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The book, Omics Insights in Environmental Bioremediation, is a meticulously
sketches in-depth information of omics technologies developed in past few years
and are used in the bioremediation of contaminated environments that are polluted
with various inorganic, metals, organometallic, and organic hydrocarbons in a
coherent manner related to different cutting-edge. Inorganic chemicals, organic
hydrocarbon, metals, nonmetals, metalloids, radionuclides, pharmaceutical
substances, polyaromatic hydrocarbons (PAHs), organic solvents, persistent organic
pollutants (POPs), emerging contaminants, and eco-estrogens are increased in the
soil, water, and other components of the environment as a result of human activities,
rapid industrialization, and growing populations. The chlorinated, and polyaromatic
hydrocarbon not degraded easily into the environment by physico-chemcial and
biological means that are persistent, recalcitrant, and highly toxic to human and other
biological entities. The POPs transported by wind and water, which have become a
local, regional, and global problem, have high bioconcentration, toxicity, and long-
distance mobility. They can bioaccumulate in animal tissues and biomagnify along
food chains and food webs and pass from one species to the next tropical level. The
toxic nature of these chemicals adversely affects human health, environment, and
wildlife. Some of the refractory and noxious organic compounds are formed unin-
tentionally once used in agriculture, disease control, manufacturing, or industrial
processes which are highly toxic and persist in the soil and aquifers for several years.
Degradation and remediation of such organic compounds are urgent need to reduce
the burden in the environment. The use and production of these compounds are
banned over five decades ago, but they are still present in the environment, a risk to
human health and ecosystems, and pose a threat to food safety.

Biodegradation and bioremediation are important strategies to degrade refractory
and toxic pollutants and to reduce the risk of contamination in the environment.
Microorganisms having catabolic gene and proteins to degrade such organic
compounds but are not successful at open contaminated sites. The numer-
ous technologies being developed for this purpose are bioaugmentation,
biostimulation, bioslurping, bioventing, and biopiling and others in which
pollutants-degrading bacteria are introduced from an external site into a
contaminated site and are expected to provide a safe and inexpensive in sifu strategy
that does not adversely affect soil function. However, pollutants-degrading bacteria

Vii



viii Preface

rarely exist in nature, and their enrichment and isolation have been extremely
difficult in laboratory conditions. The application of omics technologies to bioreme-
diation and biodegradation research provides a greater understanding of the key
pathways and new insights into the adaptability of a wide range of microorganisms
that are key player in the removal of chemical contaminants from polluted environ-
ment. Molecular techniques, such as transcriptomics, metagenomics, proteomics,
and related omics approaches have led to new environmental management
approaches and provides an opportunities to researchers to decontaminate water,
soil, and aquifers. The methods and techniques have sped up the investigation of
culturable and unculturable microorganisms including organization of microbiome
which is reliant on culture technology. This also helps to understand emerging
genetic diversity including emerging DNA (eDNA) and RNA (eRNA) in the envi-
ronment which can be exploited for ex situ and in situ bioremediation purposes.

Metagenomics research methods and approaches have phased out molecular
cloning techniques and paved the way for a new comparative metagenomics strategy
for structural and functional genomics. Advances in high-throughput sequenc-
ing technology have changed the traditional microbiology tools and techniques
used for environmental applications. Metagenomics has emerged as a recent field
of study that aims to recognize microbial diversity and functions, their activities,
interactions, cooperation, and growth in a variety of contexts. The other omics
approaches, such as transcriptomic technologies are used to investigate genome-
wide transcriptional activity of an organism's transcriptome, the sum of all of its
RNA transcripts. The information content of an organism is recorded in the DNA of
its genome and expressed through transcription to understand comparative genotyping
in a variety of microbiological functions and applications. The functional insights into
the activities of microbial communities can be evaluated by analyzing mRNA tran-
scriptional profiles and meta-transcriptomics technologies. Expression of proteins by
the genome of an organism is studied by the proteome which involves translation of
these RNA molecules into protein. The complete set of all the ribonucleic acid (RNA)
molecules expressed in some given entity, such as a cell, tissue, or organism, is
transcriptomics which encompasses everything relating to RNAs. This includes
their transcription and expression levels, functions, locations, trafficking, biodegrada-
tion, and bioremediation of persistent toxic compounds in the environment.

In view of above, the book entitled Omics Insights in Environmental Bioremedi-
ation is formulated with four major parts containing latest and updated information
on various aspects of omics and environmental bioremediation. The four parts are
spread over 29 chapters, contributed by leading workers, drawn from the world over,
in their field, providing latest research and development in different aspects of omics
technologies for the ecological restoration and safety of public health. In this book,
expert authors critically review the most important current research and development
in this exciting field and further address different topics related to basic and
advanced knowledge on omics-based microbial technologies for the bioremediation
of environmental pollutants.

Part 1 Bioremediation and Biodegradation mainly comprises 6 chapters.
Chapter 1 provides an overview of metagenomic approaches and discusses how
they have been utilized to better understand damaged ecosystems and guide
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environmental rehabilitation best practices. Chapter 2 gives a brief overview on the
impact of metabolomics on bioremediation. In addition, a detailed application of
metabolomics combined with microbial biodegradation has been explained with
respect to some of the earlier research. A another omics approach, such as
metabolomics can be used to better insight the breakdown of different com-
plex compounds and their metabolites. Chapter 3 describes how the metagenomics
approaches are utilized in monitoring the contaminated environment and bioremedi-
ation to solve the pollution problems, and discussed its potentialities, and current
challenges. Moreover, the role of metagenomics in apprehending the microbial
community diversity and functions involved in bioremediation has been discussed.
This chapter also discusses the analysis of microbial diversity in divergent
environments and mostly employed sequencing platforms. Chapter 4 highlights
the utilization of the combined system of plant and microbes enhancing the removal
of contaminants from the polluted environment and describes how they play a vital
role in the remediation of chemical contaminants. Plant-associated microbes has
been considered as a promising approach in the remediation and ecorestoration of
polluted environment. Chapter 5 discusses the various bioremediation techniques
and their mechanisms used for the removal of toxic heavy metals from the polluted
sites. The chapter also presents recent advancement in the field of bioremediation in
terms of use of plants and their metabolites, plant growth promoting
rhizobacteria (PGPR), and nanoparticles for the efficient removal of heavy metals
from contaminated sites. Chapter 6 conveys the most delegate chemicals and
their bioremediation by the action of cytochrome P450, lipases, proteases,
dehydrogenases, dehalogenases, hydrolases, and laccases, which have shown
promising tools for possible degradation of polymers, fragrant hydrocarbons,
halogenated compounds, colors, cleansers, and agrochemicals. The significance of
biocatalytic tools for future advancement in natural biotechnology has also
been discussed.

Part Il Environmental Pollution and Wastewater Treatment comprises 8 chapters.
Chapter 7 explores and discusses the sources of microplastics in wastewaters, their
properties, ecotoxicity, health risks, and numerous approaches that are already in use
and those that are being developed for characterization of microplastics in wastewa-
ter, and bioremediation strategies for the removal of microplastics from wastewater
for pollution prevention and control. Chapter 8 mainly deals with the microbial
community and composition present in activated sludges. The seasonal modulation
of the microbial communities and antibiotic-resistant genes present in activated
sludge has also been discussed in detail along with the abundance of different
microbial groups, their role, and physiological activities in activated sewage sludge.
Chapter 9 provides an overall information of various parameters of
discharged effluents to determine the role and mechanisms of microorganisms that
are used in different types of aerobic and anaerobic treatments. Besides, controlling
parameters of wastewater treatment plants, like solids retention time, hydraulic
retention time, and other attributes are discussed in order to obtain reusable water
as per the permissible limit norms set by the various environmental regulatory
agencies. In addition, various microbial-based aerobic techniques for
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decontamination of wastewater from various industries, such as the textile industry,
paper-based industry, petroleum industry, food and dairy-based industries, brewery
industries, and miscellaneous industries has been explained in detail. Chapter 10
focuses on the important aspects of omics, and their applications, limitations,
challenges, and futuristic approaches related to industrial wastewater treatment.
The diverse composition of industrial effluents and the prevailing treatment
methodologies are addressed, and the omics-based approaches in industrial waste-
water treatment and the futuristic approaches are critically discussed. Chapter 11
discusses the various microalgae’s involvement in wastewater treatment, ranging
derived from degree of microalgal bioremediation to environmental enhancement
via microalgal biomass productivity and CO, fixation. This chapter also covers
biological and technical aspects for modifying algae-based wastewater systems
and increasing biomass output for value-added products and biomaterials for future
uses. Chapter 12 describes the role of phytoremediation technologies used in the
removal of toxic heavy metals, such as lead, cobalt, nickel, and cadmium from the
environment, and emphasis is given to hyperaccumulator plants and their role in
heavy metals removal. In the removal of these heavy metals, aquatic
hyperaccumulator plants determined today are put forward and recommendations
are made to solve these problems in wastewater. Chapter 14 highlights the use of
microbes having effective potential to degrade noxious compounds contaminating
groundwater and soil.

Part 11l Omics Approaches in Environmental Remediation comprises 8 chapters.
Chapter 15 provides information on metagenomics, and other recently developed
omics technologies that are a very much reliable, sensitive, accurate, and more rapid
approach for the detection of microbes and provide a complete view of the microbial
community. These approaches helps in the identification of unknown microbial
communities and microbes which cannot be cultured in laboratory and can help in
distinguishing microbial communities. It relies on much information from the
databases to compare the observed information and the existing ones. This not
only helps in speeding up the biodegradation process but also can identify new
species or enzymes and even complex metabolic pathways which can help in further
researches. Chapter 16 provides insights about genes and genomes that play a role in
building heavy metal and metalloid tolerances that will help scientists to develop
more efficient microorganisms to employ in the bioremediation of soil and water
ecosystems. Chapter 17 conveys metagenomics research for evaluating microbial
community composition in polluted areas to select effective microbes helping in
heavy metals remediation. This chapter also discusses microbial interaction with
heavy metals as well as different bioremediation strategies, microbial community
analysis of contaminated areas through metagenomic library construction and dif-
ferent screening approaches, and how different bioinformatics tools help to analyze
the metagenomic data. Chapter 18 highlights the combinational use of genomics,
proteomics, metabolomics, along with different omics approaches and the promises
they hold for the advanced bioremediation processes. Chapter 19 highlights the
application of omics technologies in the study of microorganisms adapted to cold
environments and the potential application of these or their constituent biomolecules
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in the bioremediation of contaminated environments, to provide a framework for
understanding the main metabolic traits developed by these extremophilic
microorganisms to adapt to cold in polar or oceanic environments, as well as their
potential use in bioremediation processes. Chapter 20 describes the functional role of
microbes using omics approach and its limitation in industrial application. Omics
also deciphers the potential connection between the genetic and functional similarity
among numerous microbes which helps in hastening in situ bioremediation and
minimizing the pollution load. Chapter 21 focuses on the metagenomics principle
along with recent advances in this field. The main focus of this chapter is on
exploring degrading enzymes by metagenomics and their applications in microbial
biodegradation of environmental pollutants. How these approaches accommodate to
find out the role of involved microorganisms in the biodegradation of pollutants in
the contaminated sites is summarized. Chapter 22 discusses biofuels, their
generations, and how they are normally produced. This also explores the application
of microorganisms and algae in the production of biofuels and their advantages, and
how the OMICS techniques can be used, helping in the choice of microorganisms or
plants or modifying them to obtain higher yield in the production of renewable fuels.

Part IV Recent Trends and Development in Omics Technologies comprises
7 chapters. Chapter 23 puts forward an overview of brief history of
nucleotides sequencing technologies emerged over recent times with a light on
different platforms of sequencing available. It also deals with bioinformatic analysis
and tools available for interpretation of the obtained sequencing databases. The
application of high-throughput sequencing (HTS) platforms in algal research is
also covered in this chapter. Chapter 24 discusses in detail the computational
strategies for identifying possible enzyme candidates from shotgun sequencing
data and experimental strategies to characterize candidate enzymes once they have
been identified. Finally, author review emerging methods for metagenomic enzyme
discovery as well as future goals and challenges with an emphasis on metagenomics-
based approaches. Ultimately, the chapter present a largely generalized approach to
metagenomic enzyme discovery that can be applied in most investigations of the
nature, with discussions specific to pollutant degrading enzymes wherever appropri-
ate. Chapter 25 highlights the insights of various metagenomic approaches, such as
metatranscriptomics, metaproteomics, metabolomics, and fluxomics used in envi-
ronmental and microbial analysis. This chapter also elaborates on the high-
throughput next-generation sequencing (NGS) technologies and the procedures
associated with the library preparation. Workflow of metagenomics which is used
as targeted and shotgun metagenomics is discussed. Various examples of microbes
in environmental cleanup and bioinformatics tools utilized in the metagenomic data
analysis are also elaborated. Furthermore, the challenges associated with the
metagenomic approaches are discussed. Chapter 26 provides a fundamental under-
standing of metagenomics methodology and applications in order to better under-
stand microbial diversity, functions, and structure in contaminated environments.
Chapter 27 highlights the recent advancements in this technology that resulted in a
breakthrough in tackling it by clustering regularly interspaced palindromic repeats
(CRISPR)-assisted three types of remediation. The CRISPR is a game-changing
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genomic tool that allows plants, bacteria, and fungi to improve specific
characteristics. Authors summarize current progresses in our understanding of
CRISPR Cas-based functional gene editing for improvement in microbial bioreme-
diation, phytoremediation, and mycoremediation in this chapter. Furthermore,
authors discuss recent strategies involving CRISPR Cas in the improvement of
bioremediation for successful waste management. Chapter 28 addresses the impor-
tance of studies carried out with DNA metabarcoding technology in environmental
samples, aiming the identification of the microbial communities that possibly act in
the processes of removal of polluting compounds present in the environment.
Chapter 29 highlights the present level of knowledge on data-driven enzyme rede-
sign in order to actively progress new research using artificial intelligence. This
review also explains about the artificial intelligence system for stimulating,
predicting, and controlling therapeutic processes, as well as for environmental
cleaning.

The main aim of the book is to focus on the use of microbial bioremediation
approaches in cleaning the polluted environment and make the depleted or degraded
fields/water bodies fertile and rejuvenated to maintain sustainability. Thus, in our
opinion, this book is extremely useful for scientists, environmentalists, and
ecotoxicologists, working in the field of microbial degradation and bioremediation
and explicitly targeted as good teaching material for undergraduate, postgraduate,
and more seasoned researchers, and recommended reading for everyone interested in
environmental microbiology, biotechnology, and molecular biology.

Gurugram, Haryana, India Vineet Kumar
Gurugram, Haryana, India Indu Shekhar Thakur
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Abstract

Non-degradable pollutants have emerged as a consequence of industrialization,
population increment, and changing lifestyles, endangering human well-being
and the environment. Biological techniques based on microorganisms are gaining
popularity as an environmentally beneficial and cost-effective way to reduce
pollution. Microorganisms may thrive in a variety of environments and create
metabolites that degrade and change contaminants, allowing contaminated places
to be organically revived. For a greater knowledge of biological and life sciences,
multiple technologies have begun to be integrated into metagenomics. Technol-
ogy such as metagenomics is now being used to develop strategies for studying
the ecology and variety of microbes, as well as its application in the environment.
Metagenomics is a novel and rapidly expanding discipline of environmental
biology that provides a strong tool for accessing information on the genomes of
environmental microorganisms and entire microbial communities. The applica-
tion of metagenomics in environmental surveying and bioremediation is becom-
ing more usual. In recent years, a number of functional metagenomics techniques
have been used to investigate a wide range of resistant microbial degradation
mechanisms. In a metagenomic investigation, it is critical to identify and screen
metagenomes from the polluted location. These procedures are well-known for
their effectiveness in eliminating many types of contaminants. These strategies
may change rapidly as technology develops, but the once that focus on the best
ways to improve bioremediation of the contaminated places will be the most
successful. Culture-independent molecular approaches, on the other hand, can
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disclose very relevant information on the metagenome of environmental
microorganisms, which play a key role in biogeochemical cycles and the break-
down and detoxification of environmental pollutants. These high-throughput
studies would assist in the discovery of novel species for bioremediation, as
well as providing new and interesting insights into their primary biodegradative
processes at the molecular level. In this chapter, we are attempting to convey an
overview that how functional one of the finest bioremediation adaptations that
leads to the development of a clean non-toxic environment is metagenomics. We
also went through the metagenomics analysis methods with respect to bioreme-
diation. In addition to this, we provide an overview of examples of metagenomics
in bioremediation which have recently been reported. Furthermore, our study
clarifies the widespread use of metagenomes formed from metagenomics
communities, which are capable of comprehending environmental pollutants
and poisons.

Keywords

Bioremediation - Metagenomics - Biogeochemical - Microorganisms - Genomes

1.1 Introduction

Pollution is a worldwide issue, since numerous natural and manmade substances
have been introduced into places where they are endangering human and ecosystem
health (Fig. 1.1). The destruction, conversion, or stabilization of these substances by
organisms, usually bacteria and plants, is known as bioremediation. When natural
organisms at a contaminated site remove toxins on their own, the site’s toxicity can
simply be surveilled as decrement in pollutant or changed into a less hazardous form
(Verma and Jaiswal 2016). In many circumstances, though, intervention can speed
up the bioremediation process. The most typical methods for aiding clean-up are the
insertion of stimulating alterations on site (e.g. micronutrients, organic material) and
the transport of contaminates to treatment centres that are not on-site.

Microorganisms are frequently the most important players in bioremediation
(Baker and Herson 1994). High-resolution genomic data is required to figure out
how toxins and medicines alter the diverse microbial communities that exist in
natural environments (Metzker 2009).

Many of the taxa and enzymes involved in bioremediation are unknown, despite
the fact that some taxonomic groupings have been related to the presence of specific
contaminants. Since there are many different microbial species that can coexist in
single gramme of soil, pollution that is chemically similar to that of natural
components in soil (where many species compete for carbon, nutrients and energy)
consume as a source for survive. If the contaminant is complicated or fabricated in
origin, there may be none indigenous strains effective of metabolizing it or decreas-
ing its toxicity straight away (Boopathy 2000).



1 Bioremediation and Functional Metagenomics: Advances, Challenges,. . . 5

Fig. 1.1 The different places depicting soil and water contamination as a result of industries’
dumping of inadequately treated or untreated wastewater (Chandra et al. 2015)

Although many bio remediating microorganisms have been isolated from many
sources, including contaminated areas, it is now widely recognised that the knowl-
edge gained from these isolates is insufficient to completely understand the func-
tioning of complex microbial communities. More comprehensive genetic data from
natural habitats is needed to acknowledge how pollution impacts microbial
communities as a whole, and whether bioremediation may be improved further
(Lee 2013). Large-scale, culture-independent research, which is essential to attain
this aim, is now achievable because of the advent of new high-throughput sequenc-
ing methods.

Bioremediation techniques can be divided into three types based on the degree of
intervention. Natural attenuation is the least invasive method, in which pollutants are
detoxified through natural processes by native species. This method is appealing
because it does not require any expensive or perhaps harmful additions. However,
natural attenuation rates in many systems may be excessively sluggish and unre-
sponsive to dangers to the environment and health (Kumar et al. 2018).
Biostimulation makes use of natural organisms, but it aims to speed up biodegrada-
tion by removing some environmental constraints. This is frequently accomplished
by supplementing with restricted nutrients. Biostimulation can nevertheless cause
sluggish biodegradation in some situations (Jain and Bajpai 2012).

The native microbial community’s incapacity to digest the pollutant of concern
could be the cause of the poor biodegradation rates. To address this problem, during
bioaugmentation, a foreign organism or enzyme may be introduced to a system to
increase biodegradation rates. Because a foreign organism is introduced into an
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ecosystem, this method is the most invasive. In some cases, however,
bioaugmentation has proven to be the most effective method of clean-up. One
prevalent worry with bioaugmentation is that foreign species may not be able to
thrive in the contaminated environment.

To most effectively drive bioremediation processes, it is necessary to acknowl-
edge the microbial populations entangled in bioremediation, not just the end results
and rates of pollutant breakdown. Changes in the characteristics and actions of a
microbial community may have an impact on the fate of a pollutant in the environ-
ment since microorganisms are the drivers of bioremediation. Recent research has
used next-generation sequencing techniques to learn more about the microbial
communities participating in various bioremediation strategies (Jilani and Altaf
Khan 2004). These methods have substantially increased our knowledge of the
bioremediation techniques using microorganisms, as well as the influence of various
contaminated clean-up response options. Molecular biology and metagenomics have
dramatically advanced our knowledge of the biological systems present in these
polluted settings, as well as our understanding of the microbial world in many
situations. We intend to give a brief overview of metagenomic approaches and
discuss how they have been utilized to better understand damaged ecosystems and
guide environmental rehabilitation best practises.

1.2 Bioremediation

Bioremediation is a waste management technology in which biological organisms
are used to remove or neutralize pollutants in the environment. The “biological”
species include microscopic organisms like algae, fungi, and bacteria, as well as the
“remediation” of the issue’s treatment. Microorganisms thrive in a diverse range of
environments across the biosphere. They thrive in a variety of environments,
including plants, animals, soil, water, the deep sea, and the frozen ice.
Microorganisms are the ideal candidates to function as our environmental stewards
because of their sheer numbers and desire for a wide spectrum of pollutants (Kumar
et al. 2022).

Bioremediation technologies became widely used and are still increasing at an
exponential rate today. Because of its environmentally benign characteristics, biore-
mediation of polluted places has proven to be effective and trustworthy. Recent
advancements in bioremediation techniques have occurred in the last two decades,
with the ultimate goal of successfully restoring damaged areas in an economical and
environmentally beneficial manner. Different bioremediation approaches have been
developed by researchers to recover polluted ecosystems (Jan et al. 2003). Most of
the issues related with pollution biodegradation and bioremediation can be solved by
indigenous microorganisms found in disturbed areas.

Bioremediation has a number of advantages over chemical and physical remedi-
ation approaches, including being environmentally benign and cost-effective.

Bioremediation works by reducing, mineralizing, degrading, detoxifying, or
transforming more hazardous contaminants into less toxic ones. Agrochemicals,
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chlorinated compounds, dyes, heavy metals, pesticides, nuclear waste, organic
halogens, plastics, greenhouse gases, xenobiotic compounds, hydrocarbons, and
sludge are among the pollutants that can be removed. Toxic waste is removed
from a polluted environment using cleaning techniques. Through the all-inclusive
and action of microorganisms, bioremediation is heavily involved in the eradication,
degradations, detoxification, or immobilization of various physical dangerous
chemicals and chemical waste from the surrounding (Chauhan and Singh 2015).

1.3 History of Bioremediation

Bioremediation technique is known since the 1940s. Scientists already knew that
certain bacteria have potential to degrade petroleum hydrocarbons.

George M. Robinson pioneered bioremediation in the 1960s. In 1968, while
working as an engineer in California, Robinson arranged the clean-up of the first
large-scale microbiological oil spill. He employed bioremediation to clean-up sew-
age, spills, and leach fields, as well as control odours and pests. Microbes are being
employed to remediate oil spills, sewage, contaminated soil, and boost crop produc-
tion. Bug cultures developed by George Robinson or one of his co-workers are used
by almost every firm in this market (Taylor and Reimer 2008).

By the 1970s, tremendous progress had been made in this field of study. Nature,
microbiologists understood, had an answer. Scientists knew that if the right amount
of nutrients, like nitrogen, oxygen, and phosphate, could be added in the
contaminated wells, the bacteria would multiply and remove the toxic gasoline faster
and more efficiently than physical methods ever could.

Bioremediation has been utilized in a number of well-known clean-ups, including
the 1989 Exxon Valdez oil spill in Alaska. Microbes assisted the many volunteers
who worked to clean up the 11 million gallons of spilt oil by breaking down the oil as
a food source. Engineers can help speed up the process of a pollutant spill by using
particular bacteria, reducing environmental damage.

14 Bioremediation Successes

Bioremediation has been a huge success for the US Geological Survey. Their use of
bioremediation has aided in the safe and effective clean-up of several spills, some of
which were highly toxic, as well as the improvement of bioremediation knowledge
and expertise. The following are a few of their accomplishments.

1. Chlorinated Solvents, New Jersey:
In the heavily industrialized Northeast, chlorinated solvents are a particularly
prevalent pollutant. Microorganisms can employ chlorinated chemicals as
oxidants when other oxidants are unavailable because their metabolic processes
are so flexible. United States Geological Survey (USGS) scientists at Picatinny
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Arsenal, New Jersey, have extensively recorded such changes, which can natu-
rally cure solvent contamination of ground water.

2. Pesticides, San Francisco Bay Estuary:
The poisoning of water bodies by pesticides is a major concern across the US. In
field and laboratory study in the Sacramento River and San Francisco Bay, the
impacts of biological and non-biological processes in degrading commonly used
pesticides such as thiobencarb, carbofuran, melinite, and methyl parathion have
been proven.

3. Gasoline Contamination, Galloway, New Jersey:
Contamination by gasoline in the US gasoline is arguably the most prevalent
contamination of ground water. Rapid microbial degradation of gasoline
pollutants has been documented at this location, demonstrating the importance
of activities in the unsaturated zone in contaminant degradation.

4. Sewage Effluent, Cape Cod, Massachusetts:
In the United States, sewage effluent is commonly disposed of in septic drain
fields. Systematic observations of a sewage effluent plume at Massachusetts
Military Reservation provided the first reliable field and laboratory data of how
rapidly natural microbial communities reduce nitrate pollution in a shallow
aquifer.

5. Crude Oil Spill Bemidji, Minnesota:
A pipeline which carries the crude oil exploded near Bemidji, Minnesota, in
1979, contaminating the underlying aquifer. The harmful compounds seeping
from the crude oil were rapidly destroyed by natural microbial communities,
according to USGS scientists who studied the site. Significantly, the plume of
contaminated ground water stopped increasing after a few years as rates of
microbial degradation and contaminant leaching were found to be in balance.
This was the earliest and best case of intrinsic bioremediation, in which
contaminated ground water is remedied by naturally existing microbial processes
without the need for human intervention (Atlas and Bragg 2009).

6. Agricultural Chemicals in the Midwest:
In several Midwestern states, agricultural chemicals have an impact on the
chemical quality of ground water. The fate of nitrogen fertilizers and pesticides
in ground and surface waterways has been studied in the Midwest. Many com-
mon pollutants, such as the herbicide atrazine, are destroyed through microbial
degradation and non-biological mechanisms.

1.5 Mechanism of Bioremediation

Microbes have great potential to interact with chemicals both chemically and
physically, causing structural alterations or total mineralization of the contaminants.
The ability to digest and detoxify inorganic and organic contaminants in the envi-
ronment is possessed by a large variety of bacteria, fungus, and actinomycetes
genera (Thapa et al. 2012). Organic contaminants are biodegraded by
microorganisms through two processes: (1) primary metabolism and
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Nutrients

Fig. 1.2 Mechanism of bioremediation (Boll et al. 2014)

(2) co-metabolism. The usage of the substrate as a source of carbon and energy has
been termed as the primary metabolism of an organic substance. This substrate acts
as an electron donor, allowing bacteria to proliferate. Organic contaminants are
completely degraded as a result of this procedure (Fig. 1.2).

Co-metabolism, also known as gratuitous metabolism, co-oxidation, or accidental
or free metabolism, occurs frequently in nature, where degradation activities are
accompanied by the transformation of additional molecules, such as xenobiotics.
The metabolism of an organic material that isn’t a source of carbon and energy or a
necessary nutrient and can only occur in the presence of a main substrate is referred
to as “‘co-metabolism.” Co-metabolism must be employed to remediate a xenobiotic-
contaminated region when a molecule cannot serve as a source of carbon and energy
owing to its chemical structure, which does not activate the needed catabolic
enzymes. When microbial activity develops at a contaminated environment, it is a
common occurrence. The enzymes of developing group of tissues and the manufac-
ture of cofactors required for enzymatic reactions, such as hydrogen donors for
oxygenase, are requirements for metabolic transformation (Leitdo 2009).

The most typically reported pollutants to co-metabolize are PAHs with more than
five aromatic rings, chlorinated biphenyls, chlorine mono-aromatics, and chlorinated
aliphatic hydrocarbons. A technique may leverage aerobic or anaerobic metabolism
of heterotrophic bacteria, depending on the pollutant of interest and the media.
Aerobic metabolism, commonly known as aerobic respiration, is the utilization of
oxygen (O,) as a reactant to convert a portion of the carbon in a pollutant to carbon
dioxide (CO,), with the remaining carbon being utilized to regenerate new cell mass.
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Fig. 1.3 Major classes of factors influencing the bioremediation (Kumar et al. 2018)

Aerobic metabolism is more extensively employed and can be beneficial for
hydrocarbons and other organic compounds.

Indigenous microorganisms in contaminated areas possess great tolerance for
harmful contaminants and use them as a nitrogen, carbon, or energy source,
degrading them into simple products up to total mineralization (Varma et al.
2011). Contaminated habitats, on the other hand, frequently contain a combination
of organic and inorganic substances. If the concentrations of readily biodegradable
pollutants in the matrices are too low, they may go undetected or disintegrate very
slowly. The octanol water partition coefficient (log K,), acidity constant (pKa),
aqueous solubility (Sw), octanol solubility, and pollutant concentration are all
physicochemical characteristics that influence the absorption of organic pollutants
by plants and microorganisms. The arrival and transfer of organic contaminants
inside the cellular state of microorganisms is determined by the octanol water
partition coefficient.

Some bacteria are unable to mineralize these contaminants because the enzymes
utilized for degradation do not recognize them as a substrate. They may contain
substitution groups such as amino, carbamoyl, halogens, methoxy, nitro, and sulfo-
nate, and may be chemically and physiologically highly stable. Furthermore, the
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chemicals may be water-insoluble in some situations and remain adsorbed to the
soil’s exterior matrix. Furthermore, the large molecular size of persistent organic
pollutants (POPs) and the absence of permease in cells of microbes may hinder their
uptake by cells. As a result, there could be a variety of reasons for ineffective
biodegradation in contaminated areas. Microbial bioavailability is a fundamental
concept in evaluating all bioremediation strategies. Bioavailability refers to the
amount of a pollutant in soil that may be taken up or changed by living organisms.
Simply put, a contamination cannot be rectified if it is so tightly bound up in the solid
matrix that microorganisms seem unable to access it. The amount of bioavailable
pollutant is determined by two main factors: mass transfer and cell intrinsic activity
(Sharma 2012). Bioavailability varies by species and organism, and in situ microbial
breakdown of organic pollutants is influenced by contaminant bioavailability and
microbe catabolic activity. The rate and extent of contamination removal vary
depending on the pollutant of concern and site-specific variables. Several factors
influence clearance rates, including pollutant dispersion and concentration, contam-
inant concentrations, indigenous microbial populations and response kinetics, pH,
temperature, nutrition availability, and moisture content. Many of these variables are
dependent on the site and the local microbial community, making them difficult to
control.

1.6  Microorganisms Used in Bioremediation

Due to their exceptional metabolic capacities and ability to grow under a wide range
of environmental conditions, microorganisms are extensively spread throughout the
biosphere. Microorganisms’ dietary adaptations might be used to aid pollution
biodegradation (Paul et al. 2005). Bioremediators are biological agents that are
utilized in contaminated site bioremediation. Bacteria, archaea, and fungus are
among the most effective bioremediators. Because of their benefits over traditional
remediation processes, microorganisms play an essential role in pollutant removal in
soil, water, and sediments (Singh et al. 2014). Microorganisms are helping to restore
the natural environment and prevent pollution (Agrawal et al. 2021). Microbes have
two characteristics that make them suited for the remediation process: flexibility and
biological system. Microbial activity is primarily reliant on carbon. The bioremedia-
tion process was carried out in several conditions by a microbial consortia.
Nitrosomonas, Achromobacter, Arthrobacter, Pseudomonas, Flavobacterium,
Mycobacterium, Alcaligenes, Bacillus, Corynebacterium, Xanthobacter, and other
microbes are among them. Bacteria are varied creatures that make great biodegrada-
tion and bioremediation players. Because bacteria have few universal toxins, any
given substrate is likely to be broken down by an organism if given the correct
conditions (anaerobic versus aerobic environment, sufficient electron acceptors or
donor, etc.).
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1.6.1 Fungi

Currently, bacteria are used in most bioremediation applications, with fungi being
used in only a few cases. It can be transferred into bioremediation applications that
can break down organic molecules and lower metal hazards. Fungi have an edge
over bacteria in some circumstances, not only in terms of metabolic variety, but also
in terms of environmental robustness. They can oxidize a wide range of compounds
and withstand tough environmental conditions such as low moisture and high
pollutant concentrations. As a result, fungi have the potential to be a very strong
agent in soil bioremediation, and particularly diverse species, such as White Rot
Fungi, have been a hot research area. The discovery of the white rot species
Phanerochaete chrysosporium’s ability to digest many important environmental
toxins in 1985 sparked interest in using fungi as a potential therapy for contaminants.
The ability of these fungi to digest complicated compounds like lignin is their
greatest distinguishing attribute. Other white rot fungus species were later identified
to have similar properties. Furthermore, white rot fungi are useful because their
hyphal extension degrades lignin extracellularly. This enables them to access soil
contaminants that other species are unable to, as well as increase the surface area
available for enzymatic interaction. These low-cost fungi can withstand a wide range
of environmental conditions, including pH, temperature, and moisture content
(Watanabe 2001). While many microbial organisms employed in bioremediation
require the environment to be preconditioned before they can thrive, white rot fungi
can be used directly in most systems since they disintegrate due to nutrient
restriction.

1.6.1.1 Phanerochaete Chrysosporium

The first fungus P. chrysosporium was to be linked to the breakdown of organic
pollutants. Pesticides, polycyclic aromatic hydrocarbons (PAHs), dioxins, carbon
tetrachloride, and a wide range of other pollutants have all been demonstrated to
have significant bioremediation potential. Among fungal systems, P. chrysosporium
has become a model for bioremediation. Other well-known white rot fungus include
Pleurotus ostreatus and Trametes versicolor.

1.7  Factors Affecting Bioremediation

Controlling bioremediation process is a complicated system involving numerous
variables. These characteristics include the presence of a microbial population
capable of degrading pollutants, the availability of toxicants to the microbial popu-
lation, and environmental parameters (temperature, soil type, oxygen, pH, and
nutrient availability). Microbial activity, degradative enzyme activity, and hydrocar-
bon breakdown in general are all affected by these factors. This suggests that
bacterial bioremediation could be more successful and efficient if these variables
are tweaked, controlled, and managed (Lee 2013).
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1.7.1 Biotic Factors

1.7.1.1 The Availability of Bacteria That Degrade Hydrocarbons

In hydrocarbon-contaminated soils, microorganisms that break down these
hydrocarbons are abundant and also widespread. The bacteria’s capacity to quickly
adapt to a hydrocarbon-polluted environment and utilize the pollutant as a sole
energy and carbon source for metabolism and development is the reason for this.
In a polluted environment, the presence of naturally occurring probable
hydrocarbon-degrading organisms has a direct relationship with the efficiency of
hydrocarbon biodegradation. These bacteria have metabolic activity and may break
down hydrocarbon pollutants in either an aerobic or anaerobic environment. How-
ever, the types and nature of hydrocarbon pollutants, as well as the surrounding
environmental circumstances, have an impact on their abundance and diversity in
terms of species. (Fomina and Gadd 2014). As a result, the presence of naturally
occurring appropriate bacteria is critical for microbial therapeutic activities to be
implemented.

1.7.1.2 Competition and Cooperation Among Bacteria

Bacterial cooperation and competition could be a key motivator for survival and
stability among microbic communities on a specific home turf. Microorganisms that
degrade hydrocarbons compete for survival in hydrocarbon-contaminated
environments. Microorganism competition, whether interspecies or intraspecies,
may, nonetheless, be a limiting factor in biodegradation efficacy. For example,
hydrocarbon-degrading fungi and bacteria may compete for the activity of organic
compound pollution as carbon sources as well as various limited resources for
metabolism and growth. Furthermore, some hydrocarbon-degrading microbic spe-
cies create compounds that prevent other hydrocarbon-degrading bacteria from
growing and expanding. Exogenous bacteria are commonly used in analysis to
break down organic chemical pollutants; however, they do not appear to be always
efficient. As a result, the interdependency of microbic population is crucial for
bioremediation to achieve success. Some hydrocarbon-degrading microbic consortia
are incontestible to make synergistic connections for full degradation. Thus, micro-
organism consortia will give vital info for in place bioremediation of organic
compound-related pollutions by providing comprehensive views regarding modifi-
cation of their hydrocarbon biodegradation capabilities.

1.7.1.3 Exogenous and Indigenous Hydrocarbon-Degrading Bacteria

Bacteria, either naturally existing or introduced, can eliminate hydrocarbon
contaminants. Native bacterial populations, on the other hand, are better at
mineralizing hydrocarbon pollutants than imported inocula for long-term bioreme-
diation effectiveness. Degrading a wide range of hydrocarbon components from
contaminated sites necessitates a microorganism with high stability and physiologi-
cal adaptations to local nutrition and environmental conditions. When compared to
foreign microbial consortia, indigenous bacteria shows higher rate of degradation.
This is due to the fact that foreign bacteria cannot withstand abiotic stress and must
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rely on the soil environment to survive and multiply. As a result, for reliable and
low-cost bacterial bioremediation, native bacterial isolates of certain strains or
consortia derived from hydrocarbon-contaminated areas are recommended.

