host) in the interaction/association by inducing damage to it, which gets harmed.
The relationship between host and parasite may be physical or metabolic and usually
exists for an extended period of time. Some parasites living external to the host and
are known as ectoparasites while many live inside the host cell and called as
endoparasites.

Examples of Parasitism

1. Endoparasite: Most common microbial parasitism in nature is represented by
bacteriophages, viruses infecting bacteria. Viruses may be defined as acellular,
obligate, intracellular parasites and host specific. Viruses are parasites to a variety
of hosts like protozoa, cyanobacteria, bacteria, algae, fungi etc.

2. Ectoparasite Bdellovibrio: Many G �ve bacteria are infected or parasitised by
Bdellovibrio
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1.2.2.3 Predation

It is association among two microbes where one organism (predator) attacks or
engulfs other organism (prey) usually resulting in death of the prey. This predator-
prey interaction is of short duration. Bacterial predators produce an extensive range
of secondary metabolites and degradative enzymes in order to lyse or kill other
organisms (Jurkevitch 2006; Berleman et al. 2008). Bacterial predation also perform
a significant role in advance of human pathogens (Erken et al. 2013). Based on
predator-prey interaction, there are three groups among bacterial predators (Pérez
et al. 2016).

1. Epibiotic predation: Predators consume the preys of outside before dividing into
offspring cells and they remains have close proximity to the prey cell envelope

2. Endobiotic predation: Individual predatory cell causes direct invasion to modify
prey cell wall by secretion of hydrolytic enzymes and penetrate into cytoplasm or
the periplasmic space.

3. Group attack: The minimum colonies of predators are vital to kill and uptake the
prey cells by generating the hydrolytic enzymes and metabolites.

Based on the differences in killing methods used these may be further subdivided
in each group.

Examples of Predation

1. Protozoans–Bacteria interaction. The protozoans being larger microorganisms eat
up or engulf bacterial cells present in soil. This declines the numbers of bacteria
and thus leads to optimal levels of soil bacterial populations.

2. Daptobacter, Vamparococcus, Bdellovibrio, are common examples of bacteria
acting as predators, which can feed on a variety of bacterial populations.

1.2.2.4 Competition

This type of interaction is a negative interaction where two microbial populations
compete with each other. During this interaction, both the populations are affected
negatively threatening their growth and survival in that environment. The organisms
compete with each other for resources like nutrition, space, etc. which results in
lower maximum density or growth rate of the microbial populations. They compete
for carbon and nitrogen source, phosphorus, vitamins, growth factors and many
other growth-limiting resources. Competition inhibits the occupancy of the same
ecological niche by both the microbial populations, as one type will get successful,
while the other gets eliminated. Competition can be exemplified by the organisms
Paramecium aurelia and Paramecium caudatum both of which feed on the same
bacterial population. Paramecium aurelia shows better growth rate than

1 Synergistic Interactions Among Microbial Communities 11



Paramecium caudatum. In competition between microbial populations, bacteria
employ several antimicrobial mechanisms such as secretion of compounds to kill
or damage the neighbouring target cells (Hibbing et al. 2010). In highly competitive
environments, the genetic persistence and survival of a species depends on their fight
for resources (Bauer et al. 2018). The competitive phenotypes in such environment
evolved in such a way to outcompete and displace their neighbouring species, in the
environment of scarce nutrition and limited space. There are two types of competi-
tion, one is exploitative competition in which one of the participant species consume
the resources and the other is Interference competition in which the cells invade and
damage one another (Ghoul and Mitri 2016).

1.2.3 Microbial Synergism

Microbial synergism is an important positive interaction. Synergism is defined as the
interaction in which two participating species supports each other by creating
favourable conditions for growth and proliferation. Synergistic relationship occurs
when two organisms grow better together than apart or when the by-products of one
organism enhances the survival of another. In this relationship, members of an
association receive benefits that exceed those that would result if each lived by
itself. The cooperation between the microorganisms may be of many different ways
and mutual association among the partners may differ from only minimal support to
total mutual dependency (Fig. 1.4). Some of them include: (1) production of
compounds accomplished in cooperation rather than individual organism as in
syntropy, (2) affinity of microorganisms to each other as seen in the microbial
consortium like bacterial cells attached to algal cell surfaces regarding chemotactic
interactions among them, (3) capability shown by certain microorganisms to derive

Fig. 1.4 Different mechanisms of Microbial Synergism
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their energy from metabolism of toxic end products. (4) Synthesis of hydrolytic
enzymes in the soil environment, for example by Arthrobacter and Streptomyces,
show a combined activity of degradation of organophosphate pesticide and diazinon.

Many cases have been reported where one microorganism secretes metabolites
such as vitamins or amino acid precursors, that may be beneficial to another
organism that is deficient in specific pathway synthesis. Sometimes the partner in
association might synthesize the particular compound individually, yet it depends on
the other partner only to save its biosynthetic energy. There may be more strong
types of cooperation and mutual interdependence observed among partners. In
metabiosis type of cooperation, the latter partner gets profits from the former one
in an interdependence metabolic pathway, but the former members may have
insignificant or negligible advantage from the later partners. Also, the synergism
includes strict syntrophic associations, where one organism depends on other for
their growth and energy purposes and carry out a fermentation process together but
neither of them can live on their own as seen in typical syntrophic associations
(Schink 2002).

1.3 Chemical Basis of Synergism

Microorganisms which may include bacteria and fungi most significantly, function
as populations of same organisms and as groups of different microorganisms. The
evolution of such microbes happened due to a dynamic interaction between inor-
ganic components and other higher organisms. They play a very important and
beneficial role in the environment. The microbial interactions pave the way to
working of the ecosystems, or self-controlling biological groups and their physical
environment. These interactions also help in understanding the processes such as
their role in environment and disease development. The important aspect of the
understanding of microbial interactions is that the microbes constantly encounter
their environments and bring about changes in the ecosystems to a greater extent. In
nature, degradation of compounds is accomplished by complex microbial commu-
nities that work synergistically and efficiently. For instance, in nature, many bacte-
rial and fungal species are capable of hydrolysing the lignocellulosic biomass via
synergistic relationship through production of enzymes cellulases and xylanases
(Tsegaye et al. 2018, 2019).

Microbial interactions are regulated by various chemical, biological, physical and
genetic factors (Tshikantwa et al. 2018). The effects of these various factors are
described in Table 1.4. The nature and the chemical intricacy of the substrate and
nutrients usually affects the type of the interactions among microbes. A complex
lignocellulose substrate may promote and encourage synergistic growth and positive
interactions, while a simple substrate such as glucose supports negative interactions
and competition among microbes. The type of substrate and the level of interaction
were observed to be strongly related. The more complex the substrate like wheat
straw, the stronger the synergistic relationship (Cortes-Tolalpa et al. 2017). In
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contrast to this, when glucose alone was used there was no synergistic relationship
found. A huge group of organisms show an inherent complexity of being diverse in
their chemistry by producing varied enzymes. This diversity is desirable to degrade
efficiently the various complex substrates or naturally occurring polymers into
monomers. The degradation by these microbial communities in nature is brought
about in a dynamic and time-dependent manner. The organisms which carry out
degradation show dynamic interactions amongst themselves and show more activity
when working in coordination or combination with each other than without help.
This method is identified as synergistic growth often seen in microbial communities
and closely linked with enzymatic activities (enzymatic synergism) (Cragg et al.
2015; Van Dyk and Pletschke 2012). Thus synergism in microbial consortia is of

Table 1.4 Factors affecting microbial interactions

S. No. Factors Effects and examples

1. Physical
factors

Salt
concentration

Variation in salt concentrations influences the spoilage by microbes.

Accumulation of spoilage yeasts in low salt concentrations as seen in
baceman spoilage

Temperature Influences the actions of interacting microbial enzymes. Enzymes show
enhanced microbial activity at optimum temperature. E.g. Japanese
shoyu (soy sauce) production

pH Effects the capability of microbes to endure and live in a variety of
environmental niches. Favourable optimum acidic condition causes
LAB to thrive more during fermented milk products manufacture.

Dissolved
Oxygen

Concentration of dissolved oxygen is an important feature during
microbial interactions within a community and is directly related to
microbial growth.

Growth of coryneform bacteria in baceman preparation favoured by
high O2 concentration

2. Nutrients Specific nutrients such as water, nitrogen, vitamins, and minerals and
energy source are required to conduct several metabolic actions thus
affecting the growth of diverse microorganisms. There exists a direct
relationship between the concentration of nutrient and attached bacterial
cell numbers. Thus, an increase in nutrient results in rise in number of
cells.

3. Chemical
factors

Secondary metabolite produced by microorganisms play the crucial role
in mediating complex microbial interactions. The interaction at molec-
ular level amongst different microorganisms has resulted in a variety of
chemical diversity which in turn lead to interplay of various microbes at
the molecular level.

4. Biologic
factors

In cell-cell adhesion the interactions among microbial cells occur by
adhering to surfaces or a metabolic substrate. Microbes also respond to
environmental stimuli such as transfer of proteins and small molecules.

5. Genetic
factors

Provision of understanding of chemical signalling, horizontal gene
transfer, motility, chemotaxis, pathogenesis, microbial viability and
persistence.
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considerable importance, as projected in the recent research studies (Deng andWang
2016; Mitri and Richard Foster 2013).

1.3.1 Cocultures

Any complex substrate in nature can be degraded or depolymerised by coexisting
microorganisms which work more efficiently by synergistic metabolic activities. The
organisms follow the process of niche partitioning to bring about the final result. The
niche partitioning is signified by metabolic complementarity. One such classical
example of complementarity is reported where rice straw substrate was hydrolysed
and degraded for the production of bioethanol and hydrogen using Bacillus and
Clostridium cocultures (Chang et al. 2008). Synergism between native bacteria is
known to be significant in the hydrolysis of lignocellulosic substrates (Deng and
Wang 2016). In the studies carried out by (Cortes-Tolalpa et al. 2017), the degrada-
tion potential of both monocultures and mixed cultures was examined and the results
obtained with cocultures were observed to be more when compared to single
cultures. The studies were performed to determine the enzymatic activities of
Citrobacter freundii/Sphingobacterium multivorum biculture, the studies showed
increased production of the degradative enzymes, cellobiohydrolases,
mannosidases, and xylosidases. Metabolic complementarity was also reported in
cocultures of Trichoderma reesei and E. coli in the degradation of pretreated corn
stover and final optimal production of isobutanol (Minty et al. 2013). Trichoderma
reesei synthesized the cellulolytic enzymes for conversion of corn stover into its
constituent sugars. These sugars were further fermented by E. coli into isobutanol.
From the above examples it is evident that the synergistic pairs or cocultures drive
important chemical transformations by exchanging key metabolites or by niche
partitioning especially when the independent organisms are lacking in particular
metabolic pathways. The chemistry of transformations also depends upon the
complexity of the substrate or the raw material source available for the varied
kinds of microorganisms in a niche.

1.3.2 Biofilms

Biofilms are another classical example of microbial consortia. The development of
biofilms is a well strategized process and specific controlled gene expression
(McDougald et al. 2012). Microorganisms attach themselves to a biotic or abiotic
surface and develop biofilm, by generating extracellular polymeric substances (EPS)
(Donlan 2002). The organisms participated in the biofilm are protected from metals,
antibiotics desiccation, biocides, ultraviolet (UV) rays and host defence system
(Flemming and Wingender 2010). In the evolutionary perspective, biofilm is an
important example on how microbial interaction helps the organisms to thrive under
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extreme conditions by increasing their resistance against UV radiation (de Carvalho
2017), high temperature and pH (Harrison et al. 2007; Hoštacká et al. 2010), high
salinity (Kim and Chong 2017), poor nutrition (Marsden et al. 2017) and different
antibiotics (Hathroubi et al. 2017) through mutual cooperation. However, in food
industry, these mixed species biofilms can cause equipment damage, food spoilage
and also food borne diseases (Yuan et al. 2019).

Biofilms are highly structured and organized microbial communities which are
closely connected to each other and produces the extracellular polymeric substance
(EPS). The biofilm development consists of different stages such as Initial adhesion,
Microcolony formation, Biofilm maturation and Dispersal (Figs. 1.5 and 1.6). The
components of mature biofilms include both microbial cells and EPS matrix which is
a scaffold for holding water, microbial cells, polysaccharides, proteins, DNA, RNA,
ions in varied percentages and various biologically active molecules like cell com-
munication signals (Flemming and Wingender 2010). For the microbial communi-
ties, production of biofilms is of great advantage to overcome and protect themselves
from severe environments, lenience to physical and chemical stress leading to
metabolic cooperation and community-coordination in the fine-tuning of gene
expression. Biofilm mode of growth helps with transitory multicellular behaviour

Fig. 1.5 Stages of biofilm development
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causing an upsurge in local concentration of nutrients. The matrix of biofilms
performs the role of digestion system. It accumulates digestive and degrading
enzymes that can degrade various matrix components including complex nutrients
and other substances. Degradation helps the products to be in close proximity to the
microbial cells, further facilitating uptake of nutrients. Antimicrobial resistance is
also reported. The matrix also has a significant role in shielding the cells against
antimicrobials, toxins, and predators. Biofilm pathogens can tolerate host defence
system. Biofilm microorganisms display collective and coordinated behaviour as
they are adapted to their physiology and stress responses (Van Houdt and Michiels
2010; Zupančič et al. 2018). Opportunity of genetic material exchange is also
observed to be on the higher side in biofilms.

1.3.3 Quorum Sensing

Wide range of chemical diversity has been observed among different microorgan-
isms due to molecular level interactions. Regulation of interactions among microbes
occurs even at molecular level and Quorum sensing is a unique physiological
mechanism which is efficiently used by many bacteria. Several bacteria can show
a good control over their synergistic activities and carry out the required specific
physiological/cellular functions by the mechanism of quorum sensing (QS). The
bacteria interact with each other through the sensing and exchanging of signals or
chemical information. This is evident by secretions, sensing and response to small
chemical signal molecules which can diffuse into the surroundings. These interac-
tions are very useful to the organisms in the process of colonization, biofilms,
increased adjustment and competitiveness in the changing environment. The quorum

Fig. 1.6 Development of biofilm
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sensing activities hold a lot of significance in understanding virulence and possible
pathogenic effects of bacteria. An inclusive study of the molecular mechanisms of
quorum sensing and their synergistic coordinated activities may give a valuable
evidence leading to important alterations in dealing evolving bacterial infections
(Li and Tian 2016).

Autoinducers are an important group of chemical molecules which can act as
signal molecules (Table 1.5). During the active bacterial growth, the cells synthesize
these autoinducers which are involved in quorum sensing. These molecules act as
mediator signalling molecules (Bouyahya et al. 2017) and they aid in communica-
tion and signalling between intra and interspecies bacterial communities (Rao and
Kumavath 2020). As a response to alterations in cell population density, the
autoinducers are synthesized. As the quorum sensing bacterial cell density increases,
there is an increase in concentrations of autoinducers. Some of the unique and well-
studied autoinducers are ACL (N-acyl homoserine lactone) from G�ve bacteria like
E. coli (Lowery et al. 2008; Miller and Bassler 2001), oligopeptide-based
autoinducers in gram-positive bacteria. Gram �ve and Gram +ve bacteria may
also use other common auto inducers apart from Lactones such as autoinducer
2 also known as borate furanosyl (Bouyahya et al. 2017). An extensive study of
how QS mechanisms work in bacteria for signalling has to be done to get a more
understanding of the microbe-microbe interaction and further application of the
same.

1.4 Potential Applications of Synergistic Interactions
Among Microbial Communities

Many early studies were made by scientists to understand and explain the applica-
tions of Synergism. Synergism is better understood by the experiments conducted by
(Sears and Putnam 1923) who were the first ones to study the concept of synergism.
They have worked with many pairs of microorganisms and stated that the microbial
pairs when present together produced gas utilizing the carbohydrate present in the
nutrient medium and the gas was not produced in the absence of any one of the
organisms or when they are grown individually in the nutrient medium (Table 1.6).

Table 1.5 Types of autoinducers synthesized by bacteria

S. No. Autoinducer Organism Reference

1. Acylated homoserine lactones Gram -ve bacteria Miller and Bassler
(2001)

2. 2-heptyl-3-hydroxy-4-quino-
lone (PQS)

Gram -ve bacteria Pesci et al. (1999)

3. Oligopeptides Gram +ve bacteria Rojas et al. (2019)

4. Furanosyl borate diester Both Gram +ve and Gram -ve
bacteria

Bhuiyan and Noor
(2020)
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Their explanation to this concept is that one of the organisms produced acid and the
other organism has produced the gas. The acid forming organism has utilized the
carbohydrate and released an intermediate product of the metabolism which acts as a
substance for the second organism to release the gas. Example of sucrose utilization
by S. aureus and E. coli is revealed in Fig. 1.7.

In furtherance to their studies, there were studies conducted on two bacteria
namely, Eberthella typhosa and Proteus morganii which in synergistic association

Table 1.6 Bacterial pairs that produce gas in synergism association

Carbohydrate Organisms

Lactose Staphylococcus aureus + Salmonella schottmuelleri

S. faecalis + S. schottmuelleri

S. faecalis + S. choleraesuis

S. aureus + P. vulgaris

S. faecalis + P. vulgaris

S. faecalis + S. paratyphi

Sucrose S. aureus + E. coli

S. faecalis + E. coli

S. equinus + S. schottmuelleri

S. equinus + S. paratyphi

S. aureus + S. paratyphi

Mannitol S. aureus + P. vulgaris

S. faecalis + P. vulgaris

S. pyogenes + P. vulgaris

Shigella paradysenteriae + P. vulgaris

Eberthella typhosa + P. vulgaris

Source: Adapted from AJ Salle (1943)

a                        b                                   c
a. E. coli b. S. aureus c. E. coli and S. aureus Mixed culture

Gas Bubble

Fig. 1.7 Bacterial synergism in sucrose broth. (a) E. coli (b) S. aureus (c) E. coli and S. aureus
mixed culture
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produced gas from mannitol. It is observed that E. typhosa produced intermediate
compound from mannitol that was found to be stable at 100 �C. When the sample
was heated to inactivate the culture of E. typhosa and later inoculated with the
culture of P. morganii, the intermediate compound was fermented to produce gas
similar to the one produced from combination of the two organisms when grown
together (Castellani 1926; Graham 1932). Further it is reported that in presence of
calcium carbonate, the gas produced was greater than before and is known to
neutralize the action of acid produced by Eberthella typhosa which is why this
organism remained actively growing and continued to ferment carbohydrate for long
time. The greatest importance of synergism is perhaps observed in the field of
bacteriological examination of water as seen in many research studies (Atkinson
1935; Atkinson and Wood 1938). More significant studies were taken up on these
bacterial associations that are of common occurrence so that the role played by them
in their natural environment is well understood.

The reports from recent research studies about the applications of synergistic
microbial interactions in the fields of food, health, drug, agriculture and environment
support the early studies conducted on synergism. The latest developments in
research have proved that there are many classes of microbes within our surround-
ings which are capable of producing a variety of products through interactions with
each other. This paves the way to an extensive range of potentially valuable
applications. However, the interactions among microbes in nature have many dele-
terious effects also. There are many examples of microbial interactions in nature
within prokaryotes or eukaryotes and also between prokaryotes and eukaryotes. The
associations among bacteria and fungi are abundantly found in many environment
including humans (Rashid et al. 2016). Microorganisms existing in synergistic
associations produce different products that are beneficial to mankind in health,
medicine, food, agriculture, and environment (Fig. 1.8) (Tshikantwa et al. 2018).
The applications include many processes such as described in Table 1.7. Some of
them include such as the synergistic association among gut microbiota influencing
human health, the association among environmental microbes helping in regulating
the sustainability of ecosystem, and various industrial processes making use of this
microbial association in the production of valuable products (Zaccaria et al. 2017).

1.4.1 Role of Microbial Synergism in Health and Disease

1.4.1.1 The Human Microbiota in Health

The microorganisms that exist in human body are known as human microbiota and
the number of microbiota is estimated to be approximately 1013 to 1014 microbial
cells including protozoa, eukaryotic organisms, archaea, viruses and predominantly
bacteria (Rocha 2016). They reside symbiotically on various parts of human body
like skin, oral cavity, respiratory tract, gastrointestinal tract and urogenital system
(Lloyd-Price et al. 2016). The gut of humans has been considered as an essential
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organ, which is inhabited by more than 100 trillion symbiotic microorganisms which
constitutes the gut microbiota. The gastrointestinal system has diverse microbiota
comprising mainly of bacteria belongs to Firmicutes, Bacteroidetes and
Actinobacteria phyla (Tap et al. 2009).

The microbiota of gut is in symbiotic association with the host and this relation-
ship is controlled and steadied by the interactions of a complex network between
it. Various interactions include metabolic, immune and neuroendocrine that are
potentially facilitated by metabolites secreted by microbes. These metabolites act
as signalling molecules and exhibit pleiotropic effects such as in controlling the host
neuro-immune-inflammatory responses that could physiologically link gastrointes-
tinal system with other systems (Cani 2018). The chief role of microbiota of gut on
the host and the significant metabolites produced by them which are involved in
maintaining host wellbeing are described in Table 1.8. Gut microbiome such as
Bacteroides, Bifidobacterium and Lactobacillus species helps in metabolizing die-
tary fibres (xyloglucans) commonly found in vegetables and other foods that are
indigestible by the stomach as well as small intestine. The gut microbiota also
supplies essential nutrients and also prevent the colonization by opportunistic
pathogens and thus finally aid in the formation of intestinal architecture. Many
Studies have elucidated that the gut microbiota synthesize essential nutrients and
vitamins and are involved in maintaining lipid and protein homeostasis (Goh and
Klaenhammer 2015). The normal microbiota of gut releases fatty acids such as
propionic acid, acetic acid and butyric acids. These SCFAs serve as source of energy

Fig. 1.8 Applications of synergistic interactions
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Table 1.7 Applications of microbial synergistic interactions

S. No. Field Type of interaction Product type Application References

1. Medical Bacteria–Bacteria Antibiotic
keyicin

Treatment
of diseases

Netzker
et al. (2018)Micromonospora sp. and

Rhodococcus sp.

Fungi–Fungi Antibiotic
Griseofulvin

Treatment
of diseases

Stierle et al.
(2017)Xylaria cubensis and

Penicillium restrictum

Bacteria–fungi Drug
5MPCA

Antifungal
agent

Scherlach
et al.
(2013),
Doing et al.
(2020)

Pseudomonas
aeruginosa–Candida
albicans

Bacteria–bacteria Vit B12 Essential
product
synthesis

Xie et al.
(2019)Propionibacterium

freudenreichii DSM
20271–Lactobacillus
brevis ATCC 14869

2. Agriculture Bacteria–fungi Soil
nutrients

Nutrient
recycling

Tshikantwa
et al.
(2018), Xie
et al. (2018)

S. cerevisiae–R. etli

3. Environment Bacteria–bacteria: Clean water Waste
water
treatment

Tiwari and
Lata (2018)Brachymonas

denitrificans B79,
Comamonas denitrificans
110, Acinetobacter
calcoaceticus
ATCC23055 and
Aeromonas hydrophila
L6

4. Food and
Beverage
production

Fungi–Bacteria: Alcohol Production
of alcoholic
beverages

Ouattara
et al. (2020)Pichia kudriazevii YS201

and Bacillus subtilis BS38

Bacteria: Bacteria Yogurt Production
of yogurt

Bocchi et al.
(2020)Lactobacillus delbrueckii

subsp. Bulgaricus, Strep-
tococcus salivarius subsp.
Thermophilus

Fungi–fungi: Surface-rip-
ened cheese

Cheese
production

Bocchi et al.
(2020)Penicillium roqueforti–

Rhizopus

Microbial consortia
(Fungi–Fungi–Bacteria):

Wine Wine
production

Ly et al.
(2019)

R. oryzae, S. cerevisiae
and L. plantarum
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to the host intestinal epithelium and gets absorbed in the colon. They also perform
variety of functions such as regulating gut motility, glucose homeostasis, inflamma-
tion and energy harvesting (Cani et al. 2013). The gut microbiota is known to deliver
folates, vitamin B2, B7, B12, vitamin K and other vitamins to the host. Further, gut
bacteria are also involved in the stimulation of cellular and humoral immunity. Some
of the gut bacteria have novel potential health benefits. E.g.: Faecalibacterium
prausnitzii can be used in the treatment of Irritable bowel syndrome (IBS) and
Inflammatory bowel disease (IBD). Similarly, Akkermansia muciniphila of gut has
a significant role in improving metabolic health of the hosts. There are many
potential beneficial bacteria or probiotics in the gut such as Lactobacillus and
Bifidobacterium that help in preventing or treatment of certain diseases (Valdes
et al. 2018).

1.4.1.2 The Human Microbiota in Disease

The microbiome imbalance is referred as dysbiosis and impairs the normal func-
tioning of gut microbiota and results in functional disease. The pathogens colonize
the intestinal mucosa, causing a strong response of inflammation, thereby resulting
in the disturbance of the gut bacteria leads to dysbiosis (Braga et al. 2016). Dysbiosis
in gut microbiome is induced because of infectious disease and their treatment,
consumption of antibiotics, dietary component, physical and psychological stress
and various other factors. Several studies showed the intimate relationship between
dysbiosis of the microbiota and infection. It has been revealed that the host infection
is not only associated with the microbiome but also with the viruses. The intestinal
microbiome is significantly changed in the case of patients with Clostridium difficile
infection (CDI). This change in the microbiota is associated with the development of

Table 1.8 Functions of key metabolites of gut microbiota in host

S. No. Metabolites Functions Reference

1. Short Chain Fatty Acids
(SCFAs), Acetate, Butyrate,
Propionate

Regulate host metabolic
pathways

De Vadder et al.
(2014)

2. Indole derivatives Energy homeostasis Venkatesh et al.
(2014)

3. Bile acid metabolites Activate host nuclear recep-
tors and cell signalling
pathways

Wahlström et al.
(2016)

4. Choline metabolites Modulate lipid metabolism
and glucose homeostasis

Wang et al. (2011)

5. Vitamin B1, B2, B3, B6, B5,
B7

Energy production and red
blood cell formation

Forster et al. (2017),
Lerner et al. (2017)

6. Polyamines, Spermidine,
Putrescine and Spermine

Control high proliferation
rate of intestinal epithelial
cells

Johnson et al. (2015),
Rooks and Garrett
(2016)
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viral diseases including human immunodeficiency virus (HIV), hepatitis-B virus
(HBV) and other diseases (Fig. 1.9) (Kho and Lal 2018).

1.4.1.3 Antimicrobials Production for Treatment of Diseases

Microorganisms are always in close proximity with other organisms in the environ-
ment and coexist by exchanging and sharing metabolites through chemical signals.
Bipartite microbial cultivations/ co cultivations provide an attractive and potential
reason to identify new compounds such as secondary metabolites including antibi-
otics with biological activity. Cocultivations of microorganisms simulate ecological
interactions which are not present in microbial monocultures. However, multiple
species interactions are essential, to simulate natural ecological conditions.

Microorganisms are known to excrete huge varieties of compounds that affect
other microorganisms by inducing silent gene clusters. It has been proved that these
products that are produced by monocultures can be increased by cocultivation of
microorganisms. Further it is possible to exploit maximum amount of natural
products, only through complex microbial consortia (Stierle et al. 2017).
Cocultivation is more effective in stimulating the production of substances such as
bioactive compounds, that are usually not produced in pure cultures. Thus,
Cocultivation not only intends to open new avenues to their production, but also
provides understanding of the natural role of the bioactive molecules and also the
regulation of their development (Netzker et al. 2018).

Emergence of multi drug resistance (MDR) among bacteria and with no new drug
discoveries made in the last couple of years is a major concern for the treatment of
infection diseases in future. Considering the role of antibiotics, the analysis of
microbial consortia in their ecological context forms the basis for the novel antibi-
otics discovery. As the frequency of new antibiotics discovery by microorganisms is
considerably shrinking, attempts have been made to produce new metabolites using
cocultures. In the screening of antibiotic producing strain of Streptomyces
tanashiensis, it is observed that the desferrioxamine E produced by Streptomyces
griseus growing in its close proximity has facilitated S. tanashiensis in compensating
certain deficiency and resulted in promotion of its vegetative and productive growth
phase (Ueda and Beppu 2017).

Several novel secondary metabolites have isolated from coculturing of microor-
ganisms that is having new mode of action. Coculture of A. nidulans and the
bacterium S. rapamycinicus leads to production of archetypal polyketide orsellinic
acid due to the silent fungal gene cluster activation. Fumicyclines were also discov-
ered as a result of mixed cultivation of streptomycete species and A. fumigatus.
Mixed cultures of Micromonospora sp. with Rhodococcus sp. resulted in the iden-
tification of the antibiotic compound keyicin, which was found to be active against
gram-positive bacteria selectively (Netzker et al. 2018). P. fuscum and
P. camembertii/clavigerum when cocultivated, has led to the discovery of the new
macrolide antibiotic called berkeleylactone with different mode of action (Zipperer
et al. 2016). Human microbiota is another potent source for unknown secondary
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metabolites. A ribosomally synthesised thiopeptide known as Lactocillin, as well as
lugdunin, the non-ribosomal peptide produced by human commensals, prevent the
growth of neighbouring pathogens. This shows their participation in structuring of
the human microbiota and their potential as effective antibiotics (Fig. 1.4) (Netzker
et al. 2018).

The interactions among bacteria and fungi are not well studied in the background
of human health. However, the interaction between, ubiquitous bacterium Pseudo-
monas aeruginosa and Candida albicans, a polymorphic fungus is a classic example
of microbial interaction. This association leads to the production of 5-methyl-
phenazine-carboxylic acid (5-MPCA) an antifungal agent. In this association,
C. albicans produces ethanol which helps in the secretion of the phenazine
5-methyl-phenazine-carboxylic acid (5-MPCA) by P. aeruginosa and those phena-
zines cause an increase in fermentative metabolism and production of ethanol by
C. albicans (Fourie and Pohl 2019). The interactions between S. aureus and Candida
albicans is also an example of synergistic interactions (Shirtliff et al. 2009). The
yeast Cryptococcus neoformans and the bacterium Klebsiella aerogenes coinfection
is another example in which melanin acts as virulence factor for the pathogen
C. neoformans. (Frases et al. 2006). Alkynyl-bis benzimidazoles have a very limited
effect on Gram-negative bacteria but are outstanding inhibitors of Gram-positive
bacteria. Therefore there is a need to study the possible synergistic associations
between microorganisms and resolving barriers for effectiveness on G�ve bacteria,
the outer membrane barrier and multidrug efflux pumps (Chamberlin et al. 2019).
WHO also prioritises the research to focus on development of drugs that target multi
drug-resistant (MDR) Gram-positive bacteria as well as those targeting the MDR
Gram-negative pathogens.

1.4.1.4 Lethal Synergism

The synergistic association of microorganisms is not always beneficial. Not all
human microbiota is involved in giving health benefits but some are also known to
induce inflammation under certain conditions. Lactobacillus spp. Are known to
cause rheumatoid arthritis by activating Toll-like receptor (TLR 2) and TLR4
which results in the increase of TH1 and TH17 activity and decreases TReg-cells
function (Thaiss et al. 2016). Sometimes microbial associations may become lethal
meaning that the coinfection with two organisms results in increased mortality
whereas infections by single species of microbes (monomicrobial infections) are
nonlethal. This phenomenon is termed as lethal synergism. Candida albicans and
Staphylococcus species (S. epidermidis and S. aureus) have the ability to form
obstinate biofilms in the host and also on abiotic surfaces such as medical devices.
Interactions within these biofilm communities may lead to drug tolerance, increased
virulence and immune evasion thus causing difficulty in treatment of infections. The
most widely studied association is between Candida albicans and Staphylococcus
species, which causes lethal infection allowing enhanced mortality (Kong et al.
2015; Esher et al. 2019; Todd et al. 2019). Adding to lethal killing, C. albicans
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shows high level vancomycin resistance to S. aureus. It is done by the formation of
drug permeability barrier by releasing a carbohydrate-dense extracellular matrix
during biofilm growth (Harriott and Noverr 2009; Carolus et al. 2019). In recent
studies it is also established that alpha-toxin is essential for the lethal synergy caused
by S. aureus in lung coinfection caused by Gram-negative opportunists (Cohen
2016).

1.4.2 Role of Microbial Synergism in Environment

Human actions like farming and agriculture, exploring mineral resources and other
improvements of industrialization have been disturbing the natural ecosystem such
as soil, water, and air which are the media of survival for life (Ul-Islam et al. 2016).
The accumulation of toxic metals like mercury, arsenic, cadmium, lead, etc. have
adverse effects on growth of plants (Hassan et al. 2017). Crop yields are directly
influenced and affected by high concentrations of heavy metals beyond limits
(Xiong et al. 2014). The interactions between microorganisms and their metabolic
activities such as mobilization of metals, their transformation and detoxification help
in removal of heavy metal contamination and are significant in the remediation of
soils (Chen et al. 2015; Tiwari and Lata 2018). Many fungal species are capable of
dealing with heavy metals. Examples are Aspergillus, Penicillium, Trichoderma and
Mucor (Oladipo et al. 2018). These fungi possess different functional groups like
carboxyl, phosphates, amines present as cell wall structure, that can bind and
opsonize the metals (Ullah et al. 2017). Some plants–microbe interactions are
known to help in control of heavy metal accumulation in plants.

Iron-oxidizing bacteria Ferrimicrobium acidiphilum and Acidithiobacillus
thioxidans play a role in pyrite leaching when used as pure and mixed cultures.
Fm. acidiphilum oxidizes ferrous iron to ferric iron which can attack the pyrite
mineral but in this process the organism needs organic carbon to grow which is
provided by At. thiooxidans that fix CO2, which in turn depends on the former
organism for its energy source i.e. reduced sulphur obtained from pyrite. Thus
neither of the bacteria can grow as pure cultures in organic carbon-free media
using pyrite as a source of energy, but they can interact synergistically to form a
microbial consortium and grow successfully (Schaechter 2009). Synthetic commu-
nity of microbes consisting of Dehalococcoide, Desulfovibrio and Methanosarcina
was successfully studied in PCB dechlorination which can be used as biomarkers to
evaluate and monitor the potential of PCB dechlorination at bioremediation sites.
Further biostimulation of the sites with these three specific microbes may help in
improving the efficiency of remediation (Shanquan Wang et al. 2019).
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1.4.3 Role of Microbial Synergism in Agriculture

Plant-associated microbiota are significant in the growth and development of plants
and provides protection from various biotic and abiotic stresses including plant
pathogens (Hussain et al. 2018). The benefits of synergistic interactions among
different microorganisms aids in improving the crop yields. There are different
associations involving microbiota and plant groups in different combinations (Luo
et al. 2018). The Plant growth-promoting microorganisms that are associated with
crop plants include both Bacteria and Fungi. Plant growth-promoting bacteria
(PGPBs) and plant growth-promoting fungi (PGPFs) are used in agriculture since
many years and are the most promising for future prospects. Many beneficial
microbiota gathers in the regions of phyllosphere, rhizosphere, and endosphere
regions of plants and act as symbionts for plant roots E.g.: Arbuscular mycorrhizal
fungi (AMFs), Rhizobium spp and Frankia spp. (Tian et al. 2020). The synergistic
association between Arbuscular mycorrhizal fungi AMF R. irregularis and the
PGPB P. putida help in improvement of the growth and also provide protection
against pathogens of the wheat plants (Senapati et al. 2019). The crop yields of rice
and wheat are improved by application of AMFs which help in resisting drought.
Apart from improving the yield of cotton and soybean, AMFs are known to provide
resistance to soyabean against Macrophomina phaseolina pathogen as well as they
also help in promoting transfer of nitrogen from soil to plants (Spagnoletti et al.
2017). Medicinal plants W. somnifera and H. niger have shown an improvement in
the alkaloid contents even under limited water conditions when Plant growth-
promoting bacteria such as species of Azospirillum, Pseudomonas, Azotobacter
and Bacillus were applied to the fields (Mathur et al. 2019). It is reported that the
absorption of nitrogen by rice plants Oryza sativa indica and Oryza sativa japonica
is associated with NRT1.1B gene, which encodes nitrate transporter and that is
associated with microbiota of rhizosphere and nitrogen usage in rice fields (Zhang
et al. 2019).

Studies on microbial synergism between R. irregularis and B. amyloliquefaciens
showed a maximum rise in shoot weight and also improved efficiency of photosyn-
thesis in plants with dual inoculation. Wherein, B. amyloliquefaciens helped in
facilitating the colonization of arbuscular mycorrhizal fungus in all the tested plants
and thus aided plant growth and proliferation (Nurmi et al. 2016; Tian et al. 2020).

1.4.4 Role of Microbial Synergism in Food Applications

Microbial interaction among bacteria, yeasts and fungi are significant in the produc-
tion of several foods by fermentation (Scherlach et al. 2013). This joint action of
microorganisms help to improve aroma, flavour, texture and other characteristics and
also enhances the shelf life of fermented foods to a great extent (Dalié et al. 2010).
Mixed cultures of fungi and bacteria are used in variety of fermentations including
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alcoholic beverages and dairy products (Bordet et al. 2020; Bocchi et al. 2020).
Lactic acid bacteria (LAB), especially Lactobacillus sanfranciscensis and yeasts
such as Saccharomyces exiguous or Candida humilis exhibit synergistic interaction,
in the fermentation of sourdough. Cocultures of yeast and Lactic Acid Bacilli (LAB)
generated an advanced quantity of lactic acid during sourdough fermentation than
monocultures (Teleky et al. 2020).

Probiotics are known as the live microorganisms that have health benefit in or on
the host. Probiotics can be given in moderate quantities as food supplements or
through fermented food, such as traditional dairy products. They are known to
increase the nutritional and functional value of food by promoting the amount and
availability of nutrients and bioactive compounds such as organic acids,
exopolysaccharides, and conjugated linoleic acid that originate from the joint action
of microbial metabolism (Di Cagno et al. 2016). The probiotic microorganisms
Lactobacillus spp. and Bifidobacterium spp. used in food fermentations interact
synergistically with the substrate resulting in the improved beneficial features and
this paves the way for designing functional foods for the specific requirements that
happens during the transition from milk diet to solid foods on the human microbiota
(Bocchi et al. 2020).

The requirement of joint metabolism for an effective fermentation is revealed in
wine production experiments using microbial consortia of three microbial strains,
Saccharomyces cerevisiae, Rhizopus oryzae and Lactobacillus plantarum. Modify-
ing the ratio between these three species had shown significant effect on production
of ethanol and organic acid and the profile of volatile compounds of the wine when
compared to the wine produced by individual organisms (Fig. 1.10). It was observed

Fig. 1.10 Microbial consortia in wine production/fermentation
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that when three microbial strains were used in equal ratio during inoculation, it
resulted in ethanol yield and flavour similar to that of mono cultures. This study
paves the way for our understanding of synergistic interactions among prokaryote
and eukaryotes with potential application in the area of food biotechnology (Ly et al.
2019). On the contrary, food fermentations with mixed culture of bacteria and fungi
may also result in contamination of food leading to deleterious effects on human
health. Consumption of Tempe bongkrek, a fermented dish made using fungus
Rhizopus oligosporus causes food-intoxication in humans resulting in many number
of deaths annually (Lackner and Hertweck 2011). The intoxication is known to be
caused by the toxins produced by bacterium Burkholderia cocovenenans namely
toxoflavin and bongkrekic acid (Li et al. 2019).

1.5 Conclusion

Interspecies interactions especially synergistic effect between different types of
microorganisms is increasingly growing interest among researchers. The interaction
between the microorganisms is of many different types and the mutual relationship
between the partners is varied and may range from only marginal support to absolute
mutual dependence. These microbial interactions may possibly act like “bio-
engines” in producing various important metabolites such as volatile organic com-
pounds. The cooperation among partners involved in these synergistic processes is
strengthened due to closer proximity between the partner cells. There are many
instances of this kind and are widespread in nature and still need to be unravelled in
the future. The modern molecular and metagenomic approaches may facilitate
scientists to study further and analyse the complete microbial diversity and their
genetic capability to carry out the active metabolic pathways prevailing in a specified
environment. These will hopefully facilitate and allow researchers to obtain the
concealed information on various metabolites and microbial partners in situ. The
knowledge and information about different microbial interactions and the possible
benefits gives an opportunity for producing artificial microbiomes that can be
efficiently applied to solve critical health issues, remediation of heavy metals,
improving agricultural productivity and for producing novel fermentative
products etc.
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of Investigation
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discover several novel species, genera and metabolites.
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Dr Nasserdine Sabaou (1956–2019)

Abstract Because of their remarkable ability to provide a broad range of bioactive
compounds, Actinobaceria have attracted special interest members of this bacterial
group, in particular those belonging to the genus Streptomyces, are considered as the
most important producers of bioactive molecules and have led to the discovery of a
large number of valuable compounds with broad range of applications (therapeutic,
industrial, agricultural, etc.) Maghreb countries (Northwest Africa) present a highly
diversified area in term of ecosystems coexistence that potentially facilitate the
development of specialized microbial metabolisms adapted for survival to specific
conditions. Here we presented a review on the achievements from the exploration of
Maghrebian-originated actinobacteria ability to produce active secondary
metabolites.

As a whole, 152 active compounds were reported, with diversified chemical
structures Amongst these molecules, 31 were described for the first time Most of
the determined structures are produced by strains that belong to Streptomyces and
Saccharothrix genera involved in arid/semiarid ecosystems, especially from the
Algerian Sahara.

Keywords Actinobacteria · Maghreb · Secondary metabolites · Antibiotic · Saharan
ecosystem

2.1 Introduction

Actinomycetes are a group of filamentous Gram-positive bacteria with a percentage
of guanine–cytosine higher than 55%. These bacteria are widely spread in nature,
including ecological niches, with the existence of various lifestyles possibilities such
as commensals, symbionts, and even plant–animal pathogens (Ait Barka et al. 2015).

Because of their ability to provide a broad range of bioactive compounds,
Actinobaceria have attracted much interest. Members of this group are considered
as the most important producers of bioactive molecules with potential benefit to
human health, industrial processes and agriculture (Subhashini et al. 2017; Solecka
et al. 2012).
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At the globe scale, Maghreb countries (Northwest Africa) represent a restricted
area in term of ecosystems coexistence (Le Houérou 1990). Despite those the major
central and south parts are desert (Sahara), the great bioclimatic range (from humid
to hyperarid) and the variety of geomorphic situations make these ecosystems highly
diversified and potentially results in the development of specialized microbial
metabolisms adapted for survival in such conditions (Sabaou et al. 1998).

This book chapter aimed to present a review on the achievements from the
exploration of Maghrebian-originated actinobacteria ability to produce active sec-
ondary metabolites and revealed the remarkable potential in term of diversity in both
chemical structures and antibiosis capacities.

2.2 Importance of Actinobacteria and Their Secondary
Metabolites

The term “secondary metabolites”was defined more than a century ago in opposition
to “primary metabolites,” which are involved in physiological functions essential for
development, reproduction, and cell function of the organism (Hesketh et al. 2002).

In this sense, secondary metabolites are organic compounds that are highly
structurally diverse and produced in very low amounts by several organisms,
including plants, fungi, and bacteria, but are not strictly mandatory for the mainte-
nance and reproduction of their producers. This does not imply an “auxiliary
importance” of secondary metabolites in contrast to importance of primary
metabolites.

Secondary metabolites produced by microorganisms appear to be secreted in
connection to their surrounding living context to exert various biological effects in
an attempt to control biotic interactions and enhance the potential of an organism to
endure specific conditions. Thus, secondary metabolites can be regarded as carriers
of chemical communication within the microbiota for “relational functions” and the
field of ecological chemistry address the role of these secreted metabolites in an
ecosystem (Sandegren and Andersson 2009; Nguyen et al. 2012; Prajakta et al.
2019).

The remarkable variable chemical structures of these compounds and the puta-
tively related biological activities has led biologists and chemists to assess the
potential (medical, industrial process, agriculture) value of new metabolites rather
than determining their function in nature.

The improvement of analytical methods for secondary metabolite isolation and
characterization in the last decades has shown the huge diversity of microbial-
derived secondary compounds. Neither in silico drug design nor synthetic chemistry
has outperformed microorganisms as a source of innovative chemical structures.

Amongst microorganisms, actinobacteria are particularly interesting for their
amazing capacity to produce secondary metabolites with diverse chemical structures
and diverse biological activities including antivirals, antiparasitics,
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immunostimulants, immunosuppressants, cytostatic and antitumor (Watve et al.
2001; Demain 2006; Solecka et al. 2012; Li et al. 2017; Takahashi and Nakashima
2018). In fact, about 45% of the microbial-derived molecules documented (Solecka
et al. 2012) and 70% of marketed active molecules (Solanki and Kahanna 2008) are
of actinobacterial origin. However, actinobacteria, particularly those belonging to
the genus Streptomyces, are recognized for their great ability to produce antibacterial
and antifungal antibiotics. Indeed, approximately, two-third of natural antibiotics
were isolated from Actinomycetes (Newman et al. 2003) and about 80% of antibiotic
producing actinobacteria belong to the genus Streptomyces (Demain 2006; Demain
and Sanchez 2009).

The increasing incidence of multidrug resistance in pathogenic microorganisms
necessitates the use of antibiotic compounds expressing differential levels of toxicity
and side effects (Berdy 2005; Messai et al. 2008; Fair and Tor 2014; Subhashini and
Singh 2014; Li and Webster 2018). Thus, it is essential to maintain a framework of
research for the isolation of new microbial-derived antibiotics in the hope of finding
new effective and less toxic compounds in order to control pathogenic microorgan-
isms along with complementary strategies of preparation of synthetic/semisynthetic
antibiotics and search for novel targets within the microbial pathogen.

By postulating involvement of particular adapted metabolisms, one of the strat-
egies for enhancing the likelihood of obtaining particularly interesting isolates and
secondary metabolites is to analyse uncommon/niche habitats, such extreme envi-
ronments (Sabaou et al. 1998).

2.3 Diversity of Maghreb Ecosystems

Maghreb refers to the Northwest African region which totalizing more than 6 mil-
lion km2. With a Pacific Ocean and Mediterranean Sea sides and a major central
desert part, called Sahara, as well as a contrasted elevations and precipitations, the
Maghreb has an impressive bioclimatic variation going from humid to hyperarid
(Le Houérou 1990). The related variety of geomorphic situations (alluvial lands in
sea costs, mountainous terrain, high lands, oasis, rock and send desert) make these
ecosystems highly diversified and potentially results in the development of special-
ized microbial metabolisms adapted for survival in such conditions (Sabaou et al.
1998).

2.4 General Process for Secondary Metabolites Production,
Purification, and Chemical Structure Elucidation

Amongst the isolated actinobacterial strains, isolates that exhibit interesting antimi-
crobial activity, through targeted in vitro testing assay, are selected to investigate the
active compounds involved (Fig. 2.1).
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Generally, the process of characterizing new secondary metabolites starts with
empiric search of optimal conditions (mainly feeding and incubation parameters in
complex or semisynthetic medium such as ISP21 and SSM2, respectively) for
compound production and secretion in liquid fermentation experiments (kinetic
studies). Then, the culture filtrate is extracted with an adequate solvent (solvent
that gave the most interesting extraction depending to the nature of the extractible
compounds) using a standard liquid/liquid extraction procedure. In particular cases
where a strain is only able to grow, or produce active compound in solid culture
media (solid-state fermentation), the containing medium is cut into small pieces then
subjected to solvent extraction (Badji et al. 2005; Lahoum et al. 2019). For purifi-
cation, the active phase, mainly organic, is subjected to successive chromatographic
analysis, from partial purification processes, such as silica gel thin layer

Semi purification

(TLC)

UV, MS, IR and NMR analysis for compound 

characterization and structure elucidation

Actinomicrobial isolate with 

targeted antagonistic properties
Kinetic studies for 

optimal compound 

production 

Quantitative compound 

production by liquid 

fermentation

Determination of the best 

solvent for extraction

Culture filtrate/adequate solvent

extraction

Organic active phase Aqueous active phase

Reverse phase HPLC 

Direct HPLC 

purification with 

hydrophilic column

Pure active fraction

Fig. 2.1 Flow diagram showing the general process followed in the production, purification and
chemical structure elucidation of active secondary metabolites derived from actinobacteria

1International Streptomyces Project medium 2 (per liter of distillated water): 4 g yeast extract, 10 g
malt extract, 4 g glucose and 20 g agar (Shirling and Gottlieb 1966).
2Semi-synthetic medium (per liter of distillated water): 10 g D-glucose, 2 g (NH4)2SO4, 2 g NaCl,
5 g KH2PO4, 1 g K2HPO4, 2 gMgSO4 � 7H2O, 5 g CaCO3 and 2 g yeast extract (Bouras et al. 2006).
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chromatography (TLC) and Sephadex LH20 columns, to a complete separation by
reverse phase high performance liquid chromatography (HPLC).

The pure active fraction, obtained after successive re-injections in the HLPC
system, is submitted to mass spectrometry (MS) and spectroscopic analysis (UV–
visible, IR, and various forms of NMR) for compound characterization and structure
elucidation.

2.5 Actinobacteria-Derived Secondary Metabolites

The Table 2.1 showed the list of secondary metabolites derived from actinobacteria
inhabiting several environments of Maghreb, especially soil habitat, as gathered
from the scientific literature. As a whole, studies of such Actinobacerial potential
permitted to identify 152 active compounds, with diversified chemical structures,
produced. Amongst these molecules, 31 were described for the first time; and are
therefore considered as novel metabolites (Table 2.1, Fig. 2.2). Most of the deter-
mined structures are produced by strains that belong to Streptomyces and
Saccharothrix genera involved in arid/semiarid ecosystems, especially from the
Algerian Sahara. This result indicates that, through the ability to contain adapted
actinobacterial strain, these environments constitute an ecological niche with signif-
icant potential for the prospection of new active metabolites. Moreover, extended
feeding experiments in the culture of some particular strains, such as Saccharothrix
algeriensis NRRL B-24137, have successfully led to the induction of new com-
pounds. In fact, Saccharothrix algeriensis NRRL B-24137, a rare actinobacterium
isolated from a palm grove soil in Southern Algeria (Zitouni et al. 2004) was shown
to produce several dithiolopyrrolones depending on the incorporated precursors
available in the culture medium. The selection of appropriate sources of carbon
and nitrogen was shown to induce the biosynthesis of 13 new dithiolopyrrolones
(Table 2.1).

The number of actinobacteria-derived molecules from Algeria was 75, 68 from
Tunisia and nine from Morocco, as indicated in Table 2.1. As far as we know, no
reports are available regarding the characterization of actinobacterial-produced
compounds from other remaining countries.

2.6 Conclusion

Actinobacteria inhabiting Maghreb environments possess an outstanding ability to
produce diversified active secondary metabolites, particularly those originated from
arid Saharan environment, but remain scarcely explored when compared to huge
areas under Saharan condition and the diversity of niche habitats (adapted plants,
oasis soils, hyper saline soils, rocky plateau, etc.) that exist.
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The success of the postulated strategy of enhancing the potential of obtaining
interesting secondary metabolites from the analysis of adapted microorganisms to
extreme conditions encourage fostering the intensification efforts of microbial
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Fig. 2.2 Molecular structure of the novel compounds derived from actinobacteria inhabiting
Maghreb environments Italicized numbers referred to the corresponding molecule order in
Table 2.1
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screening on such versatile environments to expect future finding of bioactive
compounds with potential benefit in human health, industrial process and
agriculture.
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Chapter 3
Study of Potential Interrelationship Criteria
of Microorganisms for Sustainable Diversity

Mousumi Saha, Goutam Mukherjee, Aparajita Basu, and Alok Kumar Sil

Abstract Modernization has brought humans as well as nature at the verge of
petrifying situation. Toward restraining the sustainable developments of the world,
wise and proper utilization of microbes and scientific consideration toward microbial
diversity can be a new avenue for scientific exploration as microbes are gregarious
organisms that can form very diverse microscopic communities and potentially
responsible for nutrient cycling. Microbial communities are not only important for
biogeochemical cycles but also essential for the food web, thus an elaborate knowl-
edge of their dynamics will be critical in predicting the biosphere modules with a
focus on future environmental conditions. Thus, structural analysis on microbial
ecology of a specific area helps in better observation of intra or interdependency of
different microbial species with respect to their interaction and trophic relationships.
In this context, soil nitrogen (N) and carbon (C) cycle plays a pivotal role in
maintaining various ecosystem functions like climate change, nutrient cycling diver-
sity and so on, which are directly associated with human welfare and the microbes
present in this community exhibit metabolic exchange capability for effective and
economic resource utilization in the soil ecosystem. As a result, effective, economic,
and wise resource utilization of microscopic community imparts the imperishable
activities of soil productivity to balance other ecological functions. Besides this, soil
microbes are also rendering significant role in bioremediation or biotransformation
of xenobiotic or toxic compounds. In this chapter, we will consider the microbial
diversity along with potential interrelationship of microbes in terrestrial and aquatic
ecosystem that regulates its interaction and plays a vital role in improving bioreme-
diation of toxic pollutants, regulating biogeochemical cycle and the foremost
improvement in agriculture. Thus, the aim of our study is to co-relate the
interdependence of microbes into convertible science of development for combating
environmental pollution, climate change along with producing commercially impor-
tant goods and services for human welfare.

Mousumi Saha and Goutam Mukherjee contributed equally with all other contributors.

M. Saha (*) · G. Mukherjee · A. Basu · A. K. Sil
Department of Microbiology, University of Calcutta, Kolkata, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
R. P. Singh et al. (eds.), Microbes in Microbial Communities,
https://doi.org/10.1007/978-981-16-5617-0_3

71

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-5617-0_3&domain=pdf
https://doi.org/10.1007/978-981-16-5617-0_3#DOI


Keywords Microbial community · Ecosystem function · Bioremediation ·
Microbial diversity · Biogeochemical cycle · Agroecosystem · Nutraceuticals

Abbreviations
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HGT Horizontal gene transfer
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OTUs Operational taxonomic units
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S Sulfur
SD Sustainable development
SOM Soil organic matter

3.1 Introduction

Microorganisms play an integral and often unique role in the functioning and
maintaining a sustainable ecosystem (Trivedi et al. 2016; Singh et al. 2016a, b).
Microbes play the most significant role in food web, climate change, soil fertility,
plant productivity, bioremediation, human welfare and in development of industrial
products. Sustainable development (SD) meets the requirement of the present and at
the same time it paves the way for a better future for the coming generation through
the conservation of resources. The idea of SD emerged in 1987 with the Brundtland
Report (United Nations General Assembly 1987). Soon after that “SD” becomes a
very popular but debatable term. With the rapid development, humans have exposed
themselves to a huge risk of health issues, difficult livelihood, and unfavorable
environmental conditions for survival. Due to the limitless anthropogenic activity,
soil and water are also getting contaminated (Balbus et al. 2013; Singh et al. 2020b).
Microbial communities are one of the major driving forces related with various
ecological functions, human and environmental welfare. Enormous diverse and
incredible function of these communities is not well understood. This knowledge
gap is the most fascinating fact and calls for the exigent problem in the present
scenario regarding the study of microbial ecology. With advancement of research
related to environmental microbiology, biotechnology and molecular biology,
another discipline named as Biogeochemistry has emerged. It has assisted in appro-
priate explanation of microbial community with its orientation for N-, C-, P-, and
S-cycle. It is very essential but critical to establish effective policies to explore and
preserve microbial diversity for environmental security as well as for human
wellbeing. Thus, to attain the goals of SD, microbes or microbial community can
be considered as a bridge between economic, social and environmental sustainability
(Fig. 3.1). Microbial diversity is the key player for a balance ecosystem (Wagg et al.
2014; Subhashini et al. 2017; Singh et al. 2020a). Due to the natural forces and/or
anthropogenic activities, microbial community structure changes constantly and
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over time it gets slowly replaced with a new one resulting in microbial succession.
Considering the sustainable ecosystem functioning, identification of structure and
function of microbial community are critical challenge, but with the emergence of
new tools and techniques help us resolving these issues. Human activities are not
only responsible for environmental pollution, but also directly or indirectly associ-
ated with disturbing the biogeochemical cycles (Griggs et al. 2013; Yang et al.
2020a, b).

Microbial diversity can be utilized for various application with prime focus in
SD. Managing, preserving, and proper utilization of microbial diversity are the areas
which need attention by the policy makers. Little is known about the potential
contribution of microbial diversity to the national economy, to wealth creation and
to improvements in the quality of life. SD aims to meet the needs of the present
generation without the affecting of natural resources unsympathetically. The expo-
nential growth of human population and indiscriminate usage of resources create
various wastes that are hazardous to the environment and pollute soil, water, air, etc.
In this context, environmental and industrial sustainability goals can be achieved by
microbial consortia that have the capability for bioremediation and biotransforma-
tion. In addition, microbes have beneficial roles in agriculture, food production, pest
control, wastewater treatment, disease prevention, fermentations, antibiotic produc-
tions, vaccine productions, bioenergy/biofuel production, etc. (Vitorino and Bessa
2017). Considering this, the management of microbial diversity has an important
role in SD. Modern biotechnology based industry has the huge potential to fabricate
new products and processes by exploiting the capability of microbes in various
ecosystem.

In the current chapter, efforts were targeted to elucidate the potential role of
microorganisms in sustainable development and their interrelationship in the eco-
system functioning. Here, it is also tried to delineate functional and taxonomic frame
of soil microbial community and its succession with N/C-cycle and it will also

Fig. 3.1 Potential application of microbes and microbial enzymes in sustainable development (SD)
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discuss the role of microbes in bioremediation, biotransformation and human
welfare.

3.2 Species Diversity and Community Structure of Soil
Microbiota

Characterization of a microbial community in an ecosystem by the abundance,
diversity profiling and functionality of the species or group is the traditional
approach to decipher the ecological structure. Strategy to analyze the microbial
diversity differs from microbial ecologist to population ecologist. Previously, phy-
logenetic analysis of bacteria was done on the basis of morphology, metabolism and
other physiological properties. All these culture-dependent approaches were
followed by the botanist and zoologist, which was very difficult. Study of microbial
diversity in a community is important to identify potential ecosystem players.
Knowledge on this is very useful to determine the seasonal variation of microbial
community. In this regard, microbial community directly participates in crop pro-
duction, disease and pest control in farming and thus can be linked with
agroecosystem sustainability (Fig. 3.2). For example, both gram positive and
gram-negative bacteria like Micrococcus, Staphylococcus, Corynebacterium,
Brucellaceae, Burkholderiaceae, Xanthomonadaceae, and many more were found

Fig. 3.2 Ecosystem functioning of microbial community
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in rice ecosystem (Panizzon et al. 2015). Structure and function of bacterial com-
munity is affected by the plant metabolites, quality and depth of the soil (Wang et al.
2018; Singh et al. 2020a, b, c).

Microscopic observation or culture-based methods don’t provide appropriate
profiling of the diverse bacterial communities (Stewart 2012).

Obviously, culture-based methods are insufficient to determine the bacterial
diversity from environment, because a typical soil sample contains thousands of
individual taxa (often called “operational taxa”; OTU). Some estimates indicate that
an individual soil sample may contain more than 100 taxa approximately (Stewart
2012; Portillo et al. 2013; Louca et al. 2019). This brings microbial ecologist to
search the underlying concept of diversity with functional significance of microbes.