1.7.1.4 Number of Hydrocarbon-Degrading Bacteria

The quantity of bacteria in the soil that digest hydrocarbon pollutants is a significant
factor in their decomposition. If the region has not previously been polluted by
hydrocarbon pollutants, the quantity and variety of microorganisms that can degrade
hydrocarbons are substantially smaller than the total number of naturally accessible
microorganisms. Bacteria that degrade hydrocarbons, on the other hand, have a
better chance of living in hydrocarbon-polluted environments than bacteria that do
not. (Fantroussi and Agathos 2005). This difference is significant since
microorganisms that degrade hydrocarbons are known to have efficient hydrocarbon
degradative enzymes as well as a variety of metabolic pathways. The higher the
population of bacteria that degrade hydrocarbons, the faster they degrade. As a
result, determining the quantity of possible microorganisms in contaminated areas
is critical to achieving effective bacterial remediation.

1.7.1.5 Redox Potential of the Bacteria

To perform biological functions, maintain cell structure, and reproduce, bacteria
require energy. A redox mechanism within bacterial cells produces this energy
physiologically. By increasing the electron transfer from electron donors to electron
acceptors, bacteria catabolize hydrocarbon contaminants as a source of energy in
aerobic or anaerobic bioremediation. Redox potentials are critical for enhancing
bacterial growth and facilitating the bacterial energy production (respiration) by
oxidation of hydrocarbon-derived contaminants. Many organic contaminants, such
as hydrocarbons, have a sluggish rate of degradation due to their high redox
potential, according to studies. In aerobic environments, oxygen is required for the
enzymatic activation of aromatic hydrocarbons as monooxygenases or
dioxygenases, as well as serving as a final electron acceptor. Aromatic compounds
are best example for giving electron as it is known to have large Gibbs free energy
change of oxidation of aromatic compounds with various electron acceptors required
for bacterial growth. Furthermore, chemicals having a high reduction potential (such
as perchlorate and chlorate) are good electron acceptors for microbial metabolism in
anaerobic bioremediation processes. At extensively polluted areas, electron donors
(hydrocarbons) outnumber electron acceptors’ oxidation potential. As a result, the
availability of certain electron acceptors can affect the respiration and biodegrada-
tion processes. As a result of the low redox potential and depletion of electron
acceptors, bacterial breakdown may be inhibited. This is due to the reduced redox
potential, which causes anoxic conditions and slows biodegradation.

1.7.1.6 Effect of Biosurfactants

Biodegradation becomes a concern when pollution caused by hydrocarbons is
dumped into the soil. Because of their high soil adsorption and lack of bioavailabil-
ity, in that case it shows limited microbial degradation. This problem has been
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addressed with the use of inorganic and organic surface-active compounds. Chemi-
cally generated surfactants have been worked to increase the solubility of
hydrocarbons through a process known as emulsification. Ionic, non-ionic,
biological, and combination surfactants were used to remediate hydrocarbon
contaminants. Chemically synthesized (inorganic) surfactants, on the other hand,
are not suggested for future as they should not be used since they are resistant to
secondary contamination, are primarily harmful to the environment, and have little
to no influence on the efficiency of hydrocarbon biodegradation. This suggests that
biosurfactants derived from natural sources (plants or microorganisms) are appro-
priate since they are biodegradable and have beneficial characteristics, nontoxic,
have a high specificity under difficult conditions, and are better adapted to break-
down. To emulsify and readily absorb the hydrocarbon pollutants, hydrocarbon-
degrading bacteria produce such surface-active biological chemicals extracellularly.
Biosurfactants include glycolipids, lichenysin, and surfactin, as well as lipopeptides,
fatty acids, phospholipids, polymeric biosurfactants, lipoproteins, and neutral lipids.
Enterobacter sp., Burkholderia sp., Bacillus sp., Pseudomonas sp., Aeromonas sp.,
Acinetobacter sp., Micrococcus sp., Rhodococcus sp., and several halophile species
are among the microorganisms that create them. Biosurfactants help hydrocarbon
breakdown by assisting in the solubilization and desorption of contaminants, as well
as altering the properties of bacteria cell surfaces (Meysami and Baheri 2003). The
surface tension and interfacial tension of the water/oil or water/air interaction can be
reduced by biosurfactants. As a result, the hydrocarbon substrate’s surface area
increases, making emulsification simpler, and the entire process increases the
substrate’s availability for absorption and metabolism.

1.7.2 Abiotic Factors

1.7.2.1 Contaminant Physical and Chemical Properties

A microbial bioremediation approach is usually necessary to figure out how possible
microorganisms interact with hydrocarbon pollutants. The chemical and physical
characteristics of hydrocarbon pollutants can impact the biodegradation, transporta-
tion, and metabolism of a single strain or consortia of bacteria. This is owing to the
contaminated environment’s composition, concentration, molecular size, structure,
toxicity, and unpredicted hydrocarbon molecules. Hydrocarbon-degrading bacteria’s
occurrence, stability, and biological activity are all affected by these factors.
Polyaromatic hydrocarbons and highly condensed cycloalkane compounds are also
more resistant to microbial degradation than unbranched alkanes and lighter PAHs.
The contaminant’s non-degradation potential is due to their nature, which accounts
for their solubility, bioavailability, toxicity to bacteria due to lipid membrane
disruption, and inability to split the ring for degradation. To assess the rate of
hydrocarbon biodegradation, it is necessary to understand the chemical properties,
physical condition, and toxicity of hydrocarbon pollutants, as well as their fate.
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1.7.2.2 Hydrocarbon Concentration

The rates of transformation, absorption, and mineralization of bacterial biodegrada-
tion are affected by the quantities of hydrocarbon pollutants. Because of the heavy
and undispersed nature of high concentration contaminants, they are poisonous and
have a severe impact on the growth and production of biomass of degraders,
necessitating a protracted treatment period. Furthermore, it was discovered that
hydrocarbon concentrations greater than 5% inhibit microbial decomposition and
may disrupt the C:N:P ratio and oxygen availability. Similarly, extremely low
hydrocarbon concentrations prevent biodegradation by repressing bacterial meta-
bolic genes that produce degradation enzymes, resulting in a lack of carbon supply or
availability to support microbial growth. As a result, the presence of an ideal
concentration for complete mineralization from contaminated settings is required
for bacterial biodegradation of hydrocarbons.

1.7.2.3 Nutrient Availability

Although microorganisms can be found in contaminated soil, they are unlikely to be
in sufficient numbers to allow for clean up of the site. To aid indigenous
microorganisms, biostimulation generally entails the provision of oxygen and
nutrients. These nutrients are the fundamental components of life, allowing bacteria
to produce the enzymes required to break down pollutants. Nitrogen, phosphorus,
and carbon will be required by all of them.

Furthermore, excessive concentrations of hydrocarbon pollutants may affect the
NPK ratio, resulting in oxygen deficiency. In general, the growth of hydrocarbon-
using bacteria in the soil is hampered by an insufficient supply (either too much or
too little) and/or the absence of mineral nutrients. As a result, ensuring that
contaminated soils receive the proper quantity of nutrients (P and N) is crucial for
efficient biodegradation of hydrocarbon. As a result, biodegradation of hydrocarbon
depends on soil environment modifications, and the maximum rate of breakdown
can be accelerated by providing the appropriate nutrients. Carbon is the most basic
element in living creatures, and it is needed in higher quantities than other elements.
pH, temperature, and moisture all have an impact on microbial growth and activity.
Temperature influences the rate of numerous biological reactions, and for every
10 degrees Celsius rise in temperature, the rate of many of them doubles. The cells,
on the other hand, perish at a specific temperature. A plastic covering can be used to
boost solar heating in late spring, summer, and autumn. To promote microbial
activity for hydrocarbon breakdown, sufficient moisture is required in
hydrocarbon-contaminated areas (Grath et al. 1994).

1.7.2.4 Oxygen Availability

Bacteria that break down hydrocarbons can breathe both in the availability and
non-availability of oxygen. At the terminal, sub-terminal, and bi-terminal levels of
aromatic hydrocarbon pollutants, the presence of oxygen in the soil acts as the last
chemical reactant and electron acceptor for oxidation and ring breakage. Therefore,
it is a limiting factor for aerobic bioremediation. Studies show that destroying 1 mg/
mL hydrocarbon pollutants requires 3.2 mg/mL oxygen, even if the total biomass of
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potential hydrocarbon-degrading bacteria is not taken into account. Successful
biodegradation requires 10-40% oxygen. As a result, aerobic catabolism produces
a faster rate of biodegradation than anaerobic metabolism.

1.7.2.5 Moisture Availability

The transportation medium for the nutrients of soil and elimination of bacterial waste
products into soil particles is soil moisture and has an impact on hydrocarbon
bioavailability, aeration, the character and number of soluble materials, diffusion
processes, osmotic pressure, pH, gas transfer, and soil toxicity. The porosity and
water holding capacity of soil are diminished when it contains hydrocarbon
pollutants. In the end, this environment reduces microbial activity because bacterial
and soil water activities are directly related, meaning that as moisture content falls,
so do bacterial activities, and conversely, when soil moisture levels are high, oxygen
transport is limited. As a result, the availability of water for microbial development
and metabolism limits hydrocarbon breakdown in terrestrial environments. As a
result, appropriate moisture availability in the ranges of 50-75%, 30-90%, and
50-80% is required for hydrocarbon biodegradation.

Extreme moisture levels, on the other hand, are detrimental to microbial devel-
opment and metabolism. This is because, rather than creating anaerobic soil
conditions, oxygen diffusion in the soil is reduced and aerobic hydrocarbon break-
down is hindered. To promote microbial activity for hydrocarbon breakdown,
sufficient moisture in hydrocarbon-contaminated locations is required.

1.7.2.6 Bioavailability

The rate of contaminant absorption and metabolism, as well as the rate of contami-
nation transport to the cell, determines how quickly microbial cells can convert
toxins during bioremediation. In most polluted sediments, this appears to be the case.
After 50 years, polluting explosives in soil have not degraded. A range of physio-
chemical processes, including absorption and desorption, diffusion, and dissolution,
influence a contaminant’s bioavailability. The sluggish mass transfer to the
degrading bacteria reduces the bioavailability of pollutants in soil. When the rate
of mass transfer is zero, contaminants become unavailable. Aging or weathering is
the term used to describe the decline in bioavailability with time. It could be
caused by:

1. Contaminants are incorporated into natural organic matter through chemical
oxidation reactions.

2. Slow diffusion through very small pores and absorption into organic substances.

3. The formation of semi-rigid films with a high resistance to NAPL-water mass
transfer around non-aqueous-phase liquids (NAPL).

The introduction of food-grade surfactants, which increase the availability of
pollutants for microbial breakdown, can help solve these bioavailability issues.
(Chakraborty et al. 2012).
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1.8 Bioremediation Types

Bioremediation procedures can be used both ex situ and in situ at the application site.
The type of contaminant, the volume and depth of contamination, the ecosystem
type, the cost, and environmental policies are all factors to consider when choosing a
bioremediation technique. Abiotic factors such as nutrient concentrations and oxy-
gen, pH, temperature, and other abiotic variables impact the effectiveness of biore-
mediation procedures.

1.8.1 Ex Situ Bioremediation

Ex situ approaches entail excavating contaminants from polluted places and bringing
them to a treatment facility. Ex situ bioremediation procedures are frequently chosen
depending on the depth of contamination, the type of pollutant, the degree of
pollution, the cost of treatment, and the location of the contaminated site. Ex situ
bioremediation procedures are likewise governed by performance requirements.

1.8.1.1 Treatment in the Solid Phase

Solid-phase bioremediation is a form of an ex situ method that requires digging and
stacking contaminated soil. Organic wastes, such as animal manures, leaves, and
farm wastes, are included, as well as industrial, household, and municipal wastes.
Pipelines positioned throughout the heaps encourage bacterial growth. For ventila-
tion and microbial respiration, air must flow through the pipes. Solid-phase systems
require a lot of space and take a long time to clean up compared to slurry-phase
techniques. Land farming, biopile, composting, and other solid-phase treatment
methods are examples.

1.8.1.2 Slurry-Phase Bioremediation

When compared to alternative treatment methods, slurry-phase bioremediation is a
faster technique. In the bioreactor, polluted soil is mixed with nutrients, water, and
oxygen to produce the suitable environment for microbes to break down the
contaminants in the soil. Separation of rubbles and stones from polluted sediment
is part of this process. The amount of water added is determined by the amount of
pollutants present, the rate of biodegradation, and the soil’s physicochemical
parameters. The soil is removed and dried when this process is completed using
centrifuges, vacuum filters, and pressure filters. The next step is to dispose of the soil
and treat the resulting fluids in advance.

1.8.2 In Situ Bioremediation
These methods entail treating contaminated matter at the source of the contamina-

tion. It doesn’t require any excavation and creates little to no soil disturbance. In
comparison to ex situ bioremediation approaches, these procedures should be quite
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cost-effective. Bioventing, biopharming, and phytoremediation are examples of in
situ bioremediation processes that might be enhanced, but intrinsic bioremediation
and natural attenuation may not. Chlorinated solvents, heavy metals, dyes, and
hydrocarbons have successfully treated using in situ bioremediation approaches.

1.9 Bioremediation Approaches for Environmental Clean-Up
1.9.1 Ex Situ Bioremediation Approaches

1.9.1.1 Biopile

Above-ground layering of recovered hazardous soil is followed by oxygenation and
nutrient replenishing to improve bioremediation by microbial metabolic activities.
Aeration, irrigation, fertilizers, leachate collection, and treatment bed systems are all
part of this technology. The cost-effectiveness of this one-of-a-kind ex situ tech-
nique, which allows for precise control of operative biodegradation factors including
pH, nutrition, temperature, and aeration, is rapidly being examined. The biopile is
used to treat low-molecular-weight contaminants that are volatile, and it may also be
utilized to clean up contaminated very cold harsh situations which makes it versatile.
Additionally, warm air can be fed into the biopile design to give both air and heat,
allowing for improved bioremediation. To speed up the restoration process, bulking
agents such as straw sawdust, bark or wood chips, and other organic elements have
been added to a biopile build. Despite the fact that biopile systems are linked to other
methods for ex situ bioremediation in the field, such as land farming, bioventing, and
biopharming, engineering, maintenance, and operation that is dependable costs, and
a lack of electricity at remote locations, preventing continuous air circulation in
polluted heaped soil via an air pump, are all obstacles. Additionally, during biore-
mediation, excessive air heating can cause soil dryness, which limits microbial
activity and favours volatilization rather than biodegradation. On-halogenated
VOCs, fuel hydrocarbons, SVOCs, and pesticides are all treated with this system.
The efficiency of the method will vary, and it may only be applicable to certain
substances within specific contamination classes.

1.9.1.2 Biofilter

A biofilter consists of a huge media bed through which contaminants travel and are
digested by microbes. They are one of the oldest methods of environmental clean-up.
They are utilized in the waste water treatment and air pollution management. Peat,
bark, gritty dirt, or plastic shapes are some of the materials utilized as bed medium.
The trickling filter is a common type of biofilter that is used to treat a variety of waste
waters, and waste that has been converted into liquid. A trickling filter consists of a
vertical tank with a support rack filled with aggregate, ceramic, or plastic media and
a vertical pipe in the middle with a rotating connection and spray nozzles on the top
end. A spray arm is connected to the rotary connection and has spray nozzles fitted
along its length for waste water distribution. On the surface, microorganisms forms
biofilm that serve as the packaging for the breakdown of pollutants in the effluent.
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Contaminants bind to the surface of the media, where they are destroyed by
microorganisms. Specific bacteria strains can be added into the filter, and optimal
conditions can be created to break down specific substances more efficiently.

1.9.1.3 Land Farming

Land farming is one of the most successful bioremediation technologies due to its
low equipment needs. It is most frequent in ex situ bioremediation, although it may
also occur in some in situ bioremediation environments. Because of the treatment
site, this element is considered. Contamination depth is crucial factor in land
farming, which can be done by ex situ or in situ. Contaminated soils are excavated
and tilled on a regular basis in land farming, and the form of bioremediation depends
on the treatment site. Because it has more in common with other ex situ bioremedia-
tion techniques, ex situ bioremediation happens when hazardous soil is removed and
treated on-site.

Excavated contaminated soils are often carefully placed above the ground surface
on a fixed layer support to facilitate aerobic biodegradation of the contaminant by
autochthonous microorganisms. Overall, land farming bioremediation is a straight-
forward design and implementation technology that requires little financial invest-
ment and may be utilized to repair huge amounts of polluted soil with minimal
environmental impact and energy consumption.

1.9.1.3.1 Composting

Composting is a controlled biological process in which organic pollutants are
transformed to harmless, stable metabolites by microbes. To adequately compost
soil polluted with harmful organic pollutants, thermophilic temperatures must typi-
cally be maintained. Temperatures rise due to heat produced by microbes during the
breakdown of organic material in garbage. In most situations, this is accomplished
by the use of naturally occurring microbes. To enhance the porosity of the mixture to
be decomposed, soils are dug and blended with bulking agents and organic additions
such as wood chips, animal, and vegetal wastes. Maintaining oxygenation, watering
as needed, and regularly monitoring moisture content and temperature all contribute
to maximum degrading efficiency. Composting in windrows is generally thought to
be the most cost-effective method. Meanwhile, it may be the source of the most
fugitive emissions. Off-gas control may be required if volatile organic compound
(VOC) or semivolatile organic compound (SVOC) pollutants are present in soils
(Perpetuo et al. 2011).

The composting technique can be used on biodegradable organic compound
contaminated soils and lagoon sediments. Aerobic, thermophilic composting has
been shown in full-scale programmes to reduce explosives, ammonium picrate, and
related toxicity to acceptable levels. PAH-contaminated soil can also benefit from
aerobic, thermophilic composting. Composting materials and equipment are all
commercially available.
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1.9.1.4 Bioreactor
A bioreactor is a vessel that uses a series of biological reactions to turn basic
materials into specific products. Different operational modes exist in batch,
fed-batch, sequencing batch, continuous, and multistage bioreactors. Bioreactors
are good for the growth of bioremediation. A bioreactor is loaded with dirty samples
for the clean-up procedure. Ex situ bioremediation technologies provide a number of
benefits over bioreactor-based treatment of contaminated soil. The use of a
bioreactor-based bioremediation technique with greater control of aeration, agita-
tion, pH, substrate, and temperature, and bioremediation time is sped up by increas-
ing inoculum concentrations. The capacity to manage and modify biological
reactions in a bioreactor is shown by the ability to regulate and adjust process
parameters. Bioreactor designs are versatile enough to allow for optimal biological
degradation while minimizing abiotic losses. In soil and groundwater, bioreactors
are typically used to treat VOCs and fuel hydrocarbons. Pesticides are less effective
in this procedure. The technique was utilized to treat soil that included trinitrotoluene
(TNT) and Research Department eXplosive (RDX) in one application. It operated in
both aerobic and anaerobic settings in the lab, with a significant reduction in
pollutant concentration. In addition, intermediate by-products were degraded.
Hazardous by-products formed during the decomposition of some chlorinated
solvents can also be degraded using in situ bioreactors. Adapted bacteria in this sort
of bioreactor mineralize the organic molecules of interest. A biological support
medium is used to capture the bacteria. A vapour extraction system can be utilized
in conjunction with an in situ immobilized bioreactor system. Basic bioreactors are a
well-established technique for the treatment of municipal and industrial wastewater.
Fuels can be treated in bioreactors, which are commercially accessible. Explosive
chemicals have been tested in the laboratory. A novel method for treating
halogenated VOCs, SVOCs, pesticides, polychlorinated biphenyls (PCBs), and
other chemicals is to sequence anaerobic/aerobic bioreactors. As contaminated
groundwater travels through the reactor, these strategies accelerate degradation.
This method has been used to remediate organic compounds in various leaking
underground storage tanks and industrial locations with great success.

1.9.2 In Situ Bioremediation Approaches

1.9.2.1 Bioventing

Bioventing is a potentially innovative way for promoting spontaneous in situ
biodegradation of any aerially degradable chemical in soil by providing oxygen to
the soil microorganisms already there. Bioventing, in contrast to soil vapour vacuum
extraction, employs low air flow rates to give just enough oxygen to keep microbial
activity going. The most common way of delivering oxygen is direct air injection
into residual pollution in soil. In addition to adsorbed fuel residues, volatile
compounds are biodegraded when vapours travel slowly through biologically
active soil.



22 S. Sokal et al.

Bioventing techniques have effectively treated petroleum hydrocarbons,
non-chlorinated solvents, some insecticides, wood preservatives, and other organic
contaminants.

Inorganic pollutants cannot be destroyed by bioremediation, but it may be used to
modify their valence state and causing inorganic adsorption, absorption, accumula-
tion, and concentration in micro- and macro-organisms. While still in their infancy,
these solutions hold a lot of potential for stabilizing or removing inorganics from
soil. Two critical requirements must be satisfied for bioventing to be successful. To
maintain aerobic conditions, sufficient volumes of air must circulate through the soil;
second, bacteria that degrade hydrocarbons naturally must be available in sufficient
densities to accomplish satisfactory biodegradation rates. The initial testing will
determine the air permeability of the soil as well as in situ respiration rates. Microbial
activity in soil is known to be influenced by basic nutrients, temperature, moisture
(e.g. nitrogen and phosphorus), and pH. Despite the fact that soil pH studies show
that the optimal pH range for microbial activity is 6 to 8, microbial respiration has
been seen at all locations, even in soils outside of this range. The ideal moisture level
in the soil is quite soil-specific. Too much moisture in the soil might reduce air
permeability and oxygen delivery. A lack of moisture inhibits microbial activity.
However, in extremely dry conditions, irrigation or humidification of the injected air
may be able to accelerate biodegradation. Bioventing breaks down pollutants more
quickly in the summer, although some remediation can occur in soil temperatures as
low as 0 °C (Prasad 2014).

The bulk of the necessary gear is easily available, and bioventing is becoming
increasingly common. Bioventing is becoming increasingly popular among remedi-
ation experts, particularly when combined with soil vapour extraction (SVE).
Bioventing, like other biological treatments, takes a long time to remediate a site
because of the particular soil and chemical characteristics of the contaminated
medium.

1.9.2.2 Biosparging

Biosparging is an in situ remediation approach that involves supplying oxygen and
nutrients to polluted soils in order to encourage aerobic biodegradation of
contaminants by indigenous microorganisms. In order to induce in situ aerobic
biological activity, biosparging involves pumping pressurized air or gas into a
polluted zone. This technology targets chemical substances that can be biodegraded
under aerobic conditions and is used to treat soluble and residual contaminants in
the saturated zone. By giving oxygen to the microorganisms and increasing the
interactions between air, water, and the aquifer, the injection of air promotes the
development of the aerobic microbial population and thereby enhances the bioavail-
ability of pollutants. The goal of a biosparging system is to increase pollutant
biodegradation while minimizing volatile and semi-volatile organic compound
volatilization. The air injection flow rate is designed to give the amount of oxygen
needed to improve bacterial contamination degradation. However, some volatiliza-
tion may occur, necessitating air capture and treatment, depending on the operation
mode and design chosen. The injection method and gas composition are two of the
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most important variables to consider when designing a biosparging system. Vertical
or horizontal wells, as well as trenches or reactive barriers, can be used to inject gas.
Nutrients are also injected below the water table to boost microbial degradation
activity, causing pollutants to be destroyed or transformed. The microbial commu-
nity adjusts to the changing chemical and geochemical circumstances. When pollut-
ant concentrations meet treatment targets, the treatment is terminated. In situ
biosparging has the potential to be used in isolated northern locations where material
delivery and injection equipment mobilization are a problem. Biodegradation can be
hampered by cold temperatures, and microbial activity may only occur during the
summer months, thus treatment could take years. Because temperatures are essen-
tially consistent throughout the year, microbial activity may be possible in deep soil.
Treatment time for biosparging is very varied, depending on the qualities of the
contamination, the natural bacterial population, and the physical and chemical
characteristics of the contaminated site. Under ideal circumstances, treatment times
of 6 months to 2 years are common.

1.9.2.3 Bioslurping
Bioslurping combines bioventing with vacuum-assisted free-product pumping to
extract free-product from groundwater and soil, as well as to bioremediate soils.

Bio-slurping comprises employing vacuum-enhanced extraction/recovery,
vapour extraction, and bioventing all at the same time to cope with light
non-aqueous phase liquid (LNAPL) contamination. Vacuum extraction/recovery
removes free product and some groundwater from the vadose zone, while vapour
extraction removes high volatility vapours from the vadose zone, and bioventing
improves aerobic biodegradation in the vadose zone and capillary fringe.

The bioslurping system consists of a well into which an adjustable-length “slurp
tube” is attached. The slurp tube is lowered into the LNAPL layer and connected to a
vacuum pump, which starts pumping to remove free product as well as some
groundwater (vacuum-enhanced extraction/recovery). The vacuum-induced nega-
tive pressure zone in the well aids LNAPL flow toward the well, dragging LNAPL
trapped in microscopic pore gaps above the water table. When the LNAPL level
lowers somewhat in response to pumping, the slurp tube begins to suck in and
remove vapours (vapours extraction). The removal of vapour enhances air move-
ment across the unsaturated zone, increasing oxygen concentration and improving
aerobic bioremediation (bioventing). When mounding occurs, the slurp returns to
sucking LNAPL and groundwater since the introduced vacuum raises the water table
a little. The liquid from the slurp tube (both product and groundwater) is sent to an
oil/water separator, while the vapours are sent to a liquid vapour separator. Above-
ground water and vapour treatment systems may be incorporated if necessary. In
other cases, however, system design adjustments have made it possible to release
groundwater and vapour collected by bioslurping without treatment. LNAPL and
vapour recovery are directly connected with the degree of vacuum, according to field
tests of bioslurping systems. When bioslurping was compared to traditional LNAPL
recovery methods, it was shown that bioslurping outperformed both skimming and
dual-pump methods. Bioslurping has been said to have cheaper project costs
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(because of less groundwater extraction and the fact that vapour and groundwater
may not require treatment) and less aquifer “smearing” than other LNAPL recovery/
treatment processes. Potential “biofouling” of well screens owing to active aeration
is highlighted as a disadvantage of bioslurping, as is the lack of treatment of residual
LNAPL contamination in saturated soils.

1.10 Metagenomics

As the name indicates, metagenomics is concerned with the metadata of many
genomes in order to offer rapid and exact information on the composition and
dispersion of an interacting microbial community in an environment, as well as
their evolutionary history. Metagenomics has been referred to as environmental
DNA library (eDNA library), community genomics, environmental genomics, soil
microbial DNA library, community genome analysis, whole-genome shotgun
sequencing, and a variety of other terms.

Metagenomics adds to the toolkit for studying non-cultured species (Tringe and
Rubin 2005). This new field proposes a method for examining microbial
communities as a whole rather than individual members. Metagenomics is the
process of extracting DNA from a community in order to pool all of the organisms’
genomes. These genomes are typically divided and cloned into a culturable organism
to produce metagenomics libraries, which are then analysed based on DNA sequence
or functionalities given on the surrogate host by metagenomics DNA (Garfield and
Merton 1979).

Targeted metagenomics and shotgun metagenomics are two common types of
metagenomic methods. The diversity of a single gene is investigated in targeted
metagenomics or microbiomics to determine the entire sequences of a specific gene
in a given environment. The most typical use of targeted metagenomics is to look at
the phylogenetic diversity and relative frequency of a single gene in a sample. To
understand the taxonomic richness of an environment, microbial ecologists fre-
quently use small subunit rRNA sequencing. It can also be used to explore how
environmental toxins affect the structure of microbial communities. Environmental
DNA is isolated for targeted metagenomics, and the gene of interest is PCR
(polymerase chain reaction) amplified with primers designed to amplify the largest
diversity of sequences for that gene.

Next-generation sequencing is used to sequence the amplified genes. Next-
generation sequencing, which can explore hundreds of samples at once, generates
thousands of small subunit rRNA reads per sample. The universality of the PCR
primers employed for the investigation limits targeted metagenomics, which
captures the diversity of a specific gene of interest. In addition, different bioinfor-
matics analyses have the ability to distort total diversity estimations. Targeted
metagenomics provides the benefit of giving a comprehensive inventory of the
microbial species present in a collection of samples, as well as in-depth analyses
of microbial diversity changes before and after a disturbance. Shotgun
metagenomics uses genomic sequencing to analyse an environmental community’s
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whole genetic complement. In this procedure, environmental DNA is extracted and
subsequently fragmented to form sequencing libraries. After that, the libraries are
sequenced to ascertain the sample’s entire genetic content. Shotgun metagenomics is
a strong tool for determining a microbial community’s functional potential. The
depth of sequencing is generally the most limiting factor in shotgun metagenomics.
To get a comprehensive inventory of the genes in an environmental sample, deep
sequencing is typically necessary. A thorough study of a community’s functional
potential necessitates a thorough examination of every creature’s genetic material.
Shotgun metagenomics frequently over-samples the dominant bacteria in a commu-
nity while sparingly sampling the genetic content of the community’s
low-abundance members.

A phylogenetic anchor is used in several studies to relate a functional gene to a
taxonomic categorization. With metagenomics sequencing, this can be challenging
until enough sequencing depth is reached and the reads can be effectively assembled
into suitably lengthy contigs. Several recent reviews have attempted to highlight the
major phases in metagenomics as well as the numerous potential hazards (Kumavath
and Deverapalli 2013).

1.11 Metagenomics in Bioremediation Process

Metagenomics is an approach for analysing directly extracted genetic material in
environmental samples. Metagenomics study gives information on non-cultivable
species’ microbial populations in a niche habitat using sequence and function-based
research approaches (Kumar et al. 2020, 2021). Gene clusters for pollutant-
degrading enzymes may be encoded, and novel bacteria can be identified
(Table 1.1). Metagenomics techniques can also be used to detect and monitor

Table 1.1 Examples of metagenomics analysis of contaminated site (Zhang and Bennett 2005)

Most abundant organisms Analysis Contaminated site
Arcobacter butzleri, Aeromonas hydrophila, and Metagenomics | Advanced sewage
Klebsiella pneumonia treatment systems
Proteobacteria, Thiobacillus, and Sulfuricella Metagenomics | Cadmium-
contaminated soil
Thermi, Gemmatimonadetes, Proteobacteria, Metagenomics | Hydrocarbon-
Bacteroidetes, and Actinobacteria contaminated soil
a-Proteobacteria and y-Proteobacteria Metagenomics | Petroleum-
contaminated soil
Firmicutes, Actinobacteria, Bacteroidetes, Metagenomics | Pharmaceutical-
Synergistetes, and Acidobacteria enriched wastewater
Pseudomonas species, Gammaproteobacteria, Metagenomics | Diesel-
Actinobacteria, and Alphaproteobacteria contaminated Arctic
soil
Proteobacteria, Actinobacteria, Chloroflexi, Metagenomics | Cu-contaminated

Bacteroidetes, Planctomycetes, and cyanobacteria sites
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Fig. 1.4 Bioremediation approaches for environmental clean-up (Harekrushna and Kumar 2012)

microbes. Metagenomics is a technique for studying DNA taken from ambient
sources without isolating and cultivating microbes. This method was first used to
find new microbial products and to sample microbial diversity from various habitats
in the environment. To remove pollution from the environment, microbes are used in
bioremediation. This method, which uses microorganisms to clear hazardous
pollutants, is both ecologically friendly and practical (Shah et al. 2011).
Microorganisms not only help to regulate biogeochemical processes in the
environment to keep humans healthy and to alleviate and stimulate plant diseases,
but they also assist in the removal of poisons from the environment. The goal is to
study uncultivated microorganisms in order to get a better understanding of the
genuine microbial community, including their functions, collaboration, interactions,
and adaption to new environments. Metagenomics is a topic of study that is
continually expanding and evolving. Sequence-based and feature-based
metagenomic techniques are the two most common types. Currently, these tactics
have increased our understanding of the environment of non-culturable bacteria,
giving us a better understanding of the microbial world. The function-focused
metagenomics method encourages the identification of novel genes and enables for
genetic analysis, both of which are intriguing prospects for uncovering new
ecosystems. Metagenomics research includes gene recognition, explanation of entire
metabolic processes, genome assembly, and sequence-based identification of species
from diverse populations (Chen and Murrell 2010). Microbial diversity and particu-
lar genes found via metagenomics research that have the potential to act as pollution
indicators are also included in the bioremediation process. Several microbes play a
crucial role in pollution clean-up thanks to bioactive compounds and enzymes
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discovered utilizing metagenomics methods. Bacteroidetes, Firmicutes,
Actinobacteria, Spirochetes, Chloroflexi, Proteobacteria, Acidobacteria, and
Patescibacteria are some of the most common microbial groups that can withstand
high metal concentrations (Watanabe 2001). Microbial enzymes, metabolites, and
bioactive chemicals, all of which have a role in water treatment, can also be
discovered using metagenomics approaches. Using metagenomics approaches,
many enzymes were discovered in chlorinated biphenyl-polluted soils, activated
sludge, oil-contaminated water, wastewater, cow rumen, chemically contaminated
soils, and compost wastewater. Alkane enzymes, carboxylesterases, dioxygenases,
esterases, laccases, monooxygenases, phenol-degrading enzymes, polyaromatic and
hydrocarbon-degrading enzymes, trichlorophenol hexadecane hydrolyzing
enzymes, and trichlorophenol hexadecane hydrolyzing enzymes are some of the
enzymes that remove toxins. The metagenomic analysis looks for novel bacteria-
producing genes and assists in the identification of new processes and approaches to
improve clean-up strategies (Wood 2008).

1.12 Metagenomics Research in a Contaminated Environment
1.12.1 Sampling from Contaminated Site

Biological replicates are necessary for statistical data analysis in order to examine the
microbial communities’ geographical and temporal variability in diverse settings
like soils and sediments. Indeed, physical features might alter locally in the latter,
affecting the structure of the microbes. Microbial population is usually substantially
less in polluted habitats than in pristine environments, and it is heavily influenced by
the type of contamination present and the history of contamination. The complex
interaction between nutrients, organic contamination, and hydrological processes
generates geographic heterogeneity of resident bacteria in groundwater habitats. The
study of fine scale heterogeneity offers a lot of potential for accurately assessing
biodegradation rates and designing pollutant fate models (Lovey 2003).

Environmental metagenomics will provide information on community composi-
tion and potential activity on the basis of samples obtained at certain date and place,
but not on resilience or change resistance. In certain circumstances, a large sequenc-
ing depth can compensate for a small number of sequenced samples, resulting in an
obvious microbial configuration at the studied site (Roling 2015). A common
metagenomic approach is shown as flow chart in Fig. 1.6.

1.12.2 Extracting the DNA from Contaminated Samples

In all metagenomics research, DNA derivation is a critical step. Impurities in
recovered DNA, natural components of soil/sediment, and soil contaminants should
be eliminated to guarantee that it is representative of microbes found in the
investigated environment. Stable Isotope Probing (SIP) has been integrated with
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Fig. 1.6 A common metagenomic approach is depicted as flowchart (Franzosa et al. 2015)

metagenomics in pollution biodegradation research for bioremediation applications.
The most essential considerations in deciding which process to utilize for DNA
extraction are the number of microorganisms in the sample and the level of contami-
nation. Many approaches for recovering high-quality, high-quantity, and high-
molecular-weight DNA from the environment have been developed. Either the
cells are lysed in the sample or they are eliminated before lysis. The process is
known as direct extraction because DNA is extracted from inside the sample matrix
in the first scenario. When used on samples with a low cell density and a low level of
contamination, this method provides more DNA than the second. Because DNA is
extracted from pristine cells that are not exposed to the sample matrix, the second
method is known as indirect extraction. When possible, the latter extraction is
favoured since it lowers the simultaneously extraction of inhibitory compounds in
the sample, which might interfere with subsequent steps (e.g. cloning, polymerase
chain reaction, and sequencing). Due to cell mortality during matrix purification,
DNA yield is lower than in direct extraction. Extracting DNA from polluted settings
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remains difficult, despite the different technologies available. Metals and aromatic
hydrocarbons, for example, have a negative impact on bacterial activity, resulting in
lower bacterial biomass and, as a result, a lower yield of recoverable DNA. In this
procedure, the phage phi29 polymerase is employed to amplify DNA using random
hexamers at a constant temperature.

1.12.3 Metagenome Analysis

1.12.3.1 Targeted Metagenomics Using a Library

Cloning of ambient metagenomics DNA and screening of the clones for a desired
function are the steps in library-based targeted metagenomics. It has been frequently
used to pollute settings in recent years in order to identify the gene pool implicated in
microbial degradation processes. Library-based targeted metagenomics restricts
metagenome analysis to certain tasks, resulting in the context of a larger range of
genes associated to the researched ecological role, even if there aren’t many of them,
when as compared to complete DNA sequencing.

1.12.3.1.1 Creating a Metagenomics Library

The availability of commercial kits that include host cells and vectors with optimized
methods for the many types of vectors that could be used in metagenomics has made
the construction of metagenomic libraries easier. Multiple copy number vectors
enable “massive” rDNA creation for later study. Overexpression of some genes,
on the other hand, could be fatal to the host. Vectors with a single copy (e.g. BAC)
ensure consistent preservation of a vast number of DNA segments and lower DNA
output. Single-copy to high-copy-number vectors that are inducible were developed
as a consequence, combining the aid of both types of vectors while also overcoming
their limits in a single system.

1.12.3.1.2 Screening of Metagenomic Clones
There are two types of metagenomics library screening approaches: techniques
based on sequences and methods based on functions.

1.12.3.1.2.1 Screening Based on a Sequence

This method is based on comparing recovered ambient DNA to sequences currently
stored in databases. It is heavily influenced based on what we know about previously
found genes. It usually entails utilizing PCR or hybridization-based methods to find
clones with a conserved section within the targeted gene family or functional class of
proteins. The large number of pollutant degradation gene sequences obtained from in
situ has contributed in the development of degenerate probes and primers to help us
better understand pollutant degradation processes. The search for sequences
encoding a degradative gene of interest in gene databases is the first step in
developing such primers. The alignment of the recovered sequences indicates
areas that are both conserved and varied (Dettmer et al. 2007). PCR amplicons
that have been tagged with radioactive fluorescent (e.g. digoxigenin) or antigenic



30 S. Sokal et al.

(e.g. digoxigenin) molecules are known as hybridization probes. Hybridization
conditions are empirically tweaked to uncover alternative sequences deviating
from the original probe. Furthermore, in metagenomics libraries, the employment
of a group of probes that are all aimed at the same thing, different GOI may have the
advantages of

1. increasing the likelihood of finding a single gene,

2. in a single experiment, the identical hybridization conditions are applied to a large
number of clones, and,

3. increasing the likelihood of catching interesting target gene sequences.