The theory of biological diversity is based on the idea of niche and survival
banishment: if species compete with each other perfectly, they cannot coexist stably
in one niche. Therefore, each species must have certain functional differences.
However, niche-based theories are struggling with the huge habitat of plants, and
plants are competing for limited resources (light, water, minerals). Zhang et al.
(2017) states that around hundred species may be present in some environment.
Different schemes have been proposed in order to explain the abnormal pattern of
huge biodiversity. The neutral theory holds that when the adaptive changes between
individuals are as large as the adaptive changes between species, species can coexist
in the niche, but when the competition between individuals and the competition
between species are so fierce, the species also can coexist. In various environments
when the organism is fixed, dynamic changes allow coexistence of taxa with
overlapping function; it may be suitable for many soils microbial clade conditions
(Kneitel and Chase 2004). Diverse phylogeny is due to different microbial function
and are related to resource allocation strategies. However, it is difficult to explain this
difference in function among close related groups. Therefore, high-throughput
sequencing methods are applied to sequence communities and their structures are
analyzed according to ecologically significant populations (Koskella et al. 2017;
Gallego et al. 2019; Yang et al. 2020a, b).

Soil parameters, pattern of usage and climate of the respective soil ecosystem
contribute a lot toward microbial community of that specific soil. Similarly, presence
of microbial community is directly linked with plant production. Thus, an interre-
lated study of soil science and microbiology is of great economic importance
(Baliyarsingh et al. 2017). Microbial abundance in soil is effected by different soil
properties, various environmental factors and interaction with other organisms.
Changes in parameters like oxygen, moisture, and pH, can be selected for growth
of fungi and some bacteria, while in other cases taxonomic orientation is the choice
(Kneitel and Chase 2004; Koskella et al. 2017; Singh et al. 2016a, b). Clostridium, is
an obligate anaerobe whereas the genus Bacillus are aerobic bacteria. These are the
two genera which are closely arranged in Firmicutes on the basis of evolutionary
relationship. Microorganisms are accomplished with different characteristics in
order to survive in diverse ecosystem. Decomposer depends on enzymes to degrade
plant polymer for their metabolism. Some rhizosphere bacteria rely on plant secre-
tory products and adapt to the rhizosphere ecosystem.
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Acidic bacteria appear to be stress-tolerant oligotrophic organisms, while
Bacteroides and β-proteobacteria are trophic bacteria which need sufficient water
(Compant et al. 2019).

Higher level of microbial phylum can be used for development of phylogenetic
model which can explore the function of those families. Actinomycetes and
Verrucomicrobia quickly adapts to hydration while Firmicutes response moderately
though they maintain conserved rRNA in drought condition. However, the response
of bacteria is different in class (Portillo et al. 2013; Louca et al. 2019). Effective
repetition is usually seen at the species level (Barnes et al. 2020). In this case, HGT
(Horizontal Gene Transfer) transmit gene from one microbe to other for various
activities. Simple pathways rarely needs enzymes among related group where HGT
is a regular phenomenon (Andam and Gogarten 2011; Anwar et al. 2019). HGT does
not involved in rearrangement of metabolic function or their related gene as transfer
of gene to highly diverse organism is not associated with HGT.

Denitrification is one of the most common processes among microbes because
nitrogen can easily be modified. Maintaining the alternative physiology of aerobic
respiration is easy. In contrast, sulfur reducing bacteria is unable to replace cyto-
chrome sulfate reductase only by in the electron transport chain. The electron
transmission system of sulfate reducing agent is completely different, so it is difficult
for aerobic bacteria to become SO4

2� reducing agent through HGT (Price et al.
2014).

β diversity is the usual soil habitats, Thus, it indicates that soil is a habitat of
definite restricted microbial community. In this case, rhizosphere bulbs choose
replicable bacteria on the basis of physicochemical properties of the rhizome sedi-
ments (Cordovez et al. 2019). Acid bacteria are in habitual in large soil aggregates
while less common in internal microaggregates. Pore size of soil is also responsible
for community variation. Abundance of microbes are related with reduction in water
content and pore relatedness (Carson et al. 2010). Very scanty information regarding
soil microbial community, its regulation and function is known, thus there is a huge
scope of research in this important area.

3.3 Microbial Succession and Biogeochemical Cycles

Succession is one of the influential appellations with respect to augmentation for
microbial community composition. Microbes play a crucial and decisive role to
conduct innumerable reaction in the soil which regulates ecosystem and biogeo-
chemical systems. Microbial communities are gaining major environmental impor-
tance as they are predominating components in regulating biogeochemical cycles
and can be considered as the trailblazer of ecological succession over time (Konopka
2009; Fuhrman 2009). Knowledge of interconnecting microbial community and
ecosystem function with successional study is very scare and inaccessible till date
(Trivedi et al. 2016). But, culture-independent metagenomics approaches have
emerged as a powerful tool for studying the identity; the function of dominant and
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complex microbial communities along with its role in different biogeochemical
processes and better interpretation of taxonomic or functional models (Bulseco
et al. 2020). A recent study showed a perfect correlation between plant diversity
and microbial diversity in terrestrial ecosystem (Liu et al. 2020). Similarly, another
study showed that the plant–microbe interaction in rhizospheric soil plays an
intricate role in controlling the biogeochemical cycle and thus plays very important
role to sustain biotic diversity in terrestrial ecosystem. In addition, this research also
suggested that changes in an ecosystem, will definitely affect the microbial commu-
nity and the microbial diversity, biogeochemical cycle with emphasis on Nitrogen
(N)-cycle.

In nature, N exists in different forms and is the basic element of two important
biomolecules i.e., protein and nucleic acid. N-cycle is the significant nutrient cycle as
distinct group of microbes are involved in each single step like biological N fixation,
mineralization/ammonification, nitrification, and denitrification, and plants are also
involved in this cycle (Hayatsu et al. 2008). N changes its form into gaseous nitrogen
(N2), nitrogen oxide (NO), nitrogen dioxide (NO2), ammonia (NH3) or others and
recycles through various ecosystem and microbes are the regulators of all these
stages (Fig. 3.3). Biological N fixation can be considered as the first step where N2

transforms into NO and NO2. Some symbiont microbes or N fixers fix the N so that it
can readily uptake or use by the plants.

Ammonification is the step where formation of NH3 takes place, then it reacts
with water present in the soil and forms NH4. Nitrification is the next step in which
different nitrifying bacteria convert ammonia into nitrites, NO2

�, and nitrates,

Fig. 3.3 Corelation between nitrogen and carbon cycle
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NO3
�. The last step is the denitrification where NO3

� are recycle back to N2 by
denitrifiers. Biological N fixers regulate N availability and are the key player in the
successional study (Huang et al. 2011). Microbes contribute to the dynamics of
N-cycle which in turn is associated with temporal and spatial variation in N
processes and their rates (Table 3.1) (Zhao et al. 2014). Microbial community
study helps to study the underlying mechanism of interaction between soil microbes
involved in N-cycle which govern the fate of N in soil and determine the functional
link as well as genetic characterization of community structure along with regulation
of the N-cycle and its response to environmental change (Isobe et al. 2020). The
abundance and diversity of the bacteria present in N-cycle were elucidated by
genetic characterization via qPCR and functional characterization of the genes like
16S rRNA, nifH (nitrogenase reductase), amoA (ammonia monooxygenease), narG/
napA (nitrate reductase), nosZ (nitrous oxide reductase), nirK or nirS (nitrite
reductase).

In carbon (C)-cycle, C is recycled and reused via a sequence of events most of
which are regulated by both aerobic and anaerobic microbes. Soil microbes act as
decomposers, plant symbionts, or pathogens which in turn help in C turnover and
retention in soil. Soil ecosystem is the pool for global CO2 emission and has the
potential to mitigate atmosphere CO2. Photosynthesis by plant removes CO2 from
their and is utilized for photosynthesis. Then C moves to the soil from plant and
animal in the form of dead organisms, wood, and plant litters etc. C is then getting
back in the atmosphere through microbial as well as animal respiration and by the
utilization of fossil fuels. In some course of events, it gets exported in the ocean or
remains sequestrated in soils (Table 3.1) (Zhao et al. 2014; Madsen 2011).
Researches on C fixation, sequestration and degradation have provided us with a
complete insight for the abundance and contribution of soil microbes in C-cycle
(Fig. 3.3). It has also helped to understand the regulation and the involvement of
enzymes in C turnover by the soil microbial community. The C fixation pathways
include the C4 dicarboxylic acid cycle, Calvin cycle, reductive tricarboxylic acid
cycle (rTCA) cycle, 3-hydroxypropionate cycle, reductive acetyl-CoA pathway,
dicarboxylate-hydroxybutyrate cycle, and hydroxypropionate-hydroxybutyrate
pathway (Berg et al. 2010). Further analysis of C fixation pathways has have carried
out by studying the transcripts of key genes like Ppc, phosphoenolpyruvate carbox-
ylase; rbcL and S, ribulose bisphosphate carboxylase large chain, cbbL; porA,
B, D and G, pyruvate ferredoxin oxidoreductase subunits; idh1, isocitrate dehydro-
genase; korA, B, D and G, 2-oxoglutarate/2-oxoacid ferredoxin oxidoreductase
subunits; accA, B, C and D, acetyl-CoA carboxylase subunits. Thus, all these
analyses demonstrate the presence of enzymes in soil, which are involved in CO2

sequestration and soil respiration rate (Arai 2011).
Elaborate knowledge regarding microbial succession is of unique requirement in

terms of soil ecology. Successional study with soil metagenomics analysis can be
used to predict the shift in microbial community. Soil physicochemical properties
and the stages and rate of litter decomposition also contribute toward the shift in
structural and functional diversity of bacteria. Changes in the regulation of expres-
sion of C and N-cycle genes were observed with microbial succession (Zhong et al.
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Table 3.1 The Biogeochemical cycles steps and responsible microbes and gene/enzymes

Cycle Steps Microbes/bacteria Gene/enzyme

N Nitrogen Fixation N2-fixers Nitrogenase, nif

1. Free-living nitrogen-fixing
bacteria; Aerobic—Azotobac-
ter, Beijemickia; Anaerobic—
Clostridium, Rhodospirillum

2. Symbiotic nitrogen-fixing
bacteria—Rhizobium

3. Cyanobacteria—Nostoc,
Anabaena, Spirulina

Assimilation Cyanobacteria, Synechococcus
elongatus and Anabaena
sp. PCC 7120

Nitrate assimilation nirA
operon, glutamine synthetase,
glutamate synthase

Nitrification Ammonia oxidising bacteria,
Nitrosomonas, Nitrosococus

Ammonia monooxygenase,
amoA, Hydroxylamine oxido-
reductase, hao

Nitrite oxidising bacteria,
Nitrobacter

Nitrite oxidoreductase, nxrA

Denitrification Denitrifying bacteria Pseudo-
monas, Thiobacillus,
Paraccocus, Azospirillum,
Bradyrhizobium

Nitrate reductase, narG, napA;
nitrite reductase, nirK, nirS;
nitrous oxide reductase, nosZ

Ammonification Ammonifying bacteria, Bacil-
lus, Pseudomonas, Clostridium,
Proteus

Glutamate Dehydrogenase,
gdh; urease, ure; alkaline
metallopeptidase, apr

C Photosynthesis
(Carbon fixation)

Cyanobacteria, green and purple
sulfur bacteria

Ribulose-1,5-bisphosphate
carboxylase/oxygenase,
rubisco; Phosphoenolpyruvate
carboxylase, pcc

Clostridium thermocellum,
Rhodopseudomonas palustris

Carbon monoxide
dehydrogenase/acetyl-CoA
synthase (CODH/ACS)

Respiration (Aero-
bic and anaerobic)

Aerobic prokaryotes;
Escherichia coli, Bacillus
subtilis

NADH dehydrogenase; cyto-
chrome oxidase, aa3, cbb3

Paracoccus denitrificans,
Acetobacterium woodii

Nitrate reductase, nitrite
reductase

Decomposition Actinomycetes, clostridia,
bacilli, arthrobacters and pseu-
domonads are involved in
decomposition

Genes or enzymes: pectinase,
endochitinase, exoglucanase,
acetylglucosaminidase

Combustion Burning of fossil fuels, release CO2 in the environment and
increases it amount in the atmosphere.

Methanogenesis Methanogenic bacteria;
Methanosarcina barkeri,
Methanobacterium
thermoautotrophicum

Formyl-MF dehydrogenase;
Methyl-coenzyme M reduc
tase, mcrA

(continued)
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2018). Based on the metagenomic approach, it was also reported that litter decom-
position in C-cycle is highly regulated by microbes like Bacteroidetes, Helotiales,
Acidobacteria, and many other microbes during the course of succession (Herzog
et al. 2019).

Sulfur (S), like N is another essential element that is constituent of amino acids
and different co-factors. A diverse group of microbes are involved in the conversion
of one form of S into others. The different steps in S-cycle are assimilative sulfate
reduction, desulfurization, oxidation of hydrogen sulfide, oxidation of elemental S,
dissimilative S reduction and dissimilative sulfate reduction (Table 3.1) (Rodriguez-
Mora et al. 2016; Madsen 2011). The phosphorus (P) cycle is another important
biogeochemical cycle, but it is slow. The steps of the P-cycle include weathering,
absorption by plants and animals and decomposition (Table 3.1) (Richardson and
Simpson 2011).

In soil, N/P ratio is very critical for plant productivity, but each nutrient is not the
major requirement rather an association of both the cycles is crucial with the C plays
a lead role in maintaining various ecosystem functions like climate change, nutrient
cycling diversity, and so on, which are directly associated with human welfare. With
industrial and agriculture progression, the amount of C in the environment increases
which in turn results in an enhanced recycling of N as organic matter. Long term
monitoring of microbial community has contributed significantly to improve the
framework for growth and interaction between and among different groups of

Table 3.1 (continued)

Cycle Steps Microbes/bacteria Gene/enzyme

Methane oxidation Methanotrophs include
Methylococcaceae,
Methylocystaceae.
Methylococcus capsulatus

Methane monooxygenase
(MMO); Soluble methane
monooxygenase (sMMO)

S Sulfur oxidation Sulfur oxidizers, Thiobacillus
thiooxidans, Acidithiobacillus
ferrooxidans

soxXA, soxYZ, soxB, soxCD

Dissimilatory Sul-
fate reduction

Sulfate reducers,
Desulfotomaculum bacteria,
Desulfovibrio desulfuricans

ATP sulfurlyase, sat/atpS; APS
reductase apr/aps

Oxidation of
hydrogen sulfide

Photosynthetic green and purple
sulfur bacteria and some
chemolithotrophs; Chlorobium,
Chromatium

Sulfide quinone oxidoreduc-
tase, sqr; flavocytochrome
c/sulfide dehydrogenases,
fccAB

Sulfur reduction Desulfuromonas, Desulfurella Sulfite reductase, dsr

Assimilative sul-
fate reduction

Sulfate (SO4) is reduced to organic sulfhydryl groups (R–SH)

P Mineralization,
precipitation and
utilization of
phosphorus

Bacillus subtilis, Arthobacter,
Bartonella quintana,
Mesorhizobium loti,
Polaromonas
naphthalenivorans, Campylo-
bacter coli

Phosphatase; Polyphosphate
kinase, ppk;
exopolyphosphatase, ppx
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terrestrial and marine biomes with their environmental activities like C (greenhouse
gas fluxes) and N fluxes, biomass production, climate changes and responses toward
different stresses (biotic and abiotic) (Rousk and Bengtson 2014). Transcriptomic
and metagenomics analysis has created various routes for the construction of
community structure of the soil microbes based on its taxonomic composition,
diversity, abundance, interaction, and their importance in soil ecology with respect
to their role indifferent biogeochemical cycles (N, C, and other cycles). Identification
of most abundant, active phylum level OTUs; phylogenetic orientation; gene expres-
sion and functional gene analysis are also feasible via metagenomics and meta-
transcriptomic data analysis. Metagenomics study has also helped in understanding
the importance of gene expression recovered directly from the environmental sam-
ples. Culture-based method and ribotyping have the application to determine levels
of ammonification, nitrification, and denitrification; C fixation, degradation, and
sequestration capacity of the different microbial strains. Identification of the new
or novel gene(s) present in microbes involved in various steps in N/C-cycle can be
possible, which in turn help in developing more effective strategies for bioremedi-
ation or formulation of probiotics. Soil organic matter (SOM) is closely associated
with the composition of the microbial community and it is thought that microbes are
the major contributors toward ecological succession. Although microbial activities
and biomass are related to biological N fixation, variation in concentration of C as
well as C sequestration, methanogenesis, and sulfate reduction, soil-plant interaction
is also another important component of these events (Rousk and Bengtson 2014).
Thus, the study of plant microbe interaction is also important to fully understand the
various biogeochemical cycles.

3.4 Ecosystem Function and Microbial Diversity

Microbes dominate the soil ecosystem. Various anthropogenic pressures are related
with shift in microbial loads, but microbial abundance and function in soil is still
unclear. More scientific attention is required to establish the interrelation among
microbial community and functioning. Microbes plays a pivotal role in agriculture,
pollution control, and others but its significance is argued (Carson et al. 2010; Maron
et al. 2018). Microbial abundance is crucial factor in controlling climate change and
soil fertility. Various groups of microbes are responsible for similar type of signif-
icant function in soil. For example, heterotrophs a vast group of microbes helps in
decomposition of organic matter in soil (Carson et al. 2010; Yang et al. 2018;
Cavicchioli et al. 2019; Cordovez et al. 2019). Few microbial species are corelated
with the CO2 released organic matter decomposition. Climate change has some
impacts on soil microbial ecology, which in turns affect the soil carbon content
(Cavicchioli et al. 2019).

Microbial decomposition and mineralization processes in soil helps in
maintaining the versatility of ecosystems. These processes allow material and energy
to be transferred between the ground and the ground. More and more experiments
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and observational studies have provided proof that biodiversity is directly related to
ecological function. Any changes in ecosystem will affect the microbial function
(Maron et al. 2018). Scarcity of information regarding microbial pool and its
activity, biotic and abiotic stresses can hinder the activity of microbes and this will
be a hurdle in the pathway for sustainable development policies (Cavicchioli et al.
2019).

Loss of biodiversity is a major area of research as it has some impact in improper
ecological activity. Microbial diversity and ecological function is directly propor-
tional, but its underlying mechanism varies between different ecological communi-
ties. Different terrestrial microbes depicted similar activity than aquatic communities
(Miki et al. 2014). Microbes can be categorized under board or narrow type on the
basis of different processes they perform in soil. Process like respiration or miner-
alization is conducted by board group of diverse soil microbial community. Thymi-
dine and leucine incorporation, carbon mineralization, denitrification and
nitrification process is not affected by loss of microbial community (Philippot
et al. 2013; Cavicchioli et al. 2019).

Nutrient cycle is performed by versatile microbes present in both in terrestrial/
aquatic ecosystems (Singh et al. 2014). Microbial nitrogen cycles are usually
associated with high levels of plant diversity, thereby stimulating productivity
(Philippot et al. 2013; Maron et al. 2018). Plant community can enhance the soil
microbial community by supporting multiple litter qualities. Microbes promote
decomposition and increase soil organic matter content (Miki et al. 2014). Different
types of microorganisms are required in degradation of organic material. Microbes
help in releasing soil nutrients for food and fiber production by other microbial
community. Therefore, despite being widely ignored, microbes helps in maintaining
versatility by altering nutrient supply and resource allocation, resulting in high
material processing rates in terrestrial ecosystems (Miki et al. 2014; Carson et al.
2010). Various studies already hypothesized a direct relationship between microbial
diversity and ecosystem, but their exact mechanisms were not established. To
confirm this hypothesis a group of researchers followed the method of genotype-
phenotype analysis with the traditional approaches. Then they finally concluded that
using this mapping technique can analyze the microbial physiology and community
responsible for ecological changes and the effect of human activities in ecosystem
functioning (Morris et al. 2020). It is known that our ecosystem is at the verge of
danger due to increase in anthropogenic activities which are detrimental to ecosys-
tem. Thus, using modern molecular approaches like metagenomics, transcriptomic,
next generation sequencing has proven to be a promising techniques for identifying
the reasons behind the change in microbial ecology (Heintz-Buschart et al. 2020;
Wang et al. 2019).

In this regard, plant, soil and microbes together regulate the ecology, nutrient
cycling, and survival strategy (Liu et al. 2018; Cordovez et al. 2019). For example,
different groups of bacteria are involved in decomposition of organic matter and
conversion of N and phosphorous (P) into various inorganic forms (mineralization),
for availability to plants (Maron et al. 2018). Abundance of microbes is associated
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with indigenous plant and thus have relationship with proper ecosystem functioning
(Cavicchioli et al. 2019; Cordovez et al. 2019).

3.5 Bioremediation and Biotransformation

Soil is polluted by the persistence and excessive presence of hazardous materials like
toxic compounds, radioactive materials, chemicals, disease-causing agents, heavy
metals, insoluble aromatic contaminants, etc. which create a threat to the normal
growth of plant and health of animals. In this regard, bioremediation is considered as
the major non-excludable strategy of involving microbes for transformation or
degradation of waste or contaminants. Bacteria involved in N- and P-cycle are
significantly used as bio-fertilizers and bio-pesticides. They not only contribute a
lot in the improvement of crop productivity and security but also in reduction of soil
and water pollution; and increase soil fertility. The microbes that produce enzymes
like oxidoreductase, hydrolase, oxygenase, laccase, protease, lipase, peroxidase,
transferase, isomerase, cellulase, etc. are the most potent pollutant degraders,
bio-transformers, suitable for bioremediation or highly used in commercial or
industrial field. Bioremediation is also very effective in oil-contaminated sites
(Abatenh et al. 2017). Microbial enzymes can co-metabolize, adsorbed, degrade,
immobilize, detoxify, precipitate or change the oxidation state of the pollutants.

Phytoremediation, biostimulation, bioaugementation, bioventing, biopiles,
composting, and bio-attenuation are alternative forms of in situ or ex situ bioreme-
diation for removal of wastes or other toxic compounds from the environment. One
of the biggest challenges is the field test of the microbial enzymes responsible for
bioremediation, biotransformation, and biodegradation (Fig. 3.4).

Thus, rigorous and complete exploration of molecular mechanism, metabolic
regulation, and downstream processing is required. Few researchers have developed
microbial biosensors to detect the amount of contamination in a polluted site. Meta-
transcriptomics study of the microbial community or diversity of the contaminated
zone will render the scientists to understand the interaction of the introduced
pollutant degrader with the inhabitant population of the microbes (Singh et al.
2017; Nostrand et al. 2012). Microbe-mediated remediation is very advantageous
in aquatic and marine ecosystems too. It was found that several toxic and harmful
chemical pollutants changed the water quality and thus distorting ecological balance
by bioaccumulation and biomagnifications and thus caused several diseases of
humans as well as other animals (Akpor and Muchie 2010). Extensive use of plastic
and its associated materials are major sources of the environmental threat to lake,
pond, river, ocean, and terrestrial ecosystems (Cole et al. 2011). In this context,
several reports demonstrated that many bacterial species like, Pseudomonas sp.,
Exeguobacterium sp., Bacillus sp., Rhizobium sp. and many fungal species like,
mycelial fungus were very much efficient in bioremediation of various forms of
plastic. The degradation of multi-aromatic contaminations in the soil is carried by
consortia of different bacteria (like Pseudomonas sp., Acinetobacter sp., and
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Rhodococcus sp.) (Yu et al. 2005). Organic maters and inorganic contaminants in the
pond like NO2, H2S, and other harmful waste decomposed and mineralized by
several photosynthetic bacteria. Apart from the conventional high-cost management
systems some bacteria were found to reduce and detoxify the heavy metals in in-situ
as well as ex-situ conditions (Marzan et al. 2017). Several heavy metal-reducing
bacteria include Pseudomonas sp., Bacillus sp., Citrobacter sp., Aerococcus sp., and
many more.

Besides, biotransformation is the technique of alteration of a chemical/compound
(substrate) into structurally related products by using microbes or microbial enzymes
as a biocatalyst. With the advent of new technology, this method has become vital in
the industrial sector for the production of chemicals and pharmaceuticals due to its
effectiveness and eco-friendly advantages. With this transformation tool rare and
notable compounds have emerged containing unique, structural and functional
attributes and enhanced pharmacokinetic properties. Types of biotransformation
reactions include oxidation, isomerization, hydrolysis, reduction, etc. In biotransfor-
mation different types of biocatalyst are used like growing cell, immobilized cell,
enzymes (oxidoreductase, lyase) or immobilized enzymes. Immobilized enzymes
are frequently used for glucose isomerase, penicillin, acylase, etc., and different
species of Streptomyces, Corynebacterium, Nocardia, are responsible for
biotranformation of taxol, testosterone, cholesterol toluene and xylenes (Hegazy
et al. 2015).

Fig. 3.4 Scheme of bioremediation
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3.6 Microbes in Human Welfare

Improvement and modernization of biotechnological research provide a great impact
on large scale industrial production of materials essential for life. The bacterial
production of enzymes, vaccines, antibiotics, probiotics, vitamins, and coenzymes
and biofuel occupied a great place of utilization in pharmaceutical, biotech, and
bio-processing industries (Fig. 3.5) (Vitorino and Bessa 2017).

The industrial production of α-amylase, lipase, beta-lactamase, streptokinase,
glutaminase, asparaginase, collagenase, proteases, and penicillinase by a diverse
group of bacteria is very important (Singh et al. 2016a, b). Vaccines for several
pathogenic diseases such as pneumonia, whooping cough, meningitis, tetanus, Q
fever, plague, typhoid, anthrax, tuberculosis etc. are produced by several recombi-
nant bacterial strains (Detmer and Glenting 2006). Bacteria produce antibiotics like
gentamicin, bacitracin, polymyxin B (Chi and Holo 2018). Beside this, the
probiotics and prebiotics are of major therapeutic importance in the food and health
sector. Nutraceuticals is another major contribution of microbes toward food

Fig. 3.5 Schematic representation of involvement of microbes in human development
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industry, as these are future food with low cost but have more nutritive value. More
scientific research and proper establishment of all this must be improve to achieve
the goal of sustainable development. In this context, rice bran oil have some
prebiotic effect (Panizzon et al. 2015). Probiotics are widely used in yogurts, cheese,
ice cream, and other diary related food items as they can help to cure the gastroin-
testinal disease and bowel discomfort and also to boost the immune system. Several
microorganisms are the natural sources of most vitamins. Enrichment of natural
resources and biotechnological implications made it easy for the utilization of
several bacteria in industrial scale for the productions of large quantities of vitamins.
Production of biofuels by lignocellulosic biomass expected to lower the emission of
greenhouse gases which ultimately reduce environmental pollution (Li et al. 2018).
Butanol and ethanol are the most promising source of biofuel. Bio-hydrogen is the
potential source of clean energy and may find a great future application (Su et al.
2018). Several widely used bacteria in industrial applications are Bacillus, Pseudo-
monas, Enterococcus, Streptococcus, Erwinia, Acetobacter, Clostridium,
Geobacter, Lactobacillus, and many others (Singh et al. 2016a, b).

3.7 Conclusion

This article has imparted a sketch of the extensive perception of microbial commu-
nities together with its role in SD. It described different forms of microbial commu-
nities and their structural association with the soil ecosystem. All this information
may provide the scientist or researcher with the knowledge of microbial functional
diversity for improving N/C cycle and predicting ecosystem responses to environ-
mental change. The beneficial role of microbes or microbial enzymes in terms of
decontamination, degradation, bioconversion, detoxification, bioremediation, bio-
transformation, and other aspects like food security, production of commercially
important items and human health have also been discussed that made a significant
contribution toward biotechnological applications. In addition, this chapter is also
tried to gather and conclude different aspects of SD goals like food security,
production of commercially important items, human health and environmental
protection related to microbes or microbial community.

Summarizing all, the vast abundance, easy availability, metabolic diversity, and
easy manipulation made microorganisms a valuable tool in sustainable develop-
ments. The government should make new policies and awareness must be created for
the microbial revolution to develop cost-effective technologies in health and indus-
trial sectors.
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Chapter 4
Antimicrobial Peptide and Toxin-Based
Mutualism: Obligate Symbiotic
Entomopathogenic Nematode—Bacterium
Associations

Aishiki Banerjee and Saurav Saha

Abstract Entomopathogenic nematodes (EPN) Steinernema and Heterorhabditis
live in an obligate symbiosis with the bacterial strains of Xenorhabdus and
Photorhabdus, which form the Entomopathogenic Bacteria (EPB), respectively.
Each symbiotic complex is a stable coevolutionary product. The EPN/EPB complex
(Steinernema/Xenorhabdus; Heterorhabditis/Photorhabdus) produces numerous
antimicrobial compounds and other natural products including antibiotic peptides.
The third member of this mutualistic unit is the insect. The target insect is killed by
the extremely strong protein-type toxin produced also by the EPB symbiont. The
toxins are strain-specific, structurally different but each of them is highly toxic only
to insects. These peptides provide monoxenic conditions for the EPN/EPB symbiotic
complex to sustain under polyxenic (insect gut, soil) conditions. Each symbiotic
complex produces a set of well-conserved AMPmolecules with unique structure and
target spectrum. Each obligate EPN/EPB symbiosis is a unique type of mutualism
between the respective EPN and EPB strains. The type EPN—insect relation is
parasitism, while the type of EPB-insect relation is pathogenicity. The chapter has
been discussing all known EPN/EPB symbiotic associations in details; attempts of
using EPB toxins as plant protection agents in transgenic plants; and the perspective
of using antimicrobial peptides to overcome multidrug-resistant (MDR) plant path-
ogenic, veterinary and clinical pathogenic bacteria, oomycetes, fungi, and protozoa.
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4.1 Introduction

Over the years, green developments and sustainable approaches have swathed in
most aspects of our lives and the results are most profound in the field of agriculture.
Shifting toward bio-diesel, biogas, bio fertilizers and bio pesticides the world has
drifted from the use of complex industrial chemicals to environment friendly alter-
natives (Singh et al. 2014a, b, 2020a, b; Maheshwari et al. 2021). The increasing
needs of the modern world have led to an increased research with impetus to the use
of biopesticides and biofertilizers leading to greater yields and quality (Chitwood
2003; Fan and Rosegrant 2008; Donadio et al. 2012). Pests that cause a menace to
the crop plants can be controlled organically using toxins produced by some
entomopathogenic bacteria (EPB) and have become the key pesticides for commer-
cial use to control pest populations (Forst et al. 1997; Ehlers 2001; Chattopadhyay
et al. 2004). Host–microbe interactions ranging from symbiotic to pathogenic are
omnipresent in various ecological niches in land and water (Bozhüyük et al. 2016).
Various studies have been reported based on these interactions including symbiotic
relationships between microbes and plants (Delaux and Schornack 2021), verte-
brates and invertebrates and the multiple outcomes of these interactions have also
been exploited. One such interaction with its ample usage as bio pesticide, has
grabbed attention of the scientist community is the entomopathogenic microorgan-
isms and its invertebrate host (Forst et al. 1997; Ogier et al. 2010; Dreyer et al. 2018).
Microbial entomopathogens attack several insects, mites, or ticks Clostridium,
Bacillus, Paenibacillus among the spore-formers and Serratia, Pseudomonas,
Providencia, Yersinia, Photorhabdus, and Xenorhabdus among the non-spore-for-
mers (Kalha et al. 2014). The entomopathogenic, motile, Gram-negative genera of
Xenorhabdus and Photorhabdus belonging to the Gammaproteobacteria has been
widely studied for their unique life cycle which involves a complex cycle within
more than one host, having symbiotic relationship with nematodes of the genera
Steinernema and Heterorhabditis respectively (Forst et al. 1997; Boemare 2002;
Bozhüyük et al. 2016). Most validations of Xenorhabdus and Photorhabdus cultures
have been isolated from soil-dwelling nematodes although the cells have been
independently cultured under laboratory conditions (Fukruksa et al. 2017). Notably,
free-living cellular entities of the bacteria have not been reported from any environ-
mental samples (Poinar and Grewal 2012). Characteristically, a symbiotic bacterium
is associated with a single species of the nematode while the same species of the
bacteria can be hosted by a wide species range of the entomopathogenic nematode
(Goodrich-Blair and Clarke 2007). The ratio of nematode species is more compared
to bacterial species as 61 entomopathogenic nematodes (Steinernema) was
researched to be associated with 26 species of bacteria (Xenorhabdus) thus, increas-
ing the species diversity of the nematodes than the bacteria (Sajnaga et al. 2018).
These studies prove that the symbiotic association is an indispensable part for the
persistence of the bacteria in the soil. Also, the bacteria are intended to bring about
efficient pathogenicity of the insect host facilitating the nematode to capably com-
plete its life cycle.
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In the pathogenic bacterial life cycle, the invading bacterium must adapt to the
challenging environment inside the host species, combat the imminent host
microbiota and dodge the different host immune responses (Sicard et al. 2004;
Herbert and Goodrich-Blair 2007; Richards and Goodrich-Blair 2009; Nielsen-
LeRoux et al. 2012). Photorhabdus and Xenorhabdus have evolved to fight the
host environment challenges with the help of toxin proteins and peptides which
eventually leads to the death of the host species (Singh et al. 2014a, b; Nielsen-
LeRoux et al. 2012). Most entomopathogens directly attack the host and cause its
death while the genera Photorhabdus and Xenorhabdus have a unique life cycle as
its life is spent inside a nematode and is carried into the target insect through its
primary host (Snyder et al. 2007; Goodrich-Blair and Clarke 2007; Poinar and
Grewal 2012). These invertebrate nematodes have an obligatory dependency on
their microbial symbionts for completing most of their life history traits (Poinar and
Grewal 2012). A complex series of events take place in the insect-nematode-microbe
interaction and to understand the underlying features, the whole paradigm needs to
be ventured.

Antibiotics represent a revolutionary achievement in treating infectious diseases
which has significantly advanced the health sector and increased life expectancy in
the entire world. Numerous natural resources are being studied including plants,
animals, and microorganisms. Manipulation of these natural products using several
chemical and biotechnological tools, these resources generated newer compounds
which act promising antimicrobial agents (Planson et al. 2011; Butler et al. 2013;
Mbaveng et al. 2015; Li et al. 2017). The first bacteriocin recognized in 1925 (Gratia
1925), enabled the expansion of an entire research arena devoted to discover and
identify potent antimicrobial compounds effective against various pathogenic bac-
terial, fungal and viral species (Akerey et al. 2009; Hassan et al. 2012; Torres et al.
2013; Prajakta et al. 2019), and even against natural resistant structures such as
bacterial biofilms (Park et al. 2011; Yasir et al. 2018). The use of microbial
metabolites for pest resistance dates back to 1950s when insecticidal sprays
containing the Cry toxin from Bacillus thuringiensis, under the name of Thuricide™
was commercialized (de Maagd et al. 1999; Chattopadhyay et al. 2004). The “natural
products” from the bacteria Photorhabdus and Xenorhabdus is under much research
that targets a wide range of pests and also produces antimicrobial compounds which
arise from a complex mutualistic behavior that can be further exploited for the use of
mankind (Chaston et al. 2011; Bozhüyük et al. 2016).

In this chapter we specifically look into the antimicrobial peptide and toxin-based
mutualism caused by the obligate symbiotic entomopathogenic nematode (EPN)—
bacterium having monoxenic associations and their applications in modern science.
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4.2 Mutualism Between EPN and EPB

Xenorhabdus and Photorhabdus are symbiotically associated with the two genera of
entomopathogenic nematodes (EPNs) Steinernema and Heterorhabditis, respec-
tively and these nematodes are distinctive because (1) they possess the ability to
symbiotically carry bacteria introducing them in the body hemocoel of the insects or
pests, (2) these rhabditid nematodes are readily grown and cultured on synthetic
solid or liquid media (Chaston et al. 2011; Bozhüyük et al. 2016), and are pathogenic
to a wide range of insects that are pests to a huge range of crop plants (Boemare et al.
1993; Ehlers 2001).

4.2.1 The Complex Life Cycle

The cycle (Fig. 4.1) begins with the free-living dauer stage of the nematodes living in
soil, also known as Infective Juveniles (IJs) (Lacey et al. 2015).

These stages of IJs harbor the bacteria (Xenorhabdus and Photorhabdus) in the
anterior part of its gut as symbionts and carry them into the target insect host by
penetrating through mouth, spiracle, anus, or by inserting through the cuticle making
their way to hemocoel (Gulcu et al. 2017; da Silva et al. 2020). After successful
infection of the host, the nematodes release the bacterium into the insect hemolymph
(Dowds and Peters 2002), where they multiply, and produce numerous metabolites

Fig. 4.1 The insect-nematode-bacteria life cycle with the infective juveniles (IJs) of the
entomopathogenic nematodes (EPNs) infecting the target host and bringing about the series of
changes with the successful infection and release of the symbiotic bacteria Xenorhabdus and
Photorhabdus spp. in the host cadaver
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or natural products that aid in the insect demise, degradation of tissues, protection
from host immune responses (Richards and Goodrich-Blair 2010) and also impor-
tantly from the other competing microorganisms present in the imminent environ-
ment within the insect cadaver (Waterfield et al. 2009; Tobias et al. 2018). Thus,
“offensive mutualism” is important for the adult nematodes, which mature inside the
host, in killing the prey using the bacterial metabolites and protecting the insect
carcass from predating organisms (Koppenhöfer and Gaugler 2009). The bacteria
initiate replication inside the host and reach the stationary phase before the sexual
reproduction of the nematode begins (Han and Ehlers 2000; Tobias et al. 2016,
2017). Optimum nematode reproduction occurs when the symbiotic bacterial pop-
ulation is maximum, which also acts as a food source for the EPN (Snyder et al.
2007). Later, the insect body is slowly degraded and used up for energy as the
nematodes enter the reproductive phase (Fig. 4.1) and the new generation of EPNs
leave the dead body in search of a new host (Forst and Clarke 2002). The life cycle of
the bacteria Xenorhabdus and Photorhabdus are interweaved with the life cycle of
their symbiotic IJs. After discharge of the bacteria inside the hemocoel, evading the
host immune response, the bacteria start multiplying and producing factors that
provide protection and assistance in nurturing the new cells of both the EPBs and
EPNs from predation (Daborn et al. 2001; Eleftherianos et al. 2009). The IJ is the
only free-living stage and as the energy source declines these new units leave the
carcass to find new hosts employing a species-specific approach using artifices from
ambush to scavenging (Adams et al. 2006; Ciche and Ensign 2003). Most impor-
tantly, the obligate mutualistic bacteria are reassociated with the newly produced
nematodes before exiting the body of the host (Martens et al. 2003). Several natural
products have been studied that help in maintenance of the symbiosis enabled by
either of the enzymes polyketide synthesases (PKSs) or non-ribosomal peptide
synthesases (NRPSs) (Crawford et al. 2012; Singh et al. 2015; Tobias et al. 2016).

Both the genus of bacteria is capable of producing certain extracellular enzymes
like lipases, proteases and wide range of antibiotics as secondary metabolites and are
believed to be secreted inside the hemolymph of the insect body when the cells reach
the stationary phase of their growth cycle (Bode 2009; Pidot et al. 2014). These cells
have been cultured in laboratory conditions and typically produce cytoplasmic
inclusion bodies composed of intricate structure of crystalline proteins (Stock et al.
2017).

A distinctive variant of Xenorhabdus and Photorhabdus spp. is the phase II cells
which characteristically do not exist as symbionts with the nematodes (Hazir et al.
2016) however, the phase I cells are the only forms of the two genera that can form
symbiosis with the IJs of the nematodes. Specific isolates of X. nematophila was
isolated from Steinernema carpocapsae; X. hominickii from Steinernema
monticolum and Photorhabdus temperate temperata from Heterorhabditis megidis
(Bird and Akhurst 1983; Park and Kim 2000; Kang et al. 2004). This interesting
bacteria-nematode-insect life cycle has long been studied with the implications of
using the antagonistic features of the bacteria as antibiotic compounds and pest
control.
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4.2.2 Biochemical Factors Involved in the Life Cycle:
Toxin-Based Mutualism

From the life cycle of the three entities: bacteria > nematode > insect, it is
understood that a complex biochemical chain with a number of compounds is
involved behind each step of the cycle. With the entry of the IJs in the host, both
nematode and bacteria start killing the host, but in most cases the bacteria are alone
highly virulent and autonomously cause the death of the insect. On recognition of
pathogens, the innate immunity of the insect triggers releasing several recognition
receptors like, cytokine, nitric oxide, eicosanoids and biogenic monoamines
(Gillespie et al. 1997; Lemaitre and Hoffmann 2007). Phospholipase A2 or PLA2
secretion initiates with eicosanoid activation and PLA2 catalyzes the synthesis of
eicosanoids and subsequently synthesizes leukotrienes, prostaglandins, and
epoxyeicosatrienoic acids (Seo et al. 2012; Park et al. 2003; Kim et al. 2018). The
EPBs have evolved to synthesize a number of compounds that are potential immu-
nosuppressant of insect immune system, also producing a variety of insecticidal
toxins in the form of crystalline proteins competently killing the same insect,
suggesting PLA2 inhibition a major tactic for Xenorhabdus and Photorhabdus
pathogenesis (Hasan et al. 2019). Kim et al. (2018) have identified that the PLA2
suppression occurs within 3 h of injection into the insect cadaver (Kim et al. 2018).
Several PLA2 inhibitors have been documented (Seo et al. 2012; Sadekuzzaman and
Kim 2017), benzylidene acetone being the first to be identified from a liquid culture
of X. nematophila (Ji et al. 2004).

Recent works in this regard indicated that toxin-mediated killing of the host is
enhanced with the use of several immunosuppressive compounds. Reports of high
molecular weight toxins secreted by Photorhabdus luminescence and Xenorhabdus
nematophila showed an important cause for the insect death (Dunphy and Webster
1984; Bowen and Ensign 1998; da Silva et al. 2013). Studies on the bacteria-insect
transaction revealed that Photorhabdus and Xenorhabdus enters the insect moth
Manduca sexta through the anterior midgut region which is initially colonized and
later spreads to the posterior end (da Silva et al. 2013). Photorhabdus sp. brings
about a breakdown of the intestinal epithelial lining inhibiting the insects’ ingestion
(Owuama 2001; da Silva et al. 2013). According to scientific explanations pathoge-
nicity brought about by the bacteria affects cell replication of the host and toxin
production causes histological injury and septicemia (Owuama 2001). The toxin
complexes represented as Tcs is produced both by Xenorhabdus and Photorhabdus
species and are highly lethal on insects. Tcs produced by Xenorhabdus induce
inhibition of eicosanoid synthesis of insect thus, interfering with the insect immune
system (Dunphy and Webster 1984; Park and Kim 2000). Fabclavins produced by
Xenorhabdus budapestensis are fusion compounds having antibiotic and insecticidal
properties (Akhurst 1982; Sergeant et al. 2006; Bode 2009; Fuchs et al. 2014) while
another eight set of insect immunosuppressing metabolites are synthesized by
Xenorhabdus nematophila as reported by Eom et al. (2014). Four different types
of insecticidal toxins have been reported by different species of Photorhabdus which
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include the, Pvc (Photorhabdus virulence cassettes), Mcf (make caterpillars floppy),
Pir (insect-related protein) and Tcs (toxin complexes) (Rodou et al. 2010). Pvc
toxins are virulence factors which act in making the insects vulnerable and simulta-
neously Mcf assumes control causing apoptosis in the hemocoel (Forst and Nealson
1996; Jallouli et al. 2010) (Table 4.1).

Tcs toxin complex has a mode of action analogous to that of the δ-endotoxin of
B. thuringiensis and aids in destroying epithelial cells of the insect midgut (Aktories
et al. 2014). Certain species of Xenorhabdus is effective only in association with the
nematode Steinernema forming the nemato-bacterial complex like the X. innexi
which feeds mostly on crickets (Bonifassi et al. 1999; Sicard et al. 2003, 2005).
X. nematophila and P. luminescens, infection has been studied in mosquito larva
(Aedes egypti) and showed to cause larvae mortality, and interfered the development
of pupae and adults (da Silva et al. 2020).

Table 4.1 Production of secondary antimicrobial compounds of Xenorhabdus spp. And
Photorhabdus spp.

Species name Secondary metabolic compounds References

Xenorhabdus
cabanillasii

Nemaucin, Cabanillasin,
Rhabdopeptide

Gualtieri et al. (2009), Houard et al. (2013),
Reimer et al. (2013)

Xenorhabdus
doucetiae

Xenoamicin, Xenocoumacin,
Xenorhabdin, Phenylethylamine,
Tryptamide

Zhou et al. (2012), Bode et al. (2017)

Xenorhabdus
budapestensis

Fabclavine, Bicornitun Xiao et al. (2012), Fuchs et al. (2014),
Tobias et al. (2017)

Xenorhabdus
mauleonii

Xenoamicin, Xenocoumacin,
Xenorhabdin

Zhou et al. (2012), Tobias et al. (2017)

Xenorhabdus
kozodoii

Xenocoumacin Tobias et al. (2017)

Xenorhabdus
nematophila

Nematophin Crawford et al. (2011), Reimer et al.
(2014), Seo et al. (2012), Brachmann et al.
(2012), Shi and Bode (2018), Hong et al.
(2015), Reimer et al. (2013), Guo et al.
(2017), Morales-Soto and Forst (2011),
Morales-Soto et al. (2012), Singh and
Banerjee (2008)

Oxindole and
Benzylideneacetone

Pristinamycin

Rhabduscin

Rhabdopeptide

Xenocoumacin

Xenorhabdicin

Xenocin

Xenorhabdus
szentirmaii

Fabclavine, Szentiamide Grundmann et al. (2013), Fuchs et al.
(2014), Tobias et al. (2017)

Photorhabdus
luminescens

Leucine Responsive Protein (lrp) Nollmann et al. (2015)

4 Antimicrobial Peptide and Toxin-Based Mutualism: Obligate Symbiotic. . . 97



4.3 Insect Immune Response and the Antimicrobial
Peptides

The humoral and cellular immune responses of the insect host combine an
antibacterial defence mechanism to combat the bacterial invaders. It is well
established that insects are also very resistant to the bacterial infections. They can
produce an extensive range of proteins and peptides as a first line of defence against
pathogens (Oñate-Garzón et al. 2017). We especially focus on a large group of
AMPs that are present in various insects such as defensins, cecropins, attacins,
lebocins, drosocin, dipterins, metchnikowin, ponericins, jelleines, apisimin,
pyrrhocoricin, persucatusin, and melittin. Three groups of the insect AMPs have
been classified according to the amino acid sequence and structures. (a) Defensins
with 6–8 conserved cysteine residues, having a stabilizing array of three or four
disulfide bridges and three domains consisting in a flexible amino-terminal loop;
(b) Cecropins, the linear peptides with-helix but lack cysteine residues; and
(c) peptides with an over representation of Proline and/or Glycine residues
(Makarova et al. 2018). The most important insect AMPs are cecropins, drosocin,
attacins, diptericins, defensins, ponericins, drosomycin, and metchnikowin. Though,
more new peptides can still be discovered (Mylonakis et al. 2016; Zhang and Gallo
2016).

Defensins are small (~4 kDa) cationic AMPs with six conserved cysteine residues
that form three intramolecular disulfide bridges, and they have been identified in
nearly all living organisms (Zhu and Gao 2013). This peptide inhibits the Gram-
positive bacteria and also fungi. It is particularly effective against the larvae of the
bee pathogen Paenibacillus, which causes American foulbrood (Blikova et al.
2002). Cecropins are a family of cationic antimicrobial peptides of 31–39 residues
first isolated from the immunized hemolymph of H. cecropia pupae (Hultmark et al.
1982; Steiner et al. 1981), and have been identified in lepidopteran, dipteran, and
coleopteran insects. Cecropins are synthesized as secreted proteins and mature active
cecropins are generated after removal of signal peptides (Table 4.2) (Hultmark et al.
1982). Cecropins depict a broad range of activity against Gram-negative and Gram-
positive bacteria, as well as fungi (DeLucca et al. 1997; Ekengren and Hultmark
1999; Vizioli et al. 2000).

Attacins are synthesized as pre-proproteins containing a signal peptide, a
pro-peptide (P domain), and an N-terminal attacin domain, followed by two glycine
rich domains (G1 and G2 domains) (Hedengren et al. 2000). Attacins were first
purified from the hemolymph of bacteria immunized H. cecropia pupae (Hultmark
et al. 1983) and can inhibit growth of E. coli cells by directly targeting bacterial outer
membrane to increase permeability (Engström et al. 1984), and also, they can inhibit
synthesis of several bacterial outer membrane proteins, including OmpC, OmpF,
OmpA, and LamB by binding to LPS even without entering the inner membrane or
cytoplasm (Carlsson et al. 1991).

Melittin, the bee venom, causing cell lysis (Rady et al. 2017) has a strong
antibacterial effect against a variety of bacteria (Leandro et al. 2015; Wu et al.
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2016; Picoli et al. 2017; Socarras et al. 2017) specifically against Xanthomonas
oryzae pv. a destructive bacterial disease of rice, indicating that this peptide may
have potential applications in plant protection (Shi et al. 2016). In several other
insects, proline-rich antimicrobial peptides of 16–34 residues with different names
have been identified (Table 4.3).

The immune response so far studied in insects has a clear picture of how the
immune system and its components work against the pathogens. On nematode
infection, host pattern recognition by the peptides is the first action of defence

Table 4.2 Bacterial symbiont species associated with entomopathogenic nematodes

S. No. Symbionts Host nematodes References

1 Photorhabdus
luminescens

Heterorhabditis
bacteriophora

Boemare et al. (1993)

2 Xenorhabdus
nematophilus

Steinernema carpocapsae Boemare and Akhurst
(1988)

3 Xenorhabdus poinarii Steinernema glaseri Boemare and Akhurst
(1988)

4 Xenorhabdus bovienii Steinernema feltiae Boemare and Akhurst
(1988)

5 Xenorhabdus bovienii Steinernema affinis Boemare and Akhurst
(1988)

6 Xenorhabdus sp. Steinernema scapterisci Aguillera et al. (1993)

7 Xenorhabdus japonica Steinernema kushidai Yamanaka et al. (1992)

8 Xenorhabdus beddingii Steinernema sp. Boemare and Akhurst
(1988)

9 Xenorhabdus sp. Steinernema cubana Mráček et al. (1994)

Table 4.3 Different types of toxins and their functions of Xenorhabdus spp. and
Photorhabdus spp.

Species name Toxins Functions References

Xenorhabdus Tcs Induce immunosuppression in
insects by inhibiting eicosanoid
synthesis

Park and Kim (2000)

Xenorhabdus
budapestensis

Fabclavins It exhibits antibiotic and insecti-
cide activities

Sergeant et al. (2006),
Bode (2009), Fuchs
et al. (2014)

Photorhabdus Pvc
(Photorhabdus
virulence
cassettes)

It destroys epithelial cells in the
M. sexta and G. mellonella

Forst and Nealson
(1996)

Pir (insect-related
protein)

It causes the death of larvae of
G. mellonella, with high toxicity

Waterfield et al. (2005)

Tcs (toxin
complexes)

It destroys epithelial cells from
the middle intestine of insects

Rodou et al. (2010)

Mcf (make cater-
pillars floppy)

It promotes hemocytes apoptosis
in the hemocoel

Jallouli et al. (2010)
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which is followed by PAMPs (pathogen-associated molecular patterns) mediated
recognition of the antigen (Bettencourt et al. 2004; Buchon et al. 2014). This triggers
the synthesis of insect antimicrobial compounds, initiating the immunogenic reac-
tions and causing phagocytosis (Marmaras and Lampropoulou 2009). Synthesis of
the peptide molecules occurs late in the reaction process which are secreted by the
cells of the gut, lymph glands, ovaries and midgut several hours after the infection
(Rosales and Vonnie 2017). Several insect models are being generated to study the
mode of action of various bacterial pathogens. The Lepidopteran moth Manduca
sexta has been thoroughly studied for its immunogenic pathways against bacterial
infections and has shown to have various mechanism of resistance against bacteria
(Silva et al. 2002). In a susceptibility test against the pathogenic P11-1 strain of
Pseudomonas aeruginosa, higher resistance was shown by the larva of Manduca
sexta than Galleria mellonella (Dunn and Drake 1983). On Photorhabdus infection
of M. sexta the insect is mostly killed due the suppression of its hemocyte-mediated
phagocytosis (Dowds and Peters 2002; Silva et al. 2002). Recent molecular expres-
sion studies have shown that the Cecropin encoding gene was inhibited by cells of
X. nematophila in Spodoptera exigua (Duvic et al. 2012). Hwang et al. (2013) also
reported a similar study where the AMP genes were inhibited in insects infected with
X. nematophila. The modulation of the expression inhibition of the antimicrobial
peptide genes varies with different EPN/EPB symbionts (Darsouei et al. 2017).
Upregulation of the peptide genes of attacin and drosomycin has also been a method
of insect killing. The nematode Steinernema carpocapsae and Heterorhabditis
bacteriophora has been reported to induce the antimicrobial peptide genes and
cause cell death using the insect immune system (Vega and Kaya 2012; Alvandi
et al. 2017).

4.4 Insecticidal Activity and Pest Management

Reports on the insecticidal activity from earlier studies reveal significant contribu-
tion of the nematode-bacteria association (Lu et al. 2017; Chang et al. 2019). The
EPNs can infect a broad range of insects which are predominantly pests of crop
plants and are easily capable of multiplication in huge numbers bringing about
effective pest control (Shapiro-Ilan and Gaugler 2002; Shapiro-Ilan et al. 2014).
Application of EPNs along with the bacterial symbionts has been studied as harmless
with no side-effects for the environment and human beings and other prevalent
non-target organisms (Akhurst and Smith 2002; Ehlers 2005). Photorhabdus bacte-
ria, when released in the insect hemolymph, independently have shown exception-
ally high pathogenicity (Boemare et al. 1997). The nemato-bacterial complex
Xenorhabdus innexi and Steinernema scapterisci have been effective killers of
crickets. X. nematophila and P. luminescens cultures have shown larvicidal activity
and have been tested on the mosquito larva (da Silva et al. 2020). However, an
important feature of this activity is that there has been a few information on insect
resistance to these virulent genera of bacteria (Carlsson et al. 1991; Srisailam et al.
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2000; Lu et al. 2016). Most advantageously the mode of action of the toxins from
P. luminescens is different from the much-complained BT toxin obtained from
B. thuringiensis and may act as potent pesticides (Bărnułiu et al. 2011; Miyoshi
et al. 2017). The virulence efficiency against the common wax moth Galleria
mellonella have been studied in Photorhabdus and Xenorhabdus and has been
shown that the toxins from the bacteria are alone lethal for the larval stage of the
moth (Rahoo et al. 2011). Application of IJs of S. feltiae and S. carpocapsae against
the universal pest of apple and pomegranate, codling moth of the Lepidoptera family
(Cydia pomonella) provide a very good instance of the effective usage of EPNs for
bio-control of pests (Lacey et al. 2006). Other pest targets of EPNs have been noted
in the order Lepidoptera are the navel orangeworm, Amyelois transitella (Siegel et al.
2006); peach tree borer Synanthedon pictipes (Shapiro-Ilan et al. 2010); filbert moth,
Melissopus lati ferreanus (Chambers et al. 2010); and oriental fruit moth,Grapholita
molesta (Riga et al. 2006). Lepidopteran cutworms of the genera Agrotis, Amathes,
Noctua, Peridroma, Prodenia spp. could be suitably controlled by the use of EPNs
(Shapiro-Ilan et al. 2002; Ebssa and Koppenhöfer 2011).

Transgenic studies in crop protection using Bacillus thuringiensis have been an
extremely successful agricultural advancement but the antagonistic effect of resis-
tance in the pest populations pose a threat to its future prospects. Hence, alternative
bioprospection of novel compounds from unexplored sources and their deployment
in pest control trials has been the current initiative of agriculturists. Expression
studies of the toxic GroEL chaperones extracted from strains of X. nematophila
has deliberated resistance in tomato and tobacco plants (Kumari et al. 2015a).
Resistance in tomato and tobacco was also observed by the same research group
by using pilin encoding gene of X. nematophila against the pest Helicoverpa
armigera (Kumari et al. 2015b). Although transgenic plants are restrained in pest
control applications, the novel insecticidal genes from the two rhabditid genera can
show us light in the near future, helping to prevent massive crop losses due to pests.

4.5 Novel Natural Products, Their Applications and Impact
on Future Research

The Gram-negative Xenorhabdus and Photorhabdus spp. of the Enterobacteriaceae
synergistically produce many bioactive components with the symbiotic nematodes
required for the propagation and reproduction of both the counterparts in the
association (Dreyer et al. 2018).
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4.5.1 Bioactive Compounds from Xenorhabdus
and Photorhabdus spp.

Xenorhabdus spp. produces bioactive metabolites and compounds in its entire life
cycle which have been largely ignored and research is still underrated in this domain.
These bioactive compounds synthesized by Xenorhabdus spp. have a wide range of
targets including bacteria, fungi, protozoa, and also inhibiting nematodes and insects
(Webster et al. 2002). Mostly the enzymes NRPS (non-ribosomal peptide synthe-
tases) and PKS (polyketide synthetases) initiate the synthesis of the diverse group of
peptides that act as the precursors of various active compounds like the fabclavins
(Fuchs et al. 2014), depsipeptides (Zhou et al. 2012; Kronenwerth et al. 2014), PAX
(peptide-antimicrobial-Xenorhabdus) peptides (Fuchs et al. 2011), and
xenocoumacins (Reimer 2018). Other important compounds like the indole-
derivative compounds (Sundar and Chang 1993), benzylideneacetone (Ji et al.
2004), and bacteriocins like xenocins (Singh and Banerjee 2008) have been reported
from different species of Xenorhabdus spp. Other unnamed peptides with broad
spectrum antimicrobial property have also been reported by Xiao et al. (2012).

Photorhabdus spp. also has been studied for its antimicrobial bioactive com-
pounds which are critical in maintaining a monoxenic paradigm inside the host bug
and avert further infection of the larval body from surrounding pathogenic microbes
and infestation by arthropods. Antibacterial compounds were first obtained by Paul
et al. (1981) from pure cultures of P. luminescens and structurally characterized two
antibiotic compounds. Only a few of these metabolites have been studied, isolated
and tested for their biological activities while most of their large-scale usages are still
in the budding stage (Bozhüyük et al. 2016). An exhaustive genome sequence study
analyzing the biosynthesis gene clusters for the NRPS and PKS in seven species and
subspecies of Photorhabdus spp. showed positive results along with 22 gene clusters
all responsible for synthesis of different and novel natural products (Tobias et al.
2016). Rhabduscin, a rare compound synthesized both by Xenorhabdus and
Photorhabdus spp. is chemically an isonitrile required by the bacteria to inhibit
the enzyme phenoloxidase produced by the insect host (Crawford et al. 2012).
Isopropyl stilbene (IPS) a derivative of dialkylresorcinol (DAR) involved in
rhabduscin biosynthesis is an important compound in nematode biosynthesis and
also shows antibacterial activity and are cytotoxic to eukaryotic cell lines (Buscató
et al. 2013). It is also likely that these bacteria employ these natural products as
signaling molecules and hence necessitates in-depth research regarding these com-
pounds (Schöner et al. 2015; Bozhüyük et al. 2016). Specific strains of
P. luminescens and P. asymbiotica have been found to produce several antifungal
compounds like cepafungin and glidobactin along with their derivatives which are
potent proteasome inhibitors and are involved in protection against fungi and other
saprophytes (Stein et al. 2012; Theodore et al. 2012; Bozhüyük et al. 2016).
Photorhabdus and Xenorhabdus strains commonly synthesize rhabdopeptides
which show antiprotozoal and cytotoxic activity that are involved in the defence
against saprophytes in the soil (Bode et al. 2012, 2015; Tobias et al. 2016; Zhao et al.
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2018). Various other peptides photopyrones and other derivatives from DARs have
quorum sensing properties (Kresovic et al. 2015). Transcinnamic acid from pure
cultures of P. luminescens identified by Bock et al. (2014) proved effective against a
pecan fungal pathogen, Fusicladium effusum exhibiting a clear zone at a concentra-
tion of 200 mg/mL. A recent novel toxic peptide Galtox, with unknown mode of
action has been reported by Ahuja et al. (2021) by the Indian strains of P. akhurstii.

Identification and isolation of these natural products from Photorhabdus has been
researched and an approach based on the whole genome sequence has been carried
out by Bode and Müller (2005) which in short is known as OSMAC (one strain many
compounds). This uses detailed genetic techniques under different growth condi-
tions like promoter exchange, manipulation of regulatory proteins and heterologous
expression and also chemical tools to identify and study various natural products and
their synthesis process which has been comprehensively discussed in a review by
Bozhüyük et al. (2016).

4.5.2 Usage of the Natural Products and Application-Based
Studies

Almost certainly the major task in this area of natural product research is of
recognizing the target compounds of specific natural bioactives from the bacteria
and it’s final on-field application. As per reports dated 2005, approximate of ten
species of EPNs native to Europe and America, are marketed commercially as
antipest agents for crop management (Grewal and Peters 2005). The natural com-
pounds from Xenorhabdus and Photorhabdus spp. show multidimensional actions
and cover an enormous paradigm applicable to various day to day usages of human
kind. Although these tend to perform better in their indigenous environmental
conditions which also alleviates the fear of the unwanted effect of the exotic EPN
products (Ehlers 2005; Kumar et al. 2015). Thus, isolating native EPNs from
different environmental niches is essential for better performance of the EPN/EPB
symbionts. This also increases the chance of finding novel products with researchers
contributing from various countries (Malan et al. 2006; Noosidum et al. 2010;
Ganguly et al. 2010). One of the research group has conducted antibiotic synthesis
from Xenorhabdus bovienii strain YL002; X. nematophila TB (Fang et al. 2010) and
YL001 (Wang et al. 2008) in a larger scale, upregulating the process (Fang et al.
2012). Ullah et al. (2015) carried out a research where benzaldehyde produced by
Photorhabdus temperata strain M1021 prove to be antimicrobial, insecticidal and
antioxidant in nature. NP like trans cinnamic acid produced by the isolate
P. luminescens offered a powerful replacement to the harsh chemical pesticides,
reducing the menace of fungicide resistance, and also abating any adverse environ-
mental impacts (Bock et al. 2014). Biological control of Aedes aegypti larvae using
inhibitory compounds of Xenorhabdus and Photorhabdus spp. has shown great
potential in Northern Thailand (Fukruksa et al. 2017). da Silva et al. (2020) in a
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recent review put forward the usage and research of insecticidal properties of
Xenorhabdus and Photorhabdus in biologically controlling the extensive spread of
mosquito vectors on an urgent basis.

Compounds obtained from a single strain of Xenorhabdus and Photorhabdus has
been found to be insecticidal, nematocidal, antiprotozoal, and also target cancerous
cells apart from being antibacterial and antifungal in nature. The possibility of
discovering novel antimicrobial compounds is promising and methods need to be
developed to produce such compounds at higher concentrations. The important
hurdle in this production process is that these compounds are synthetized
non-ribosomally and are not a single gene product (Dreyer et al. 2018).

4.6 Conclusion

It is evident that Xenorhabdus and Photorhabdus spp. genus of the endosymbiotic
bacteria are an excellent source for novel antimicrobial metabolites and bioactive
compounds. The antimicrobials from these bacteria have been ignored as antibiotic
source and there is a dearth in their application-based studies (Pidot et al. 2014). A
number of research has focused on the remarkable potential of these metabolites and
explained their use both in vitro and in vivo (Barkai-Golan 2001; Böszörményi et al.
2009; Shapiro-Ilan et al. 2009; Fang et al. 2011). These compounds find their usages
not only in the field of agriculture but also in multiple spheres encompassing various
industries, the healthcare and food industries. Upliftment of agricultural science,
medical science and veterinary medicine and the food and feedstuff industries can be
made with application-based research on these antimicrobial peptides (AMPs) (Pidot
et al. 2014; Dreyer et al. 2018).

Multi-drug resistance has become a major problem in medical treatment against
various diseases caused by bacteria and the novel antimicrobial compounds from
these endosymbiotic bacteria can provide a solution to the imminent problem. A
single species of these bacteria produces a wide arsenal of antimicrobial compounds
which surpass the number of the recognized antibiotics (Dreyer et al. 2018).
Although research is required to upregulate and optimize the production technique
of such useful compounds. It is apparent that production of these bioactive com-
pounds is not an easy job and thorough in-depth studies need to be carried out to
refine the process and obtain the desired product.

The insecticidal nature of these group of bacteria have been studied but latest
research on its further use and its implications has not much been reported. It is also
important to find out which strain of the bacterial isolate is more effective and has
results without posing any kind of threats to the environment.

The endosymbiotic bacteria along with their nematode is a stunning example of
nature’s wonders and hidden mysteries which still needs much attention of the
scientific community. Further research is also required to bring into light the diverse
perspectives of the symbiosis and the number of beneficial impacts on the different
spheres of life.
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Chapter 5
Microbial Abundance and Strategies
of Adaptation in Various Extreme
Environments

Pooja Misra, Dipti Singh, and Atul Kumar Srivastava

Abstract Microbes are versatile community of universe and able to survive at
diverse conditions or niches such as deep sea vent, volcanic areas, Polar Regions,
core of earth, etc. are the region where microbes can live and reproduce easily by
their extremophilic adaptive nature. The adaptation and survival are basically
governed by the morpho-phenotypic, biochemical, genetic, and enzymatic secretion
strategies. Microbes survive in extreme condition possess a unique feature like
thermostability, resistant against chemical denaturants and stability in extreme acidic
or alkaline condition. Researchers, who work on the molecular biology isolated
many important genes from extremophiles helpful in the industry like paper indus-
try, dairy industry, and in food processing industry. In addition, extremophiles also
produce biologically active enzymes like starch, cellulose, chitin, and protein
degrading enzymes. The details of morphology to molecular survival strategies are
included in this chapter with extremophile approaches to industrial applications.

Keywords Extremophiles · Adaptation · Strategy · Industrial application

5.1 Introduction

The extreme conditions generally refer to the unfavourable conditions which are
basically lethal or dangerous for mesophilic organisms. Some of the microorganisms
have capability to survive in extreme radiation, high pressure, extremely high and
low temperature and even in any harsh environmental condition. Organisms which

P. Misra
Crop Protection Division, CSIR-Central Institute of Medicinal and Aromatic Plants, Lucknow,
Uttar Pradesh, India

D. Singh
Department of Microbiology, Veer Bahadur Singh Purvanchal University, Jaunpur, India

A. K. Srivastava (*)
Research and Development Department, Uttaranchal University, Dehradun, Uttarakhand, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
R. P. Singh et al. (eds.), Microbes in Microbial Communities,
https://doi.org/10.1007/978-981-16-5617-0_5

115

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-5617-0_5&domain=pdf
https://doi.org/10.1007/978-981-16-5617-0_5#DOI


adopt such wide range of extreme environmental condition are called as
extremophiles. Extremophilic organisms are primarily prokaryotic but few are
eukaryotic also. The biology of extremophiles revealed the origin of life, arose
from hot environment and support the theory that extremophiles are primordial
organisms therefore they are the model organism of the ancient life forms. Instead
of this extremophiles are also hot research topic in the field of astrobiology because
of the majority of solar system is in frozen form and cold temperature loving
microbes live there. The microbes use arsenic rather than phosphorus for their
growth is one of another interest of astrobiologist. Thus, the deep study of
extremophiles provides us vast knowledge to understand the life on the extreme
environment and in future, discover the new habitat/solar bodies for
us. Extremophilic organisms are used in the new industrial enzymes like chaperons
(zigzag proteins) found on the cellular surface giving them resistance to denaturation
enzymes, proteolytic enzymes, etc. Most importantly they produce tolerating
enzymes of DNA polymerase that help in the diagnosis of severe pathogens (Irwin
2010). The types of extreme condition in which some organism can survive are
extreme of pH, temperature, altitude, pressure, salinity, etc. (Singh et al. 2020a).

An extreme environment is the habitat of extremely high or low temperature,
highly acidic or alkaline condition, deepest sea or top of mountain niche, under low
or high pressure, on high or low radiation, highly salty or extremely shrill conditions
(Horneck et al. 2010). Polar ice caps, dry spots in deserts and abysmal depths in the
ocean are the remarkable extreme environments of the earth (Suyal et al. 2021). The
state when the environmental particular clause is risen at the level of intolerant to
living organisms, known as extreme condition. Extreme environment is the habitat
not easy to survive for living beings. But in nature, scientific community found the
group of prokaryotes.

This extreme environment is very hard to survive for any life forms. Nature is the
treasure of microbes, including those microbes which can survive in that extreme
environment where none of the plants and animals can dare to survive (Sayed et al.
2020). It is very hard to survive for other life forms live on earth and the microbes
which survive in extreme condition are globally known as extremophiles. The
species of extremophiles have either adopted the respective extreme environment
over time or they have resided generation to generation. Most of the extremophiles
belong to the domain archaea, but some are included in bacteria and multicellular
organisms. Globally extremophilic organism survives in all the adverse places of
earth and beyond the earth also. To find a life on other galaxies, beyond the earth,
extremophiles work as a primary indicator for astrobiologist. The extremophiles are
divided into various classes for our understanding that we see detail in the next
paragraph about remarkable extremophiles.
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5.1.1 Acidity and Alkalinity

The metabolism of microbes act best at their neutral cytoplasmic pH (Krulwich et al.
2011) and the alteration of pH have a significant effect on the microbial consortia at
every level of growth. Normal range of cytoplasmic pH of acidophilic bacteria is 6.0
and the cytoplasmic pH of alkaliphilic bacteria is 7.2–8.7 (Krulwich et al. 2011).

Earth has possessed all types of ecological niches of extremely high and low pH
values. Iron Mountain (Shasta County, CA, United States) is reported as extremely
low pH environment (acidic condition: pH value is 3.6) and Gorka Lake of
Chrazanow region, Poland found extremely high pH (alkaline condition: pH value
is 13.3) areas (Czop et al. 2011). Thermoplasmales, Acidithiobacillus ferrooxidans,
and Leptospirillum ferrooxidans are some micro flora reported in the Iron Mountain
(Singh et al. 2011). Picrophilus oshimae and P. torridus are two hyperacidophilic
archaea recoded as lowest pH value 0.06, which was isolated from solfataric hot
spring of Noboribestsu, Japan. Chemiosmosis is reported in both bacteria and archea
(Lane et al. 2010) however, various microbes use homeostasis through proton or
other ions using various transporters as ion utilizing ATP synthase likely one of the
first function developed in earliest cells (Lane and Martin 2012). Several authors
have been reported the various alkalotolerant microbial species such as
Mesorhizobium ciceri, M. muleiense, etc. (Singh et al. 2016; Zhang et al. 2017;
Singh et al. 2019). Besides intracellular pH, microorganisms also manipulate the pH
of immediate surrounding with the help of organic metabolites like lactic acid or
acetic acid (Zhang et al. 2017).

5.1.2 Temperature

Temperature range of earth varied from �98.6 to 495 �C, with higher temperature
possible in the volcanic areas and lower temperature in Polar Regions (Scambos
et al. 2018). Microbes present in extreme temperature condition have significant
effect on metabolic activity. In general, the microbial life can survive and metabol-
ically active extended at�25 �C (Deinococcus geothermalis) to 130 �C (Geogemma
barossii) (Kashefi 2003). The high saline and high pressure conditions could be
possible by extreme temperature adaptation (Deming 2007). In geothermal environ-
ment, temperature gradient plays a key role in affecting the structure of microbiome
(Sharpton 2014), than other ecological factors (e.g., soil), whereas, pH and salinity
also act as major dominants (Rai et al. 2012).
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5.1.3 Pressure

On Earth surface the pressure ranges recorded from 0.1 to 112 MPa and at the top of
Subducting plate of Mariana Forearc observed higher pressures is around 900 MPa
(Mottl et al. 2004). However the microbial life could supported around 340 MPa
pressure on Subducting plate of Mariana Forearc (Plümper et al. 2017).
Thermococcus piezophilus is a archaean recorded to survive at 125 MPa (Dalmasso
et al. 2016). At higher temperature and lower atmospheric pressure, the generation
time of piezophiles decreases (Bartlett et al. 2007). Some of the Piezophilic pro-
karyotes, fungi, and lichen that have potency to sporulate and form biofilm have
capacity to survive several months to years under space condition (Onofri
et al. 2018).

5.1.4 Radiation

Radiation like UV rays, gamma rays, X-rays can impact directly or indirectly on the
biotic component including microbial cells. Microorganisms form the reactive
oxygen by combined with the radiation and it can damage the nucleic acid, proteins,
and lipid metabolism (Subhashini et al. 2017). Whomever radiation resistant bacteria
also present in the environment, Deinococcus radiodurans is the first radiation
resistant microbe and used as model organism for radiation tolerance (Krisko and
Radman 2013).

5.2 How the Microbes Survive in Extreme Condition

Humans are survived in mild condition and hence limited environmental space
available however they live in almost all land areas on earth and also searching for
life availability on other planets like mars (Singh et al. 2012). On the contrary
microorganisms live everywhere in the ecosystem but especially extremophiles,
can survive in extreme environment like high and low temperature, pressure,
salinity, etc. (details are shown in Table 5.1). The strategies behind their survivorship
of different extremophiles for the different parameters are discussed here.

The strategy like rigidity help to survive thermophile organism in high temper-
ature (mental, deep sea hydrothermal vents and hot springs) by a process of
oligomerization, increased in disulphide bonds and hydrophobic core, surface
charges and salt bridges (Koschinsky et al. 2008; Bischoff and Rosenbauer 1988).
Methanopyrus kandleri is a hyperthermophile recorded to grow at 122 �C (Takai
et al. 2008). In reverse psychrophiles acquire the flexibility for survive in low
temperature environments (polar regions, deep sea, and alpine regions) by enrich-
ment with nonpolar and glycine amino acid residues, decreased with proline and
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Table 5.1 List of possessed extremophiles with examples

S. No. Extremophiles Survival condition Examples References

1. Acidophile Organism survive at highly
acidic (pH 3 or lower)
condition

T. acidophilus,
Acidithiobacillus
ferrooxidans,
Picrophilus torridus

Mirete
et al.
(2017)

2. Alkaliphile Organism survive at highly
alkaline (pH 9 or above)
condition

Halorhodospira
halochloris,
Natronomonas
pharaonis, Plectonema
nostocorum,
hydrogenophaga sp.

Singh
(2012)

3. Thermophile Organism grow under high
temperature 41 and 122 �C
(106 and 252 �F)

Bacillus
stearothermophilus,
Thermus aquaticus,
Geogemma barossii

Takai et al.
(2008)

4. Piezophile Organism grow under high
hydrostatic pressure

Pyrococcus yayanosii,
Shewanella benthica

Zeng et al.
(2009)

5. Cryptoendolith Organisms able to colonize
the empty spaces or pores
inside a rock with the con-
notation of being hidden

Cryptoendoliths—
Cryptoendoliths,
Cryptoendolithic lichen

Wierzchos
et al.
(2011)

6. Halophile
(salt-loving)

Organism that thrive in high
salt concentrations.

Chromohalobacter
beijerinckii,
Halorubrum
sodomense, Haloferax
volcanii

Ollivier
et al.
(1994)

7. Capnophile Organism survive in high
concentrations of CO2

Campylobacter jejuni,
Aggregatibacter
actinomycetemcomitans

Sahuquillo-
Arce et al.
(2017)

8. Anaerobe commonly found in the gas-
trointestinal tract and do not
live or grow when oxygen is
present

Staphylococcus spp.,
Escherichia coli,
Listeria spp.

Ueki et al.
(2018)

9. Psychrophiles
or cryophiles

Grow and reproduce in low
temperature (�20 to 10 �C)

Psychromonas
ingrahamii

Clarke
et al.
(2013)

10. Xerophile Grow on low availability of
water
(Tolerant of dry conditions)

Trichosporonoides
nigrescens

Chen and
Jiang
(2018)

11. Hypolith Live in underneath rocks
(climatically in extreme
deserts)

Chroococcidiopsis sp. Chan et al.
(2012)

12. Sulphophile Organism grow in high sul-
phur concentration

Sulfurovum sp. Meier et al.
(2017)

13. Radioresistant Microbes resist the radiation
(UV rays, X-rays, Gamma
rays)

Halobacterium sp.,
Deinococcus
radiodurans

DeVeaux
et al.
(2007)

14. Osmophile Adopted to high osmotic
pressure such as high glu-
cose concentration

Saccharomyces rouxii,
Wallemia sebi

Karaman
and Sagdic
(2019)
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arginine amino acid residues, and increased the substrate binding site with hydrogen
bonds. Planococcus halocryophilus is recorded to grow at low temperature (�15 �C)
organism found in high arctic permafrost (Mykytczuk et al. 2013; Feller 2010) The
lowest temperature recorded in atmosphere is �89 �C, where water body is in the
form of ice (Feller 2010).

Deep sea has a high hydrostatic pressure (110 MPa in the challenger deep of the
Mariana Trench) recorded. Microbes that survived in high pressure (deep sea and the
centre of the Earth) follow the strategies like reduce water penetration into the core of
protein and rigidness by making compact and dense hydrophobic core (reduce the
large hydrophobic residues in core), occupying smaller hydrogen-bonding amino
acid residues, and multimerization (Kusube et al. 2017; Kato et al. 1997). Colwellia
marinimaniae bacteria isolated from deep sea and found that it can be grown at
140 MPa hydrostatic pressures, highest value among piezophiles (Kusube et al.
2017).

Earth’s surface is covered by about 71% of water, and salt water covers around
96.5% of all water. Organisms that are characterized as halophiles found in salt water
(salt lakes, saltern soils, and deep hypersaline sea basin), acquired the strategy of
solubility in high salt concentration by increasing the acidic amino acid residues on
the surface and decreasing the hydrophobic residues (Van Der Wielen et al. 2005;
Hallsworth et al. 2007; Oren 1983). Halophiles are characterize on the basis of
optimum NaCl concentration as slight, moderate, borderline extreme and extreme
(Kushner 2020).

In the case of extreme pH, organism that live in highly acidic environment are
acidophile (grow in acidic hot springs, acidic mines, and solfataric field), and that
live in highly alkaline environment are alkaliphile (alkaline lakes, ground water, and
gold mines). Both acidophiles and alkaliphiles use strategies for survival is to avoid
insolubilization by aggregation. Less salt bridges, negative surface charges, and less
hydrogen bond enhance the living capacity of acidophiles (Schleper et al. 1995a, b).
Moreover, organism that belongs to alkaliphiles has increased hydrophobic residues
in the inter-subunit contacts help to improve the stability in high alkaline pH (Czop
et al. 2011; Takai et al. 2001).

5.3 Extremophile as a Model Organism

A model organism is necessary for knowing the molecular strategies of
extremophilic organisms. Extremophiles must be cloned and transformed into a
suitable model organism (Escherichia coli). The drawback is that it is limited to
study only targeted genes at a time under laboratory condition and lack of specific
model system as the condition determine for the model organism as mostly meso-
phylls. Fortunately researchers find the model organism for extremophile; the details
are given in Table 5.2.
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5.4 Biochemical and Molecular Strategies
for Extremophiles

Extremophiles are a biotechnology interest because they produce extremozymes that
are functional and allocate the extremophilic organism to grow in such different
extreme conditions. Various genes and pathways are responsible for survival of
extremophiles in varied environmental conditions. Beautifully the molecular strate-
gies were explained by Orellana et al. (2018) and summarized in Table 5.3 and
Fig. 5.1.

ATP synthase, Chaperones, and DNA repair proteins are play a key role in the
adaptation of acidophilic microorganism (Singh et al. 2020b). Besides this the
membrane of acidophiles are highly permeable to the protons and potassium
antiporter start to release protons to the extracellular spaces. The long chains of
lipid molecule with monomers of fatty acid and some are added with dicarboxylic
fatty acids are the characteristic changes in the thermophiles. Enhancement of the
pyruvate dehydrogenase complex, polyamines like spermidine and chaperones are
also the important factors for the survival of thermophilic organisms. Primary and
secondary chlorine transporters, potassium uptake into the cells and ATP synthase
are the molecular key features of halophiles to survive in high salt condition.
Whereas uptake of proline betaine, and ectoine maintains the osmotic balance in
the low salt environment that established the turgor pressure of the cell. A short fatty
acid chain with unsaturated compounds is the primary feature of psychrophiles. Cold

Table 5.2 Some representative model organism of extreme conditions

S. No. Extremophiles Related model organism References

1. Acidophile Leptospirillum ferriphilum,
Sulfolobus solfataricus

Christel et al. (2018), Cárdenas
et al. (2016), Quehenberger et al.
(2017), Figueiredo et al. (2017)

2. Alkaliphile Natronomonas pharaonis Falb et al. (2005), Oren (2013)

3. Piezophile Thermococcus barophilus Birien et al. (2018), Oger et al.
(2016)

4. Radiophile D. radiodurans, Halobacterium
sp. NRC-1

Krisko and Radman (2013), Zhou
et al. (2017), Kennedy et al.
(2001), Coker et al. (2009)

5. Psychrophile Pseudoalteromonas, Halorubrum
lacusprofundi

Parrilli et al. (2019), Mocali et al.
(2017), Liao et al. (2016)

6. Thermophile Thermococcus kodakarensis,
Sulfolobus solfataricus, Thermus
thermophilus

Aslam et al. (2017), Atomi and
Reeve (2019), Quehenberger
et al. (2017), Figueiredo et al.
(2017), Alvarez et al. (2014)

7. Halophile Bacillus halodurans,
Halobacterium volcanii,
Halobacterium sp. NRC-1,
Wallemia ichthyophaga,
Halorubrum lacusprofundi,
Natronomonas pharaonis

Van-Thuoc et al. (2013), Coker
(2019), Liao et al. (2016), Falb
et al. (2005), Oren (2013)
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Table 5.3 Molecular adoptive strategies of important extremophiles (Orellana et al. 2018)

Extremophiles Molecular adoptive strategies

Alkaliphiles • For the proton accumulation, they used Na+ and H+ gradient by electrogenic
antiporters.

• They used sodium ion solute uptake system.

• Cytochrome c-552 enhanced the terminal oxidation function by electron and
protons accumulation.

UV resistance • They reduced iron levels by manganese accumulation.

• Produced antioxidants like glutathione.

• Chaperones

• Presence of DNA repair proteins

Xeric
resistance

• They used evasion mechanism and bacteria sporulation.

• Extracellular polymeric substances (EPS) increases by the process of
spourlation.

• DNA repair proteins active.

• Accumulation of osmoprotectants like glycine, and trehalose.

Psychrophiles • Lipid contains unsaturated fatty acids with cyclopropane containing fatty acid
short chain.

• Availability of CSP (Cold shock proteins).

• Presence of chaperones

• For restrict the growth of frost, AFPs (Anti-freeze proteins) are present on the
protein surface.

• To prevent protein aggregation in the cytosol, Psychrophilic cells used cryo-
protectants like mannitol and other compatible compound.

• To maintain the fluidity of cell membrane, star shaped carotenoids present
between the lipid and also protect the cell from UV radiation.

Acidophiles • Accumulation of protons on the extracellular spaces increases due to the
presence of potassium-proton antiport system.

• ATP synthase active in the membrane of acidophilic cell.

• The cell membrane is highly impermeable to protons.

• Chaperones present in the cytoplasm.

• DNA-repair proteins found that help to repairing of cell damage.

Thermophiles • Upregulated glycolysis proteins like PDC (Pyruvate Dehydrogenase Complex)
are found.

• Iso-branched chain fatty acids and long chain dicarboxylic fatty acids are
present in the lipid of cell membrane.

• Spermidine are found in the cell of thermophiles.

• Chaperones occur.

Halophiles In case of High Salt in situation:

• Presence of primary and secondary chloride transporters.

• By the ATP synthase and bacteriorhodopsin process the potassium uptake
increases in the cell.

In case of Low Salt situation:

• De novo synthesis or uptake of osmoprotectants (proline betaine, ectoine) that
maintain osmotic balance and maintain the turgor pressure under various salt
concentrations.
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sock and anti-freeze proteins inhibit the growth of ice on protein surface. Star shaped
carotenoids maintained the fluidity of membrane in the psychrophilic organisms.
Sporulation and accumulation of osmoprotectants made habitual to survive in xeric
condition while antioxidants and DNA repair proteins help to survive in UV resistant
microbes.

5.5 Significance of Extremophiles to Their Environment

The specific metabolic processes and the biological function of extremophiles are
arbitrated by specific enzymes and proteins that can remain functional in extreme
conditions. The enzymes and peptides which are obtained from these unusual
microorganisms display unique features like thermostability, resistant against chem-
ical denaturants (detergents, chaotropic agents, organic solvents) and stability in
extreme pH (Kikani and Singh 2012). Therefore, these organisms can be used as
model for constructing as well as designing the proteins and enzymes having new
properties that are useful for industrial applications (Table 5.4). The elevated
temperature plays a significant role in running biotechnological processes because
it increases the solubility and bioavailability of organic compounds. Raised temper-
ature is complimented with the decrease in viscosity and increase in organic com-
pounds diffusion coefficient which consequently increases the reaction rate
(Egorova and Antranikian 2005). Some special interests are the reaction having
less soluble hydrophobic substrates (polyaromatic, aliphatic hydrocarbons and fat)
and polymeric compounds (starch, cellulose, hemi-cellulose and proteins). The
elevated temperatures also increase the bioavailability of some harsh biodegradable
pollutants and allow the efficient bioremediation. Moreover, if we perform any
biological process at elevated temperature like above 60 �C, the risk of contamina-
tion decreased and control under strict conditions. The use of number of thermo-
philic genes in mesophilic clones are increasing abruptly. So, the majority of
proteins by mesophilic hosts can maintain their thermostability and the degree of
enzyme purity is also satisfying for industrial application by using these thermo-
philic origin genes. Figure 5.2 revealed the detailed extremophiles application and
their documented portfolio.

5.6 Conclusion

Dawn of Earth, many ecosystem evolve themselves by using various morphological
to molecular strategies for survival. These ecosystems differ broadly from extreme
ranges of pH, temperature, radiation, salinity, pressure and metal contaminated
areas. Microorganisms evolve themselves to survive in extreme conditions like
Deep Ocean, polar region, volcanic areas, and core of the Earth by adopting different
strategies as compare to mesophilic microbes. Flexibility in genome probably helps
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these microorganisms to survive in extreme conditions. As a result prokaryotes now
divided in to thermophiles, psychrophiles, barophiles, alkalophile, acidophiles,
halophiles and radiation and metal resistant, etc. The molecular biologist now
discovered many important genes related to these extremophiles which are useful
in many industries. The enzymes secreted by extremophiles are helpful in starch
related industries, paper industries, food processing, dairy industry, etc. and also
helpful in diagnosis of severe infectious diseases. This chapter is basically focused
on the various survival strategies of extremophilic organisms as well as it also
provides basic frame of extremophiles in industrial applications.
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Chapter 6
Bacterial Community Composition
Dynamics in Rice Rhizosphere: A
Metagenomic Approaches

Abha Manapure, Raghvendra Pratap Singh, and Alok R. Rai

Abstract The rhizosphere area of plant root surface shows bountiful diversity of
microorganisms. Microbial community within rhizosphere inhabiting the rice field
ecosystem have been studied previously. It is not possible to isolate the whole
microbial genome by traditional culture dependent method. Metagenomic covers
entire genome of all microbial community irrespective of any habitat without in vitro
culturing. Present review has been aimed to summarize the past practices and recent
issues of metagenomic analysis of paddy field bacterial communities within rhizo-
sphere from different geographic locations. So, this chapter deals with the recent
tools, platform, pipelines and software of metagenomics used with other techniques
(e.g., 16S rRNA gene sequencing with V3-V4 hypervariable region,
Pyrosequencing, Metaproteomic, etc.) for the study of bacterial composition from
different regions such as rhizosphere, phyllosphere, bulk soil, wetland region of soil,
irrigated soil, flooded and non-flooded soil, high prevalence of salt soil and high
incidence of rice blast fungus contaminated soil. The findings from this review helps
to enhance the crop production, improve soil quality by more use of biofertilizers
and also helps in disease management with biocontrol agent.

Keywords Metagenomic · Pyrosequencing · Metaproteomic · Hypervariable
region · Biocontrol agent

6.1 Introduction

Rice is widely consumed staple food for 50% of population of world (up to three
billion people) especially in Asia and Africa. Interestingly, rice plants represent a
habitat for a varied microbial population that colonizes the rhizosphere, a restricted
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zone of the plant roots’ surface (Kowalchuk et al. 2010). The root growth of the
majority of plants in soil has altered the spatial structure (Angers and Caron 1998).
According to Curtis et al. (2002) a soil can have up to 4 � 106 different types of
microbial taxa, and 1 g of soil can have more than one million distinct microbial
genomes which ultimately shows an enormous microbial diversity remains within
the soil especially in rhizosphere, predicted by Gans (2005). Since, majority of
microorganisms cannot be cultured by culture dependent or conventional method,
is intrigued by unraveling soil microbial community structure as well as functional-
ity remains as an attractive challenge for enhancing the plant health and crop
production (Yang et al. 2019). About 20–50% of the plant photosynthate is
transported below the ground level and it is totally depending upon the different
plant species (Kuzyakov and Domanski 2000) and about 18% of plant photosynthate
is discharged into the soil environment on average (Jones et al. 2009). The favorable
impacts of the rhizosphere microbial population on rice plants, including the pro-
duction of plant growth-promoting bacteria (PGPR) have been thoroughly investi-
gated (Subhashini and Singh 2014; Majeed et al. 2015), phosphate solubilization
(Elias et al. 2016), nitrogen fixation process, mycorrhizal fungi, also acts as biocon-
trol agents for management of various plants diseases (Massart et al. 2015) with a
high level of stress tolerance (Tsurumaru et al. 2015).

Rice differs from most crops in that it is typically cultivated in flooded soil, which
results in the formation of oxic and anoxic zones within the rice rhizosphere area of
soil, which select for specific physiological groups of microbial community with
either aerobic, anaerobic, or facultative metabolism (Brune et al. 2000). The struc-
ture of the microbial population in the rhizosphere of the rice field environment has
previously been characterized. The majority of research has concentrated on isolat-
ing, identifying, and characterization of rice rhizospheric bacteria from various
locales and types (Vacheron et al. 2013). The bacteria in the rhizosphere had been
studied widely (Zhang et al. 2016; Prajakta et al. 2019; Yang et al. 2020a, b;
Maheshwari et al. 2021). They also influence the rhizosphere microbiota’s chemical
composition and offer crucial microbial growth substrates through rhizodeposition
(Lynch and Whipps 1990). The decomposition of organic matter in soil is also
largely attributed to the microbial population (Kuzyakov 2002; Yang et al. 2020a).
Recently developed technologists, provide relatively quick and prompt sequencing
of metagenomic DNA samples at very moderate cost in short time (Subhashini et al.
2017; Yang et al. 2020b), metagenomic DNA sequencing, however completely
sequenced whole genome sequencing, depends on the DNA extracted (Gautam et
al. 2019).

Without in vitro culturing, prior individual identification, or gene amplification, a
metagenomics study covers the entire genome of any microbial community
inhabiting any habitat such as soil and water (Abulencia et al. 2006; Kunin et al.
2008). Metagenomic analysis in terms of the functions that they drive and regulate,
analysis involves isolating DNA from an environmental sample, cloning the DNA
into a suitable vector, transforming the clones into a host bacterium, and screening
the resulting transformants (Zhang et al. 2019). Recent technological development
has gradually increased our knowledge about the global ecological distribution of
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microbiota across the space and time and have furnished evidence for the contribu-
tion to ecosystem function (Chu et al. 2020). The use of metagenome sequencing
techniques, such as Next Generation Sequencing technologies, has yielded enor-
mous amounts of data, resulting in remarkable developments. To obtain detailed
information on the diversity and ecology of microbial forms, the method involved
isolating metagenomics DNA directly from an environmental niche (e.g., soil and
water), fragmentation, generation of a sequence clone library, taxonomy and gene
family community profiling, and high-throughput sequencing (Spence et al. 2014).
The overall Metagenomics steps is illustrated in Fig. 6.1. The progress of
metagenomics is totally dependent on high-throughput techniques for processing
DNA from various environments and analyzing their sequence after running on
high-end sequencers. Furthermore, examining millions or trillions of reads and
putting them together to create a full genome is a difficult operation (Aguiar-Pulido
et al. 2016a, b). Metagenomic analysis data provide the functional properties of a
complex below-ground soil microbial community, such as intra and inter interac-
tions, and so assist in the understanding their evolutionary aspect of microbial
ecosystems as genetic and metabolic networks (Filippo et al. 2012; Ponomarova
and Patil 2015).

This chapter article explains the current understanding of comparative
metagenomic analysis of microbial diversity of paddy rhizospheric compartments
and makes comparison of rhizospheric bacterial community structure among the
different locations. A 16S rRNA gene profiling and shotgun metagenome analysis
were used by Metagenomics. PCR will be used to amplify the V3-V4 region of 16S
rRNA genes, which will then be sequenced on the Illumina Platform. Metagenomic
library will be made and analyzed by different software. After then, a taxonomic
analysis of a representative sequence from each OUT would be carried out to
determine species distribution. The results will be represented in two-dimensional
PCOA plots. The findings will be extremely useful since they may aid in the process
of increasing rice output, improving crop quality, and reducing environmental
impact owing to the usage of chemical fertilizers.

In this study, we focused on a variety of high-throughput sequencing investiga-
tions, collecting taxonomic data on bacterial communities at the genus level in the
paddy rhizosphere and comparing them at the phylum level between rice plants from
various places (Cox et al. 2010). Furthermore, this study explores metagenomic
techniques to rhizospheric microbiomes and reports on the bacterial community
composition in paddy rhizosphere (Mendes et al. 2013).

6.2 Approaches for Communities Structure Dynamics

Rhizospheric soil microbial communities play variety of roles in the function of soil
by including enhancing organic and inorganic nutrient availability and nutrient
cycling by boosting organic matter breakdown (Singh et al. 2019). The rhizospheric
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Fig. 6.1 Stepwise illustration of metagenomics
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soil bacterial population is typically dominated by Proteobacteria, Actinobacteria,
Acidobacteria, and Chloroflexi (Hussain et al. 2012).

In one of the studies in this research field, Arjun (2011), 16S rRNA sequencing
retrieved from database found total 12 representative clones from the paddy field
rhizosphere soil in Kuttanand, Kerala. About 600 bp were viewed and compiled and
aligned using BioEdit version 5.0.6 software (Hall 2001) and generated phylogenetic
tree by neighbor joining method with 1000 resampling bootstrap analysis by using
Mega v.4 software (Tamura et al. 2007). The dominant taxa in the library were found
to be Proteobacteria (7/12) followed by Firmicutes (2/12), Bacteriodetes (2/12) and
Acidobacteria (1/12) (Table 6.1). These four phylotypes are also thought to describe
the bacterial community structure in rice rhizospheric soil in previous investigations,
and Proteobacteria are the largest and most metabolically diverse group of soil
bacteria (Lu et al. 2006).

Knief et al. (2012) obtained 749,569 and 1,340,274 Rhizospheric and
Phyllospheric soil sequences from paddy fields at the International Rice Research
Institute in Los Banos, Philippines after a year. In the rhizospheric soil samples were
found most abundantly Alphaproteobacteria and Deltaproteobacteria. Further more
significant taxa such as Firmicutes, Actinobacteria, Gammaproteobacteria and
Deinococcus—Thermus. Most abundant phyla include Archaea in the rhizosphere
than phyllosphere region was detected. In this research article, scientists also studied
Metaproteogenome and they were found majority of proteins within
Alphaproteobacteria (33%) in these samples, proteins assigned particularly
Azospirillum, Bradyrhizobium, Rhodopseudomonas, Methylobacterium,
Magnetospirillum, and Methylosinus (Table 6.1). Based on metagenome readings
and clone library analyses, the Betaproteobacteria (Acidovorax, Dechloromonas,
and Herbaspirillum) and Deltaproteobacteria (Anaeromyxobacter, Desulfovibrio,
and Geobacter) genera dominated the bacterial population. Furthermore, Sinclair
et al. (2015), were focused microbial community structure in rice producing areas of
Guadalquivir marshes (Seville). In the months of July (tillering or vegetative stage)
and September (between blooming or ripening and maturity stage), rice rhizospheric
soil was examined (Marschner et al. 2001). Total 240 cfu were obtained. The soil
samples were collected from four different regions in rice yielding areas of Guadal-
quivir marshes (Seville). These areas were: Puebla, Colinas, Calonge and Rincon.
The soil in these locations has two major issues that have impacted rice production:
increased salt levels in irrigation water and rice plants infected with the rice blast
fungus Magnaporthe oryzae, 25 different bacterial genera were identified based on
16S rRNA gene sequencing analysis, although only eight were found at both sample
times, July and September. From July to September, the Paenibacillus, Bacillus, and
Pantoea communities grew in dominance, whereas the Enterobacter, Pseudomonas,
and Exiguobacterium communities decreased. In July, there was a 21.34% increase
in Exiguobacterium and a 20.21% increase in Enterobacter. Conversely Bacillus
(37.33%) was more abundant in September. According to 16S rRNA sequencing of
total DNA from four areas found that Proteobacteria, Acidobacteria and
Anaerolineae were found to be more significantly in all areas. Proteobacteria
(Betaproteobacteria) was most abundantly detected group followed by Bacteriodetes
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Table 6.1 Different Bacterial taxa identified in the different geographic locations of rice
rhizospheric soil composition

S. No.
Geographic
coordinates Approach

Findings related to
rhizospheric bacterial
composition References

1. Kuttanand,
Kerala, India.

16S rRNA
Sequencing and
Pyrosequencing

Bacterial Community in rice
rhizosphere dominantly
observed taxa were
Proteobacteria, followed by
Firmicutes, then Bacteroidetes
and Acidobacteria.

Arjun (2011)

2. Los Banos,
Philippines

16S rRNA gene
sequencing and
Metaproteomic
profiling.

Microbial community compo-
sition in rice rhizosphere
includes Archaea (2.6%),
Actinobacteria (8.5%),
Chloroflexi (4.6%),
Alphaproteobacteria (14%),
Betaproteobacteria (16.6%),
and Deltaproteobacteria
(10.6%).

Knief et al.
(2012)

3. Guadalquivir
marshes
(Seville),
Spain.

16S rRNA gene
Sequencing

Most frequently present group
was Proteobacteria
Betaproteobacteria followed
by Archaea, Bacteroidetes,
Chloroflexi, Acidobacteria,
Thermococci,
Sphingobacteria,
Vermicomicrobia, Bacillus,
Enterobacteria,
Exiguobacterium.

Lucas et al.
(2013)

4. South Korea,
Philippine,
Italy and
China

16S rRNA, pmoA,
and mcrA
amplifications

16S rRNA gene sequencing,
pmoA and mcrA amplification
analysis observed that rice field
methanogens mainly comprise
Methanocella,
Methanobacterium, and domi-
nantly Methanosaeta all over
the cultivation.

Hyo Jung
Lee et al.
(2014)

5. Bogor, West
Java and
Indonesia.

16S rRNA gene
sequencing and nif
gene amplification

16S rRNA sequencing
observed 5 genera of Actino-
mycetes including
Geodermatophilus,
Actinoplanes,
Actinokineospora, Streptomy-
ces, and Kocuria while nif
gene amplification showed that
strain member of species Rhi-
zobium and
Anaeromyxobacter.

Rusmana
et al. (2015)

6. Vercelli, Italy. 16S rRNA gene
Pyrotag sequencing.

More abundance of Archaea
and Acidobacteria in

Breidenbach
et al. (2016)

(continued)
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Table 6.1 (continued)

S. No.
Geographic
coordinates Approach

Findings related to
rhizospheric bacterial
composition References

rhizosphere observed. The rhi-
zosphere also consists of
higher relative abundances of
Alphaproteobacteria,
Betaproteobacteria,
Gammaproteobacteria,
Deltaproteobacteria,
Cyanobacteria, Chloroflexi,
Firmicutes, and
Verrucomicrobia.

7. Venezuela. 16S rDNA taxo-
nomic profiling.

Gammaproteobacteria was
determined to be the most
dominant phyla of
Proteobacteria, followed by
Betaproteobacteria and
Alphaproteobacteria,
Acidobacteria, Nitrospirae,
Cyanobacteria, Firmicutes,
Vermicomicrobia,
Bacteriodetes, Caulobacter,
and so on.

Venturi et al.
(2018)

8. Kerala, India 16S rRNA gene
hypervariable
V3-V4 region

In this sample, most detected
phyla were Proteobacteria
(26 � 14%), Firmicutes
(21 � 9%), Actinobacteria
(17 � 6%), and Acidobacteria
(14 � 10%).

Imchen et al.
(2018)

9. Maritsa river
and Zlato Pole
wetland,
Bulgaria.

V3-V5 hypervari-
able region of 16S
rRNA amplicon
sequencing.

Abundantly found phyla
includes Proteobacteria (68%),
Gammaproteobacteria (45%),
Acinetobacter (54%),
Alphaproteobacteria (21.4%),
Actinobacteria (18.5%),
Firmicutes (9.4%), and
Bacteriodetes (8.3%).

Ivan et al.
(2019)

10. Faisalabad,
Pakistan.

16S rRNA gene
amplification.

Reports have been shown that
dominant groups were
Proteobacteria, Acidobacteria,
Actinobacteria, Bacteriodetes,
Chloroflexi, Firmicutes,
Nitrospirae, Gaiella,
Marmoricola, Clostridium.

Maria et al.
(2020)
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and Chloroflexi (Table 6.1). Thermococci archaea were identified in locations with
high Magnaporthe oryzae frequency, while Sphingnobacteria archaea were discov-
ered in areas with high salt occurrence. Conversely, Verrucomicrobiae class was
only detected in control area.

Scientists performed rice field experiments at research farm located in Sacheon,
South Korea (Lee et al. 2014). The rice field was ploughed and harrowed, and water
was flooded up to 5 cm above the soil surface (Witt et al. 2000). Following that,
21-day-old Korean rice seeds (Oryza sativa, Japonica type) were planted. Every
30 days soil samples were collected in triplicate. For detecting the 16S rRNA gene
copies Archaea and Bacteria and targeting the pmoA and mcrA gene (Breidenbach
and Conrad 2015). 16S rRNA gene sequencing analysis obtained 80% of bacterial
reads of four taxa including Proteobacteria, Acidobacteria, Chloroflexi and
Actinobacteria during whole cultivation. 16S rRNA gene sequencing, pmoA and
mcrA amplification analysis represents that the rice paddy methanogens mainly
comprise Methanocella, Methanobacterium and dominantly Methanosaeta all over
the cultivation (Table 6.1) (Vaksmaa et al. 2017; Wang et al. 2018).

Rusmana et al. (2015) collected rice rhizospheric soil samples from three different
types of agroecosystems (irrigated rice, marshy tidal, and dry) in Indonesia while
performing 16S rRNA gene and nifH gene amplification (Reichardt et al. 1997). 16S
rRNA gene analysis found abundance of five genera of Actinomycetes mainly
comprises Actinokineospora, Actinoplans, Geodermatophilus, Kocuria and Strepto-
myces (Nimnoi et al. 2010). Most abundantly found species within Streptomyces in
almost all genera were Streptomyces alboniger and Streptomyces acidiscabies (Taj
and Rajkumar 2016). The amplification of the Nif gene revealed a biological role that
was closely related to Rhizobium and Anaeromyxobacter strains (Martina et al.
2008; Pereira et al. 2013).

6.3 Metagenomics Software as Bioinformatic Tools

Metagenomics is the study of genes in relation to their environment In addition, at
the Rice Research Institute in Vercelli, Italy, a rhizospheric soil sample was taken
from paddy fields. Rice plants were sampled at four different stages: Stage 1 (early
vegetative or tillering), Stage 2 (late vegetative), Stage 3 (reproductive or flowering),
and Stage 4 (maturity). Using the UPARSE workflow, 8685 OTUs with 97%
identity were found from 16S rRNA Pyrotag sequence analysis (Edgar 2013). The
Silva taxonomy and method were used to classify relative OTU sequences in
MOTHUR version 1.31.2 (Schloss et al. 2009). Absolute abundance of Archaea
was detected to be higher in rhizospheric soil than bulk soil sample. For Archaea,
Methanosarcina and Methanosaeta were found more abundant in rhizospheric soil of
Vercelli. Abundantly present genera such as Acidobacteria, Alphaproteobacteria,
Deltaproteobacteria, Betaproteobacteria, Cyanobacteria, Chloroflexi, Firmicutes.
Potential iron reducer (e.g., Geobacter and Anaeromyxobacter) (Conrad and Frenzel
2002; Hori et al. 2010). The VEGAN package version 2.2.1 was used to investigate
OTU relative abundances (Oksanen et al. 2013). Fermenters (e.g., Clostridia and
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Opitutus) and endophytic plant growth promoting bacteria (e.g., Herbaspirillum
species) were reported to be more prevalent in rhizospheric soil (Andreesen and
Schaupp 1973; Chin et al. 2001). Base pairs were viewed and compiled and aligned
using BioEdit version 5.0.6 software (Hall 2001) and generated phylogenetic tree by
neighbor joining method with 1000 resampling bootstrap analysis by using Mega v.4
software (Tamura et al. 2007). Multivariate analysis revealed considerable differ-
ences between the sites when comparing the taxonomic patterns of the bacterial
communities. Ivan et al. (2019) studied V3-V5 hypervariable region of 16S rRNA
amplicon sequencing using Miseq Illumina platform (Ebersberg, Germany). The
gene expression of PmoA and mcrA was studied using quantitative reverse tran-
scriptase real-time PCR (qRT-PCR) (Lee et al. 2014). 16S rRNA gene sequencing,
pmoA and mcrA amplification analysis perceived that rice paddy methanogens
mainly consist of Methanocella, Methanobacterium and dominantly Methanosaeta
all over the cultivation (Table 6.1) (Vaksmaa et al. 2017; Wang et al. 2018). The
tools for deciphering the metagenome have been listed in Table 6.2.

6.4 Proteomics Analysis of Bacterial Community

Genomic, proteomic, metabolomic, metagenomic, and transcriptomic studies are all
included in the term “omics.” It refers to the joint characterization and measurement
of biological molecule pools that translate into an organism’s structure, function, and
dynamics. Proteomics has enabled the identification of ever-increasing number of
protein (Anderson and Anderson 1998; Blackstock and Weir 1990; Anwar et al.
2019). Recent research findings indicate that rhizosphere soil metagenomic analysis
can provide a sketch of a protein domain’s functional areas, which can be used for
protein optimization and functional characterization (Jin et al. 2016). InterPro is a
software used for access the information about Protein domains, protein activity,
active site within the protein, protein families and function (Singh et al. 2016). Genes
encoding dinitrogen reductase (nifH) and dinitrogenase (nifD and nifK) were often
found in the phyllosphere and rhizosphere, according to metagenomic analysis in the
current study (Zeng et al. 2005). In phyllosphere, the most abundant nifH sequence
types were found to be Azorhizobium and Rhodopseudomonas while in rhizosphere,
the nifH sequences was detected across diverse taxa such as Rhizobium,
Methylococcus, Dechloromonas, Anaeromyxobacter, Syntrophobacter, and some
methanogenic archaea (Knief et al. 2012; Singh et al. 2016). The metaproteomic
analysis reveals that genus Methylobacterium were detected most dominant in
phyllosphere community.
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Table 6.2 Bioinformatics tools for metagenomic data analysis

S. No. Software Function of software References

1. MetaQUAST For quality assessment of metagenomic
assemblies.

Mikheenko et al.
(2016)

2. Mothur Software for analysis of 16S rRNA gene
sequencing

Schloss et al. (2009)

3. MetaVelvet Metagenomic de novo assembler Namiki et al. (2012),
Zerbino and Birney
(2008)

4. MG-RAST Access to a number of tools for metagenomic
analysis via a web-based platform.

Glass et al. (2010)

5. IDBA-UD For the building of contigs using a progres-
sive cycle of rising k-mer values

Peng et al. (2012)

6. Megahit Useful in metagenomic analysis and uses
similar approach to IDBA-UD

Li et al. (2015)

7. UPSARSE Pipeline for quality and length filtering of
sequencing reads and OUT generation

Edgar (2013)

8. MetAMOS Ability to test multiple assembly tools and
used for contigs length, contiguity, and error
rates

Treangen et al. (2013)

9. VEGAN Software for diversity analysis and commu-
nity ecology functions

Oksanen et al. (2013)

10. InterPro Software for access the information about
protein domains, protein activity active site of
protein, protein families and function

Mitchell et al. (2015)

11. MegaGene
Annotator

For high contig length and large number of
predicted gene

Noguchi et al. (2008)

12. RayMeta Scalable software tool and assemblies are
constructed on the basis of de Bruijin graphs

Boisvert et al. (2012),
Pell et al. (2012)

13. QUIIME Quantitative insight into microbial ecology Caporaso et al. (2010)

Pipeline used for microbiome analysis from
raw DNA sequencing data generated by
Illumina platform

14. CONCOCT Used to count the number of clusters and
reconstruct pathogenic genomes (Shiga-toxin
producing strain of E. coli outbreak in 2011)

Alneberg et al. (2014)

15. CARMA Used for Metagenomic analysis Gerlach et al. (2009)

16. Prokka Pipeline used for annotation of bacterial
genomes

Seemann 2014

17. MEGAN Software used for analysis of large
metagenomic datasets

Huson and Weber
(2013)

18. Glimmer-MG Software for gene prediction and provide
accurate gene error-prone sequences than
other method

Delcher et al. (2007)

19. PICRUST Used to connects taxonomic classifying
metaprofiling results

Langille et al. (2013)

(continued)
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6.5 Bacterial Community Structure at Different Level

There are several bacterial communities which present at different locations on
geological areas of soil like some are associated with root endophytes, in
phyllosphere, endorhizosphere, bulk soil, flooded and non-flooded soil, irrigated
soil (Singh et al. 2020). Some bacterial communities are survived in high prevalence
of Magnaporthe oryzae (Rice blast Fungus) and some in high incidence of salt.

6.5.1 Bacterial Community Composition Associated
with Root Endophytes

Previously, research was conducted to investigate the microbial community structure
of Indian rice root endophytes (Sengupta et al. 2017). Vittorio et al. used 16S rRNA
taxonomy profiling of the rhizosphere and endorhizosphere of two high-yielding rice
cultivars, Pionero 2010 FL and DANAC 6D 20A, which were cultivated intensively
in Venezuela. Three Pionero 2010FL rhizosphere soil samples and three DANAC
SD 20A rhizosphere soil samples were taken from Association of Certified Seed
Producers of Western Plains paddy fields after 88 days of planting. After analyzing
the complete rhizospheric and endorhizospheric bacterial community structure, they
retrieved 326,496 bacterial readings. Proteobacteria accounted for 70–87% of all
OTUs in the bacterial microbiota. Gammaproteobacteria was the most numerous

Table 6.2 (continued)

S. No. Software Function of software References

20. MetaWatt For metagenomic assembly, contig clustering
or binning, and bin inspection for taxonomic
signatures (through BLAST) and sequence
coverage.

Strous et al. (2012)

21. BioEdit Software of biological sequence alignment
editor

Hall (2001)

22. FragGene
Scan

Used to predicts fragments of gene from short
reads

Rho et al. (2010)

23. PIPITS Used for processing of ITS amplicons Gweon et al. (2015)

24. EDGE Software comprising QC, annotation,
Assembly, binning, taxonomic profiling, and
phylogenetic tree construction

Li et al. (2014)

25. USEARCH Open-source software Edgar and Flyvbjerg
(2015)

26. VSEARCH Open-source software Rognes et al. (2016)

27. EBI
Metagenomics

Software used for data trimming and dupli-
cates removal

Hunter et al. (2014)

28. qRT-PCR Real-time quantitative reverse transcriptase
PCR

Lee et al. (2014)
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Proteobacteria class, followed by Alphaproteobacteria and Betaproteobacteria.
Deltaproteobacteria and epsilonproteobacteria, on the other hand, were not found
in the endorhizosphere. The colony of Acidobacteria and Nitrospirae was exclu-
sively found in the rhizosphere. The phylum Cyanobacteria was also abundant in
rhizospheric soil. Bacteriodetes and Verrucomicrobia abundant in Pionero 2010
FL. Caulobacter genus was significant and massively abundant in both rhizosphere
and endorhizosphere soil sample.

Number of the researches have performed 16S rRNA gene amplification of
hypervariable V3-V4 region and was amplified using primers set Pro341F and
Pro805R (Takahashi et al. 2014; Merkel et al. 2019; Cichocki et al. 2020). They
were collected rhizosphere and bulk soil sample from seven different areas of India.
They obtained 28 phyla from all groups of bacteria. Among them the most dominant
phyla were Proteobacteria (25.7 � 14%) followed by Fermicutes (21 � 8.7%) then
Actinobacteria (16.7 � 6%) and Acidobacteria (13 � 10%). Candidatus koribacter
(8 � 19%) was most abundant genus in rhizosphere soil while Ktedonbacter (13%)
most frequently detected in bulk soil sample. Furthermore, 18 methanogen genera
were detected in all samples of rhizospheric and bulk soil (Lee et al. 2015). Most
abundant genera of methanogen were detected Methanosaeta, followed by
Methanobacterium and Methaocella (Rahalkar et al. 2016). Archaeal genera includ-
ing type I and type II methanotrophs were significantly detected throughout the
cultivation (Singh et al. 2016).

6.5.2 Flooded and Non-flooded Located Bacterial
Community

Multivariate analysis revealed considerable differences between the sites when
comparing the taxonomic patterns of the bacterial communities. Ivan et al. studied
V3-V5 hypervariable region of 16S rRNA amplicon sequencing using Miseq
Illumina platform (Ebersberg, Germany). At Zlato Pole, soil samples collected
from flooded and non-flooded rice paddies, as well as sediments and non-flooded
areas. Rice paddies are being located in wetlands along the Bulgarian side of the
Maritza River, such as the Zlato Pole wetland and the Tsalapitsa paddy fields. After
filtering of bacterial reads and OUT picking process, 181,328 sequences were
obtained from flooded samples and 158,260 samples were obtained from
non-flooded samples. Total 117 bacterial classes were identified among them
67 were detected in all soil samples. Proteobacteria (34%) in Plovdiv rice paddy
sediments to (68%) in Zlato Pole sediments of all bacterial sequences.
Alphaproteobacteria (21%) is the most common, followed by Gammaproteobacteria
(13%), Betaproteobacteria (6.8%), and Deltaproteobacteria (4%). Moreover, abun-
dant phyla were Actinobacteria (8–26%) and Acidobacteria (2–17%) detected the
third most abundant phylum while Firmicutes (9%) and Bacteriodetes (8%) detected
over Acidobacteria in Zlato pole sediments.
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6.5.3 Community Structure in Rhizosphere and Phyllosphere

In Faisalabad, Pakistan, a comparison of 16S rRNA gene amplification studies of
bacterial phyla in the rhizosphere and phyllosphere revealed that the rhizosphere had
more diversity than the phyllosphere. According to reports, a total of 9383 16S
rRNA sequences were retrieved from rhizospheric soil while 54,714 sequences were
retrieved from Basmati rice phyllospheric soil (Yasmin et al. 2020). Eighteen
different phyla detected from rhizosphere while seven phyla were from phyllosphere
soil sample. Seven phyla were found in both compartments. Proteobacteria were
most abundant phyla from both the compartments i.e., rhizosphere (37%) while
phyllosphere (80%) followed by Firmicutes (10%), Bacteriodetes (9%), Chloroflexi
(4%), Actinobacteria (1%) in phyllospheric soil sample. According to 16S rRNA
gene amplification analysis was detected 208 different genera from rhizosphere
while 24 genera from phyllosphere soil samples. In the bacterial community’s
rhizosphere and phyllosphere, 15 genera were determined to be common.
Bacillariophyla (22%) was the most common genus in the phyllosphere, followed
by Sphingomonas (9%), and Bradyrhizobium (7%). The most frequent genus in the
rhizospheric soil sample was Thaurea (4%).

16S rRNA sequencing retrieved from database found total 12 representative
clones from the paddy field rhizosphere soil in Kuttanand, Kerala (Arjun 2011).
The dominant taxa in the library were found to be Proteobacteria (7/12) followed by
Firmicutes (2/12), Bacteriodetes (2/12), and Acidobacteria (1/12). About 70–90% of
total OTUs, Proteobacteria was dominated the bacterial microbiota.
Gammaproteobacteria was the most important Proteobacteria phylum, followed by
Alphaproteobacteria and Betaproteobacteria. In the endorhizosphere,
deltaproteobacteria and epsilonproteobacteria were not found. Only the colony of
Acidobacteria and Nitrospirae was found in the rhizosphere. Along with
Cyanobacteria phylum was enriched in rhizospheric soil. Bacteriodetes and
Verrucomicrobia abundant in Pionero 2010 FL. Caulobacter genus was significant
and exclusively abundant rhizosphere as well as endorhizosphere (Sengupta et al.
2017).

6.5.4 Bacterial Composition in Areas with High
Magnaporthe oryzae Prevalence and High Salt
Incidence

Proteobacteria, Acidobacteria, and Anaerolineae were detected in all four areas,
according to 16S rRNA sequencing of total DNA from the four regions.
Proteobacteria (Betaproteobacteria) was most abundantly detected group followed
by Bacteriodetes and Chloroflexi. Thermococci class archaea were identified in
locations with high Magnaporthe oryzae incidence, while Sphingnobacteria class
archaea were identified in areas of high salt incidence. The Verrucomicrobiae class,
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on the other hand, was only found in the control region (Lucas et al. 2013). The
rhizosphere has a higher absolute abundance of Archaea than the bulk soil sample.
For Archaea, Methanosarcina and Methanosaeta were found more abundant in
rhizospheric soil of Vercelli (Breidenbacht et al. 2016). Abundantly present genera
such as Acidobacteria, Alphaproteobacteria, Betaproteobacteria, Cyanobacteria,
Chloroflexi, Deltaproteobacteria, Firmicutes. Potential iron reducer (e.g., Geobacter
and Anaeromyxobacter) (Conrad and Frenzel 2002; Hori et al. 2010). Fermenters
(e.g., Clostridia and Opitutus) and endophytic plant growth promoting bacteria (e.g.,
Herbaspirillum species) are also more abundant in the rhizospheric soil (Andreesen
and Schaupp 1973; Chin et al. 2001). Furthermore, 18 methanogen genera were
detected in all samples of rhizospheric and bulk soil (Lee et al. 2015). Most abundant
genera of methanogen were detected Methanosaeta, followed by Methanobacterium
and Methaocella (Rahalkar et al. 2016). Archaeal genera belong to type I and type II
methanotrophs were found in entire cultivation (Singh et al. 2016). Total 117 bacte-
rial classes were identified among them 67 were detected in all soil samples.
Proteobacteria (34.2%) in Plovdiv rice paddy sediments to (68%) in Zlato Pole
sediments of all bacterial sequences. Alphaproteobacteria (21%) is the most com-
mon, followed by Gammaproteobacteria (13%), Betaproteobacteria (7%), and
Deltaproteobacteria (4%). Moreover, abundant phyla were Actinobacteria (8–26%)
and Acidobacteria (2–17%) detected the third most abundant phylum while
Firmicutes (9%) and Bacteriodetes (8%) detected over Acidobacteria in Zlato pole
sediments (Ivan et al. 2019).