1.12.3.1.2.2 Function-Driven Sequence

The function-driven screening is not reliant on previously identified sequences. It is
solely dependent on the manifestation of a biological characteristic in the host cell. It
has a better chance of finding novel and orthologous genes. Screening is typically
done in polluted locations by selecting growing clones in minimal media augmented
with the pollutant as the carbon or energy source. In this case, screening is necessary
based on previous information of the target degradation process, as it is essential to
construct a viable genetically modified host (Valiente and Pesole 2012).

To recognize the development of metagenomics clones more quickly, a chromo-
genic substrate such as MTT (3- (4,5-Dimethylthiazol-2-yl)-2,5 diphenyltetrazolium
bromide) can be used in conjunction with the selective medium. Bacterial respiration
converts it to the purple chemical formazan. When the target enzyme creates a
colourless output, MTT comes in handy. Other substrates, such as indole and
catechol, generate a coloured response, making it easy to identify clones that contain
enzymes involved in aromatic compound oxidation. Apart from those substrates,
scientists have only made intermittent attempts to thrive selective media for
recognizing clones that produce degradative enzymes. This is due to a present dearth
of knowledge about the substrates (and products) that many of these enzymes can
metabolize.

1.12.4 Direct Sequencing of Metagenomics

The genetic material found in a sample collected from environmental is sequenced
without first constructing a metagenomic clone library. To acquire a better under-
standing of the ecosystem of microbes with less laboratory work, bioinformatics
capabilities and extensive DNA sequence databases are necessary.

The high-throughput sequencing of an individual gene is another technique to
examine environmental metagenomes without pre-cloning. This method doesn’t
allow the retrieval of entire information contained in a metagenome, but it allows
for better sequencing depth for the targeted functions. For example, targeted
sequencing of 16S rRNA gene amplicons is routinely used in (preliminary)
investigations of contaminated environments. 16S rRNA gene surveys can reveal a
lot about microbial dynamics in these kinds of places. In comparison to library-based
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metagenomics, direct sequencing is becoming more popular in environmental
investigations. This is due to the fact that the former has profited from an increased
speed and throughput sequencing of DNA by orders of magnitude, while the latter
has suffered from relatively slow developments in screening methods (Handelsman
2004).

1.12.5 Next-Generation Sequencing

A technological aspect common to all NGS technologies is massive parallel
sequencing of clonally amplified or single DNA molecules spatially separated in a
flow cell. There are numerous great comparison studies of NGS platforms that
provide important information in terms of features of analysis and applications.
Ilumina just released the MiniSeq which is proved to be cost-effective and user-
friendly sequencer. The Illumina and other NGS technologies’ short read lengths, on
the other hand, are a limiting factor in genome completeness, variant calling, genome
de novo assembly, and read mapping to reference genomes (Handelsman 2005).
MiniSeq’s cheaper cost and speed come at the expense of a little for samples; there is
an increase in inaccuracy and underperformance with less diversity and questionable
base discrimination. It is due to the fact that the number of scanning channels has
been lowered to reduce fluorophore consumption (Liu et al. 2012).

1.12.6 Bioinformatics Analysis

NGS sequencing of environmental DNA is becoming faster while also becoming
less expensive, and new, superior sequencing equipment is launched almost every
other year. NGS technologies generate massive volumes of data, but developments
in analysis are lacking. Only dominant strains or tiny genomes could previously be
reconstructed from complex metagenomes, but that is set to change according to
computational advances that will allow individual genomes of rare species to be
reconstructed (Kumar and Khanna 2010). Using metagenomics to answer ecological
problems necessitates a thorough examination of the sequences retrieved.

1.12.7 Assembly

Assembly is the process of reassembling a genome using sequenced reads that are
first turned into contigs and then scaffolds. The two techniques to genome assembly
are de novo genome assembly, which reconstructs the genome from read data, and
reference-guided assembly /comparative assembly, which assembles sequencing,
reads using reference sequences (Tijssen 2002).
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1.12.8 Binning

Binning is the process of grouping genomic reads/fragments that are presumably
from the same organism based on sequence-related signals acquired over time, such
as phylogenetic signals. Binning’s purpose is to assign sequences to “bins” that
match to their taxonomic rank. Binding can also help with the assembly of previ-
ously difficult-to-cultivate genomes. To do so, a variety of bioinformatics tools are
already accessible. There are two ways to do the binning procedure: supervised and
unsupervised. Statistical classification methods for read categorization, such as
similarity/distance matrix models or hidden Markov models, are used in supervised
approaches for training. Unsupervised approaches, on the other hand, sort items into
bins based on their composition, eliminating the necessity for a reference database.
These techniques are typically futile since the vast majority of microorganisms
discovered in environmental samples are usually unknown or can’t be grown.

1.12.9 Annotation

The foundation for microbiological sequence functional annotations is BioCyc,
COG, KEGG, NCBI genomes, SEED, Pfam, and other databases. Because func-
tional annotations employ homology-based techniques similar to those used for
taxonomy assignment, the availability of previously recognized sequences acts as
a limitless. Only 20-50% of a metagenomics sequence can be annotated in its
entirety, according to current estimates. Smaller datasets, however, can benefit
from manual curation to enhance annotation accuracy. The genomic segments are
annotated in two steps. Following the identification of genes of interest, taxonomic
neighbours and probable gene functions are assigned. In a nutshell, there are two
major paths to choose.

1.13 Metagenomics in Bioremediation: Current Challenges
and Future

NGS appears to be difficult due to a lack of appropriate sequence descriptions from a
higher number of microorganisms present in various habitats. Due to varying
relative numbers of various community members within a population, certain
genomes may be covered by thousands of sequences while others are only covered
by a few of sequencing reads or none at all. These considerations, together with the
project’s budget, help to decide how much sequencing work is done on a project.
Millions to billions of short reads are generated by the most prevalent metagenome
sequencing technologies now in use (Kumar et al. 2020).

Estimates of community diversity are routinely conducted before metagenomics
sequencing experiments. While these efforts (which usually involve rRNA gene
amplicon analysis) might be valuable for community study, when it comes to strain
level diversification or population heterogeneity, they might be deceiving. Another
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challenge with metagenomics assembly is that, despite advances in assembly
algorithms and computer hardware technology, the assembly of such enormous
volumes of complex data can soon surpass the memory constraints of any machine.
The community’s natural diversity and variations identified within the population
contribute to this problem, which is amplified as there may be inconsistencies in the
sequencing (even at very low levels) in the sequencing data. Metagenomics is a
systematic approach to genetic analysis of microbial populations. This gives a glance
into the “Uncultured Microbiota’s” microbial community. Bioremediation has
always adapted new scientific and technological breakthroughs to create healthier
ecosystems, and metagenomics is one of the best adaptations ever. In a metagenomic
investigation, identifying and screening metagenomes from contaminated
environments is critical. The second section focuses on recent multiple case studies
that illustrate how metagenomics can be used in bioremediation. The third section, as
a result, discusses metagenomic bioremediation in various polluted habitats, such as
soil and water. Starting with a full understanding of metagenomic screening, FACS,
and several advanced metagenomic sequencing methodologies, diverse sequences
and function-based metagenomic strategies and tools are available (Joshi et al.
2014). Many experiments that were previously unthinkable are now possible
because of advances in technology that promote metagenomic study. Companies
like PacBio and Nanopore are working on sequencers that can read Kbs of DNA,
enabling for continuous genome construction in mixed populations.

The convergence of a number of high-throughput approaches will allow
researchers to look at the relationships between species composition, gene density,
gene expression, chemical reactions, and protein production in polluted surround-
ings. SIP is exposing a substrate to heavy isotope-labeled compounds and allowing
microbes to digest it and integrate the labelled atoms into biological components
such as DNA, RNA, and phospholipids. To separate the “heavy” (labelled) DNA
from the “light” (unlabeled) DNA in DNA-SIP, all DNA from a treated sample is
collected and centrifuged in CsCl gradients. This approach has a lot of potential for
finding functionally active microorganisms, especially those involved in pollutant
degradation, according to a recent assessment. Using SIP-metagenomics analyses of
polluted substrates, the active response genes and species may be retrieved from the
massive quantity of background genetic information from the original, uncontami-
nated soil. One of the following big metagenomics projects is expected to be the
discovery of a core microbiome. To put it another way, what genes and species can
be found in a certain habitat as well as different settings. It will be crucial to establish
if there are critical genes and organisms that do indeed respond favourably to the
addition of a contaminant in order to accomplish successful clean-up in the setting of
bioremediation. Outside of this common core, genes that are favoured must be the
result of extra environmental or stochastic factors (Simon and Daniel 2009). Many
contemporary genomic investigations depend on snapshots of genetic information in
environmental samples, despite the fact that many microbial communities are
constantly changing due to microorganisms’ rapid pace of development. A
metagenomics analysis of metal-contaminated groundwater revealed that pollution
has decreased biological diversity and metabolic complexity to near-zero levels after
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50 years. Despite the finding of all necessary metabolic pathways, there were
10 times fewer OTUs and a commensurate loss in metabolic complexity compared
to a neighboring background site. Long-term monitoring of how evolution selects
genes in polluted settings will certainly benefit the research and treatment of
chronically contaminated areas, albeit massive volumes of data would demand a
solution to the human-processing bottleneck first.

1.14 Conclusion

As sequencing costs fall, the value of high-throughput 16S rRNA sequencing and
metagenomics grows. These methods allow researchers to investigate the impact of
various bioremediation interventions on the native microbial ecosystem in greater
detail. This allows these techniques to be fine-tuned for certain microorganism
groups that are crucial to the bioremediation process. Metagenomics has the ability
to guide the adoption of remediation technologies in order to achieve rapid and
minimum invasive pollutant removal. Moving forward, a thorough understanding of
the main taxa and routes indulge in many of these processes is critical. The ease with
which data may be sequenced has resulted in the identification of several uncultured
phyla and gene families with unknown functions. This is also true in contaminated
situations. To further understand the bacteria engaged in these processes,
metagenomic methods must be combined with traditional culture-based
methodologies. Changes in microbial or gene diversity as a result of the reaction
to a disturbance are frequently investigated using current techniques. Genetic and
biochemical studies on model organisms are required to gain a deterministic view of
the community’s response or the underlying metabolic mechanisms involved in
reacting to these perturbations. The dominating species in these environments are
typically distantly related to these model organisms. We will have a better compre-
hension of the metagenomic data sets obtained from these areas if we can identify
ecologically relevant organisms from the ecosystems of interest. The application of
16S rRNA sequencing and metagenomics to guide bioremediation tactics and
acquire deep insights into microbial responses to pollution or remediation
procedures has a lot of potential. A more comprehensive picture of the bioremedia-
tion basis emerges when these approaches are paired with pure-culture analyses of
environmental microorganisms.
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Abstract

Metabolomics is a tool for analyzing many biological compounds due to its
ability to acquire novel approaches to study metabolic pathways. The current
chapter focused on the impact of metabolomics on bioremediation. A detailed
application of metabolomics has been explained with respect to some of the
earlier researches. An approach combining microbial biodegradation with
metabolomics can be used to better understand the breakdown of different
compounds. Advancement with respect to varied instruments along with
computers and software has made the metabolomic approach a very sensitive
and specific method. Even future approach towards space debris bioremediation
is the current focused research. Thus, metabolomics and bioremediation have a
great interaction.
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2.1 Introduction

Metabolomics, which is the study of the metabolites present in tissues, biofluids, and
cells (Johnson et al. 2016), involves identifying and quantifying all intracellular and
extracellular metabolites. Using metabolome analysis to discover novel metabolic
pathways and study metabolic networks is now widely recognized as a powerful
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approach. The metabolic-related data represent physiological responses to develop-
ment, nature, and environment, and thus, has wide application in various fields like
drug therapy, enzymatic studies, bioremediation, health studies, etc. (Azubuike et al.
2016; Deidda et al. 2015; Majumder et al. 2021; Wishart 2016).

An industrial revolution and population explosion have caused various pollutants
to enter the environment; health and the environment are harmed by these harmful
compounds. Bioremediation is best approach towards environmental protection.
Bioremediation mediated by microbes possesses great potential for restoring
contaminated environments in an ecologically acceptable manner (Arora 2018).
Due to the lack of information regarding factors controlling and regulating diversity
of microbial communities in contaminated environments, it is often difficult to
execute such a plan. But recent research has shown that advanced tools like proteo-
mics, metabolomics, and fluxomics have a key role in designing sustainable,
eco-friendly treatment strategies for contaminants (Malla et al. 2018).

As metabolomics has a great role in environmental microbiology, use of
metabolomics will help answer any specific question in microbiology that depends
on understanding the physiological state (Booth et al. 2013). Applied metabolomics
has a great deal to offer the field of environmental microbiology. It has been used to
study biofilms, metal resistance, and responses to environmental stress (Garza et al.
2018). Metabolomics helps identify biodegradation pathways involved in the end
product’s toxicity and the biodegradation pathways involved in their biosynthesis.
Thus, it offers environmental microbiologists a means to better understand molecular
mechanisms that underlie microbial bioremediation processes, thus improving its
effectiveness and improving the design of more technically sound remediation
methods (Ma 2012).

2.2 Impact of Metabolomics on Bioremediation

In recent years, bioremediation has been of interest because it has the potential to
remove toxic contaminants from soils and water at a low cost and with high
efficiency. Using this technology would address the problem of industrial production
that poses a health risk to humans (Yan et al. 2020). Microorganisms are used in
bioremediation to break down hazardous compounds, leaving behind by-products
which are no longer toxic in the environment. After the removal of contaminants,
microorganisms recolonize the soils to restore nutrients and structure, thus making
the land suitable for agriculture and industrial use. As part of an organism’s energy
metabolism, detoxification mechanisms, or by a fortuitous set of enzymes, metabo-
lism can remove unwanted substances (Ostrem Loss and Yu 2018). Importance of
metabolomics has shown in Fig. 2.1.

Metabolomics has a great role in studying varied metabolic activities among wide
range of microorganism playing role in bioremediation (Kellogg and Kang 2020).
Types like Non-targeted or targeted metabolomics analyses can be carried out
(Matich et al. 2019) also shown in Fig. 2.2. As this type has a great application
while dealing with bioremediation as target-specific, it can analyze the special
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[ Application of Omics in Bioremediation ]

l One of the Omics method
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1
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Fig. 2.1 Importance of metabolomics (Garza et al. 2018)
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Fig. 2.2 Types of metabolic profiling methods (Matich et al. 2019)

groups among metabolism. A repressor or suppressor, whether internal or external,
will change gene expression and protein production, both of which are controlled by
a variety of homeostatic mechanisms (Chandran et al. 2020). Such changes are made
more evident at the metabolome level. Metabolomics may therefore be a better
option than other omic technologies to detect such expressions (Lankadurai et al.
2013).
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Metabolomics can be used to study different metabolic components like amino
acids, carbohydrates, enzymes, substrates, precursors, repressors, etc. Many studies
have carried metabolomic profiling using different instruments and methods like Gas
chromatography, Nuclear magnetic resonance, High performance liquid chromatog-
raphy, electrophoresis, spectroscopy, etc. But this was always accompanied with low
cost, easy handling, sensitivity, and less time-consuming (Arora et al. 2018b).

A study on bioremediation showed by Scenedesmus sp. IITRIND2 microalgae
that exhibited arsenic tolerance, for this tolerance its arsenic tolerance/degradation
pathways were studied for various metabolic components involved in it. Here in the
presence of both types of arsenic like oxic pentavalent arsenic, As (V) and anoxic
trivalent As (II) (Rahman et al. 2014), microalgae metabolism pathways were
studied. Thus, varied changes among pathways were seen during degradation as
physiochemical property was altered. This whole metabolic profiling was done by
using NMR spectroscopy (Arora et al. 2018a).

Expired pharmaceutical compounds have become major concern of an environ-
ment specifically found near beds of river and also the component of sewage
treatment plant, as many bacteria have a mechanism for resistance against
antibiotics, especially efflux pumps play a very major role in removal of antibiotics
from inside cell to external environment. Thus, different metabolic pathways related
to pumping process can be studied (Molina-Santiago et al. 2014). Pseudomonas
putida DOT-TIE strain is found to have three efflux pumps named as TtgGHI,
TtgABC, and TtgDEF. This strain was found to be propranolol-tolerant by growing
that strain in presence of high propranolol concentration and studying its metabolic
profiling by gas chromatography-mass spectrometry (GC-MS), it revealed the for-
mation of ornithine in the presence of propranolol and thus has a great application in
bioremediation process regarding pharma waste (Sayqal et al. 2016).

In addition to providing insight into complex molecular networks and metabolic
pathways within the soil microbial community, soil metabolomics can be used to
evaluate soil functionality (Withers et al. 2020). In addition to agricultural fields,
gardens, and homes, N-methylcarbamate insecticides are widely used as household
pesticides. The degradation of that component is essential and many microbes can
carry out degradation of this component. As degradation of N-methylcarbamates
pesticides by Burkholderia sp. strain C3 was studied, the metabolomics analysis
identified 196 polar metabolites, among that ten medium to long chain fatty acids
and one type of polyhydroxyalkanoates (PHA) were playing major role in metabo-
lism pathway of N-methylcarbamates usage as carbon source (Seo et al. 2013).
Similar study was done with respect to degradation of phorate by Lactobacillus
plantarum P9. Phorate is also a widely used chemical pesticide and has been
degraded from soil (Chu et al. 2018). Metabolomic study of P9 strain was done by
using high-performance chromatography with (time-of-flight) TOF spectroscopy by
growing strain in the presence and absence of phorate as alteration in metabolome
profile and derivation of new products was found during degradation process
(Li et al. 2018). Some pesticides are not harmful exactly, but long usage can lead
to accumulation in soil and flow of it in aquatic system during flooding further can
affect aquatic organisms. One example includes excess presence of Cyfluthrin in
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Table 2.1 Metabolomic profiling of microbes and respective degraded pollutant

Sr.
No. | Microorganism Degraded pollutants References
1 Microalgae -Scenedesmus Toxic pentavalent arsenic (V) and Arora et al.
sp. ITRIND2 anoxic trivalent arsenic (IIT) (2018a)
2 Pseudomonas putida DOT-T1E Propranolol Sayqal et al.
(2016)
3 Burkholderia sp. strain C3 N-Methylcarbamates Seo et al.
(2013)
4 Lactobacillus plantarum P9 Phorate Lietal.
(2018)
5 Photobacterium ganghwense Cyfluthrin Wang et al.
strain 6046 (PGS6046 (2019)
6 Pseudomonas spp. BTEX Liet al.
(2020)
7 Drechslera sp. Methyl tertiary-butyl ether (MtBE) d’Errico
et al. (2020)
8 Mycobacterium sp. DBP42 and Plasticizers Wright
Halomonas sp. ATBC28 et al. (2020)

aquatic system found to cause ill effects on marine organisms (Rodriguez et al.
2016). Photobacterium ganghwense strain 6046 (PGS6046) was found to grow
extensively in the presence of cyfluthrin; its metabolomic analysis by gas chroma-
tography mass spectroscopy and ultra performance liquid chromatography mass
spectroscopy revealed formation of 156 metabolites during degradation process
(Wang et al. 2019). Xenobiotic from soil overly known as BTEX is the most
common contaminant from soil. Metabolomic analysis revealed that Pseudomonas
spp. was found to be potent BTEX degrader among diverse contaminated soil
samples (Li et al. 2020).

Fungi have also found to play a major role in bioremediation (Rupcic et al.
2018). In a metabolomic study of endophytic fungi Drechslera species, was found
to degrade methyl tertiary-butyl ether (MtBE), a major hydrocarbon pollutant.
Metabolomic profiling was done using nuclear magnetic resonance and thin layer
chromatography; derivative of alkynyl-substituted epoxycyclohexenone and
monocerin were two major metabolites found in degradation pathway (d’Errico
et al. 2020).

Marine plastic pollution is havoc for its ecosystem. As much research has been
done with respect to degradation of those plastic by marine microbes (Paluselli et al.
2019), two marine microbes Mycobacterium sp. DBP42 and Halomonas
sp. ATBC28 were found to grow extensively on plasticizers. There metabolomic
profiling found the involvement of various enzymes in f-oxidation pathway for
removal of ester side chain from different plasticizers. As this microbe was biofilm
producer, this property has great application in plastic degradation (Wright et al.
2020). Metabolic profiling of different microbes along with respective pollutants has
been summarized in Table 2.1.
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Thus, metabolomics is a great technological advance that gives us a lot of new
ways to study various biological compounds following a genome sequence.
Analyzing metabolomics facilitates the retrieval of qualitative and quantitative
data from varied biological systems. It facilitates the study of the response of various
microorganisms to contaminants (Jeevanandam and Osborne 2021).

2.3  Application of Computer in Metabolomic Study

Despite machine learning being an ancient scientific field, its application in
biological research only flourishes in the recent past because of the availability of
sufficiently large datasets and computer including digitalization. This application
widely helps in gaining detail data by using varied machines and computer systems
with different software (Cuperlovic-Culf 2018). Instrument makers often offer
general data management solutions with a user-friendly interface that is designed
to fulfil a wide range of client needs. Many advanced metabolomics applications
necessitate the development of software by the scientific research community. These
tools could enable the development and testing of wholly novel metabolomics
methodologies that are not covered by vendor software, or they could handle a
specialized area that is not covered by vendor software (Chang et al. 2021). Different
data softwares that are used in metabolomics studies have been summarized in
Table 2.2.

24  Application of Metabolomics in Space Bioremediation
Satellite services have become an integral part of our modern lives. It is more likely

that a satellite will be smashed into pieces when it launches into space, which
increases the likelihood of collisions (Aglietti 2020). Human activities in outer

Table 2.2 Data software use in Metabolomics

Software Working References

MS PepSearch | Metabolite identification (Lowenthal et al. 2013)

GNPS Study of statistics/pathway/ Wang et al. (2016)
metabolite

SIRIUS Molecular fingerprinting Bocker and Diihrkop (2016)

Weka General tool David et al. (2013)

FingerID Molecular fingerprinting Heinonen et al. (2012)

XCMS online General tool Domingo-Almenara and Siuzdak

(2020)

Mummichog Pathway analysis Liet al. (2013)

MetaboAnalyst | General tool Xia and Wishart (2016)

MeltDB 2.0 Metabolomic analysis Kessler et al. (2015)

MS-DIAL Preprocessing tool Tsugawa (2015)
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space are directly responsible for space debris. Debris in space is out of control
manmade objects that cause more harm than good. Some of them involve tools that
astronauts lost during extravehicular missions, some satellites, and fragments from
satellites. It is possible for fragmentation events to occur accidentally or intentionally
as in an antisatellite weapons test (Haroun et al. 2021).

Natural grey soil containing potentially poisonous metals and compounds, such
as perchlorate on Mars, can also be found on other bodies in the solar system. The
utilization of microorganisms in bioremediation would allow hazardous or recycla-
ble components to be removed from soil, human waste, and other bodies in our solar
system. Bioremediation techniques thus provide an once-in-a-lifetime opportunity to
establish self-sustaining human communities beyond Earth (Davila et al. 2013).

2.5 Future Advancement

Though metabolomics is still a new science and less developed than other fields, it is
the result of cell processes (Pinu et al. 2019). Analyzing environmental samples
using metabolome-based approaches has helped us create models to simulate micro-
bial activity under a variety of bioremediation strategies (Malla et al. 2018). Recent
research has investigated the biodegradation of manmade pollutants using microbial
metabolome analysis. Analyzing microbiome-derived metabolites remains challeng-
ing due to their physiochemical heterogeneity and the difficulty of obtaining an
accurate sample. Some approaches in metabolomics that are projected to have a
positive impact on microbial metabolomics in the future by examining recent tech
advancements in metabolomics include identification of all different types of
metabolites, so improvement was made in instruments as different combinations
were used like GC-MS, LS-MS, IC-MS, HILIC-MS, CE-MS, etc. In future, more
sensitive tools can be combined and used. Even separation and extraction of those
metabolic components are challenging task, thus advanced structural elucidation,
physicochemical studies, and optimization can be focused (Misheva et al. 2021). By
advancing omics and genetic engineering tools, we may be able to develop microbe-
metabolites capable of a more sustainable bioremediation of the environment (Joshi
and Sarma 2021).

2.6 Conclusion

Normally, nature keeps the environment in perfect balance by removing impurities,
but in the current period of industrialization, the rate at which pollutants are released
into the environment has exceeded the environment’s threshold level. New methods
such as genomics, transcriptomics, proteomics, metabolomics, and fluxomics said to
be an omics have recently been added to systems biology applied to microbial
consortia in various contexts. Omics techniques show a lot of promise for predicting
microbial activity in disturbed settings and using microbial processes to attenuate
pollutants and speed up bioremediation. Molecular mechanisms involved in the



44 R. S. Patankar et al.

microbial transformation of harmful pollutants would aid in tracing the causative
species and ensuring that the toxins are efficiently eradicated from the environment
using omic approaches to bioremediation.
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Abstract

The rapid industrialization, population surge, and modern lifestyles have led to
increasing pollution load at an alarming rate due to persistent and nondegradable
contaminants and deteriorating the well-being of humans and the environment.
Bioremediation being an environment-friendly and cost-effective biological tech-
nique utilizes the microbes for the elimination of contaminants from the
contaminated sites, therefore, gaining significant interest as a substitute for
environmental cleanup. Microbes can endure divergent environments and can
revive polluted sites naturally by degrading and transforming the pollutants into
nontoxic metabolites. Nowadays, advanced omics tools such as metagenomics,
transcriptomics, proteomics, etc. have been designed for understanding the
microbial ecology, diversity, functions, and their utilization in environmental
monitoring and cleanup. Metagenomics plays a significant role in finding unseen
genetic features of microbes in the divergent environment and in discovering the
novel genes, enzymes, pathways, and bioactive molecules for biotechnological
applications. Therefore, this chapter talks about the metagenomics approaches
utilized in monitoring of environment and bioremediation to solve the pollution
problems, its potentialities, and current challenges.
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3.1 Introduction

The pollution of water and soil is the utmost concern of today’s world and has headed
towards harmful effects on the environment and human health. The quality of water
and soil has been deteriorated by diverse factors and contaminants such as
polyaromatic hydrocarbons, heavy metals, pesticides, dyes, hydrocarbons, etc. (Kaur
and Goyal 2019). Therefore, the promotion and implementation of checking pollutant
load in the soil are very much important for the prevention of risks related to public
health. Various methods such as sorption, ion exchange, chemical precipitation, solvent
extraction, photocatalytic degradation, and coagulation have been employed for remov-
ing heavy metals and organic contaminants from contaminated water and other pol-
luted sites and these processes have various disadvantages (He et al. 2020). On the
other hand, bioremediation is considered an attractive method for removing environ-
mental contaminants as it utilizes natural biological processes to degrade pollutants.
The bioremediation process employs microbes for degrading and detoxifying the
environmental pollutants. The changes in the microbial composition and activity can
significantly alter the contaminant fate in the environment (Chakraborty et al. 2012).
The growing consciousness has resulted in many advanced approaches to curtail the
pollution load using scientific technology. Microbes such as bacteria, fungi, and yeast
are known for the outstanding detoxification of pollutants (Abou Seeda et al. 2017).
Microbial bioremediation approaches rely on microbial consortia of a variety of
indigenous organisms of the contaminated sites. The isolation of such indigenous
microbes will help us to know the microbial metabolites and the degradation processes.
Therefore, recent studies have incorporated next-generation sequencing techniques to
well understand the microbial populations involved in bioremediation involvements.
The advanced and new approaches of molecular biology and metagenomics have
greatly expanded the knowledge gap of understanding the biological systems and the
microbial world of contaminated environments (Techtmann and Hazen 2016).
Soil-borne microbes have the major biodiversity group on Earth which comprises
more than 10°° microbial cells and have 10* to 10° diverse species per gram of soil
(Torsvik and @vreas 2002). Microbial communities of soil play a dominant role in
terrestrial ecosystems owing to their huge count, large biomass, and diverse ecosys-
tem functions (nutrient cycling, plant nutrition, and disease suppression) (Mendes
et al. 2017). There is enough information on microbial communities of soils of
different environments, but there is a lack of functional responses of the microbes to
changes concerning soil management and chemical properties. Therefore, the study
of microbial diversity is very significant for understanding microbial ecology of soils
and other ecosystems. The major percentage of microorganisms are non-cultivable
under in vitro conditions; therefore, the identification of the microbial world remains
enormously confounding (Chandran et al. 2020). A very little percentage of
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microbes from varied environment samples are culturable and unapproachable for
research (Awasthi et al. 2020). Previously, molecular tools and fingerprinting
technologies, such as T-RFLP (terminal-restriction fragment length polymorphism),
ARISA (automated ribosomal intergenic spacer analysis), and DGGE (denaturing
gradient gel electrophoresis), have been linked to classical microbiology techniques
for studying ecology, diversity, and richness and abundance of species of microbes
of soils. In recent times, with metagenomics practice, one can study the soil
microbial communities in terms of diversity as well as functional aspects of
microbiological parameters (Mendes et al. 2017).

In 1998, the metagenome term was first introduced by Handelsman and
collaborators for describing the significance of soil microbes as potential sources
of novel natural compounds. They also hypothesized that novel chemical
compounds could be mined from uncultivated microbes which constitute more
than 99% of the total microbial diversity (Sleator et al. 2008). Sanger sequencing
technology had been utilized for metagenomic studies during the initial progress of
this field, but later on the advanced next-generation sequencing (NGS) technologies
having the advantage of sequencing millions of DNA fragments at once at the cheap
price were started in metagenomics (Alves et al. 2018). At present, metagenomics is
categorized into two major methods, one is the structural metagenomic approach and
the other is the functional metagenomic approach. The structural metagenomic
approach is based on studying the structure of the unculturable microbial inhabitants,
i.e., microbial composition and dynamics in a unambiguous ecosystem in presence
of different spatiotemporal parameters (Alves et al. 2018). Whereas the functional
metagenomic approach is centered on the identification of genes that encode for the
important functions of concern, that includes the creation of expression libraries
having huge amount of metagenomic clones followed by activity-based investiga-
tion (Guazzaroni et al. 2015). With the help of advanced molecular tools such as
genomics, transcriptomics, proteomics, fluxomics, metabolomics, etc., we can
approach unculturable microbes of diverse environments. Additionally, the
commencements of next-generation sequencing techniques and in silico analysis
have assisted the scientists to access the uncultivable microbes, their complete data,
their enzymes, and metabolic pathways related to bioremediation (Pandey et al.
2019). The metagenomic approach has unlocked the new possible ways to evaluate
the microbes, their genetic variety, and metabolic paths related to degradation of
xenobiotic pollutants. In the current chapter, the role of metagenomics in
apprehending the microbial community diversity and functions involved in biore-
mediation will be discussed. Further, it will discuss the analysis of microbial
diversity in divergent environments and mostly employed sequencing platforms.

3.2  Conventional Methods of Gene Sequencing

Molecular biology approaches are used for identifying microbial diversity and for
determining the efficiency of the bioremediation process. Various conventional
culturable and nonculturable technologies are utilized to determine the structures
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of microbes and its composition such as randomly amplified polymorphic DNA
(RAPD), polymerase chain reaction (PCR), ribosomal intergenic spacer analysis
(RISA), ARISA, amplified ribosomal DNA restriction analysis (ARDRA), tempera-
ture gradient gel electrophoresis (TGGE), DGEE, and T-RFLP.

3.2.1 Polymerase Chain Reaction (PCR)

This technology amplifies a single DNA copy across several orders to generate
millions and thousand copies of a specific DNA sequence. It is a reliable, easy, and
cheap technology to replicate DNA of interest and is widely used in molecular
biology research. This technique requires primers, DNA polymerase, nucleotides,
and DNA templates to link every single nucleotide together for the formation of PCR
product which is then analyzed by agarose gel electrophoresis.

3.2.2 Fluorescence In Situ Hybridization (FISH)

This technology is regarded as molecular cytogenetic method which exploits fluo-
rescent probes that bind to chromosomes that have high degree of complementarity
sequence. This technique has led to in situ enumeration and identification of
microbes by whole-cell hybridization (Rastogi and Sani 2011). Numerous molecular
probes that target 16S rRNA genes are already conveyed at taxonomic levels. This
method is used in combination with high-resolution automated analyzer and flow
cytometry. This method has been effectively utilized in studying the bacterial
population of soil pickled with herbicide triazine (Caracciolo et al. 2010). However,
background fluorescence, inaccessibility of target, and low signal intensity are
the main constraints of this method. However, this problem has been resolved by
the utilization of brighter fluorochromes and treatment of chloramphenicol to elevate
the content of rRNA.

3.2.3 Amplified Ribosomal DNA Restriction Analysis

This technology is centered on variations of DNA sequences that exist in amplified
PCR of 16S rRNA genes. In this technique, the PCR product amplified from
environmental DNA is digested by restricted fragments and endonucleases which
are resolved on polyacrylamide gels. However, this method provides less informa-
tion on the type of microorganism present in the sample. ARDRA is also used in
characterizing communities of microbes that are involved in biodegradation of
xenobiotic compounds and industrial wastewater treatment (Shah 2014).
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3.2.4 Ribosomal Intergenic Spacer Analysis

This technique majorly includes amplified PCR for a portion of intergenic spacer
region present between large (23S) and small ribosomal (16S) subunits that shows
variability of nucleotide sequence and length of various microbes (Ciesielski et al.
2013). This method is also called community fingerprinting as it is used in compari-
son and characterization of microbes in different environmental conditions. The
modified form of RISA that is ARISA includes the utilization of fluorescence-
labeled forward primer, and fragments of ISR are detected by a laser detector that
leads to simultaneous analysis of various samples.

3.2.5 DNA Microarrays

This technique is also called nucleic acid microarrays and uses specific sequences of
DNA that are synthesized or deposited in the 2-dimensional array over the surface
that leads to the attachment of DNA noncovalently or covalently to the surface. It
probes a solution of nucleic acids and hybridization of the targets to probe that
measures the nucleic acid concentration in solution (Bumgarner 2013).

3.2.6 Randomly Amplified Polymorphic DNA (RAPD) Analysis

This method uses amplified PCR by primers that are 10 nucleotides short and
anneals randomly at numerous sites on genomic DNA at low annealing temperatures
usually 35 °C. It leads to the formation of PCR amplicons of diverse lengths in an
individual reaction separated by polyacrylamide or agarose gel electrophoresis.
RAPD provides ease and high speed due to which it is utilized in fingerprinting of
microbial diversity and closely related strains.

3.3 Next-Generation Sequencing Techniques

Next-generation sequencing denotes technologies permitting millions of sequence
reactions in parallel to a solid surface such as glass slide or beads. Therefore, this
requires the spatial separation of reactions rather than physical separation. Hence,
various million reactions follow at the same time which leads to reduction in labor
input and huge cost as compared to conventional methods. The path includes various
commercial platforms of NGS on the basis of different technologies and follow
general steps or patterns. The steps in DNA sequencing by NGS are as follows
(a) preparation of library, (b) library amplification, (c) sequencing via diverse
approaches. The results that are generated vary as per the data quality, length read,
and data quantity. Classification of various NGS sequencing technologies on the
basis of technology type, system of detection used, amplification method, and
chemistry is described below and mentioned in Fig. 3.1.
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Fig. 3.1 Classification of various NGS technologies

3.3.1 Pyrosequencing Technology

In 1993, Nyren and coworkers introduced pyrosequencing technology through
sequencing by synthesis (SBS). In this technique, DNA sequencing is centered on
detection of released pyrophosphate molecule during nucleotide addition by DNA
polymerase (Ronaghi et al. 1996). The speed of reaction speed is very fast at room
temperature, around 3—4 s is utilized for the reaction competition from nucleotide
addition to chemiluminescent detection. However, later a US-based Biotechnology
Company 454 Life Sciences took up this technique and made it commercially
available with slight amendments. This technology utilizes enzyme luciferase from
American firefly (Photinus pyralis) and recombinant ATP sulfurylase (Saccharomy-
ces cerevisiae). This technology includes two different approaches: (a) solid phase in
which DNA gets immobilized, and (b) liquid phase in which pyrase (nucleotide
degrading enzyme) which excludes the solid support requirement due to which
reaction occurs in single tube.

3.3.2 Roche 454 (GS FLX Plus)

Pyrosequencing technology sequencer of 454 Life Sciences in 2007 was overtaken
by Roche which was later identified as Roche 454. The phases included are nucleic
acid fragmentation followed by template strand synthesis with polymerase enzyme
assistance. Once new nucleotide is incorporated by polymerase, the pyrophosphate
is released. The released molecule changes ADP to ATP in presence of sulfurylase
enzyme. Pyrosequencing-based platforms use parallel systems in picoliter volumes
for sequencing in microfluid format. The methodology involves DNA fragmentation
using a nebulizer (spray method), ligation of adaptors to the fragmentated DNA, and
preparation of library followed by library attachment to beads. The bead makes
individual compartments called microvesicles or microreactors. In these
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compartments, clonal amplification occurs by emulsion PCR, next the emulsion
breaks down and beads attach to clonally amplified DNA that are rich in
microreactors (Margulies et al. 2005). Entirely, clonal amplified DNA bound
beads get distinctly loaded on a picotitre plate with 3.4 x 10° wells of 55 pm in
depth. The slide plate containing picoliter-sized wells is mounted on the flow cell,
forming flow channel for sequencing reagents above the wells. GS FLX is a genome
sequencer that produces 450 Mb data from a single run as compared to new genome
sequencer that produces 700 MB of data from a single run within 10 h. The main
advantages are it is a fast technology and produces reliable and accurate results for
high-throughput real-time sequencing. Moreover, this technology does not need
labeled primers and nucleotides and is appropriate for confirmatory sequencing as
well as de novo sequencing (Ronaghi 2001). The major restraint is sequencing the
same nucleotide repeat (homopolymer sequencing) and it is costlier as compared to
other technologies.

3.3.3 Reverse Terminator Technology

This technology was first introduced by Dr. JingyueJu and is based on sequencing by
synthesis strategy. The major difference between reversible sequencing and tradi-
tional sequencing is that it uses modified nucleotide analogue to end the primer
extension reversibly, whereas traditional technology employs ddNTPs to terminate
the primer extension (Guo et al. 2010). It is majorly categorized into two types that
are 3’ blocked and 3’unblocked reversible terminators. Illuminia Solexa has
commercialized this technology due to its acceptance in sequencers of second
generations (Bentley et al. 2008).

3.3.3.1 lllumina Solexa

In 1998, Shankar Balasubramanian and David Klenerman introduced the idea of
using one sequencing DNA molecule attached to a microsphere with Solexa foun-
dation. In 2006, “Solexa Genome Analyser” was invented which was later occupied
by Illumina for clonal amplification of DNA sequencing (Voelkerding et al. 2009).
This technology uses flow cell made of transparent optical slides with eight lanes
over the surface with oligonucleotides attached on flow cell. The methods of
sequencing are template DNA fragmentation and repairing end fragments. 3’ ends
are adenylated by the single “A” nucleotide addition to enable ligation at the 3’ end
with adaptors carrying overhang “T.” As the flow cell and ligated adaptors are
complementary, anchors get hybridized. The bounded DNA template to flow cell
leads to the formation of a cluster by bridge amplification as compared to PCR
emulsion (Adessi et al. 2000). Polymerization is terminated due to the addition of
ddNTPs (fluorescent-labeled reversible terminators), and these incorporated
nucleotides are detected via capturing fluorescence (Guo et al. 2008). Illumina is
the major dominating platform in the high-throughput sequencing market and
produces different platforms such as NextSeq, HiSeq, and MiSeq series. Out of
this most popular and recognized are HiSeq and MiSeq platforms. HiSeq2500 has
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the ability to produce 1 terabytes (TB) of data from a single run in 5-6 days. On the
other hand, MiSeq was introduced in 2011 as a tabletop sequencer in which a run is
completed within 4 h for the targeted sequencing of bacteria. Recently, Illumina
released HiSeq4000 and HiSeq3000 on the basis of the patterned flow cell and their
run time and data output lie between HiSeq2500 and HiSeq X Ten (Reuter et al.
2015).

3.3.3.2 lon Torrent

This technology converts nucleotide sequence directly into digital information over a
semiconductor chip (Rothberg et al. 2011). The sequencing reactions of this tech-
nology occur in millions of well-covering semiconductor chips encompassing
millions of pixels which lead to the conversion of chemical information into
sequencing information. The process begins with the fragmentation of DNA into
200-2000 base fragments that are ligated to adaptors. The fragments of DNA adhere
to adaptors and beads by complementary sequencing which is then amplified by
emulsion PCR. Subsequently, the beads flow through the chips that contain wells,
and when nucleotides are incorporated hydrogen ions are given off and the signal is
recorded. The advantage of this technology is that there is no requirement for a
camera or scanner as direct nucleotide addition is converted into a voltage which is
recorded and thus speeds up the process. Ion Torrent is sold by Ion Proton system,
IONXS5 XL system, and Ion personal genome machine system.

3.3.3.3 Sequencing by Ligation Technology

This technology determines the sequence of DNA by using the mismatch sensitivity
of enzyme DNA ligase (Ho et al. 2011). In 2008, this technology was marketed by
Applied Biosystems USA. The basis of this technology depends on the varied length
of oligonucleotide probes, which are labeled with various fluorescence tags liable to
nucleotides aimed for sequencing.

3.3.3.4 ABI SOLiD

In 2005, George Church invented this technology as a detection and small oligonu-
cleotide ligation system. However, later SOLiD was marketed by Applied
Biosystems in 2008 which is currently overtaken by Life technologies. The sequenc-
ing reaction of this technology is categorized into five steps: (a) DNA library
preparation, (b) clonal amplification in microreactors via emulsion PCR, (c) bead
adherence, (d) sequencing, (e) primer resetting. The SOLiD500 takes almost
5-6 days to complete a single run and produces data of 120-240 gegabytes (GB) with
75 bases read length, whereas the SOLiD4 platform produces 100 GB data. The
major advantage of this technology is 99% accuracy as each nucleotide is sequenced
twice (Voelkerding et al. 2009). The main constraints are time taking procedures and
less data production as compared to Illumina.
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3.4 Metagenomics Sequencing and Its Framework

The metagenomic study of the environmental sample (contains whole genomic
material), collected straight from surroundings, is known as metagenomics
(Schmeisser et al. 2007). Metagenomics is a new field of genomics that uses a
variety of ways to channelize microbial groups in environmental samples and to
unravel the genomes of unrefined microorganisms, revealing the heterogeneousness
of taxonomically and phylogenetically compatible genes, catabolic genes, and whole
operons (Riesenfeld et al. 2004; Uhlik et al. 2013). Researchers will be able to
combine pure culture studies with genomics using the metagenomic data (Yergeau
et al. 2017). It uses a diverse variety of microorganism’s ambient genomes, which
compliments the chances of discovering novel genes and pathways, and new
enzymes that are immensely precise catalytic capabilities (Awasthi et al. 2020).
Early metagenomic investigations centered on habitats like acidic environment,
mining, drainage, and the human colon microbiome due to a shortage of high-
throughput sequencing tools and program (Oulas et al. 2015; Hodkinson and
Grice 2015). Utmost environments with severe temperature, alkality, acidity, less
oxygen, deep-sea hydrothermal vents, heavy metal-contaminated soils, and so on
have been examined using metagenomics that supply limitless opportunities for
bioprospecting and inspect novel biomolecules like proteins, enzymes, and so on,
due to the advances of potent software tools and molecular advancements (Scholz
et al. 2012). Handelsman (2004) initially proposed the idea of metagenomics in
1998; nevertheless, the earliest evidence of metagenomics comes from Pace et al.
(1985), who was the first to do phylogenetic analyses of ambient microbial
populations. The separation of nucleic acid (DNA or RNA) from surrounding
sources is the beginning step in metagenomic assessment study. Genome improve-
ment measured by metagenome investigation is possibly used to assess vital micro-
bial groups in contaminated environments (Felczykowska et al. 2015). Cataloging
using Stable Isotope Probing (SIP) is used to improve RNA, DNA, or phospholipids
of vital microbial populations. Phylogenetic markers, conserved genes, expression
of particular phenotypes, and other features can all be inspected in the emerging
transformants (Handelsman 2004). Two methods of analysis can be used to extract
biological data from metagenomic libraries: function-driven study and sequence-
driven study. The sequence-driven analysis is centered on the sequencing of clones
conserved DNA sequences, whereas function-driven analysis is centered on the
identification of clones that express their functional activity (Chen and Murrell
2010; Wong 2018).

The original goal of metagenomics was to identify population present in environ-
ment for some activities associated with biology and discovery of genes or gene
clusters related with it; thus, function-based screening was coined (Bharagava et al.
2019). In addition, the development of high-throughput NGS technologies [such as
454 pyrosequencing, Illumina (Solexa) sequencing, and SOLiD (Sequencing by
Oligonucleotide Ligation and Detection) sequencing] spawned a new approach
into metagenomics: sequence-based screening. Metagenomic investigations have
been performed by using high-throughput microarrays, with the exception of a
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Fig. 3.2 The two main approaches of metagenomic framework

sequence-based screening of ambient metagenomic libraries (Uhlik et al. 2013).
These libraries are used to study microbial populations and take a look on biogeo-
chemical processes in the environment. Currently, GeoChip microarrays contain
83,992 50-mer sequences encoding enzymes involved in biogeochemical (C, N, P,
S) cycles, metabolic processes, heavy metal tolerance, antibiotic resistance, and
ecological pollutant degradation (Lu et al. 2012). As a consequence, GeoChip
microarrays could be used to study microbial communities’ organization, behavior,
and prospective metabolic functions, as well as their modifications in response to
specific disturbances (Brodie et al. 2006). PhyloChip is a domain of microbes and
pollutant degradability, a type of microarray used for elevated phylogenetic research
of microbial communities (DeAngelis et al. 2011).

Metagenomics is subdivided into two parts, each of which focuses on a different
feature of the microbiological population in the area of specific habitat. The first,
known as structural metagenomics, focuses on studying the organization of an
undeveloped bacterial community that can be broadened to incorporate other aspects
like the reconstruction of a complex metabolic pathway among community members
(Fig. 3.2) (Handelsman 2005; Tringe et al. 2005). In this context, microbial commu-
nity configuration states the makeup and development of the population microbes in
relation to evolutionary processes and geographic features of a single ecosystem.
The research of plant communities gives a better understanding of the relationships
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among the numerous components that comprise a community and also identifying
environmental or physiological roles among individuals (Tringe et al. 2005; Vieites
et al. 2009). The functional metagenomic approach, on the other hand, tries to
discover genes that translate for such a desired purpose by creating expression
libraries with hundreds of metagenomic clones and then screening them using
activity-based methods (Fig. 3.2) (Schmeisser et al. 2007; Guazzaroni et al. 2015).

Structural metagenomics, on another end, tries to explore the elements of a
microbial community’s genes. As a consequence, the latter method can rebuild the
community composition more thoroughly, perhaps revealing whole microbiome
metabolic pathways and assigning small or large geoecological functions to com-
munity leaders (Alves et al. 2018).

The use of Sanger sequencing technology at the start of metagenomic
investigations resulted in significant advances in the area (Gillespie et al. 2002;
Breitbart et al. 2003; Uchiyama et al. 2005). However, the introduction of next-
generation sequencing (NGS) technology capable of simultaneously sequencing
millions of DNA fragments at a low cost boosted the field significantly (Sunagawa
etal. 2015; Klindworth et al. 2013; Oulas et al. 2015). In comparison, up to 5000 Mb
of Target dna can be recovered utilizing NGS systems every day for approximately
0.50$/Mb, but Sanger sequencing technology can create about 6 Mb of DNA
sequence per day for about 1000$/Mb (Kircher and Kelso 2010).

3.5 Tools for Metagenomic Data Analysis

Shotgun metagenome in comparison to amplicon may directly offer functional gene
profiles and achieve a considerably greater level of taxonomic annotation resolution.
However, analysis requires a considerable number of computational resources due to
large data size. We advocate deploying metagenomic analytic pipelines using the
package manager Conda with BioConda channel (Tange 2018) to make program
installation and maintenance easier. Because metagenomic analysis is computation-
ally intensive, it is desirable to execute several projects in parallel with the use of
queue management software such as GNU Parallel (Griining et al. 2018). The
HiSeqX/NovaSeMetaBAT?2 from Illumina based on tetra-nucleotide frequency and
contig abundance, binning methods group contigs into different bins (draught
genomes) (Kang et al. 2015). To obtain superior bins, reassembly is undertaken.
We advocate adopting a binning pipeline like MetaWRAP (Uritskiy et al. 2018) or
DAStool (Sieber et al. 2018) that combines many binning software packages to
produce refined binning findings and more complete genomes with less contamina-
tion. These pipelines also provide scripts that may be used for evaluation and
visualization. Quince et al. (2017) is a good resource for a more in-depth look of
metagenomic studies and analysis. For metagenomic sequencing, the q system
typically provides PE150 reads, whereas the BGI-Seq500 generates PE100 reads.
The KneadData pipeline (https://bitbucket.org/biobakery/kneaddata) or a combi-
nation of Trimmomatic (Bolger et al. 2014) and Bowtie 2 are required for quality
control and the removal of host contamination from raw reads, which is required for
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Fig. 3.3 Flowchart of metagenomic sequencing methods. The text next to the arrow represents
methods while parentheses represents frequently used software

metagenomic analysis (Langmead and Salzberg 2012). The conversion of clean data
into taxonomic and functional tables utilizing reads-based and/or assembly-based
approaches is the most important step in metagenomic analysis. Clean reads are
aligned to curated databases using read-based approaches, which provide feature
tables (Fig. 3.3). MetaPhlAn2 is a taxonomic profiling program that aligns
metagenome readings to a predefined marker-gene database in order to perform
taxonomy classification (Truong et al. 2015). Kraken 2 employs lowest common
ancestor (LCA) techniques to perform taxonomy classification and does accurate
k-mer matching to sequences in the NCBI nonredundant database (Wood et al.
2019). See Ye et al. (2019) for a survey of 20 taxonomic categorization techniques
that have been benchmarked. The widely used functional profiling software
HUMAnNN2 (Franzosa et al. 2018) can also be used to investigate within and
between sample contributional diversity (species contributions to a certain function).
MEGAN is a crossplatform graphical user interface (GUI) software that performs
taxonomic and functional studies (Huson et al. 2016) (Table 3.1). There are other
catalogues curated from the human gut (Tierney et al. 2019), the mouse gut (Xiao
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Table 3.1 Tools of metagenomic analysis

S.

No. | Name Description and advantages

1. Trimmomatic It is a Java-based software which is used in metagenomic raw reads for
quality control

2. Bowtie 2 It is a tool for rapid alignment which is used for quantification or to
eliminate host contamination

3. MetaPhlAn2 Tool for taxonomic profiling having marker gene databank with above
10,000 species. It gives result for the relative abundance of strains

4. Kraken 2 A tool for taxonomic classification used for accurate k-mer similarity

to NCBI database, fast and accurate classification, and give outputs
reads counts for individual species

5. HUMANN2 Centred on the UniRef protein databank, can calculate abundance of
gene family, coverage, and abundance of pathway from metagenomic
or metatranscriptomic data.

6. MEGAN A cross-platform tool for taxonomic and functional assessment of
metagenomic data, provides visualizations with metadata (including
scatter plot, word clouds, tree maps, grouping, and linkages)

7. MEGAHIT Ultra-fast and memory-efficient metagenomic assembler
8. metaSPAdes High-quality metagenomic assembler, requires excess time and large
memory

9. MetaQUAST Assesses metagenomic assemblies quality (including N50,
misassemble, outputs PDF, and interactive HTML reports)

10. | MetaGeneMark | Gene prediction in bacteria, archaea, metagenome, and

metatranscriptome
11. | Prokka Offers rapid prokaryotic genome annotation, give output as nucleotide
sequences, protein sequences, and annotation files of genes
12. | CD-HIT Utilized for making nonredundant gene catalogs
13. | Salmon Offers ultra-fast quantification of reads counts of genes based on k-mer
14. | metaWRAP Binning pipeline having 140 tools, also supports Conda installation. It

provides visualization of refinement, quantification, taxonomic
classification, and visualization of bins

15. | DAS tool It is a binning pipeline which integrates five different binning software
packages which is used for refinement

etal. 2015), the chicken gut (Huang et al. 2018), the cow rumen (Stewart et al. 2019),
and the ocean (Salazar et al. 2019). In the right field of study, these customized
databases can be utilized for taxonomic and functional annotation, allowing for
efficient, precise, and quick analysis. Methods based on assembly MEGAHIT or
metaSPAdes can be used to assemble clean readings into contigs (Fig. 3.3). MEGA-
HIT (Li et al. 2015) is a tool for swiftly assembling huge, complicated metagenome
datasets with low computer memory, whereas metaSPAdes can build longer contigs
but requires more computing resources (Kanehisa et al. 2016). MetaGeneMark (Zhu
et al. 2010) or Prokka is used to identify genes included in assembled contigs
(Seemann 2014). Using methods like CD-HIT, redundant genes from separately
built contigs must be eliminated (Fu et al. 2012). Finally, using alignment-based
tools like Bowtie 2 or alignment-free approaches like Salmon, a gene abundance
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table can be created (Patro et al. 2017). A metagenomic dataset typically contains
millions of genes. These genes must be grouped together into functional annotations
such as KEGG Orthology (KO), modules, and pathways, which is a type of
dimensional reduction (Nurk et al. 2017).

3.6 Bioinformatics Tools for Functional Analysis
of Metagenome

The functional annotation approach identifies the genes of importance as well as the
prediction of their functions as per the taxonomy (Almeida and De Martinis 2019).
In the metagenomics, the initial stage involves the sequence comparison using
available catalogs for finding all of these taxonomies, functional annotation,
sequence binning, phylogenomic outlining, and metabolic restoration through freely
available software, i.e., MG-RAST (rapid annotation using subsystems technology
server) that do the processing and integration of all the metagenomic data. The
operators may upload raw data files (FASTA format) on the MG-RAST server which
further normalizes the sequences so that operators can do data comparison with other
metagenomic data (Meyer et al. 2008).

Mothur server is a different stage of metagenomic sequencing which has several
integrated analysis tools like pyrosequencing pipeline (RDP, which cuts and denoise
user sequences); NAST, SINA, and RDP aligners (which is used to compare user
sequences with available records). On this server, DNADIST (which calculates
sequence distances between alignments), DOTUR, and CD-HIT (that relates
sequences to OTUs, constructs rarefaction curves, and calculates diversity and rich-
ness); f -LIBSHUFF (which test similarity between two communities structure) are
available. It also incorporates TreeClimber (which uses the parsimony method to find
similarity between two or more communities structure) and UniFrac (to compare the
distance between communities through phylogenetic to detect differences in their
structure). Only 10°-10* sequences can be analyzed through this server and it cannot
be utilized for the investigation of large data. Mothur also comprises more than
25 diversity index calculators, visualization tools, NAST-based sequence alignment,
and a pairwise sequence distance calculator (Almeida and De Martinis 2019).

The MEGAN (Metagenome Analyzer) server is another main computational tool
that analyzes the metagenomes according to taxonomic and functional classification.
The main advantage of taxonomic analysis using MEGAN is nonrequirement of
metagenomic assembly. The operation in MEGAN is typically centered on a
preprocessing step that compares the contigs against catalogs of identified sequences
with the help of BLAST with visualization of output in MEGAN. MEGAN syner-
gistically evaluates and utilizes the taxonomic data of the National Center for
Biotechnology Information (NCBI)-based dataset for results and summary. The
MEGAN tool works on the simple algorithm which allocates common ancestor
(LCA) to each read from its hit by means of a reference taxon (Almeida and De
Martinis 2019). The output on MEGAN is in form of a tree that contains species-
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specific sequences clustered as terminal branches and highly conserved sequences
clustered close to the root along with tree nodes representing different taxonomic
levels (Huson et al. 2016).

Kraken is a tool which is used for classification, characterization, and finding an
abundance of sequence in accurate speed and accuracy. The speed of Kraken is
originated due to precise matches among the k-mer value of sequences and available
sequences on databases. This tool can differentiate the sequences at the genus
category very accurately and sensitively in comparison to Megablast (Wood and
Salzberg 2014).

3.7 Application of Metagenomics

Metagenomics does the isolation of genetic material from different environments.
Over the past two decades, this approach has evolved to explain and study the
microbial communities host occupying a specific niche to apprehend their ecological
role, genetic variety, and configuration of the population. Various novel and new
molecules with specific applications and functions have been identified by this
approach. Recently, various scientists and researchers are involved in this area to
untap and reveal genetic resources with the help of government funding.
Metagenomics is also used in the area of sustainability, ecology, medicine, and
agriculture. This approach assures to provide novel enzymes and molecules with
improved features and different functions in the comparison to enzymes isolated
from culturable microbes. Apart from revealing novel biocatalysts from nature,
metagenomics is also used in fields of medicine, xenobiotic metabolism, bioremedi-
ation, and human microbiota.

3.7.1 Food Industries

Novel biocatalysts and enzymes isolated from natural sources are mainly used in
reactions of food processing. Several enzymes are related to reactions occurring in
nature that provides energy for food, but are not able to mimic at the industrial level,
e.g., starch degradation. Microbial enzymes are used in several applications such as
brewing, processing of food, starch, and fruits, corn syrup and sugar production,
flavoring, fermented, and dairy products production. Numerous novel enzymes
discovered by functional metagenomics with application in the industrial field are
mentioned in Table 3.2.

Esterases and lipases show a major 3part in the pharmaceutical and food industry.
Lipases hydrolyze fats into glycerol and fatty acids at the interface of water lipids
and reverse the reaction to the nonaqueous phase (Gupta et al. 2004). Dairy
industries exploit lipases for milk fat hydrolysis that releases long- and short-chain
fatty acids which provide features of cheesiness and creaminess (Hasan et al. 2006).
In 2014, Peng and his coworkers discovered novel alkaline lipase from Chinese
marine sediments showing its lipolytic activity in Escherichia coli host through
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Table 3.2 Novel biocatalysts screened from metagenomic library by functional metagenomics

Enzymes Substrate Host Environment

Amylase Pectin Plasmid Soil

Cellulase Starch Fosmid Soil

Endocellulase Carboxymethyl- Plasmid Soil
cellulose

Endoglucanase | Carboxymethyl- A phage Rice straw
cellulose compost

Lipase p-Nitrophenyl (pNP) Plasmid Marine sediment
esters

Pectinase Polygalacturonic acid Plasmid Lagoon

Protease Azocasein Plasmid Soil

Serine Skim milk agar Plasmid Soil

proteases

Xylanase Oat spelt xylan Bacterial artificial Compost soil

chromosome rumen

metagenomic library screening (Peng et al. 2014). Lipases are also used in baked
goods preservation and modification of vegetable oil. Even though in the past
decade, lipases that were utilized in food industry were attained from animal sources,
recently it has been discovered that microbes hold potential for lipases that can be
used in various industries (Table 3.2). Lipases isolated from microbes are used in
pharmaceutical industries for the production of antimicrobial and antitumor agents
(Kato et al. 1997).

Esterases are involved in the hydrolysis of ester into acid and alcohol in an
aqueous solution. The main difference between esterase and lipases is that they
hydrolyze short-chain fatty acids rather than a long chain. In food industries, they are
utilized in oil, fruit, and fat modifications and alcoholic industries for the production
of fragrances and flavors. In 2012, Cheng and his team constructed a metagenomic
library from Chinese Holstein rumen of cow microbial content for the identification
of feruloyl esterase activity, from which they identified activity of protease insensi-
tive esterase proficient of fatty acid production from wheat straw (Cheng et al. 2012).
Examples of a pharmaceutical application include pain reliving medications, inflam-
mation reduction, and chiral drug synthesis (Shen et al. 2002).

3.7.2 Novel Bioactive Discovery

The application of microbial enzymes producing pharmaceutical products was
formerly synthesized by chemical means. Therefore, it is studied that functional
metagenomics can be useful for discovering genes with availability to carry out
reactions for the synthesis of bioactive or intermediate compounds in pharmaceutical
industries. A study has been done for the expression and identification of biosyn-
thetic microbial pathways for the production of biotin utilized in industrial
applications (Entcheva et al. 2001). The utilization of microorganism-producing
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Table 3.3 Bioactive compounds and biosynthetic pathway used in pharmaceutical industries
identified by functional metagenomics

Bioactive
compound Homolog Host Environment
Biotin Identity to proteins from Erwinia Cosmid Horse
herbicola excrement
Polyketide Identity to PKS from Myobacterium | Targeted Marine sponge
synthase genes avium sequence-based
strategy
Pederin Identity to sequence from Targeted Paederus
Pseudomonas aeruginosa sequence-based beetles
strategy
Borregomycin Identity to serpins from Plasmid Uncultured
A Salinibacter ruber marine
organism
Vibrioferrin Identity to proteins from Vibrio Plasmid Tidal flat
parahaemolyticus sediment
Novel salt- Identity to hypothetical protein of Plasmid Fecal sample
tolerant gene Caulobacter crescentus

biotin rather than chemical synthesis provides a greener substitute to industries.
Various other microbial genes of interest capable of synthesizing bioactive
compounds used in pharmaceutical industries for medicine and human health
recognized by functional metagenomic methods are enumerated in Table 3.3.

3.7.3 Novel Antimicrobials Discovery

Microorganisms have the ability to produce antibiotic molecules that alleviate
competitors of natural habitats. In the past, natural sources have proved to be
beneficial for the production of antibiotic molecules. Various human bacterial
infections are cured with present antibiotic therapies, but in recent years antimicro-
bial resistance problems have evolved that caused the resistance of antimicrobials.
Resistance of antibiotics has confronted various researchers in the clinical area for
untreatable serious bacterial infections which have made antimicrobial resistance a
thoughtful threat towards the health of humans (World health organization 2014).
However, recent advances in metagenomics, metabolic engineering, and high-
throughput sequences have provided a new alternative for drug discovery from
natural products (Jayasuriya et al. 2007). Thus, the metagenomic approach can be
used for the novel antimicrobial compound identification through microbial popula-
tion screening for studying the activity of microbes against clinically relevant
microbes. This method gives variety of antimicrobial compounds as mentioned in
Table 3.4. In 2002, Gillespie and his team discovered turbomycin A and B antimi-
crobial compounds via metagenomic screening from soil sample expressed in
Escherichia coli host displaying broad-spectrum activity against gram-negative
and positive bacteria (Gillespie et al. 2002).
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Table 3.4 Discovery of various antimicrobial compounds by metagenomics

Antimicrobial compounds Host Environment
Violacein Cosmid Soil
Fasamycin A and B Cosmid Soil
Terragine Cosmid Soil
Beta-lactamases Fosmid Soil
Turbomycins A and B Bacterial artificial chromosome Soil
Indirubin Fosmid Soil

3.7.4 Xenobiotic Degradation

The study of xenobiotic action, especially antibiotics, on the gut microbiota of
humans is crucial to study the drug resistance mechanism and genes accountable
to counter the problem of elevating drug resistance and inventing drugs that are
effective against pathogens. Thus, studying the role of xenobiotic metabolism and
resistance in the human gut microbiome will not provide information into biochem-
istry and host-microbe interactions but will also provide indications for drug effi-
ciency and toxicity. This issue is being resolved by metagenomics that has enabled
the genome analysis of the human gut microbiome. In 2013, Maurice and his team
discovered the metabolic activity and gene expression of a distinctive set of gut
microbiota that is effective by host-targeted antibiotics and drugs (Maurice et al.
2013). These findings suggest the xenobiotic consequences and indicate microbiota
as an alternative factor in developing medicines.

3.8 Importance of Metagenomics in Bioremediation
of Pollutants

The development of genomic methods has enhanced the management of polluted
sites in a sustainable way. The cultural-independent approaches of microbial analy-
sis from the contaminated environment have improved the identification of microbial
community dynamics vigorously involved in the bioremediation process that cannot
be identified by cultural techniques (Desai et al. 2010). Approaches such as gene
amplification through PCR and sequencing methods have been established as
extremely beneficial in assessing the microbial population utilized in bioremediation
(Gotebiewski and Tretyn 2020). The 16S rRNA sequence analysis is utilized for
identification of novel, uncultivable, and phenotypically unidentifiable microbial
diversity by amplification and sequencing of hypervariable regions of the 16S
rRNA gene (Chandran et al. 2020). 16S rRNA sequencing analysis had been utilized
in revealing microbial community diversity and occurrence of dioxygenase genes
through the genetics of PAHs-contaminated soil (Haritash 2020). In a study, 16S
rRNA gene amplicon sequencing was utilized for studying the microbial community
abundance and diversity of the heavy metals polluted soil (Kou et al. 2018).
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Metagenomics play a major part in detecting air, soil, and water pollution.
Metagenomic analysis reveals the microbial community diversity and explicit
genes involved in bioremediation which assist as pollution biomarkers (Kisand
et al. 2012). Wang et al. (2015) have reported the 255 taxa and 414 functional
modules after analytical and comparative metagenomic analysis of datasets of
hydrocarbon-contaminated sites by using hydrocarbon pollution biomarkers. Wang
and coworkers used the MetaBoot Software for identifying the pollution biomarkers
after relating the metagenomic data of contaminated sites. The comprehensive
reading about microbial population of each contaminated site can be analyzed by
shotgun metagenomics and the associated environmental pollution monitoring
models could be acquired from microbial community structure. Targeted
metagenomics is another approach that helps in discovering specific genes within
a population serving as probable biomarkers for unambiguous environments. In a
study by Techtmann and Hazen (2016), cyclo-alkane degrading genes expression
gave the idea that the specific site was polluted with hexane compounds. In a study
by Silva et al. (2013), the genes and metabolic pathways of degradation of phenol
like aromatic compounds from a petroleum refinery wastewater treatment system
were characterized by metagenomics. Metagenome data analysis was performed to
find the functional potential of microbes, taxonomic community composition of the
microbial community, and genes associated with xenobiotic degradation to under-
stand the metabolic pathways of degradation of compounds such as organophospho-
rus pesticide and diesel (Garrido-Sanz et al. 2019). The collective physicochemical
examination has been done along with metagenomics to elucidate metabolic
pathways related to polyurethane degradation (Gaytan et al. 2020). A study by
Aubé et al. (2020) has reported the influence of petroleum pollutants on the taxon-
omy and metabolic composition of microbial mats through metagenomics and
metatranscriptomics.

With the help of metagenomics, important bioactive compounds, genes, and
enzymes have been also discovered. Several hydrocarbons (alkanes, naphthalene,
methylphenanthrene, and aromatics) degrading genes have been identified from
contaminated soil and aquatic sites (Guerra et al. 2018). Along with this, many
enzymes such as dioxygenases, laccases, carboxylesterases, monooxygenases,
hexadecane hydrolyzing enzymes, and degrading enzymes of phenol, polyaromatic
hydrocarbon, trichlorophenol, and alkane have also been discovered by
metagenomics from the soil, cattle rumen, chlorinated biphenyl polluted soils,
activated sludge, wastewater, and oil-contaminated water (Ufarté et al. 2015). The
above-mentioned enzymes can degrade several insecticides, pesticides, dyes, diesel
components, and plastics (Datta et al. 2020). Biosurfactants are amphiphilic glyco-
lipid compounds which help in promoting emulsification of hydrocarbons in the
water, thus utilizing them in the removal of oil spills in aquatic sites. Metagenomics
also identifies the genes, reactions, and approaches for high synthesis of
biosurfactants in marine bacteria (Williams and Trindade 2017). Biosurfactants
such as Palmitoyl putrescine and N-acyl amino acids were identified by
metagenomics. Metagenomics also helps in eradicating radionucleotides and toxic
metals from contaminated soil and water sites because of their hazard to the
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environment and human health (Jackson et al. 2015). With the help of
metagenomics, heavy metal and radionucleotide remediating microbes, metal resis-
tant, and radioresistant genes have been extracted from heavy metal and
radionucleotide-polluted environments (Xavier et al. 2019). Through metagenomic
analysis, it has been found that Geobacter species have been found in uranium-
contaminated sites (Hoyos-Hernandez et al. 2019). In a stable economy, healthy soil
and clean water have huge impacts; therefore, to maintain such a stable system,
metagenomics have high role in bioremediation technologies for eradication of
contaminants from environments.

3.9 Conclusion and Future Perspectives

In this chapter, the effectiveness of metagenomics approaches has been highlighted
for understanding the microbial diversity and function of different environmental
samples. The advancement of molecular and computational tools along with new
next-generation sequencing data has simplified the identification of unculturable
microorganisms, their genes, and functions having wide application in public health
and bioremediation. Additionally, the characterization of microbial community
facilitates a better understanding of the practices influencing the bacterial community
structure. Despite new and advanced sequencing technologies, there are enough
limitations of these approaches like methodology, sample preparation, DNA extrac-
tion, sequencing procedures and analysis error, error in taxonomical and functional
annotation, biases, and reference databases gaps. Other limitations are the influences
of different methodologies on qualitative and quantitative outcomes of molecular
and metagenomics analysis and the unknown function of half of the genes in a
metagenome. Further improvements in metagenomics analysis, technology, and
bioinformatics tool will help microbial ecologists and physiologists in filling these
knowledge gaps. Also, the major challenge of microbiologists nowadays is to find
the less biased method facilitating contact to the rare biosphere, distinguishing active
microorganisms and dormant cells, and increasing the capacity to relate microbes to
their metabolic functions in a community. On the other hand, combining
metagenomics and classical microbiology would be improved with information
acquired by reference databanks that will lead to precise ecological interpretations.
The increased anthropogenic activities and their impacts on the environment have
resulted in thinking about novel and effective approaches for bioremediation and
cleanup. The current omic techniques such as genomics, metagenomics,
transcriptomics, proteomics, and metabolomics have helped in understanding the
mechanism and pathways related to microbial bioremediation. These omics
approaches have ability to anticipate the microbial metabolism at contaminated
sites and find novel microbes and their biodegradation pathways for bioremediation.
Therefore, by utilizing the benefits of these multi-omics approaches, new
hypotheses, theories, and models of bioremediation of polluted environments can
be presented.
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With the decreasing sequencing costs frequently, the utility of metagenomics is
increasing and the metagenomics technique has enormous potential to gain insight
into the proper use of remediation approaches to achieve rapid remediation of
pollutants with minimum requirement. This technique enables the systematic under-
standing and efforts to optimize the efficiency of the bioremediation process so that
only the targeted microbial group can be enriched only. There is utmost requirement
to completely understand the main taxa, mechanism, and pathways of bioremedia-
tion processes. Further, making the sequencing process easy will result in the
generation of massive amounts of data for discovering the many uncultured phyla
and gene families whose function is not known. There is the utmost requirement to
combine the metagenomic technique with cultural-based techniques for
apprehending the overall role of microbial diversity in the bioremediation process
so that a complete picture of microbial bioremediation may acquire. Also, the
systematic knowledge of community response along with biochemical pathways in
response to different distresses is needed that is dependent on genetic and biochemi-
cal analysis of model organisms. The efforts towards the isolation of relevant
microbial taxa from the site of interest will help in fully understanding the
metagenomics data of these sites.

On the other hand, due to the dynamic nature of computational tools and
softwares, there is a high demand for growing the need of knowing and matching
these tools for selecting the right bioinformatics pipeline for analyzing the large
sequences obtained from different microbial communities of complex environments.
Therefore, microbiologists should have to consult experts from different areas,
ecology, molecular biology, bioinformatics, statistics, microbiome, and microbial
ecology, about the extraction and process of DNA from different conditions to create
a proper pipeline for balanced scrutiny of microbial diversity and maintain decent
practices in the study. The right information about designing a project from its
sampling point to the bioinformatics pipeline is strongly necessary and suggested
so that mistakes can be avoided in data interpretation.
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Abstract

Pollutants are the substances that lead to undesired effects on the environment and
pose a threat to all forms of life. The accumulation of these pollutants in the
environment causes several diseases which affect both human and animal health.
Several methods are implemented to degrade contaminants among which better
results are obtained for the bioremediation technique. Plants and microbes are
trappers of contaminants and they remove pollutants from the environment in an
effective way. When both microorganisms and plants are combined, they showed
an increase in their reduction activity compared to other remediation methods.
Plant-associated microbes such as endophytes and rhizospheric microorganisms
are utilised in the remediation of toxic compounds and are also used to enhance
the treatment process. Thus, plant-associated microbes are considered as a
promising approach in the remediation of contaminants. A broad knowledge
about plant-microbe interactions and the challenges faced during remediation
process is more important for the development of new technologies to remove
various contaminants. This chapter highlights the need for plant microbes and
how they play a vital role in the remediation of contaminants. More approaches
should be implemented using plant microbes for the betterment of polluted
environments.
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4.1 Introduction

Environmental pollution is not a new occurrence, but still it continues to be the
world’s greatest problem. The most striking reason for environmental pollution is the
eradication of the relationship between man and the environment due to the increas-
ing rate of exploitation of natural resources, urban growth, and industrialisation. The
source of environmental pollution is not only restricted to deforestation, landfills,
dumping of waste into water bodies, population growth, mining but also triggered by
the release of harmful substances such as toxic metals, sewage, industrial wastes, and
gaseous pollutants into the environment (Kumar and Chandra 2020a; Kumar et al.
2020a, 2021a; Singh et al. 2021). Several physical and chemical techniques are
available for reduction of pollutants, but they are expensive and lead to other
environmental problems (Appannagari 2017). Thus, the most efficient,
eco-friendly, and economical approaches should be considered for removing
pollutants. Bioremediation is considered worldwide since it is eco-friendly and
feasible (Kumar et al. 2018).

Phytoremediation and microbial bioremediation are the most common type and
efficient technique of bioremediation (Chandra and Kumar 2018; Agrawal et al.
2021; Kumar et al. 2022). Phytoremediation is the technology that employs plants to
eliminate contaminants from soil. Excessive use of pesticides and fertilisers contam-
inate soils by releasing heavy metals. This causes several human health problems.
Plants can remediate these soils by recycling heavy metals. Phytoremediation
inhibits the entry of contaminants into the environment, as they do not allow their
entry into groundwater (Chandra et al. 2018). They have the potential to recycle a
wide range of contaminants in the environment. The main disadvantage of
phytoremediation is it is slower than other techniques and can affect the survival
and growth of plants (Kumar 2021). Microbial techniques are also one of the cost-
effective and eco-friendly methods of bioremediation. They employ various
techniques such as bioreduction, biosorption, bioleaching, and biomineralisation
for removal of pollutants. The main disadvantage of this type of bioremediation is
it also is a slow process. Unlike phytoremediation, remediation by microbes cannot
be monitored by the naked eye. In recent times, cost-effective technologies which
employ the use of a combined system of plants and microbes for remediation of
pollution has been researched (Rajkumar et al. 2006). The utilisation of combined
systems of plants and microbes enhances the removal of contaminants from the
environment. This review aims to provide a better understanding of plant—microbe
interactions. Various methods using plants and microbes for remediation of polluted
sites are discussed.