6.6 Future Perspective

We’re working hard to figure out which bacterial genera are invading the rice
rhizosphere. From this review article, we conclude that among all bacterial commu-
nity in different samples from different locations most abundant phyla were detected
Proteobacteria in rhizosphere soil samples followed by Acidobacteria then
Actinobacteria, followed by Choroflexi and Firmicutes. Methylobacterium was
detected as most dominant genus from Methylotrophs. Archaea were predominantly
found in rhizosphere bulk soil, flooded soil, and wetland soil samples. Methanogenic
archaea are also found in some rhizospheric soil samples. Streptomyces were
detected from agroecosystem (irrigated rice and swampy rice) of rice plants. Fur-
thermore, analyzing the structure of microbial communities is required in order to
investigate the individual functions of bacteria. This understanding and insights aid
in the development of methods for greater crop production, improved soil quality,
and disease-causing microorganism protection in order to preserve natural resources
and, ultimately, to produce more sustainable agricultural production.

We may choose these succeeding strains for formulation of a suitable inoculant as
a biocontrol agent for administration in the rhizosphere of rice and disease manage-
ment of rice plants due to decreased efficacy of natural nutrients available in soil.
Biocontrol presumes special connotation being an environmental-friendly and
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cost-efficient strategy which can be used for effective rice disease management.
Numerous microbial species are acts as a biocontrol agent against many plant
pathogens. As a result, it is an inevitable step to gather as much microbial diversity
as possible in order to provide a higher level of protection while retaining rice yields.
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Chapter 7
Diversity and Application of Heavy-Metal
Resistant Microbes

Armine Margaryan

Abstract Metal-rich natural and artificial habitats are extreme environments for the
evolution of unique microbial communities, which have adapted to deal with the
toxic levels of the metals. Diverse microbial groups belonging to Archaea and
Bacteria domain possessing different metal-resistance strategies have been found
in different metal-contaminated environments using cultivation and molecular
approaches. Various metal-resistant bacteria belonging to Bacillus, Arthrobacter,
Pseudomonas, Ralstonia, Stenotrophomonas, Desulfovibrio, and other genera were
demonstrated a high capacity to the bisorbtion of the different heavy metals. Bacteria
and archaea belonging to the genera Acidithiobacillus, Leptospirillum, Sulfobacillus,
and Ferroplasma are mostly associated with metal minerals and are involved in the
bioleaching processes. Thus, the microbial resistance to toxic heavy metals has
fundamental importance in the bioremediation of metal-contaminated natural habi-
tats and bioleaching of valuable metals from complex minerals.

Keywords Heavy metals · Metal resistant bacteria and archaea · Microbial
diversity · Bioremediation · Bioleaching

7.1 Environmental Contamination by Heavy Metals

Natural biotopes with unusually high levels of heavy metals are widely found in our
ecosystem. For instance, the copper concentration in the soils of the Valparaiso
region (Chile), where the copper mine is located, reaches from 379 to 784 mg/kg,
and in the sediments of the sea off the coast of Chile, the copper content reaches
1530 mg/kg (Besaury et al. 2013a, b; Altimira et al. 2012). The sediment of Lake
Torch (Michigan, USA), as a result of crushed mine ore disposition over 100 years,
contain high concentrations of copper: on the top 10 cm of sediment layer is around
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2000 ppm, and in deep areas, it can reach up to 5500 ppm, followed by decrease up
to 1500 ppm. At different sites of the river high levels of nickel, chromium, and
cobalt were found also. Iron concentrations vary from 20.981 to 88.717 ppm (the
average concentration was 36.772–36.749 ppm) (Konstantinidis et al. 2003). The
concentration of arsenic in Genola Warm, Saratoga Springs, and Diamond Fork Hot
(Utah, USA) reaches 0.046 mg/L, 0.063 mg/L, and 0.15 mg/L, correspondingly (Rey
et al. 2009). In the geothermal soils of Monterotondo Marittimo (Tuscany, Italy) the
high concentration of arsenic (4–8 mg/kg) and antimony (0.4–0.9 mg/kg) was
registered (Cuebas et al. 2011a, b). The mass-spectrometry analysis showed a high
concentration of Fe, Cu, and Zn (6.55 mg/L, 0.498 mg/L and 5.87 mg/L, corre-
spondingly) in the water samples of the river flowing next to Akhtala tailing dump
(Akhtala town, Lori province, Armenia) (Margaryan et al. 2019). The Kajaran ore
(Armenia) contains 0.2–1.5% copper and 0.03–0.15% molybdenum. The ore also
contains Au 0.082 ppm, Ag 3.09 ppm, Re 1.01 ppm, Se 6.47 ppm, Te 4.45 ppm, Ge
1.74 ppm, Bi 10.7 ppm (Vehouni 2001).

The human impact on the environment resulted in the accumulation of heavy
metals in some water bodies, soil, and even the atmosphere. The reason for heavy
metal contamination of the water bodies can be the metallurgical industry and
discharges of industrial waste into the environment.

The geogenic (volcano eruptions) and anthropogenic (electroplating, mining and
smelting industries, petroleum refining, glass manufacturing, emissions from coal,
caustic soda, peat producing industries, wood-burning, chemical synthesis, herbi-
cides, fertilizers, solid waste, municipal sewage etc.) sources impacted on water and
soil pollution with Cd, Cu, Cr, Pb, Zn, Ni, As, and other heavy metals. Airborne
sources for heavy metal pollutions are chimneys emissions such as dust from storage
facilities or waste accumulations (Lenart-Boroń and Boroń 2014).

The heavy metals, being discarded to the environment, get accumulated and may
damage the soil ecosystem, including the microbial diversity (Wakelin et al. 2012;
Mohammed et al. 2011; Almeida et al. 2009; Cervantes et al. 2001; Singh et al.
2020a). The environmental stress caused by toxic metals usually affects the native
bacterial community, in which observing the domination of metal-tolerant or
metallophilic microorganisms (Kozdroj and van Elsas 2001; Kuske et al. 1997;
Teng et al. 2017). The biodiversity of metal-resistant microbial communities in
different territories is different, due to the degree of contamination by metals and
geographical parameters (Selenska-Pobell et al. 2001; Kozdroj and van Elsas 2001;
Korehi et al. 2014; Pennanen et al. 1996).

7.2 Biodiversity of Metal-Resistant Bacteria and Archaea

Different bacterial species have adapted and evolved mechanisms to handle venom-
ous concentrations of the metals, such as heavy metal efflux from the cells, metal
absorption on the bacterial surface, periplasmic or intracellular accumulation,
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extracellular precipitation, and detoxification mechanisms (Nies 2007; Cervantes
and Campos-García 2007; Riaz ul and Shakoori 2000).

For the first time, the impact of heavy metals on the soil microbiome was studied
by Lipman and Burgess in 1914 (Lipman and Burgess 1914). Numerous studies
have shown that in response to increasing concentrations of toxic metals, the
microbial population is characterized by a change in biodiversity. Rajapaksha
et al. by comparing the response of bacteria and fungi to the Zn and Cu concentra-
tions in the soils sugested, that the bacterial population is more susceptible to the
toxic levels of heavy metals than the fungal population (Rajapaksha et al. 2004).
Many species of fungi may be effective biosorbent of Cu, Pb, Cd, Zn, and other
heavy metals through the accumulation of them in their sporocarps. Nevertheless,
these elements may inhibit their growth and reproduction (Baldrian 2003).

The accumulation of the toxic metals in the living cells may inactivate different
enzymes, through the damage of their structure or conformation. Enzyme-associated
metals can be displaced by toxic metals with analogous structure, consequently the
function of the enzymes will be inhibited (Bruins et al. 2000; Singh et al. 2017).
Furthermore, heavy metals modify the conformational structures of not only pro-
teins, but also nucleic acids. Toxic metals, by accumulating in the cells, may also
form complexes or chelates with structural proteins or essential metabolites, finally,
disrupt integrity of the microbial cell membrane or whole cell (Bong et al. 2010;
Sobolev and Begonia 2008).

The impact of various metal ions on different microbial populations depends on
the metal concentration in the soil. For example, the existing levels of copper, zinc
mercury in the soil affect microorganisms which are responsible for the nitrification
and protein mineralization (Van Rossum et al. 2016; Lenart-Boroń and Boroń 2014;
Kamal et al. 2010). Increased concentrations of lead in soil inhibit microbial
hydrolysis of cellulose, as a result negatively affect processes of decomposition of
organic matter. Lead resistant microorganisms able to accumulate metal up to 40%
and may be used for bioremediation of polluted soil (Lenart-Boroń and Boroń 2014).
Some bacteria can tolarate heavy metals with antiseptic activity, such as silver. For
example, Thiobacillus ferrooxidans strains are silver-resistant and able to accumu-
late silver ions in high concentrations (Lenart-Boroń and Boroń 2014).

Metal-resistant microorganisms were found among various physiological groups,
for example, in chemolithoautotrophic bacteria (Table 7.1). In 1921 S.A. Waxman
and J.S. Joffie isolated from the mine drainage waters the autotrophic acidophilic
bacterium Thiobacillus ferrooxidans (now Acidithiobacillus ferrooxidans), oxidiz-
ing sulfur and a number of its reduced compounds to sulfuric acid. However, in 1947
by Colmer A.R. and Hinkle M. proved the biological oxidation of ferrous oxide with
the bacteria T. ferrooxidans. During the oxidation of bivalent iron and the reduction
of sulfur, bacteria form iron oxide and hydrogen sulfide, which bind to toxic metal
ions, forming insoluble precipitates, thereby ensuring metal tolerance (Korehi et al.
2014; Besaury et al. 2013a, b; Kondratyeva et al. 1999).

In addition to T. ferrooxidans, oxidizing bivalent iron and sulfur, Leptospirillum
ferrooxidans, Sulfobacillus thermosulfidooxidans, T. thiooxidans, T. acidophilus
oxidizing copper sulfide minerals, and uranium are also widely known (Korehi
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Table 7.1 Biodiversity and heavy metal resistance of different bacteria and archaea

Microbe Isolation sours
Heavy
metals

MTCa

(mM) Reference

Aerobic bacteria

Acinetobacter sp. Jaduguda uranium
mine (India)

Zn(II), Cd
(II), Cu(II),
Cr(II)

2, 1.5,
1, 0.5

Islam and Sar (2011)

Acidithiobacillus
ferrooxidans

Copper mine site
(Mynydd Parys); Cae
Coch sulfur mine,
North Wales, UK;
Copper mine, Chili
Ping Xiang coal mine,
China; Spoil drainage
of copper mine, Nor-
way, cobalt/copper
mine, ID, USA; Iron
Mountain, CA, USA;
Wheal Jane, England;
Sextus and Killingdal
mine dump, Norway;
Rio Tinto, Spain;
Waste pile from
“Haberland Halde”
uranium mine,
Johanngeorgenstadt,
Saxony, Germany;
Sarcheshmeh copper
mine, Kerman, Iran;
Tandzut polymetallic
ore, Armenia;
Drmbon copper ore,
Nagorno-Karabakh

Ni(II), Zn
(II), Cu(II),
Cd(II), As
(III)

1000,
1071,
800, 500,
84

Hallberg et al.
(2006), Hallberg
et al. (2010), Dopson
et al. (2003), Martí-
nez-Bussenius et al.
(2017), Chen et al.
(2019), Blake Ii and
Barrie Johnson
(2000), Tzvetkova
et al. (2002),
Vardanyan and
Vardanyan (2018)

Acidiphilium spp. Storwartz mine, Nor-
way; Sextus and
Killingdal mine
dump, Norway; Rio
Tinto, Spain

Ni(II), Cd
(II), Zn(II),
Cu(II)

500,
500, 100,
12.5

Johnson et al. (2001),
San Martin-Uriz
et al. (2014), San
Martin-Uriz et al.
(2011), Chakravarty
and Banerjee (2008)

Acidiphilium
cryptum

Acidic coal mine sit-
uated in the Lusatian
mining area, Germany

Fe(III), Cr
(VI)

65, 0.05 Küsel et al. (1999),
Cummings et al.
(2007)

Leptospirillum
ferrooxidans

Wheal Jane, England;
Sextus and Killingdal
mine dump, Norway;
Cae Coch sulfur mine,
North Wales, UK; Rio
Tinto, Spain; Iron
Mountain, California;
Waste pile from
“Haberland Halde”

Ni(II) 30–40 Blake Ii and Barrie
Johnson (2000), Tian
et al. (2007),
Tzvetkova et al.
(2002), Vardanyan
and Vardanyan
(2018)

(continued)
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Table 7.1 (continued)

Microbe Isolation sours
Heavy
metals

MTCa

(mM) Reference

uranium mine,
Johanngeorgenstadt,
Saxony, Germany;
Mine in Jiangxi,
China; Akhtala cop-
per ore, Alaverdi cop-
per ore, Theghut
copper-molybdenum
ore, Armenia

At. thiooxidans Wheal Jane, England;
Rio Tinto, Spain; Ping
Xiang coal mine,
China

Ni(II) 600 (with
addition of
5 mM Fe
(III))

Chen et al. (2019),
Blake Ii and Barrie
Johnson (2000),
Martínez-Bussenius
et al. (2017), Dopson
et al. (2003)

At. caldus Iron Mountain,
California

Zn(II), Cu
(II)

200, 24 Mangold et al.
(2013), Watkin et al.
(2009), Blake Ii and
Barrie Johnson
(2000)

Acidocella sp. Wheal Jane, England;
Killingdal mine
dump, Norway; Parys
mine; Surda Copper
Mine, Bihar, India

Zn(II), Cd
(II), Ni(II),
Cu(II)

1000,
1000,
200, 20

Blake Ii and Barrie
Johnson (2000),
Banerjee et al.
(1996), Ghosh et al.
(1997)

A. aminolytica 600,
400, 175,
40

A. facilis Ni(II), Zn
(II)

150, 3

“Ferrimicrobium”
spp.,
Ferrimicrobium
acidiphilum

Cae Coch sulfur mine,
North Wales, UK
Wheal Jane, England;
Iron Mountain,
California

Fe(II), Fe
(III)

200, 200 Johnson and
Hallberg (2003),
Johnson et al. (2009)Cu(II), Zn

(II)
150, 50

Ferrithrix
thermotolerans

Beryl Spring/Gibbon
river, Yellowstone
National Park, USA

Fe(II), Cu
(II), Zn(II),
Fe(III)

200,
200, 200,
100

Thiobacillus
ferrooxidans

Uranium Denison
mines, Uranium Rio
Algom mines, Elliot
Lake, Falconbridge
nickel mine tailing
areas, Ontario;
Noranda mines, Que-
bec, Canada

Cu(II), Ni
(II),
UO2(II), Th
(II)

160,
160, 4, 4

Leduc et al. (1997)

Thiomonas cuprina Solfatara fields, Ice-
land; Uranium mine
waste heap, Germany

(Ni), Zn
(II), Cu(II),

170,
150, 7.9,
1.3, 0.09

Schippers (2007),
Schippers et al.
(1995)

(continued)
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Table 7.1 (continued)

Microbe Isolation sours
Heavy
metals

MTCa

(mM) Reference

As(III), Cd
(II),

T. arsenitoxydans Disused gold mine
site, France, mining
sites in Norway

As(III) 6 Battaglia-Brunet
et al. (2006), Arsène-
Ploetze et al. (2010)

A. ferrivorans Copper mine spoil
drainage, Norway;
Cobalt/copper mine in
Cobalt, ID, USA

Zn(II), Cu
(II), Mo(II)

300, <50,
<0.1

Blake Ii and Barrie
Johnson (2000),
Johnson et al. (2001),
Hallberg et al. (2010)

Alkalibacterium sp. Chañaral coastline
near copper mining
industries in the north
of Chile

Cu(II) 1.5 Besaury et al.
(2013a, b)Acinetobacter

lwoffi
1.5

Pseudomonas sp. 4.7

B. firmus 4.7

Bacillus safensis 1.5

Bacillus arsenicus 1.5

B. pumilus 6.3

Virgibacillus
pantothenticus

1.5

Sphingomonas sp. 1.5

Arthrobacter
protophormiae

1.5

Alcaligenes sp. Jaduguda uranium
mine, India

Ni(II), Zn
(II), Cd(II),
Cu(II), Cr
(VI)

2, 2, 1.5,
1, 0.5

Islam and Sar (2011)

Alcaligenes
faecalis

Sewage wastewater at
Taif province, Saudi
Arabia

Ag(II), Sn
(II), Cd(II)

1.2, 1.2,
0.9

Abo-Amer et al.
(2015)

Arthrobacter sp. Cu pollution agricul-
tural soils from Val-
paraiso region, central
Chile

Ni(II), Cu
(II), Co(II),
Cd(II), Zn
(II), Hg(II),
Cr(VI)

8.5, 3.9,
2.5, <0.4,
0.8, 0.1,
4.3

Altimira et al. (2012)

Sphingomonas sp. 0.9, 3.1,
0.8, <0.4,
<0.8, 0.1,
4.3

Stenotrophomonas
maltophilia

17, 4.7,
2.5, <0.4,
8.5, 0.4,
<0.4

B. circulans Tigris River, contam-
inated by Ergani cop-
per mine wastewater,
Maden-Elazig,
Turkey

Mn(II), Zn
(II), Ni(II),
Cu(II), Co
(II), Cd(II)

24, 22, 10,
2.5, 2, 2

Yilmaz (2003)

(continued)
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Table 7.1 (continued)

Microbe Isolation sours
Heavy
metals

MTCa

(mM) Reference

B. subtilis Atacama Desert
region closely located
to copper and lead-
zinc mine tailings,
Chile;

Ni(II), Fe
(III), Cu
(II), Co(II),
Cd(II), Zn
(II)

4, 2, 2,
1, 0.5, 0.5

Moreno et al. (2012)

B. licheniformis 4, 3, 1,
4, 0.5, 0.5

B. subtilis Sotk Gold Mine,
Armenia

Ni(II), Cu
(II), Zn(II),
Cd(II)

4.5, 3.5,
1, 0.5

Margaryan et al.
(2013)

Bacillus sp. Artsvanik tailing
dump, Armenia

Cr(VI) 250 Abrahamyan and
Margaryan (2019)

Brevibacillus
brevis

Cd- and Zn-polluted
soils, Spain

Zn(II), Cd
(II)

4, 0.1 Vivas et al. (2005)

Burkholderia
dabaoshanensis

Dabaoshan Mining
Area Soil, China

Cd(II), Pb
(II)

22, 6 Zhu et al. (2012)

Paenibacillus sp. Mt. Lofty, South
Australia

Zn(II), Cd
(II), Cu(II)

7, 1.77,
0.011

Rathnayake et al.
(2009)

Pseudomonas sp. Jaduguda uranium
mine, India; Chañaral
coastline near copper
mining industries in
the north of Chile;
Artsvanik tailing
dump, Armenia

Cu(II), Cr
(II), Ni(II),
Zn(II)

4.7, 0.2,
0.5, <0.5

Besaury et al.
(2013a, b), Islam and
Sar (2011),
Ayvazyan and
Margaryan (2018)

Stenotrophomonas
sp.

Jaduguda uranium
mine, India; Cu pol-
lution agricultural
soils from Valparaiso
region, central Chile

Ni(II), Zn
(II), Cu(II),
Co(II), Cr
(II), Cd(II)

17, 8.5,
3.9, 2.5,
0.4, 2

Islam and Sar (2011),
Altimira et al. (2012)

Enterobacter sp. Jaduguda uranium
mine, India

Zn(II), Ni
(II), Cu(II),
Cr(VI), Cd
(II)

2, 2, 0.5,
0.4

Islam and Sar (2011)

Exiguobacterium
sp.

20.5,
1, 0.4, 0.1

Microbacterium
sp.

<0.5, 0.5,
0.2, 0.4,
0.1

Yanghaparkia sp. 21, 2, 0.2,
0.1

Cupriavidus
metallidurans

5, 2, 1,
0.4, 3.5

Ralstonia
metallidurans (for-
merly known as
Alcaligenes
eutrophus and
R. eutropha)

Zinc factory basin,
Lie’g; Zinc ores stor-
age, Overpelt, zinc,
copper, and antimony
purification plants,
Beerse, mining areas,
Zaire (Likasi and
Shizuru), and zinc-

Co(II), Ni
(II), Cd(II),
Zn(II), Pb
(II)

20, 2.5,
2.5,
12, 0.3

Mergeay et al.
(2003), Mergeay
et al. (1985), Diels
and Mergeay (1990)

(continued)
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et al. 2014; Kojima and Fukui 2011). Some representatives of the genera Sulfolobus
and Acidianus are also capable of oxidizing S0, Fe(II), and sulfide minerals. Among
these microorganisms, mesophilic and thermotolerant forms, extreme acidophilus,
and acidothermophilia are described. For all these microorganisms, the oxidation
processes of inorganic substrates are an energy source (Vardanyan and Vardanyan
2018; Singh et al. 2020b).

Alyssum murale, growing in serpentine soils of the desert northwest of California,
have a notable ability to hyper accumulate Ni from insoluble Ni containing soils.

Table 7.1 (continued)

Microbe Isolation sours
Heavy
metals

MTCa

(mM) Reference

desertified area, Lim-
burg, Belgium

Rhodococcus sp. Sewage sludge com-
post tea, Santa Fe,
Granada, Spain

Cu(II), Zn
(II), Pb(II),
Cd(II)

16, 16, 16,
10

Vela-Cano et al.
(2014)

Geobacillus
kaustophilus

Geothermal field
located in the area
surrounding
Monterotondo, Tus-
cany, Italy

As(III), Sb
(II)

15, 5 Cuebas et al.
(2011a, b)

Anaerobic/Aerotolerant bacteria

Desulfovibrio
senezii

Chañaral coastline
near copper mining
industries in the north
of Chile

Cu(II) 1.5–3 Besaury et al.
(2013a, b)

D. capillatus 3

D. palmitatis >15

Archaeae

Ferroplasma
acidarmanus

Gold-containing arse-
nopyrite/pyrite ore
concentrate from
Bakyrtchik (Kazakh-
stan); Iron Mountain,
CA, USA; Tinto
River, Spain

As(V), As
(III)

133 Baker-Austin et al.
(2007), Golyshina
et al. (2000),
González-Toril et al.
(2003)

Sulfolobus
metallicus

Solfataric field in
Krafla area, Iceland

Cu(II), Cd
(II)

200, 3 Huber and Stetter
(1991), Orell et al.
(2013)

S. solftaricus Sulfurous thermal
springs in Yellow-
stone National Park

Zn(II), Cd
(II), Cu(II),
Ni(II)

10,
10, 1, 0.1

Miller et al. (1992),
Brock et al. (1972)S. acidocaldarius

Metallosphaera
sedula

Acidic drain from the
hot water pond,
Pisciarelli Solfatara,
Italy

Zn(II), Cu
(II), As
(III), Cd
(II), Co(II),
Sb(II),
UO2(II)

150,
16, 1.3,
0.9, 0.85,
0.8, 0.4

Huber et al. (1989)

aMTC metal tolerance concentration
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From the plant rhizosphere were isolated and characterized 46 metal tolerant bacte-
rial cultures, belonging to the genus Arthrobacter, Alcaligenes, Acidovorax, Bacil-
lus, Burkholderia, Caulobacter, Nocardioides, Sinorhizobium, Stenotrophomonas,
Sphingomonas, Paenibacillus, Pseudomonas, Phyllobacterium, Rhizobium,
Variovorax. The study of the resistance of cultures to various heavy metals revealed
their high tolerance to ions Zn(II), Pb(II), Cu(II), Ni(II), and Co(II). Arthrobacter
rhombi, Clavibacter xyli, Microbacterium arabinogalactanolyticum, Rhizobium
mongolense, and Varicovorax paradoxus strains were also resistant to As(II), Hg
(I), Cd(II), and Cr(VI) (Abou-Shanab et al. 2006).

Ozdemir and others (Ozdemir et al. 2012) showed high tolerance of thermophilic
chemoorganoheterotrophic bacteria G. toebii subsp. decanicum and
G. thermoleovarans subsp. stromboliensis to Ni(II), Cu(II), Zn(II), Cd(II), and Mn
(II), as well as their accumulating ability of these metals. Cuebas and others
(2011a, b) have isolated G. kaustophilus tolerant to high concentrations of arsenic
(minimal inhibitory concentration 80 mM) from the geothermal soils of
Monterotondo (Tuscany, Italy).

Metal-resistant bacteria are most common in the ores of various metals. For
example, the strains of Ralstonia pickettii DX-T3-01 and Sphingomonas
sp. DX-T3-03, resistant to high concentrations of Cd(II), Zn(II), and Cu(II), were
isolated from the tailings of the Asia-Dexing copper mine (China) (Xie et al. 2010).

Besauri and his colleagues (Besaury et al. 2013a, b) used both cultivation and
cultivation-independent methods to study the diversity of microorganisms in the
samples of contaminated marine sediments on the coast of Chile. They showed
domination of the genus Bacillus (up to 86.6%), while the remaining 23.4%
represented the genera Acinetobacter, Arthrobacter, Sphingomonas, Virgibacillus,
and Pseudomonas. From anaerobic copper-resistant microorganisms, they isolated
Desulfovibrio and Desulforomonas. 16S rDNA clone libraries showed the presence
of 15 operative taxonomic units (OTE), which included both cultivated and
uncultivated species.

Acidophilic archean Ferroplasma acidarmanus Fer1, isolated from the iron
mountain (CA, USA), demonstrate high tolerance to arsenic (Gihring et al. 2003;
Baker-Austin et al. 2007).

High metal resistance has been described among halophilic archaea
Halobacterium sp., H. salinarum, Haloquadratum walsbyi, Haloarcula
marismortui, Haloferax volcanii, Haloterrigena turkmenica, and Halorubrum
lacusprofundi (Orell et al. 2013; Srivastava and Kowshik 2013).

Acidophilic bacteria Acidithiobacillus, Sulfobacillus and Leptospirillum, belong-
ing to the iron-oxidizing chemolithotrophic bacterial group, were isolated and
studied from samples of the Alaverdi and Kapan complex polymetallic ores in
Armenia (Vardanyan and Vardanyan 2018). The study of the bacterial diversity in
the sludge samples from acid Akhtala tailing, suggested that the obligate autotrophic
Thiobacillus and Sulfuritalea bacterial species are the main primary producers in the
studied tailing (Margaryan et al. 2019).

Several metagenomic-based studies revealed that Proteobacteria is abounded in
the various ecosystems, including extreme environments. The studies are suggesting
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that oligotrophic bacteria from the Proteobacteria phylum have developed different
strategies to thrive under different stress conditions (Wakelin et al. 2012). For
instance bacteria from the phylum Bacteroidetes (26%), Proteobacteria (23%),
Actinobacteria (23%), and Firmicutes (16%) has founded in the surface samples of
the Copper mine tailing located next to Sahuarita Arizona after 3 weeks of biosolid
amendment (Pepper et al. 2012). 454 pyrosequencing analyses of the samples from
the Akhtala copper mine tailing (Lori province, Armenia), which pH 2.6, character-
ized with the abundance of Proteobacteria (49%) and Bacteroidetes (43%)
(Margaryan et al. 2019). In the samples from highly acidic Malanjkhand copper
project tailing (<2) located in Balaghat, India the abundance of Proteobacteria
(48%) and Actinobacteria (18%) have been founded (Gupta and Diwan 2017). The
same results have been reported by Mardanov and colleagues (Mardanov et al.
2017). They studied the microbial diversity in the samples from Komsomolskaya
gold mine tailing (Kemerovo region, Russia) using the shotgun library (GS FLX).
The abundance of the bacterial phylum Proteobacteria (41%) and Saccharibacteria
(23%) have been reported in acid mine drainage at Bjørndalen in Norway
(pH 2.8–3.5) (García-Moyano et al. 2015).

7.3 Application of Heavy Metal Resistant and Metalophilic
Microbes

Continuously accumulation of large amounts of industrial and agricultural waste is
resulting in increased concentrations of the heavy metal in the environment, which
can cause serious ecological problems and become a major human health hazard.
The ability of microorganisms to adsorb heavy metals or change the forms of their
presence in the environment attracts wide attention of researchers in connection with
the possibility of biotechnological use of heavy metal resistant bacteria or archaea
for wastewater treatment, bioremediation of contaminated environments, as well as
in biogeotechnology of metals (Volesky 1994; White and Gadd 2000; Gadd 2005).

Various clean-up techniques, based on microbial cells or their enzymes, have
been suggested and practiced for the clean-up of heavy metals from polluted areas
(Okoduwa et al. 2017; Siddiquee et al. 2015). Bioremediation using microorganisms
is receiving much attention due to their good performance and employed to trans-
form toxic heavy metals into a less adverse form (Akcil et al. 2015; Watanabe 2001).
This technique is cost-effective and environmentally friendly for revitalization of the
polluted environment (Turpeinen et al. 2004; Ma et al. 2016; Yang et al. 2020). In
Table 7.2 showed a number of microbes that may be used for removing metal ions
from liquids. Nonetheless, bioremediation of heavy metals has number of limita-
tions, such as the microbial production of toxic metabolites and heavy metal
non-biodegradability.

Bacterial biosorption of heavy metals mainly connected with the bacteria cell
walls and surface structures. In Gram-positive bacteria the phosphodiester bonds
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Table 7.2 Microbial accumulation of the heavy metals from the solutions (modified from Igiri
et al. 2018; Ghosh et al. 2015)

Bacterial species
Metal
ions

Initial metal concentration
(mg/L)

Removal
(%)

Acinetobacter sp. Cr 16 87

Sporosarcina saromensis 50 82.5

Bacillus cereus 1500 81

B. cereus (immobilized) 1500 96

B. circulans 1100 71.4

B. subtilis 570–2 99.6

B. subtilis (immobilized) 570–2 99.6

Desulfovibrio desulfuricans (immobilize
on zeolite)

200 56.1

100 99.8

50 99.6

Staphylococcus sp. 4.108 45

Micrococcus sp. 100 90

Acinetobacter sp. 15 81

16 78

30 67

Pseudochrobactrum saccharolyticum 130 95

Streptomyces sp. 6.42 72

P. aeruginosa (immobilized) 570–4 99.3

P. aeruginosa 570–2 99.6

Stenotrophomonas sp. 16.59 81.27

Rhodococcus opacus 20 70

Acinetobacter sp. + Arthrobacter sp. 16 78

P. aeruginosa + B. subtilis 570–2 99/5

Pseudomonas aeruginosa Hg 150 29.83

Vibrio parahaemolyticus 10 80

Klebsiella pneumonia 100 28.65

Cellulosimicrobium sp. Pb 50 99.33

100 96.98

200 84.62

300 62.28

B. iodinium 100–1.8 87

Rhodococcus opacus 50 95

D. desulfuricans (immobilize on zeolite) Cu 50 97.4

100 98.2

200 78.7

Stenotrophomonas maltophilia 50 90

Rhodococcus opacus 20 52

Enterobacter cloacae 100 20

D. desulfuricans (immobilize on zeolite) 100 98.2

A. faecalis 100–19.2 70

P. aeruginosa 100–17.4 75

(continued)
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connecting teichoic acid monomers give a negative charge, which is responsible for
the biosorption of divalent, positive charged metal ions. Gram-negative bacteria
unlike Gram-positive ones have a thin layer of peptidoglycan and lack of teichoic
acids. However, the phospholipids and lipopolysaccharides in the outer layer of
Gram-negative bacteria determine the comprehensive negative charge promoting
metal binding (Kanamarlapudi et al. 2018). Thus, the potential active sorption
structures in the bacterial cell wall, allow using bacteria as an excellent biosorbents
for the removal of toxic metal ions from industrial waste. Some experimental
examples for the sequestering of toxic metals from industrial wastewater using
bacterial biomass are summarized in Table 7.3.

Metalophilic bacteria and archaea are essential for the bioleaching process of
metals from ores, concentrates, rocks and solutions, thus they are widely used in
biogeometallurgy. The participation of microbes in the process of metal extraction
from the mine ores registered from ancient times. For illustrative purposes, the river
Rio Tinto can be discussed. In the Seville province of Spain are located the silver and
copper deposit, which was recovered from pre-Romans and Romans times. Today,
this region is known as the Rio Tinto mine, which means red color. The river is
highly acidic (pH slightly above 2), contains high concentrations of ferric ions. The
mining activity in this region was renewed in 1750 and continues nowadays.
Subsequently, it was founded that, when copper ores were soaked with this water,
copper was leached rapidly. It was proposed that the process connected with
anaerobic sulfate-reducing bacteria, which activity generated sulfides that affect
with metals in the ore and form insoluble metal sulfides such as chalcopyrite, and
pyrite. These products, sequentially, can be used by aerobic sulfur-oxidizing bacteria
like Acidithiobacillus, Thiobacillus, and Leptospirillum as electron donors. Finally,
sulfur-oxidizing bacteria can turn ores into soluble metal sulfates. Described process
is famous as “bioleaching” (Vardanyan and Vardanyan 2018; Siezen and Wilson
2009; Berlemont and Gerday 2011).

The main microorganisms actively involved in bioleaching process are presented
in Table 7.4.

Table 7.2 (continued)

Bacterial species
Metal
ions

Initial metal concentration
(mg/L)

Removal
(%)

Enterobacter cloaceae 100 65

D. desulfuricans (immobilize on zeolite) Ni 50 90.3

100 90.1

200 90.1

Micrococcus sp. 50 55

Acinetobacter sp. 51 68.94

E. cloacae Co 100 8

Pseudomonas sp. Zn 1 49.8
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7.4 Conclusion

The bacterial and archaeal community structure in the different samples worldwide
with high content of toxic metals shows strong spatial variations. Toxic concentra-
tions of heavy metals in the environment have an extensive effect on different
microbial communities, which limited their diversity. Most of the bacterial and

Table 7.3 Bacterial species used for biosorption of heavy metals

Bacteria
Metal
ion

Sorption
efficiency Key notes Reference

B. cereus Zn 66.6 mg/g Langmuir and Freundlich iso-
therm model was used for the
studies. Amino, hydroxyl,
carboxyl, and carbonyl groups
involved in biosorption pro-
cess. Physic-chemical adsorp-
tion and ion exchange was
registered.

Joo et al. (2010)

B. subtilis Ni 98.54,
99.2%

Carboxyl, phosphate amino
and hydroxyl groups involved
in biosorption process.

Al-Gheethi et al.
(2017)

B. jeotgali Cd,
Zn

57.9,
128.2 mg/
g

Langmuir isotherm model was
used for the studies. Ion
exchange was registered.

Green-Ruiz
et al. (2008)

B. pumilus Pb 28.06 mg/
g

Langmuir isotherm model was
used for the studies.

Çolak et al.
(2011)

Öztürk (2007)B. thuringiensis Ni 15.7%

B. thioparans Cu,
Pb

27.3,
210.1 mg/
g

Rodríguez-
Tirado et al.
(2012)

Arthrobacter sp. Cu 32.64 mg/
g

Hasan and
Srivastava
(2009)

Rhizobium
leguminosarum

Cd,
Co

135.3,
167.5 mg/
g

Abd-Alla et al.
(2012)

B. coagulans Cr 39.9 mg/g Vijayaraghavan
and Yun (2008)

Lactobacillus
delbruckii subsp.
Bulgaricus, Strepto-
coccus thermophiles

Fe, Zn 100, 90% Carboxyl and hydroxyl groups
involved in biosorption
process.

Sofu et al.
(2015)

E. coli Cd,
Ni, Cr

10.3, 6.9,
4.9 mg/g

Redlich-Peterson isotherm
model was used for the stud-
ies. Carboxyl and hydroxyl
groups involved in
biosorption process.

Quintelas et al.
(2009)

Ion exchange was registered.
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archaeal groups founded in the different environments with high levels of heavy
metals are, undeniably, adapted and thrive in such a toxic environment. Different
adaptation mechanisms of metal-resistant bacteria make them a prospective tool for
different biotechnological applications such as bioremediation of the polluted envi-
ronment and bioleaching of valuable metals.

Table 7.4 Different bioleaching bacteria and archaea are associated with minerals found in nature

Bioleaching microbes
Mineral (chemical
composition) Reference

A. ferrooxidans, A. thiooxidans Hematite (Fe2O3) Huang et al. (2013)

A. ferrooxidans, A. thiooxidans,
L. ferrooxidans

Pentlandite ((Fe,
Ni)9S8)

Brierley and Brierley (2001)

A. ferrooxidans Pyrolusite (MnO2) Acharya et al. (2003)

A. ferrooxidans, A. thiooxidans,
Acidianus brierleyi, A. ambivalens,
L. ferrooxidans, Sulfolobus solfataricus

Molybdenite
(MoS2)

Rastegar et al. (2014),
Pistaccio et al. (1994), Romano
et al. (2001)

A. ferrooxidans Magnetite ((Fe,
V)3O4)

Liu et al. (2013)

Paenibacillus polymyxa, A. ferrooxidans,
A. thiooxidans, L. ferrooxidans,
Ferroplasma acidiphilum

Gibbsite (Al
(OH)3)

Natarajan (2016)

A. caldus, Metallosphaera sedula,
Sulfobacillus sp.,
S. thermosulfidooxidans, Leptospirillum
sp., A. tandzuti, A. brierleyi, A. infernus,
Sulfolobus shibatae, S. acidocaldarius
and S. metallicus

Chalcopyrite
(CuFeS2)

Vardanyan and Vardanyan
(2018), Panda et al. (2015),
Stott et al. (2003)

A. caldus, A. thiooxidans, A. albertensis,
L. ferriphilum, S. thermotolerans,
S. thermosulfidooxidans

Chalcocite (Cu2S) Xingyu et al. (2010),
Khachatryan et al. (2021)

Alicyclobacillus sp. Cuprite (Cu2O) Chaerun et al. (2017)

S. thermosulfidooxidans, Leptospirillum
sp.

Pyrite (FeS2) Vardanyan and Vardanyan
(2018)

S. thermosulfidooxidans, Thermoplasma
acidophilum

Azurite
(Cu3(CO3)2(OH)2)

Ilyas et al. (2012)

At. caldus, S. thermosulfidooxidans Arsenopyrite
(FeAsS)

Vardanyan and Vardanyan
(2018)

A. ferrooxidans, A. thiooxidans Realgar (AsS) Zhang et al. (2007)

A. ferrooxidans, S. sibiricus Orpiment (As2S3) Zhang et al. (2015)

A. ferrooxidans, A. thiooxidans,
Leptospirillum sp.

Sphalerite ((Zn,
Fe)S)

Rodríguez et al. (2003), Xia
et al. (2008)

A. ferrooxidans Galena (PbS) Baba et al. (2011)

A. ferrooxidans, A. acidophilus,
A. thiooxidans, L. ferrooxidans,
L. ferriphilum

Pitchblende (UO2) Chen et al. (2016)

Bacillus megaterium Ilmenite (FeTiO3) Jonglertjunya and
Rubcumintara (2013)
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Chapter 8
Microbial Syntrophy-Mediated
Fortification for Eco-enterprising

Mian Nabeel Anwar, Zhi Feng Li, and Raghvendra Pratap Singh

Abstract Anaerobic digestion (AD) is fundamentally a chronological complex,
chemical, and biochemical process in the environment. It basically depends on the
activity of extremely diverse microbial populations involving hydrolytic,
acidogenic, and syntrophic acetogenic bacteria as well as methanogenic archaea.
During this process, microbes convert organic waste materials into biogas (high
methane content), a combustible source of energy, and utilize as an important
environmental technology. The generation of biogas through improving and
updating hardware model and engineering process level is well known, but very
little information is available about the complex role of microbes with the process,
especially, the role of microbes and enzymes and their interaction at different level
during the hydrolysis and conversion of organic matter to methane. Hence, in this
chapter, we focus on the role of specific genes and enzymes co-related with microbes
in different pathways such as hydrogenogenic, acetogenesis, and methanogenesis
and generating hydrogen, acetate, and methane, respectively, along with the role of
syntrophic relationship in the production of biogas and conclude with a section
pointing out some main questions that remain unanswered and can be point of
interest for future research.
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8.1 Introduction

The process of anaerobic digestion (AD) is a complex process in which multi-flora
anaerobic microorganisms metabolize organic matter. The use of human and animal
manure for anaerobic digestion and comprehensive utilization can not only recover
energy but also purify the environment and achieve better economic benefits, so it
has been widely used (Toerien and Hattingh 1969; Shih 1987; Wilkie Ann 2005;
Chen et al. 2008).

The AD process is divided into four fundamental sequential stages: hydrolysis,
acidogenesis, acetogenesis, and methanogenesis that strongly rely on the collabora-
tion between the various functional groups of bacteria and archaea (Segers 1998;
Kim et al. 2006; Nguyen et al. 2007; Gao et al. 2012; Li et al. 2019). In the
hydrolysis stage, insoluble organic matter such as macromolecular carbohydrates,
proteins, and lipids are decomposed into monosaccharides, amino acids, and short-
chain fats, which are soluble in water, and can be decomposed by hydrolytic
enzymes and hydrolytic acid-producing bacteria (Detman et al. 2017; Meegoda
et al. 2018; Richard et al. 2019). Immediately afterwards, acid-producing bacteria
convert the degraded substrates into fatty acids and alcohols such as acetic acid,
propionic acid, butyric acid, valeric acid, caproic acid, etc. Such as, in the process of
hydrogen production and acetic acid production, homo-acetogenic bacteria and
hydrogen-producing bacteria actively participated. The hydrolysate is converted
into hydrogen, acetic acid, and carbon dioxide; then in the methanogenesis stage,
the hydrogen and acetic acid in the methanogen use the device to convert into
methane (Fig. 8.1).

The hydrolysis stage is the rate-limiting step of the entire anaerobic digestion
process. Regarding the research of various hydrolytic enzyme activities in anaerobic
digestion, a large amount of literature is limited to the determination of enzyme
activity before and after biogas fermentation (Zhang et al. 2007; Kim et al. 2012),
and there are few reports on the changes of enzyme activity in the process. Therefore,
whether the hydrolysis is sufficient is the key to the thoroughness of anaerobic
digestion, which will directly affect the amount of gas produced. Our objective is to
provide information on various factors influencing anaerobic digestion and the role
of specific microbes and enzymes that play a key role during the process (Rai et al.
2012; Singh et al. 2012). This will help people deepen their understanding of the
three-stage theory of anaerobic digestion and at the same time provide a scientific
basis for improving the utilization of anaerobic digestion of raw materials and
effectively increasing the methane production rate.

After a three-stage reaction, the complex organic solid waste in the system is
transformed into small molecules that are harmless to the environment. From the
perspective of the sustainable development of material protection and energy utili-
zation, anaerobic digestion is the most effective way to stabilize, reduce, and recycle
the organic matter in waste and is harmless (Parawira et al. 2005; Zhang et al. 2007;
Kim et al. 2012; Adekunle and Okolie 2015).
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Compared with anaerobic digestion alone, anaerobic co-digestion can signifi-
cantly increase the methane production potential of biological substrates. Anaerobic
co-digestion can dilute the potentially harmful substances in the biological matrix,
adjust the humidity and pH in the system, and improve the buffering capacity for the
mixed components. The co-fermentation of food waste and excess activated sludge
can also increase the concentration of biodegradable substances in the system (Mata-
Alvarez et al. 2014; Siddique and Wahid 2018; Esposito et al. 2012).

Fig. 8.1 Four successive stages involve in the process of anaerobic digestion (AD): hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Methanogenic pathway of carbon dioxide
(hydrogenotrophic pathway); acetate (acetoclastic pathway) revised from Park et al. (2008) and
KEGG database. Hydrogenotrophic methanogens use H2 for the reduction of CO2 (or CO or
formate). Methane is commonly produced using these two methods, acetate can also be converted
to methane by a certain syntrophic association where syntrophic acetate-oxidizing bacteria (SAOB)
play a central role. In addition, SAOB forms a syntrophic association with hydrogenotrophic
methanogens and afterwards yields H2 as an electron donor for hydrogenotrophic methanogens
through the oxidation of acetate
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8.2 Influencing Factors of Anaerobic Digestion

8.2.1 Temperature

Temperature is an important indicator that affects anaerobic biodegradation. The
types of microorganisms in sludge are complex, and each microorganism has its own
adaptive temperature zone. The anaerobic digestion temperature is divided into three
sections: low temperature, medium temperature, and high temperature. Therefore,
anaerobic digestion can be divided into low temperature digestion (20 �C), medium
temperature digestion (35 �C), and high temperature (50 �C) digestion (Iqbal et al.
2019; Lukitawesa et al. 2020).

Under low-temperature conditions, anaerobic digestion has low energy consump-
tion, inactive microbial activities, low utilization of substrates in the system, and low
final methane production, which cannot effectively remove viruses and harmful
bacteria in the digestion matrix. In reality, low-temperature digestion is generally
not used. In the anaerobic digestion process, moderate temperature and high tem-
perature can generally achieve better digestion results. The medium temperature
reaction is generally carried out under the condition of 30–40 �C, which has higher
processing efficiency, good reaction stability, relatively mature technology, higher
processing efficiency, and more practical use. The high-temperature reaction is
generally carried out under the condition of 50–60 �C, with short reaction time,
small space, and high load. Although high-temperature digestion contributes to the
killing efficiency of pathogens, it is susceptible to the inhibition of high concentra-
tions of ammonia nitrogen (Malý and Fadrus 1971; Donoso-Bravo et al. 2009;
Appels et al. 2010; Iqbal et al. 2019).

8.2.2 pH Value

The pH value is also an important parameter that affects anaerobic biodegradation.
Microorganisms are very sensitive to changes in pH when they grow (Singh et al.
2016). By adjusting the initial pH value of the reaction through the inner loop,
microbial anaerobic digestion can achieve different effects. The acid production
period of anaerobic digestion can gradually reduce the pH value of the reactor
environment. With the change of pH value, some acid-producing bacteria need to
adapt to the change of pH value within the corresponding range.

When the acid production of the system reaches a certain value, pH 5.5–5.6, the
growth of acid-producing bacteria is the best. The initial reaction pH of anaerobic
digestion is around 5.6–7, and the activity of methanogens is the best. If the pH is too
high or too low, it will affect the efficiency of methanogenesis (Lindner et al. 2015;
Ravi et al. 2018). The starting pH is around 10, and the yield of volatile organic acids
is the highest. During the hydrolysis and acidification stage of anaerobic digestion,
there must be a lot of hydrolytic enzyme activities. Each hydrolytic enzyme will
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exert its best catalytic effect only under the adaptive pH, and an inappropriate pH
will cause the inactivation of hydrolytic enzymes (Zhang et al. 2005; Lindner et al.
2015).

8.2.3 Process

By anaerobic digestion, the reaction chamber can be divided into single-phase and
two-phase anaerobic digestion. Single-phase anaerobic digestion of acid-producing
bacteria and methanogenic bacteria in one container has direct reaction, simple
operation, and low investment. During the reaction, acid-producing bacteria and
methanogens interact with each other. Appropriate amount of organic acid provides
carbon source for methanogens, but if excessive, it will weaken the gas production
efficiency of methanogens. Two-phase digestion of acidogenic and methane is
divided into two phases (Ganesh et al. 2014; Leite et al. 2016). Acid-producing
bacteria and methanogens work in two containers, respectively, and organic acids
and methanogens do not affect each other. The disadvantage is that the equipment is
complex, the load in the reactor is high, and the methane production potential is large
(Demirel and Orhan 2002; Park et al. 2008).

8.2.4 Moisture Content

In general, anaerobic digestion is divided into dry and wet digestion methods. Under
dry digestion, the moisture content of the material is about 60–80%. The moisture
content of wet digestion material is above 85%. Under the conditions of dry
digestion, because there are more organic substrates available for processing, the
gas production rate is relatively large, and the ability to treat organic waste is
relatively large. However, the dry digestion equipment is relatively high, and the
processing process is easily affected by toxic substances. The cost of wet digestion
equipment is low, the gas production rate is low, the process is susceptible to the
influence of ammonia nitrogen and salt concentration, and the pretreatment is
complicated (Lay et al. 1997; Fujishima et al. 2000; Zhang et al. 2019).

8.2.5 Food to Microorganism (F/M) Ratio

In the process of anaerobic digestion, the nutrients needed for the growth and
secretion of microorganisms are provided by the substrate. The most important
thing in the nutrient ratio is the C/N ratio. The F/M ratio is essentially the C/N
ratio. Microbial reproduction and metabolism are affected by the C/N ratio. For
anaerobic digestion, a suitable C/N ratio can promote the rapid degradation of
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macromolecular organic matter in the matrix and generate sufficient methane-
generating substrates. If the C content is too high, the nitrogen content in the
digestive juice is too low, and the digestion solution cannot quickly buffer the pH
changes caused by organic acids, which leads to the disorder of microbial metabo-
lism, and the organic acids are easy to accumulate and excess (Nguyen et al. 2021).

If the C content is too low, ammonia nitrogen will continue to accumulate, and the
pH value will rise, resulting in ammonia nitrogen inhibition. The C/N ratio in sludge
is about 7.1/1; the C/N in food waste is about 50/1. In the process of anaerobic
co-digestion, protein can give the system a better buffer capacity and a wider range
of nutrients, and high-concentration carbon-containing waste can balance the C/N
ratio and reduce ammonia inhibition in the system (Liu et al. 2011). Therefore, food
waste can be used as a high-concentration carbohydrate to dilute the sludge. In the
anaerobic digestion system, when the C/N ratio is about 20/1 to 30/1, the higher the
acid production during anaerobic fermentation. During digestion, organic carbon
compounds are continuously degraded and converted into CH4 and CO2. At the
same time, a part of organic carbon and nitrogen synthesize nutrients needed by
microorganisms. The excess ammonia nitrogen is dissolved in the buffer, and the
C/N ratio in the system continues to decrease. Therefore, the quality of carbohy-
drates at the beginning of the anaerobic reaction is generally higher than that of
protein (Liu et al. 2011, 2012; Saha et al. 2018).

8.2.6 Additives

The efficiency of anaerobic digestion is easily affected by system substances because
microbial activities are affected by the surrounding environment. For example, an
appropriate amount of sodium hydroxide can accelerate cell rupture and enhance
utilization of microbial substrates, thereby promoting overall anaerobic digestion
process. Excessive grease wraps the cells of microorganisms, inhibits the use of
surrounding nutrients by the cells, thereby inhibiting the entire anaerobic digestion
process (Singh et al. 2020). In the process of anaerobic digestion, some carbon
sources can be added appropriately to speed up the process of anaerobic digestion
efficiency. Researchers speed up the efficiency of anaerobic digestion by adding
some substances such as enzymes and surfactants. Therefore, in the process of
anaerobic digestion of sludge in sewage treatment plants, some additives can be
added to accelerate the reaction of microorganisms (Romero-Güiza et al. 2016; Ye
et al. 2018; Paritosh et al. 2020; Tang et al. 2020).

A large number of microorganisms participate in the anaerobic digestion process.
Therefore, it is necessary to classify the microorganisms at each stage of the
digestion process. The microorganisms involved in each stage are different. Micro-
organisms in sludge include bacteria, fungi, molds, and protozoa. Among them,
bacteria are the main microorganisms involved in the process of anaerobic digestion,
hydrolysis, and acidification of sludge, including hydrolytic acidifying bacteria and
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acetogenic bacteria, collectively referred to as fermentation acid-producing bacteria
(Riviere et al. 2009; Ziganshin et al. 2011; Adekunle and Okolie 2015).

During the hydrolysis stage, the bacteria can be preliminarily divided into the
following categories according to the different substrates of the bacteria:
Carbohydrate-degrading bacteria: endospore-shaped, rod-shaped bacteria take car-
bohydrates as food and occupy a dominant position in the reproduction of the
microbial community. Carbohydrates are degraded by Clostridium to form mono-
saccharides, which are then converted into acetone, butanol, hydrogen, and acetic
acid. Protein-degrading bacteria: protein is decomposed into amino acids. Microbes
use part of the protein to synthesize the nutrients they need, and the other part is
converted into ammonia, hydrogen sulfide, and organic acids. Some nitrogen-
containing compounds can also be decomposed by protein-degrading bacteria.
Fat-degrading bacteria: The typical fat-degrading bacteria is Vibrio. Bacteria can
degrade large fat molecules into short-chain fat molecules, and then produce carbon
dioxide and methane. Cellulose-degrading bacteria: Cellulose is decomposed and
then converted into carbon dioxide, hydrogen, acetic acid and ethanol.
Hydrogen-producing acetogens in anaerobic digestion systems often have a symbi-
otic relationship with methanogens. The main function of methanogens is to convert
the substrates in the hydrolysis acidification stage and acetogenesis into methane
(Riviere et al. 2009; Ziganshin et al. 2011; Baek et al. 2018).

The main methanogens are: Methanococcus, Sarcina methanogens,
Methanothrix, and Methanogens. Hydrogen-producing acetogens convert various
higher fatty acids and alcohols into acetic acid and hydrogen to provide a suitable
substrate for methanogens. Hydrogen-producing acetogenic bacteria use the existing
organic matter in the digestion tank to degrade aromatic acids and other organic
acids to produce acetic acid, hydrogen, and carbon dioxide. When the substrate is an
even-numbered carbon atom, acetic acid and hydrogen are generated; when the
odd-numbered carbon is degraded, it can generate carbon dioxide. When microor-
ganisms degrade carbohydrates, pyruvate is generally its intermediate product.
Under anaerobic conditions, pyruvate is used by some hydrogen-producing bacteria
to produce acetic acid, carbon dioxide, and release hydrogen. The main hydrogen-
and acetogen-producing bacteria in the anaerobic digestion process are:
Cynobacterium, Clostridium, Coriobacterium, and Pseudomonas, most of which
are obligate anaerobes and facultative anaerobes (Xu et al. 2014; Chen et al. 2018).

8.3 Syntrophic Butyrate Metabolism

β-Oxidation pathway plays the role to proceed the syntrophic butyrate metabolism
reported by Wofford et al. (1986). In the first step of this pathway, the transfer of one
of the CoA groups from acetyl-CoA molecule helps in the activation of butyrate to
butyryl-CoA and other in the synthesis of ATP (Fig. 8.3). Butyrate is converted to
butyryl-CoA to crotonyl-CoA and further converted through different enzymes into
(S)-3-hydroxybutyryl-CoA to acetoacetyl-CoA; at every step, different enzymes
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paly their role in the degradation of the compounds through different microbes
(Fig. 8.2). Phosphate acetyltransferase (PTA) [EC 2.3.1.8] and acetate kinase
(AK) [EC 2.7.2.1] are the two main enzymes required in the standard mechanism
of acetyl-CoA conversion to acetate (Wofford et al. 1986). Along with the

Fig. 8.2 The beta-oxidation pathway for butyrate metabolism revised from Wofford et al. (1986).
The enzymes involved are: (atoD) CoA transferase; (ter) acyl-CoA dehydrogenase; (echA) enoyl-
CoA hydratase; (HADH/hbd) L-(+)-3-hydroxybutyryl-CoA dehydrogenase; (atoB) 3-ketoacyl-CoA
thiolase; (pta) phosphotransacetylase; (ackA) acetate kinase
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production of acetate from acetyl-CoA in prokaryotes, combined with the formation
of ATP during this process (Schäfer et al. 1993; Schäfer 2003).

CoAþ Pi Ð acetyl phosphateþ CoA PTAð ÞAacetyl phosphateþ ADP
Ð acetate þ ATP AKð Þ

Acetate is the final product in this β-oxidation pathway which is the key source
during methanogenesis and leading towards methane production.

8.4 Propionate Metabolism

In anaerobic digestion of organic polymers propionate is a crucial mediator in total
methanogenesis (~6%–35%) that degraded into acetate and H2/CO2 and finally into
methane (Glissmann and Conrad 2000). In propionate metabolism, there are two
pathways: the methylmalonyl-CoA pathway and the unique dismutation pathway
(Fig. 8.3). The methylmalonyl-CoA pathway is reported frequently in many
syntrophic propionate-oxidizing bacteria such as Syntrophaceae (McInerney et al.
2008; Chen et al. 2005). Syntrophic association is very essential for the oxidation of
propionate in anaerobic digestion, mainly based on syntrophy between propionate-
oxidizing bacteria and hydrogenotrophs (Li et al. 2012; Chen et al. 2005; Liu and Lu
2018). The methylmalonyl-CoA pathway for propionate metabolism was revised
from Kosaka et al. (2006). This pathway is also known as the randomizing pathway,
like to syntrophic butyrate metabolism, acetyl-CoA transfer CoA group for the
initiation of propionate to propionate-CoA.

8.5 Immobilization of Enzymes

Enzymes refer to a class of chemical substances with catalytic function, which can
efficiently treat wastewater and catalyze food (Yang et al. 2015). Enzyme activity is
easily affected by temperature, pH, heavy metals, and activators (Table 8.1).
Enzymes in a pure chemical state are unstable and easily inactivated. In general, it
is necessary to fix the enzyme before using it. The high-efficiency catalysis of the
enzyme is realized through the stabilization and protection of the carrier. However,
the process of enzyme immobilization is generally accompanied by loss of enzyme
activity. The current enzyme immobilization technologies mainly include: embed-
ding method, adsorption method, peptide bond method, covalent bond method, and
cross-linking method (Breure et al. 1986).

During the embedding process, the enzyme is encapsulated in the capsule (such
as microcapsule embedding) and the lattice of polymer (such as gel embedding) and
reacts with the substrate that has penetrated into the lattice. Adsorption methods
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include physical adsorption and ion adsorption, which are connected by ionic bonds,
van der Waals forces, and hydrogen bonds. Covalent methods include peptide bond
method, diazonium method, alkyl and arylation method (Breure et al. 1986). The
immobilized enzyme is easy to industrialize and batch production. In beer produc-
tion, amylase in its natural state is not easy to completely hydrolyze starch. The
immobilized amylase can sustainably catalyze the substrate starch in the fermenta-
tion broth and use it repeatedly (Xu and Lin 2007). There are abundant enzymes in
biological cells, and the abundant enzyme solution in the cells can be extracted after
being broken. The methods of separating intracellular enzymes mainly include
centrifugal filtration, membrane separation technology, extraction filtration and
precipitation technology, chromatography, and electrophoresis (Breure et al. 1986;
Xu and Lin 2007).