4.2 Plant-Microbe Interaction

Plant—-microbe interaction is a complex and continuous process where the microbes
have both positive and negative impacts on plants. Thus, understanding plant—
microbe interactions would help in differentiating their positive and negative
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Fig. 4.1 Three main regions involved in plant-microbe interactions

impacts (Kumar and Chandra 2018a, b; Kumar et al. 2021b, c, d). It is a widely
accepted fact that certain plant-microbe interactions help in enhancing the growth of
plants, protecting from harmful pathogens, and maintaining soil fertility. The plant-
associated microbes leading to positive impacts are grouped into three categories.
They are phyllospheric, endophytic, and rhizospheric microorganisms (Fig. 4.1)
(Kaul et al. 2021). Phyllosphere is the region that covers the aboveground plant
parts. Phyllospheric microbes have the ability to withstand the abiotic stress of UV
radiation and high temperatures of 30-35 °C than other plant microbes. They protect
crops through various plant growth—promoting (PGP) mechanisms. Some examples
of phyllospheric microbiome are Arthrobacter, Acinetobacter, Bacillus, Pseudomo-
nas, Agrobacterium, and Xanthomonas. Endophytic microbes inhabit the internal
tissue of plants such as root, stem, flowers, fruits, and seeds. They protect the plants
from harmful pathogens and increase stress tolerance. Some examples of endophytes
are Enterobacter, Achromobacter, Streptomyces, Pseudomonas, Microbiospora,
and Nocardioides. Rhizospheric microbes inhabit the area around roots where the
microbes around the soil are attracted towards the plants due to the release of root
exudates. Some examples of rhizospheric microbes are Methylobacterium, Pseudo-
monas, Rhizobium, Arthrobacter, Acinetobacter, Azospirillum, and Bacillus (Yadav
2021).

4.2.1 Endophytic Microbiome

Endophytes are microorganisms that live within the tissue of the plant without
causing any diseases. They produce secondary metabolites and protect plants against
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various pathogenic microorganisms. Bacterial endophytes enter the plant through
roots and are divided into three types: passenger endophytes, opportunistic
endophytes, and competent endophytes. Passenger endophytes and opportunistic
endophytes have the capability to spread to the root cortex, whereas competent
endophytes spread throughout the vascular tissues. Opportunistic endophytes also
promote root proliferation. Bacterial endophytes enter into the vascular tissue, where
they spread in and colonise the vegetative area of the plants. Microbes that colonise
the rhizosphere enhance plant growth and also increase plants’ ability to adapt to
extreme environmental conditions. A recent study on rice seed colonised by bacterial
endophytes has shown an increase in plant growth. Some endophytes have showed
antifungal activities against various harmful pathogens present in plants. It has been
reported that bacterial endophytes isolated from the wheat cultivar seeds have shown
biocontrol activities towards Fusarium graminearum. A study conducted on endo-
phytic bacteria isolated from halophytes has shown that they help in reducing plant
stress by regulating plant hormones. It is also reported that these bacteria enhance
nitrogen fixation and also assist in the uptake of nutritional compounds. Similar to
bacterial endophytes, fungal endophytes have also been found in vegetative parts of
plants and are categorised into two types: clavicipitaceous and non-clavicipitaceous
endophytes. The non-clavicipitaceous endophytes have three subclasses: Class
2 endophytes, Class 3 endophytes, and Class 4 endophytes. Class 2 endophytes
spread to rhizomes, roots, and shoots; Class 3 endophytes grow in shoots; and Class
4 endophytes grow in roots of plants. Fungal endophytes also produce secondary
metabolites and volatile organic compounds to help plants withstand biotic and
abiotic stresses. Fungal endophytes suppress plant pathogen growth by producing
secondary metabolites. It has been demonstrated that secondary metabolites released
by Fusarium verticillioides help reduce the growth of the plant pathogen Ustilago
maydis. But physiological and environmental conditions are to be considered for the
release of secondary metabolites by endophytic fungi. Some endophytic fungi help
in plant growth by increasing the efficiency of glycolysis and tricarboxylic
acid (TCA) cycle. For example, the endophytic fungus AL12 helps in improving
plant growth by increasing the rate of these metabolic pathways in the plant
Atractylodes lancea (De Mandal et al. 2021).

4.2.2 Plant Growth-Promoting Rhizobacteria

Rhizobacteria are the bacterial group present in the rhizosphere which is the region
present near the root system of plant. Plant growth—promoting rhizobacteria (PGPR)
are bacterial groups which help in plant growth. The rhizobacteria not only stimulate
plant growth but also act as an effective system for disease control by direct and
indirect means. In direct method, PGPR stimulate plant growth by nitrogen fixation
and enhance nutrient production. In indirect method, PGPR stimulate plant growth
by exhibiting biocontrol activities towards harmful pathogens (Alotaibi et al. 2021).
A study was conducted on PGPR isolated from maize plant to investigate the plant
growth—promoting properties. Bacterial strains were isolated from Zea mays (maize)
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and analysed for phytohormone production. Phytohormones are responsible for
plant growth and development. Eighty bacterial strains were checked for production
of indole-3-acetic acid (IAA), siderophore, and hydrogen cyanide (HCN) and
phosphate solubilisation. The bacteria that show higher plant growth—promoting
activities were selected for the study. The bacterial isolates showed higher produc-
tion of IAA, a majorly abundant auxin phytohormone. Siderophore production was
also high in the strains; siderophore increases the production of iron content in
plants. Most of the phosphorus remains in insoluble form and solubilisation of
phosphorus is essential for plant growth. The selected bacterial isolates showed
higher phosphorus solubility. Using 16S rRNA gene sequencing, the bacterial
isolates were identified as Pseudomonas aeruginosa AK20, AK31; Pseudomonas
Sfluorescens AK18, AK45; and Bacillus subtilis AK38. Plant growth analysis was
checked on Oryza sativa (rice plant). After 30 days, plants were harvested for
analysing plant growth. All bacterial isolates showed increased growth in the roots
and shoots of the plants. The study has provided evidence that PGPR help in plant
growth and development, and further research is required for the process to be
applied in field conditions (Karnwal 2017). Many studies reported that Bacillus
sp. and Pseudomonas sp. present in tomato, chickpea, and wheat crops act against
pathogenic microbes, showing their biocontrol ability towards the pathogens
(De Mandal et al. 2021).

The interaction between plants and microbes occurs through various signalling
molecules. The interaction starts by exchange of signals produced by the host or
microbes, which in turn results in biochemical, physiological, and molecular
responses. The signals are recognised by microbes and help form symbiotic
relationships with plants through physical interactions using flagella, pili, and
adhesion. Various mechanisms of plant-microbe interactions through signalling
molecules are discussed here, and the current research focuses on a signal pathway
that can recognise rhizospheric microbes. The interaction processes are controlled by
several metabolites and exudates which lead to plant growth, protection against
pathogens, availability of nutrients, and so on. Some of the plant-microbial interac-
tion signals are illustrated in Fig. 4.2.

4.2.3 Plant-Released Signals

Root exudates are organic chemicals that are released through root system for
inhibition of harmful microbes and promoting plant growth. Root exudates supply
nutrients and other energy source for microbes. Thus, microbes trigger exudation of
roots in plants. Root exudates help in phytoremediation process by stimulating the
plant to adapt to any metal stress. Some of the studies suggested that in the presence
of root exudates, bacterial strains are metabolically active and utilise the compounds
present in the exudates. The interaction between plants and arbuscular mycorrhizal
fungi (AMF) involves hyphae which promote root colonisation. Certain signals are
assumed to be involved before colonisation starts. The AMF interaction is not
species specific, so certain plant-released signals and compounds are involved to
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Fig. 4.2 Various signals involved in plant-microbe interactions

make it species specific. Some of the plant-released compounds are amino acids,
sugars, and phenolic compounds which are potential signalling molecules in plant—
microbe interaction. Flavonoids present in root exudates act as signalling molecules
for plant-microbe interaction. They promote AMF spore germination and root
colonisation in AMF. During root colonisation, flavonoids are released by the
AMF fungus which promote hyphal growth. Flavonoids are species specific and
during plant-AMF interaction their levels change. Flavonoid levels are moderate
during root penetration and higher at later stages. After root colonisation the
flavonoid levels get changed which play an important role in plant—AMF interaction
(Ma et al. 2016). Flavonoids can also show negative impacts on other fungi as they
are specific in nature, so their interaction with AMF is still unclear. Flavonoids also
act as chemoattractants and help in rhizobia growth. They activate nod genes, that
synthesise nod factors which stimulate nodule formulation in the host. Chemotaxis
provides the organism with the ability to sense and respond to various signals
induced by plants. Due to their specificity rhizobia can easily recognise and attach
to the correct host plants. Ponce et al. conducted an experiment to determine the role
of flavonoids in the plant—-microbe relationship. The flavonoids were isolated from
the plant Trifolium repens and molecular characterisation was carried out. The plants
were allowed to grow in both under the presence and absence of AMF, Glomus
intraradices. The flavonoid content in roots and shoots in the absence of AMF was
analysed. But the role of flavonoids involved in the plant-microbe interaction is
unknown. Only in the presence of AMF, the flavonoid are known to exist. Quercetin,
a flavonoid, promotes AMF spore germination. Acacetin and rhamnetin showed
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ability for inhibiting the eukaryotic topoisomerase. Ponkanetin promotes cytotoxic-
ity and mutagenicity. The study suggested a clear interaction of AMF and flavonoid
metabolism in plants. Similarly, plants secrete certain chemicals like phenolic
compounds and organic compounds which help in the plant—-microbe association.
Plants produce phenolic compounds during their growth and development. Phenolic
compounds are also synthesised in response to pathogenic infections and environ-
mental stress factors. During a pathogenic infection, plants respond to infection
through a series of defence mechanism which leads to the production of antimicro-
bial compounds. This mechanism is regulated by signalling pathways in which
phenolic compounds play an important role. The phenolic compounds undergo
changes in soil so that microbes can utilise it as a carbon source. During root and
shoot development in Arachis hypogaea, the plant releases phenolic compounds,
which the rhizobacteria present in the soil use as a carbon source and undergo
changes. The responses also facilitate the formation of root nodules of plants. Plants
associate with microbes by stimulating catabolic genes in microorganisms which are
responsible for root nodulation. Plants and microbes share a mechanism through
signals which makes bacteria to enter the root and shoot of plants. The root
colonisation by bacteria is said to occur in a series of steps. The first step involves
the movement of bacteria towards the root by flagellar activity, which is facilitated
by the plant-released compounds. Attachment of the bacteria to the root occurs, after
which the interaction between plant and bacteria takes place. In this step, root
exudates are released and the bacteria enter the site of damage and promote plant
growth. The exudates produced by the plant in response to tissue damage are utilised
by microbes as a food source for colonisation. The association between plants and
microbes is very specific and most of the studies suggested that the legume plant
interacts well with rhizospheric bacteria (Ponce et al. 2004).

4.24 Microbial Signals

Microbes such as rhizobia and fungi have the ability to respond to plants through
various signalling molecules. These signalling molecules can be volatile organic
compounds (VOC), nod factors, myc factors, exopolysaccharides, and so on. Both
plants and microbes secrete volatile organic compounds and communicate through
it. Plants defend themselves from harmful organisms by releasing VOC. Similarly,
microbes also emit VOC for communication and attacking. Microbial VOC modu-
late the activation of plant defence response and stimulate plant growth. Volatile
organic compounds present in bacteria help in promoting plant growth and defence
by nutrient production. It was first reported in Arabidopsis thaliana. After this
discovery, a new line of research emerged in the plant-microbe association. Signal-
ling molecules that are produced by myc factors and nod factors are utilised in the
formation of new organs and root nodules (Ma et al. 2016). Certain flavonoids can
also promote chemotaxis and bacterial growth. Some studies stated that chemotaxis
plays an important role in plant root colonisation. De Weert et al. (2002) investigated
root colonisation of tomato in which they used selected P. fluorescens strains and its
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chemotactic mutants to investigate the chemotaxis towards root exudates of tomato.
Movement is an important criterion for root colonisation. The movement towards
root exudates is checked whether it is facilitated through chemotaxis. Chemotaxis of
P. fluorescens occurs towards the root exudates of tomato which helps in root
colonisation (de Weert et al. 2002). Rhamnolipids present in P. aeruginosa inhibit
pathogenic fungi and give protection to grapevine. Varnier et al. (2009) conducted
an experiment on rhamnolipids, biosurfactant molecules that protect grapevine
against Botrytis cinerea, a necrotrophic fungus, and are also said to have a direct
effect on spore germination and fungal growth. Rhamnolipids were isolated from
P. aeruginosa and checked for their ability to activate the defence mechanism in
grapevine. Different concentrations of rhamnolipids were used, and at higher
concentrations, cell death resulted. The rhamnolipids were further tested for the
defence mechanism along with chitosan and B. cinerea. Chitosan induces H,O,
production, which is enhanced by rhamnolipids. Oxidative burst was induced in the
cells of grapevine by rhamnolipids. Rhamnolipids were tested for fungal activity
against B. cinerea which results in inhibition of spore germination and growth of
mycelium which also protects grapevine from the fungus (Varnier et al. 2009).
Furthermore, various studies carried out on different plant species like Solanum
lycopersicum, Z. mays, and Lactuca sativa showed response to VOC action. Another
study reported that VOC present in Bacillus subtilis promoted increased growth in
Cucumis sativus. VOC of fungal species also promote growth on different plant
species. Various studies showed that Bacillus species have a high impact on lateral
root development. Microbial VOC can also improve plant stress tolerance. For
example, Pseudomonas chlororaphis increased the A. thaliana tolerance to drought
by emitting 2R, 3R-butanediol (Ma et al. 2016). Recent research on microbial VOCs
illustrates stimulation of plant growth and bacterial-plant interaction by VOC.
However, the mechanism of bacterial VOC is still not clarified. Their signal percep-
tion, signal cascades, and cellular responses are still unknown. Thus, further studies
are required for employing VOCs in various applications.

4.2.,5 Quorum Sensing

Quorum sensing is a process which involves signalling for communication between
bacterial cells. This bacterial cell-cell communication helps in monitoring the
bacterial population density. Both gram-positive and gram-negative bacteria use
different signalling molecules. Quorum sensing is a gene regulatory mechanism
which involves N-acyl-L-homoserine lactones (AHL), a quorum sensing signal that
is present in many gram-negative pathogenic bacteria. Plants can recognise bacterial
AHLSs, which in turn helps in promoting plant growth and defence mechanism
(Ma et al. 2016). AHL signal is an auto-inducer signalling produced by luxI type
gene. The signalling perception helps the bacterial cell to easily adapt to gene
expression on environmental changes. The most recent study suggested that AHLs
play an important role in abiotic stress of plant and help plants withstand the abiotic
stress. Osmolytes and phytohormones play an important role in salt and drought
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tolerance. The auxin indole-3-acetic acid is a key component in water stress toler-
ance. The bacteria associated with the root of plants secrete phytohormones which
are utilised by the plants having low levels of phytohormones. This is successfully
used to improve plant growth in salt-affected soils by combining bacterial
phytohormones and seaweeds possessing a high level of osmolytes. IAA helps in
increasing lateral root surface area, thus improving the facility to absorb more water
and minerals. Auxin plays a key role in plant-microbe interaction by promoting
plant growth development. IAA, a major naturally occurring auxin, acts as a
signalling molecule in the plant-microbe interaction. Over 80% of rhizobacteria
are reported to produce IAA. Tryptophan act as a precursor in the production of IAA,
which indicates that higher concentration of tryptophan results in a higher produc-
tion of IAA. Bacterial IAA sets the plants to adapt to metal stress by stimulating
changes in cell metabolism (Hartmann et al. 2021). Phosphate-solubilising bacteria
potentially reduce metal toxicity and also helps in plant growth. P. fluorescens is
investigated for plant growth—promoting property and biocontrol activity against
Fusarium oxysporum. Bacterial strains were isolated from the plant Vigna mungo.
The metal resistance of the strains was checked against different metals and results
revealed their high resistance to copper. The IAA production of bacteria was
analysed by using high performance liquid chromatography (HPLC). The biocontrol
activity of the strain was demonstrated and the strain showed inhibition against
diverse groups of bacteria. Many soil bacteria stimulate plant growth by phosphate
solubilisation, IAA production and exhibit certain antimicrobial activity. For exam-
ple, IAA produced by both rhizobacteria and plants, transmitted as a signal,
stimulates the production of antibiotics in Streptomyces. The signal perception also
inhibits other competitive microbes (Upadhyay and Srivastava 2010). Transcrip-
tional changes in legumes were observed when AHLs communicate with the roots of
Arabidopsis thaliana. When treated with AHLs, there were changes observed in
genes that are responsible for plant growth and genes that regulate growth hormones.
The study illustrated that the interaction of N-hexanoyl-DL-homoserine-lactone
(C6-HSL) and A. thaliana resulted in transcriptional changes in roots and shoots,
and also induced plant growth (von Rad et al. 2008). Plant roots utilise water-soluble
AHLs through an energy-dependent mechanism and this process occur in plants
which have AHL-degrading enzymes such as A. thaliana, wheat, or barley. Thus,
rhizobacteria provide support to the plant by promoting plant growth and develop-
ment even under stress conditions. AHLs have provided a promising approach by
increasing stress tolerance of plants against various environmental factors
(Hartmann et al. 2021). Furanones are AHL mimic compounds which can
antagonise AHL type behaviour. They can selectively bind to bacterial AHL
receptors just like AHLs and affect the bacterial signalling. Root exudates which
are responsible for root colonisation are also involved in quorum sensing. Studies
found that some Bacillus species that have the capability to degrade AHLs exhibit
biocontrol activity against plant diseases. AHL-degrading bacteria reduced the
pathogenicity of plant pathogens. Bacteria were isolated from soils where tobacco
grows and 54 bacterial strains were allowed to grow in enrichment media. Among
them 25 bacterial isolates showed degradation of AHLs. The bacterial isolates W2
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and W3 completely degraded the N-caproyl-L-homoserine-lactone (C6-HSL). W2
isolate showed a degradation efficiency of about 95%. The bacterial isolates belong
to Pseudomonas sp., Variovorax sp., Variovorax paradoxus, Comamonas sp.,
Comamonas testosteroni, and Rhodococcus erythropolis. These bacterial groups
were analysed for N-acyl homoserine lactone (N-AHSL)-degrading efficiency.
R. erythropolis showed higher degradation properties and it is further allowed to
interact with quorum signals from other bacteria. Bacteria such as Chromobacterium
violaceum, Agrobacterium tumefaciens, and Pectobacterium carotovorum subsp.
carotovorum were allowed to interfere with R. erythropolis. The interaction did not
affect the growth of the bacteria. R. erythropolis interferes with the violacein
production which is responsible for the virulence of bacteria. Violacein is produced
by Chromobacterium violaceum. A decrease in violacein production was observed.
The interaction between Agrobacterium tumefaciens and R. erythropolis was
checked, and it showed reduction in Ti plasmid conjugation. The pathogenicity of
P. carotovorum subsp. carotovorum was analysed in potato plant using
R. erythropolis. The inoculation of both strains prevented breakdown of tissues of
the plant. The study demonstrated that the targeting of quorum sensing
(QS) signalling molecules interacts with the pathogenicity of microbes (Uroz et al.
2003). Thus, AHL signalling molecules serve as a promising approach for stimula-
tion of plant growth and abiotic stress tolerance. Studies suggested that plants and
microbes associate through various signalling molecules. Further research is essen-
tial to select highly specific plant and microbial signalling molecules to uncover
novel strategies.

4.3 Remediation of Contaminants by Plant-Microbe
Combination

4.3.1 Removal of Pollutants from Aquatic Environments

Increase of pollutants in environment causes imbalance of ecosystem and serious
health problems (Chandra and Kumar 2017a, b). Using plant—microbe interaction,
several studies were done on treating pollutants. Here, some studies on cleaning up
of pollutants from aquatic environments are discussed. Kristanti et al. investigated
the effectiveness of four nitrophenol (NP)-degrading bacteria, namely Pseudomonas
sp. (strain ONR1), Cupriavidus sp. (MFR2), Rhodococcus sp. (PKR1), and
Rhodococcus sp. (DNR2) and the plant Spirodela polyrhiza in degrading the
nitrophenol from aquatic system. Nitrophenols such as 1-NP, 2-NP, 3-NP, and
4-NP were used for degradation. The experiment was carried out with combinations
of strains such as ONR1 with Spirodela; DNR2 with Spirodela; ONR1-DNR2 with
Spirodela; and four strains, ONR1, DNR2, MFR2, PKR1, with Spirodela; and
combinations without Spirodela. The degradation efficiency is higher in the presence
of Spirodela compared to the test without Spirodela. Also, ONR1-DNR?2 associa-
tion with Spirodela showed greater degradation rate than that of ONR1 and DNR2
individually with Spirodela. Then the four strains with Spirodela were tested for
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degrading the nitrophenol mixtures, which also showed promising results. ONRI
reduced the concentration of nitrophenol to about 92% (2, 4-dinitrophenol), 94%
(2-NP), 3% (3-NP), 70% (4-NP), and the degradation efficiency of DNR2 is about
87% (2-NP), 32% (3-NP), and 100% (4-NP, 2,4-DNP). The inoculation of both
strains degraded about 100% (2-NP, 4-NP, 2,4-DNP) and 30% (3-NP) over 4 days.
In the absence of the bacterial strains, plants can degrade 17% (2-NP), 24% (3-NP),
3% (4-NP), and 9% (2,4-DNP) of pollutants. Spirodela without NP-degrading
bacteria clean up a minimal quantity of nitrophenol which is stable on repeating
cycles. But the degradation in the case of the bacteria along with Spirodela is not the
same in repeated cycles. NPs often present in mixture, which causes a serious
problem in treating them. Thus, studies on treating mixtures of NP are essential
and would offer an attractive tool for degradation of NPs. A study analysed the
efficiency of plant-microbe combinations in degrading pollutants. But selection of
appropriate microbes and plants is essential for efficient degradation (Kristanti et al.
2014). Many industries release organic and inorganic compounds such as phenol and
chromium, which cause pollution to the environment. Ontafion et al. conducted an
experiment on rhizoremediation of phenol and chromium. Sediment samples were
collected from a chemical and petrochemical industry and phenol-, chromium-
resistant bacteria were isolated. On the basis of tolerance to the contaminant, a
bacterial strain, Pantoea sp. FC 1, was selected and confirmed using 16S rRNA
gene sequence amplification. The bacterial tolerance against phenol and chromium
was investigated individually. FC 1 showed a higher degradation activity for chro-
mium compared to phenol, since phenol affects bacterial growth at higher
concentrations. As many authors suggested that hairy roots from different plant
species have the capability to degrade phenolic compounds, the study employed
association of FC 1 with hairy roots of Brassica napus in remediating the
contaminants. For degradation process, removal of phenol exhibited with hairy
roots alone and with a combination of hairy roots and FC 1. Hairy roots removed
60% of phenol and the efficiency increased on inoculation of FC 1. For chromium,
the combined system removed 100% after 3—4 days. This study suggested that
association of FC 1 and hairy roots of Brassica napus serves as an innovative system
in degrading phenol and chromium pollutants (Ontafion et al. 2014). Hu and Li
(2021) conducted a study on treating sewage using aquatic plants and microbes. The
plants selected for the process were Eichhornia crassipes, Cyperus alternifolius,
Phragmites communis, and Scirpus validus Vahl and grown in plastic buckets
containing sewage. The phytoremediation test is conducted first for a duration of
15 days. The nitrogen and phosphorus contents were checked every 2 days. The
nitrogen degradation effects in sewage for the four plants were different. Similarly,
the phosphorus content also decreased in sewage treated with different plants.
Microbial and plant combination tests were done with the same four plants for
treating sewage. Similar to phytoremediation test, the nitrogen and phosphorus
contents were analysed for 2 weeks. The nitrogen degradation effect in every test
was different. The efficiency of degradation by microbes, plants, and plant—microbe
systems were 64.85%, 40.61%, and 77.67%, respectively. Similarly, the phosphorus
content degradation efficiency by microbes, plants, and plant—-microbe combinations
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was 61.56%, 39.23%, and 71.97%, respectively. When comparing all degradation
tests, it is quite clear that plant-microbe systems showed better removal compared to
plants and microbes alone. Microbial-assisted remediation showed higher efficiency
compared to phytoremediation. From the above discussed studies, it is evident that a
plant-microbe combined system can enhance the removal of contaminants in an
aquatic system.

4.3.2 Removal of Pollutants from Terrestrial Environment

There are numerous studies that showed positive results in removal of contaminants
from soil and/or sludge (Chandra and Kumar 2017b; Kumar et al. 2020b, 2021e;
Kumar and Chandra 2020b). Microbes growing in metal-contaminated soils tend to
have a high tolerance towards concentration of metals. Soil and plants are also
benefited from these microbes. Among these microbes PGPR show high benefits
by altering metal bioavailability. They do this by altering pH, producing
phytohormones and thus improving the phytoremediation process. He et al.
demonstrated a study in which 11 plant species showing metal tolerance and
rhizosphere soil were collected from a copper mine wasteland. Thirteen copper-
resistant bacterial strains were isolated and selected based on their different morpho-
logical appearance. The characterisation of bacterial strains was analysed by
evaluating their production of IAA, acetyl-CoA carboxylase (ACC), and
siderophore. The bacterial isolates were tested against different metals. The bacterial
strains showed different degrees of resistance towards metals. The bacterial strains
Sphingomonas sp. YJ3 and Microbacterium lactium YJ7 showed resistance towards
Cu. The strain Acinetobacter sp. SWI11, Arthrobacter sp. MT16, Azotobacter
vinelandii GZC24, and Arthrobacter sp. YAH27 showed resistant towards Ni, Zn,
Pb, and Cu when inoculated in Brassica napus. The bacterial strains also enhanced
root elongation in the plant species (He et al. 2010). Arabidopsis thaliana and the
bacterium Sphingobium are used to remove isoproturon from contaminated zones. In
this study, phytoremediation and bioaugmentation processes were combined. The
resulting intermediate of isoproturon is treated with Sphingobium, which can miner-
alise it. This resulted in enhanced and complete removal of pollutants. The increase
in remediation is due to a synergistic relationship between the transgenic plant and
Sphingobium (Yan et al. 2018). A study was conducted on Cytisus striatus to
degrade hexachlorocyclohexane (HCH) with a combination of two endophyte
microbial strains R. erythropolis ET54b and Sphingomonas sp. D4. The study was
carried out on two different soils differing in their organic content. The results
showed a higher efficiency in remediation of HCH compared to the treatment
which does not involve the endophytes, and also enhanced plant growth. The
efficiency of degradation in soil depends on the content of organic matter
(Becerra-Castro et al. 2013). A 4-month study was conducted on three plant species,
namely Scorzonera mongolica Maxim, Atriplex centralasiatica, and Limonium
bicolor, in relation to their degradation of crude oil present in the contaminated
soil at an oil refinery land farm. The rhizosphere soil adhered to the plant species
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were analysed and the microbes present were investigated for metabolic activity. The
utilisation of carbon sources by microbes was analysed. The most probable number
(MPN) method was used for the identification of the number of microbes that have
the capability of degrading petroleum hydrocarbons. The degradation efficiency of
the three plant species showed no significant difference. The plant biomass was
investigated and the results showed enhanced root system in A. centralasiatica
compared to other plants. Microbial activity was higher for A. centralasiatica. The
pH value of the soil of the three species decreased due to production of root exudates
and microbial metabolites. The decrease in pH value is due to the increased
utilisation of phosphorus, which promotes enhanced plant growth and breakdown
of petroleum hydrocarbons. The results showed a decrease in the concentration of
petroleum hydrocarbons using the plant-microbe remediation system. Both plants
and microbes benefit each other and also enhanced the process of remediation (Ying
etal. 2011).

4.3.3 Removal of Pollutants from Atmosphere

The major health risk for humans is caused by air pollution which involves ammo-
nia, nitrogen oxides, particulate matter, sulphur dioxide, VOC, and so on. An
efficient remediation method is essential to eradicate these pollutants. Selection of
appropriate plant and microbial species for remediation is crucial in removing
pollutants (Molina et al. 2021). Here, some of the studies on plant—microbe combi-
nation to clean up the pollutants are discussed. A study on endophytes confirmed that
they have the ability to promote plant growth and also degrade polycyclic aromatic
hydrocarbons (PAH). In this study, three willow endophytes, namely WW1, WW3,
and WW11, and three poplar endophytes, namely SX61, PDI1, and PTD3, were
allowed to grow in a medium containing PAH and they showed high growth in the
presence of naphthalene. Of all the endophytes, the strain PD1 showed highest
growth with the inoculation of PAH. As a result, PD1 was chosen for further studies.
PD1 was used to degrade phenanthrene and the results showed that about 60% of
phenanthrene was degraded from the medium. Using 16S rDNA sequencing the
endophytic bacteria were identified as Pseudomonas putida. This study illustrated
that the endophyte-assisted phytoremediation showed higher efficiency in degrading
PAH (Khan et al. 2014). Yutthammo et al. investigated the activities of the bacteria
which have the capability to degrade PAH. The study focussed on the bacteria
present in the phyllosphere of ornamental plants. The physical and chemical
characteristics of leaves of the ten ornamental plants such as Ixora sp., Murraya
paniculata, Wrightia religiosa, Bougainvillea sp., Jasminum sambac, Codiaeum
variegatum, Ficus sp., Streblus asper, Pseuderanthemum graciliflorum, and Hibis-
cus rosa-sinensis were investigated. The plant species were compared for the
number of phenanthrene-degrading bacteria. A large number of phenanthrene-
degrading bacteria were found in W. religiosa and H. rosa-sinensis, which were
further chosen for analysis to check the activities of the bacteria. The results showed
higher reduction of phenanthrene level in W. religiosa leaves compared to H. rosa-
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sinensis. The bacteria along with W. religiosa was then experimented with different
compounds of PAH such as acenaphthylene, acenaphthene, and fluorine. The
unsterilised leaves showed higher efficiency in removal of PAH than sterilised
leaves. The study suggested that the PAH-degrading bacteria are common in
phyllosphere and also have the capability to increase the efficiency of the plant
leaves, thus playing an important role in removal of urban air pollutants. Each plant
in its phyllosphere has a unique bacterial group due to the differences in leaf
morphology and chemical compounds present in the leaf. The study demonstrated
that the leaves of ornamental plant contain various phenanthrene-degrading bacteria
(Yutthammo et al. 2010). An investigation was made on chloromethane-degrading
bacteria isolated from Arabidopsis thaliana. The study involved isolation of bacte-
rial strains Methylorubrum extorquens CM4, Hyphomicrobium chloromethanicum
CM2 from Russian petrochemical factory soil, and Hyphomicrobium sp. strain MC1
from industrial sewage. These three strains originated from the leaves of Arabidopsis
thaliana and a gene, cmuA, responsible for dehalogenation of chloromethane was
identified. The ability of the three strains to use chloromethane as a carbon source
was compared with that of the reference strain. Hyphomicrobium sp. showed higher
efficiency in degrading chloromethane compared to other strains, since it is well
adapted to grow in the presence of chloromethane (Nadalig et al. 2011). The above
studies prove that plant-microbe interaction-associated remediation not only
degrades the contaminants but also benefits both plants and microbes by producing
phytohormones. Even though the method is efficient, the mechanism of remediation
by plants and microbes is still not clear. The above-discussed studies on degradation
of pollutants by various plant—microbe interactions are illustrated in Table 4.1.

44  Examples of Bacterial-Assisted Phytoremediation

Phytoremediation is the process wherein plants are used to clean up pollutants, and
this process involves various mechanisms such as phytodegradation,
phytoextraction, phytostabilisation, and phytostabilisation, as shown in Fig. 4.3.
Phytoremediation removes both organic and inorganic pollutants, but there are
certain limitations that make the process less efficient. Plants suffer from stress
caused by contaminants, which leads to reduction in plant growth, development,
and seed germination. These limitations are said to be reduced by rhizobacteria. The
microbes in the polluted site easily get adapted and use the polluted substance as a
nutrient source. The mechanisms of phytoremediation, when assisted with bacteria,
showed higher efficiency in degrading pollutants. Bacteria play an important role in
the phytoremediation process by producing siderophores, IAA, ACC, and enhancing
the bioavailability of heavy metals by mechanism of precipitation, redox reaction,
chelation, and acidification (Gaur et al. 2021). Thus, intensive research on the
phytoremediation mechanism helps in understanding the metabolic breakdown of
pollutants by plants and microbes. The following are some of the research works
carried out on the microbial-assisted phytoremediation process (Table 4.2).
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PHYTOEXTRACTION

(Transfer of concentration of contaminants from
| soil to plant tissues)

PHYTOSTABILIZATION
(Immobilization of contaminants)

PHYTOVOLATALIZATION

1 (Release of pollutants into volatile form through —
| plants)

PHYTODEGRADATION
(Degradation of organic pollutants by plants)

PHYTOSTIMULATION
(Enhancement of microbial activity by root exudates)

Fig. 4.3 Various phytoremediation strategies

4.5 Microbial-Assisted Phytoextraction

Phytoextraction is the process which involves the use of hyperaccumulating plants to
remediate pollutants from contaminated environments. Hyperaccumulating plants
are the plants that have the capability to remove metals from the soil.
Phytoremediation is best known for its remediation of heavy metals. Various
mechanism of phytoremediation involved in metal accumulation is illustrated in
Fig. 4.4 (Gaur et al. 2021). Metal-accumulating capability and biomass production
are the important factors in phytoextraction process. The optimisation of these
factors enhances the phytoremediation strategy. The limitation of this process
involves slow growth and their low tolerance to metal stress. Some of the studies
illustrated that microbial-assisted phytoextraction has higher efficiency in removal of
pollutants. Khonsue et al. investigated Vetiveria nemoralis and Ocimum
gratissimum with cadmium-resistant bacteria. Two cadmium-resistant bacterial
strains Ralstonia sp. TAK1 and Arthrobacter sp. TM6 were isolated from the
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Fig. 4.4 Metal accumulation in plants and their remediation and detoxification mechanisms

cadmium-contaminated site. Two plants, V. nemoralis and O. gratissimum, were
chosen and transplanted into the cadmium-contaminated soil. The experiment
comprised four various treatments of plants: (1) without bacteria, (2) Ralstonia sp.
TAKI, (3) Arthrobacter sp. TM6, and (4) EDTA. The plants were allowed to grow
for 1 month. Plant growth and cadmium concentration were analysed. Plants
inoculated with bacterial strains exhibited increased cadmium solubility of soil.
Increase in solubility increases the mobilisation of heavy metals. An efficient
phytoextraction method requires high solubility of heavy metals when it is in contact
with plants. The bacterial strains were found to survive in the cadmium-
contaminated soil. Cadmium inhibited the growth of root and shoot systems. The
bacterial strains increased the production of phytohormones, which stimulated plant
growth and development. It is observed that the accumulation of cadmium increases
in the plants with bacterial strain inoculation. But cadmium accumulation is higher in
root than in shoot, as mostly metal accumulates more in the root system. Cadmium
concentration was analysed after 1 month of plant growth. The plant V. nemoralis
treated without bacterial strains, with Ralstonia sp. TAKI1, with Arthrobacter
sp. TM6, and with EDTA showed decrease in cadmium concentration of 24.7%,
28.8%, 32.7%, and 32.2%, respectively. Similarly, in O. gratissimum, the decrease
in cadmium concentration is 25.5% (Without inoculation), 23.2% (TAK1), 28.7%
(TM6), and 32% (EDTA). The study reported that both bacterial strains stimulated
the phytoextraction of cadmium. But O. gratissimum showed higher efficiency of
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phytoextraction with Arthrobacter sp. Compared to O. gratissimum, the efficiency
of accumulation of cadmium in V. nemoralis is higher. The findings in the study
suggested that the synergistic relationship between microbes and plants in
phytoextraction of cadmium-contaminated soils (Khonsue et al. 2013). Mesa et al.
demonstrated the bacterial-assisted phytoextraction using endophytic and rhizo-
sphere bacteria. Root samples were collected from Betula celtiberica grown on
arsenic-contaminated soil. The first step involves isolation and characterisation of
endophytic and rhizosphere bacterial communities. Totally, 68% of endophytic
bacteria and 53% of rhizobacteria were able to produce IAA. Similarly, 5% of
endophytic bacteria and 36% of rhizobacteria were able to produce acetyl-Co A
carboxylase deaminase (ACCD). 32% of endophytic strain and 36% of rhizobacteria
produce siderophore. A total of 54 rhizosphere bacteria and 41 endophytic bacteria
were analysed for metal accumulation in plants and plant growth. Out of these, seven
bacteria were considered for arsenic accumulation test. Based on IAA, ACC, and
siderophore and arsenic resistance the bacterial strains were selected. The seven
bacterial isolates were Neorhizobium alkalisoli ZY-4s, Rhizobium herbae CCBAU
83011, Variovorax paradoxus S110, Phyllobacterium myrsinacearum NBRC
100019, Rhodococcus erythropolis TS-TYKAKK-12, Aminobacter aminovorans
LZ1304-3-1, and Ensifer adhaerens Sx1. These strains were inoculated into Betula
celtiberica and allowed to grow for 30 days and analysed for metal accumulation.
Out of these, four strains, Ensifer adhaerens 91R, R. herbae 32E, V. paradoxus
28EY, and P. myrsinacearum 28EW, were selected for field evaluation.
E. adhaerens 91R promoted plant growth by increasing root and shoot length,
whereas the other three strains were able to increase arsenic accumulation. The use
of plants that grow naturally in a particular ecosystem provides an efficient way of
phytoextraction by limiting the competition of neighbouring plants. It is noted that
most of the endophytes have the ability to produce IAA, and siderophore production
is more commonly reported in rhizospheric bacteria (Mesa et al. 2017).

4.6 Microbial-Assisted Phytostabilisation

Phytostabilisation is the process that involves immobilisation of the contaminants
present in soil or groundwater by chemical compounds produced by plants. The
immobilisation of contaminants occurs by absorption by roots and precipitation
around the roots, which reduces the mobility of the pollutants. However, it has
disadvantages such as existence of residues of pollutants in the soil, overuse of
fertilisation, and decrease in plant growth due to exposure to metal stress. The
following studies were investigated for bacterial-assisted phytostabilisation to
check their efficiency in overcoming the disadvantages. Rajkumar et al. conducted
a study on Brassica juncea inoculated with two chromium-resistant plant growth—
promoting bacteria (PGPB), Pseudomonas sp. PsA4 and Bacillus sp. Ba32. The soil
samples were collected from the metal-contaminated site and chromium-resistant
PGPB are isolated. B. juncea plants are inoculated with PGPB and allowed to grow
for 20 days. The growth parameters of the plants such as shoot length, root length,
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and dry weight were measured and accumulation of chromium in roots and shoots
was analysed. Sixteen PGPB strains were isolated and the strains Pseudomonas
sp. PsA4 and Bacillus sp. Ba32 were selected as they use acetyl-CoA carboxylase
(ACC) as a source of nitrogen. The strain using ACC as a source of nitrogen
enhances plant growth. Inoculation of the strain PsA4 in the plants increases 59%
root length, 55% shoot length, and 85% vigour index. Similarly, inoculation of Ba32
strain increases 55% root length, 29% shoot length, and 58% vigour index. The
bacterial-inoculated and non-inoculated plants were observed. The bacterial-
inoculated plant showed increased plant growth in the absence of chromium. PsA4
enhanced plant root length by 73% and shoot length by 28%. Ba32 improved plant
root length by 53% and shoot length by 18%. The non-inoculated plants were
subjected to different concentrations of chromium, which inhibits plant growth.
Plant inoculated with the strains in the presence of chromium showed a moderate
activity of increase of 62% root length, 31% shoot length in PsA4. At all
concentrations of chromium, PsA4 exhibited higher efficiency in plant growth
compared to Ba32. Several strategies were developed for plants to adapt to the
polluted environment. But high concentrations of heavy metals restrict the uptake of
Fe and P required for plant development. Microbes help by inhibiting the effects of
metals and producing more phytohormones, which enhances the uptake of minerals
and promotes plant growth. This study illustrated that the inoculation of PGPB
bacteria in plants contaminated by chromium showed inhibitory effects against
chromium (Rajkumar et al. 2006). Chen et al. carried out a study on the metal-
tolerant bacterium Enterobacter sp. strain EG16 using Hibiscus cannabinus growing
in metal-contaminated soil. The Enterobacter sp. that is cadmium resistant is
isolated from H. cannabinus in a metal-polluted site. The bacterial growth is
enhanced by the supply of Fe. The effect of cadmium on bacteria was analysed by
checking for production of IAA, siderophore, Fe uptake, and the results showed
decreased production. The inoculation of bacteria into plants, enhance the root and
shoot length. The bacterial strain also stimulates increase of Fe supply in less Fe
accumulation plant. The concentration of cadmium also reduces drastically in the
plant. Since the contaminated soil was taken from site containing multiple metals,
metals such as Pb, Zn, and Cu were also found. EG16 not only reduces the
concentration of Cd but also significantly reduces the concentration of Pb and
Zn. The Cu concentration remains unaffected by the bacterial strain. Bioavailability
and metal mobilisation play an important role in toxicity of plants. The study also
illustrated the reduction in bioavailability of Pb, Zn, Cd, and immobilisation of Cu in
H. cannabinus (Chen et al. 2017). Nurzhanova et al. selected Cucurbita pepo L. and
Xanthium strumarium that are tolerant to dichlorodiphenyltrichloroethane (DDT)
and isolated bacterial strains from DDT-contaminated soil. The experiment was
carried out in two types of soil. One is naturally obtained from the contaminated
site and the other is artificially prepared in laboratory by inoculating DDT. The two
soil groups tested here mostly consist of Pseudomonas and Bacillus dominantly, the
next available genera are Mycobacterium, Arthrobacter, Streptomyces, and the least
distributed group is Micromonospora. Seeds of the two plant species were
transplanted into the two soil types and growth is monitored for 7 months. The
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soil adhered to the roots of the plants are taken for isolation of bacterial strains.
580 microbial strains were isolated from the soil and two bacterial strains were
selected for further experiments due to their capability to utilise
dichlorodiphenyldichloroethylene (DDE). Based on 16S rDNA sequence analysis
the bacterial strains were identified as Bacillus vallismortis and B. aryabhattai. After
an incubation of 14 days, it is observed that Bacillus aryabhattai consumed around
89.3% of the pesticide and after 21 days, the consumption is around 93.4%. The
inoculation of selected microbes and plants resulted in a decrease in pollutant stress
and an increase in plant biomass. The bacterial-assisted treatment enhances the
phytostabilisation strategy. The rhizosphere contains diverse groups of microbes
and in this study the dominant group found in the polluted soil was Rhodococcus,
which mostly executes dehalogenations, dehydrogenations, oxidation, and so
on. Though Rhodococcus strains were present abundantly in the contaminated soil,
bacterial strains of bacterial genera like Bacillus and Pseudomonas were present
more in both soil types. Thus, two Bacillus strains were chosen for further processing
in the studies. It is also reported that Bacillus spp. when mixed with fungi accelerate
the degradation of DDT, since fungi break down DDT into DDD. The microbes and
plants in the contaminated soil were able enhance the degradation process and also
reduce plant stress (Nurzhanova et al. 2021).

4.7  Microbial-Assisted Phytovolatilisation

Phytovolatilisation is the process wherein plants take up the contaminants and
release it to the air through their leaves as volatile compounds. This process helps
the contaminants to reduce its toxicity. The disadvantage of this process may be the
precipitation of contaminants into lakes or oceans. The phytovolatilisation process is
said to be enhanced when it is microbial assisted. Some of the studies suggested the
efficiency of microbial-assisted phytovolatilisation is approachable. Wang et al.
conducted a study on arsenic (As) degradation by PGPR and Populus deltoides, a
tree species. Pteris vittata plants were collected from arsenic-contaminated region
and bacteria from soil adhered to the roots were isolated. Twenty-two As-resistant
bacteria were isolated and checked for efficiency of production of IAA and
siderophore. The strain D14 showed high resistance towards arsenic and using 16S
rRNA gene sequencing, the strain is identified as one of Agrobacterium radiobacter.
The strain also showed higher production of IAA and siderophore. P. deltoides was
allowed to grow in the presence and absence of the bacterial strain for 5 months.
Without bacterial inoculation, the plants showed a high efficiency in arsenic
removal. However, with bacterial inoculation the arsenic removal was enhanced.
As the bacterial strain was inoculated, the inhibitory effects of arsenic were reduced.
The strain increased plant growth and uptake of the metal. The study evidently
showed the capability of plants in metal uptake and the enhancement of the degra-
dation process with microbes (Wang et al. 2011).
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4.8 Rhizoremediation

Rhizoremediation is the elimination of contaminants around the soil employing
microbes that are present in the surrounding soil. Using plant—microbe pairs, the
rhizoremediation process is very efficient. The roots produce compounds which are
used by microbes as a source of nitrogen, carbon, and phosphorus when attracted to
root exudates. The utilisation of these compounds helps in resisting the toxicity of
pollutants (Molina et al. 2021). The following are some of the examples of
rhizoremediation strategies using plant-microbe pairs. Afzal et al. investigated on
the plant-microbe association to clean up the soil contaminated with petroleum
hydrocarbons and the activity of plant and microbes. Two bacterial strains, Pseudo-
monas sp. strain ITRI5S3 and Pantoea sp. strain BTRH79, were isolated. Seeds of
Lolium multiflorum were harvested in three types of soil such as sandy soil, loamy
sandy soil, and loamy soil. BTRH79 colonised better in the rhizosphere of the plant
than ITRIS3, which showed better colonisation in the shoot of plant. The bacterial
strain expresses the gene which is responsible for the degradation of pollutants. This
gene expression level is found higher in loamy soil and also plant growth is efficient.
In sandy soil, the survival of the bacterial strain is low, the gene expression level is
found only in the shoot region, which is also lower. From the study, it is evident that
the type of soil determines bacterial abundance and expression of alkane-degrading
genes. The hydrocarbon degradation is evaluated in the presence and absence of
bacterial strain. The degradation level is low in plants not inoculated with the strains,
and the degradation efficiency is just 12-20% even after 8 weeks; the ones
inoculated showed higher degradation of hydrocarbons, and their efficiency is
different in different soil types. Hydrocarbons reduce plant growth by
hydrophobicity, which limits the plants in taking up nutrients and water. In the
bacterial-inoculated plants, the growth of shoot region increased by 8—41%. Loamy
soil resulted in higher degradation rate of hydrocarbons of 63% and showed higher
plant growth compared to other soil types. The above experiment illustrated that
selection of a suitable bacterial strain is essential for improved phytoremediation and
in plant growth. It is also evident that the soil type influences plant growth and
microbial colonisation (Afzal et al. 2011). Wu et al. did an investigation on sun-
flower plant and P. putida for rhizoremediation of heavy metals. A study was
conducted on bacteria that have polychlorinated biphenyl (PCB)-degrading ability
and the plant Morus alba. The soil sample was collected from the depth of the plant.
The bacterial strain was isolated and characterised for bipheny! utilisation. The soil is
enriched with four bacterial strains. The bacterial strain MAPN1 showed prominent
results and was selected for further studies. Using 16S rDNA gene sequencing, the
bacterial strain MAPN1 was identified as one of Rhodococcus sp. The bacterial
strain is tested for PCB-degrading activity. The strain was allowed to react with
naphthalene, anthracene, benzoic acid, salicylic acid, and dibenzofuran. The result
was the MAPNI strain grew on all the tested aromatic substances. The highest
growth was observed for the compound anthracene. The strain showed prominent
growth using biphenyl as the carbon source and increased the efficiency of
phytoremediation strategy. MAPNI1 strain has the capability to produce glycolipid
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biosurfactants which have the ability to solubilise the pollutants. Plant growth was
observed for different concentrations of biphenyl and with inoculation of bacteria.
The biphenyl showed an inhibitory effect on plants, in the absence of the bacterial
strain. When the bacterial strain is inoculated, the inhibitory effect was reduced and
plant growth was enhanced. For 15 days, plant growth was slow. After that plant
growth at all different concentrations of biphenyl gradually increased. However,
there is no clear study of Rhodococcus sp. on plant growth properties, so a better
understanding is required to achieve successful enhanced phytoremediation (Sandhu
et al. 2020).

4.9  Phytostimulation

Phytostimulation is the process which involves promotion of rhizosphere
microorganisms by utilising the signalling molecules released by plant roots as a
nutrient source. Sun et al. investigated on reduction in lead toxicity on Lolium
perenne (perennial ryegrass) by Trichoderma asperellum. The fungus
T. asperellum was isolated from the lead-contaminated region. The fungal isolates
were cultured in media for 14 days. The experiment was done in four ways: plants
were set up in soil which was not contaminated by lead (CK), lead-contaminated soil
(T1), lead-contaminated soil with saw dust (T2), and inoculation of fungal isolate
with saw dust in contaminated soil (T3). Then the plants were allowed to grow for
28 days. Plant growth was reduced in T1 condition which was exposed to lead; plant
height was increased in T2 condition, but dry weight was reduced; T3 condition
showed enhanced plant growth and dry weight. A higher concentration of lead was
observed in roots than in shoots. The lead-resistant microbes enhanced the extraction
of lead from the soil, thus improving remediation of the lead-contaminated soil (Sun
et al. 2020). The modulation of signalling compounds in association with plants and
microbes was investigated. Seeds of Withania somnifera are planted and allowed to
grow for 14 days. Four endophytic strains were isolated from the leaves of the plant
and tested for the production of IAA, ACC, and ammonia. The fungal isolate
Aspergillus fumigatus was able to produce IAA, ACC, and ammonia, based on
which the strain was chosen for further studies. The endophytic strains, when
inoculated into the plants, were able to promote plant growth and colonised effec-
tively. To check the ability of IAA in enhanced plant growth, it is inhibited and plant
growth was analysed. The growth of roots was reduced to 66% and with IAA, the
growth of maize root was 90%. Thus, it is evident that IAA plays a key role in
phytostimulation of plants (Mehmood et al. 2018).

4.10 Microbial-Assisted Phytodegradation

Phytodegradation is the process which involves breakdown of organic pollutants
either by metabolic activities occurring within the tissue or through enzymatic
release from roots. Scirpus grossus is used for phytodegradation of pollutants in
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contaminated water. The plant was allowed to grow in diesel-contaminated water
and analysed. The polluted water, soil and plant samples were taken on 14, 28,
42, and 72nd days to check the effect of the phytoremediation process. The number
of rhizobacteria present in the roots of S. grossus was estimated by the serial dilution
method. The potential rhizobacteria were isolated for running the biodegradation
test, which was used to evaluate the plant-microbe interaction. After 72nd day of
phytoremediation, the concentration of total petroleum hydrocarbons (TPH) was
evaluated. Three plants were used in the experiment and the efficiency of degrading
petroleum hydrocarbons was 81.5%, 71.4%, and 66.6%. The degradation test
showed the effect of S. grossus and rhizobacteria in diesel-contaminated water.
There was a difference in the removal of concentration of pollutants on from 14th
day to 72nd day. It is due to interaction of plant and microbe. In the presence of a
higher population of rhizobacteria, the removal efficiency is higher. The study
demonstrated the ability of Scirpus grossus to withstand the petroleum hydrocarbons
in the concentration of 0.1%, 0.175%, and 0.25%. It is also evident that the interac-
tion between rhizobacteria and S. grossus enhanced the removal of diesel
(Al-Baldawi et al. 2015). A study on Lotus corniculatus and Oenothera biennis
has shown that hydrocarbon-degrading endophytic bacteria stimulate improved
phytodegradation of pollutants. The plants were collected from the hydrocarbon-
polluted site and divided into shoots, roots, and leaves. The soil adhering to the roots
were taken and endophytic bacteria were isolated from the soil. The production of
TAA, ACC and solubility of inorganic phosphate of bacterial isolates were estimated.
About 58.33% of bacterial isolates from L. corniculatus and 28.7% of isolates from
O. biennis showed the ability to solubilise phosphate. The capability of bacterial
isolates to utilise hydrocarbon as a carbon source was checked. The bacterial isolates
were analysed for identification of hydrocarbon-degrading genes. Five bacterial
strains, namely Pseudomonas mandelii and four strains of Rhodococcus sp., showed
positive results. All the bacterial isolates are screened for their capability to promote
plant growth. All bacterial strains produce IAA and the highest production were
observed on Delftia lacustris SFXS, Delftia lacustris 6.1XS, and Rhizobium
sp. 1XS. The highest production of siderophore was observed in L. corniculatus.
The ability of the bacterial strain in plant colonisation was analysed by checking the
cellulase activity. The cellulase production of O. biennis and L. corniculatus effi-
ciency is 64.29% and 47.67%, respectively. The isolated bacterial strains showed a
clear potential to degrade hydrocarbons by emulsification property. Bacterial strains
of species such as Serratia, Delftia, Rhodococcus, Rhizobium, and Pseudomonas,
and Rhodococcus sp. 4WK have the ability to produce biosurfactants which promote
emulsification of hydrocarbons, resulting in degradation (Pawlik et al. 2017). Kabra
et al. (2013) worked on the treatment of textile effluents by plant—microbe
interactions. The soil adhered to the roots of the plant Gaillardia pulchella was
cleaned and dye was added to it. The dye used in the experiment is 2, 2'-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid). The plant inoculated with the dye
decolourised it within 72 h. Using 16S rRNA gene sequencing the bacteria present
in the roots was found to be Pseudomonas monteilii. Seeds of the G. pulchella were
planted and allowed to grow for 4 weeks. The plant decolourised the dye with an
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efficiency of 97% within 72 h, the efficiency of decolourisation by bacteria was 85%
within 72 h, and the efficiency of combined system was about 100% within 48 h. The
study shows the efficiency of plant—microbe combined system in decolourising the
dye is higher than usage of plant and microbes separately (Kabra et al. 2013). From
the studies illustrated in the review, it is evident that microbes when interacting with
plants help in depleting pollutants and also help plants to withstand the stress caused
by pollutants. Microbes provide plants with growth-promoting phytohormones and
plants in turn provide carbon, nitrogen, and phosphorus sources to the microbes.

4.11 Challenges Faced During Remediation by Plant-Microbe
Associations

Even though plant-microbe remediation has a potential ability to degrade pollutants,
there are some disadvantages for this combined system, which make it challenging,
and only few studies have been conducted on them to improve the efficiency of
remediation. Differences in the efficiency of degrading pollutants have been
observed, when plants with its associated microbes are used in different
combinations. This observation suggests that selection of appropriate microbes
and plants is required for remediation of specific contaminants. There is not much
research on suitable selection of plant-microbe systems for remediating polluted
environments. Some negative impacts on food chain also occur due to the problems
faced in disposal of pollutants. Only few details about the composition of the
microbes present in contaminated soils or regions are known. In degradation of
pesticides, the parent biocompounds used also have toxic effects, which results in
harmful impacts on humans. There is no clear understanding of the mechanism of
degradation of contaminants, role of rhizospheric microbes, and the interaction of
plants and microbes (Kuiper et al. 2004).

4,12 Conclusion

From this review, it is evident that plant-microbe interaction-associated remediation
is more beneficial compared to other conventional methods. Various regulatory
networks in plant-microbe interactions should be investigated. The synergistic
relation between plants and microbes, and their role in metal mobilisation and
degradation should be analysed clearly. Development of transgenic and recombinant
microbes along with plants may also increase the efficiency of the treatment. Plant—
microbe interaction-associated remediation will be a promising approach if the
limitations are clearly acknowledged and resolved. For utilisation of microbe—
plant combined systems to degrade contamination at industrial level, it is pretty
much essential to better understand plant—microbe interactions. There is an urgent
need in developing novel strategies for pollutant degradation so that we can create a
better and safe environment.
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Abstract

Heavy metal pollution is a matter of serious concern worldwide. Movement of
heavy metals starting from the extraction processes to their applications in a
variety of industrial activities, results in their indiscriminate release in the envi-
ronment. Prolonged exposure to these heavy metals can cause detrimental health
effects in human as well as other living organisms. Heavy metals include a class
of some highly toxic metals such as, Hg, Cd, Cr, Pb, Ni, Cu, and Zn. that are
reported to have cytotoxic, carcinogenic, teratogenic, and mutagenic effects.
Since, these heavy metals are nondegradable and have a tendency to accumulate
in environment, their removal from aquatic and terrestrial system is required.
Bioremediation is one of the promising techniques which can be used to remove
these contaminants from water and soil using biological agents, including
microorganisms (bacteria, fungi, and microalgae) and plants (phytoremediation).
Microorganisms and plants are capable of taking up heavy metals from nature and
use these toxic contaminants in their metabolic activities, or convert them to less/
nontoxic forms. Thus, the microorganism- and plant-mediated treatment pro-
cesses are widely accepted since these methods are based on natural mechanisms
and also reduce the chances of generation of secondary pollutants as in the case of
various conventional processes. This chapter thus studies the various bioremedi-
ation techniques for the removal of heavy metal from nature and will discuss the
mechanisms of different biological agents used for the transformation of toxic
heavy metals. Different methods for the assessment of heavy metals have been
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discussed for the effective monitoring of contaminants in nature. The review also
presents the recent advances in the field of bioremediation in terms of use of
plants and their metabolites, plant growth—promoting rhizobacteria and
nanoparticles for efficient removal of heavy metals from contaminated sites.

Keywords

Heavy metals - Contamination - Toxicity - Bioremediation - Phytoremediation

5.1 Introduction

Rapidity of industrialization, rising demand of energy, mining, and careless exploi-
tation of natural resources in the past many years are the key reasons for rise in
environmental pollution which causes serious threats to biodiversity and ecosystem
processes. Large amount of various toxic organic and inorganic pollutants causes
soil and water pollution. Of these, one of the most toxic pollutants that have an
adverse impact on environment is heavy metals (Gautam et al. 2016).

Heavy metals are naturally occurring elements with an atomic number greater
than 20 and atomic density above 5 g cm > and exhibit the properties of metal such
as luster, ductility, malleability, and high electric and thermal conductivity. These
are one of the most challenging pollutants due to their highly toxic and nonbiode-
gradable nature. Also, heavy metals have high efficiency to get rapidly
bioaccumulated in ecological systems since plants and animals absorb these from
the contaminated environment in which they are residing.

Heavy metals can also biomagnify inside the human body due to consumption of
bioaccumulated plants, animals, and contaminated water. They pose severe hazard-
ous impacts even at very low concentrations. The natural sources of heavy metal
discharge into the environment include geological weathering of bedrocks and
volcanic eruptions. The anthropogenic sources include industries (dyeing, tannery,
mining, electroplating, paints and pigments, fertilizer, etc.), sewage sludge, waste
treatment plants and runoff from agricultural fields. The other sources include
electronic waste, personal care products, cosmetics, and medicines. In addition to
this, plant and animal waste matter decomposition, plant exudates, forest fire, wind
erosion, oceanic spray, and airborne particles from volcanic activity also lead to the
addition of heavy metals in environmental components. Emission of heavy metals
into the environment also occurs in many other ways such as in air, at the time of
combustion, due to extraction and processing of metal-containing ores, to surface
waters by means of runoff and also due to releases from storage and transport.
Roadways and vehicular emissions are also one of the major contributors of heavy
metals in the environment (Jobby and Desai 2017). After their release from the
source, these heavy metals tend to remain in the environment for longer time periods
attributed to their nondegradable nature. They can also impose toxic and irreversible
effects on the associated microorganisms, plants, animals, and human beings
(Rahman and Singh 2019).
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Currently the term “heavy metal” has been used to explain metallic chemical
elements and metalloids which are harmful to the environment and human beings.
Of the total 90 naturally occurring elements, 53 are considered as heavy metals.
Some heavy metals more common in our everyday life are chromium (Cr), cad-
mium (Cd), copper (Cu), arsenic (As), lead (Pb), mercury (Hg), nickel (Ni),
zinc (Zn), manganese (Mn), iron (Fe), cobalt (Co), silver (Ag), gold (Au), plati-
num (pt), molybdenum (Mo), tin (Sn), vanadium (V), and titanium (Ti) (Briffa et al.
2020). These metals and metalloids in less concentration play a vital role for tissues
and cells of all living organisms because they serve as cofactors for proteins and
enzymes. They are also responsible for maintaining the osmotic potential. On the
other hand, these metals show highly hazardous effects in high concentration (Tahir
et al. 2019). Among all heavy metals, chromium, lead, mercury, cadmium, and
arsenic are widely present in the environment. These heavy metals cause various
health impacts such as chromium (VI) and arsenic are carcinogenic in nature. High
doses of cadmium can cause a degenerative bone disease. Lead and mercury in high
concentration cause damages to the central nervous system in the human body
(Fatima and Ahmed 2018).

5.2  Heavy Metal Pollution

Heavy metals are characterized into three forms which are of great concern, com-
prising (a) toxic metals (Cr, Hg, Zn, Pb, Ni, Cu, As, Cd, Sn, Co, etc.), (b) precious
metals (Pd, Pt, Ru, Au, Ag, etc.), and (c) radionuclides (Th, U, Am, Ra, etc.). In
addition of these, some metals are considered to be essential elements (Cu, Ni, Co,
Zn, etc.), while others are considered as nonessential metals (Cd, Pb, As, Ag, Au,
etc.). Soil contamination with heavy metals is of great concern because it causes
adverse effects to humans and the ecosystem directly. Heavy metals from
contaminated soil can easily enter the food chain through direct ingestion. Living
organisms may also intake heavy metals by means of drinking contaminated
groundwater. Metal toxicity in plants results in reduction in food quality and less
use of land for agricultural production, ultimately leading to food insecurity and land
tenure problems (Jobby and Desai 2017).

Heavy metals enter into the environment through various sources such as industrial
wastewater and sewage discharge which are the significant sources of metal pollution
in water life. Soils also get contaminated due to the accumulation of heavy metals and
metalloids that are emitted from industrial areas, dumping wastes, from leaded gaso-
line and paints, mine tailings, agricultural activities such as use of fertilizers and
pesticides, sewage sludge, irrigation with wastewater, residues of coal combustion,
runoff from terrestrial systems, effluents from industrial and domestic sources, acci-
dental leakages spillage, and atmospheric deposition (Table 5.1).

Various adverse impacts of heavy metals are well known. They are very lethal to
living organisms even at very low concentrations (Table 5.2). They can cause
potential health impacts that can be cytotoxic, carcinogenic, teratogenic, and muta-
genic in nature (Fig. 5.1).
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Table 5.1 Sources of some toxic heavy metals in the environment

Metal Sources

Chromium Mining, road runoff, coolants from industries, leather tanning

(Cr)

Lead (Pb) Lead acid batteries, mining, smelting, paints, e-waste, ceramics
Mercury Thermal power plants, fluorescents, dental amalgams, hospital wastes
(Hg)

Arsenic (As) | Smelting operations, thermal power plants, fuel burning, pesticides

Copper (Cu) | Mining, electroplating, smelting operations, road runoff

Nickel (Ni) Combustion of fossil fuels, electroplating, battery industry, road runoff, thermal
power plants

Cadmium Ni or Cd batteries, sludge from paint industry, fuel combustion, e-waste
(Cd)
Zinc (Zn) Road runoff, electroplating, smelting

Table 5.2 Major heavy metal contaminants, prescribed standards (in drinking water) and their
human health effects

Maximum
concentration levels | Tolerance limits

Heavy (mcl) (mg/l) (mg/1) IS:10500,

metal USEPA* 1992° Potential health effects

Arsenic 0.05 0.05 Skin lesions and carcinogenic effects

(As)

Cadmium 0.005 0.01 Kidney problems

(Ca)

Chromium | 0.1 0.05 Allergic dermatitis

(Cn)

Copper 1.3 0.05 Gastrointestinal distress (acute

(Cu) exposure)

Liver and kidney damage (chronic
exposure)

Mercury 0.002 0.001 Kidney and spinal cord ailment

(Hg)

Lead (Pb) 0.015 0.05 Late physical and mental growth,
central nervous system (CNS)
complications, kidney and high
blood pressure issues

Nickel (Ni) | 0.1 0.05 Allergic skin diseases, carcinogenic
effects, immunotoxic, neurotoxic,
genotoxic

“United States Environmental Protection Agency Prescribed
Indian Standard: 10500, 1992
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Heavy Metals

Cr (Carcinogenic)

Attack—skin, lungs, kidney, brain,
pancreas, testes

2. Cd (Carcenogenic)

Attack—bones, lungs, kidney, liver
brain, immunological,
cardiovascular

3. As (Carcenogenic)

Attack—kidney, liver, metaboic,
immunological, endocrine,
cardiovascular

Cardiovascular

Lung cancer

Renal
dysfunction

4.Cu I Hepatic necrosis
Attack—liver, kidney, brain, cornea,

testes, gastrointestinal,

Intravascular
hemolysis

5. Hg

Attack—liver, kidney, brain, cornea,
endocrine, reproductive

6. Pb

Attack—bones, liver, kidney, spleen,
Immunological, hemantological

Effects of heavy metals on human body parts

Osteoporosis

Fig. 5.1 Toxicity to humans due to heavy metals

5.3  Bioremediation of Heavy Metals: Principles, Mechanisms
and Factors

Presently a number of methods such as ion exchange, adsorption, chemical precipi-
tation, floatation, electro dialysis, solvent extraction, electrochemical deposition, and
reverse osmosis are available in order to eliminate or remove these toxic heavy
metals from the environmental components. But these techniques have many
limitations such as high cost and very low efficiency. Further, these techniques
have the potential to cause deleterious effects on soil and thereby changing its
original composition. In order to overcome these drawbacks new eco-friendly
methods are being invented and developed which have no such adverse effects.
These methods use microorganisms such as bacteria, fungi, or plants to remove
heavy metals either by absorbing or by changing the valency of metal element and
make them less toxic (Pratush et al. 2018). These methods are collectively
recognized as Bioremediation techniques. Eco-friendly and cost effectiveness are
more advantageous features of bioremediation as compared to other chemical and
physical methods of remediation (Azubuike et al. 2016).
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Bioremediation is an ecologically sound and up-to-the-minute technique which
by means of natural biological processes completely removes toxic contaminants
from the environment. It can be any process which with the help of microorganisms
(bacteria, fungi), green plants, or their enzymes brings the modified and
contaminated environment into its natural original condition. The time period
between the late 1980s and the early 1990s was the golden period for bioremediation
(Mani and Kumar 2014).

5.3.1 Principles of Bioremediation

Principle of bioremediation includes the use of microorganisms to destroy the
harmful contaminations or convert them into less toxic form. Three essential
components of bioremediation are (a) microorganisms, (b) food, and (c) nutrients,
which are together known to be the bioremediation triangle. The effective role is of
microorganisms which metabolizes the chemical compounds to produce water,
carbon dioxide (in aerobic conditions) or methane (in anaerobic conditions), micro-
bial biomass and metabolites (Paul et al. 2021).

In bioremediation, the native microflora predominates in the contaminated site
and suitable conditions such as more food for suitable growth is provided to them to
make them grow to their full potential. This helps in the production of more enzymes
as secondary metabolites which have potential to break down the complex
contaminants into simpler constituents more efficiently. The process of bioremedia-
tion takes place through the breakage of chemical bonds and release of energy. This
release energy is again used by the microorganisms for their metabolism and growth.
The microbial species used for heavy metal transformation can either be isolated
from aerobic or anaerobic or both of the environments. However, the
microorganisms isolated form aerobic environments are mostly exploited for the
process of bioremediation as compared to the ones isolated from anaerobic environ-
ment (Pratush et al. 2018). Complete breakdown of pollutant needs the action of
several microbes. The process of biodegradation depends on suitable environmental
conditions, type of the pollutant and its solubility, and the bioavailability of the
pollutant to the microbial population in order to achieve fast and effective biodegra-
dation. Environmental conditions are also manually controlled or manipulated to
facilitate sufficient microbial growth (Tyagi and Kumar 2021).

5.3.2 Maechanisms of Bioremediation

Microorganisms are widespread and easily convert heavy metals from toxic form to
nontoxic simpler forms. In the process of bioremediation, the organic pollutants or
contaminants are converted into carbon dioxide (CO,) and water (H,0), and/or to
other metabolic intermediates by microbial activity and the converted materials are
utilized as primary substrates required for cell growth. Microbial communities are
capable of two-way protection. Firstly, they produce degradative enzymes for the
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Table 5.3 Microorganisms used for heavy metal removal from contaminated sites

Heavy
Microorganisms metals Reference
Bacillus polymyxa Cu, Zn Philip et al. (2000),
Pseudomonas aeruginosa Gunasekaran et al. (2003)
Saccharomyces cerevisiae Pb, Hg, Ni | Chen and Wang (2007), Talos
et al. (2009), Infante et al.
(2014)
Pseudomonas aeruginosa, Aeromonas sp. U, Cu, Ni, Sinha et al. (2011)
Cr
Geobacter spp. Fe, U Mirlahiji and Eisazadeh (2014)
Bacillus safensis (JX126862) strain (PB-5 and | Cd Priyalaxmi et al. (2014)

RSA-4)
Aerococcus sp., Rhodopseudomonas palustris | Pb, Cr, Cd Sinha and Paul (2014), Sinha
and Biswas (2014)

Pseudomonas fluorescens, Pseudomonas Fe, Zn, Pb, | Paranthaman and Karthikeyan

aeruginosa Mn and Cu | (2015)

Lysinibacillus sphaericus CBAMS Co, Cu, Pefia-Montenegro et al. (2015)
Cr, Pb

Microbacterium profundi strain Shh49T Fe Wu et al. (2015)

Aspergillus versicolor, A. fumigatus, Cd Soleimani et al. (2015)

Paecilomyces sp., Trichoderma sp.,
Microsporum sp., Cladosporium sp.

degradation of target pollutants and secondly, they become resistant to relevant
heavy metals. Diverse types of mechanisms including bioaccumulation, biosorption,
biomineralization, biotransformation, metal-microbe interactions, and bioleaching
are utilized for bioremediation. Microorganisms use chemicals for their growth and
development in order to remove the heavy metals from the contaminated site. The
metals get dissolved, reduced, or oxidized through microbial activity.
Microorganisms restore the contaminated environment into its original form by
oxidation, immobilization, volatilization, transformation, and binding of heavy
metals.

The success of bioremediation in a particular location can be ensured by thorough
understanding of the operating mechanism, controlling activity, and growth of
microorganisms, enhancing their response through metabolic capabilities to envi-
ronmental changes. Organic contaminants tend to disrupt cell membranes. However,
microbial cells have the potential to develop defense mechanisms which comprise
the formation of outer cell-membrane-protective material, often hydrophobic or
solvent efflux pumps. The prevalent example includes the formation of plasmid-
encoded and energy-dependent metal efflux systems. These systems include
ATPases and chemiosmotic ion/proton pumps and are reported for resistance against
Cd, Cr, and As in many bacteria (Dixit et al. 2015). The selection or choice of
microorganism, however, depends on the nature of contaminant or pollutant material
to be degraded and environmental conditions. Certain microorganisms which have
been implied for heavy metal removal are given in Table 5.3.
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5.3.3 Factors Affecting Bioremediation

The efficiency and potential of bioremediation techniques depends on physicochem-
ical characteristics of the environment, concentration and chemical nature of the
pollutants, and their bioavailability to existing microorganisms (El Fantroussi and
Agathos 2005). Important factors which are important for the growth of
microorganisms in order to remove the heavy metals from the contaminated sites
include the following.

1. Nutrients: Availability of nutrients are less at the contaminated sites because of
organic pollutants which are more at contaminated site and get depleted or
degraded during microbial metabolism. So an additional supply of nutrients
like nitrogen (N), phosphate (P), and potassium (K) is given from outside to the
affected or contaminated site to stimulate the growth and cellular metabolic
activities of microorganisms and thereby increasing the rate of bioremediation
process. The higher efficiency of bioremediation can be achieved by improving
the bacterial C:N:P ratio (Abatenh et al. 2017).

2. Nature of Pollutants: Bioremediation depends upon the type or state of pollutants
such as solid, semisolid, liquid, and volatile in nature.

3. Soil Structure: Soil structure comprises different textures depending upon vari-
able contents of silt, sand, and clay. Powdery, well-structured, or well-maintained
soil helps in the effective supply of nutrients, water, and air to microbial consortia
for in situ bioremediation.

4. pH: Optimum range of pH for the microbial growth and degradation of the
contaminants is 5.5-8.0. Higher or lower pH values may slow down the removal
process due to high susceptibility and sensitivity of metabolic processes to even
minor changes in pH levels (Wang et al. 2011).

5. Moisture content: Water acts as a primary and important factor to determine the
dielectric constant of soil and other such mediums. The moisture content of soil
for efficient bioremediation should be in the range of 25-28%.

6. Microbial Diversity: The presence of various types of microorganisms at
contaminated site such as Flavobacteria, Pseudomonas, Chlorobacteria,
Aeromonas, Corynebacteria, Mycobacteria, Streptomyces, Acinetobacter,
Arthrobacter, Aeromonas, Bacilli, and Cyanobacteria favors the remediation
process.

7. Macrobenthos Diversity: A consortium of aquatic plants E. crassipes, S. molesta,
C. demersum with aquatic animals A. woodiana and L. hoffneisteri is very
effective to degrade organic and metal load in domestic wastewater.

8. Temperature: The optimum temperature ranges from 15 to 45 °C for efficient
bioremediation. Temperature influences the physiology of microorganisms
resulting in speeding up or slowing down of the bioremediation process. The
rate of microbial activities firstly increases with increase in temperature and
achieves its maximum level at an optimum temperature. After then, the rate
declines suddenly with any further increase in temperature and ultimately stops
after specific temperature (Abatenh et al. 2017).
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9. Oxygen: Oxygen is utilized for the initial stages of breakdown of the
hydrocarbons present at the contaminated sites. The presence of oxygen
determines whether the process of bioremediation will occur under aerobic or
anaerobic conditions.

5.4  Techniques for Detection and Assessment of Heavy Metals
in the Environment

Heavy metals are the contaminants of greatest concern due to their adverse effects on
living organisms. Human and other living organisms can get exposed to the elevated
concentration of heavy metals from contaminated soil, water, groundwater, and
plants. Therefore, appropriate methods are essentially important for accurate detec-
tion and assessment of heavy metals in various environmental samples. Highly
sensitive instrumental techniques such as flame atomic absorption spectroscopy
(FAAS), graphite furnace atomic absorption spectroscopy (GFAAS), inductively
coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma optical
emission spectrometry (ICP-OES), and inductively coupled plasma atomic emission
spectrometry (ICP/AES) are widely used to assess the qualitative and quantitative
analysis of heavy metals in various samples from the environment. However, rapid
detection techniques, for example, X-ray fluorescence spectrometer (XRF), for
assessing the heavy metals in variety of environmental samples are most preferred
nowadays. Other techniques such as X-ray absorption spectroscopy (XAS) and
X-ray diffraction (XRD) have been used to study the heavy metals and their
interaction within biosystems such as soil and plants.

X-ray Fluorescence (XRF): It is a nondestructive method of analysis which
involves the emission of X-ray photon followed by atom ionization through a
primary X-ray beam. The primary X-ray beam upon hitting the sample interacts
with the electron and removes this it from its inner shell forming. This process
creates voids in the inner shell that exhibit an unstable state of the atom. The voids
get rapidly filled by electron of the outer shell accompanied by emission of X-rays
with a specific wavelength. This X-ray of specific wavelength is the measure of
elemental composition of a sample (Meirer et al. 2010).