Table 8.1 Factors affecting enzyme activity during anaerobic digestion

Factors Effect on enzyme activity

Temperature Enzyme activity increases with increasing temperature. When the tempera-
ture increases to a certain level, the enzyme activity reaches its maximum
value, and then the enzyme activity decreases as the temperature increases

pH Any enzyme can only exhibit a highly active catalytic effect under a specific
pH range. For example, the optimal catalytic pH of amylase is 6–8; the
optimal catalytic pH of neutral protease is around 7

Substrate
concentration

The concentration of the substrate is directly proportional to the reaction
rate. Generally, the faster the reaction speed of the enzyme-catalyzed sub-
strate, the greater the enzyme activity. When the amount of the enzyme is
fixed and the substrate is within a certain concentration range, the activity of
the enzyme expression is directly proportional to the concentration of the
substrate

Enzyme
concentration

The higher the enzyme concentration, the greater the reaction rate. The
concentration of hydrolytic enzymes present in the sludge is generally very
low. The higher the concentration of the substrate within a certain range, the
larger the contact area between the enzyme and the substrate, and the higher
the displayed activity. When industrial enzymes are used for anaerobic
digestion of sludge, only a small volume of enzymes are needed to achieve a
good hydrolysis effect

Heavy metal Some heavy metals can destroy the disulfide bonds in the protein, denature
the protein, and cause the enzyme to lose live. Microorganisms that secrete
hydrolytic enzymes are affected by heavy metals during sludge hydrolysis.
For example, low concentrations of Cu promote the secretion of hydrolytic
enzymes of microorganisms in crop composting process, the secreted
hydrolase inhibition in the high concentrations of Cu composting process

Inhibitors and
activators

Inhibitors and activators, and through a specific binding site of the enzyme,
inactivation of enzyme activity to achieve or inactive enzymes to improve
the process activity
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8.6 Enzymes Derived from Excess Activated Sludge
and Organic Waste

There are three forms of enzymes in sludge: enzymes on the cell surface, enzymes in
sludge flocs, and enzymes in solution. In the anaerobic digestion process, because
the concentration of enzymes dissolved in water is very low, the enzymes that
hydrolyze nutrients in the system are mainly present in flocs (Table 8.2). At present,
there are many pretreatment methods used to improve the hydrolysis efficiency in
the anaerobic digestion process of sludge. No matter which pretreatment method is
used, the reaction between the enzyme and the substrate always runs through the
hydrolysis process. The pretreatment method can increase the concentration of
enzymes in the water phase of the sludge. At present, the pretreatment methods for
enhancing hydrolytic enzymes in sludge mainly include: ultrasonic enhanced
pretreatment, radiation pretreatment technology, low temperature heat treatment,
cation binder, different electron acceptors, and temperature pH methods. When the
concentration of enzyme in the sludge is relatively high, the stability and purification
of the enzyme can further improve the functionality and application range of the
enzyme (Dang and Zhang 2004; Qin and Yu 2011). In the sewage treatment process,
the hydrolytic enzymes involved in the hydrolysis process include protease, amy-
lase, lipase, cellulase, and lytic enzymes.

The enzyme contained in the floc mainly refers to the enzyme contained in the
extracellular polymer. The extracellular polymer (EPS) of the remaining activated
sludge contains 17% 1-Leu-aminopeptidase, 5% α-glucosidase, 23% protease, and

Table 8.2 Types of hydrolases in AD

Hydrolase Action principle

Protease According to the optimal pH value, it can be divided into neutral protease, acid
protease, and alkaline protease. It can be divided into endopeptidases and exopep-
tidases according to the different positions of the protein molecules. The enzymes
used in industry are mainly endopeptidases (Dang and Zhang 2004; Xu and Lin
2007; Qin and Yu 2011)

Lysozyme It mainly acts on the β-1,4-glycosidic bond between N-acetylglucosamine and N-
acetylmuramic acid. The anaerobic digestion of sludge mainly acts on Gram-positive
bacteria with thicker cell walls (Xu and Lin 2007; Qin and Yu 2011)

Amylase Divided into α-amylase, β-amylase, γ-amylase, and isoamylase. α-Amylase and
β-amylase mainly act on the α-1,4-chain of amylose and amylopectin. γ-Amylase
acts on the α-1,4-chain glycosidic bond and the α-1,6-chain glycosidic bond to cause
hemiacetal hydroxyl translocation to release β-glucose, and the final product is
glucose. The main enzyme that catalyzes carbohydrates in sludge is α-amylase
(Dang and Zhang 2004; Qin and Yu 2011; Bai and Zhang 2012)

Cellulase Including β-glucosidase, endo β-glucosidase, exo β-glucosidase, and other enzymes.
One mole of cellobiose can be hydrolyzed by β-glucosidase to 2 mol of glucose
(Dang and Zhang 2004; Qin and Yu 2011; Bai and Zhang 2012)

Lipase It mainly acts on triacylglycerol acyl groups to generate fatty acids, glycerol, and
mono- or di-glycerides. The catalytic activity of lipase depends only on its protein
structure (Esposito et al. 2012; Meng et al. 2017)
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44% α-amylase [65]. The extracellular polymer (EPS) in the sludge flocs is mainly
composed of humic acid, carbohydrates, protein, and lipids. It not only provides a
stable living place for the hydrolytic enzymes but also provides enough for the
microorganisms in the sludge (Singh et al. 2017). Therefore, destroying the flocs of
sludge is an effective way to increase the reaction matrix and hydrolytic enzymes in
the system. In addition, enzyme-catalyzed destruction of the cell’s own structure is
also an effective way to increase the reaction matrix.

Lysozyme plays an important role in destroying the cell wall of cells, especially
Gram-positive bacteria. Gram-positive bacteria have thicker cell walls and higher
peptidoglycan content. The combination of glycan chains in the lysozyme peptide
bond sugar is the degradation of the peptidoglycan and the destruction of the cell
wall, which leads to the imbalance of cell stability in the environment. In contrast,
Gram-negative bacteria have thinner cell walls and thinner peptidoglycans. Com-
pared with Gram-positive bacteria, the presence of bacteria in the environment does
not rely much on the cell wall.

8.7 The Role of Hydrolase in the Anaerobic Digestion
Process

During anaerobic digestion, the main enzymes put into the sludge are endogenous
enzymes (secreted by microorganisms) and exogenous enzymes. The organic nutri-
ents of sludge mainly include carbohydrates and protein. Yang and his workers put
amylase, protease, mixed amylase, and protease into the sludge anaerobic fermen-
tation system after putting in the hydrolase to compare the hydrolysis effect of the
sludge. The results show that the mixed amylase and protease after being put into the
sludge fermentation system, the hydrolysis effect is the best, and the ratio of amylase
and protease is 1:3 (Esposito et al. 2012; Meng et al. 2017). In the system,
carbohydrates are catalyzed by amylase to produce monosaccharides; under the
action of proteases, peptide bonds are destroyed to produce polypeptides and
monopeptides, which are further decomposed into amino acids. Monosaccharides
and amino acids become water-soluble small molecules that pass through the cell
wall, and then pass through the cell membrane to be used by the cytoplasm of the
cell. The structure of an enzyme is a protein structure or an RNA structure, which
itself is a nutrient substance that can be utilized by microorganisms. Therefore, the
inactivated enzyme can be used directly by the cell.

The methods to accelerate the efficiency of anaerobic digestion generally start
from three aspects: hydrolysis acidification, acetic acid production, and methane
production. The hydrolysis stage can be accelerated by pretreatment. In the labora-
tory, alkali, heat, enzyme, and physical pre-methods have been used to accelerate the
hydrolysis stage of the anaerobic digestion process of food waste or excess activated
sludge (Cadoret et al. 2002; Chen et al. 2009). The purpose of the pretreatment
method is to increase the nutrients available to the microorganisms in the solution.
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Although some methods are more efficient for the rate of methane production, they
can easily pollute the environment if they are improperly operated. Only the enzyme
pretreatment method is the most environmentally friendly, because when the enzyme
reacts with the substrate, the energy input to the environment is relatively low, the
catalytic efficiency is high, and no other chemical substances are produced except for
the products generated after the substrate is degraded. After the reaction, the
structure and content of the enzyme will not change and will not cause secondary
pollution to the environment. Therefore, the enzyme pretreatment method has been
widely used in the treatment of waste by anaerobic digestion technology (Cadoret
et al. 2002; Chen et al. 2009).

Appropriate addition of enzymes can accelerate the degradation of macromolec-
ular substrates in the process of anaerobic digestion, making them small molecules
that are dissolved in water. For example, when organic biomass such as wheatgrass,
dairy cow manure, coconut milk effluent, solid cow manure, pasture silage, sewage
sludge, and other organic biomass are used as substrates for anaerobic digestion, the
addition of enzymes accelerates the decomposition of corresponding organic com-
ponents, it is used by microorganisms more quickly (Chen et al. 2009; Singh et al.
2014). The rapid accumulation of hydrolyzed substrates provides more substrates for
microorganisms working in the acetic acid and methanogenic stages of anaerobic
fermentation, thereby increasing methane production as a whole and improving the
efficiency of anaerobic digestion.

At present, there are two main sources of enzymes as additives into the reactor:
direct addition of chemical forms of enzymes (exogenous or endogenous enzymes);
and inoculation of certain microorganisms that secrete specific enzymes. Exogenous
enzymes are generally refined through chemical reactions; endogenous enzymes are
generally secreted by specific microorganisms under corresponding nutritional con-
ditions; and inoculated with specific microorganisms, the inoculated microorgan-
isms use the organic matter in the sludge to reproduce and metabolize. During the
process of introducing exogenous enzymes, the source of endogenous enzymes and
microorganisms is relatively wide. There are many microorganisms that can secrete
enzymes in nature (Yu et al. 2007; Li et al. 2009, 2017; Yang et al. 2019).

Sludge, as an effective medium for wastewater treatment, includes abundant
hydrolysis microorganisms. For example, Bacillus subtilis secretes the fastest at
30 �C, can secrete high concentrations of amylase, and can also secrete protease
under specified conditions. Aeromonas hydrophila can secrete highly active pro-
teases at 37 �C and pH 7. Researchers isolated a strain of Brevibacterium KH3 from
the sludge. Experiments have shown that Brevibacterium KH3 can help degrade
extracellular polymers under moderate temperature aerobic digestion and improve
cell rupture efficiency, and the rapid propagation of Brevibacterium KH3 inhibits the
growth of other unrelated microorganisms, which is a hydrolysis process thar pro-
vides higher efficiency (Khan et al. 2016; Zhao et al. 2015; Wang et al. 2015). It can
be seen that the sludge contains many microorganisms that promote hydrolysis. On
the one hand, the abundant microorganisms in sludge can be used as a source of
bacteria to secrete hydrolytic enzymes, and on the other hand, they can be used as
inoculation microorganisms for the production of other by-products. The

188 M. N. Anwar et al.



microorganisms in the sludge secrete products with higher purity after enrichment
and separation. Therefore, it is more economical to add endogenous enzymes or
inoculate microorganisms that secrete specific enzymes when promoting the anaer-
obic digestion process of organic matter. Although the hydrolase of extracellular
polymer is relatively abundant, the amount is still very small. It was separated pure
Bacillus subtilis and Aeromonas hydrophila from activated sludge, and then
reproduced in solid medium. Then put Bacillus subtilis and Aeromonas hydrophila
into liquid culture to multiply and secrete amylase and protease, respectively (Luo
et al. 2012; Kiran et al. 2014; Wang et al. 2016). The results proved that the mixed
liquid of Bacillus subtilis and Aeromonas hydrophila was put into the sludge
anaerobic digestion system, and the digestion efficiency was significantly improved.
The addition of the bacterial liquid accelerates the hydrolysis efficiency of the sludge
and increases the production of short-chain organic acids (SCFAs). After 11 days of
reaction, methane production increased by 23.1%. Waste is rich in organic nutrients
that can be degraded by microorganisms and trace elements that are conducive to the
growth and reproduction of microorganisms. Previous documents have proved that
organic waste inoculated with specific microorganisms under fermentation condi-
tions can generate specific high-activity enzymes such as protease, cellulase, amy-
lase, lipase, and pectinase (Odnell et al. 2016; Bilal and Iqbal 2019; Luo et al. 2020).

8.8 Conclusion

This chapter summarizes some examples of organic waste used to produce enzymes,
as well as the application of exogenous enzymes and some endogenous enzymes in
the anaerobic digestion process, their types, applications, and influencing factors of
hydrolytic enzymes, and an in-depth understanding of hydrolytic enzymes in the
anaerobic digestion process promotes the mechanism of anaerobic digestion and
hydrolysis stage. At present, there have been many studies on co-digestion of
organic waste and surplus activated sludge, but there are few articles about the
application of co-fermentation of organic waste and surplus activated sludge to
produce enzymes to increase methane production in a two-phase anaerobic reactor.
In this chapter, the co-fermentation experiment of food waste and surplus activated
sludge mainly focuses on the following three aspects to demonstrate the production
of enzymes by combined anaerobic fermentation of organic waste and activated
sludge, and the addition of organic waste to the two-phase reaction system. The
feasibility of methane generation potential, when garbage or sludge is digested
separately, are stated below:

1. Studying different process parameters (temperature, pH, and mass ratio of
organic waste to the remaining activated sludge), the activity of hydrolase during
co-fermentation of organic waste and remaining activated sludge to determine the
optimal hydrolysis and enzyme process parameters.
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2. Using the excess activated sludge as the reaction substrate for anaerobic fermen-
tation, put the enzyme solution from the anaerobic fermentation of the previous
organic waste and the remaining activated sludge to study the effect of the
enzyme solution on the anaerobic fermentation and hydrolysis stage of the
remaining activated sludge.

3. When the waste sludge is fermented separately after the co-fermentation of
organic waste and the remaining activated sludge to produce enzyme and the
enzyme solution is added, it will be accompanied by anaerobic microbial activ-
ities, including the reproduction of enzyme-producing bacteria.
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Chapter 9
Lichen Microbiome: Diversity Biological
Role and Biotechnological Application

R. R. Sargsyan, A. Tsurykau, and Hovik Panosyan

Abstract Lichens were traditionally considered as a remarkable assemblage of
fungi with unicellular phototroph (algae or cyanobacteria) that have converged on
similar symbiotic strategies. However, this view of lichens has recently been
reconsidered by findings of miscellaneous associated microbes colonizing on or
within the thallus causing no apparent effect. This hidden diversity includes fila-
mentous fungi, lichen-inhabiting yeasts, as well as various prokaryotic bacteria.
Despite these endothallic and exothallic organisms do not belong to constant lichen
symbionts, they usually play important roles in lichen biology by participating in the
lichen metabolism, regulating water relations, affecting thallus architecture, and
being involved in the degradation processes. However, it is often difficult to under-
stand microorganismal input and uptake and therefore determine their symbiotic
outcome due to the complexity of lichen symbiosis. In this chapter, diversity and
biological role of usually neglected or overlooked lichen microbial consortia are
reviewed and their possible biotechnological application is discussed.
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9.1 Introduction

Traditionally lichens are considered to be mutualistic associations encompassed of
fungus as a mycobiont and either an algae or a cyanobacteria as a photobiont
(Honegger 1991). About 20,000 species of lichens growing on rock stones (saxic-
olous lichens) and on the tree barks and branches (corticolous lichens or epiphytes)
have been recorded worldwide (Ellis 2012). Lichens are found in various habitats
from polar to equatorial regions. They are found in various geographical zones, from
lowland layers to alpine levels. To withstand extreme conditions characterized by
abnormal temperatures, periodic desiccation, high levels of UV radiation, and high
concentrations of salts, lichens synthesize secondary metabolites (e.g.,
radioprotectants, cryoprotectants, compatible solutes) widely used in various bio-
technologies (Suzuki et al. 2016; Subhashini et al. 2017; Sargsyan et al. 2021).

Since the recognition that a diverse microbial community is integral part to the
traditionally recognized mycobiont and photobiont mutualistic association, lichens
have progressively become a subject of research in ecological microbiology (Bates
et al. 2011; Pankratov et al. 2017; Yang et al. 2020). It was revealed that lichens
usually provide habitats for bacteria being different from those of nearby substrates.
Moreover, lichens adapted to grow in different habitats usually host appropriate
bacterial batch (Bates et al. 2011; Mushegian et al. 2011). These microbiomes often
involve of non-photosynthetic diazotrophs, which usually provide benefits to the
host lichen by their metabolic activities. There are many reports confirming that
different groups of the lichen–bacterial associations are highly structured. Bacteria
are not distributed only across the lichen thallus. More-consistent bacterial commu-
nities with different species, it is supposed to be in central parts of thalli (Kumar et al.
2014; Mushegian et al. 2011). In consequence, the long-established concept of
mutualistic relationship between lichenized fungi and algae or cyano-bacteria is in
need of revision and should also encompass bacterial component. It has been shown
important role of lichenized bacterial community in the nutrient cycling of lichens
(Grube and Berg 2009; Bates et al. 2011; Hawksworth and Grube 2020; Singh et al.
2020).

9.2 Microbial Diversity in Lichens

Lichen bacterial associations were first mentioned in the last century (Uphof 1925;
Henckel and Yuzhakova 1936; Iskina 1938). Those studies were mainly based on
traditional cultivation techniques and biochemical and morphological identification.
The dominating genera were Azotobacter, Pseudomonas (Gammaproteobacteria),
Beijerinckia (Alphaproteobacteria), Bacillus and Clostridium (Firmicutes) (Iskina
1938; Panosyan and Nikogosyan 1966).

Still only less than 1% of the microorganisms found in natural habitats have been
cultivated and subsequently isolated so far. The development of molecular biology
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methodology largely promoted to expand our knowledge of environmental micro-
bial diversity (Yang et al. 2019). The culture-independent studies uncovered a vast
biodiversity of endothallic and exothallic bacteria (see Table 9.1) (González et al.
2005; Cardinale et al. 2006; Liba et al. 2006; Selbmann et al. 2010; Pankratov et al.
2017).

In the beginning to study lichen-associated bacteria, several culture-independent
methods including denaturing gradient gel electrophoresis (DGGE), terminal restric-
tion fragment length polymorphism (T-RFLP), and single-strand conformation
polymorphism (SSCP) have been used (Liu et al. 1997; Muyzer and Smalla 1998;
Schwieger and Tebbe 1998). Apart from genetic techniques, specific fluorescence in
situ hybridization and confocal laser scanning microscopy (FISH-CLSM) methods
were also used to uncover the lichen microbial content (Cardinale et al. 2008; Grube
and Berg 2009; Muggia et al. 2013; Aschenbrenner 2015).

Currently, the molecular analyses (e.g., 16S rRNA gene clone library construc-
tion, pyrosequencing, metagenomics) are the most commonly used (Singh et al.
2016). Combination of classical microbiology with new molecular biology tech-
niques has considerably enlarged our apprehension of the taxonomic and metabolic
diversity of lichen microbiota.

CTAB method still remains to be one of the most available methods to extract the
total DNA of lichens (Cardinale et al. 2006; Singh et al. 2016). Prior to the main
extraction process, lichen thalli are usually washed by distilled sterile water, 5–9%
H2O2, or ethanol. After that, it is required to clean the sterilized lichen thalli from the
washing solution residues, usually distilled water is used in this step. After the
“sterilization” of lichen thalli, the main DNA extraction process is initiated
(Fig. 9.1).

Cardinale et al. (2012) revealed curious information regarding the lichen-
inhabiting bacteria and age of the lichen thalli, its substrate, and growth conditions
(e.g., solar irradiation, humidity). The youngest and therefore the most physiologi-
cally active lichen thalli were dominated by Alphaproteobacteria. In contrast, older
parts of lichen thalli were associated with Actinobacteria. Density of Actinobacteria
and Betaproteobacteria was also higher in shaded places while Alphaproteobacteria
were highly predominant in the sunny sides regardless lichen age. The author noted
that no members of Alphaproteobacteria were cultivated, which is possibly
connected with special requirements for growth, e.g., the substances produced by
the lichen thalli.

A core lichen microbiome was discovered by Sierra et al. (2020). Based on 16S
rRNA gene amplicon sequence analysis, microbiome of representatives belonging to
seven lichen genera (Cora, Hypotrachyna, Usnea, Cladonia, Peltigera,
Stereocaulon, and Sticta) was screened. Phyla Proteobacteria, Acidobacteria, and
Cyanobacteria were shown to be abundant in all studied lichens. The other
microbiome members were also present but were varying from genera to genera.

Localization of bacteria in lichen thallus and possible dispersion of bacterial
fraction were studied by Aschenbrenner et al. (2014). It was established that bacteria
colonize also symbiotic propagules, which are intended for short-distance transmis-
sion of the lichen. Cystobacterineae (Deltaproteobacteria) prevailed in both the
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lichen thalli and isidioid soredia, making up to 42% of all investigated microbes. In
contrast, Alphaproteobacteria predominated within propagules. The presence of
bacteria in vegetative propagules may indicate the need for the former for the
functioning of lichen symbiosis. The microbial cargo is also confirmed by geograph-
ical shift: bacterial composition of lichen thalli sampled from the same region
demonstrated closer similarity than those of distant populations (Aschenbrenner
et al. 2014).

Except prokaryotes, yeasts seem to be another part of lichen symbiosis being
mainly neglected until the recent discovery by Spribille et al. (2016). Correlation
between yeast abundance and variations in lichen phenotype indicates their role as a
potential symbiotic partner in the lichen mutualistic association (Palmqvist et al.
2017; Suryanarayanan and Thirunavukkarasu 2017; Zúñiga et al. 2017).

Up to now, a limited number of yeasts were detected in lichen thalli, mainly
belonging to Cyphobasidiales and Microsporomycetaceae (Cystobasidiales), both
Cystobasidiomycetes, Pucciniomycotina, Basidiomycota (Table 9.2).

Subsequent studies provided contradictory data. Obviously, the yeast-like fungi
are not as ubiquitous as it was suggested. Despite Cernava et al. (2015) found these
yeasts in 95% of the studied specimens of lichen genus Cladonia collected in various
climatic conditions and habitats, other studies have not been as promising. Smith
et al. (2020) detected Cystobasidiales yeasts in five of the 35 samples while
Lendemer et al. (2019) confirmed Cyphobasidium or other Cystobasidiomycete
yeasts only in nine of the 413 samples, and in nine of the 339 investigated lichen
species. Furthermore, the study by Mark et al. (2020) contradicted previous findings
of high mycobiont specificity of basidiomycete yeasts. This corresponds to the data
presented in Table 9.2.

9.3 Microbiome Functions

The role of lichen-inhabiting bacterial communities remains largely elusive although
its revealing may promise us high practical potential. The role of the bacterial
composition in the symbiotic associations was stated by Schneider et al. (2011)
who found correlations between microorganism composition and protein profile.
The studies of the protein spectrum highlighted that Bacteria and Archea contribu-
tion was even more than input stated for the green algae. The main functional
categories of Bacteria and Archea were the posttranslational modification, protein
turnover and supply of chaperones (Fig. 9.2).

The antagonistic properties of bacterial community were investigated by Cernava
et al. (2015). The isolated bacteria of Lobaria pulmanoria were most active against
the lichenicolous fungus Rhinocladoniella sp., while the antibacterial activity
was low.

Some progress has been made by applying the metaproteomic approaches which
helped to reveal the involvement of lichen microbe communities in functions such as
nutrient supply, resistance against stress factors, support of photosynthesis,

9 Lichen Microbiome: Diversity Biological Role and Biotechnological Application 205



Table 9.2 Some basidiomycete yeasts detected in lichen thalli. Lichen nomenclature follows
Wijayawardene et al. (2020)

Yeast taxa Host lichen Author

Buckleyzyma
aurantiaca
(Cystobasidiomycetes)

Lecanora carpinea s. lat., Lecanora
chlarotera, Lecanora pulicaris,
Pseudevernia furfuracea

Mark et al. (2020)

Cyphobasidium
hypogymniicola
(Cyphobasidiomycetes)

Hypogymnia hultenii, Hypogymnia
imshaugii, Hypogymnia
incurvoides, Hypogymnia krogiae,
Hypogymnia physodes,
Hypogymnia vittata, Lecanora
pulicaris, Parmelia sulcata,
Pseudevernia furfuracea

Diederich (1996, 2003, 2007),
Holien (2005), Urbanavichene
and Urbanavichus (2005),
Hodkinson et al. (2009),
Millanes et al. (2016), Mark
et al. (2020)

Cyphobasidium
usneicola
(Cyphobasidiomycetes)

Hypogymnia physodes,
Hypogymnia tubulosa, Lecanora
chlarotera, Lecanora pulicaris,
Parmelia sulcata, Physcia
adscendens/tenella, Pseudevernia
furfuracea, Usnea articulata,
Usnea brasiliensis, Usnea cornuta
s. lat., Usnea galapagona, Usnea
hirta, Usnea madeirensis, Usnea
cf. praetervisa, Usnea silesiaca,
Usnea subfloridana s. lat., Usnea
subscabrosa

Diederich (1996, 2003),
Millanes et al. (2016), Mark
et al. (2020)

Cyphobasidium spp.
(Cyphobasidiomycetes)

Bryoria nadvornikiana,
Heterodermia leucomelos, Lecidea
roseotincta, Opegrapha vulgata,
Parmotrema hypotropum,
Parmotrema subsumptum, Usnea
cornuta, Usnea strigosa, Usnea
subgracilis

Lendemer et al. (2019)

Cyphobasidiales spp.
(Cyphobasidiomycetes)

Alectoria sp., Anzia sp., Asahinea
sp., Brodoa sp., Bryoria spp.,
Bulbothrix sp., Cetraria sp.,
Cetrelia sp., Esslingeriana sp.,
Evernia sp., Flavopunctelia sp.,
Hypogymnia sp.,Hypotrachyna sp.,
Imshaugia sp., Letharia sp.,
Melanelia sp., Menegazzia sp.,
Montanelia sp., Myelochroa sp.,
Nephromopsis sp., Nodobryoria
sp., Omphalora sp., Oropogon sp.,
Parmelia sp., Parmelina sp.,
Parmotrema sp., Platismatia sp.,
Pseudevernia sp., Pseudoparmelia
sp., Usnea sp., Xanthoparmelia sp.

Spribille et al. (2016)

Hasegawazyma spp.
(Cystobasidiomycetes)

Hypogymnia tubulosa, Lecanora
argentata, Lecanora carpinea
s. lat., Lecanora chlarotera,

Mark et al. (2020)

(continued)
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production of hormone, detoxification of end metabolites, and lytic activity (Grube
et al. 2015) (Fig. 9.3). A short summary is provided below.

Nutrient supply: High number of contigs were found to represent Ton and Tol
transport systems, some of which involving in iron uptake. Phosphate metabolism
was represented with a relatively small amount of contigs, including proteins
involved in solubilization of phosphates.

Pathogen defense: Some contigs were corresponding to the multidrug resistance
efflux pumps, as well as various antibiotic (luoroquinolone, vancomycin, meth-
icillin, penicillin and cephalosporine) resistance. Relatively small amount of
contigs represent the production of secondary metabolites which are well-
known for their biological activity.

Table 9.2 (continued)

Yeast taxa Host lichen Author

Lecanora pulicaris, Parmelia
sulcata, Pseudevernia furfuracea

Lichenozyma pisutiana
(Cystobasidiomycetes)

Cladonia arbuscula, Cladonia
cariosa, Cladonia chlorophaea
s. lat., Cladonia cornuta, Cladonia
deformis, Cladonia diversa,
Cladonia floerkeana, Cladonia
furcata, Cladonia gracilis,
Cladonia merochlorophaea,
Cladonia phyllophora, Cladonia
pocillum, Cladonia polycarpoides,
Cladonia pyxidata, Cladonia
rangiferina, Cladonia rangiformis,
Cladonia rei, Cladonia
cf. subulata, Cladonia verticillata,
Lecanora argentata, Lecanora
carpinea s. lat., Lecanora
chlarotera

Cernava et al. (2015), Mark
et al. (2020)

Microsporomycetaceae
spp.
(Cystobasidiomycetes)

Cladonia cornuta, Cladonia
foliacea, Cladonia furcata,
Cladonia humilis, Cladonia
cf. macroceras, Cladonia pocillum,
Cladonia rangiformis, Cladonia
rei, Cladonia subulata

Cernava et al. (2015)

Microsporomyces
cf. pini
(Cystobasidiomycetes)

Lecanora carpinea s. lat., Lecanora
pulicaris

Mark et al. (2020)

Microsporomyces spp.
(Cystobasidiomycetes)

Hypogymnia physodes,
Hypogymnia tubulosa, Lecanora
carpinea s. lat., Lecanora pulicaris,
Parmelia sulcata, Physcia
adscendens/tenella

Mark et al. (2020)
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Resistance against abiotic stress factors: Relatively high amount of contigs corre-
sponds to the metal resistance. Moreover, about the same number of oxidative-
stress protectants were observed.

Fig. 9.2 Comparative description of orthologous group (COG/KOG) functions in bacteria (outer
circle), fungus (middle circle), and algae (inner circle) associated to the lichen thalli. Compiled from
data presented in Schneider et al. (2011). Note: 1—Posttranslational modification, protein turnover,
chaperones; 2—Energy production and conversion; 3—Lipid metabolism; 4—Carbohydrate trans-
port and metabolism; 5—Amino acid transport and metabolism; 6—General function prediction
only; 7—Inorganic ion transport and metabolism; 8—Signal transduction mechanisms; 9—DNA
replication, recombination, and repair; 10—Translation, ribosomal structure, and biogenesis; 11—
Nucleotide transport and metabolism; 12—Transcription; 13—Secondary metabolites biosynthesis,
transport, and catabolism; 14—Cytoskeleton; 15—Coenzyme metabolism; 16—Cell wall/mem-
brane/envelope biogenesis; 17—Cell cycle control, cell division, chromosome partitioning; 18—
Intracellular trafficking, secretion, and vesicular transport; 19—RNA processing and modification;
20—Chromatin structure and dynamics
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Photosynthesis support by vitamin B12 and hormone production. Numerous
contigs were corresponding to biosynthesis of tetrapyrrole, coenzyme-B12, thiamine,
and biotin. Small amount of auxin biosynthesis corresponding contigs were found.

Detoxication of metabolites and lytic activity: High amount of indicated contigs
were found to participate in xenobiotics metabolism and biodegradation. Some
contigs corresponding to chitin and N-acetylglucosamine utilization were also
detected, which can be responsible to degradation of older sections of the thallus
for obtaining nutrients for the growing parts.

In contrast to bacteria, the role of basidiomycete yeasts in lichen symbiosis still
remains unclear. Despite Spribille et al. (2016) shown the presence of yeast is
correlated with amount of lichen secondary metabolites, Mark et al. (2020) con-
firmed the absence of any effect of medullary chemotype on the distribution of yeast
community. The author supposed low probability of metabolites production directly
by the yeasts.

It is also known that some Cyphobasidiomycetes cause gall formation and
therefore can be associated with mycoparasites (Millanes et al. 2016) similar to
different filamentous basidiomycete fungi (Diederich et al. 2018; Tuovinen et al.
2019). However, most of host lichen specimens lacked galls (Spribille et al. 2016;
Cernava et al. (2015); Mark et al. 2020). More studies are required to make clear the
interaction between basidiomycete yeasts, mycobiont, photobiont, and microbial
consortia in lichens.

Fig. 9.3 Reconstruction of the lichen thallus based on data from Grube et al. (Grube and Berg
2009; Grube et al. 2015) and Spribille et al. (2016)
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9.4 Biotechnological Potential/Relevance

Lichens have a huge role in traditional and evidence-based medicine practice. Recent
discoveries of lichen-inhabiting bacteria and their biotechnological relevance can
solve many issues connected with the lichen biotechnology. Obtaining biologically
active substances from slow-growing lichen thalli is a difficult and time-consuming
task, which can be solved with use of bacteria.

A short list of secondary metabolites produced by lichen endobionts and their
application are presented in Table 9.3.

Definitely, this is not a really vast amount of characterized secondary metabolites
from lichen endobionts. The main problem is the uncultivability of most bacteria,
which makes the discovery of novel metabolites challenging task. In order to address
this issue, novel methods such as transcriptomics may become handful.

9.5 Conclusions

The recent discoveries of diverse metacommunities of lichen thalli forced to redefine
lichens as complex and dynamic ecosystems (Hawksworth and Grube 2020; Smith
et al. 2020) and catalyzed a call to reconceptualize the symbiotic concept of lichen
(Spribille et al. 2016; Hawksworth and Grube 2020). The traditional approach of

Table 9.3 Some secondary metabolites produced by lichen endobiont bacteria (Calcott et al. 2018)

Lichen endobiont Metabolite Activity

Streptomyces unicialis Uncialamycin Antibiotic, antitumor

Micromonospora
cherisna

Dynemicin Antitumor, antibiotic

Streptomyces sp. L-4-
4

Aminocoumarin, coumabiocins A–F,
novobiocin

Antibiotic

Streptomyces sp. L-9-
10

20-O-demethylherbicidin F (1), 90-deoxy-
80,80-dihydroxyherbicidin B, 90-deoxy-8-
0-oxoherbicidin B, 80-epimer of herbicidin B,
9-(β-D-arabinofuranosyl) hypoxanthine
(Ara-H)

Herbicidal agents,
antibiotics

Streptomyces
sp. isolated from
Stereocaulon sp.

Lichostatinal Inhibitor of the cysteine
protease cathepsin K
(CatK)

Unculturable Strepto-
myces sp.

1,1-Dichlorocyclopropane-containing
angucycline

Antitumor, antibiotic

Streptomyces
cyaneofuscantus

Aneodimycin, cyaneomycin, usnic acid Antioxidant, antitumor,
antibacterial, UV
protectant

Nocardia ignorata Brominated diketopiperazines Antioxidant, anti-
inflammatory
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lichens as bicomponent mutualistic association are outdated, and “ecosystem-like”
concept is gaining increasing recognition.

However, physiological processes operating within the symbiosis as well as
symbiont interactions remain to be a significant gap in our understanding the
functioning of the association. Future studies are highly expected to uncover the
diversity of the lichen-associated microbial communities and reveal their biotech-
nological potential.
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Chapter 10
Antagonists and Antibiosis: Game Changer
of Agriculture and Health Sector

Atul Kumar Srivastava, Ashish Kumar Nayak, Arvind Saroj,
and Pooja Misra

Abstract The microbial world always draws attention of research fraternity due to
the phenomenon of host–parasite and microbe–microbe interactions. Competition/
struggle among microbes in same niche is basically for space and nutrients. There-
fore, every microbe has unique strategies to remain less affected in such microbe–
microbe interaction (Antagonism). During the nineteenth century, the term antago-
nism was originated from the Greek word ‘antagonizesthai’ (struggle against).
However, the term antibiosis was originated from the French word ‘antibiose’ that
describes the antagonistic effects between microbes. Consequently, the findings of
antagonistic activity leads to paradigm shift to constraint human, animal and plant
parasites. The current chapter deals with the detailed discussion about various
strategies and mechanisms involved in the phenomenon of antagonism and
antibiosis.
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10.1 Introduction

Economy is predominantly based on agriculture; this is revealed by the FAO latest
forecast on world cereal production which stands at almost 2790 million tons in
2020, which is the highest in the last 20 years (http://www.fao.org/3/ca9803en/
ca9803en.pdf). Other than that, because of variation in Asian weather, farmers also
used to grow cash crops like sugarcane, fruits, cotton, medicinal and aromatic plants,
for improving their economic status. Thus, the agriculture farming regularly helps to
increment the economy of our country. In the past decades, farmers were facing
many challenges like high demand, reduction of farming area due to urbanization
and infection-prone weather fluctuations. Pathogen attack is one of the major
problems, which directly or indirectly affect the health, yield and productivity of
plants (Yang et al. 2019). Some conventional pesticides are regularly used for the
management of plant diseases. It is difficult to control fungal/bacterial/insect dis-
eases because of their (pathogens) diversity by finding long-lasting resistance to the
target pathogen in the host plants in a limited period of time and lack of effective
chemical control (Jones et al. 2012). Very few bactericides or fungicides are
available with low effectiveness for crop protection rather than a long list of
chemical products applicable for the control of bacterial or fungal pathogens.
Furthermore, thiram and tebuconazole are two fungicides used regularly to control
diseases in vegetables by treatments of seeds, as well as methyl bromide that is used
for soil treatments.

The use of different chemicals as pesticides for disease management creates many
problems as the pathogenic resistance established against the applied bactericides/
fungicides (Saha et al. 2012; Yang et al. 2020). The use of chemical pesticides is
restricted or banned due to undesirable side effects on human health and environ-
ment, as well as evolution of new resistant pathogens (Saha et al. 2012; Singh et al.
2017). Chemical fungicides are banned worldwide due to undesirable outputs in
long-term consumptions such as high toxicity. For long-term pathogen control, it is
important to find an alternate environment-friendly measure. Nowadays,
bio-pesticides have been considered as a safe and reasonable alternative way of
chemical pesticides to achieve the goal of eco-friendly disease control as well as to
improve plant health and productivity (Marcic et al. 2017) (shown in Fig. 10.1).
These bio-pesticides are products of such natural materials like plants, bacteria, fungi
and actinomycetes and have no adverse effect on environment. Microbes are regu-
larly synthesized/secreted secondary metabolite in response to biotic/abiotic neigh-
bours that may be used in the agriculture and health sectors. We need to know the
details of antibiosis and antagonist responses in reference to agriculture and health
sector.

Antagonism is the best to suit for recuperate from the plant and animal health-
related issues. The microbes that are pathogenic are mainly found in the environ-
ment, and many of the soil microbes are found to be antagonistic nature. These
antagonistic microbes attack on the neighbouring microbes by enzymatic degrada-
tion of cell wall and cellular content, and the protoplasmic material acts as a
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nutritious substance for the inhibitor organisms. For example, Aspergillus fungus
affects the Penicillium and Cladosporium, whereas Trichoderma affects the actino-
mycetes. Similarly, bacteria like Pseudomonas spp. show the antagonistic behaviour
on Cladosporium spp., and possibly many of practical importance is found after
knowing that it produces antibiotics.

Direct inhibitory activity having opposite actions within the similar system
between two organisms is referred as antagonism (Bhatti et al. 2017; Prajakta
et al. 2019). This relationship is a highly prevalent phenomenon in the microbial
world, where one microbial species suppresses or inhibits the growth and develop-
ment of other microorganisms (Egorov 2004; Subhashini et al. 2017). Primarily,
bacteria, actinomycetes and fungi possess the antagonistic relationship either with
the same group or different group of microbes. In this relationship, the main
mechanisms between bacteria are to maintain the colonization resistance and
micro biocoenosis formation in human biotopes (Bukharin et al. 2006). The appear-
ance of environmental conditions is the main factor for the microbial antagonism. In
the last two decades, many studies have been focused on the antagonistic relation-
ship mechanisms between bacteria and fungi that can be used as a biological control
of plant pathogens in agricultural fields (Janisiewicz et al. 2000). The antagonist
nature of different bacteria, fungi and actinomycetes primarily acts as biocontrol
agents that reduce disease-causing pathogen numbers. Different antagonism mech-
anisms are conducted for the management of root and soil-borne pathogens such as
parasitism, predation, antibiosis, competition for nutrient sources and induced resis-
tance of the host plant (Killani et al. 2011; Maheshwari et al. 2021).

Directly or indirectly, the soil health may affect the human health because what
we eat is grown in the soil. Conclusively, we can say that the microbial antagonism
behaviour enhances the production of antibiosis by using different mechanism which
surprisingly creates successive positive evolutionary changes in both agriculture
crop and animal health. Thus, in this chapter we like to express details of the
antagonistic and antibiosis characteristics of bacteria, fungi and actinomycetes in

Fig. 10.1 Advantages and disadvantages of chemical and bio-pesticides
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agriculture as well as health sector for providing better future in agriculture and
health system.

10.2 Microbes in Agriculture Sector

Microbes including bacteria, fungi and actinomycetes have positive effect on agri-
culture like decomposing organic material and providing essential nutrient (nitrogen,
phosphorus and potassium) to plants. They also have negative impact on the
agricultural crops like resistant to crop control products, pathogenicity and diseases.
However, as we discussed in the Introduction section, antagonism and antibiosis
play an important role in enhancing the productivity of plants and health of animals.
Here we describe about the antagonistic role of microbes in agriculture sector, one by
one specifically.

10.3 Antagonistic Activity of Bacteria

Nowadays, many modern studies have focused on the use of microbial inoculants
and their multiple modes of action as a biological control to antagonize the plant
pathogens (Saha et al. 2012). In the bacterial world, antagonism is a highly prevalent
phenomenon where one bacterium species suppresses or inhibits the growth and
development of the other microorganisms (Pandey et al. 2020). Bacteria represent an
important group of biocontrol agents through their antagonist activity to control
plant parasite, nematodes and fungal pathogens. Biological control based on the use
of antagonistic bacteria is potentially a promising alternative strategy currently
employed in agricultural fields. Bacteria produce different antibiotics and synthesize
bacteriocins which are effective against bacteria of same species. Bacteriocins are
microbial compounds that have a bactericidal or bacteriostatic effect on other closely
related species (Krzyzanowska et al. 2019). Bacteriocin-producing bacteria play
crucial role to contain soil-borne plant pathogens such as Fusarium spp. In recent
years, different strains of the genera Bacillus, Pseudomonas and Enterobacter have
been studied, which are broadly used to treat diseases by suppressing their growth
caused by phytopathogens. Bacteriocin production by Gram-negative bacteria has
been investigated most extensively in Bacillus spp. (Han et al. 2016) and Pseudo-
monas spp. (Georgakopoulos et al. 2002), which we meticulously considered in the
following section.
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10.3.1 Genus Bacillus

Bacillus genus is a group of Gram-positive, aerobic, rod-shaped and endospore-
forming bacteria. It is the most widespread bacteria among the microorganisms
present in nature. It is also known as producer of antimicrobial substances such as
antibiotics, peptides and bacteriocins. The bacteriocins are microbial compounds
that have a bactericidal or bacteriostatic effect on other closely related species. These
bioactive substances have major applications in various industrial areas. The genus
is a well-known producer of antibiotics as secondary metabolites and supply of
micro and macro-nutrient. Bacillus spp. play key roles as antagonists and protect the
plants from phytopathogens. Out of all Bacillus species, B. subtillis is used as
biological control (Lin et al. 2001). B. subtilis can survive in extreme conditions
because of the production of endospores. It is non-toxigenic and non-pathogenic to
humans, animals and plants. The antagonism activity of B. subtilis is conducted by
the secretion of antifungal compounds against these soil-borne pathogens as well as
suppression root colonization (Li et al. 2013).

10.3.1.1 Role of Genus Bacillus

• Bacillus spp. are known as important members of PGPB, which induce plants to
tolerate biotic and/or abiotic stresses in a broad manner.

• The antimicrobial activity of the species that produces the antifungal compounds
which main mode of action by the antagonistic bacteria.

• It is also used as biocontrol and biofertilizers agents.
• Bacillus spp. do not cause any morphological changes or visible damage to the

host. Therefore, these bacterial species can be supportive for the survival of the
host species against microbial competition and different environmental stresses.

• The species produce different catalytic enzymes (proteases, chitinases and
glucanases) and peptide antibiotics (fengimycin, bacilizyn, bacilin, bacitracin,
bacilomycin B) which are known as antibacterial and antifungal substances (Pal
and McSpadden 2006; Stein 2005).

10.3.2 Genus Pseudomonas

Genus Pseudomonas is a group of common, Gram-negative, rod-shaped species and
abundantly found in soil, water, plants and surface environments (Gross and Joyce
2009). Pseudomonas spp. are known to produce different antimicrobial compounds
henceforth increases plant defence mechanisms (Ramamoorthy et al. 2002; Singh
et al. 2016). In addition to their beneficial effect on the improvement of plant growth
in the presence of pathogens, Pseudomonas spp. produce different bio-active metab-
olites (siderophores, polyketides, lipopeptides and volatile compounds) which help
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to directly compete with plant pathogens and also help to induce systemic plant
resistance (Yadav et al. 2021).

10.3.2.1 Role of Genus Pseudomonas

• The siderophores produced by different Pseudomonas spp. directly help the
plants in their growth and also indirectly improve the nutritional quality of
crops, by enhancing the iron content in grain (Veerendra and Janakiram 2015).

• They also stimulate the systemic resistance in plants and cooperate in direct
competition with both root- and soil-borne plant pathogens for bioavailable iron
(Kraemer et al. 2017).

• The soluble compounds formed by Pseudomonas spp. are also adequate to
suppress the improvement of different plant pathogens such as P. infestans and
R. solani (Priyaja et al. 2014).

• It also helps in inducing resistance in tomato plants infected by P. infestans
zoospores (Priyaja et al. 2014).

• The polyketides metabolites produced by the Pseudomonas spp. have direct
antagonistic activity against damping-off diseases in different crops
(Ahmadzadeh and Tehrani 2009).

• Different fungicides are prepared by the species to protect the food from toxic
fungi such as Botrytis and Penicillium.

10.3.3 Genus Enterobacter

Enterobacter genus is a Gram-negative, anaerobic, motile and facultative bacilli,
belonging to the family of Enterobacteriaceae. These microorganisms are sapro-
phytic in nature and found in the environment, soil and sewage (Mezzatesta et al.
2012).

10.3.3.1 Role of Genus Enterobacter

• Acylated peptide is produced by Enterobacter species, which are active against
filamentous fungi and yeasts.

• It also produces pyrrolnitrin, which is effective against Aspergillus niger, Can-
dida albicans and phytopathogenic fungi.

• It also inhibits the sporulation and growth of Fusarium oxysporum, Penicillium
viridicatum, Trichoderma viride and some phytopathogens (Kerr et al. 1999).
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10.4 Antagonistic Mechanisms of Bacteria

Inhibition of phytopathogen by bacteria is generally performed by antagonistic
mechanisms, which make it more capable to control diseases in postharvest fruit
(Table 10.1). Different modes of anti-phytopathogenic activity of bacteria have been
studied, such as space and nutrient, parasitism, volatile compounds, competition and
biofilms. The main antagonistic mechanisms and different steps of mode of action
exerted by bacteria contrary to phytopathogens are described below (Fig. 10.2).

In this technique, pathogenic fungi antagonistic interaction among microbes is
used by changing the microbiological environment to promote reproduction of
antagonistic bacteria and inhibiting the growth of pathogenic microorganisms
(Table 10.2).

10.5 Fungal Antagonism

Fungi (singular: fungus) are defined as unicellular to multicellular, eukaryotic,
heterotrophs and having a chitinous cell wall. They play an essential role in the
nutrient cycle of the ecosystem. Antagonism (interference competition) is defined as
an active metabolite of one species that exerts a negative effect on other species in an
ecosystem. If the causal organism is a fungus, then it may be called as fungal

Table 10.1 Bacterial antagonist successfully deployed for biological control of postharvest dis-
eases of fruits

S. No. Bacterial antagonists Diseases Target pathogen(s)
Host
fruit (s) Reference

1 Bacillus subtilis Anthracnose C. musae Banana Khleekorn and
Wongrueng
(2014)

Rot Alternaria alternata Melon

2 B. Atrophaeus Anthracnose Colletotrichum
acutatum,
C. gloeosporioides

Pepper Chen et al.
(2016)

3 B. Amyloliquefaciens Brown rot Monilinia sp. Apple Chen et al.
(2016)

4 P. fluorescens Blue mould Penicillium
expansum

Apple Wallace et al.
(2018)

5 P. Syringae Green
mould

P. digitatum Citrus Panebianco
et al. (2015)

6 Pantoea
agglomerans

Anthracnose C. musae Banana Khleekorn and
Wongrueng
(2014)

7 Enterobacter
cloacae

Dry rot F. sambucinum Potato Kim et al.
(2016)

8 B. Megaterium Damping
off

Aspergillus flavus Peanut Kong et al.
(2010)
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antagonism. Fungi possess an essential role in the decomposition of organic matter
and have shown both symbiotic and parasitic associations with other organism like
bacteria, plants and animals. Fungal species are known to reproduce by two different
stages: the anamorph i.e., asexual reproductive stage, and the teleomorph i.e., sexual
reproductive stage (Kirk et al. 2002). The systematic study of fungi started in the
seventeenth century after the discovery of the von Leeuwenhoek microscope. Still,
the man who deserves to be the founder of mycological science is Pier Antonio
Micheli for his book Nova Plantarum Genera (Alexopoulos 1962) about fungus. In
the microbial world, fungal infections cause severe diseases in both plants and
animals as well as in humans (Hyde et al. 2018).

In agriculture field, fungi are the major group of plant pathogen that possess the
negative effect on the crop yield, and its productivity reduces the economy of the
country and has shown major problems of farmers. Besides, this fungus produces
different stimuli, antibiotics and extracellular enzymes that help in the degradation of
organic material and provide direct nutrient to plants. Fungi are more popular in the
scientific community for its antagonistic behaviour and act as biocontrol agents
against many of the plant diseases with pesticidal and weedicidal property (Rangel
et al. 2018). For the management of plant diseases, and increasement of proper plant
growth as well to activate the defence mechanism, fungi are widely used. Thus, the
industries developed mass production of that type of fungi for the commercially
available biocontrol agents (Costa et al. 2013; Vega et al. 2009). Other than this,

Fig. 10.2 Schematic presentation of microbes towards enhancing plant defence
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these biocontrol agents also manage the terrestrial weeds, reduce aquatic weeds,
plant-parasitic nematodes and insects (Siddiqui and Mahmood 1996; Alston et al.
2005; Li et al. 2010). Earlier, the agrochemical industries developed fungal-based
natural products (Bills and Gloer 2016), but uncontrolled consumptions of these
fungicides have led to the development of resistant species (Lucas et al. 2015).
Natural substances, chemical mediators and micro and microorganisms are the major
group of biocontrol agents seen in Fig. 10.3, including the secondary metabolites
produced in the various growth stages of living organisms (Balog et al. 2017).

In the plant–soil ecosystem, the rhizospheric region is the dynamic association of
plant and soil microbes commonly called as rhizospheric microbiota. The
rhizospheric fungi hold their position tightly as compare to other microbiome,
which is mutually benefitted by host–fungal interaction for ecosystem functioning
and sustainability (Pattnaik and Busi 2019). Mycorrhiza is the best example of plant
and fungal associations and works as plant-protecting agent.

10.6 Mycorrhiza: Plant-Protecting Agent

Most of the microbiomes get associated with plant through root especially in
rhizospheric region. Mycorrhiza (Gr. mycos: fungus; rhiza: root) is a symbiotic
association ship of fungi and plant roots (Manchanda et al. 2017; Singh et al.

Fig. 10.3 Bio-control agents found in nature
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2017). Around 80% angiosperms have mycorrhizal association (Santra and Banerjee
2020). Two types of mycorrhizae are present in nature: one is endomycorrhizae
(AM), also known as arbuscular mycorrhizae (e.g. Endogone sp. and Rhizophagus
sp.), and the other is ectomycorrhizae (EM) (e.g. Amanita muscaria and Laccaria
bicolor). The mycorrhizal association is the oldest and natural privilege that protects
plants by activating plant’s defensive mechanism against phytopathogens, thereby
working as a potential biocontrol agent (Güimil et al. 2005; Paszkowski 2006;
Román et al. 2011). Other than this, mycorrhizal association modulate the
rhizospheric microbiome, by either removing the phytopathogens or stimulating
the microbial population that have antagonistic activity against phytopathogens
(Santra and Banerjee 2020). The antagonistic fungus can produce many of the
bioactive substances against plant and human pathogens reported widely seen in
Table 10.3. and Fig. 10.4.

10.7 Actinomycetes Antagonism

Prevot (1961) placed strictly anaerobic bacteria like actino in group of actinomycetes
and they have chemoautotrophic potential, both the qualities were not reported in
fungal group. The chemoautotrophic property of actinomycetes made them grow
easily in less nutrient availabilities like can be growing on water agar or other lean
media. Actinomycetes generally show sensitivity against antibiotics (Lechevalier
and Lechevalier 1967; Ansari et al. 2020) that work against Gram-positive bacteria;
therefore, they support the fact that like bacteria and blue green algae they lack
sterols. Actinomycetes are more prone to attack of phages (Marei and Elbaz 2013),
but fungus is rarely seen to be attacked by viruses. The immunological evidence
confirms thatMycobacterium, Nocardia and Corynebacterium groups were found to
be closely related to actinomycetes group (Goodfellow and Williams 1983;
Lechevalier and Lechevalier 1967). A group of Streptomyces have antagonistic
activity against fungus such as Alternaria sp., Pythium aphanidermatum,
Colletotrichum higginsianum, Acremonium lactucum, Fusarium oxysporum and
Rhizoctonia solani (Lahdenpera et al. 1991; Hong et al. 2002; Singh et al. 2018).

10.8 Similarities between Actinomycetes and Bacterial
and Fungal Groups

Actinomycetes are the group of spore-forming Gram-positive filamentous bacteria
having branching of filaments, i.e. morphology similar to fungi. Actinomycetes have
more GC content (57–75%) in their genome and belong to order Actiomycetales
(Subhashini and Singh 2014; Bhatti et al. 2017). They have pathological similarities
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Table 10.3 Bioactive antagonistic activity against plant and human pathogens

S. No Metabolite Source species Comments Reference

1 Strobilurins A–D
and other
strobilurins and
oudemansins

Strobilurus tenacellus First released in 1996,
and 23–25% impact on
the global fungicide
sales of its products

Feng et al.
(2020)

2 Gibberellic acid
(GA)

Fusarium fujikuroi GA was identified as a
metabolic by-product of
the fungi Gibberalla
fujikuroi in 1926, affects
rice plants. It is a plant
growth hormone that
helps in the high-value
crops

Camara
et al.
(2018)

3 Sphaeropsidins A-F Diplodia cupressi Antimycotic, phytotoxic
and insecticidal

Sparapano
et al.
(2004)

4 Afritoxinone A, B Diplodia africana Phytotoxic Evidente
et al.
(2012)

5 Oxysporone (29) Diplodia africana Phytotoxic,
antioomycetes and
antifungal

Evidente
et al.
(2012);
Andolfi
et al.
(2014)

6 (3R,4S)-4-
Hydroxymellein,
(3R,4R)-4-
hydroxymellein,
(3R,4S)-4-
hydroxymellein

Diplodia africana Phytotoxicity Evidente
et al.
(2012)

7 Cytochalasins A Ascochyta
heteromorpha

Antifungal, antibacterial Bottalico
et al.
(1990)

8 Viridepyronone (77) Trichoderma viride Antifungal Evidente
et al.
(2003)

9 Fusaproliferin (78) Cleistothelebolus
nipigonensis and
Neogymnomyces
virgineus

Antifungal Sarrocco
(2016)

10 Terpestacin (79) Cleistothelebolus
nipigonensis and
Neogymnomyces
virgineus

Antifungal Cimmino
et al.
(2016)

11 Gliotoxin (104) Neogymnomyces
pseudofischeri

Antibacterial Liang et al.
(2014)

(continued)
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Table 10.3 (continued)

S. No Metabolite Source species Comments Reference

12 Penicillin G and V Penicillium rubens,
Penicillium
chrysogenum

For the bacterial
infections

Bennett
and Chung
(2001)

13 Cephalosporin C Acremonium
chrysogenum

For the bacterial
infections

Hu and
Zhu (2016)

14 Fusic acid Acremonium
fudidioides

For the bacterial
infections

15 Griseofulvin Penicillium
griseofulvum, Penicil-
lium aethiopicum, Pen-
icillium coprophilum
and other Penicillium
spp.

Treatment of systemic
fungal infections

Blank et al.
(1959)

16 Pneumocandin B0 Glarea lozoyensis Treatment of systemic
fungal infections

Chen et al.
(2013)

17 Echinocandin B Aspergillus
pachycristatus and
other aspergillus spp.

Treatment of systemic
fungal infections

Yue et al.
(2015)

18 Enfumafungin Hormonema
carpetanum

Treatment of systemic
fungal infections

Vicente
et al.
(2016)

19 Lovastatin
(monacolin K)

Aspergillus terreus,
Monascus purpureus,
also occurs in
basidiomata of
Pleurotus ostreatus

Treatment of systemic
fungal infections

Endo
(2010)

20 Compactin
(Mevastatin)

Penicillium citrinum,
Penicillium solitum and
other Penicillium spp.

Treatment of systemic
fungal infections

Abe et al.
(2002)

21 Cyclosporin A Tolypocladium inflatum Prevention of organ
transplant and tissue
graft rejection

Hess
(1993)

22 Mycophenolic acid Penicillium
brevicompactum and
other Penicillium spp.

Prevention of organ
transplant and tissue
graft rejection

Allison
et al.
(1993)

23 Myriocin (ISP-I) Isaria sinclairii Treatment of multiple
sclerosis

Bills and
Gloer
(2017)

24 Ergotamine Claviceps purpurea,
Claviceps fusiformis
and Claviceps paspali

Vasoconstrictor used as
antimigraine agent, also
combined with bella-
donna and phenobarbi-
tal for relief from
menopausal hot flashes

Tfelt-
Hansen
et al.
(2000)

25 Ergometrine
(ergonovine)

Claviceps purpurea,
Claviceps fusiformis
and Claviceps paspali

Treatment of postpar-
tum haemorrhage

Bills and
Gloer
(2017)

(continued)
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with fungi, but its treatment can be done similar to bacterial disease. The similarities
with bacterial and fungal kingdom were listed in Fig. 10.5.

Actinomycetes group becomes more scientifically fascinating because of its
commercial point of view. This group can be freshly isolated from natural habitat
like soil and then proceeded for classification on the basis of their morphological
features. However, the strains that have been stored in laboratory for long time may
lose their typical morphological feature (Lechevalierand Lechevalier1967), so it
requires very sophisticated approach for correct generic designation. Ferdinand
Cohn suggested that actinomycetales could be considered as sixth genera. The
classification of different actino groups is listed in Table 10.4.

Soil is the common and main habitat of Actinomycetes, but they are also
profoundly found in air, water and inside plant system. The thread like organism
grows like hyphae that give it earthy smell of healthy soil (Rowbotham and Cross
1977). They are also very common in extreme environments (Bull 2011) especially
in desert and cold environments.

10.8.1 Role of Actinomycetes

Some microbes have the ability to affect both functioning and formation of microbial
community through symbiotic association. Actinomycetes stimulate the germination

Table 10.3 (continued)

S. No Metabolite Source species Comments Reference

26 Ergometrine
(ergonovine)

Claviceps purpurea,
Claviceps fusiformis
and Claviceps paspali

Hallucinogen, treatment
of psychosis and
depression

Mower
and Han-
cock
(1975)

27 Ergocryptine Claviceps purpurea,
Claviceps fusiformis
and Claviceps paspali

Treatment of reproduc-
tive disorders, e.g.,
galactorrhoea, prolactin
dependent mammary
carcinoma,
amenorrhoea, etc.

Bills and
Gloer
(2017)

28 Mizoribine Penicillium
brefeldianum

Immunosuppressant
used for renal trans-
plants in Japan, Korea
and China

Ishikawa
(1999)

29 Kojic acid Aspergillus oryzae,
aspergillus tamarii,
aspergillus flavus

Antioxidant in cosmetic
products, used to lighten
skin colour and treat
abnormal
hyperpigmentation

Rodrigues
et al.
(2014)

30 Fumagillin Aspergillus fumigatus Control of nosema dis-
ease in honey bees
caused by Nosema apis

Huang
et al.
(2013)
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of mycorrhizal spore, whereas the group Thermobifida inhibits the germination, but
both of them promote the mycelial growth of Glomus sp. (Merzaeva and Shirokikh
2006). Streptomyces orientalis promotes the growth of Gigaspora margarita spores
(Merzaeva and Shirokikh 2006).