X-ray Absorption Spectroscopy (XAS): X-ray absorption spectroscopy (XAS)
gives a researcher a detailed information on the environmental coordination of
metals absorbed by plants. XAS is used to investigate the atomic geometry of
heavy metals and their interactions within biosystems, that is, soil and plants
(Gardea-Torresdey et al. 2005).

X-ray Diffraction (XRD): X-ray diffraction (XRD) is a fast technique used for the
phase identification in crystal material in order to analyze the structure of the
material (minerals, inorganic compounds, etc.). In the recent years, XRD is being
widely used to heavy metal remediation studies. Shao et al. (2020) used XRD to
confirmed the formation of a stable mineral pyromorphite (Pbs(PO,4);Cl) in the soil
containing Pb metal after treating with low-cost phosphorous-containing
amendments.
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5.5 Techniques of Bioremediation

The process of bioremediation can be used for soil and water contaminated site
through in situ and ex situ techniques (Kapahi and Sachdeva 2019). Both “in situ”
and “ex situ” bioremediation approaches involve microbial metabolism. In situ
methods are to restore the soil and water contaminated without excavating the
sample from contaminated sites while ex situ methods are to degrade the chemical
pollutants of excavated samples (Fig. 5.2). Ex situ techniques are more expensive as
compared to in situ techniques.

5.5.1 In Situ Techniques

In situ bioremediation techniques involve biological degradation of contaminants at
the site in natural conditions. In addition to the removal of heavy metals, “in situ”
bioremediation is also used for the treatment of chlorinated solvents, dyes, and
hydrocarbon polluted sites. To make “in situ” bioremediation more successful,
several factors such as oxygen supply, moisture content, pH, temperature, and
nutrient supply are needed to be made suitable for potential microbial growth. Of
these factors, the availability of molecular oxygen is the one of the major problems
which needs to be tackled. Various in situ techniques are discussed below.

1. Bioventing: It is a technology to stimulate on site natural degradation of organic
compounds which gets adsorbed on soil particles in the unsaturated zone. The
process is basically accomplished by inducing air or oxygen to existing and
introduced microorganisms into the unsaturated zone of soil to favor their growth.

2. Biostimulation: In biostimulation, the indigenous microorganisms are provided
with rate limiting nutrients such as nitrogen, phosphorus, oxygen, electron

Fig. 5.2 Types of : :
bioremediation techniques for In SlltU Ex S.ItU
various contaminants Technlques Technlques

— Bioventing — Bioreactor
—  Biosparging —  Biopile
— Bioaugmentation L Windrow
— Biostimulation L Landfarming

— Bioattenuation
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acceptors, and adequate amounts of water to accelerate their growth and biore-
mediation potential.

3. Bioaugmentation: Bioaugmentation is the introduction of specific indigenous or
nonindigenous microorganisms that may be autochthonous, allochthonous wild
type or genetically modified to the contaminated sited to remove the target
compounds. This technique is aimed at increasing the gene pool and genetic
diversity at the site to accelerate the rate of degradation of hazardous substances.

4. Bioattenuation: This technique involves the removal of heavy metals without
human interference in passive mode suitable for both biodegradable and intracta-
ble contaminant. It includes aerobic and anaerobic types of degradation compris-
ing physicochemical methods, namely dispersion, dilution, and ion exchange.
The process involves the removal of chemicals by means of tiny bugs or microbes
which eat and then digest the contaminants to convert them to water or less toxic
forms.

5. Biosparging: In this technique, injection of air is given into saturated zone or
subsurface soil in order to improve the rate of biodegradation of contaminants by
naturally occurring bacteria. Nutrients may also be added to enhance the micro-
bial growth. Pollutant biodegradability and soil permeability plays important role
in the effectiveness of biosparging. In stressed conditions, metal-adsorbing
materials are produced by bacteria. These materials chemically interact with
contaminants and pollutants and cause their precipitation. During biosparging,
the oxygen supply produces aerobic condition which are quite appropriate for the
degradative action of native microbes.

5.5.2 Ex Situ Techniques

Ex situ techniques involve the removal or transportation of contaminated environ-
mental component or site to another site for remediation. The location and environ-
mental conditions of the contaminated site, cost, type of the pollutant, and level of
pollution are the main criteria for “ex situ” bioremediation techniques. The “ex situ”
type bioremediation techniques are comparatively easier to regulate and control the
processes. These are useful to treat a wider range of contaminated soils and toxins. In
this mixing of material is done to have a good supply of air and nutrients so that
degradation of contaminants is much faster as compared to “in situ” techniques. The
various ex situ techniques are described below.

1. Bioreactor: in bioreactor technique, large vessels are used to remove the
pollutants from wastewater by means of microbes. The different operating
modes of the bioreactor are (a) batch, (b) fed-batch, (c) sequencing batch,
(d) multistage, and (e) continuous. Temperature, pH, moisture, concentration of
substrate, agitation rate, and aeration rate are the important parameters required
for working of bioreactors. Due to certain limitations, bioreactor-based bioreme-
diation is not suitable for removal of heavy metals. Firstly, it requires more man
power. Also, there is requirement of high cost for the transfer of pollutants from
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the contaminated site. Secondly, various bioprocess variables are involved in
bioreactor technique. If any variable remains uncontrolled, it turns out to be a
limiting factor and leads to reduction of microbial activities and hence makes the
technique very less effective.

2. Biopile: Biopile-based bioremediation involves conversion of contaminated soils
into piles. The pile formation is followed by application of nutrient and aeration to
make bioremediation effective by increasing microbial activity. Different terms
are used for of biopiling such as bioheaps, biocells, and biomounds for alleviating
the problem of contamination from soils and sediments. Temperature, pH, mois-
ture, and nutrients are important parameters to accelerate biodegradation in
biopiles. Biopiles are useful to remove heavy metals from soil, and they are a
better pollutant removal strategy as compared to other techniques such as land
farming and composting which are based on bulk transfer of nutrients, water,
and air.

3. Windrow: Windrow includes the turning of polluted soil for increasing and
improving aeration along with the application of water, uniform distribution of
nutrients, contaminants, and microbial degrading activities. The process occurs
through assimilation, mineralization, and biotransformation. This treatment is not
suitable for remediation of soils which are polluted with toxic volatile compounds
since it involves periodic turning.

4. Landfarming: Less Equipment is required during landfarming technique opera-
tion. However, production of leachate take place during landfarming operation
which should be taken care of to prevent the groundwater contamination. Tillage
and irrigation with appropriate biological activity enhances the rate of bioreme-
diation by enhancing heterotrophic bacterial counts. The enzyme microbial
dehydrogenase, a good indicator of biostimulation, is used in landfarming.
Landfarming is the simplest bioremediation practice. However, there are certain
limitations to it such as it requires a large operating space, requirement of
additional and high cost during excavation, reduction in microbial activity due
to unfavorable environmental conditions and less effectivity in removal of inor-
ganic pollutant. These limitations make this technique more time-consuming
which in turn makes it less efficient.

5.6 Plant-Mediated Heavy Metal Removal

Plants are well known to remove metal contaminants from environment. Plant-based
remediation technologies, also known as phytoremediation, have been widely stud-
ied for extracting and accumulating the heavy metals significantly. Phytoremediation
is an ecological remediation technology where plants are used as an important source
for the removal of contaminants whether, organic or inorganic. In the process of
phytoremediation plants remove contaminants through different mechanisms such as
extraction, sequestration, and detoxification. Plants use different approaches for the
removal of heavy metals from the ecosystem, which include phytoextraction,
rhizofiltration, phytovolatilization, and phytostabilization. Thus, the techniques of
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phytoremediation can be further classified as phytodegradation, rhizofiltration,
phytostabilization, phytoextraction, and phytovolatilization (Fig. 5.3).

Heavy metals, for example, Cu, Zn, Fe, and Mo, make an integral part of many
enzymes and participate in redox reactions, electron transfer, and also in nucleic acid
metabolism, and thus are considered as essential for plants. These metals act as
cofactors and activator of important enzymatic activities, thus playing an important
role in the formation of enzyme—substrate metal complex (Nagajyoti et al. 2010). Zn,
acting as cofactors for over 300 enzymes and 200 transcription factors involved in
maintaining membrane integrity, auxin metabolism, and reproduction (Singh et al.
2016). Heavy metals at microlevels are important for plant growth, but at elevated
concentrations can exert toxic effects in plants. The most common toxic effects of
essential and nonessential heavy metals on plants include inhibition of growth and
photosynthesis, chlorosis (loss of the green coloration of leaves), low biomass
accumulation, altered nutrient assimilation and water balance, and senescence,
which ultimately leads to plant death. There are four proposed mechanisms for the
toxicity of heavy metals on plants (Singh et al. 2016).

1. Similarities to nutrient cations, lead competitive uptake on root surface; for
example, As and Cd compete with phosphorus (P) and Zn, respectively, for
their uptake.

2. The heavy metals directly interact with the sulfhydryl (-SH) group of functional
proteins. This interaction disturbs their structure and function, thereby rendering
them inactive.

3. Movement of essential cations from particular binding sites causes functional
collapse.

4. Reactive oxygen species (ROS) generation as a result damages the
macromolecules.

Plants have potential adaptive mechanisms for tolerance toward the high
concentrations of heavy metals, their extraction, and accumulation in the above
ground parts (Singh et al. 2010; Pal and Rai 2010). Plants having potential to uptake
or tolerate a large amount of heavy metals known as hyperaccumulators make them
unique to be used as a tool for the remediation of heavy metal. Such plants are also
known as “metallophytes.” Over 400 plant species vary from annual to perennial
herbs, shrubs, and trees belonging to over 45 families have been identified to
accumulate significant amount of heavy metals (Giri et al. 2015). Baker (1981)
recognized the types of plant—soil relationships, that is, accumulators, indicators, and
excluders (Fig. 5.4) growing on metalliferous soils, as discussed below.

1. Accumulators: These plants concentrate the toxic metals in their aboveground
parts.

2. Indicators: Uptake and transportation of metals to the shoots of plant is regulated
in a manner where internal concentration reflects the external levels.
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[Plant] [Plant] [Plant]

[Sail] [Soil] [Soil]
Accumulator "Indicator" Excluder

Fig.5.4 Three ways in which the response of plants to increasing soil metal levels may be reflected
by the metal concentrations in aerial plant parts. Reproduced with permission from Baker (1981).
(Copyright 1981, Taylor & Francis Group)

3. Excluders: Plants maintain toxic metal concentrations in their parts as constant up
to a critical soil value and above which unrestricted transportation of
contaminants occur.

Plants use their root system to absorb the ionic compounds present in soil. Plants
develop a rhizosphere ecosystem by extending their root system into the soil matrix.
The extensive root system of plants helps them to accumulate heavy metals and
regulate their bioavailability. In this way, plants not only reclaim the contaminated
soil but also stabilize soil fertility (Jacob et al. 2018; DalCorso et al. 2019). Plant
roots release some exudates into the soil and enhance the bioavailability of heavy
metals by modifying soil pH. Root exudates are primary metabolites (sugar, amino
acids, and organic acids) released from plants’ root tip and play a crucial role in
shaping the interaction between plants and soil, especially nutrient mobilization in
rhizosphere soil (Canarini et al. 2019). Apart from root exudates, pH of rhizosphere
also influences heavy metal uptake by plants/hyperaccumulators. It has been
reported protons released in the rhizosphere by roots enhanced metal dissolution
(Singh et al. 2016). Plant roots follow either of the two pathways for nutrient and
heavy metal uptake, that is, apoplastic pathway and symplastic pathway. The
apoplastic pathway is the passive diffusion of soluble metals through the space
between cells, whereas the symplastic pathway is active transport of nutrients/
soluble heavy metals against electrochemical potential gradients and concentration
across the plasma membrane (Peer et al. 2005).

For successful implementation of the process of phytoremediation plants must
possess the heavy metal detoxification mechanism. Plants with constituent and
adaptive mechanisms to extract, collect, and tolerate high concentrations of their
rhizospheric contaminants are preferred for the application of phytoremediation
procedures. Plants have developed a range of potential mechanisms for tolerating
and avoiding the toxic effect of high concentrations of metals. By avoidance and
tolerance strategies, plants are able to keep cellular concentration of heavy metals
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Avoidance

Tolerance

Fig. 5.5 Avoidance and tolerance strategies used by plants against heavy metal toxicity

below toxicity thresholds (Hall 2002). Avoidance is the first defense mechanism
used by plants, whereby the entry of heavy metals into plant tissues is restricted by
roots, whereas tolerance is the second- and intercellular-level approach adopted by
plants to deal with the accumulated heavy metal ions inside plant cells (Dalvi and
Bhalerao 2013). Various avoidance and tolerance approaches adopted by plants
against heavy metal toxicity are depicted in Fig. 5.5.

***Plants tolerate the toxic metal concentration in the cytoplasm by complexa-
tion and chelation of metal ions with organic acids, thus reducing their bioavailabil-
ity. Plants accumulates various metabolites in their cytoplasm in order to tolerate or
detoxify the effects of high heavy metal concentration. Different metabolites and
their roles are discussed in Table 5.4. Kramer et al. (2000) reported chelation of
nickel (Ni) by citrate and accumulation in the vacuoles of leaves of the
hyperaccumulator Thlaspi goesingense. Similarly, chelation and accumulation of
Cd in the leaves of Solanum nigrum by acetic acid and citric acid was reported by
Sun et al. (2006). Sun et al. (2011) observed a positive correlation between the Cd
concentration and both tartaric and malic acids in the leaves of Rorippa globosa and
in Rissopsetia islandica the rise in acetic acid levels was observed with Cd concen-
tration, thus suggesting that the accumulation of Cd is associated with tartaric and
malic acids in the leaves of R. globosa and acetic acid in R. islandica (Sun et al.
2011). Similarly, accumulation of amino acids such as proline is one of the strategies
used by plants to avoid environmental stress (e.g., heavy metals, salt, water, UV
radiation, and excess and deficiency of minerals). It has been observed that oxidative



5 Recent Trends in Bioremediation of Heavy Metals: Challenges and Perspectives 119

Table 5.4 Metabolites and their role in plants to avoid toxic effects of heavy metals

Metabolites Role in plants to avoid toxic effects of heavy metals
Organic acids (such as citric acid, Chelates metalloids inside the cells and reduce their toxic
oxalic acid, and malic acid) effect

Amino acids (proline, asparagine, Proline works as an osmolyte, radical scavenger, and
cysteine, etc.) macromolecule stabilizer

Asparagine plays key role in metal-asparagine complex
and reduce heavy metal stress
Cysteine is a key metabolite in antioxidant defense and
metal sequestration. Cysteine is also required in
methionine and glutathione (phytochelatins) synthesis
Heat-shock proteins (HSPs) HSPs are expressed or produced in response to stress like
high temperature and heavy metals. Work to protect and
repair the proteins under stress condition. HSPs also
protect the membrane against metal damage

Betaines Betaines (glycine betaines) observed to accumulate under
water stress and in metal stress also

Metallothioneins (MTs) Intracellular complexation. Metallothioneins are
cysteine-rich metal-binding proteins/peptide ligands

Phytochelatins (PCs) Intracellular complexation. Phytochelatins are also

metal-binding polypeptides/peptide ligands, help to
sequester and detoxify toxic metal ions

stress is one of the most common effects of heavy metal toxicity in plants; thus,
enhanced antioxidant capabilities of hyperaccumulators make it possible to tolerate
high heavy metal concentrations (Peer et al. 2005).

Chelation of toxic metal ions followed the compartmentalization of the heavy
metals in the vacuoles in order to reduce their toxic effects on other cell functions
(Sheoran et al. 2010). Various studies mentioned certain secondary metabolites and
high molecular weight compounds released from root which influence the root—
microbe relation (Ahmed et al. 2018). Thus, heavy metal uptake by plants involves a
series of processes which starts with heavy metal mobilization followed by root
uptake, xylem loading, transportation from root to shoot, cellular compartmentation,
sequestration, and volatilization (Peer et al. 2005).

5.7 Role of Microbes in Heavy Metal Removal

Microorganisms such as bacteria, fungi, yeasts, and microalgae possess great poten-
tial for the remediation of heavy metal-contaminated sites. Microorganisms possess
certain resistance mechanisms against the metal toxicity which allow microbes to
survive in heavy metal-contaminated environment (Fig. 5.6). The metal resistance
mechanisms include (a) exclusion by permeability barrier, (b) intracellular seques-
tration by protein binding (cysteine-rich metal-binding protein, e.g.,
metallothionein), (c) extracellular sequestration, (d) active transport/efflux system,
(e) enzymatic reduction to less toxic forms, and (f) reduction in the sensitivity of
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Fig. 5.6 Mechanisms of metal resistance in microorganisms

cellular targets to the metal ions (Ji and Silver 1995; Bruins et al. 2000; Ramasamy
et al. 2007). Microbes play a vital role in modifying the bioavailability of heavy
metals simply by solubilizing and/or immobilizing them, hence can be exploited for
the treatment of heavy metal-contaminated sites (Ramasamy et al. 2007). Microbes
interact with heavy metals through different mechanisms, namely biosorption and
bioaccumulation, biomineralization, bioleaching, and bioimmobilization (enzyme-
catalyzed transformations), which can be used to remediate the heavy metal—
contaminated sites.

Biosorption is a passive mechanism of heavy metal sequestration, which uses
living or dead cell biomass. In the process of biosorption the metal ions are stick
through surface complexation onto the cell surface. Heavy metals interact with
different functional groups available on microbial cell surface. Bacterial cell surface
possesses variety of anionic ligands such as carboxyl, amine, hydroxyl, phosphate,
and sulfhydryl groups are known to bind heavy metals. Living microbial cells are
preferred by many workers for the biosorption of heavy metal due to their continu-
ous metal uptake and self-replenishment characteristics (Hajdu et al. 2010; Shamim
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2018). Microalgae can also biologically sequester heavy metals in aquatic environ-
ment. Microalgae possess great potential to bind metals on their cell surface and also
to intracellular ligands. The availability of large surface-to-volume ratios, the pres-
ence of high-affinity groups and metal-binding groups (amino, sulfate, and carboxyl
groups) are important features that enable microalgae to sequester metals. The
distribution and abundance of cell wall components may vary across different groups
of algae; as a result, the types of functional groups also vary.

Bioaccumulation is an active process in which microorganisms built up the heavy
metals metabolically into the cellular interior. Heavy metals transport through
microbial cell wall into the cytoplasm and becomes immobilized in the cell
(Ramasamy et al. 2007). Biomineralization is the process of mineral formation
associated with microbial transformation of metal ions into amorphous or crystalline
precipitates. Dhami et al. (2017) studied two isolates of ureolytic fungi, namely
Aspergillus sp. UF3 and Fusarium oxysporum UF8 for their biomineralization and
metal recovery potential. The two isolates showed significant production of calcite
and a coprecipitation of Pb and radionuclide strontium (Sr) in the form of carbonates
(Dhami et al. 2017). Microbes by the processes of leaching, chelation, and redox
transformation mobilize heavy metals from the contaminated site. Bioleaching is the
process microbial extraction/leaching of metals from their ores. Many
microorganisms through the enzymatic and nonenzymatic process reduces the
heavy metals and other trace elements. The enzymatic reduction uses the metals as
electron acceptors. The oxidized metals are highly soluble and have a potential to
contaminate the water, while reduced metal forms are insoluble. A wide range of
metal reducing bacteria can reduce the chromate ions (soluble) to Cr(Ill), which
precipitate as Cr(OH); (Ramasamy et al. 2007).

Microorganisms in the rhizosphere also play an important role in
phytoremediation of heavy metals. These microbial communities are classified into
two groups, namely, mycorrhizal fungi and plant growth—promoting rhizobacteria
(PGPR). Mycorrhizal fungi such as arbuscular mycorrhizal fungi (AMF) exhibit
mutualistic association with most plants and benefits them (Marques et al. 2009).
Plant growth—promoting rhizobacteria can be classified into two major groups:
(a) symbiotic and (b) free living rhizobacteria. PGPR enhance the tolerance in plants
against the various stress, such as flood, water deprivation, and salt stress. According
to the relationship of PGPR with plants, PGPR can be broadly classified into two
major groups, namely (a) symbiotic rhizobacteria, also known as intracellular PGPR
(e.g., nodule bacteria), and (b) free-living rhizobacteria, also known as extracellular
PGPR (e.g., Bacillus, Burkholderia, Azotobacter, and Pseudomonas). The symbiotic
PGPR invade the interior cells of the plants and survive there, while the free-living
ones exist outside the plant cells. Nutrients (for example amino acids, organic acids,
and sugar) exuded from the plants’ roots influence the healthy concentration of
rhizospheric bacteria. Plant growth-promoting rhizobacteria produces different
growth-regulating compounds. The low molecular weight (400-1000 K Dalton)
organic compounds produced by PGPR are known as siderophores that helps to
solubilize or chelate unavailable forms of heavy metals by complexation reaction
and make them available for microbial and plant cells (Pal and Rai 2010). Various
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Table 5.5 PGPR and their associated growth-regulating compounds

Plant growth-promoting rhizobacteria (PGPR)
Pseudomonas fluorescence

Bacillus, Azotobacter, Pseudomonas, and
Azospirillum

Micrococcus luteus

Variovorax paradoxus, Flavobacterium, and
Rhodococcus sp.

Bacillus subtilis
Brevibacterium sp.
Brevibacillus brevis
Pseudomonas and bacillus
Bacillus spp.

Azotobacter, Pseudomonas fluorescens, and
Bacillus sp.

Pseudomonas spp., and Bacillus megaterium
Pseudomonas chlororaphis and Arthrobacter
pascens

Achromobacter xylosooxidans

Pseudomonas sp.

Plant growth-regulating compounds
Siderophores

Indole acetic acid (IAA), and phosphate (P)-
solubilization

TAA and P-solubilization

TAA and siderophores

TIAA and P-solubilization

Siderophore

T1AA

Siderophores, IAA, and P-solubilization
IAA, siderophores, P-solubilization, HCN,
and ammonia

TAA, siderophore, ammonia, HCN, and
P-solubilization

IAA, siderophore, and P-solubilization
P-solubilization

TAA, P-solubilization
IAA, P-solubilization, and siderophores

PGPR and their associated compounds that promotes the growth of plants are
discussed in Table 5.5.

PGPR influence the growth of plants and their efficiency to accumulate heavy
metals in various ways, as discussed in Fig. 5.7. PGPR like Pseudomonad and
Acinetobacter have been reported to increase the phytoremediation efficiency of
nonhyperaccumulating maize (Zea mays L.) plants by improving the growth and
biomass of plants (Lippmann et al. 1995). Different microorganisms use different
mechanisms for plant growth and tolerance of high heavy metal concentration. Thus,
it may be advantageous to design phytoremediation processes in conjunction with
appropriate microbial consortia.

5.8 Recent Advancement in Heavy Metal Removal Techniques

In the last few years, research on bioremediation of heavy metal has gained much
attention to understand the pathways (molecular and biochemical) of heavy metal
movement (i.e., uptake, transport, and storage) in plants (Giri et al. 2015). In the
recent years, work has been extensively done to improve the process of bioremedia-
tion by implementing the genetic engineering tools to the agents (plants and
microorganisms) used for removal of heavy metal. Thus, with genetic engineering
methods appropriate genes or hyperaccumulation traits can be transferred to the
plants. Heavy metal detoxification system has also been explored at molecular levels
in microorganisms such as yeast and bacteria. Transfer or overexpression of genes
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siderophores, and magnesium, sulfur,
antibiotics. and calcium) uptake

Prevent from phyto
pathogenic and
diseases causing

organisms

Fig. 5.7 Different advantages of PGPR for promoting plant growth

from microorganisms into plants is being done to improve the remediation potential
of plants. Such genetic manipulations in plants have already yielded promising
results. Some of the genetic modifications for enhanced metal tolerance include
modifications in oxidative stress—related enzymes, overexpression of glutathione-S-
transferase, peroxidase, and aminocyclopropane-1-carboxylic acid (ACC) deami-
nase (Eapen and D’Souza 2005).

The plants with high biomass production have been proven a good candidature
for successful hyperaccumulation of heavy metals and genetic manipulations. Some
of the high biomass producing plants are Indian mustard (Brassica juncea), tomato
(Lycopersicon esculentum), sunflower (Helianthus annuus), and yellow poplar
(Liriodendron tulipifera) (Eapen and D’Souza 2005). Chemically treated stems of
H. annus have been used to optimize the adsorption of Cd (II) ions from water and
statistical results confirmed 99.8% removal efficiency under optimized conditions
(Jain et al. 2021a). Plants like B. juncea, Nicotiana tabacum, and Populus
angustifolia have been extensively studied for genetic modification to enhance the
heavy metal accumulation compared to their wild type. Van Huysen et al. (2004)
reported the enhanced affinity for selenium (Se) uptake in transgenic B. juncea
overexpressing ATP sulfurylase (APS transgenics) and cystathionine-gamma-
synthase (CGS) than the wild variety. The two Indian mustard plants, with
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Fig. 5.8 Classification of nanoparticles

overexpressed genes encoding selenocysteine lyase (cpSL) and selenocysteine
methyltransferase (SMT) enzymes were observed to possess great potential for the
accumulation of Se from the contaminated soil (Bafiuelos et al. 2007). Transgenic
plants have proved to be a promising biotechnological approach for the bioremedia-
tion of heavy metal-contaminated soil.

In recent years, nanotechnology has also received considerable attention for its
application in heavy metal remediation technologies. Nanomaterials are unique in
their characteristics, that include nano size (=~1-100 nm size), high mobility in
solution, high surface area-to-volume ratio, and high adsorption capacity and reac-
tivity that make them suitable for use in remediation technologies (Yu et al. 2021).
Nanomaterials can be of a variety of shapes, sizes (on nanoscale), and functions.
Compared to conventional treatment processes, application of nanomaterials
possesses various advantages over the conventional treatment practices, that
includes enhanced reactivity, unique surface chemistry (i.e., target specific func-
tional groups on surface), and physical properties of nanoparticles. Various
nanomaterials can be grouped into carbon based, metal oxide based, noble metal
nanomaterials, and nanocomposites (Fig. 5.8).

Graphene oxide is a carbon-based nanomaterial comprises a variety of functional
groups (hydroxyl, carboxyl, carbonyl, and epoxy group) for the adsorption of metal
contaminants (Lii et al. 2012). Many workers reported graphene oxide for its heavy
metal adsorption potential. Ding et al. (2014) studied the adsorption capacity of
graphene oxide layered fixed bed sand column for the removal of heavy metals (Cu
(IT) and Pb(I)) from aqueous solution. Nano-sized metal oxides have also been
reported for their remarkable affinity toward the heavy metals such as Pb(II), Cu(Il),
Ni(II), Mn(II), Ni(II), Cd (II), and Cr(VI) (Engates and Shipley 2011). Jain et al.
(2021b) studied the efficient removal of divalent nickel ions from aqueous media
through adsorption by copper oxide nanoparticles and inferred that the technique can
be utilized for effective sequestration of Ni (II) ions from wastewater. Nanoparticles
can be used in a variety of approaches to remediate contaminated environment.
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Different approaches used for the treatment of inorganic and organic contaminants
include adsorption, separation, catalysis, photocatalysis, and disinfection, as
discussed below.

1. Adsorption: Adsorption is a surface phenomenon of the adsorbent. Nanomaterials
have unique features such as high adsorptive capacity, specific affinity toward the
contaminants, and large surface area for adsorption, which make them a good
candidate to be applied in treatment plants. The adsorptive capacity of
nanomaterials can be enhanced by some structural improvements.

2. Separation: This includes processes filtration, size exclusion, and reverse osmo-
sis. Nanofiltration membranes are especially designed to remove inorganic and
organic contaminants from wastewater. Properties of nanofiltration membrane
include high flux, high retention of anionic salts, and low maintenance and
operational cost.

3. Catalytic and photocatalytic activity: Nanocatalysts and photocatalysts improve
the chemical reactivity by enhancing the production of oxidative species at the
material surface. TiO, is the most extensively studied nanophotocatalyst.

4. Disinfection: Nanoparticles can possess the properties of pollutant remediation as
well as disinfectants. The carbon-nanofiber composite TiO,/ZnO has been
observed to treat toxic chemical dye and microbial contamination such as
Escherichia coli (E. coli). The nanoparticles showed excellent antimicrobial
activity along with fast adsorption and methylene blue degradation ability (Pant
et al. 2013).

Various nanoparticles utilized for wastewater remediation are carbon-TiO,
nanotubes, carbon—-Zn0O, graphdiyne-ZnO, graphene-SiO,/Cu,0, graphene—SiO,
nanoplatelets, multiwalled carbon nanotube—metal-doped ZnO nanohybrid, carbon
nanoparticles—gold, platinum nanoparticle, carbon aerogel-TiO,, carbon nanotube-
Ag3PO, in Pickering emulsions, multiwall carbon nanotube-TiO,-Si0,, carbon—
nitrogen-doped TiO,—Si0O,, carbon nanofibers—Ag-TiO,, carbon—-Ag-TiO,, silver
nanoparticles, and so on. Development of new nanomaterials has advanced the
present treatment techniques, but more research is still needed to make the process
sustainable.

5.9 Advantages and Limitations

Bioremediation techniques are more economical than conventional methods because
low installation and maintenance cost. The most of the pollutants get treated on the
site of contamination which reduced the exposure risk to other biotic and nonbiotic
components of the environment. The technique is more publicly accepted since it is
based on natural attenuation. Further, bioremediation has the potential to eliminate
or degrade a wide variety of pollutants completely and permanently. It can be
operated on larger scale and can easily be coupled with other physical and chemical
methods of remediation. It also does not let the transfer of contaminants from one
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environmental medium to other. Therefore, bioremediation offers a less energy-
intensive, cost-effective, and yet efficient option to clean the environment.
Advantages of phytoremediation includes recovery of precious metals, improvement
in soil fertility, and decline in metal leaching and erosion.

Along with large number of benefits, some drawbacks are also associated with
bioremediation. The process can be effective under certain environmental conditions
which are required to be manipulated for enhanced microbial growth and faster
degradation rate. There are also some compounds which are resistant to microbial
attack such as chlorinated organic pollutants, high aromatic hydrocarbons, and
radionuclides. The time scale of the process is relatively long, and also, the appro-
priate residual levels of contaminants may not always be achieved. The implemen-
tation of technique requires huge experience and expertise. Sometimes small-scale
laboratory studies are required to be done before actual implementation in the field.
The limitations associated with phytoremediation includes longer time scales, con-
centration of pollutants or contaminants and their bioavailability to plants, toxic
effect of pollutants on plants and inability to degrade organic contaminants due to
lack of specific degradative enzymes.

5.10 Application and Future Prospects of Bioremediation

Bioremediation technologies are more appropriate and offer many advantages com-
pared to traditional treatment methods, such as cost-effectiveness, high efficiency,
and reduced secondary waste production. These techniques also provide flexibility
to work continuously, regeneration of biomass and metals recovery. Bioremediation
with the recent advancement is becoming a widely acceptable and economically
viable technology. Over the last decade the scientific community gathered informa-
tion on potential modification of remediation processes for heavy metal removal on
large scale. These processes include identification of low-cost and commercially
applicable biosorbent, and development of transgenic plants and nanomaterials for
remediation of heavy metals. Biosorption has been proven as low-cost technology to
remediate the heavy metal-contaminated effluents and has received a great attention.
Inexpensive biosorbents have been used to detoxify effluents from the metal plating,
extraction, and ore-mining operations, as many research works have demonstrated
the biosorption as an advantageous alternative to traditional treatments methods
(Vijayaraghavan and Yun 2008). However, optimization of the process is required
in order to understand the metal-microbe interaction, and regeneration of the
material (biosorbent) for effective removal of the contaminants. The
nanotechnological approach has contributed an extraordinary adsorption capacity
and reactivity to the adsorbent that promotes heavy metal removal. Microbes are
pervasive and grow rapidly, becoming habituated to varying concentrations of
different toxic metal ions. Genetically engineered microbes (GEMs) have made
the microbial remediation more effective, but their applications on the ground
have their own concerns such as legality, ethics, and biosafety. Efforts are under



5 Recent Trends in Bioremediation of Heavy Metals: Challenges and Perspectives 127

way to achieve a better molecular understanding of mobilization, absorption, trans-
location, and accumulation of metals in plants.

For efficient phytoremediation of soils contaminated by heavy metals, the activity
of plant symbionts in rhizosphere is necessary. Application of mycorrhizal fungi and
plant growth-promoting (PGP) bacteria would benefit plant growth and facilitate the
mobilization and bioavailability of heavy metals. Pramanik et al. (2017) reported the
Klebsiella pneumonia K5, a PGPR strain highly resistant to cadmium, possessed
several PGP characters, such as nitrogen fixation, phosphate solubilization, and
indole acetic acid (IAA) production and also confirmed multiple resistance to
heavy metals such as lead and arsenite. Mitra et al. (2018) also characterized a
highly Cd-resistance strain Klebsiella michiganensis MCC3089 that exhibited many
PGP traits such as IAA production, phosphate solubilization, nitrogen fixation, and
reduction of oxidative stress. Nitrogen fixation is a common mechanism in the genus
because Klebsiella species are well-known free-living nitrogen fixers. In a recent
work, the phytoremediation potential of Zea mays inoculated with AMF
Claroideoglomus etunicatum, bacterial diversity (Microbacterium, Agrococcus,
Lysobacter, Planomicrobium, Streptomyces, Saccharothrix), and various unclassi-
fied bacteria and fungi was assessed by Hao et al. 2021. The results showed that
arbuscular mycorrhizal fungi (AMF) facilitate the revegetation of heavy metal—
contaminated soils through interacting with the rhizosphere microbiome (Hao
et al. 2021). Thus, rhizosphere microbes are the important partner for stress tolerance
in plants and bioaugmentation with AMF, and growth-promoting bacteria can be
applied as a beneficial strategy for reclaiming the soil contaminated with toxic
metals.

There is no question that molecular knowledge and nanotechnology have helped
to explore new avenues to remediate heavy metal-contaminated sites. But more
research is still needed to identify new strategies of heavy metal remediation
concerning the issues relating biosafety, emerging pollutants, and efficiency of
genetically engineered microbes, and transgenic plants. Future research is required
aiming at the experimental approach for data collection from multidiscipline and
mathematical modeling to achieve better prediction. And for better environmental
application, the generated experimental data need to be integrated into different
approaches to test the bioremediation effectiveness.

5.11 Conclusions

Bioremediation proves to be a fruitful and attractive approach to clean, manage,
remediate, and recover the contaminated sites through indigenous or extraneous
microbial activity. In recent era, where other physical, chemical, or mechanical
methods are very costly and tedious to be put into implementation, bioremediation
offers a low-cost and efficient approach toward a cleaner and greener environment.
The effectiveness of the technique however depends on thorough understanding of
microbial communities, their response to natural and contaminated environment,
knowledge of genetic capabilities of microbes to degrade toxic pollutants. Also, the
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success requires frequent cost-effective field trails on sites specifically dedicated for
research purpose. The speed of the process both in situ and ex situ is determined by
competition within biological agents, adequate supply of essential nutrients, other
environmental or abiotic factors such as oxygen supply, temperature, pH, moisture,
and bioavailability of the contaminants. Therefore, to be more successful, bioreme-
diation is carried out in manipulated environments rather than natural environments.
Further, this review provides an insight in to the recent technologies such as use of
nanoparticles for heavy metal removal from environmental components. More
research is needed in the areas of commercially acceptable biosorbents, development
of transgenic plants and advancements in nanotechnology to efficiently remediate
the heavy metal-contaminated effluents. Regardless of certain limitations, the more
advantages of bioremediation technology make it an acceptable, efficient, cost-
effective, and green approach toward a clean environment.
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Abstract

Enzymes are essential components that help in maintaining proper climate in
numerous ways. They are used for natural purposes in various ventures including
agro-food, oil, creature feed, cleanser, mash and paper, material, calfskin, petrol,
and strength substance and biochemical industry. Proteins likewise help to keep
an unpolluted climate through their utilization in squandering the board.
Compounds have an incredible possibility to adequately change and detoxify
dirtying substances since they have been perceived to have the option to change
toxins at a recognizable rate and are conceivably reasonable to reestablish
contaminated conditions. Compounds are utilized to make and work on almost
400 regular purchaser and business items. They are used for processing many
types of foods and beverages, animal nutrition, materials, household cleaning,
and fuel for automobiles and the energy age. The most important enzymes used in
bioremediation include cytochrome P450, lipases, proteases, dehydrogenases,
dehalogenases, hydrolases, and laccases. These enzymes have demonstrated
promising potential for degrading polymers, fragrant hydrocarbons, halogenated
compounds, colors, cleansers, agrochemicals, and other chemicals. Research
areas in enzyme development and their significance for future advancement in
natural biotechnology are discussed.
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6.1 Introduction

Several compounds that have a high potential for contamination are present in the
environment and have an impact on soil, air, water, and living things like plants,
animals, and people. They may be taken from one or every natural compartment
(Singh and Walker 2006). These potential contaminants are always present as
mixtures of different standard mixes that are identical to common and inorganic
ones. Current activities like mining and metal managing, petrochemicals and modern
structures, effluents, the production of chemical weapons, experiences with paper
and ink, concealing associations, and current social events stand out as the origins
and wellsprings of contamination. Anthropogenic activities like traffic, plant
practices, and others also contribute to contamination (Karigar and Rao 2011).
Toxins might affect the thriving of people, creatures, and conditions for quite a
long time. Bioremediation is a microorganism mediated biodegradation and/or
transformation of toxic compounds into nonhazardous or less-unsafe compounds
compared to parental compounds. The employability of various customary parts like
living things, parasites, green new development, and plants for persuading bioreme-
diation regarding noxious substances has been represented (Singh and Walker
2006). The use of plants in the remediation of toxic substances is called
phytoremediation. It is a promising and environment frienldy phytotechnology that
works with the ejection or pollution of unsafe fake materials in soils, sediments,
wastewater, sludge, and air. Additionally, internally structured plants are used in
bioremediation process (Karigar and Rao 2011). In this context, arsenic is
phytoremediated by normally changed plants, for example, Arabidopsis thaliana
which passes on two bacterial qualities. One of these characteristics allows the plant
to change arsenate (Ass+) into arsenite (As3+) and the subsequent one ties the
changed As>* and stores it in the vacuole (Singh and Walker 2006).