Actinomycetes are worthy microorganism both economically and biotechnolog-
ically (Fig. 10.6). They are known for the production of various secondary metab-
olites like antibiotics, anticancer and immunosuppressant (Bhatti et al. 2017). Along
with pharmaceutical benefits, they are also helpful in agriculture (Fig. 10.7) where
they have the ability to inhibit the growth of various plant pathogens (Singh et al.
2019). As they can inhibit the growth of Erwinia amylovora (bacterial pathogen that

Fig. 10.4 Flowchart shows the fungal strategies involved in dealing against animal and plant
diseases
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cause fire blight in apple) and Agrobacterium tumefaciens (crown gall disease)
(Oskay et al. 2004).

Actinomycetes can fix nitrogen in association with some plants (non-leguminous)
and increase the availability of nitrogen for both the nearby plants and the host.
Actinomycetes produce hydrolytic enzymes and are responsible for the decomposi-
tion and recycling of large range of organic matters. Therefore, they increase the
availability of nutrient and minerals, along with this inhibit the phytopathogens and
synthesize the plant growth regulators. They accomplish many functions like nitro-
gen fixation, phosphate solubilisation and siderophore production. Moreover, they
are eco-friendly because they do not contaminate the environment; besides this, they
are helpful in maintaining the biotic equilibrium.

Actinomycetes also degrade the pesticides like s-triazine, organochlorines, car-
bamates, triazinones, organophosphates, sulfonylurease, acetanilides etc. So, they
are a good contestant for bioremediation of soil and recycling of complex organic
carbon and polymers.

Fig. 10.5 Diagram showing the comparative similarity of actinomycetes with bacteria and fungi
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Table 10.4 Clinically important antibiotics produced from actinomycetes and their bio-control
functions

S.
No. Antibiotic Actinomycetes Activity Reference

1 Lomofungin Streptomyces
lomondensis

Antifungal Das et al. (2008)

2 Sclerothricin Streptomyces
scleogranulatus

Antifungal Kono et al. (1969)

3 Spoxamicin Streptosporangium
oxazolinicum

Antitrypanosomal Inahashi et al. (2011)

4 Avermectin Streptomyces
avermitilis

Antiparasitic Kitani et al. (2011)

5 Antimycin Streptomyces
lucitanusus

Antifungal Han et al. (2012)

6 Rosamicin Micromonospora
rosaria

Antibacterial Anzai et al. (2009)

7 Validamycin Streptomyces
hygroscopicus

Antifungal Wu et al. (2012)

8 Azalomycin Streptomyces
malaysiensis

Antifungal Cheng et al. (2010)

9 Roseoflavin Streptomyces
davawensis

Antibacterial Matsui et al. (1979); Grill
et al. (2008)

10 Rifamycin Micromonospora
rifamycinica

Antibacterial Huang et al. (2008); Huang
et al. (2009)

11 Salinomycin Streptomyces albus Antiparasite Naidenova et al. (2001)

Fig. 10.6 Role of enzymes produced by actinomycetes
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10.9 Microbes in Health Sector

Human health is directly or indirectly affected by the pathogens present in the
environment in association with soil or air. In the past decades, various types of
diseases like protozoans, bacterial, fungal and viral diseases have been documented
to affect animals and human beings (Rodrigues et al. 2014). Whether the commercial
pesticides that are used for plant diseases by farmers also responsible for the human/
animal bad health. Aspergillosis, Blastomycosis, Candidiasis, Coccidioidomycosis,
Cryptococcosis, Dermatophytosis, etc. are the vital human mycoses, distributed
widely (Almeida et al. 2019). In contrast, some Basidiomycota members show a
useful role as anti-infectives, immunosuppressants and other pharmaceutical prop-
erties (Badalyan et al. 2019).

In 1928, Alexander Fleming discovered that the first natural antibiotic “Penicil-
lin” was isolated from the fungus Penicillium notatum, had antibacterial activity
against Staphylococci (Flemming et al. 2000). Over the next 50 years, numerous
antibiotics were discovered from the different group of fungi, bacteria and

Fig. 10.7 Role of actinomycetes in agriculture
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actinomycetes. The logic behind the production of antibiotics is the antagonistic
mechanism of organism. The success of penicillin unlocks the development of
microbial technology for the establishment of the pharmaceutical industry.

10.10 Conclusion

Since few decades synthetic pesticides seeks attention due to its harmful side effects
on environment. Increase of uncontrolled use of synthetic pesticides resulted into
water, air and soil pollution as well which resulted into serious consequences on
human health. Therefore, use of biological controls get some attention from different
research groups as alternative of synthetic pesticides for some extent. Nowadays,
biological controls are remarkably included in integrated pest management (IPS)
systems. Generally antagonistic organisms have ability to counter more than one
pathogen at a time. Although, practical use of such biocontrol strategies at commer-
cial level has been constrained by means of many factors. The major concerns which
limit the use of biocontrol are cost effectiveness, efficacy and consistent performance
on different environment.

Activity of the antagonist can be improved to a great extent by crop management
strategies. Chiefly crop rotation plays an important role in disease management
strategy globally and can positively affect antagonistic microorganisms in the soil.
Because, when a crop is rotated yearly, the consortia of resident antagonists have a
great likelihood to reduce the inoculum levels of pathogenic microorganism present
on the surface of root and foliage while specific crop is absent.
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Chapter 11
Role of Quorum Sensing in the Survival
of Rhizospheric Microbes

Manohari Rathi, Geetanjali Manchanda, and Raghvendra Pratap Singh

Abstract Quorum sensing (QS) signaling is a cell-to-cell communication or coor-
dination at microbial population level. However, the ecological role of QS in
complex or multi-species communities, principally in the milieu of community
assemblage, has neither been experimentally discovered nor theoretically revealed.
QS comprises the production of secreted signals (diffusible), which can diverge
across diverse types of microbes. Over the past decades, there has been a significant
accretion of data of the molecular mechanisms, gene regulons, signal structures, and
behavioral responses related with QS systems gained. More recent studies have
focused on understanding quorum sensing in the context of bacterial sociality.
Studies of the role of quorum sensing in cooperative and competitive microbial
interactions have discovered, how QS coordinates interactions both within and
between the species. Such studies of quorum sensing as a social behavior have
relied on the development of “synthetic ecological” models that use nonclonal
bacterial populations. Hence, the aim of this chapter is to understand how microbes
might interact with one another in the plant root–associated soils using QS system.
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11.1 Introduction

The environment around the plant root system is termed as “rhizosphere.” It has a
major influence on the plant growth and health, which are the basis for all life forms
on the Earth. However, it is a biologically very active and complex system com-
prised of a series of interactions, influenced by abiotic and biotic factors. Microor-
ganisms represent the most important constituent of the rhizosphere, and the
composition of microbial population in the rhizosphere differs with change in the
plant species due to different plant–microbe interactions (Singh et al. 2016a, b;
Prajakta et al. 2019). These interactions involves both mutually beneficial or coop-
erative interactions such as that showed by plant growth–promoting bacteria
(PGPR), nitrogen-fixing bacteria, and mycorrhizal symbiosis and competitive inter-
actions such as in case of pathogenic microbes and antibiotic and biocontrol agent–
releasing microbes (Zhang et al. 2016; Singh et al. 2018, 2019; Maheshwari et al.
2021).

It has been documented that the unicellular microbes such as bacteria can act not
only as an individual cell, but under suitable conditions, when their numbers attain a
significant level, they can alter their behavior in order to function as multi-cellular
entities. This is because generally, bacteria do not live as a single cell, but they live in
colonies or consortia to use the elaborative intercellular communication system that
facilitates adaptation to the changing environmental conditions. The mechanism of
microbial sensing and response via cell-to-cell communication through small sig-
naling molecules has been revealed (Whitehead et al. 2001; Garg et al. 2014).
Several molecule-mediated and cell density–dependent signaling pathways have
now been demonstrated, some of these come under the scope of regulation, com-
monly called as quorum sensing (QS), the term first coined by Fuqua (Fuqua et al.
1994). Quorum sensing depends on the production of the low-mass signaling
molecules called as autoinducers. The concentration of these “autoinducers” in the
extracellular medium is associated with the producer organism population density.
By sensing and acting according to these molecules, individual cell can sense the
neighboring cell population to ensure whether there are sufficient bacteria
i.e. quorum to commence to act in a multi-cellular approach. In general, the
microbial-derived signaling molecules have been categorized as: i) short peptides
and amino acid derivatives, normally utilized by Gram-positive bacteria and ii) fatty
acid derivatives (AHLs) utilized by Gram-negative bacteria. The cellular processes
that are regulated by quorum sensing in bacteria are varied and ranged from the
development of genetic competence, i.e., to take up exogenous DNA as revealed in
Streptococcus pneumonia and Bacillus subtilis, to biofilm formation and virulence in
Pseudomonas aeruginosa and bioluminescence occurrence in Vibrio fischeri
(Solomon et al. 1996; Sauer et al. 2002).

Several QS systems have been documented and categorized in the rhizosphere.
These include plant growth–promoting rhizobacteria (PGPR) such as Pseudomonas
chlororaphis, Pseudomonas fluorescens, Burkholderia cepacia, Rhizobium elti,
Rhizobium leguminosarum, and Sinorhizobium meliloti; plant pathogens including
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Agrobacterium rhizogenes, Agrobacterium tumefaciens, Pseudomonas syringe, and
Erwinia carotovora; and saprophytes including Chromobacter violaceum, Pseudo-
monas corrugate, Pseudomonas putida, and Nitrosomonas europaea exhibit QS
system to interact/communicate in the rhizosphere. Some recent studies also suggest
that the stationary phase in bacteria, i.e., non-growth period of quiescent is also
regulated by QS (Lazazzera 2000). Moreover, communication among bacteria to
carry out various complex social behaviors such as cooperation has been
documented from past half century.

11.2 The Rhizosphere: Niche for Microbes

Lorenz Hiltner used the term “rhizosphere” for the first time (Hiltner 1904). Rhizo-
sphere is considered as the most dynamic environment inhabiting diverse microor-
ganisms including bacteria (free living, root associated, and symbiotic), fungi,
archaea, and viruses. Gram-negative bacteria such as Pseudomonas and
Agrobacterium are predominant in the rhizosphere, whereas Gram-positive bacteria
(Bacillus and Clostridium) are rare. The most common bacterial genera found in
rhizosphere include Arthrobacter, Azotobacter, Agrobacterium, Alcaligenes, Bacil-
lus, Cellulomonas, Flavobacter, Mycobacterium, Micrococcus, and Pseudomonas.
Pseudomonas is the most common and widely studied genus, producing antibiotics
and siderophores (Singh et al. 2016a, b; Singh et al. 2020). The larger part of
microbiota in rhizosphere is constituted by bacteria Actinomycetes (Singh et al.
2018). Actinomycetes such as Argania spinosa, Nocardia, and Streptomyces
sp. help in plant growth promotion and provide protection against fungal pathogens
(Subhashini and Singh 2014). The fungi hardly get support from plant roots as
bacteria. However, fungal genera commonly present in the rhizosphere are Asper-
gillus, Fusarium, Penicillium, and Verticillium. The majority of terrestrial plant roots
establish mutualistic association with one or more fungal strains (Sylvia et al. 2005).
These are reported to produce phytohormones and antibiotics that confers plant
growth promotion and biocontrol activity as reported in Trichoderma and
Talaromyces flavus (Fravel and Roberts 1991; Howell 1998). These rhizosphere
microorganisms are responsible for nutrient availability and uptake by plants (Yang
et al. 2018). They also accelerate soil remediation through improving plant growth
and immunizing the plants to abiotic stress (Hrynkiewicz and Baum 2011; Yang
et al. 2019). Root exudates such as organic acids, sugars, vitamins, enzymes,
hormones, flavonoids, nucleotides, inorganic ions, etc. act as messengers that stim-
ulate the interactions between plant roots and soil microorganisms. Consequently,
due to very high microbial diversity, the rhizosphere is considered as the most
dynamic system in the soil (Yang et al. 2020a, b). It is well documented that
rhizosphere (Table 11.1) harbors higher microbial population as compared to the
bulk soil (Bahadur et al. 2017; Kumar et al. 2017; Verma et al. 2017). Rhizosphere
microbial population can also directly and indirectly shape the composition of plant
species in natural ecosystems and vice-versa.
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The rhizosphere soil harbors efficient microbes that can be categorized as bene-
ficial and harmful based on their influence on soil sustainability and plant growth and
crop yield (Brimecombe et al. 2007; Singh et al. 2017). The rhizosphere microbial
population is mainly recruited from the pool of microorganisms of bulk soil
(Normander and Prosser 2000; Berg and Smalla 2009; Liu et al. 2018). Thus, the
bulk soil is the key factor in shaping rhizosphere microbiome, and plant genotype is
the driving force responsible for the recruitment of specific microorganisms from the
bulk soil (Garbeva et al. 2008). Functions of rhizosphere microbiome are also
influenced and commenced by the plant root exudations and quorum sensing. The
microbial interactions and coordination in the rhizosphere, both intra-species and
inter-species, occur through quorum sensing.

11.3 Quorum Sensing in Rhizosphere Microbes

Microbial communities are residing with plants and synergistically beneficial to
them by the secretion of bioactive microbial compounds such as plant growth–
promoting hormones, antagonistic compounds, etc. Within this association, plant
roots are also releasing several organic compounds into the rhizosphere continually
which is intensely beneficial to microorganisms and resisting to unwilling microbes
(Subhashini et al. 2017). Though, a plethora of diverse community of microorganism
is habituating with plant rhizosphere which have been survived socially by the
behavior of synergistic, mutualistic, symbiotic, antagonistic, or tritagonistic. The
above-described microbial community structure of rhizospheric region of plants is
influenced by the resource competition, nutrient convenience, chemical interfering,
and parasitism within them and between the host and plants. Among them, the cross
talk between host and microbial communities or among the microbial assemblages is
basically governed by the QS mechanism.

QS in the rhizosphere and is basically a type of density sensing that controls the
physiological and chemical responses and behavior within bacteria. QS mechanism
is very diverse as example the information carrier signal molecules which is different
in different bacterial (Gram� or Gram+) groups. However, each bacterial cell
coordinates with the entire bacterial legacy by producing the self-inducing signal
molecules. If the concentration of producing signal molecules grasps a specific
threshold within the population density, the precise genes are expressed and start
to regulate the adaptation of localized population. Overall, the QS programing

Table 11.1 Microbial popu-
lation in rhizosphere and bulk
soils

Microorganisms

Rhizosphere soil Bulk soil

RS ratioMicroorganisms g�1 dry soil

Bacteria 1200 � 106 53 � 106 23

Actinomycetes 46 � 106 7 � 106 7

Fungi 12 � 105 1 � 105 12

Algae 5 � 103 27 � 103 0.2
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regulates the several cellular mechanisms and processes, which largely comprise the
regulation of bacterial biofilm formation, motility, tolerance, luminescence, viru-
lence factors, disinfectants spore formation, toxin production, and resistance to
drugs. The rhizosphere, a narrow zone of soil that surrounds and is influenced by
plant roots is home to an overwhelming number of microorganisms and invertebrates
and is considered to be one of the most dynamic interfaces on Earth. It is a “hot spot”
of microbial activity, with increased microbial numbers, microbial interactions, and
genetic exchange. Hence, the QS system accumulation in the local rhizospheric
environment is very descriptive. The bacterial communities are sufficiently dense in
this region and performs countless ecologically pertinent activities such as produc-
tion of exopolysaccharide, extracellular enzyme, formation of biofilm, virulence
traits expression, etc. QS is basically adapted by each bacteria residing in the
rhizosphere, but the proteobacteria display the AHL-mediated QS. AHL-producing
proteobacteria are highly abundant in the rhizosphere than natural bulky soil and
constitute about 2/3 of the total rhizospheres microorganisms (Lagos et al. 2015).
Metagenomic analysis of soil provides the evidence for QS in the plant rhizosphere
(Williamson et al. 2005). Steidle et al. (2001) have proven it by comparative analysis
of inoculated and uninoculated rhizosphere of sterile soil. QS study was clearly
proven by the microcosm study of natural soil and compost soil but the QS role in
soil processes is not investigated profoundly. Several authors have revealed that QS
controls the extracellular enzyme activity during pathogenesis and was specifically
described in pathogenic Gamma-proteobacteria, for example, Aeromonas
hydrophila, Enterobacteria spp., Erwinia carotovora, P. aeruginosa PAO1,
P. fluorescens, Serratia spp., and Vibrio spp. and beta-proteobacteria such as
Burkholderia sp., Chromobacterium violaceum, etc. These reports displayed the
QS controlled prevalence of pathogenesis by secretion of enzyme, and hence, it
indicated the importance of QS in the soil nitrogen and other organic compounds
cycling.

QS-based signal exchange in rhizosphere was reviewed by several authors and
revealed its role in nitrogen-fixing behavior and coordination in legume-rhizobia
symbiosis. During the nodulation process, the rhizobia increases in cell density
toward the plant root chemotaxis and followed the procedure of exopolysaccharide
production, symbiosome development, nodulation, nitrogen fixation, etc., and inter-
estingly, the QS involves in all the mentioned process. Some basic structures of
biomolecules that act as signals in rhizosphere are mentioned in Fig. 11.1 (Zhuang
et al. 2013). Moreover, in the well-studied signal molecules, by bacterial quorum
sensing signal compound AHLs are listed as symbiotic signal. Some of the typical
rhizospheric systems are discussed in the next paragraph for deciphering the role of
QS in rhizobia.

Among the rhizosphere and nitrogen-fixing rhizobia, R. leguminosarum
bv. viciae has been treated as a model bacterium for the characterization of quorum
sensing. Several review and research reports are disclosed the quorum-sensing
systems such as cin, rhi, rai, and tra. Earlier, Cubo et al. (1992) have studied the
rhi system and found that it is composed of luxR homolog (rhiR and rhiI) and
rhiABC operon (luxI homolog), and all are found in symbiotic plasmid pRL1JI.
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Also, they have displayed the mechanism of action and found that RhiR controlled
the rhiABC, and hence, the flavonoids suppressed the expression of both rhiR and
rhiABC.

Further, Rosemeyer et al. (1998) have studied the R. etli QS system which has
provided the first evidence of linking the QS to symbiosis. Though, R. etli is less
characterized compared to R. leguminosarum as R. etli is composed of up to seven
AHLs, but only two QS systems (raiRI and cinRI) have been characterized. In R. etli,
all the AHLs are synthesized by raiRI and cinRI system, though the developed
mutants of these two QS systems were failed to produce any detectable signals
(Daniels et al. 2002).

Fig. 11.1 Some basic structures of biomolecules act as signals in rhizosphere. (a) Molecules
produced by microbes. (b) Examples of root exudates. [With the permission of MDPI (Zhuang
et al. 2013)]
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11.4 Quorum Sensing and Interactions in Rhizosphere
Microbes

The rhizosphere microbial population utilizes quorum sensing for various and
interesting interactions as symbiosis, competence, conjugation, motility, sporulation,
antibiotic production, virulence, and biofilm formation (Miller and Bassler 2001).
Co-operative interactions are biofilm formation, symbiosis, and plant growth
promotion, etc.

Quorum sensing (QS) is involved in microbial cell aggregation and in rhizosphere
colonization via formation of biofilm (Ng and Bassler 2009). Quorum sensing has
been also demonstrated as an important factor responsible for symbiosis between
rhizobia and legumes. Typically, rhizobia secretes diffusible AHL molecules in the
surrounding, which can be used as signals to control the plant–microbe interaction.
The AHL molecules recognized the several processes such as biofilm formation,
secretion of extracellular polymeric substances, cell motility and gene expression for
symbiosis, and nitrogen fixation starts (Yang et al. 2009). The QS regulatory system
in rhizobia is based on LuxR-LuxI type. This is reliant on the threshold intensity of
AHL molecules to induce the expression of target genes (Veliz-Vallejos et al. 2020).
The rhizobia with mutations in their QS system has been reported with reduced
ability to infect the root hairs or nodule formation. Moreover, several legumes have
been reported to secrete substances that can interfere bacterial QS system
(Table 11.2).

Plant growth–promoting bacteria (PGPB) interact with the plant roots via quorum
sensing. The bacterial cells secrete QS molecules for colonization through biofilm
formation and to exert effects on the plants to stimulate phenotypes including plant
growth promotion and protection against stress and pathogens. Kandelia obovata
secretes AHL in the rhizosphere to activate plant growth–promoting rhizobacteria
(Ma et al. 2016). Similarly, Burkholderia graminis sp. imparts plant growth promo-
tion and protection against salt stress in Arabidopsis thaliana through AHL quorum
sensing (Barriuso et al. 2008). Recently, total 48 bacterial isolates with AHL and N-
butyryl DL-homoserine lactone signals that were responsible for biofilm formation
and plant growth promotion were isolated from rice root (Balasundararajan and
Dananjeyan 2019).

QS generously uses by the several bacterial genera for the control of different
types of secretion system. Fontaine et al. (2007) have studied the QS regulation for
the bacteriocin production (Blp) in Streptococcus thermophilus, and the effectors of
type VI secretion were reviewed thoroughly for B. thailandensis (Majerczyk et al.
2016). The secreted toxin management and control by QS was reviewed thoroughly
and concluded that toxins are responsible for the competitive promotion with and
within species of bacteria (Hibbing et al. 2010). Hence, it can be said as the QS will
help to disclose the microbial community dynamics and the influencing species
among them by mining of dominancy of secreted QS signals. Interestingly, this work
was advantageous to the studies of the rhizosphere microbial communities associ-
ated with wheat (Mazzola et al. 1992). In the native soil, P. fluorescens 2–79 and
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Table 11.2 Quorum sensing molecule and associated phenomena in rhizosphere microorganisms

Rhizosphere
microorganism Quorum sensing molecules Functional attributes References

Rhizobium etli
CNPAF512

3-OH-slc-HSL Symbiosis, plant growth,
and nitrogen fixation

Daniels
et al. (2002)

Rhizobium
sp. NGR234

Short-chain AHL Nodulation He et al.
(2003)

Mesorhizobium
huakuii

C8-HSL Biofilm formation Wang et al.
(2004)

Bacillus
thuringiensis

AHL-degrading enzyme (aiiA) Antifungal activity Park et al.
(2008)

Pseudomonas
putida

AHL Effective communication
between the cells

Gantner
et al. (2006)

Burkholderia
graminis

AHL Protection against salt
stress
Plant growth promotion

Barriuso
et al. (2008)

Pseudomonas
chlororaphis
449

AHL: C4-AHL, C6-AHL and
30C6-AHL

Antibiotic production
against phytopathogenic
fungi

Veselova
et al. (2008)

Pseudomonas
putida

AHL To coordinate in a
population

Steidle et al.
(2001)

Pseudomonas
aureofaciens

AHL AHL-mediated
communication

Pierson
et al. (1998)

Serratia
liquefaciens
MG1

AHL Biocontrol activity against
pathogens

Schuhegger
et al. (2006)

Erwinia
carotovora

3-oxo-C6-HSL Antibiotic activity Sjöblom
et al. (2006)

Serratia
plymuthica
HRO-C48

AHL Biocontrol activity
Disease suppression
Plant growth hormone
synthesis

Müller et al.
(2009)

Acinetobacter AHL Attenuates the virulence
factor produced in plant
pathogens

Chan et al.
(2011)

Pseudomonas
CMR12a

N-Acylhomoserine lactone Antagonistic activity
against Pythium
myriotylum

De Maeyer
et al. (2011)

Serratia
glossinae strain
GS2

N-octanoyl-L-homoserine lac-
tone
N-hexanoyl-L-homoserine
lactone

Plant growth promotion Jung et al.
(2017)

Serratia
marcescens

AHL
Bacterial degrading (AiiA)
genes

Systemic resistance Ryu et al.
(2013)

Serratia
glossinae

N-octanoyl-L-homoserine lac-
tone and N-hexanoyl-L-
homoserine lactone

Biofilm formation
Plant growth promotion

Jung et al.
(2017)

(continued)
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P. aureofaciens 30–84 acts as saprophytes and biocontrol, respectively, and secreted
the QS-regulated antibiotics phenazines to fight against the Gaeumannomyces
graminis var. tritici and did the colonization of wheat plant.

In the rhizosphere, the QS is determined as a major factor for competition which
is thought to be the controlled antibiotic production by the dominant competitive
communities that might mitigate the metabolic production until the competitor
population reached to threshold for killing. Another prospective for the competition
might be the competitor ability to plinth a self-protective retort to antibiotic at
subinhibitory level.

11.5 Conclusions

Previous research revealed the significant insight and advances in the bacterial QS
system and displayed the mechanistic procedure within and between the species,
genera, and with the associated hosts. Furthermore, the vital factor of gene regula-
tory networks of bacterial genome and its role in habitat adaptation have been
described widely. Though, the QS signaling behavior and mechanism in rhizosphere
still need highlights. Interestingly, the overall chapter has described the QS signaling
in rhizospheric bacteria and its facilitation for residing, nodulation, or colonization
with plant roots.
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Chapter 12
Understanding the Link Between
the Urinary Microbiome and Urinary
Lithiasis Disease

Mangesh Suryavanshi, Mukesh Poddar, and Rekha Punchappady-Devasya

Abstract Urinary system has its own micro-environmental niche, and microbes
with their genes and metabolic products are the components of the constitutes;
hence, we referred them as urinary microbiome. Microbial residents of urinary
system comprise the diversified types of microbes, their genes, genome, and metab-
olites and have the greatest impact on the urinary system performance. Unlike others,
urinary lithiasis or stone formation in urinary system is the commonest reason to
healthcare system burden. Such urolithiasis phenomena considered to be a part of
lifestyle disorder is well perceived now. Whereas, prevalence in general population
recorded as 10% and most of the times 20% reported from stone belt areas. Urinary
stones are with different types of chemical nature, mostly derived from the metabolic
product saturation inside the excretory systems. We are able to understand that the
metabolic origin products in urinary system have the impact to derivatize the lithiasis
activity, mostly along with supersaturation in solutes and by means of the micro-
environment changes pertaining to the urinary niche.

However, events and mechanisms of lithiasis process are still undervest, and
mostly, the urine micro-environmental changes could be the focused area. So, it is
necessary to understand the triangle of urinary microbiome, urinary micro-
environment, and lithiasis components, which may give us the clues to process
and progression in hinderance of urinary system function. Here we aimed to discuss
about the diversity in microbes and their products impedance on normal as well as in
different types of lithiasis situation. Latest advent of “Omics” technologies like
genomics of host and residents, and proteomics and metabolomics for the cases
has doubled the knowledge about the micro-environment changes in the urinary
system. Consensus suggests us different modes of mechanisms for the stone forma-
tion and disease progression for the entire urinary lithiasis event.

Lastly, correlating microbial phylotypes, certain metabolites from host and
microbes, and changes in microenvironments depicts the role of urinary microbiome
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which have major impact in pathophysiology for urolithiasis condition. Hence, this
review is to provide overview of current findings in urinary microbiome, describing
the role of bacterial communities present in urine, and to discuss the possible role in
lithiasis and the possible role of probiotics as preventive agents of urological
disorder.

Keywords Urolithiasis · Kidney stones · Urinary microbiome · Rare phylotypes ·
Proteins and metabolites in kidney stone progress

12.1 Introduction

“Microbiome” term indicates commensal, pathogenic, and symbiotic microbial
community covering a particular organ of the human body (Tang 2017; Subhashini
et al. 2017). Microbiome consists of multiple communities of microorganisms. The
healthy urinary system hosts different types of microorganisms such as viruses,
bacteria, fungi, and protozoans. Microorganisms colonizing various sites of the
urinary system are referred to as urinary microbiome or urobiome, which plays a
crucial role in maintaining urinary health. There were remarkable differences in
urobiome composition between healthy individuals and those with urologic diseases
(Cho and Blaser 2012), and we learnt that microorganisms occupy 90% of the total
cell of the body and that commensal microbes are found largely in our body (Savage
1977). Urobiome can change with seasons, life cycle, or environmental changes,
which convert these commensals into opportunistic pathogens and cause disorders
(Han 2015). It is difficult to define whether these organisms are beneficial for health
or play a role in disease development (Peterson et al. 2009).

The aim of the Human Microbiome Project (HMP) is to develop an overall
characterization of the human microbiome (Alfano et al. 2016). Initially, bladder
and urine were considered sterile based on standard culture techniques. Due to
certain technical problems, these methods could not find bacterial populations in
urine and bladder. But, more advanced molecular biology technique has detected the
presence of bacteria in urine and bladder of healthy people (Aagaard et al. 2014;
Thomas-White et al. 2016; Tang 2017). Sequencing of highly variable fragments of
16S ribosomal RNA gene such as V1-V9 region has identified many types of
microbial taxa present in the urinary system (Clemente et al. 2012). Metagenomics
study is a well-defined genetic material study and is based on next-generation
sequencing technology (Handelsman 2004; Wooley et al. 2010), which helps to
identify and classify microorganisms to phylum, genus, or species, etc. It provides
information regarding a quantitative and qualitative contribution of a particular
microorganism to the urobiome (Wolfe et al. 2012). Each group of microbial clusters
was different in their dominant species, composition, and diversity (Mueller et al.
2017). The low abundant microorganism in the urinary tract can also be character-
ized by using this metagenomics technology. Apart from the urinary system,
microbiomes are also found in the gastrointestinal tract, skin, and respiratory tract
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(Lazarevica et al. 2009). Those clearly define different microbial niche and its
environmental condition in human body. Urobiome will help in uroepithelial integ-
rity, homeostasis, maintaining adhesion junction, immunity, neurotransmission,
urinary metabolism, and overall urinary health (Reid et al. 2003; Reid and Bruce
2006). Normal bacterial flora has a role in immunity to compete with foreign
microbes and produce vitamin K for blood clotting (Wojciuk et al. 2019). Bacterial
flora has a vital role due to interaction with host cells and the regulation of structural
and functional characteristics of those cells. The intestinal tract, whose microbiome
is responsible for large metabolic output, not only uses those end products for itself
but also shares them with kidney and urinary tract by systemic translocation.
Urobiome will also promote to produce neuroactive substances, hormones, and
inflammatory reactions to maintain health of the urinary system (Tang 2017).

Urobiome is a result of microbiota reaching the urinary system from the gastro-
intestinal tract (Tang 2017). The existence of abundant microorganisms in the
urobiome has already been discovered. Its abundance varies according to age,
gender, etc. The total number of urinary microorganisms varies with different age
groups. Microbiome diversity varies between males and females, and this may be
due to differences in anatomical structure and hormonal balance of these genders
(Whiteside et al. 2015).

12.2 Detection of Microbial Communities in Urobiome

12.2.1 Sample Collection Methods

For constructive study of urobiome, the sample collection method needs to be
closely monitored and standardized. It is because error in sample collection could
result in false interpretation. Thus, in order to avoid contamination and false
interpretation of the result, the urine specimen should be collected aseptically. The
accurate capturing of urinary microbiota is only possible if the sampling technique is
well considered. In healthy condition, human urinary microbiome generally pos-
sesses low biomass of bacteria as compared to cases with UTI (urinary tract
infection) or rUTI (recurrent urinary tract infection).

Common urine collection method includes suprapubic aspiration, intermittent
transurethral catheterization, clean-catch midstream urine, and first-void urine.
Each of these methods has its own significance. Of those, some are most widely
used; they are as follows.

12.2.1.1 Suprapubic Aspiration

It is a sterile procedure of urine collection directly from bladder using needle
(sterile). The needle is inserted into bladder through the suprapubic skin over the
pubic bone. This method reduces the chances of vulvovaginal or urethral
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contamination. It is mostly recommended for the non-toilet-trained patients. Despite
being most invasive method, it is considered as the gold standard technique for urine
collection. As this method specifically profile bladder microbiome; thus, it is highly
recommended for urobiome-related studies (May 2018). This method is also
recommended in official clinical practice for UTI studies, but its use is very rare as
it is a painful process. Urine collection through suprapubic aspiration requires
experienced professional doctors as it could not be performed by nurses. One of
the urine collection methods is suprapubic aspiration (Kouri et al. 2000), which is the
correct method to hold non-toilet-trained children during collection.

12.2.1.2 Urethral Catheterization

It is one of the most commonly used sampling techniques practiced for many years.
In comparison to SPA (suprapubic aspiration), it is a less invasive method that
causes mild discomfort to the patient, thus it is most commonly preferred by patients
over supra pubic aspiration (Newman et al. 2017). Unlike SPA technique that
requires professional expert, urine collection through this method could be easily
performed by nurses (Teo et al. 2016; May 2018). Although urine collection through
suprapubic aspiration is recommended in official medical guideline, urethral cathe-
terization is performed as an alternative when SPA is not possible. Urine obtained
through catheterization provides great cultural sensitivity as well as specificity for
the detection of microbial community.

12.2.1.3 Clean-Catch Void (CCV)

It is the least invasive method of urine collection. It is the most acceptable sampling
procedure by patients. This technique does not rely on the nurses or clinical experts
for urine collection. Thus, sample collection using this procedure is very easy. The
major limitation of this procedure is contamination of urine by bacteria present on
the skin of perineal area, vagina, or from fecal matter. However, if the periurethral
area is cleaned using cleaning solution, there are chances of reduction in contami-
nation. The role of collector during CCV is very important (Teo et al. 2016).
Collectors are those parents whose children were not trained enough to collect
urine sample for study. Collection of true midstream urine from a patient is very
important for study. The use of CCV to study urogenital tract microbiota is more
feasible as the chances of contamination are higher.

After detailed comparison of the listed methods, the best possible methods for the
detection of bacterial communities present in bladder are suprapubic aspiration and
transurethral catheterization (Wolfe et al. 2012). It is considered as the best method
as it reduces the vulvovaginal contamination that could lead to misinterpretation of
results. The study was conducted in the year 2014 by Wolfe et al. The data for this
comparative study are listed in Tables 12.1 and 12.2, which show details of the
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Table 12.1 Some common bacteria present in urobiome of healthy males

Age,
years

Bacteria in urobiome of
healthy males

Urine sample
collection

Techniques used
for identification
of isolates Reference

12–17 Corynebacterium, Lac-
tobacillus, Staphylococ-
cus, Gardnerella,
Streptococcus,
Anaerococcus,
Veillonella, Prevotella,
and Escherichia

First voided 16S rRNA
sequencing, gene
sequencing (GS)

Pearce et al. (2014)

18–49 Lactobacillus, Coryne-
bacterium, Escherichia,
Streptococcus,
Prevotella, Sneathia,
Veillonella,
Ureaplasma, Myco-
plasma, Anaerococcus,
Atopobium, Aerococcus,
Actinobacteria, Staphy-
lococcus, Gemella,
Enterococcus,
Finegoldia, Klebsiella,
Gardnerella,
Firmicutes, and
Pseudomonas

Midstream
urine (MSU)

GS, 16S rRNA
sequencing

Nelson et al. (2010),
Dong et al. (2011),
Fouts et al. (2012),
Nelson et al. (2012),
Wojciuk et al. (2019)

50–70 Lactobacillus,
Firmicutes, Klebsiella,
Corynebacterium,
Staphylococcus, Strep-
tococcus, Aerococcus,
Gardnerella, Prevotella,
Escherichia, Enterococ-
cus, and Bacteroidetes

MSU GS, 16S rRNA
sequencing

Fouts et al. (2012)

Above
70

Parvimonas,
Pseudoramibacter,
Saccharofermentans,
Proteiniphilum,
Jonquetella,
Peptococcus,
Aerococcus,
Aminobacterium,
Anaerococcus,
Butyriciococcus, Cam-
pylobacter, Corynebac-
terium, Eubacterium,
Fusobacterium,
Gardnerella, Azospira,
Catonella, Gemella,
Gordonibacter, Myco-
plasma, Peptococcus,
Peptoniphilus,
Pervotella, Sneathia,
and Soehngenia

MSU, a
transurethral
catheter
(TUC)

16S rRNA
sequencing,
Expanded quan-
titative urine
culture (EQUC)

Fouts et al. (2012),
Wojciuk et al. (2019)
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technique used for collection. Also the bacterial profile resulted from both the
techniques show similar results.

Table 12.2 Some common bacteria present in urobiome of healthy females

Age,
years

Bacteria in urobiome of
healthy females

Sample
collection

Techniques for
identification Reference

20–50 Lactobacillus, Klebsiella,
Corynebacterium, Staphy-
lococcus, Streptococcus,
Aerococcus, Gardnerella,
Prevotella, Escherichia,
Enterococcus,
Peptoniphilus, Dialister,
Finegoldia, Rhodophila,
Anaerococcus, Allisonella,
Bifidobacterium,
Enterobacteriaceae,
Sneathia, Trueperella,
Sutterella, Alloscardovia,
Veillonella,
Butyricicoccus, Azospira,
Neisseria, Tepidimonas,
Arcanobacterium, and
Tessaracoccus

MSU,
TUC

Gene sequencing
(GS), 16S rRNA
sequencing

Dong et al. (2011),
Lewis et al. (2013),
Wojciuk et al. (2019)

51–70 Lactobacillus, Klebsiella,
Corynebacterium, Staphy-
lococcus, Streptococcus,
Aerococcus, Gardnerella,
Prevotella, Escherichia,
Enterococcus, Firmicutes,
Peptoniphilus, Dialister,
Finegoldia, Anaerococcus,
Allisonella,
Bifidobacterium, Sneathia,
Trueperella, Alloscardovia
and Veillonella,
Brevibacterium, Catonella,
Peptostreptococcus,
Peptococcus, Sutterella,
and Rhodopila

TUC 16S rRNA
sequencing,
expanded quanti-
tative urine culture
(EQUC)

Dong et al. (2011),
Fouts et al. (2012),
Lewis et al. (2013),
Whiteside et al. (2015)

Above
70

Firmicutes, Parvimonas,
Saccharofermentans,
Proteiniphilum,
Jonquetella. Actinomyces,
Arthrobacter, Oligella,
Rhodococcus,
Gulosibacter, and
Modestobacter

TUC GS, 16S rRNA
sequencing

Fouts et al. (2012),
Wojciuk et al. (2019)
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12.2.2 Technique Used for the Detection of Microbial
Communities

Uropathogens present in urine sample can be detected by both culture-dependent and
culture-independent methods. Culture-dependent methods involve standard or tra-
ditional urine culture in which urine sample is plated over 5% sheep blood agar or
MacConkey agar. The plates were incubated at 35 �C for 24 h in aerobic condition.
The main advantage of urine culture technique is the detection of viable bacterial
population present in urine collected by transurethral catheterization (Price et al.
2016). Standard method of urine culture had many drawbacks, which make it less
important (Wolfe et al. 2012; Lewis et al. 2013). For example, in aerobic atmo-
sphere, the slow-growing bacteria die due to the presence of oxygen. Also the
standard urine culture has limited detection capacity, i.e., �105 culturable
CFU/ml. Detail study of bacterial communities present in urine requires advance
molecular technique like 16S rRNA gene sequencing. However, enhanced modified
technique like expanded quantitative urine culture (EQUC) is widely used in clinical
laboratories to detect uropathogens (Wolfe et al. 2012; Lewis et al. 2013; Pearce
et al. 2014; Thomas-White et al. 2016).

12.2.2.1 Expanded Quantitative Urine Culture (EQUC)

EQUC is a modified form of standard urine culture in terms of volume of the sample,
incubation condition, and cultural media used. It involves use of higher volume of
urine plated over a variety of cultural media in combination with different incubation
period. The plates are also incubated in different environmental condition like
anaerobic, aerobic, or enhanced CO2-rich atmosphere. Using a wide variety of
cultural media with different environmental conditions, a diversity of bacterial
communities can be detected employing this technique. This technique not only
aims to detect uropathogens like E. coli but increases our understanding by detecting
commensal flora of urogenital tract and bladder. Price et al. (2016) compared these
two methods and concluded that EQUC can detect 67% more uropathogens as
compared to standard urine culture. Also the standard urine culture missed 88% of
non-E. coli uropathogens which are detected by EQUC. EQUC can detect many
bacterial genera that remain undetected through standard method (Lewis et al. 2013).
Instead of choosing random condition for culture, Price et al. formulated a modified
and streamlined EQUC protocol, which involves the use of higher volume of urine
of about 100 μl plated in different media. Most commonly used media includes BAP
(blood agar plates), CNA (colistin-nalidixic acid agar plates), and MacConkey agar.
The incubation period is of 48 h in 5% CO2 atmosphere. The streamline protocol is
of great clinical significance as it is widely used to detect uropathogens from patients
having urinary tract infection. This method also proves that many bacteria that are
identified through 16 s rRNA gene sequencing can be cultivated using this tech-
nique. As per a report by s, urine sample collected via transurethral catheter gives no
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growth in standard urine culture, whereas advance techniques like expanded quan-
titative urine culture (EQUC) lead to isolation of bacterial communities from 80% of
the same sample (Lewis et al. 2013). EQUC protocol also detects all bacterial genera
that show growth in standard urine culture method. Compared to standard urine
culture, EQUC protocol detected all viable bacterial diversity with higher average
CFU per ml (Price et al. 2016).

12.2.2.2 16S rRNA Gene Sequencing

It is a cultural-independent NGS-based metagenomic sequencing technique for the
detection of microbial composition of specimen. Apart from this, another
NGS-based technique which can be used is whole-genome shotgun metagenomic
sequencing. 16S rRNA amplicon sequencing technique mainly involves extraction
of community DNA from urine sample, thereby amplifying variable (V4) region of
16S rRNA gene of each DNA (Zhang et al. 2019). Amplification is done by using
universal primers like 515F and 806R in two-step nested PCR. The amplicons after
processing undergo sequencing. Sequencing data then matched with standard data-
base which gives a complete profile of bacterial communities present in urine. On the
other hand, it gives relative abundance of the bacterial population. The use of
primers has an advantage that its high sensitivity can detect microbial community
even with very low abundance. Thus, it can be used to study relative abundance and
for taxonomic studies.

16S rRNA sequencing can detect complete bacterial diversity of sample, but
EQUC protocol could not detect dead or ruptured bacteria. A rational theory
suggests that every bacterial genera (including dead bacteria) identified through
high-throughput sequencing were active in human body and played significant
role. Thus,16S rRNA sequencing provides additional benefit over EQUC in under-
standing human urobiome.

Bacterial diversity of urobiome in different age group of healthy males and
females were summarized in Tables 12.1 and 12.2, respectively. The urine samples
were collected in different points of time during voiding. For complete detection of
bacterial diversity, both (EQUC and 16S rRNA sequencing) the techniques have
been used. However, on comparing EQUC and 16S rRNA gene sequencing results
(Tables 12.1 and 12.2), it signifies that urobiome profile of both the techniques is not
fully identical (Price et al. 2016). For example, bacterial genera Atopobium is
detected only through 16S rRNA gene sequencing while the genus Trueperella is
detected via EQUC method. This is due to the fact that for some bacterial genera, the
EQUC growth condition might be unsuitable while for other bacterial communities
that were under- represented in urine, it could be optimum.
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12.3 Understanding Urobiome Profile in Health

As per multiple urobiome studies conducted so far, the most common and frequent
bacterial genera reported are Lactobacillus and Streptococcus. A possible explana-
tion is that both the genera belong to the group of lactic acid bacteria that are
commensal flora of several tissues. Both the genera are associated with genitourinary
tract and involved in protective roles against enteric pathogens (Shetty et al. 2017). A
previous study also revealed that the frequency of bacterial genera like
Alloscardovia, Burkholderia, Jonquetella, Klebsiella, Saccharofermentans,
Rhodanobacter, and Veillonella is very less (Shetty et al. 2017). The overall
composition of urobiome reported in various studies differs; it is because of the
differences in sample collection method and age and sex of the patient. Due to high
level of variation reported in studies, the core bacterial communities is still not
accurately defined (Neugent et al. 2020).

It is not very surprising that urobiome composition differs among individual
based on sex and age. The fact could be related to the extent of hygiene and voiding
habits, as it differs among children, adults, and elders (Aragón et al. 2018). 16S
rRNA gene sequencing of clean-catch mid-stream urine showed that bladder
microbiome of females contains diverse bacterial population as compared to male
bladder. Actinomyces, Arthobacter, and Bacteroides are some bacterial genera which
are detected only in female urine by 16S rRNA sequencing. Another comparative
study of healthy male and female showed that the number of E. coli cultured is
higher in females as compared to males. 16S rRNA gene sequencing of urine sample
collected from adolescent men showed that Streptococcus, Gardnerella, Lactoba-
cillus, and Veillonella are present in predominant level. As per a study conducted by
Fouts et al. (2012), Corynebacterium is abundantly present in male urine. This
bacterial genus is commonly present in skin and distal urethra, thus the presence
of this bacteria in urine could be related to contamination from skin when clean-
catch voiding technique is used for urine collection. As per several other studies,
Enterococcus, Proteus, Klebsiella, and Aerococcus were also present in male urine
at high biomass (Shetty et al. 2017). The variation in the composition of urinary
microbiome among male and female could be related to various factors. This
involves difference in anatomical structure, production of different hormones,
metabolites, etc. For example, creatinine excretion in male is higher as compared
to female, whereas the production of citrate is higher in female. Also, the production
of calcium and oxalate is less in female. Thus, the metabolites may promote or
inhibit certain bacteria to survive in the niche. The overall microbial composition of
various physiological systems and the ratio of Firmicutes to Bacteroidetes in gut
microbiome alter with the age of the individual (Mariat et al. 2009). Similarly, the
composition of urinary microbiome changes with age (Teo et al. 2016). However,
the knowledge of age-related alteration in urinary microbiome is limited. Several
studies conducted among adolescent girls before menarche, reproductively active
women, and post-menopausal women for vaginal microbiome show variation
(Osborne et al. 1979; Hickey et al. 2015). It has been seen that the genera
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Lactobacillus is dominant in girls during puberty, whereas its biomass decreases
after menopause. The composition of urinary microbiome changes when women
bear pregnancy, whereas it remains unchanged or constant in normal condition.
Several studies showed that the vaginal microflora is dominated by Lactobacillus in
healthy reproductive women (Fouts et al. 2012). The vaginal microflora mainly
consists of Lactobacillus crispatus, Lactobacillus iners, Lactobacillus gasseri, and
Lactobacillus jensenii. As per evidence, the bacterial genera play significant role in
maintaining the pH of vagina, protection against pathogen causing infection, STD
(sexually transmitted disease), and UTI. As per the study conducted by Lewis et al.,
Jonquetella, Proteiniphilum, Saccharofermentans, and Parvimonas were detected
only in older aged people, i.e., above 70 years (Lewis et al. 2013). The study was
based on 16S rRNA sequencing of clean-catch voided mid-stream urine collected
from male and females of wider age range. It also revealed the detection of other
bacterial genera that are common irrespective of their age. The use of standard
method for the cultivation of all four bacterial genera is difficult. This is due to the
fact that all are anaerobic with fastidious nutrient requirement.

12.4 Role of Urobiome in Health and Disease

As per multiple studies conducted under Human Microbiome Project, researchers
found a link between specific disease condition and variation in microbial diversity
of different niche (gut, colon, etc.) in human body. Some studies reported variation
in urinary microbiome with urological disorder like urinary incontinence (UI),
bladder and prostate cancer, was neurogenic bladder dysfunction (NBD), interstitial
cystitis (IC), sexually transmitted infections (STIs), and chronic prostatitis or chronic
pelvic pain syndrome (CP or CPPS). The variation in urinary microbiome with
different urological disorders is described in detail below.

12.4.1 Finding Link Between Urobiome with Urological
Disorders

Urinary incontinence is a urological disorder involving involuntary leakage of urine.
The condition is seen in both male and female, but its symptoms are more prevalent
and frequent in women. It is more common in women due to dysfunction of bladder
or pelvic floor muscle that commonly occurs during childbirth, whereas in male, it is
a result of prostatic enlargement. It is a very common urological disorder that can be
classified as urgency UI (UUI), stress UI (SUI), or mixed UI (MUI) (Thomas-White
et al. 2018).

Pearce et al. (2014) and Karstens et al. (2016) conducted studies using 16S rRNA
and EQUC of urine sample collected by transurethral catheterization from healthy
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volunteers and women with UUI. The study shows alteration in urinary microbiome
in women with UUI. As compared to urinary microbiome of healthy women, the
microbiome of women with UUI has higher load of Gardnerella and lower load of
Lactobacillus (Aragón et al. 2018). Table 12.3 gives the details of different studies
on how the samples were collected with a variety of techniques used for the detection
of bacterial communities with relative biomass. Karstens et al. (2016) reported that
the bacterial abundance between UUI and non-UUI patients varies by 14 OTUs
(operational taxonomic units), and also the severity of UUI symptoms is greater in
UUI patients with lower bacterial diversity (Aragón et al. 2018). Some studies also
concluded the link between urinary microbiome and treatment of urgency urinary
incontinence.

According to the International Urogynecological Association (IUGA) and the
International Continence Society (ICS) standard definition of urgency urinary incon-
tinence (UUI), it is leakage of urine with strong desire to void that is difficult to
differ. UUI and SUI often coexist in some patients with a combination of symptoms
and termed as mixed incontinence. As per study by Brubaker et al. (2015), urinary
microbiome plays a role in UUI episodes, symptom severity, and posttreatment UTI
risk. The study involves collection of catheterized urine sample from women with
UUI. The UM contribution was based on bacterial DNA analysis of patients under
ABC (Anti cholinergic versus botulinum toxin A comparison) trial using qPCR (Teo
et al. 2016). Pearce et al. in the same trial used 16S rRNA gene sequencing to detect
different bacterial communities present in women with UUI disorder who discovered
different therapies like anticholinergic or on a botulinum toxin A (Pearce et al.
2015). The 16S rRNA sequence profiling of both the cohort studies shows no
significant difference. However, it was also noted that women with post UTI
treatment has lower Lactobacillus sequence as compared to women without UTI.
At the end of the research, it was concluded that DNA of urinary bacteria was linked
with treatment response, thus agreed the finding of Brubaker et al. (2015), regarding
inference of bacterial DNA in urgency urinary incontinence episodes and
posttreatment urinary tract infection (Nelson et al. 2012).

As per a comparative study, there is a significant variation in taxonomic compo-
sition, richness, and microbial diversity among females with interstitial cystitis and
asymptomatic healthy women. The study was based on high-throughput sequencing
of clean-catch mid-stream urine. High-throughput sequencing analysis of IC (inter-
stitial cystitis) urine samples also showed increase in the overall biomass of Lacto-
bacillus genus whereas decrease in overall microbial richness and ecological
diversity (Pearce et al. 2014). Although some Lactobacillus genus were known to
maintain acidic environment in vagina, thus preventing from other infection to
occur, however few study showed that some species of Lactobacillus such as
Lactobacillus delbrueckii and L. gasseri could be associated with urinary tract
infection and urgency urinary incontinence, respectively. Another comparative
study based on 16S rRNA sequencing of urine sample collected from male and
female with neurogenic bladder dysfunction (NBD) and healthy bladder showed
variation in urobiome. The overall richness of Lactobacillus and Corynebacterium
genera were high among the control bladder urine, whereas Klebsiella,
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Enterococcus, and Escherichia were predominant in NBD urine. Nelson and
co-workers conducted a comparative study based on 16S rRNA gene sequencing
of initial stream urine collected from patient (Male) with sexually transmitted
infection and healthy males. As per the analysis of overall bacterial composition,
they proposed possible impact of urogenital bacteria to increase STI risk. The urine
sample collected from male patient with sexually transmitted infection was
predominated by bacterial genera like Sneathia, Gemella, Aerococcus,
Anaerococcus, Prevotella, and Veillonella which normally do not grow in standard
urine culture conditions. In a study conducted among patients with chronic prosta-
titis, it was seen that the bacterial diversity and abundance of Clostridia class was
relatively high as compared to control samples. The study was also based on the 16S
rRNA sequencing of midstream urine collected from patients with CP (chronic
prostatitis).

In summary, several studies conducted on urinary microbiome among healthy
and patient with various disorders show a clear role of urobiome bacteria in different
disorders and treatments. The findings also suggest some direct or indirect role of
bacteria in different urinary disease like UTI, UUI, CP, STI, NBD, etc. Therefore, it
is necessary to investigate the proper link between urobiome and different urological
disorder to understand the fate of urobiome variation among individuals.

12.4.2 Finding Link Between Urobiome with Urolithiasis

A specific group of microorganisms may form clusters at a particular site of the
urinary tract and perform their role in regulating urinary health. For example,
Lactobacilli species present predominantly in the female vagina may colonize
throughout the bladder. This colony is part of the urobiome which interacts with
uroepithelial cells and maintains a good urinary environment. But, sometimes these
colonies can be altered by sexual activity and may cause serious infectious diseases
(Price et al. 2016). Urinary microbiota of healthy populations and those with clinical
symptoms possess different microbial populations. Female lower urinary tract
microbiota varies among each individual and their age group. The proportion of
commensal Lactobacillus species is different among each healthy generation and
those with a urinary disorder (Gajer et al. 2012). Bladder and vaginal urobiome of
females are almost similar in their composition, as studied in a phylogenetic analysis
of whole-genome of bacterial strains isolated from the bladder and vagina (Gajer
et al. 2012).

Healthy urine is not completely sterile. As ecological expression, core
microbiome where phylotypes diversity would not change and in-contrast transient
microbiome, phylotypes diversity keeps on changing. As described in Fig. 12.1, in
urolithiasis condition, literature suggests convergence would go down and the
dysbiosis in the microbiota would be found to be increase. The urobiome plays an
important role in health and homeostasis of the urinary tract by interacting with host
cells, stabilizing the pH of the urinary tract, maintaining the integrity of host cells,
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promoting immunity and neurotransmission, etc. The microbial population in this
human urobiome varies with age and sex, which are unique in each individual.
Metagenomics analysis based on next-generation sequencing will help in character-
izing bacterial type, even in low abundance.

Urobiome of healthy men and women consists of three predominant genera:
Lactobacillus, Corynebacterium, and Streptococcus (Dong et al. 2011; Pearce
et al. 2014). Urobiome of females is most stable in microbial composition during
non-pregnant state, but during pregnancy, its composition will become unstable
(Thomas-White et al. 2018). In case of an infant’s urinary tract, acid-producing
Lactobacillus was abundant, and it contributes to acidic conditions that protect
against urinary tract infection (UTI) (Lee et al. 2009). Bacterial flora may produce
enzymes and cofactors for metabolic reactions. For example, Escherichia faecalis
species regulates N-acetyl glucosamine pathway, citrate, and aspartate metabolic
pathway which suppresses glucose uptake; so urine contains more citrate than
glucose (Shaykhutdinov et al. 2009; Vebø et al. 2010; Bouatra et al. 2013). A high
level of glucose in the urine may promote the growth of microorganisms like
E. faecalis, which could utilize sucrose and fructose by genomic upregulation
(Tasevska et al. 2005; Guo and Li 2009). It also activates the conversion of aspartic

Fig. 12.1 Diagrammatic illustration of ecological implications for urobiome in urolithiasis condi-
tion. Urobiome inculcates with core and transient microbiome, and literature suggested that
transient flora is more involved in lithiasis disease physio-pathologies. Microbial diversity patterns
were found to be less convergence and high dysbiosis index in urolithiasis condition
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acid and α-ketoglutaric acid into oxaloacetic acid and glutamic acid and thus helps in
nitrogen metabolism (Guo and Li 2009). Species E. coli seemed to be
osmoprotectant and is responsible for resistance urea toxicity in the urinary tract
(Kunin et al. 1992).

Literature explained well till date, core microbes have major impact on
maintaining the health status of urinary system especially urine physiology. As
mentioned in Fig. 12.2, transient phylotypes would be found to be the culprit of
lithiasis episodes with different mechanisms.

Microbiome with a diversified type of microbes, genes, genome, and metabolites
has been explored on crystallization events. However, the chemical structure of
crystals has been correlated to the kinds of bacterial species that may direct us to
understand the specific roles and treatment choices in antibiotics use for recurrent
episodes. Some literature on parametric analysis with microbial phylotypes and
certain metabolites from host and microbes are discussed for a major impact in
pathophysiologies for urolithiasis condition. Urine is usually antimicrobial due to
low pH (about <6), hypertonicity, and a high concentration of urea which inhibits
urinary pathogens (Kunin et al. 1992; Chambers and Lever 1996). Urine has glycine

Fig. 12.2 Representation of urinary microbe segregation into core and transient urobiome-type
associated with lithiasis condition. Here, we illustrate major activities performed by urobiome in
lithiasis disease. We hypothesized that transient urobiome would impose the pathologies in
urolithiasis events through different actions like secretary products, metabolites formation, and
body components
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at a high level, and other amino acids are present in low levels such as D-serine,
glutamine, proline, histidine, methionine, cysteine, glutamate, arginine, and
branched-chain amino acids (Carlsson et al. 2001). D-serine is a highly abundant
bacteriostatic constituent of urine, which inhibits the reproducible pathogenic
growth (Tasevska et al. 2005). Urine mainly consists of an antimicrobial protein
called Tamm–Horsfall glycoprotein (Jarvisalo et al. 1992), and low acidified urine
containing nitrite will act as an antimicrobial agent by producing nitrite oxide species
and help to prevent UTI (Kucheria et al. 2005). Urine consist of other constituents
like glucose, creatine, and trace amount of fatty acids, sucrose, citrate, manganese,
etc. (Guo and Li 2009; Minot et al. 2011; Foye et al. 2012).

Colonization of bacteria like Oxalobacter formigenes will help to reduce 70%
risk of recurrent calcium oxalate stone formation in the urinary system. The rate of
colonization of bacteria is greater in healthy subjects than individuals with urolith-
iasis. For example, Oxalobacter formigenes of gastrointestinal microbiota will
decrease the development of calcium-oxalate stones in the urinary system by
degrading dietary oxalate in the human body (Riesenfeld et al. 2004). Colonization
of this genus is age-dependent; it is most dominant in children up to 8 years. By the
age of 12 years, these genera start to decline and continue through adulthood (Pearce
et al. 2014). Therefore, urolithiasis is most predominant in adults because of a
comparatively lesser population of O. formigenes and hence resulting in increased
concentration of oxalate in adult urine samples (Bik et al. 2010). Viruses are more
abundant than bacteria, and they infect bacteria called bacteriophage. Gene transfer
is mediated by bacteriophage, and it helps to create a reservoir of an antibiotic-
resistant gene in many bacteria (Bik et al. 2010; Dethlefsen and Relman 2011). Diet
will alter the bacterial community but not the virus because it is stable for a long time
and it induces changes in the bacterial community (Dominguez-Bello et al. 2011).

As we refer transient flora, urobiome composition is in disequilibrium or unstable
conditions, mainly due to dietary changes that may cause diversification of micro-
organisms in a specific area of a urinary system (Dominguez-Bello et al. 2011).
Diversification is a recycling process of depletion and formation of new microbial
composition, and it can form a new stable state (Cosloy and McFall 1973). Antibi-
otic exposure or infections also make a temporal variation in the diversity of
urobiome composition (Kaufman et al. 2008). This temporary variation in a com-
position can cause urological infectious disease, and it has a chance to get recovered
by probiotic intake such as Lactobacillus spp. (Kelly et al. 2011; Cho and Blaser
2012). In a life cycle, aging process is a cause of diversification of diversity and
composition changes will alter with number and type of genera (Kelly et al. 2011).

Urinary stones are mostly derived from the metabolic product saturation inside
the excretory systems. This metabolic origin crystalized products in the urinary
system has derivatized the lithiasis activity and mostly involves supersaturation in
solutes and microenvironment changes about the urinary niche. Sometimes, stone
formation is exclusively associated with bacteria as in case with infectious stones
and is considered to be a consequence of a UTI (Ciftçioglu et al. 1999). Presence of
bacteria inside the nidus of kidney stones has already been demonstrated
(Tavichakorntrakool et al. 2012), but the exact role of these bacteria in the nucleation
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and growth of stone is poorly understood. However, some explanations suggest that
colonization of bacterial cells inside the nidus would exhibit either renal tubular acid
tolerance (Heilberg and Schor 2006), degradation of amino acids (Kopple et al.
1978), and changing the pH of microenvironment milieu by ammonia production
through urease activity (Torzewska et al. 2014). Another possible explanation
towards the role of bacteria in the formation of stone is their ability to inhibit
and/or alter the inhibitors of kidney stone formation (Flannigan et al. 2014). Role
of some of these common bacteria in the lithiasis of CaOx stones has been dealt in
mechanical and illustrative ways (Chutipongtanate et al. 2013). Multiple mecha-
nisms suggest that intact bacterial cell may initiate the cascade of stone development
by providing physical surface for attachment and nucleation (Flannigan et al. 2014).
Calcium ion chelation property has been found to be associated with bacteria which
mediate the nucleation and aggregation of calcium salts of oxalate and cascade the
stone formation mechanism. In addition, excretion of carbonate apatite through the
cell membranes of nanobacteria and exopolysaccharides from bacterial matrices in
biofilms is also involved in stone genesis (Ciftçioglu et al. 1999). Some recent
studies suggest cell surface components like cell wall, flagellar components like
flagellin (Kanlaya et al. 2019), and spore coat components like calcium dipicolinate
would have the direct role in urolithiasis events. Presence of bacteria in stones
provides perception that in hyperoxaluric condition, bacteria are not only found in
the kidney but may participate in the formation of kidney stones and other urological
diseases (Whiteside et al. 2015). Also, some non-urease bacteria like Kalamiella
piersoniiwould be responsible to struvite stone generation (Rekha et al. 2020). Thus,
studies such as this will helpful to find out the exact bacterial composition of stone
that is essential to predict the stone type as hypothesized earlier (Suryavanshi et al.
2018).

12.5 Probiotics for Maintaining Health of Urobiome

Meaning of probiotic is “life,”with similar meanings in Latin (pro) and Greek (bios).
Elie Metchnikoff introduced the concept of probiotics (Jiang et al. 2011). Probiotics
are living microorganisms, which are mainly found in food as well as food supple-
ments such as tablets, syrup, or any other additional forms in products (Donders
1999). Probiotics also form a part of the urobiome, which confer beneficial health
effects on the host (Jiang et al. 2011). Probiotics play a role in many factors of
urinary tract such as cell–cell adherence, prevention of cellular adherence of path-
ogenic microorganisms, helping in acid secretion and hydrogen peroxide secretion to
control the growth of pathogens in the urinary tract (Preidis and Versalovic 2009).
Lactobacillus and Bifidobacterium most frequently contain a source of probiotics,
and action of these probiotics includes adherence and survival in a specific site of the
urinary system and competes with urinary pathogen (Servin 2004).

Lactobacillus acts as a bladder targeting probiotic, which will function as a
therapeutic agent for the system. However, these bacteria are most predominantly
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present in the female urinary system (Akgül and Karakan 2018). This species is
associated with vaginal microflora, where it maintains an acidic condition, so that it
acts as a strong barrier against infections (Lamont et al. 2011; Schwenger et al.
2015). Lactic acid-producing bacteria also reduce the risk of bladder cancer and
kidney stones (Servin 2004; Preidis and Versalovic 2009; Lamont et al. 2011;
Schwenger et al. 2015; Akgül and Karakan 2018). Lactobacillus acidophilus also
prevents interstitial cystitis and reduces inflammation (Foye et al. 2012). It also
creates an acidic environment in the urinary tract that prevents the growth of
pathogenic bacteria (Li et al. 2016).

Lactobacilli can prevent adherence, colonization, and growth of urinary patho-
genic bacteria. Lactobacillus spp. may produce biosurfactants in the cell surface,
which are amphipathic and multifunctional molecules. It has antiadhesive properties
against urinary pathogens (Aragón et al. 2018). Urinary health is mainly associated
with particular microbial composition of urobiome, and sometimes, this composition
can be altering because the effect of any changes in urinary environmental factor like
pH will cause urinary disorder such as UTI and this alteration of composition may be
used as biomarker in the identification of disease by clinicians, and in this diseased
condition, biomarkers composition might help to type probiotic intake to reduce that
particular disorder (Aragón et al. 2018). For example, a healthy population of
Lactobacillus species strongly inhibits the effects of Escherichia coli, which is the
main cause of UTI in women, and this E. coli is a biomarker of UTI (Beerepoot et al.
2013). In this condition, orally administered Lactobacillus species act as probiotics
that prevent recurrent UTI in women.

Bifidobacterium and Lactobacillus stimulate the immune response, for example,
L. casei is immune modulator in role, it helps to suppress recurrent bladder cancer by
modulating immune system against tumor-specific antigen (Feyisetan et al. 2012),
and these genera will modulate immunity to produce specific antibody IgA to
prevent adhesion of pathogenic microorganism to host uroepithelial cell wall (Herich
and Levkut 2002). These genera will disrupt the pathogenesis process because that
may induce UTI by causing cytokinetic proinflammatory such as IL-6 (Wullt et al.
2003).

12.6 Conclusion and Future Perspective

A specific urobiome exists in each individual’s urinary system, which has its specific
bacterial characteristics and functional role. This urobiome is crucial for the main-
tenance of a healthy urinary system. Even the characteristics and functional role of
highly abundant microorganisms in the urinary system are widely studied. Several
studies provide evidences that the urinary tract of healthy individual possesses a
unique microbiome that changes in different physiological and diseased condition.
However, due to difference in sample collection method and lack of synchronization
in research methodology, the bacterial genera mainly responsible could not be found
in consensus. Still, much has to be learned about the low abundant microorganisms
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in urobiome and their biochemical requirements. Exact functional role and evolu-
tionary aspects of these low abundant microorganisms are still unknown and that
needs further study. Multiomics approach would be the best match to study the
pathologies, and genomic applications would render the biomarker discoveries in
urolithiasis research (Kachroo et al. 2021b). Role of metabolites and the whole or
partial bacterial part in the lithiasis phenomenon would be the next phases of the
urological research focus. Meta-analysis and systematic reviews by Kachroo et al.
(2021a) (unpublished work) suggest more studies needed to address the age,
comorbidities associated with urolithiasis beyond geographic regions. In addition,
several studies provide the beneficial role of probiotics, prebiotics, and diet modifi-
cation to regulate the urobiome in order to reduce the risk of urological disorders.
Despite controversies for its use, many studies supported its beneficial role. Further
studies are required in the field to gain sufficient knowledge which might have
positive impact on society.
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Chapter 13
Understanding of Gut Microbial Ecology
for New Therapeutics

Tulsi K. Joishy, Santanu Das, and Mojibur R. Khan

Abstract The human body harbors a plethora of microbes which are commonly
termed as the microbiota. The dominance of microbiota is mainly observed in the
intestine, with a count of 1014 cells in the colon. Gut microbiota is shaped by various
factors, including diet, age, geography, and genetics. Gut microbial dysfunctions may
lead to dysbiosis and affect host health. With the advent of genomic analysis tech-
niques, our understanding of gut microbiota, their functionalities as determinants of
health and diseases has rapidly increased over the last decade. Gut microbiota exhibits
great potential toward revolutionizing disease etiology and medical treatments. A
novel therapeutic approach such as probiotics, prebiotics, and fecal microbiome
transplantation (FMT) approach may ameliorate specific disease symptoms. Probiotic
therapy aims at altering the microbiota through exogenous administration of live
microbes. In contrast, prebiotic therapy relies on compounds that are consumed with
the intention of affecting the microbiota composition or function in a beneficial way.
While probiotics and prebiotics treatment are unspecific therapeutic approaches, FMT
is a specific method that involves the transfer of microbial community from a healthy
donor to a diseased recipient in order to reduce the disease-associated microbiota. This
chapter cumulates the role of the fecal microbe as the biomarker for the prognosis of
diseases and ameliorating it with personalized microbiome-based therapy.

Keywords Fecal microbiota transplantation · Biomarkers · Live Biotherapeutics ·
Precision medicine
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13.1 Introduction

The human gut comprises trillions of microbes termed as microbiota (Lloyd-Price
et al. 2016). It executes enormous functions vital for maintaining the metabolic and
immune health of an individual (Nagpal et al. 2014). The diverse microbiota
predominantly belongs to major phyla, Actinobacteria, Bacteroides, and Firmicutes
(Tap et al. 2009). However, the abundance of these phyla varies among the
populations. Various confounding factors are responsible for shaping the individ-
ual’s microbiota, including dietary habits, lifestyle, age, geography, and ethnicity.
The food habit of living beings show a critical part in microbial communities shape
of gut and can be tempered by the consumption of long-term dietary practice (Ley
et al. 2006; Wu et al. 2011) and short-term dietary habits (David et al. 2014). Gut
microbial assessment could be temporally (David et al. 2014) or irreversibly altered
(Sonnenburg and Bäckhed 2016). Western dietetic practice such as high-fat
diet altered the metabolic activity of resident microbes which might lead to chronic
illness. Lactobacilli in yogurt are associated with longevity in the Bulgarian peasant
populations. Prevotella is common in non-westerners who uptake a vegetable-based
diet, and its diverse strains are also associated with inflammatory conditions.
Increase in P. copri improved glucose lenience in studied mice model and suggests
that it might do so in humans too. Moreover, diverse strains of probiotic bacteria
such as Lactococcus, Lactobacillus, Leuconostoc, and Enterococcus are prevalent in
different dairy products. Ingestion of probiotics is reported for the noteworthy
enhancements in harmonizing the intestinal penetrability and barrier function
(Hiippala et al. 2018) and direct effects on atherosclerosis, on metabolic syndrome,
colon cancer, and bowel diseases (Wang et al. 2011), and indirect effects on anxiety,
anger, depression, and levels of stress hormones. The gut microbiota in the immune
system protects against pathogens, harvest energy, and nutrients from the diet by
fermenting indigestible starch and proteins. However, the disruption in gut
microbiota can negatively affect the host’s health too.

The diverse microbiota mainly resides in the distal part of GIT (gastrointestinal
tract). These microbial communities contribute 70- to 100-fold extra catalogue of
genes relative to the host. Interestingly, these reported genes encode numerous
enzymes and proteins which play an immense role in regulating host physiology.
In the last decade, advancements in techniques, including high-throughput next-
generation sequencing, metabolomics, and transcriptomics, has deciphered that
various microbiota is allied with health, fitness, and diseases (Gupta et al. 2017).
The relation between gut microbiome and diseases as well as obesity, type 2 diabetes,
hypertension, metabolic associated syndrome, diabetes, inflammatory bowel dis-
eases, autism, non-alcoholic fatty liver diseases, and atopic allergies disorders
(Bäckhed et al. 2004; Cani et al. 2008; Ley et al. 2006; Turnbaugh et al. 2006) has
paved anew way for therapeutic targets. Gut microbiota influence drug metabolism,
toxicity, and post-surgical recovery. Therefore, it is vital to explore the biomarkers
based on microbiome for diagnostics and treatment purposes. Gut microbiota alter-
ations are linked with etiology of several diseases but the underlying mechanisms are
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still indistinct. Also, population-specific variation in gut microbiome composition is
a significant limitation to draw a baseline for microbiota-mediated therapeutic
targets. Therefore, it is imperative to target a community-tailored approach to
modulate the gut microbiome of dysbiotic conditions. Large-scale effort in defining
core microbiome or healthy microbiome might be helpful in determining
microbiome role in diseases across the geography.

13.2 Gastrointestinal Microbiota and its Regional Diversity

The gastrointestinal tract (GIT) is a multiorgan system, and each of the organs
consists of a vast and diverse number of microbial entities specialized for various
functions. The diversity of the organisms increases at the proximal region to
intestinal distal end (Tropini et al. 2017). Several factors such as availability of
oxygen, nutrients, pH, bile acids, mucus layers, and immunological factors deter-
mine the selection of microbial species in each site (Friedman et al. 2018). The GIT
starts with the mouth, where the mastication of food materials takes place. The
human oral cavity harbors complex and distinct microbes among which 700 belong
to the bacteria (Dewhirst et al. 2010). The predominant member of the oral flora
includes Corynebacterium, Porphyromonas, Capnocytophaga, Streptococcus,
Veillonella, Granulicatella, Fusobacterium, Leptotrichia, Haemophilus,
Aggregatibacter, Neisseria, etc. (Dewhirst et al. 2010). The commensals in the
mouth prevent pathogenic microbes from forming dental biofilms which further
endorse dental cavity. Additionally, some of the members such as Granulicatella,
Streptococcus, and Veillonella have increased the production of anti-microbial
peptides (AMPs), secrete inflammatory cytokines, which leads to the increase in
mucosal thickness and epithelial barrier function (Shang et al. 2018). Transmission
of oral microbiota to the distal GIT is a normal phenomenon and occurs in greater
frequency than expected by ingestion alone. However, the transmission of a few
species is correlated to the disease of the distal GIT (Atarashi et al. 2017). The next
major organ in the GIT is the esophagus, which channels the food materials into the
stomach. The microbial diversity of the esophagus is similar to the oral cavity. The
dominant flora of the esophagus includes Rothia, Prevotella, Streptococcus,
Veillonella, Actinobacillus, Haemophilus, Novosphingobium, and Sphingomonas
(May and Abrams 2018). The composition of the esophageal microbiome depends
on the diet of an individual. It was observed that regular intake of low-fat diet and
dietary fiber promotes enrichment of Firmicutes, while reduces the abundance of
Gram-negative bacteria coupled with Proteobacteria; on the other hand, a decreased
fiber content in the diet is associated with enrichment of Neisseria, Eikenella, and
Prevotella (Nobel et al. 2018). However, in stomach, the microbial count decreases
to ~101–103 CFU/ml, and very few genera including Veillonella, Prevotella, Rothia,
Streptococcus, and Haemophilus thrived. It might be due to gastric pH alteration,
thickness of mucosa, and peristaltic movement which limits the growth of reside
microbes (O'Hara and Shanahan 2006) (Nardone and Compare 2015).
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The distal region of the GIT contains of the small intestine and the colon where
the microbial load and diversity are significantly high. The small intestine contains
diverse types of cells such as Paneth, tuft, absorptive, enteroendocrine, goblet, and
other cell types. Each cell type is differentially distributed throughout the small
intestine which determines microbial function, abundance, and diversity. The small
intestine is a massive organ and further segmented into duodenum, jejunum, and
ileum. The microbial load of duodenum ranges from 101 to 103 CFU/ml, jejunum
harbors 104–107 CFU/mL, and ileum harbors 103–108 CFU/mL (Martinez-Guryn
et al. 2019; O'Hara and Shanahan 2006). The duodenal microbiome mainly consists
of Actinobacteria and Proteobacteria, and their genes are enriched with the metab-
olism of various nutrient factors (carbohydrates, lipids, protein, etc.) (Angelakis
et al. 2015). The jejunum is the major spot for absorption of nutrients. However, the
information regarding the microbiome is limited owing to its accessibility. Colonos-
copy is the only method to study the jejunal microbiome. Several factors such as diet,
bile acids concentration, transit time of food products, and oxygen level influence
jejunal microbiota. Previous study reported that Firmicutes are the most dominant
phyla in jejunum followed by Proteobacteria, Actinobacteria, and Bacteroidetes
(El Aidy et al. 2013; Martinez-Guryn et al. 2019; O'Hara and Shanahan 2006).
Similarly, Clostridium, Bacteroidetes, Enterococcus, Enterobacteria, Veillonella,
and Lactobacillus are dominant in ileum (Martinez-Guryn et al. 2019; O'Hara and
Shanahan 2006). Interestingly, the ileum resided in microbial communities plays the
crucial part in the reuptake of bile juices and re-entry into enterohepatic circulation.
Moreover, few genera also aid in the absorption of various micronutrients.

Colon is the distal part of the GIT which consists of significantly high and diverse
microbial load in comparison to small intestine. The colon has distinctive functional
regions such as cecum and proximal of which cecum and ascending colon which
serve as major fermentation site, while in the distal colon electrolytes are extracted
(O'Hara and Shanahan 2006). The colon harbors ~1010–1012 CFU/ml of bacteria
among which Firmicutes and Bacteroidetes are dominant (O'Hara and Shanahan
2006). Anaerobic bacterial genera including Clostridia, Roseburia, and Eubacteria
are known nondigestible carbohydrate and fiber fermenters which generate short-
chain fatty acids (SCFA), and they have played a very important role in maintaining
healthy intestine (Koh et al. 2016) (Sommer and Bäckhed 2016). While, Lactoba-
cillus, Bacteroides, Clostridium, and Bifidobacteria harbor bile salt hydrolase gene
(BSH) which is accountable for deconjugation of taurine and glycine conjugated
primary bile juice (Gérard 2014).

13.3 Human Gut Microbiota Functions

The useful prospects of the gut microbial communities are accessed by generating as
well as integrating functional reads out of multi-omics (metaproteomic,
metatranscriptomic, and metabolomics) data. The gut microbiota are attributed to
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three specialized functions, viz., crucial and specific metabolic, protective, and
trophic functions.

13.3.1 Metabolism

A fundamental function of the colonic microflora is the metabolism of endogenous
mucus and exogenous nondigestible complex dietary residue (Roberfroid et al.
1995). A diverse microbes and catalogue of their genes, enzymes, and biochemical
pathways were identified by metagenomic studies (Roberfroid et al. 1995; Yadav
et al. 2018). Metabolites produced during the carbohydrate fermentation are prime
energy source for the colon. The indigestible polysaccharides (such as cellulose,
resistant starch, hemicellulose, pectin, and gums), unabsorbed sugars, and oligosac-
charides are metabolized to monosaccharides and then finally converted to SCFA,
particularly acetate, butyrate, and propionate (Cummings et al. 1987; Cummings
et al. 1996). Additionally, gut microbiomes also synthesize vitamins and absorb
minerals including calcium, iron, and magnesium. Production of SCFA aids in the
absorption of irons in caecum. All fatty acid has a significant role in physiology of
host. Butyrate is the prime energy foundation for colonocytes, and it is entirely
consumed by colonic epithelium (Cummings et al. 1987). Acetate and propionate are
metabolized by muscle and liver, respectively, and act as substrates for gluconeo-
genesis and lipogenesis. SCFA such as butyrate and propionate modulate appetite
and body weight by inducing the expression of leptin in adipose tissue (Villanueva-
Millán et al. 2015).

13.3.2 Trophic

Gut microbiome exerts a trophic consequence on the intestinal epithelial cell differ-
entiation activities (Guarner and Malagelada 2003). Acetate, butyrate, and propio-
nate are the three major SCFAs which stimulate proliferation of epithelial cell and its
differentiation. Though, butyrate inhibits the proliferation of epithelial cell at neo-
plastic origin and stimulates its differentiation in vitro. Previous reports suggest that
butyrate also promotes cell reversion from neoplastic to non-neoplastic phenotypes,
reduces apoptosis of normal enterocytes, and accelerates intestinal mucosa matura-
tion and repair activity after an injury.

13.3.3 Protective

Resident bacteria are crucial in preventing the invasion and colonization of exoge-
nous microbes. They also act as a continuous barrier to the opportunistic pathogens
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whose abundance is low in gut. In normal conditions, the resident species maintain
equilibrium and stability in the ecosystem. However, this ecological balance gets
disrupted with the use of antibiotics; thereby, the proliferation of pathogens such as
Clostridium difficle takes place (Van der Waaij et al. 1996).

13.4 Gut Microbiome Dysbiosis

The human gastrointestinal tract (GIT) is a long tube and arranged as a multi-organ
system. Each GIT organ regulates complex digestive and metabolic process. GIT
plays a crucial role in digesting and absorbing nutrients from the food which
contains viable microorganisms, antigens, and bacterial-derived molecules. The
intestinal mucosa exerts an important role in excluding food-borne microbes and
macromolecules from systemic circulations while absorbing important nutrients and
minerals. Diets rich in protein and sulfate produce toxic metabolites, including
phenols, ammonia, hydrogen sulfide, and indoles, which if absorbed by host leads
to bowel toxemia. In 400 BC, Hippocrates explained that death lies in the bowel, and
indigestion is the root of all evil.

Eventually, the bowel toxemia theories evolved into the intestinal dysbiosis
hypothesis, which was originally coined by Metchnikoff. Dysbiosis is characterized
as altered gut microflora and their metabolic activities that has detrimental effect in
host health. Often dysbiotic gut is related to a rise in pathobionts which may induce
various gastrointestinal complications (Carding et al. 2015) and two categories are
used to classified as (1) taxonomic and (2) functional.

13.4.1 Taxonomic

The altered composition of microbial species coupled with reduced diversity and
richness is referred to as taxonomic dysbiosis. Loss of keystone taxa results in
increase of pathogens which affects host health. This condition is often implicated
with an increased abundance of pathogens, reduction of alpha diversity, and key-
stone taxa (Das et al. 2019; Frank et al. 2007). As it is exemplified that the abundance
of Bacteroides and Firmicutes decreases in case of intestinal bowel disease while
Enterobacteriaceae is increased. Therefore, in such individuals, the butyrate produc-
tion by Firmicutes is reduced while sulfate reductions increase by Enterobacteriaceae
which primes to increased permeability of epithelial cells and causes GIT inflam-
mation (Koh et al. 2016). Similarly, gut bacteria-derived metabolites act as xenobi-
otics to the hepatocytes that initiate inflammation in the liver, which leads to
non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty liver disease
(NAFLD) (Jiang et al. 2015; Yu et al. 2016). In case of colorectal cancer (CRC),
the abundance of an indigenous gut bacterium, i.e., Fusobacterium nucleatum,
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increases (Arthur et al. 2012; Das et al. 2019). While butyrate synthesis is abridged
in case of type 2 diabetes (Qin et al. 2012).

13.4.2 Functional

In case of functional dysbiosis, there is no change in signature taxa, but there is
alteration in the abundance of microbial-derived repertoire of metabolites. For
example, concentrations of SCFAs and glutamine are highly different in individuals
suffering from celiac diseases relative to normal individual (Das et al. 2019).
However, sulfur reduction increases with decreases in lactate productions in indi-
viduals suffering from constipated-irritable bowel syndrome (C-IBS) (Chassard et al.
2012). Plasma level of trimethylamine-N-oxide (TMAO), a key metabolite produced
by gut commensals, is positively allied with cardiovascular disease (CVD) (Wang
et al. 2011).

Understanding the mechanism of dysbiosis is key to develop strategies to manage
gastrointestinal conditions. Introduction of next-generation probiotics coupled with
prebiotics might support the growth of a subset of beneficial microbiota and reduce
pathogens (Carding et al. 2015; Das et al. 2019).

13.5 Restoration of Dysbiotic Gut

Therapeutic modulations of gut microbiota are in practice for millennia, for example,
implications of traditional herbs medications or by transplanting fecal microbiota
(De Groot et al. 2017). Evidence suggests a potential linkage between etiology of
diseases with gut microbiome which can also be restored by bacteria-based therapy
such as FMT, probiotics, and prebiotics.

13.5.1 Fecal Microbiota Transplant (FMT)

FMT is the unique approach of improving undesired microbiome states of patients
suffering from chronic diseases. In this approach, first healthy donor is selected from
whom stool is collected and transferred into the recipient GIT. In the fourth century,
Ge Hong, a clinician, described the importance of human fecal samples to treat
patients suffering from food poisoning and severe diarrhea (Zhang et al. 2012). Later
in the sixteenth century, different forms of fecal suspension including fermented,
fresh, and dry were employed to treat diarrhea, vomiting, fever, and constipation
(Zhang et al. 2012). In the twenty-first century, FMTs are reported to be exception-
ally effective in the treatment of diseases such as IBD, recurrent Clostridium difficile
infection (RCDI), and irritable bowel syndrome (IBS) (Aroniadis and Brandt 2013;
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Van Nood et al. 2013). There are several techniques of fecal transplantation,
including enema, nasogastric tube, and colonoscopy. However, colonoscopy is the
most effective method in which the colon and ileum are inoculated with desired
microbiota in comparison to an enema, which targets till splenic flexure. Donor
stools are mostly used within 8 hours of passage and colonoscopically administered.
The stool is suspended in non-bacteriostatic saline, and further, to remove larger
granular matter, and the fecal suspension is filtered through the gauze pads. Several
studies report that in RCDI patients, the alpha diversity increases, and the microbial
community shifts towards donor microbiome composition post-FMT (Fuentes et al.
2014; Seekatz et al. 2014). Additionally, the donor strains is reported to coexist for
prolonged periods in recipient’s post-FMT (Li et al. 2016; Moss et al. 2017).
However, the underlying mechanism of the microbiome’s response is yet to be
elucidated. FMT provides a distinctive platform to learning the microbial coloniza-
tion and pliability.

13.5.2 Probiotics

Probiotics are well-defined as the live beneficial microbes. Probiotics deliberate
health benefits by reducing pathogens in the gut (Hill et al. 2014). In contrast to
FMT, probiotics therapy is besieged modulations of the gut microbiota (Schmidt
et al. 2018), therefore, influence human health. Probiotics employed for human
medications must have a “generally regarded as safe” position with a confirmed
lower risk of etiology of diseases (O’Toole et al. 2017). Microorganisms that are able
to tolerate pepsin, pancreatin, higher concentration of conjugated as well as
deconjugated bile acids coupled with antimicrobial resistance can be claimed as
probiotic organisms. Several strains of Lactobacilli as well as Bifidobacteria are
widely characterized and are reported to reduce gastrointestinal infections (Nagpal
et al. 2012). Probiotics harbor several potential benefits (Fig. 13.1& 13.2). However,
the effect of probiotics on microbiome levels might be minuscule (Kristensen et al.
2016).

13.5.3 Prebiotics

Prebiotic is a nondigestible substrate which is metabolized selectively by the host
ecosystem deliberating health benefits. It is a targeted mode of microbiome manip-
ulations that confers specific beneficial changes in compositions and activity of
gastrointestinal microbiota. Fiber-rich diet increases the abundances of Prevotella
and Bacteroides ratio and improves glucose metabolism (Kovatcheva-Datchary et al.
2015). Additionally, it revealed that consumption of fiber-rich diet by obese children
shifted their functional gut microbial community composition and led to weight-loss
(Zhang et al. 2015). The prebiotics in the colon are fermented by commensal
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microbes to produce important metabolites such as short-chain fatty acids (SCFA). It
is proposed that the SCFA have anti-inflammatory effect in host health and reduce
the colonic pH to promote the colonization of Lactobacillus and Bifidobacteria
(McLoughlin et al. 2017). There are enormous health benefits of the prebiotics
(Fig. 13.3).

13.6 Conclusion

The human gut is harboring the uncountable and diverse microbial communities,
which play a crucial role in supporting metabolic and immune health. Metagenomics
have displayed the important functions of microbiota which maintain host health,
and if the homeostasis is disturbed, it may cause diseases. Evidence proposes that
there exists a plausible linkage between gut microbiota and etiology of chronic
ailments. However, the harmful microbes can be modulated by the beneficial
microbes with probiotic and prebiotic therapies, and recently, FMT is widely
employed in the treatment of bowel diseases. An extensive study on the functional
property of each microbe might help in targeting several metabolic diseases.

Fig. 13.2 Health attributes of probiotics

Fig. 13.3 Health benefits of prebiotics help in enrichment of selective bacteria and reduce multiple
inflammatory bowel diseases
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Multitude of mysteries about the compositions and functions still remain to be
explicated as the microbiota differ across the populations, geography, sex, and
age. Therefore, a distinct microbial profile of each population is baseline to use
microbiome-based treatment of an individuals. It is imperative to spot the underlying
mechanism by which the perturbations caused due to dysbiosis can be modulated by
bacteria-based therapy. Additionally, by exploring microbiome functions, its inter-
action with other co-occurring bacteria is equally important.
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Chapter 14
Ecology and Abundance
of Benzoate-Degrading Bacteria
in Industrial Waste

Shweena Krishnani, Kunal Meena, Vineet, Deepansh Sharma,
Gajender Kumar Aseri, Jagdip Singh Sohal, Neeraj Khare,
and Deepti Singh

Abstract The role of microbial diversity of effluent treatment plant (ETP) for
treating the higher concentrations of naturally or artificially occurring aromatic
compounds such as benzoate and its salts as a result of a wide range of food and
beverage industrial discharges is found to be very important for seeking the treat-
ment of ETP, which might be disturbing the normal microflora of the ETP, resulting
in a decrease in essential microbiome that might be helpful in conventional and
advanced techniques of treating waste waters. Isolation, detection, and characteriza-
tion of benzoate degraders are necessary to optimize it for industrial use. Aerobic and
anaerobic metabolic pathways of different benzoate degraders result in different end
products. This chapter communicates various benzoate-degrading microbes isolated
from the wastewater and related sites analyzing the different end products of the
reaction and benzoate as intermediate to some reactions, comparing the traditional
and new techniques involving treatment of such sites, analyzing the risk of the loss
of normal microflora, bioremediation, and the ecological study of various diversified
microbes involved in benzoate degradation.

Keywords Benzoate · Bioremediation · Wastewater · Effluent treatment plant ·
Microbiome

14.1 Introduction

The microbial ecosystem of an industrial wastewater treatment plant illustrates an
intense gathering of the diverse gene pool, which forms the possibilities of
co-occurrence at an expense of toxins. Microbial communities of the treatment
plant active sludge are capable of adaptation to unique and competitive habitats
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for their survival, usually procuring the metabolic capabilities that will help them
survive at such sites. For their survival, they signify discrete genetic devices to
operate repetitious stress situations that cover various ecological determinants such
as pH, temperature, and nutrient inaccessibility, etc. (Jadeja et al. 2019). These
determinants present them as chief performers in the bioremediation and biodegra-
dation processes that carry around the degradation of the pollutants originating via
human activities within the lithosphere and hydrosphere. Bioremediation refers to
when a consortia/single microbe utilizes the toxic pollutants as its sole carbon,
nitrogen, and another trace of the elemental source for the conversion of the complex
structural units into simple monomers aiming the reduction of toxicity and environ-
mental pollution (Leewis et al. 2016). For the bioremediation and biodegradation of
complex chemicals, unique systems have been adopted by industries such as effluent
treatment plant (ETP), common effluent treatment plant (CETP), etc. An ETP is a
type of wastewater treatment plant (WWTP) that provides a unique ecosystem used
as a black box (Saunders et al. 2016). The notable characteristic of the microbial
association of a CETP lies in the adaptation to constantly changing carbon source
occurring due to chemical pollution discharges from industries. The carbon source
concentration is quite dependent on the industrial production and composition, along
with the activated sludge water variation covering different industries that holds the
management of bioremediation and biodegradation of various organic compounds
(Jadeja et al. 2019).

A WWTP is designed concerning the control of a wide range of pollutants before
approaching the environment. Yet implying the most common oxygenic path toward
the processing of industrial effluent, the method is not used sufficiently for its
maximum potential. The lack of knowledge and shreds of evidence are the key
factors for base comparing the microbial community in the activated sludge to its
degradative performance (Kapley et al. 2015). Hence, it is essential to maintain as
well as reduce the toxins whenever the environmental pollution level rises. There-
fore, maintaining the household and industrial effluents is a key role of WWTPs. It is
a well-known oxygenic plan employed for the cleaning of effluents, which is also
referred to as the activated sludge process (ASP). The microbial community residing
in the effluent’s accounts for the bioremediation of toxicants in the activated sludge.
Industrial effluents confer numerous trials among the normal microflora, besides
their possession of a diverse collection of xenobiotics, its composition changes as per
the production plan creating differences in the normal microflora population char-
acterization. Certain obstacles remain united in the CETP, wherever the effluent of
numerous industrial assemblies is combined before handling processes (Kapley et al.
2007). The value of ETP could turn the economics of small-scale industries (SSI),
causing the process of handling of a non-viable alternative. To support such SSIs, an
idea of the CETP method got implied. A CETP is a type of WWTP, which is
specially intended for the treatment of effluent arising via clusters of the SSIs
(Yadav et al. 2014). The effluents combined from the SSIs are brought to a common
treatment plant (CTP) merged for the treatment before releasing in the atmosphere.
The basic foundation defeats operational value yielding from a single unit up to its
minimum while protecting the environment at its most. The last decade of research
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for the understanding of microbial communities of these sites holds the observation
of the universal utilization of activated sludge. One of the several aims is to know the
naturally occurring interface that brings biodegradation in a WWT. It illustrates that
the microbial culture can be observed employing simplistic molecular mechanisms
like random amplification of polymorphic DNA (RAPD) or denaturing gradient gel
electrophoresis (DGGE) and improved through gene quantification data that aids our
learning of diminished vitality of a WWTP (Kapley et al. 2015).

Microbial communities present in the industrial treatment plants are essential for
its function. In addition to that, there are several factors that influence the normal
microflora of a WWTP like, (1) available dissolved oxygen that determines the
reduced O2 conditions, consistency of dissolved oxygen levels throughout the
WWTP, and redox reactions taking place, (2) the composition of the wastewater
that includes industrial schedules, uniform effluent distributions, enhanced TDS, and
qualitative variation of effluents over time, (3) active normal microflora includes
uneven microbial diversity in an effluent, dormant catabolic capacities, etc., (4) nutri-
tional balance includes ratio of C:N:P, and levels of various nitrogen-containing
compounds along with heavy metals (Fig. 14.1).

Recent investigations can communicate a variety of both direct and indirect
impacts of WWTP and how the microbial population reacts toward it. These con-
siderations include: (a) partial attenuation of microbial population downstream

Fig. 14.1 Factors influencing normal microfloral population present in the WWTPs
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contribution of effluents, (b) association between overall microbial population and
the three Orders proposed to track effluent in WWTP, and (c) variations in species
abundance and microbial community distribution underneath effluent discharges
(Price et al. 2018).

This chapter discusses about various benzoate-degrading microbes isolated from
the wastewater and related sites analyzing the different end products of the reaction
and benzoate as intermediate to some reactions, comparing the traditional and the
new techniques involving treatment of such sites, analyzing the risk of the loss of
normal microflora, bioremediation, and the ecological study of various diversified
microbes involved in benzoate degradation.

14.2 Ecological Aspects of Benzoate and its Degraders

The enormous metabolic potential of microbes is crucial to degrade not only
natural products but also xenobiotics because of anthropogenic activities (Singh
et al. 2017; Junghare et al. 2019; Zhuang et al. 2019). For instance, phthalate
(3-carboxybenzoate) is a derivative of benzoate that frequently pollutes the sur-
roundings and has lately become subject to microbial degradation (Sawers 2018).
Beyond the compounds of NO3-, Fe- or SO4

2- dependent oxidation, syntrophic
fermentation of phthalates (C8H4O4

-2) is a necessary method as a broad spectrum
regarding tangible and engineered conditions. It is operated through a synergistic
approach in bacteria capable of fermentation along with H2-utilizing anoxygenic
microbes. Therefore, syntrophic anoxygenic microbes imply essential parts of the
anoxygenic carbon cycle occurring globally (McInerney et al. 2009). The
Sphingomonas aromaticivorans fermenting isophthalate and the Desulfovibrio
sp. consuming H2 are SI sulfate reducer that represents syntrophic model arrange-
ment exhibiting the biochemical reactions in strictly anoxygenic microbial systems
(Nobu et al. 2017). Hence, this is a useful example for understanding the microbial
vital adaption of their metabolism in order to serve a variety of differential substrates
carried out by anthropogenic activities.

Partial elimination of naturally occurring pollutants by the time of wastewater
treatment is one of the foremost ways to interject micro-pollutants within particular
environmental conditions since both of them are the monitored aggregates and
structures that are recognized as unique toxins (Montes-Grajales et al. 2017). One
of these accumulations of toxicants involves UV filters. Normally used UV filters
imply 2-ethylhexyl 4-(dimethylamino) benzoate (ODPABA) plus 2-ethylhexyl
4-methoxycinnamate (EHMC). Because of their lipophilic nature, certain aggregates
aggregate in effluents by direct accumulation. Organic UV filters are utilized for the
protection of the skin from the damaging sun rays. Whereas synthetic UV filters go
straight into the external conditions due to bathing, cleaning clothes, training water
festivities, and obliquely by the community or industrial effluents. Those aggregates
are identified as pollutants in effluents (Ekpeghere et al. 2016) at levels of ng L�1 and
μg L�1 also within tap water systems (Da Silva et al. 2015). In cosmetic industries,
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these serve as an ingredient of various products such as shampoos, lotions, and
different individual shield commodities, and they have also been found in industrial
effluents (Biel-Maeso et al. 2019).

Different types of pollutants are imported into the ecosystem at a minimum
concentration and are stable to support conversions besides forming pollutants that
can injure life. The accumulation of the toxicants involves pharmaceuticals, pesti-
cides, chemicals, and nonchemical UV filters. Their consistencies in effluents differ
from ng L�1 to mg L�1 (Fagervold et al. 2019; Mackuľak et al. 2019). Generally,
utilized UV filters such as EHMC and ODPABA used as an ingredient in beautifiers,
though they occupy the surroundings with industrial effluents. It has been observed
that in industrial effluents entering WWTP, the EHMC is seen at a concentration
scale of 120–1134 ng L�1 (Ekpeghere et al. 2016). The variation in the intensity of
UV filters separated from effluents implies that the process of WWTP carried out is
crucial when assessing the rate of removal of nonbiodegradable micro-pollutants.
The elimination of EHMC and ODPABA from WWTP basically advances by the
adsorption of these toxicants in the residue. The UV filter concentration in the
activated sludge improves with an increase of the activated sludge treatment
depending on the duration of its process (Gackowska and Studziński 2020).

14.3 Ecological Characteristics and the Risk of Loss
of Microbial Community

Ecological differentiation among bacterial strains is developed by molecular and
metabolic heterogeneity. Though, comparing genotypes over environmental habitats
persists in a larger complication. Phenotypic variations are compared with various
competitive co-cultures and their respective geographic indications, symbolizing
connections among intraspecific heterogeneity, microbiological intercommunica-
tions, and biological geography (Koch et al. 2020; Singh et al. 2020). Metabolic
diversity is an initial supervisor of ecological differentiation in bacterial species,
developing evolutionary approaches, consequently the habitat extent of related taxa
(Larkin and Martiny 2017; Subhashini et al. 2017). With the rising figures of genes
sequenced yet, valuable working heterogeneity was detected between closely related
species (Farrant et al. 2016), with suggestions to bacterial species concepts. The
heterogeneity is examined by questioning the pangenome of a taxon organization for
genetic alterations with biological associations (Arevalo et al. 2018). Ecological
differentiation in a species principally correlates to a pair of elastic genetic divisions:
(1) the associate genome, and (2) the novel genome. The modern classification
methods such as 16S rRNA sequencing and core-genome phylogenies are com-
monly used to identify the benzoate degrading bacteria (Table 14.1). Acknowledg-
ing the community organization of Marinobacter spp. with phototrophs (Gärdes
et al. 2011), the group might furthermore facilitate the cyanobacterial biodegradation
of ecologically more suitable aromatics, e.g., cinnamate, benzoate derivatives
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(Żyszka-Haberecht et al. 2019). In addition to plasmids, ecological differentiation
also correlates diverse capabilities of microbial synergies (Kastman et al. 2016).
Ecological differentiation relates to the ability to equate production at the population
level. Further, the co-culturing systems could address the coexistence of microbial
species in more complex ecological situations, for example, pioneer–scavenger
relations while polysaccharide degradation (Hehemann et al. 2016).

The nitrifying bacteria normally synchronize along with heterotrophic bacteria in
the WWTP bioreactor. This synergism shed the light covering the ecology of
nitrifying effluents to enhance our knowledge of the biotransformation and biodeg-
radation method happening within nitrifying effluents. Furthermore, the works are
designed to investigate the opportunity to utilize the autotrophic nitrifying microbial
diversity to remove the emerging organic micro-pollutants like drinking water
treatment or wastewater tertiary treatment (Sun et al. 2019).

14.4 Functionality of Microbial Community Involved
in Benzoate Degradation Sites

Degradation of dangerous pollutants arbitrated by microbes is broadly observed as
an efficient approach to bioremediation. Generally, aromatic compounds are organic
molecules comprised of one or more aromatic rings, particularly benzene rings, and
are the most concerning ecological pollutants that harshly endanger the environment
and individual health because of their widespread and determined traits and
bioaccumulation through the food web (Yang et al. 2020a, b).

14.4.1 Mechanism of Oxygenic and an-Oxygenic Benzoate
Degradation

Absence of the terminal electron acceptor or hydrogen utilizing partners favors
an-oxygenic pathways. In order to degrade benzoate, anaerobes imply reduction
pathway (Dutton and Evans 1969) and will undergo fermentation due to the absence
of oxygen such that the benzoate is converted into acetate, carbon dioxide, and
cyclohexane carboxyl-ate resulting in a thermodynamically stable reaction which in
turn favors free energy (more positive energy) for substrate utilization (Elshahed and
Mcinerney 2001). About-face is the oxygenic route that follows ortho-cleavage
pathway where catechol and protocatechuate are the initial transitional compounds.
Catechol and procatechuate are the substrates of an enzyme dioxygenases that
directly attack the aromatic ring between hydroxyl groups. This leads to the forma-
tion of 3-ketoadipate, leading it to conversion of the final products (Fig. 14.2), i.e.,
acetyl-CoA and succinyl-CoA (Valderrama et al. 2012).
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14.4.2 Anoxygenic Pathways: Reduction Pathways Implied
by Anaerobes

The metabolism of benzoate can be achieved by the reduction pathway by anaerobes
in the presence of sunlight by the reduction to cyclohex-1ene-1carboxylate
supported with the hydration to 2-hydroxycyclohexanecarboxylate and dehydroge-
nation to 2-oxocyclohexanecarboxylate (Fig. 14.3). Moreover, hydration can result
in ring-fission and the generation of pimelate occurs (Dutton and Evans 1969). The
most common intermediate formed in the aromatic metabolism of aromatic com-
pounds is either benzoate or benzyl-CoA. Ring cleavage formed due to the reduction
of the aromatic ring as there is no molecular oxygen is present. Benzyl-CoA is
activated by benzoate.

De-aromatization of the benzene ring befalls as 2-electron by benzoyl-CoA
reduction into cyclohex-diene-1-carboxyl-CoA. Two metabolic pathways are
observed for the oxidation of cyclohex-diene-1-carboxyl-CoA to 3-hydroxy
pimeloyl-CoA; one that involves cyclohex-1-ene-1-carboxyl-CoA as an intermedi-
ate and another that requires 6-hydroxy-cyclohex-1-ene-1-carboxyl-CoA (Harwood
and Gibson 1997).

Fig. 14.2 Types of microbial degradation pathways and the corresponding end products of
benzoate degradation
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Phototrophic bacterium, e.g., Rhodopseudomonas palustris, Thauera aromatic
K172, and Azoarcusevansii are known for an-oxygenic degradation.

In the environment rich in methanogens, syntrophic bacteria (e.g., Syntrophus
buswellii) can degrade benzoate to methanogenic substrates as acetate, CO2, H2, and
possibly formate.

benzoate� þ 7H2O ! 3 acetate� þ 3Hþ þ HCO�
3 þ 3H2

As per the above equation, benzoate oxidation including the acetate and hydrogen
is a thermodynamically unfavorable reaction that executes the metabolism of ben-
zoate by syntrophic bacteria dependent on H2

� using microbes. This implies that
even at low levels of hydrogen levels, accumulated acetate may inhibit benzoate
degradation (Hopkins et al. 1995).

Fig. 14.3 Anaerobic benzoate degradation pathway
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14.4.3 Oxygenic Pathways: Ortho and Meta-Cleavage
Pathway

The pathway describes the biodegradation of aromatic compounds like benzoate,
which leads to the formation of the most commonly known intermediates that denote
catechol, protocatechuic acid, and gentisic acid. Certain intermediates are addition-
ally converted into pyruvic acid, succinic acid, and acetyl-CoA, implying a ring
fission mechanism to enter the Krebs cycle (Fig. 14.4). From these three dihydroxy
aromatic intermediates, the most commonly encountered metabolite before ring
cleavage is catechol. The catechol formation proceeds through incorporating molec-
ular oxygen in its respective aromatic precursor, and the initial substrates are
funneled into the catechol spectrum of single-ring benzene to three-ring phenan-
threne. Once the catechol is developed, it is deteriorated by both the meta and the
ortho, which is also known as β-ketoadipate, ring cleavage mechanism via enzymes
catechol 2,3-dioxygenase, and catechol 1,2-dioxygenase, generating
2-hydroxymuconic semialdehyde (HMSA) and cis,cis-muconate, sequentially
(Valderrama et al. 2012).

Fig. 14.4 Aerobic benzoate degradation pathway
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14.5 Application of Benzoate Degrading Bacteria
in Various Industrial Sectors

Various benzoate degrading bacteria are involved in broad applications in the
anoxygenic and oxygenic treatment of residential and industrial effluents
(Table 14.2). Benzoate is one of the fundamental intermediates in the degradation
of many naturally or synthetically produced aromatic compounds. Benzoate and
related aromatic compounds are widely used in industries, for instance, in the
production of terephthalic acid (1,4-benzenedicarboxylic acid), and some of these
chemicals are often discharged as pollutants in industrial wastewater. Since these
compounds may be difficult to degrade under anoxic conditions, wastewaters are
generally treated aerobically (Lau 1977). In the past decades, investigations have
been conducted for the demonstration of naive aromatic compounds such as phenol
and benzoate that can be efficiently degraded by anaerobic mechanisms (Li 1995;
Fang et al. 1996). All new-generation anaerobic biological treatment systems
employ dense populations of anaerobic microorganisms as sludge aggregates,
which convert complex organic substances to methane and carbon dioxide. In the
commercial and dynamic perspectives, anaerobic (methanogenic) mechanisms have
frequently been offered to treat those effluents, and as an outcome, >10 large-scale
anoxygenic bioreactors are currently in operation or under development for the
treatment of phthalate isomer-containing effluents (Fang et al. 1996). Isolation of
the benzoate organism extends the range of known syntrophs to those that degrade
benzoate. The non-syntrophic bacteria might also participate in the degradation of
benzoate in these environments (Mountfort et al. 1984). Over the past few decades,

Table 14.2 Various isolated benzoate degrading bacteria and their functional applications

S. No. Organism Functional application References

1. Desulfoprunum
benzoelyticum

Anaerobic treatment of domestic and industrial
wastewaters

Junghare and
Schink (2015)

2. Desulfovibrio Complex effluents consist of man-made com-
pounds and/or compounds resistant to
biodegradation

Hopkins et al.
(1995)

3. Methanospirillum
hungatei

Used for the treatment of effluents through the
producers of terephthalic acid

Qiu et al.
(2003)

4. Methanospirillum
hungatei
Desulfovibrio

Biotransformations of aromatics to innocuous
end-products such as methane and carbon
dioxide

Mountfort and
Bryant
(1982a, b)

5. Sporotomaculum
syntrophicum

These have the capacity to ferment benzoate to
their pure culture, formation of cyclohexane,
carboxylate, and acetate as their products

Qiu et al.
(2003)

6. Thauera sp. In situ bioremediation processes with varying
oxygen level at several polluted sites and w.r.t
time

Yoshifumi
et al. (2004)

7. Pseudomonas,
Mesorhizobium

Halobenzoate-degrading denitrifying bacteria Song et al.
(2000)
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several anaerobic digestion technologies, such as up-flow anaerobic sludge blanket
processes, have been developed and demonstrated to be successful for the treatment
of wastewater, e.g., from the petrochemical industries. The methanogenic bacteria
(anaerobic fermentation technology) have been extensively utilized for the treatment
of community and industrial sludge and effluents in addition to various
syntrophically fermenting benzoate degrading bacteria, such as Syntrophus entianae
(Szewzyk and Schink 1989) and S. buswellii (Mountfort et al. 1984). A large number
of anoxygenic mechanisms are improved, and their applicability is now extending to
low-strength effluents, to sludge and effluent under extreme temperature circum-
stances, and to more complex wastewaters containing man-made compounds and/or
compounds resistant to biodegradation.

Wastewaters with high concentrations of phthalate isomers (ortho-, meta-, and
para-benzene dicarboxylic acid) are one of the complications in industrial wastewa-
ters that are now being challenged by anoxygenic processes. Phthalate isomers that
are initially man-made compounds are being created in huge quantities for the
manufacturing of polyester resins, plastic bottles, plasticizers, polyester fibers, and
additional petroleum-based products across the globe and are consequently eluted in
the effluents produced by the analogous industries (Macarie et al. 1992; Cheng et al.
1997). Since most industrial effluents comprise aromatic compounds with huge
concentrations of sulfate, sulfate reduction displays a significant process following
oxygen-deficient situations, contributing to biogeochemical sulfur cycling in differ-
ent ecological scenarios (Castro et al. 2000).

14.6 Conclusion and Summary

Bioremediation and biodegradation of toxic aromatic compounds as a result of both
aerobic and anaerobic processes in WWTPs, ETP, CETP results in the conversion to
lesser toxic substance are the sole purpose and aim focusing on the reduction of
pollution in industrial treatment plants. This is required for the normal functioning of
industrial sludge system as well as growth of normal microflora operating the same.
Regardless of the common substrate, the conversion depends on the presence and
absence of the O2. Catechol is observed to be an important intermediate in the
process, and the overall intermediates lead them to merge to TCA cycle with the role
of different genes at every step. Various organisms are isolated, characterized, and
identified at their threshold concentrations along with their morphological charac-
teristics. Various kinetics studies show the oxidation of benzoate which converts
them to methanogenic substances like acetate. Further omics approaches and next-
generation sequencing techniques can be used for the further research.
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Chapter 15
Metallotolerant Microorganisms
and Microbe-Assisted Phytoremediation
for a Sustainable Clean Environment

Dina Barman and Dhruva Kumar Jha

Abstract Both natural and anthropogenic activities have upsurged the accumula-
tion of heavy metals in the environment. These pollutants affect the natural ecosys-
tems, and on entering the food chain, they become hazardous to public health. In the
polluted soil, where survival of plants and microbes is difficult, metallotolerant
microbes can thrive by tolerating the toxic effects of heavy metals. For that, they
use diverse survival mechanisms which also assist them to perform bioremediation.
In comparison to conventional and physical methods of conversion of the toxic
effect of metals to its non-toxic form, bioremediation is a more effective method for
retrieving the metal-contaminated environments and convert the degraded area into
green covers. Considering the importance, this book chapter sheds light on the
mechanism, which encourages the metallotolerant microbes thriving in these
metal-rich environments and performs bioremediation.

Keywords Soil · Heavy metals · Metallotolerant microbe · Bioremediation ·
Microbe-assisted phytoremediation

15.1 Introduction

Land degradation is among the most imperative problems facing the world today.
Approximately, one-third of the earth’s land surface is degraded, affecting more than
2.6 billion people. Degradation of land is mainly caused by the accumulation of
elevated level of heavy metals released due to various geological and anthropogenic
activities including mining, industrial emissions, fertilizer erosion from agricultural
run-off, sewage, and municipal wastes (Sharma and Nagpal 2020; Romaniuk et al.
2018). It is estimated that heavy metals or metalloids have affected approximately
five million sites around the globe (Liu et al. 2018). Various reports are claiming that
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the high content of heavy metals converts fertile land to degraded one in many parts
of the world (Sharma and Nagpal 2020). In India, approximately 55% of the
geographical area is degraded, and out of which, mining activities have degraded
approximately 0.8 mha (MOEF 2001). Most of these heavy metals are generally
nondegradable, and the persistent nature of these heavy metals for a longer period in
aquatic and terrestrial ecosystems consequently creates harsh conditions for plant
growth and development. This is responsible for the conversion of the green
landscape of an area into degraded land (Sarma and Barik 2011). Among various
heavy metals, Co, Cu, Fe, Mn, Mo, Ni, V, and Zn are required in minute quantities
by organisms, but it becomes harmful to organisms with their presence in excessive
amounts. There are some other heavy metals like Pb, Cd, Hg, and As which do not
have any beneficial effect and regarded as the major threats to organisms (Chibuike
and Obiora 2014; Singh et al. 2020a; Barman et al. 2020). The United States Agency
for Toxic Substances and Disease Registry (ATSDR) has also listed As, Pb, Hg, and
Cd as the major threat to human health (Wood et al. 2016). These heavy metals
reduce plant growth by reducing photosynthetic activities, essential enzyme activi-
ties, and mineral nutrition (Ojuederie and Babalola 2017; Sivakumar 2016). This
issue has attracted worldwide attention as heavy metals enter the food chain and
cause detrimental impacts on human health. Heavy metals also enhance the produc-
tion of reactive oxygen species (ROS) which causes a harmful effect on cells
(Ojuederie and Babalola 2017).

Hence, it is imperative to remediate metal-contaminated soil. The treatment of
soil using conventional methods including chemical precipitation, electrochemical
treatment, and ion exchange is extremely expensive and adversely affects biological
activity, soil structure, and fertility (Gupta et al. 2016). In contrast to conventional
methods, bioremediation is increasingly gaining importance due to its low cost,
simplicity, and better efficiency (Wei et al. 2014; Singh et al. 2017). Bioremediation
was first commercially used to clean up the Sun Oil pipeline spill in Ambler,
Pennsylvania during 1972 (National Research Council 1993). Since then, bioreme-
diation has received increasing recognition for remediation of a contaminated site
like Exxon Valdez andMega Borg oil spills, Alaskan Oil Spills, and the Iraq–Kuwait
war and its consequences (Shannon and Unterman 1993; Pritchard and Costa 1991).
The Environmental Protection Agency in 1992 reported 240 cases of bioremediation
in the United States (Alexander 1999). Despite the overwhelming advantages, the
exact mechanisms by which microbes exist in such a type of environment and
decontaminant pollutants are not precisely known.

Under metal stress conditions, some of the soil microorganisms (metallotolerant
microorganisms) have developed certain mechanisms to avoid the toxicity arising
due to the presence of an array of heavy metals. These mechanisms include an
extracellular barrier, efflux of toxic ions from cells, incorporation of heavy metals
into complexes by metal-binding proteins, enzymatic transformations of metals,
bioaccumulation of the metal ions inside the cell actively or passively, etc.
(Romaniuk et al. 2018). They can survive and detoxify heavy metals in polluted
soil by expressing different metal-resistant genes (Crupper et al. 1999; Borremans
et al. 2001; Yang et al. 2019). Microbes also facilitate bioremediation on interacting
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with plants termed as microbe-assisted phytoremediation where microbes enhance
the process of phytoremediation, as well as increase the growth and biomass of the
hyperaccumulating plant at the polluted sites (Tirry et al. 2018). Microbes facilitate
the bioavailability of heavy metals to plant by acidification, releasing chelating
substances, and changing the redox potentials (Whiting et al. 2001). Besides,
microbes facilitate plant growth in heavy metal-contaminated soils by phosphorus
solubilization and N2 fixation and by producing siderophores, phytohormones,
antibiotics, and antifungal metabolites. They can also alleviate the ethylene-
mediated stress on synthesizing 1-aminocyclopropane-1-carboxylate (ACC) deam-
inase which can improve plant stress tolerance to metals (Ahemad 2019). Therefore,
these beneficial microbial strains can be used as biofertilizers that significantly
enhance phytoremediation as well as the growth of plants in heavy metal-
contaminated soils (Ahemad 2019).

Further, there are different environmental factors that greatly influence the pro-
cess of bioremediation, i.e., concentration of contaminants, availability of nutrients,
characteristics of soil of the contaminated site. Studies have implied that these
factors control the efficiency of bioremediation by various mechanisms. Recently,
the importance of genetically engineered microorganisms (GEMs) to remediate
contaminated site has increased due to their efficient genetic makeup. But still, the
application of GEMs in metal-contaminated site has been limited to laboratory trial
only because of regulatory risk and ecological concerns. They also hamper the
indigenous population of microbes due to their uncontrolled propagation and hori-
zontal gene transfer. Hence, it is essential to construct the life cycle of GEMs and
allowing their death as soon as the pollution level is decreased to minimize their
detrimental effects on the native population.

Considering the global significance of bioremediation of heavy metal contami-
nated sites, it is necessary to critically analyze the various strategies adopted by
microbes to survive in metal-contaminated environments and the speculative mech-
anisms underlying detoxification and/or removal of toxicity from the contaminated
site. Additionally, the role of omics and multi-omics approaches in bioremediation
also needs to be delineated. Moreover, we also analyzed different relevant published
data on the contribution of microbes to remediate the heavy metal contaminated
environments.

15.2 Effects of Heavy Metals

Heavy metals are ions with partially or filled d-orbital having an atomic weight
ranging between 63.5 u and 200.6 u, specific gravity of greater than 5. The physi-
cochemical properties like pH, organic matter, clay contents, inorganic anions, and
cations of soil get changed due to the presence of heavy metals (Sarma and Barik
2011; Lauwerys et al. 2007). The toxic effects of heavy metals also change the
population size, diversity, and activities of soil microbiota, which in due course
affect the soil enzymatic activities, recycling of plant nutrients, and ultimately
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hamper plant growth (Karaca et al. 2010; Wang et al. 2007). It is interesting to note
that plants growing in metal contaminated soils show abnormalities in their bio-
chemistry and physiology (Chibuike and Obiora 2014). For example, the presence of
arsenic (As) in the soil leads to decreasing seed germination, reduction of seedling
height, leaf area, and declining production of dry matter in Oryza sativa. Arsenic
(As) also causes chlorosis, wilting, and stunted growth in Brassica napus while it
inhibits the rate of transpiration of Avena sativa seedlings. Similarly, the presence of
Pb in soil results in stunted growth, reduced germination percentage, protein content,
and biomass of Zea mays, and inhibited ribulose-1,5-bisphosphate carboxylase/
oxygenase activity that affected CO2 fixation in Avena sativa (Chibuike and Obiora
2014). These effects are attributed to the inhibition of vital metabolic processes of
plants like photosynthesis, water absorption, mitosis that sometimes lead to the death
of the affected plants (Shun-hong et al. 2009). It is worth mentioning that, due to
mining activities, generally soil become polluted not only with one heavy metal but
with a combination of heavy metals which results in more harmful effects to plants
(Chibuike and Obiora 2014). It was observed that the combination of Pb and Cu at
high (1000 mg/kg each) and low concentrations (500 mg/kg) in soil cause fast death
of the leaves and stems of Lythrum salicaria (Nicholls and Mal 2003). The uptake of
heavy metals by plants and its consequent accumulation along the food chain also
caused depletion of essential nutrients in the body that further resulted in cancer in
humans, decreasing immunological defenses, intrauterine growth retardation, and
disabilities associated with malnutrition (Ojuederie and Babalola 2017).

15.3 Bioremediation

Bioremediation is the eco-friendly, efficient technique to remove heavy metals from
the contaminated site (Dixit et al. 2015). Bioremediation is of two main types, i.e., in
situ or ex situ. In situ bioremediation involves a process where the indigenous
microorganisms are stimulated to degrade heavy metals on supplying nutrients and
oxygen with negligible or not interfering the soil structure. This technique has been
successfully used to treat metal-contaminated site and is found to be less expensive
and superior than ex situ bioremediation (Roy et al. 2015).

The in situ bioremediation process can be enhanced by chemotaxis, and the
formation of biosurfactants or biofilm. Chemotaxis is a phenomenon that guides
microbes to move toward or away in response to a chemical stimulus which helps in
decontamination of pollutants (Ahmad et al. 2020). This behavior is not only useful
for nutritional requirements but also required for their interaction with the environ-
ment. Microbes generally move toward a chemical when they utilize it for their
growth and move away from a chemical when it is toxic. Microbes also form biofilm
or biosurfactants to survive in metal-contaminated environments and thus enhance
their bioremediation potential. It has been reported that Pseudomonas sp. produces
biofilm to tolerate the toxicity of cadmium ion, and Rhodotorula mucilaginosa
produces biofilm to remove toxicity of heavy metals (Tarekegn et al. 2020; Chien
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et al. 2013). In situ bioremediation can also be enhanced by improving native
microorganisms by genetic engineering.

Ex situ bioremediation involves the transfer of contaminated pollutants from the
original site to a different location for the treatment depending on the type of
pollutants, cost of treatment, degree of pollution, and geology of the polluted site
(Ojuederie and Babalola 2017). Based on the physical condition of the pollutant, ex
situ bioremediation is of two types, i.e., solid-phase bioremediation and semi-solid-
phase bioremediation. Solid-phase bioremediation includes biopile, landfarming,
and composting. Landfarming is the technique where contaminated soil is excavated
from the site and transported to a prepared bed to allow aerobic degradation by
autochthonous microbes. Sometimes instead of transferring contaminated soil, they
are treated on that site; hence, landfarming is also regarded an in situ bioremediation
technique. In composting, excavated soil is mixed with compost to allow effective
growth of native isolates and to permit bioremediation of contaminated soil. Biore-
mediation by biopile includes piling of contaminated soil and subsequently
maintaining favorable condition for native microorganisms (Pande et al. 2020).
Semi-solid-phase bioremediation is performed in a sludge bioreactor where polluted
soil is mixed with liquid that favors better interaction between native microorgan-
isms and pollutants (da Silva et al. 2020).

The efficiency of bioremediation depends upon several biotic and abiotic factors
(Brar et al. 2006). The microorganism capable of performing degradation is affected
by the characteristics of contaminants, chemical condition of the surrounding envi-
ronment, and the other indigenous microflora and fauna. The competition between
degrading microorganisms with other indigenous microflora and fauna for carbon
sources leads to deficient conditions of nutrients, oxygen, and ultimately hamper
their growth and to perform bioremediation successfully. The condition can be
overcome by the application of bioaugmentation, repeated inoculation, and
pre-induction (Pande et al. 2020). Bioremediation is also affected by various abiotic
factors of the contaminated site. One of the most important factors is pH which has a
high impact on biological activity (Singh et al. 2016a, b). Generally, bioremediation
rate increased in the pH range 6.5–8.5, and it is hampered above and below this.
Another important factor is temperature, and 30–40 �C is optimum for biodegrada-
tion. It has been observed that degradation of the contaminant is affected by very low
or very high temperatures. The water-holding capacity of soil also affects the
bioremediation process. Water is essential for the transportation of nutrients into
microbes, oxygen exchange, and ejection of metabolic waste which directly influ-
ence its cell growth and efficiency to perform bioremediation. However, an exces-
sive amount of water in soil prevents oxygen exchange and thus hamper
bioremediation. Moreover, an adequate amount of nutrients are required for the
growth of cells and their efficiency of biodegradation. Generally, metal-
contaminated site deficiency of nutrients hampers the process of biodegradation,
and it can be overcome by adding the nutrients in their useable form (Pande et al.
2020).

Though bioremediation has advantages over conventional techniques like less
expensive method, it can be done on site, can permanently eliminate waste, and has
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more public acceptance (Boopathy 2000); however, the process of bioremediation is
linked with some limitations like site-specificity where bioremediation approaches
that are successful at one site may not be fruitful in other sites. Second, the microbe-
mediated bioremediation process may fail in the field even it is successful under lab
condition. Third, the uncertain mechanism of microorganisms is inhabiting in
contaminated environments (Malla et al. 2018). Therefore, it is important to gather
knowledge on the strategy used by microorganisms to grow in contaminated envi-
ronments and subsequently perform bioremediation.

15.3.1 Microbial Strategies to Strive in Metal-Contaminated
Environment and Underlying Mechanism

Most of the heavy metals disrupt the cell membrane of microorganisms, but the one
capable of bioremediation is generally adapted to a range of resistance mechanisms
through which they can utilize various toxic compounds as a source of energy for
their growth and development and/or convert them into nontoxic products (Wei et al.
2014; Brar et al. 2006). Metallotolerant microbes tolerate the toxicity of heavy
metals and perform bioremediation by different mechanisms like exclusion by
permeability barrier, effluxing metal ions, oxidizing metals, enzymatic conversion
of metals, intracellular and extracellular metal sequestration, producing metal che-
lators like metallothioneins and biosurfactants (Igiri et al. 2018).

Microbes can block the entry of heavy metals into the cell by using their
extracellular membrane, i.e., plasma membrane, cell wall, and capsule. The extra-
cellular surfaces are negatively charged which adsorb the positively charged heavy
metals onto the binding sites of the cell wall by electrostatic interaction, ion
exchange, precipitation, redox process, and surface complexation (Ayangbenro
and Babalola 2017; Diep et al. 2018) (Fig. 15.1). On binding the heavy metals
with the cell surface, microbes reduce their toxicity by transforming them from one
oxidation state to another and thus prohibit the transportation of metal ions into the
cytoplasm (Ayangbenro and Babalola 2017; Singh et al. 2020b). The phenomenon
of uptake of heavy metals through surface complexation to the extracellular surface
of microorganisms is termed as biosorption (Diep et al. 2018). The capacity of
biosorption is influenced by three factors: (1) characteristics of the metal ion like an
ionic ray, atomic weight, valence; (2) conditions of the environment such as pH,
temperature, ionic strength, contact time, biomass concentration; and (3) the nature
of the biosorbent (Perpetuo et al. 2011). The method of biosorption is of two types,
i.e., metabolism-independent biosorption and metabolism-dependent biosorption.
Metabolism-dependent biosorption mainly takes place within viable cells where
metabolism occurs. Here metals get transported across the cell membrane and
yield intracellular accumulation. However, metabolism-independent biosorption is
mainly occurring on the exterior of cells and is a relatively rapid and reversible
process (Perpetuo et al. 2011). If heavy metals enter into cytoplasm of the cell,
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metallotolerant microbes efflux metal ions from the cytoplasm using three different
proteins, i.e., resistance nodulation-cell division (RND superfamily) proteins, cation
diffusion facilitators (CDF family), and P-type ATPases (Nies 2003).

Biotransformation is another mechanism by which microbes can detoxify the
toxic effects of heavy metals. It includes oxidation, reduction, methylation, and
alkylation or by synthesizing and producing metal-binding proteins such as
metallothioneins (MTs) (Valls and de Lorenzo 2002) (Fig. 15.1). For example,
Alcaligenes faecalis becomes resistant to toxic effects of arsenite [As(III)] on
oxidizing arsenite to arsenate [As(V)] (Valls and de Lorenzo 2002).

1
2
H3AsO3 þ 1

4
O2 ! 1

4
H2AsO

�
4 þ 1
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4 þ 3
4
Hþ

Iron oxidizing bacteria reduce Fe(III) to Fe(II) abiotically; mercury (Hg2+) into
less toxic and volatile mercury (Hg

�
) by mercury reductase enzyme (Lloyd 2003;

Valls and de Lorenzo 2002).

Fig. 15.1 A generalized illustration of different mechanisms involved in tolerance to toxic metals
in bacteria
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Hg2þ þ NADPH !mercury reductase
Hg0 þ Hþ þ NADPþ

Fe2O3 þ 3C ! 2FeOþ 3CO

Some bacteria such as Clostridia, Methanogens, and Sulfate-reducing bacteria
methylate a range of metals including lead, cadmium, tin, arsenic, selenium, tellu-
rium, and mercury; as a result, the metals get transformed into their volatile dimethyl
form (Igiri et al. 2018). In the process of alkylation, an alkyl group other than methyl
group is directly bonded to metals through a carbon atom, for example, As(C2H5)
(CH3)2, As(C2H5)3, As(C2H5)2(CH3), Sb(C2H5)3 and by which it can tolerate the
toxic effects of metals (Krupp et al. 1996). Microbes can also remove the toxicity of
metals by synthesizing metallothioneins (MTs). For example, Rhizobium
leguminosarum becomes cadmium resistant by sequestering cadmium ions by
glutathione (Lima et al. 2006). Similarly, Pseudomonas aeruginosa strain WI-1
having metallothionein (BmtA) tolerates the toxic effect of lead by intracellular
sequestration (Naik et al. 2012).

Microbes also precipitate lethal metal compounds intracellularly and/or extracel-
lularly and thus convert them to less toxic form (Igiri et al. 2018). Metal precipitation
is mainly achieved by dissimilatory metal reduction, sulfide precipitation, and
phosphate precipitation (Valls and de Lorenzo 2002). In dissimilatory metal reduc-
tion, microbes precipitate metals such as uranium, selenium, chromium, technetium,
and gold which is unrelated to its intake by microbial catalyst (Valls and de Lorenzo
2002). In sulfide precipitation, sulfur-reducing bacteria (SRB) precipitate metal [U
(VI), Cr(VI), Tc(VI), Pd(II), and As(V)] in the form of metal sulfide on producing
hydrogen sulfide (Igiri et al. 2018).

U VIð Þ þ H2S ! US2

Similarly, some of the bacteria including Vibrio harveyi, Citrobacter
sp. precipitate metal ions by producing highly insoluble metal phosphates (Valls
and de Lorenzo 2002).

U VIð Þ þ H3PO4 ! UP2O8

As Vð Þ þ H3PO4 ! As3 PO4ð Þ5
Additionally, microbes like Ralstonia metallidurans, Pseudomonas aeruginosa,

and Alcaligenes eutrophus detoxify toxic metals by forming metal-siderophore
complexes. Siderophores are low-molecular-weight chelating agents having a strong
affinity for ferric iron and thus produce Fe(III)-siderophore complexes. They also
possess an affinity for other non-iron metals, e.g., copper, manganese, molybdenum,
vanadium, zinc, which stimulate microbes to produce zincophores, chalkophores
(copper-binding metallophores), etc. that can detoxify heavy metals. Microbes
including various bacteria and yeast produce biosurfactants like rhamnolipids,
lipopolysaccharides, exocellular polymeric surfactants in the form of
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polysaccharides, proteins, lipoproteins by which they can solubilize and precipitate
different heavy metals such as Cd, Pb, and Zn (Mosa et al. 2016; Valls and de
Lorenzo 2002).

Microbes survive in a metal-contaminated niche by expressing metal-resistant
genes generally associated with plasmids (Dave et al. 2020). There are certain
operons, i.e., cad operon, czc operon, ncc operon, mer operon, cop operon, aox/
ars operon present in the plasmid of microbes by which they can tolerate the toxicity
of Cd, Zn, Ni, Hg, Cu, and As metals, respectively (Dave et al. 2020). The cad
operon and czc operon are generally found in Staphylococcus sp. and Pseudomonas
aeruginosa, respectively, by which the bacteria confer Cd resistance (Das et al.
2016). In a study, it was shown that Ralstonia metallidurans ch34 can resist Cu, Co,
and Zn by czc operon (Dave et al. 2020). Similarly, chrA gene can encode the
chromate reductase protein present in Arthrobacter aurescens, Bacillus atrophaeus,
Pseudomonas putida, Rhodococcus erythropolis by which they can transform toxic
Cr(VI) to the non-toxic Cr(III) with co-factors NADH or NADPH (Das et al. 2016).
Lead is another toxic metal, and the pbr operon (lead resistance operon) found in the
endogenous pMOL30 megaplasmid confers resistance to lead. The operon consists
of one regulatory gene (pbrR), and many structural genes pbrT, pbrA, pbrB, pbrC,
pbrD help microbes to resist lead. In the presence of lead toxicity, transcription of
pbrABCD operon from pbrA promoter is induced which is regulated by pbrR
(Borremans et al. 2001). Interestingly another gene pbrU was discovered in
Ralstonia metallidurans byMonchy et al. (2007), which gets induced in the presence
of lead. Microbes can also resist the toxicity of mercury by expressing two different
operons, i.e., narrow-spectrum mer operon and the broad-spectrum mer operon
(Silver and Phung 2013). The narrow-spectrum mer operon found on the trans-
posons Tn5037 consists of the genes merR, merT, merC, merF, merP, and merD.
The operon gets induced in the presence of Hg2+ that provides resistance to the
metal. Similarly, the broad-spectrum mer operon contains the genes merE, merG,
and merB in addition to the genes present in narrow-spectrum mer operon that
protect from organic mercury (Barkay et al. 2003).

Microbes also occupy and adapt themselves in contaminated niche by horizontal
gene transfer (HGT). The genes encoding bioremediation transfer through the action
of conjugative plasmids, transposable elements, and “integrative and conjugative
transposons.” An interesting example of horizontal gene transfer is that the pheBA
operon encodes enzymes involved in phenol catabolism which are originated from
the Pseudomonas sp. EST1001. The operon was transferred to P. putida PaW85 by
conjugation and released into river water contaminated with phenolics, originating
from a fire in an oil shale mine for bioremediation. After 6 years, though the P. putida
PaW85 was absent in that river water nonetheless the operon was detected in nine
Pseudomonas strains in the watershed (Perpetuo et al. 2011). Another conjugative
plasmid, i.e., IncP-specific plasmid sequences that are present in heavy metal
contaminated soil gets mobilized to bacteria and offers resistance capacity of
bacteria to survive in that environment by HGT (Ansari et al. 2008). Smalla et al.
(2006) detected the abundance of IncP-1β plasmids and mercury-resistance genes in
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mercury-polluted river sediments which were further detected in bacterial commu-
nities of that area indicating the role of HGT of IncP-1β plasmid.

15.3.2 Diversity of Metallotolerant Microorganisms

Several metal-tolerant microorganisms including bacteria, fungi, and algae have
been used to remediate heavy metal–contaminated environments. Among the micro-
organisms, bacteria belonging to Firmicutes, Proteobacteria, and Actinobacteria
play an important role in bioremediation due to their size, ubiquity, and ability to
grow under controlled conditions as well as to their flexibility to varied environ-
mental conditions (Igiri et al. 2018). They not only detoxify heavy metals in
contaminated soils but also promote the growth and development of plants (Mishra
et al. 2017). For the past few years, several articles have been published based on the
use of bacteria for bioremediation purposes. Alboghobeish et al. (2014) isolated
nickel-resistant bacteria from industrial waste waters belonging to Cupriavidus
sp. ATHA3, Klebsiella oxytoca ATHA6, and Methylobacterium sp. ATHA7
which were found to remediate the Ni-polluted waste water and sewage. Bacteria
can also successfully survive in mixed culture; hence, consortia of cultures can also
be used for biosorption of metals and are found to more appropriate for field
application (Igiri et al. 2018) (Table 15.1).

Fungi are also used as biosorbents for the removal of heavy metals. Both active
and dead fungal cells play an important role in the adhesion of inorganic chemicals.
Active fungal cells of Saccharomyces cerevisiae, Aspergillus parasitica, and
Cephalosporium aphidicola were reported to detoxify Zn(II), Cd(II), and Pb
(II) (Ayangbenro and Babalola 2017). White-rot fungi like Phanerochaete
chrysosporium, Trametes versicolor, Bjerkandera adjusta, and Pleurotus sp. also
transform a variety of organic pollutants by various ligninolytic enzymes. Marine
fungi use enzymes to tolerate high concentrations of heavy metals like Pb and Cu
(Deshmukh et al. 2016). The dead fungal biomass can also detoxify the toxic effect
of metals. For that, the non-living biomass of Rhizopus oryzae and Saccharomyces
cerevisiae use adsorption mechanism to convert toxic Cr(VI) to less toxic or
non-toxic Cr(III) where anionic chromate ion binds to the cationic amines of the
cell wall. However, the dead biomass of Aspergillus niger can reduce Cr(VI) to Cr
(III) through a redox reaction (Park et al. 2005) (Table 15.1).

Algae are also used for bioremediation of heavy metal polluted effluent where
living algae are found to be more complex than non-living algae. Living algae absorb
heavy metal ions during the growth phase, and it is considered to be an intracellular
process; however, the process of sorption illustrates large variations based on their
growth phase. Along with this, the growth of algae is also affected by several
environmental factors that directly influence biosorption. In contrast, non-living
algal cells absorb metal ions on the surface of the cell membrane, and it is considered
an extracellular process (Zeraatkar et al. 2016). For example, Tuzen et al. (2009)
investigated the potentiality of Ulothrix cylindricum in the removal of arsenic ion
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(As III), Ulva lactuca in the detoxification of Cd(II) and Pb(II) (Sari and Tuzen
2008) (Table 15.1).

15.4 Role of Plants in Bioremediation

Phytoremediation is another cost-effective and eco-friendly remediation method
where plants are used to remove contaminants in the environment. This approach
can also minimize the threat of dispersion of contaminant and protects the original
ecotype (Awa and Hadibarata 2020). Phytoremediation can convert degraded land to
be used for the cultivation of crops; hence, it has economic value also (Awa and
Hadibarata 2020). To degrade organic contaminants, plants use mechanisms like
phytoextraction, phytostabilization, rhizodegradation, rhizofiltration,
phytodegradation, and phytovolatilization while phytostabilization, rhizofiltration,
phytoaccumulation, and phytovolatilization are used to degrade inorganic contam-
inants (Tangahu et al. 2011). Phytoextraction involves the uptake and movement of
heavy metals from soil to above-ground parts of the plants via roots. It removes
metals like nickel (Ni), zinc (Zn), and copper (Cu) (Ojuederie and Babalola 2017).
Like phytoextraction, phytofiltration also involves the accumulation of metal con-
taminants by the use of roots of plants (rhizofiltration), seedlings (blastofiltration), or
excised plant shoots (caulofiltration) from aqueous wastes. Rhizofiltration mainly
aims to clean extracted groundwater, surface water, and wastewater with low
concentrations of contaminants (Sharma and Pandey 2014). Phytostabilization
involves the absorption of heavy metals on plant roots or retention within the
rhizosphere that rendering them harmless and prevent these pollutants from spread-
ing in the environment (Ojuederie and Babalola 2017). Phytovolatilization, on the
other hand, deals with the conversion of soil contaminants to their volatile form by
plants and associated rhizosphere microorganisms and their consequent release into
the atmosphere. Degradation of organic contaminants using plant enzymes such as
nitroreductases and dehalogenases is called Phytodegradation while
phytostimulation deals with the addition of microbial activity to degrade organic
contaminants by exudates from plant roots (Ojuederie and Babalola 2017).

15.4.1 Limitations of Phytoremediation

Although phytoremediation is a promising approach to remediate metal-
contaminated soil or water, this method suffers from some limitations. The method
of phytoremediation applies only to low or moderately contaminated soils where the
plant produces a significant amount of biomass. In highly contaminated soil, the
toxic effects of contaminates hinder plant metabolism on reducing the biochemical
process that is essential for the degradation and/or uptake of the contaminants.
Second, the selection of plants for phytoremediation is very important especially
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concerning root depth and age (Chirakkara et al. 2016). Generally, the roots of
herbaceous species may reach up to 1 m, bushes from 1 to 3 m, and trees up to 10 m.
It is reported that phytoremediation is more successful in the top 50 cm�1 m layer
(Cameselle et al. 2013). The growth of plants is influenced by climatic and hydro-
logic conditions (Tangahu et al. 2011), and their physiological activities depend on
their age. Usually, the roots of a young plant absorb more ions than their older
counterparts. The third limitation is related to the uptake and translocation of metals.
The metals must be in bioavailable form, and if the metal is tightly bound to the
organic portion of the soil, sometimes it may not available to plants. Additionally,
the method is slow in comparison to other remediation technologies, and it may take
more than 1 year of treatment (Chirakkara et al. 2016).

15.5 Microbe-Assisted Phytoremediation

To overcome the limitations of phytoremediation, recently, microbe-assisted
phytoremediation has been used by many researchers (Rathore et al. 2019; Yamaji
et al. 2016; Phieler et al. 2015). The metal-tolerant plant growth-promoting micro-
organisms (MT-PGPMs) have the potential to enhance the biomass production of
plants and better tolerance of plants to heavy metals and help in revegetation and
restoration of fertility of the metal-contaminated areas (Abou-Shanab et al. 2006).
The microbiome can improve the process of phytoremediation through (1) proton
(H+) release that mediated change in soil pH or formation of organo-metal com-
plexes; (2) binding compounds present in the cell (e.g., organic acids,
phytochelatins, and amino acids); (3) influencing redox potential through enzyme-
mediated transfer; and (4) enhancing microbial activity in the rhizosphere (Sessitsch
et al. 2013; Singh et al. 2011). Further, MT-PGPMs induce plant growth directly by
secreting enzymes, plant growth-promoting substances, and solubilization of nutri-
ents (Ma et al. 2013). It is reported that by inoculating the effective isolates to the
roots of the growing plants, heavy metal accumulation of inoculated plants increased
from 66 to 135% in roots and 22 to 64% in the above-ground parts (Anwar et al.
2012).

15.5.1 Mechanisms Behind the Microbe-Assisted
Phytoremediation

The plants growing in metal-contaminated areas attract the beneficial metal-tolerant
microorganisms to form plant–microbe inter-relationship for better
phytoremediation. For that plant releases signals or root exudates (chemotaxis) to
their adjoining soil microorganisms (Bulgarelli et al. 2013). As a result, the microbes
develop symbiotic/mutualistic associations with plants and live as endophytes or
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free-living rhizospheric microbes. Microbes release protons (H+) and enzymes
which help in acidification and electron transfer in the rhizosphere and thus enhance
the bioavailability of metal to plants (Ma et al. 2016). MT-PGPMs alter the soil pH
by releasing organic acids including gluconic acid, oxalic acid, and malic acid which
form complex with insoluble heavy metals and make it soluble and consequently
available to plants and microbes (Mishra et al. 2017). In this connection, Kim et al.
(2010) have reported that translocation and bioaccumulation of metals are signifi-
cantly enhanced by citric and oxalic acid, suggesting that these acids could be used
as natural chelating agents for better phytoextraction. The release of metal chelators
like metallothione, phytochelatin from plant root exudates and MT-PGPMs also
contribute to the detoxification of heavy metals. MT-PGPMs release phytohormones
such as indoleacetic acid (IAA), cytokinins, gibberellins, abscisic acid that govern
the hormonal balance in plants as a response to metal stress (Ma et al. 2016; Ullah
et al. 2015). MT-PGPMs produce ACC deaminase enzyme that hydrolyzes ACC
which is the immediate precursor of the hormone ethylene in plants to ammonia and
α-ketobutyrate and thus reduce the metal stress on lowering the level of ethylene
inside the plants (Glick 2014). There is another mechanism adopted by MT-PGPMs
under metal stress conditions to enhance plant growth through the production of
antimicrobial enzymes (Saima et al. 2013), and polysaccharides (Naseem and Bano
2014) (Table 15.2, Fig. 15.2).

These play a major role to overcome the negative impact of both biotic (fungi or
harmful insects) and abiotic stresses (waterlogging, drought, salt stress, and metals
toxicity). Hence, MT-PGPMs can speed up phytoremediation and promote plant
growth and development by resorting to any one or more of the above mechanisms.
For that reason, MT-PGPMs can be effectively utilized in metal-contaminated
environments for the phytoremediation. For instance, experiments assessed by
Becerra-Castro et al. (2011) have shown that inoculation of Ni-resistant rhizosphere
bacteria Arthrobacter nitroguajacolicus in Ni hyperaccumulator Alyssum
serpyllifolium subsp. lusitanicum increases the higher translocation and concentra-
tion of Ni in the shoot. Similarly, on inoculating Psychrobacter sp., SRS8 in Ricinus
communis and Helianthus annuus was found to enhance the phytoextraction and
growth of the plants in Ni-contaminated soils (Sessitsch et al. 2013).

Arbuscular mycorrhizal fungal (AMF) colonization in the plant roots also
increases heavy metal tolerance capacity of plants in metal-contaminated soils by
depositing metals within cortical cells, binding metals to the cell wall or mycelium as
well as sequestering them in their vacuole or other organelles, on releasing heat-
shock protein and glutathione, precipitating or chelating metals in the soil matrix by
producing glycoprotein or making phosphate-metal complexes inside the hyphae,
and reducing the strength of metals by heightened root and shoot growth
(Emamverdian et al. 2015; Manchanda et al. 2017). In addition to increasing
heavy metal tolerance capacity, AMF improves plant growth by different mecha-
nisms through releasing growth-promoting substances, hormones, improving sys-
temic resistance, synergistic interaction with other soil microorganisms, increasing
formation and stabilization of soil aggregates (Yao et al. 2005). Interaction of
mycorrhizal inoculation (Glomus mosseae) with maize growing in HM

15 Metallotolerant Microorganisms and Microbe-Assisted Phytoremediation for a. . . 321



Table 15.2 Combination of hyperaccumulator plants and metal-tolerant microbes applied in
microbial-aided phytoremediation of metal overburdened soil

Microbial
species Plant species

Bioremediate
toxicity of
metal

Effect of microbes on
plants References

Variovorax
paradoxus

Brassica
juncea

Cd Stimulate root elongation Belimov et al.
(2005)

Rhodococcus
sp.

Flavobacterium
sp.

Pseudomonas
sp. LK9

Solanum
nigrum

Cd Increases uptake of Cd in
shoot and root

Sheng et al.
(2008)

Enterobacter
aerogenes

Brassica
juncea

Ni, Cr Strains enhance plant bio-
mass, protein, and chloro-
phyll content

Kumar et al.
(2009)

Rahnella
aquatilis

Microbacterium
sp.

B. napus Cu Increases the root length He et al.
(2010)

Pseudomonas
chloraraphis

Arthrobacter sp.

Pseudomonas
aeruginosa

Cicer
arietinum

Cr Enhances dry matter accu-
mulation, symbiotic attri-
butes, grain yield, and
protein content of chickpea

Oves et al.
(2013)

Enterobacter
ludwigii

Helianthus
annuus

Co, Pb, Zn Enhances dry matter
accumulation

Arunakumara
et al. (2014)

Rahnella sp. Amaranthus
sp.

Cd Significant increase in dry
weight was observed with
various Cd concentrations

Yuan et al.
(2014)

Klebsiella
oxytoca

Helianthus
annuus

Co, Pb, Zn Increases uptake and
translocation from root to
shoot

Arunakumara
et al. (2015)

S. acidiscabies Sorghum
bicolor

Cd, Co, Ni, Sr Increases the
phytoextraction

Phieler et al.
(2015)S. tendae

Rhizophagus
irregularis

Phialocephala
fortinii

Clethra
barbinervis

Cu, Ni, Zn,
Cd, Pb

Enhancement, promotion
of nutrient uptake

Yamaji et al.
(2016)

Rhizodermea
veluwensis

Rhizoscyphus
sp.

(continued)
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Table 15.2 (continued)

Microbial
species Plant species

Bioremediate
toxicity of
metal

Effect of microbes on
plants References

Sphingomonas
macrogoltabidus

Alyssum
murale

Ni Ni mobilizer, siderophore
producer, and phosphate
solubilizer; increases Ni
uptake in shoots by 17%

Waigi et al.
(2017)

Sphingomonas
sp.

Solanum
nigrum

Cd AA producer, displays
ACCD activity; induces
heavy metal tolerance to
Cd, Zn, Pb, and Cu

Ensifer
adhaerens

Betula
celtiberica

As Enhances plant growth and
better accumulation of As

Mesa et al.
(2017)

Pseudomonas
aeruginosa

Brassica
juncea

Cd Increases root and shoot
biomass

Rathore et al.
(2019)

Pseudomonas
tolaasii ACC23

B. napus Cd Increases root and shoot
growth and the Cd con-
tent in plant

Achromobacter
xylosoxidans

B. juncea Pb, Cu Increases root and shoot
length, fresh and dry
weight and improves
metal uptake

Microbacterium
sp. G16

B. napus Pb Increases root elongation
of inoculated rape seed-
lings and total Pb
accumulation

Pseudomonas
fluorescens G10

B. napus Pb Increases root elongation
of inoculated rape seed-
lings and total Pb
accumulation

Pseudomonas
sp. RJ10

B. napus Cd Increases uptake of Cd by
plant, enhances shoot and
root dry weight

Bacillus sp. RJ16 B. napus Cd Increases uptake of Cd by
plant, enhances shoot and
root dry weight

Azotobacter
chroococcum

B. juncea Pb, Zn, Cu Increases the removal of
Pb, Zn, Cu

Bacillus subtilis
SJ-101

B. juncea Ni Increases the accumula-
tion of Ni by 1.5-fold and
increased plant biomass

Acaulospora sp. Ricinus
communis

Pb Phytostabilization to ame-
liorate Pb pollution and
decreasing its ecological
risk

Gonzalez-
Chavez et al.
(2019)

Funneliformis
mosseae

Gigaspora
gigantea

Serratia sp. Zea mays Zn Zn toxicity reduced and
enhanced the plant growth
parameters

Jain et al.
(2020)
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contaminated soil showed limiting the metal uptake capacity of the host plant on
decreasing the availability of excessive Zn, Cu, and Pb (Huang et al. 2005). AMF
colonization influences the production and augmentation of micronutrient uptake
capacity of plants grown in heavy metal contaminated soil (Kaewdoung et al. 2016).
Oxalate crystals produced by various mycorrhizal fungi (Fomitopsis cf. meliae and
Ganoderma aff. steyaertanum) are also used to detoxify heavy metals by
transforming them to lesser toxic forms such as copper sulfate into copper oxalate
hydrate, lead nitrate into lead oxalate, cadmium sulfate into cadmium oxalate
trihydrate (Kaewdoung et al. 2016).

Fig. 15.2 Mechanisms of remediation of heavy metal (HM)-contaminated soil by microbial-aided
phytoremediation

324 D. Barman and D. K. Jha



15.6 Omics Approaches to Expedite the Remediation
Process

Isolation and characterization of the microbial community responsible for bioreme-
diation are imperative; however, with these culture-dependent methods, only
0.1–1% of the soil microbial community can be isolated, leaving more than 99%
of microbes either uncultivable or difficult to culture. To overcome these limitations,
a range of molecular techniques have been devised to explore the microorganisms
responsible for bioremediation (Gupta et al. 2020; Subhashini et al. 2017). It
includes fluorescence in situ hybridization technique (FISH), microbial lipid analy-
sis, quantitative PCR, microradiography, stable isotope probing, clone library
method, DNA microarray, and different genetic fingerprinting techniques like tem-
perature gradient gel electrophoresis (TGGE), denaturing gradient gel electrophore-
sis (DGGE), single-stranded conformation polymorphism (SSCP), random
amplified polymeric DNA (RAPD), terminal restriction fragment length polymor-
phism (T-RFLP), ribosomal intergenic spacer analysis (RISA), amplified ribosomal
DNA restriction analysis (ARDRA), and length heterogeneity PCR (LH-PCR). All
of these methods are based on isolation of lipids, proteins, nucleic acids targeting to
amplify genes 16S rRNA, ITS, and 18S rRNA from soil (Gupta et al. 2020). Using
these techniques, diversity and variation of the microbial community in contami-
nated soil in comparison to healthy soil can be analyzed (Panigrahi et al. 2019;
Schloter et al. 2018; Malla et al. 2018; Margesin et al. 2011; Yang et al. 2020), but
these techniques are unable to provide information about the mechanism involving
in the remediation process.

Advanced omics strategies like metagenomics, metaproteomics,
metatranscriptomics, and metabolomics provide a comprehensive and profound
understanding of the underlying mechanism and adaptation strategy in microbial
and plant cells in response to metal stress and thus unlimitedness in their implemen-
tation in the remediation of contaminated land (Gupta et al. 2020). Metagenomics
provides us to understand not only to explore true diversity of microbes present in
diverse environments but also to furnish remarkable information about the genes
(cadB, chrA, copAB, pbrA, merA, NiCoT, etc.) responsible to adapt in metal-rich soil
on tolerating metal toxicity, so that they can be used for bioremediation (Malla et al.
2018). In that direction, since the last few years, the genome of many metallotolerant
bacteria such as Enterobacter cloacae B2-DHA isolated from the Hazaribagh
tannery areas in Bangladesh, Geobacillus thermodenitrificans NG80-2 isolated
from a deep oil reservoir in Northern China, Halomonas zincidurans strain B6 T
isolated from a deep-sea heavy metal-rich sediment from the South Atlantic
Mid-Ocean Ridge, P. putida ATH-4 isolated from soil sediments at the “Prat”
Chilean military base located in Greenwich Island, Antarctica has been sequenced
which provides information on the presence of heavy metal resistance genes to
survive in the metal-rich environment (Barman et al. 2020). Thus metagenomics-
based bioremediation approach is one of the effective tools for the removal of metal
toxicity from the environment (Malla et al. 2018).
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In response to metal stress, different stress response systems get activated within a
given environment, and metatranscriptomics has provided a valuable insight into
these gene expressions. Hence, metatranscriptomics is of immense importance for
research related to environmental remediation. It was observed that on exposure to
high Ni concentration to Sphingobium, approximately 118 genes are differentially
expressed among which 90 were found to be upregulated (Volpicella et al. 2017).
Transcriptome analysis of E. coli and B. subtilis showed that three membrane stress-
related regulons, i.e., cpxRA, rpoE, and basRS get activated in response to metal
stress (Hobman et al. 2007). Metaproteomics is suitable to reveal the qualitative and
quantitative changes of proteofingerprints in response to metal stress. It reveals the
change of physiological profiles in microbes and/or plants that undergo bioremedi-
ation. Commonly SDS-PAGE (1D), two-dimensional gel electrophoresis (2-DE),
and two-dimensional difference gel electrophoresis (2-D DIGE) isobaric tags for
relative and absolute quantitation (iTRAQ) are used by researchers to get informa-
tion about the change of expression of the protein in response to metal toxicity
(Zivkovic et al. 2018; Zhai et al. 2017; Bar et al. 2007). Combining the above-stated
tools with mass spectroscopy and de novo sequencing helps to identify the proteins
that get expressed on exposure to metals (Lacerda et al. 2007). The changes of
proteomics profile in plants on inoculation with plant growth-promoting bacteria
(PGPB) for microbe-assisted phytoremediation can also be detected by the
metaproteomics approach (Li et al. 2014). However, metaproteomics offers better
results in combination with other “omics” approaches. For example, Dore et al.
(2015) utilized “omic” approaches with a combination of liquid chromatography and
mass spectrometry techniques to identify proteins and extracellular enzymes and
analyze fungal responses under various environmental conditions.

Metabolomics is the new entries to the “omics” family that provides information
about the cellular metabolic architecture in response to metal stress (Booth et al.
2015). Since microbe and/or plants synthesize several metabolites to adapt metal
stress condition, identification and quantification of these metabolites provide a
better understanding of the functional role of these metabolites in the microbe
and/or plant cells and the underlying mechanism involved in bioremediation
(Malla et al. 2018). An example of this is the metabolomics profiling of
P. pseudoalcaligenes KF707. It was observed that the strain displayed variation in
levels of several metabolites with and without tellurite (Tremaroli et al. 2009). Wang
et al. (2015) explore the metabolite profiling of radish roots on exposure to lead
(Pb) and cadmium (Cd) stress. Results indicate that a large number of metabolites
like sugars, amino acids, and organic acids alter in response to metal stress. The
metabolite profiling of maize inoculated with PGPB also provide a better
understanding of the upregulation of photosynthesis, hormone biosynthesis, and
tricarboxylic acid cycle metabolites in maize that help the host plant to remediate
metal-contaminated land as well as better growth and development of the plant in
metal-contaminated land (Li et al. 2014).
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15.7 Use of Genetically Modified Organisms (GMOs)
in Bioremediation

GMOs mean “‘any living organism that possesses a novel combination of genetic
material obtained through the use of modern biotechnology.”’ Microbes and/or
plants can be genetically modified by recombinant DNA technology to yield a
product having a special feature that has received great attention in bioremediation
(Gupta and Singh 2017). Despite that, the use of GMOs in field conditions is
restricted due to the associated issues of a biological system such as their reach to
the contaminants, activity, competition, and most widespread contaminated sites;
hence, it is largely limited in the laboratory (Gupta and Singh 2017). The require-
ment for the development of GMOs for bioremediation of contaminated sites
involves four principal approaches. These include modification of enzyme affinity
and specificity, construction and regulation of specific pathways, development of
bioprocess for remediation and its monitoring and control, use and applications of
biosensors for chemical sensing, toxicity reduction, and endpoint analysis (Gupta
and Singh 2017). For instance, Dash and Das (2015) constructed a transgenic
bacterium Bacillus cereus BW-03 (pPW-05) with the introduction of merA encoding
mercuric reductase from Bacillus thuringiensis PW-05 in the other mercury-resistant
marine bacterium B. cereus BW-03 (pPW-05) for better bioremediation. It was
observed that the Bacillus cereus BW-03 (pPW-05) improves the mercury removal
efficiency in comparison to the parent strains in situ. The strain also found to survive
under varied conditions of pH, salinity, and mercury concentration which increase its
possibility to use for bioremediation in the mercury-contaminated field. Arsenic is
one of the highly toxic metals in oxidized forms, and its bioremediation is mainly
associated with volatilization. Though various indigenous microflora have been
reported to volatilize arsenic, the efficiency of volatilization was found to be
increased by genetically modified microorganisms. Studies have reported that clon-
ing and expression of arsenite S-adenosyl methionine methyltransferase gene (arsM)
of Sphingomonas desiccabilis and Bacillus idriensis increase the release of methyl-
ated arsenic gas tenfold more than the wild strain (Yang 2010). Further, the intro-
duction of microbial metal resistance genes in hyperaccumulating plants like
Arabidopsis thaliana, Brassica juncea, Populus angustifolia, and Nicotiana
tabacum has been found to enhance metal transformation and accumulation effi-
ciency as compared to wild plant species. For example, the introduction of merA and
merB from bacteria in Arabidopsis thaliana leads to an increase in the tolerance
capacity of the plant as well as the better conversion of toxic mercury into its less
toxic form (Bizily et al. 2000). In another study, it was observed that transformation
and overexpression of the phytochelatin synthase (TaPCS1) gene in Nicotiana
resulted in a better tolerance capacity of the plant toward lead (Gisbert et al. 2003).
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15.8 Conclusion and Prospects

From the above thorough and critical discussion, it is evident that remediation
technologies using microorganisms are more feasible to decontaminate the metal-
polluted site with great economical and ecological relevance. Toward a much deeper
perceptive and understanding of the microbial and microbe-assisted
phytoremediation, it was observed that they employ different mechanisms to survive
in the metal-contaminated site and subsequently performing bioremediation. And
various omic-approaches provide a significant advantage to understand the mecha-
nisms involved in bioremediation pathways. From the recent research articles, it is
evident that MT-PGPR is an effective and sustainable measure for the reclamation of
metal-polluted soils. However, in the future, the contribution of genes about Phyto
beneficial traits and the occurrence of preferential symbiosis needs to be studied
in-depth to harness the benefit of plant–microbe interactions. Additionally, the
application of these potential microorganisms as bioinoculants to be explored for
better productivity and remediating the metal-contaminated site. Hence, further
research is needed to develop novel bioinoculants to tackle the threat of metal-
contaminated sites. Additionally, different biotechnological approaches provide an
avenue to develop the designed microbes to improve the bioremediation potentiality
and better productivity under stress conditions, but in connection with regulatory
risk assessment, the field application of GMOs is still restricted. Hence, further
improvements in GMOs in terms of their survival, completion with an indigenous
population, and chemotaxis toward the pollutants along with structural genes asso-
ciated with bioremediation of contaminants should also be considered while devel-
oping GMOs for environmental cleanup.
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Chapter 16
Actinobacterial Abundance
and Interrelationships in Ecosystems
of Northwest Africa

Noureddine Bouras, Amine Yekkour, Slim Smaoui, Lotfi Mellouli,
and Mustapha Barakate

This book chapter is dedicated to the late Dr. Nasserdine
Sabaou (1956–2019) for his genuine love and service to
microbiology. He was a superb researcher and professor at
the École Normale Supérieure de Kouba, Alger (Algeria) and
the ex-head of the Laboratoire de Biologie des Systèmes
Microbiens (LBSM). He published many papers on rare
Saharan Actinobacteria and their metabolites.

Abstract Actinobacteria are of special interest because of their versatile metabolic
activities. In nature, they play a crucial role in the decomposition of environmental
pollutants and organic compounds. The goal of this chapter was to review the
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research on actinobacterial diversity reported in three countries in Northwest Africa:
Morocco, Algeria, and Tunisia. During this investigation, a total of 30 new species
within the phylum Actinobacteria were investigated in Algeria: Saccharothrix (six
new species), Actinopolyspora (five new species), Streptosporangium (three new
species), Actinomadura (two new species), and one new species from each following
genera: Actinoalloteichus, Actinokineospora, Actinophytocola, Glycomyces, Myco-
bacterium, Mycolicibacter, Nocardiopsis, Planomonospora, Prauserella,
Saccharopolyspora (reclassified to Salinifilum), Streptomonospora, and Streptomy-
ces. Furthermore, two new species belonging to two new genera have been reported:
Mzabimyces has been reclassified to Halopolyspora and Bounagaea. Eleven new
species: Geodermatophilus (four new species), Blastococcus (three new species),
Streptomyces (two new species), Nocardia (one new species), and Frankia (one new
species) have been described from Tunisian ecosystems. From Moroccan ecosys-
tems, three new species of Streptomyces have been isolated. To the best of our
knowledge, no new actinobacterial species have been reported in the remaining
Maghrebian geographical area. Maghrebian efforts to isolate Actinobacteria have
yielded 46 new taxa, 44 new species, and 2 new genera.

Keywords Actinobacteria · Maghreb · Taxonomy · Biodiversity · Saharan
ecosystem

16.1 Introduction

The Actinobacteria represent one of the largest taxonomic phyla in the Bacteria
domain. These Gram-positive bacteria are found in all varieties of aquatic and
terrestrial ecosystems. Multiple lifestyles occur in the group such as plant commen-
sals, nitrogen-fixing symbionts, and animal, plant, and even human pathogens.

A review on the biodiversity and distribution of Actinobacteria in Northwest
African environments reveals the scant knowledge of these topics. To the best of our
knowledge, this is the first overview on the biodiversity and bioprospecting of new
taxa of Actinobacteria from Northwest African ecosystems.
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16.1.1 Actinobacteria

In soil microbiology, it is necessary to distinguish between Actinomycetes (mor-
phological term) and Actinobacteria (phylogenetic term). Actinomycetes constitute
a diverse group of bacteria which are able to form branching filaments in at least one
stage of their development, and the majority (but not all) of them belongs to the
Actinobacteria phylum. Actinobacteria are a group with high guanine and cytosine
content in their genomes, and most of them (but not all) are mycelial bacteria
(Actinomycetes). Advances in the molecular studies revealed that the possession
of branched hyphae should not automatically place bacterial genera within the
Actinobacteria phylum. For example, the genus Thermoactinomyces, classified in
the Firmicutes phylum (characterized by genomes with low guanine and cytosine
content), is a Gram-positive endospore-forming bacterium that produce a mycelium
that is non-septate and slenderer by comparison to micro-fungi. Consequently,
Thermoactinomyces is an Actinomycete, but belongs to the Firmicutes and not the
Actinobacteria phylum. However, other genera such as Arthrobacter, Micrococcus,
and Mycobacterium belong to Actinobacteria, but are not Actinomycetes (because
unable to form branching hyphae). On the other hand, Sterptomyces and
Nocardiopsis are considered at the same time to be both Actinomycetes and
Actinobacteria.

Actinobacteria is one of the largest phyla within the domain Bacteria (Ait Barka
et al. 2015). Actinobacterial strains occupy all the niches of the biosphere, are known
for their ubiquitous presence, and are recovered from a wide range of aquatic and
terrestrial environments and also from living organisms such as plants, animals, and
insects. Within this phylum are some of the most well-known producers of second-
ary metabolites, most notably the Streptomyces genus (Raja and Prabakaran 2011;
Singh et al. 2019). The members of this phylum produce almost 70% of all
antibiotics used currently, as well as many other bioactive compounds such as
antimicrobial (antibacterial and antifungal), anticancer, anthelmintic, anti-
inflammatory, antitumor, antioxidant, herbicide and immunosuppressive agents,
and plant-growth-promoting substances and also plant disease biocontrol agents
and plant growth promoting agents. Consequently, these bacteria are of major
importance for biotechnology, medicine, industry, and agriculture.

Two of the main strategies to search for new taxa as sources of bioactive
compounds is the isolation of rare Actinobacteria also named NSA
(non-Streptomyces Actinobacteria) from different ecosystems including endophyte
species associated with plants and algae and also the isolation of extremophilic
Actinobacteria (whatever the genus) from harsh environments. Harsh conditions
such as high or low temperature, high or low pH, high radiation, and high salt
concentration are able to affect the metabolite profile of the extremophilic
Actinobacteria and increase the probability to obtain new bioactive compounds.
These harsh conditions can be imitated experimentally, during incubation, by using
different approaches such as thermic treatment, and also applied physical (high
temperature, high pH, etc.) and chemical conditions (addition of NaCl, phenol,
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incorporation of antibacterial agents, etc.). Furthermore, selective culture media
(using some specific compounds such as chitin or humic acid as sole carbon source,
and sometimes as specific nitrogen sources too) could also be used. Many scientists
combined both strategies and isolated rare extremophilic actinobacterial strains from
the less or underexplored and uncommon ecosystems such as arid and semi-arid
habitats, Saharan soil, and palm groves (Meklat et al. 2012). It is important to say
that the most dominant genus of Actinobacteria is always Streptomyces, even from
exotic habitats; however, the percentage of uncommon and rare Actinobacteria is
higher in these specific ecosystems.

16.2 Northwest African Environments

Northwest Africa, also known as Maghreb, which means both the western land and
the place where the sun sets. The majority of the Maghrebian land is desert (North
African desert also called Sahara). The variations in precipitation, temperature,
humidity, elevation, soil type, and distance from the Mediterranean Sea or Pacific
Ocean make Northwest Africa a diversified region. With an area of more than
6 million km2, the Maghreb has a spectacular climatic diversity going from snow-
capped mountains such as high summits of Toubkal (4167 m) and Chélia (2328 m)
in the northern regions overlooking the Mediterranean Sea to the hottest desert in the
world in the south. These climatic characteristics significantly affect the biodiversity
of all living organisms, including bacteria.

Based on the Köppen–Geiger climate classification systems, the Maghreb is
divided into eight distinct ecoregions. Two climatic systems: BWh (“hot desert
climate” also named “arid, desert, hot”) and BSh (“hot semi-arid climate” also
named “arid, steppe, hot”) are found in all Maghrebian countries. Three climatic
systems are present in Morocco, Algeria, and Tunisia: Csa (“hot-summer Mediter-
ranean climate” also named “temperate, dry summer, hot summer”); BSk (“cold
semi-arid climate” also named “arid, steppe, cold”) and BWk (“cold desert climate”
also named “arid, desert, cold”). The climatic system Csb (“warm-summer Medi-
terranean climate” also named “cool-summer Mediterranean climate” or “temperate,
dry summer, warm summer”) is found only in Algeria and Morocco. In addition, the
climatic system Dsb (“warm humid continental climate” also named “cold, dry
summer, warm summer”) is present only in Morocco.

16.3 Culture Media and Cultivation Conditions

Many culture media were employed in the isolation of new taxa from Maghrebian
countries. Generally, the culture medium was supplemented with the antifungal
agent actidione (50 mg/L) to inhibit the growth of micro-fungi. Occasionally, the
addition of antibacterial agents to reduce or inhibit the growth of Gram-negative
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bacteria was also employed. It is necessary to mention that the addition of the
antibacterial agents could also reduce or inhibit the growth of some species or strains
of Actinobacteria. For isolation of halophilic bacteria, the addition of NaCl was
used. The following culture media were used for isolating Actinobacteria from
Northwest Africa:

– Chitin-vitamin agar medium described by Hayakawa and Nonomura (1987)
consisting of (per liter of deionized water): 2 g chitin, 0.35 g K2HPO4, 0.15 g
KH2PO4, 0.2 g MgSO4�7H2O, 0.3 g NaCl, 0.02 g CaCO3, 10 mg FeSO4�7H2O,
1 mg ZnSO4�7H2O, 1 mg MnC12�4H2O, and 18 g agar. The pH was adjusted to
7.2 prior to autoclaving. The B vitamins including: thiamine hydrochloride,
riboflavin, niacin, pyridoxine hydrochloride, inositol, calcium pantothenate, p-
aminobenzoic acid (0.5 mg/L of each), and biotin (0.25 mg/L) were added to the
autoclaved medium. This medium has been used to isolate 12 Maghrebian taxa:
3 species of Streptosporangium (S. algeriense, S. becharense, and S. saharense),
2 species of Saccharothrix (S. tamanrassetensis and S. ghardaiensis), 2 species of
Actinomadura (A. algeriensis and A. adrarensis), Actinokineospora mzabensis,
Actinophytocola algeriensis, Prauserella isguenensis, Planomonospora
algeriensis, and Halopolyspora algeriensis.

– Humic acid-vitamin agar medium reported by Hayakawa and Nonomura (1987)
composed of (per liter of deionized water): 1 g humic acid, 0.5 g Na2HPO4, 0.05 g
MgSO4�7H2O, 1.7 g KCl, 0.01 g FeSO4�7H2O, 0.02 g CaCO3, 18 g agar. The pH
was adjusted to 7.2 before autoclaving. This culture medium has been used in the
isolation of nine Maghrebian taxa: three species of Actinopolyspora (A.
algeriensis, A. mzabensis, and A. saharensis), four species of Saccharothrix (S.
algeriensis, S. hoggarensis, S. saharensis, and S. isguenensis), Actinoalloteichus
hoggarensis, and Salinifilum ghardaiensis.

– Luedemann medium (DSMZ medium 877) reported by Luedemann (1968),
consisting of (per liter of deionized water): 0.5 g yeast extract, 1.5 g malt extract
broth, 1 g soluble starch, 1.0 g glucose, 0.2 g CaCO3, 0.5 g NaCl, 15 g agar. The
pH was adjusted to 8.6 before autoclaving. This culture medium has been used to
isolate four species of Geodermatophilus (G. aquaeductus, G. bullaregiensis, G.
pulveris, and G. sabuli) and three species of Blastococcus (B. capsensis, B.
colisei, and B. xanthinilyticus).

– Culture medium R2A agar (DSMZ medium 830) reported by Reasoner et al.
(1979), consisting of (per liter of deionized water): 0.5 g yeast extract, 0.5 g
proteose peptone, 0.5 g casamino acids, 0.5 g glucose, 0.5 g soluble starch, 0.3 g
sodium pyruvate, 0.3 g K2HPO4, 0.05 g MgSO4�7H2O, and 15 g agar (the pH was
adjusted to 7.2 before autoclaving) was also used to isolate G. pulveris and B.
xanthinilyticus.

– Complex agar medium reported by Chun et al. (2000), composed of (per liter of
deionized water): 7.5 g peptone, 10 g yeast extract, 3 g sodium citrate, 10 g
MgSO4�7H2O, 2 g KCl, 1 mL 4.98% FeSO4�7H2O, and 20 g agar (pH ¼ 7.2).
This medium was used to isolate two species of Actinopolyspora (A. biskrensis
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and A. righensis), Nocardiopsis algeriensis, Planomonospora algeriensis, and
Bounagaea algeriensis.

– Modified DPM (Defined Propionate Minimal) medium reported by Baker and
O’Keefer (1984) containing per liter of distilled water: 0.5 g sodium propionate,
0.5 g sodium succinate, 0.5 g K2HPO4, 1 g MgSO4�7H2O, 0.1 g CaCl2, 0.01 g
FeSO4�7H2O, 0.0055 g Na2EDTA, 0.0074 g H3BO3, 0.005 g MnCl2�4H2O,
0.0032 g ZnSO4�7H2O, 0.0004 g CuSO4�5H2O, 0.00014 g Na2MoO4, and
0.000045 g CoCl2. This medium was used to isolate two new species: Frankia
elaeagni and Nocardia casuarinae.

– Löwenstein–Jensen growth medium has been used to isolate Mycolicibacter
algericus as reported by Sahraoui et al. (2011).

– Middlebrook 7H10 agar plus OADC (oleic acid, bovine albumin, sodium chlo-
ride, dextrose, catalase) supplemented with 40,000 U/L polymyxin B, 16 g/L
nalidixic acid, 4 g/L amphotericin B, and 20 g/L vancomycin has been used to
isolate “Mycobacterium icosiumassiliensis” as reported by Djouadi et al. (2016).

– On the other hand, six culture media were used to isolate Streptomyces species
from Maghrebian regions:

– International Streptomyces Project medium 2 (ISP 2), composed of (per liter of
deionized water): 4 g yeast extract, 10 g malt extract, 4 g glucose, and 20 g agar
(Shirling and Gottlieb 1966).

– Modified ISP2 (DSMZmedium 65¼GYM Streptomycesmedium), composed of
(per liter of deionized water): 4 g glucose, 4 g yeast extract, 10 g malt extract, 2 g
CaCO3, and 12 g agar. The pH was adjusted to 7.2 prior to autoclaving.

– International Streptomyces Project medium 3 (ISP 3), composed of (per liter of
deionized water): 20 g oatmeal, 1 mL of trace salts solution, and 18 g agar. Trace
salt solution was composed of (per 100 mL of deionized water): 0.1 g
FeSO4�7H2O, 0.1 g MnCl2�4H2O, 0.1 g ZnSO4�7H2O (Shirling and Gottlieb
1966).

– International Streptomyces Project medium 4 (ISP 4) reported by Shirling and
Gottlieb (1966). This medium consisted of (per liter of deionized water): 10 g
starch, 1 g K2HPO4, 1 g MgSO4�7H2O, 1 g NaCl, 2 g (NH4)2SO4, 2 g CaCO3,
1 mL of trace salt solution (as indicated in ISP3 medium), and 20 g agar. The pH
was adjusted to 8 before autoclaving.

– Actinomycetes isolation agar (Olson’s medium) reported by Olson (1968) which
consisted of (per liter of deionized water): 5% glycerol, 0.2% sodium caseinate,
0.01% L-asparagine, 0.4% sodium propionate, 0.05% K2HPO4, 0.0001% FeSO4,
and 1.5% agar.

– Soil extract agar which reported by Ouhdouch et al. (2001) and Barakate
et al. (2002).
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16.4 Biodiversity of New Actinobacteria Taxa

Table 16.1 shows the list of new species of Actinobacteria isolated from Northwest
African environments, as gathered from the scientific literature. Exploration of such
unique habitats has led to the discovery of 44 novel taxa. The identification of
42 new species and 2 new genera (including 2 new species) indicates that these
environments constitute an ecological niche with a solid potential for the study of
biodiversity. The conditions of high salinity in certain niches, and the stability of the
microbial communities over the years, make these habitats of great interest and a
target for in-depth study, to obtain an understanding not only of the processes
forming natural actinobacterial communities and of their role in the interaction
with biotic and abiotic elements but also of the biodiversity of such ecosystems.

The number of new species of Actinobacteria from Algeria was 30; 11 from
Tunisia and 3 from Morocco, as indicated in Table 16.1. Until now, no reports are
available regarding the discovery of new species of Actinobacteria in the remaining
geographical area of Maghreb. In fact, it is not possible to talk about the biogeog-
raphy of prokaryotes, for example, Saccharothrix algeriensis’s name does not
indicate that this species is living only in Algeria, it only means that this species
was reported for the first time in Algeria.

It is necessary to mention that all the new taxa of strictly halophilic
Actinobacteria discovered from Algeria, such as different species of
Actinopolyspora, Prauserella, Streptomonospora, Salinifilum (Basonym:
Saccharopolyspora) and Halopolyspora (Basonym: Mzabimyces) which require at
least 7% NaCl for growth (Table 16.2), were isolated from non-saline soil.

It seems that these strictly halophilic bacteria remain attached to the salt granules
although the soil is not saline. This phenomenon could be explained by the com-
plexity of any soil sample which could include multiple microenvironments, some
very saline, others less salty, and even non-saline ones allowing all these groups to
occur in the same sample.

Generally, the new species of strictly halophilic bacteria reported in the literature
were isolated from hypersaline areas, and the strictly alkaliphilic bacteria were
isolated from alkaliphilic zones, etc. However, the strategy of the Sabaou
laboratory’s research is the isolation of halophiles from non-saline soil and the
alkaliphiles from non-alkaline soil, etc. This original idea allowed this research
team to isolate many new taxa of Actinobacteria never reported before.

A total of 30 new taxa (68%) were discovered from the ecoregion BWh: “hot
desert climate” also named “arid, desert, hot,” which represents almost 80% of the
total area of Northwest Africa. The number of actinobacterial species reported from
the ecoregion Csa: “hot-summer Mediterranean climate” also named “temperate, dry
summer, hot summer” was 10. Furthermore, two new taxa were isolated from the
both ecoregions BSk: “cold semi-arid climate” also named “arid, steppe, cold” and
BSh “hot semi-arid climate” also named “arid, steppe, hot.” Until now, no studies on
the isolation of Actinobacteria from other ecoregions (BWk, Csb, and Dsb) have
been published.
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Among 42 new species and 2 new genera belonging to 11 families of
Actinobacteria discovered in Northwest Africa, the most recovered and abundant
genera: Streptomyces and Saccharothrix each had 6 new species identified, account-
ing for 37% of the total novel Actinobacteria species from Maghreb regions,
followed by the genus Actinopolyspora with 5 species which represent 11% of the
total. Moreover, four species of Geodermatophilus, three species of
Streptosporangium, three species of Blastococcus, and two species of Actinomadura
were discovered from Northwest Africa. In addition, one new species from other
genera was described.

The taxonomic status of any bacterial strain, according to the polyphasic taxon-
omy, is determined by both phenotypic and genotypic characterization. A combina-
tion of chemotaxonomic analysis and other phenotypic features (tolerance tests,
enzyme production, ability to metabolize carbon and nitrogen sources) together
with other genetic traits of the taxon (16S rRNA phylogeny, GC content, DNA–
DNA hybridization) was classically used for new Actinobacteria species descrip-
tions (Carro and Nouiuoi 2017).

16.5 Conclusion

Maghrebian region though less explored possesses a great actinobacterial biodiver-
sity. This bacterial diversity can be explored for isolation of novel rare
Actinobacteria and characterization of new antibacterial and antifungal molecules.
Hence, this biodiversity is seen as a consequence of adaptation to these taxa to harsh
conditions. Actinobacteria from unexplored ecosystems will be novel and useful
host in the future for the production of enzymes, chemicals, antibiotics with low cost.
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