6.2 Enzyme as Contaminant Sterilizing Agent

Enzyme-based remediation of pollutants is a more common and optimistic technol-
ogy than microbial remediation, which has advantages over conventional
advancements Compounds are not limited by inhibitors of microbial metabolism
(Haritash and Kaushik 2009). They can be used under trivial conditions which limit
the growth and development of microorganisms. They are strong at low contamina-
tion process and dynamic when observing microbial antagonists or trackers (Burns
et al. 2013). They act against a given substrate (microorganisms may lean toward
more adequately degradable blends than the contaminants) and are more adaptable
than microorganisms because of their more unobtrusive size. This huge number of
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characteristics renders substances eco-friendly catalysts as well as enzymatic
methods harmless to biological system operations (Kurtzman et al. 2011; Chandra
et al. 2017). It may act both extracellularly and/or intracellularly. Hydrolases,
dehalogenase, transferase, and oxidoreductases are the most specialist enzymatic
classes. Their essential creators are bacteria, fungi, plants, and microbial-plant
associations (Burns et al. 2013).

6.3 Pollutants

Pollutants are components, atoms particles in pollution-life can be affected when
presented to these materials, and the impacts of them on people and plants are
notable. Toxins can be brought into the climate in numerous ways, both normally
and by people. The type of pollutant determines what happens to poisons whenever
they are radiated into the air, soil, or water supply (Thatoi et al. 2014).

1. Organic Pollutants
2. Inorganic Pollutants

6.3.1 Organic Pollutants

Organic contamination is biodegradable toxins in a climate. These sources of
contamination are normally found and brought about by the climate (Solis et al.
2012).

1. Nitro compounds

2. Dyes

3. Organophosphorus hydrolase

4. Cytochrome P450 monooxygenase

6.3.1.1 Nitro Compounds

There are two specific enzymatic pathways for the contamination of nitrile, any
organic chemcials that have a —C=N group. One is a two-experience degradation
including nitrile hydratase and anddase through an amide as a transitional (Haritash
and Kaushik 2009). The second process, which is catalyzed by nitrilase, is the quick
hydrolysis of nitriles to the associated acids and stomach settling agent. Nitrilases, a
member of the nitrilase superfamily’s setup branch 1 enzyme, fuse non-peptide
carbon/nitrogen (C/N) bonds that have escalated (Kurtzman et al. 2011). They are
tested on by the brief animals, for example, Nocardia sp., Rhodococcus sp., and
animals, as Aspergillus niger or Fusarium solani. A piece of the nitrilases is really
great for hydrolyzing nitriles sound structure unequivocally. There is a lot of
information available regarding the structure and breaking point of bacterial
nitilases, but less information is available regarding nitilases from filamentous living
things. One of the advantages of parasitic nitrilases is their high unequivocal
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improvement toward organic contaminants, for example, benzonitrile and analogs,
3-and 4-cyanopyridine, and in addition, a few medium chain length aliphatic nitriles
mulled over their exceptional substrates. For example, as a segregrated and bacterial
nitilase, a niger nitrilase made the choice to convert an enoromous amount of
chemicals quickly (Terry and Banuelos 2020). The biotechnological effect of
nitrilases lies in their ability to perceive a wide degree of alicyclic and aliphatic
nitriles; to hydrolyze nitriles in fragile environment, with astounding regio- and
enantioselectivities from time to time; to show high movement, ampleness, and
thermo-steady quality. This in turn creates blend phenomenal doors for biodegraders
of nitrile new substances (Burns et al. 2013).

6.3.1.2 Dyes

Azo dyes are broadly used in material, agro-food, medication, textiles, and restor-
ative endeavors. Standard degrees of progress would have terrible and harmful
effects if they were continuously used to decolorize in a manner similar to crash
azo-shadings. Consequently, the use of a compound prepared for oxidizing
and moreover discarding azo shades is a partner with choice rather than these limited
and unsafe prescriptions. Unquestionably, white-rot living things help to approach
and deal with the issue. They are hiding degraders, and particular powerful friendly
orders have the entrancing brand name for conventional utilization of making
different profiles of lignin-mineralizing mixes and instances of their appearance
depending upon the planned new development and significant gatherings of the
tones being demolished.

6.3.1.3 Organophosphorus Hydrolase

Organophosphates are chemical substances that have been used extensively as
insecticides, in manufacturing, and even as medicines since 1937. They are highly
toxic to neurons, and finally, they were more than that soil microbiota could fix every
one of them. Organophosphorus hydrolase (regardless called phosphotriesterase) is
one of the updates that can serve for organophosphorus raises bioremediation
(Chandra and Kumar 2015). Although its parasitic strategy is passed on to Penicil-
lium lilacinum and Aspergillus niger, it is generally removed from Pseudomonas
diminuta. It can return again to P-F, P-O, and P-S, bonds. This compound has zinc
jons (Zn>*) as a cofactor in its close by game plan, while tests showed that
replacement of Co?* gives the utmost uncommon movement against paraoxon.
This protein has the quickest synergist rate and is the most supporting accumulate
for getting sorted out movement against organophosphates (Thatoi et al. 2014).

6.3.1.4 Cytochrome P450 Monooxygenase

A group of heme-containing enzymes known as cytochrome P450 monooxygenases
(CYP; EC 1.14.14.1) catalyzes a variety of reactions, including the hydroxylation of
C-H bonds, oxidative dehalogenation, O-dealkylation, N-dealkylation, and
N-hydroxylation. CYP gathers tremendous electrons for responses from NADPH-
cytochrome P450 reductase, and the last protein gets electrons from air oxygen.
Therefore, the presence of a master that is depleting, such as NAD(P)H or FAD, is
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crucial. CYPs are versatile proteins introduced in different sorts of microorganisms,
improvements, plants, and creatures. Around 7000 clear CYPs have been found till
date (Kurtzman et al. 2011).

6.3.1.5 Peroxidase from Horseradish

Horseradish peroxidase (HRP) is a peroxidase protein that is generally taken out and
cleaned from the horseradish root (Armoracia rusticana). C isoenzyme is the most
adequate isoenzyme perceived in horseradish root (HRPC) (Terry and Banuelos
2020). HPRC is a heme-containing glycopeptide having an iron piece in the ferric
state in protoporphyrin IX, 308 amino acids, and two calcium molecules in the focal
zone that has an atomic stack of 44 kDa. HRP is a compound that catalyzes the
oxidation of H,0O,. Right when H,O, is free, a two-electron oxidation moderate is
produced. Compound I is then lessened to uplift IT by an oxidizing substrate. These
responses are utilized to recover the first compound (Kaur et al. 2016).

6.3.2 Inorganic Pollutants

Inorganic toxins are substances or mixtures that are found in water sources and may
be naturally occurring due to geopgraphy or caused by human activity in the form of
mining, industry, or horticulture.

1. Mercury
2. Lead

3. Chromium
4. Arsenic

6.3.2.1 Arsenic
Arsenic (As) is a toxic metal that exists on earth in run of the mill and inorganic
plans. The inorganic plans As®* and As>* are harmful and can reason gangrene,
keratosis, hemolysis, carcinoma, impulse inactivation, and cardiovascular and neu-
rological sicknesses (Reddy and Mathew 2001). As** and As”* convert with the
associate of utilizing arsenate reductase and arsenite oxidase through redox
responses. As>* is a more perceptible cell and destructive. As>* is the terminal
electron acceptor withinside the lack of oxygen (O,) and diminishes to As>*.
Ferredoxin or glutathione will be the electron supply. This technique enhances
As's capacity to dissolve and helps with soil drainage (Couto and Herrera 2006).
Unquestionably the last As>* is delivered through efflux siphons, ArsB and Acr3.
Arsenite oxidase changes As’* to less noxious As>* for utilizing both supplemental
power supply or as an electrom advocate for carbon dioxide (CO,) obsession.
Naturally, the final As>* is still present and may be maintained with the aid of silt
(Ullah et al. 2000).

The methylated condition of As is dangerous and might be lost from the soil.
Unusually, in methanogenic microorganisms, methylation is joined with methane
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biosynthesis and may detoxify soil through this framework. Coenzyme M is the
biocatalyst of this cleansing system (Kurtzman et al. 2011).

6.3.2.2 Chromium

Due to its high oxidative potential, which has been shown to have teratogenic,
mutagenic, and cell-damaging effects, chromium (Cr) is a hazardous crucial metal.
The wide usage of Cr and its mixes and mining applies this poison to soil and water
(Haritash and Kaushik 2009). Bioremediation of hexavalent chromium (Cr")
mainly involves the transformation of Cr®" to trivalent (Cr’*) species as non or
less toxic form of Cr. Enterobacter, Escherichia, Bacillus, and Pseudomonas are
several genera that are impervious to Cr and can decrease it. Consumption of
anaerobic pathway may result in decrease in Cr®". Under anaerobic condition,
dissolvable cytoplasmic blends are involved and decline Cr®" in two stages
(Hermansyah et al. 2007). created substances offered a clarification to have Cro*-
diminishing movement. Additionally, Fe** and S2-transmitted in immediate second
normal portions can lower Cr®" much more quickly than chromate-diminishing
microorganisms (Cheung and Gu 2007).

6.3.2.3 Mercury

The poisonous metal mercury (Hg) causes harm in both organic and inorganic
structures, but the normal course is more dreadful. Hg harming inclination would
cause neuro- and nephrotoxicity, responsive qualities, and shortcoming to talk
(Rezende et al. 2005). Hg is an essential component of the Earth’s body, but it
also distributes and enriches water and soil due to activities like gold mining,
indisputable evaluation devices (such as checks, thermometers, and manometers),
lights, fluctuating fungicides, the paper industry, and battery cells. Hg exists in three
plans: mercuric (Hg2+), mercurous (Hg”), and metallic mercury (Hgo) structures
(Reddy and Mathew 2001). The most ruinous sort of Hg is mercuric chloride.
Normal mercury has a tendency to accumulate in living things and is fond of the
sulfhydryl social relationships of proteins. Inorganic mercury has the most insignifi-
cant danger considering its low dissolvability and high smoke pressure. Hg-safe
microorganisms can diminish risky conventional sorts of Hg to less hazardous
metallic Hg (Canfora et al. 2008). Mercuric reductase is the central compound that
lessens Hg. The mer operon is the arrangement of mercury-resistance characteristics
mentioned inside seeing an inducible centralization of Hg. Mercuric reductase assist
NADPH and FAD, as electron sources, that diminishes Hg2+ to Hgo. The last
metallic mercury is flighty and spreads to the air. Similarly, dimethylmercury is
temperamental and biomethylation can fill in as a technique for Hg bioremediation
(Burns et al. 2013).

6.3.2.4 Lead

Lead (Pb) was found in a common aggregate in nature before industrialization.
However, over time, by gas eating up, various Pb salts start to enter and contaminate
the air, soil, and water. Pb perniciousness may result in whitening, difficulty, and
neurological, gastrointestinal, and conceptual problems (Xu 1996). Organic leads,
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especially tetraethyl and tetramethyl Pb used in gas, are hazardous sorts of Pb. They
are fragile to photolysis and volatilization and rascal to dialkyl species. All things
considered, a few microbes can destroy Organo leads using bioremediation
techniques. Cupriavidus metallidurans can dispose of Pb** with P-type ATPase
and produce inorganic phosphate to sequester Pb>* in the periplasm (Cipollone et al.
2006). Whereas Staphylococcus epidermidis can biomineralize Pb>* through car-
bonate. Urease compound arrangement organizes carbonate glasslike Pb>*. It will
generally be mineralized as oxalate and pyromorphite, as well. Aspergillus terreus,
Aspergillus niger, Saccharomyces cerevisiae, Penicillium chrysogenum, Penicillium
canescens, Rhizopus nigricans, and Agaricus bisporus are among biochanging
living creatures. Moreover, it is tended that Phaeolus schweinitzii and Arthrobacter
can destroy trimethyl lead cations (Ullah et al. 2000).

6.4  Microbial Enzymes in Bioremediation

6.4.1 Microbial Oxidoreductase

The detoxification of harmful typical mixes by different minute animals and
advancements and higher plants through oxidative coupling has interceded with
oxidoreductases (Cheung and Gu 2007). Microorganisms separate energy through
energy-yielding biochemical responses interceded by these stimuli to segment
designed insurances and to help the exchanging of electrons from a decreased
customary substrate (ally of) another substance compound. During such oxidation-
decay responses, the toxins are at last oxidized to innocuous blends (ITRC 2002)
(Couto and Herrera 2006). The oxidoreductases examine the humification of various
phenolic compounds that are produced when lignin is debilitated in a muddy
environment. Basically, oxidoreductases can detoxify pernicious xenobiotics, like
phenolic or anilinic compounds, through restricting to humic substances, copoly-
merization with different substrates, or polymerization or microbial combinations
that taken advantage in the degradation azo dyes (Coppella et al. 1990).

Different life forms lessen the radioactive metals from an oxidized dissolvable
plan to a decreased insoluble development. All through energy creation, bacterium
takes up electrons from typical mixes and utilizes radioactive metal as the last
electron acceptor (Terry and Banuelos 2020). With the aid of a midway electron
ally, some bacterial species degrade radioactive elements in an indirect manner. At
long last precipitant can be viewed as the aftereffect of redox responses inside the
metal-lessening microorganisms (Kaur et al. 2016).

The plant social events of Solanaceae, Gramineae, and Fabaceae are found to pass
on oxidoreductases which partake in the oxidative contamination of express soil
constituents (Ullah et al. 2000). Phytoremediation of normal pollutions has been
generally speaking rotated around three classes of blends: oil hydrocarbons,
explosives, and chlorinated solvents (Cheung and Gu 2007).
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6.4.2 Microbial Laccases

Laccases (p-diphenol: dioxygen oxidoreductase; EC: 1.10.3.2) are a collection of
multicopper oxidases produced by unequivocal plants, parasites, terrible tiny
animals, and tiny living things. They catalyze the oxidation of a wide range of
reduced phenolic and non-phenolic compounds with effective reduction of atomic
oxygen to water. Laccases are known to occur in various isoenzyme shapes which
are all encoded by a substitute quality, and, now and then, the attributes have been
bestowed diversely relying upon the chance of the inducer (Filazzola et al. 1999).
Various microorganisms secrete intra- and extracellular laccases that fit for
catalyzing the oxidation and depolymerization of lignin, melanoidin, polyamines,
polyphenols, aminophenols, ortho and paradiphenols, and aryl diamines (Rezende
et al. 2005; Kumar and Chandra 2018; Kumar et al. 2022). These proteins are
secured with the depolymerization of lignin, which accomplishes an assortment of
phenols. According to the educated experts, laccases address a hypnotic combination
of inescapable oxidoreductase catalysts that demonstrate affirmation of supplying
the amazing potential for bioremediation and biotechnological applications (Thatoi
et al. 2014; Agrawal et al. 2021).

6.4.3 Microbial Oxygenases

Oxygenases have a spot with the oxidoreductase social event of driving forces. They
investigate the oxidation of substrates by moving O, from sub-atomic oxygen (O;)
using NADPH/NADH/FAD as a cosubstrate (Canfora et al. 2008). Oxygenases are
assembled into two groups; the monooxygenases and dioxygenases subject to
incorporation of number of O, molecules during oxidation of chemcial compounds.
They acknowledge an essential part in the absorption of typical blends by develop-
ing their reactivity or water dissolvability or achieving cleavage of the sweet-
smelling ring (Hermansyah et al. 2007). Oxygenases have a broad substrate range
and are dynamic against a wide degree of chemical blend, 1’ including the
chlorinated aliphatics. By and large, the presentation of O, molecules into the
ordinary particle by oxygenase accomplishes cleavage of the sweet-smelling rings.
For what it’s worth, the most centered around compounds in bioremediation are
bacterial mono- or dioxygenases. A no-nonsense assessment of the gig of
oxygenases in degradation process is accessible (Xu 1996).

Due to their extensive employment as plasticizers, herbicides, insecticides,
fungicides, water-driven and heat-moving liquids, and intermediates for planned
amalgamation, halogenated ordinary mixes have the best concentrations of organic
poisons (Duran and Esposito 2000). The corruption of these pollutions is refined by
express oxygenases. Oxygenases comparably intercede dehalogenation responses of
ethylenes, ethanes, and halogenated methanes in relationship with multi-functional
enzymes technological and bioremediation applications (Coppella et al. 1990).
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6.4.3.1 Monooxygenases

Monooxygenases allow the smallest amount of oxygen molecules into chemical
compounds. Monooxygenases are depicted into two subclasses subject to the pres-
ence of cofactor: P450 monooxygenases and flavin-dependent monooxygenases.
Flavin-subordinate monooxygenases contain flavin as prosthetic collecting and
require NADP or NADPH as a coenzyme (Kim et al. 2002). P450 monooxygenases
are heme-containing oxygenases that exist in both prokaryotic and eukaryotic
creatures. The monooxygenases contain a flexible superfamily of blends that
catalyzes oxidative responses of substrates going from alkanes to complex endoge-
nous atoms like steroids and unsaturated fats. Monooxygenases go about as
biocatalysts in biodegradation coordinated effort and created science due to their
essential region selectivity and stereoselectivity on a wide degree of substrates (Kaur
et al. 2016). There are some monooxygenases that function without a cofactor,
despite the fact that most monooxygenases that are anticipated in advance have
cofactors. These combinations require essentially sub-atomic oxygen for their
exercises and use the substrate as a diminishing specialist (Reddy and Mathew
2001).

6.4.3.2 Microbial Dioxygenases

Dioxygenases are multicomponent compound frameworks that bring atomic oxygen
into their substrate. Hydrocarbon dioxygenases, which have a pleasant scent, coexist
with the monster Rieske nonheme iron oxygenases. These dioxygenases catalyze the
oxygenation of a variety of substrates in an enantiospecific manner. Dioxygenases
essentially oxidize fragrant mixes and, therefore, have applications in natural reme-
diation (Solis et al. 2012). All individuals from this family have a couple of electron
transport proteins going before their oxygenase parts. The important stone advance-
ment of naphthalene dioxygenase has attested the presence of a Rieske (2Fe,S) pack
and mononuclear iron in every alpha subunit (Reddy and Mathew 2001). The
catechol dioxygenases fill in as a piece of qualities system for spoiling sweet-
smelling atoms in the Environment. They are found in the dirt moment living
creatures and related with the distinction in fragrant antecedents into aliphatic things.
The intradiol removing proteins use Fe’*, while the extradiol dividing stimuli use
Fe* and Mn** in a few cases (Cheung and Gu 2007).

6.5 Strategies for Overcoming Difficulties Associated
with the Enzyme Technology

It is feasible to utilize a protein with the expectation that the outcome of the
intentionally interfered reaction will be less harmful than the substrate. Additionally,
given that detoxification involves a multistep cycle, such as the action of many
proteins, fundamentally unambiguous microorganisms are appropriate for attaining
cleaning (Thatoi et al. 2014). Whether or not proteins need cofactors, their utilization
may be hazardous, adjacent to a status containing both the substance and the specific
cofactor is used. Another issue in the usage of upgrades to detoxify average dirtied
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soil is given by the quick pollution of the free substance by proteases passed on by
soil microorganisms. The use of proteins for in situ rehabilitaion of contaminated
situations may be limited due to a number of drawbacks (Kim et al. 2002). This helps
to assist in destroying the reactant farthest reaches of enzymatic central objectives
may depend on both the poisons to be changed and the motives in typical conven-
tional ecological elements. In a polluted area, mixtures or made-up blends of
numerous common new compounds, rather than just poison, are exposed, and the
confounding idea of contamination may consolidate potential adverse or advanta-
geous, synergistic impacts on the protein capabilities (Cipollone et al. 2006).
Proteins may decrease or even lose their progression in the wake of ruining change
or they may present low security and consistency under dependably coldblooded
normal conditions. If their rehashed use is required, boosts may present low reus-
ability, thus reducing the accommodation of the whole treatment. Also, at whatever
point restricted mixes are used, the cost of protein segment and cleaning astound-
ingly hampers their judicious application, basically not actually permanently
established overseeing is required. Syringaldehyde and acetosyringone showed to
be the best local area individuals (Cipollone et al. 2006).

Another strategy for regulating work on the introduction of driving forces in the
detoxification of contaminations is the usage of mixes immobilized on the norm and
arranged sponsorships of different nature and through different immobilization
frameworks. Immobilized impetuses typically have a really lengthy useful endur-
ance and are completely consistent with physical, chemical, and common denaturing
arranged specialists. Moreover, they may be reused and recovered around the
culmination of the cycle (Canfora et al. 2008).

AliKhan and Husain (2007) utilized a potato polyphenol oxidase adsorbed on
Celite for the efficient remediation of wastewater/disguising meandering aimlessly
debased with responsive material and non-material tones, Reactive Blue 4/Orange
86, and isolated its ability and adequacy and the free compound (Coppella et al.
1990). The immobilized protein showed a higher limit in decolorizing individual
material tones, presently moreover their tangled mixes (containing an organized
blend of as much as four tones) and disguising profluent as isolated and the
dissolvable substance. Other than greater resistance to a few degrading situations
and overall more decolorizing development than the free improvement toward
non-material tones, immobilized main thrust displayed superior performance (Kaur
et al. 2016).

An amazingly entrancing immobilization method was executed with lacease.
Enzymatic nanoreactors were contracted through noncovalent envelopment of the
enzymatic protein by amphiphilic straight dendritic AB or ABA copolymers (Ullah
et al. 2000). The glycoside sections in the nearby compound filled in as anchor fights
for the straight dendritic copolymers, as pondered by control tests completely
finished the DE glycosylated protein. The immobilization further empowered the
reactant improvement isolated and the nearby main thrust (77-85 nkat mL ™' versus
60 nkat mL~", exclusively). Likewise, the immobilized upgrade was steadier at
raised temperatures up to 70 °C and prepared to sufficiently oxidize phenolic
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compounds (Syring aldazine) and hydrophobic polyaromatic hydrocarbons (benzo
[a]pyrene and anthracene) (Terry and Banuelos 2020).

By naturally occurring methodologies such as regular site worked with mutagen-
esis and various DNA-refreshing systems (for example, the enthusiastic break of a
general public of eccentricity ascribes of a particular family followed by unexpected
reassembly (Cipollone et al. 2006) degradative proteins with new or further created
activities and boldness can be produced under chosen environmental conditions.
Mixtures can be altered through site-specific mutagenesis or directed evolution to
enhance already-existing biodegradation pathways to promote or to promote biocat-
alytic cycles for the synthesis of other things. It is possible to create unique pathways
for the degradation of persistent mixtures where no known normal pathways exists
by joining pathways “tapes” from diverse unalienable sources (Ullah et al. 2000).

Similarly, a public advantage of passing on GEMs into the environment has
actuated ludicrous rules by government bodies (EPA). In like manner, scarcely any
separated microorganisms have shown at the hour of field application (Couto and
Herrera 20006).

6.6 Plants and their Associated Enzymes: A Agents
for Decontamination

Phytoremediation is a viable option for reducing some of the negative effects
associated with the use of improvements for in situ removal of contaminated
environments. It is the in situ use of plants, their enzymes, and associated microbes
to break down, detoxify, gather, or transform chemical pollutants found in various
matrices (soil, wastewater, water, and air) (Cheung and Gu 2007).

Concerning their quick circumstances in remediation processes, plants may
utilize various constructions to capably take out both organic and inorganic destruc-
tive substances from a dirtied environment: (a) rhizofiltration; (b) concentration and
precipitation of basic metals by roots; (c) phytoextraction, for instance, extraction of
harmful substances from contaminated environment in plant tissues including roots
and leaves; (d) phytodegradation, for instance, degradation of bewildering custom-
ary particles in CO, and H,O and their partaking in plant tissues;
(e) rhizodegradation or plant-assisted bioremediation with signaling microbial and
parasitic debasement by the presence of root fake materials and exudates in the
rhizosphere; and (f) phytostabilitation, for instance, adsorption and precipitation of
toxins (fundamentally metals) with an in the wake of diminishing of their compact-
ness (Cipollone et al. 2006). The rhizosphere, or soil environment affected by plant
roots, is referred to as a beautiful brand name because of the synergistic link between
planrs and microbes that specifically happens here (Xu 1996).

Since plants may be lacking in catabolic pathways for the immovable degradation
of poisonous substances isolated and microorganisms, research tries have been given
to configuration plants with characteristics that can introduce them extra and further
made contamination limits. By highlighting the traits associated with the intake,
uptake, or transport of unmistakably harmful compounds in plants,
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phytoremediation can certainly be made more effective. Additionally, the roots may
be provided with the proper features to renew the rhizodegradation and prevent the
toxins from being permanently built up (Mousavi et al. 2021).

For instance, research is regularly established on changing fabricated
combinations that can play out a reaction like the best one, yet it might be difficult
to apply biomolecular meaning to the bioremediation of novel poisons, which are not
known to be biodegradable (Rezende et al. 2005). Considering everything, it might
be possible later on when our understanding into the protein structure-work, implod-
ing, instrument and parts will be on a very fundamental level improved.

Whether or if a genetically organized microorganism (GEM) capable of produc-
ing the optimum protein and having energized cutoff points is properly created
through biomolecular process, it still has to contend with several fundamental
obstacles when it comes to use. Given the increased energy demands imposed by
the presence of newly acquired material in the cell, their enzymatic section that have
been released into the environment may not be as prosperous or functional(Cheung
and Gu 2007).

A public advantage of passing on GEMs into the ecosystem has instigated crazy
standards by government bodies, i.e. U.S. Environmental Protection Agency
(U.S. EPA). In like manner, scarcely any separated microorganisms have shown at
the hour of field application (Hiner et al. 2002).

6.7 Conclusion

Another technique for directing work on the showing of powers in the remediation of
pollutants is the usage of mixes immobilized on the norm and arranged sponsorships
of various nature and through numerous immobilization structures. Immobilized
impetuses have regularly a somewhat long utilitarian reliability (Coppella et al.
1990), being absolutely unsurprising toward physical, substance, and normal
denaturing arranged specialists. Moreover, they may be reused and recovered
close to the completion of the cycle. Taking everything into account, limits are
accessible for applying biomolecular organizing strategies (Cheung and Gu 2007).
For instance, research is regularly established on changing made combinations that
can play out a reaction like the best one, yet it might be very problematic to apply
biomolecular aiming to mitigation of toxic substances, which are recalcitrant to
natural biodegradation processes. Considering everything, it might be possible
later on when our knowledge into the protein structure-work, imploding, instrument,
and parts will be on a very major level improved. Whether or not a genetically
organized microorganism (GEM) with revived cutoff points and passing on the ideal
protein is adequately made by biomolecular orchestrating, it genuinely faces
assorted central targets concerning its application (Filazzola et al. 1999). Also, a
public advantage of passing on GEMs into the environment has actuated crazy
standards by government bodies (EPA). In like manner, scarcely any separated
microorganisms have shown at the hour of field application (Rao et al. 2010).
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Abstract

Microplastics (MPs) are minuscule plastic particles smaller than 5 mm in length
that have become a significant threat to because of their toxicity in our natural
environment and detrimental impacts on our water resources, aquatic life, and
humans. Physical, chemical, ecological, and biological impacts are all possible
ways of causing dangers posed by MPs. Microplastics also sorb and collect
potentially toxic contaminants in aquatic environments. As a result, ingesting
polluted microplastics may expose marine species and even the food chain to
hazardous contaminants. However, wastewater treatment plants (WWTPs) are the
primary source of microplastics that enter marine ecosystems. Microplastics in
aquatic environments must be controlled to protect the environment and human
health. This chapter examines the sources of microplastics in wastewater, their
properties, ecotoxicity, and health risks, existing and newly developed methods
for characterization of microplastics in wastewater, and for pollution prevention
and control, bioremediation techniques for the removal of microplastics from
wastewater have been developed.
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7.1 Introduction

Industrial waste is the principal source of environmental pollution because of the
existence of nutrients of environmental concerns, potentially toxic heavy metals,
organic pollutants, and emerging contaminants that pose major ecotoxicological
risks and environmental dangers (Chandel et al. 2022; Chaturvedi et al. 2021;
Saxena et al. 2016, 2020a, b, ¢, d; Deb et al. 2020; Kumar et al. 2020; Bharagava
and Saxena 2020; Mulla et al. 2019; Bharagava et al. 2017a, b, ¢, 2018; Goutam
et al. 2018; Gautam et al. 2017; Saxena and Bharagava 2015, 2017). Among the
environmental contaminants, the release of emerging contaminants along with
industrial effluents is a major environmental concern. The extensive use of plastic
goods in today’s world eventually leads to emission of minute plastic particles into
the environment. The diameter of the microplastic particles (MPs) is less than 5 mm
(GESAMP 2015). The exact level of microplastics in the environment, including
unidentified microplastics, is considered to be substantially higher than what uncon-
trolled plastic product flows predict (Kim et al. 2015). The microplastics (MPs)
amount in seawater has been continuously increasing over the last decade, with a
growing trend along the shorelines (Barnes et al. 2009), MPs pollution is a relatively
new issue in the world, due to the growing use of plastics in practically all aspects of
human activities and there is a lack of appropriate treatment of domestic and
industrial wastewater (Bui et al. 2020).

At present, with the widespread use of MPs, particularly in the marine environ-
ment, marine life is unsheltered to MPs with broad range of effects which depends on
the presence toxic chemicals from plastic additives and adsorbed pollutants such as
pesticides, persistent organic pollutants, or metals leaching into the environment,
particularly in the marine environment (Van Emmerik et al. 2018; Fossi et al. 2014).
MPs are hazardous and can also serve as pathogen reservoirs, putting marine life in
danger (Kor and Mehdinia 2020). MPs are found largely in coastal habitats, and their
exact influence on human health has yet to be identified. Marine life, on the other
hand, is at the centre of the food chain and provides a significant portion of the
nutrients consumed daily by human beings (Bui et al. 2020). The growing presence
of MPs in the environment and biota has attracted the curiosity of scientists and the
general public, with emerging evidence of microplastics’ detrimental effects (de Sa
et al. 2015; Jeong et al. 2016). Surface runoff, wind advection, and WWTPs effluent
are just a few of the ways MPs enter water bodies (Dris et al. 2015). Thousands of
microplastic particles are deposited in WWTPs every day (Okoffo et al. 2019).
Although there is no direct link between MPs concentrations and population density
in WWTPs intake streams, agriculture and industrial activities appear to be impor-
tant factors (Long et al. 2019). To determine the amount of microplastics that enter
and exit WWTPs, it is essential to develop a precise and repeatable experimental
approach for counting the microplastic particles in sewage influent and effluent.

MPs have been removed using a variety of processes, including grit chamber and
primary sedimentation, coagulation, sand filtering, dissolved air floatation and fast
(gravity) sand removal (Wang et al. 2020; Hidayaturrahman and Lee 2019; Chen
et al. 2018; Bayo et al. 2020; Lares et al. 2018; Murphy et al. 2016). According to a
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study, microplastics concentration in the WWTP influents was found to be in
between 15 and 640 particles L™, while it was significantly lower in case of the
effluent, although varied over four orders of magnitude (Kang et al. 2018). As a
result, it is unclear if the discrepancies in microplastic concentrations in wastewater
are related to variances in plastic pollution levels or differences in sampling and
analytical procedures (Kang et al. 2018).

MPs are currently identified and/or quantified using scientific analytical
techniques such as spectroscopy, microscopy, and/or thermal analysis. The most
common characterization methodology mentioned in the literature is the use of
spectroscopic techniques such as Raman spectroscopy (Pefialver et al. 2020) and
Fourier transform infrared (FTIR). MPs have been characterized using scanning
electron microscopy based techniques such as, SEM-energy dispersive X-ray spec-
troscopy(SEM-EDS) and other techniques like Environmental Scanning electron
microscopy-EDS (ESEM-EDS) (Rocha-Santos and Duarte 2015). Microplastics
thermal analysis is a new technology for MPs characterization. This method is
based on identifying the polymer based on the degradation products it produces
pyrolysis gas chromatography—mass spectrometry (py-GC-MS), thermogravimetry
(TGA), hyphenated TGA such as TGA-differential scanning calorimetry (DSC),
TGA-thermal desorption—gas chromatography—mass spectrometry (TGA-TD-GC-
MS), TGA-mass spectrometry (TGA-MS), and DSC are some of the other
techniques used to characterize (Pefialver et al. 2020).

MPs traversed by the stream eventually enter the sea; hence, WWTPs that
discharge their effluents into rivers contribute to ocean pollution. On the other
hand, river mouths are the major area for MP contamination (Leslie et al. 2017).
To avoid marine MP contamination, it is critical to find effective and environmen-
tally benign methods of removing MPs in WWTPs. Biological methods using
bacteria, fungi, and lower eukaryotes have been the focus of most investigations
for MPs removal (Masié et al. 2020). It is still difficult to use living organisms in
MPs bioremediation. The key issue with these microscopic creatures is containing
them within WWTPs to avoid inadvertent introduction of these organisms in the
ecosystem (Nuzzo et al. 2020). Larger organisms, for instance, higher eukaryotes,
may be simpler to contain in theory, but their practical use in MPs bioremediation is
currently a niche market (Masia et al. 2020). This chapter examines the sources of
microplastics in wastewaters, their properties, ecotoxicity, and health risks,
approaches that are already in use and those that are being developed for characteri-
zation of microplastics in wastewater, and bioremediation strategies for the removal
of microplastics from wastewater for pollution prevention and control.

7.2  Sources of Microplastics in Wastewater

Microplastics are produced from a variety of land-based sources and eventually end
up in wastewater treatment plants, which are thought to be the link between
contaminants and natural habitats (Rochman et al. 2015). Primary microplastics
are those that have been made intentionally, whereas secondary microplastics are
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those that have been produced by a different type of physical, chemical, or biological
degradation (Cooper and Corcoran 2010). Microplastics discovered in wastewater
treatment plants primarily consist of fibres and microbeads. Microbeads with a size
of 250 pm are found in around 0.5-5% of cosmetics (Bowmer and Kershaw 2010).
Exfoliants and toothpaste have been shown to release 4500-95,500 microbeads and
4000 microbeads, respectively, with each use (Carr et al. 2016). Synthetic textile
washing, on the other hand, releases around 35% of fibre microplastics into the
oceans (Boucher and Friot 2017). A load of roughly 5-6 kg, for example, was found
to release 6,000,000—700,000 fibres from polyester and acrylic fabrics, respectively
(Boucher and Friot 2017). The number of liberated fibres, however, is dependent on
the washing conditions, textile qualities, use, and softener and detergent type (Cesa
et al. 2017).

Other domestically produced consumer goods, such as contact lens cleaners and
jewellery, have also been found to leak MPs. On the other hand, non-domestic
sources, have been reported to leak MPs, including (a) air blasting, (b) transportation
and manufacturing, (c) Styrofoam products, (d) textile sector, and (e) dust from the
drilling and cutting plastics (Prata 2018). Bayo et al. (2020) recently revealed that
seasonal variability is also a significant influence, with the highest amounts of MPs
seen during warmer periods, as temperature accelerates plastic degradation and
fragmentation. Furthermore, due to urban runoff, large amounts of microplastics
have been detected during rainy events (Masia et al. 2020).

7.3  Properties of Microplastics

Microplastics are a polymer blend that comes in a variety of shapes. Microplastics’
form is a key criterion for classification. Microplastics in nine different shapes were
identified in the influent and effluent of WWTPs: rod, fragment, film, pellet, foam,
ellipse, line, and flake (McCormick et al. 2014). Pellets can be cylindrical, circular,
flat, ovoid, and spheruloids, while fragments can be rounded, subrounded,
subangular, and angular, to name a few. Microplastics, on the other hand, have
uneven, elongated, deteriorated, rough, and broken edges as their most common
morphologies. MPs in the environment are shown in terms of their sources, trans-
port, accumulation, and fate in Fig. 7.1. MPs are non-biodegradable, water-insoluble
synthetic polymers with a high proclivity for fragmentation and microbial ingestion
(Beiras et al. 2018). MPs are bioaccumulated by bacteria, fungi, phytoplankton, and
zooplankton in many ways in both terrestrial and marine environments (Paul-Pont
et al. 2018). Bioadsorption, biouptake (cellular uptake), and biodegradation are the
three main mechanisms through which MPs interact/accumulate in microorganisms
(MOs) (Avio et al. 2017). MP bioaccumulation has been shown to alter the growth
and metabolism of microorganisms (fungi, bacteria, phytoplankton, and zooplank-
ton) (Xu et al. 2019; Sun et al. 2018).

MP bioaccumulation is a serious concern since if swallowed, it can destroy
aquatic life. Because of their minute size, microplastics are easily eaten by different
marine organisms (Ferreira et al. 2016). Because microplastics are disseminated at
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Fig. 7.1 Sources, transport, accumulations, and fate of MPs in the environment (adapted from Wu
et al. 2019)

diverse trophic levels, microplastic concentrations in the body may grow as a result
of bioaccumulation at higher trophic levels. Microplastics penetrate the food chain
and eventually reach humans (Nelms et al. 2018). This shows that the most serious
consequences of microplastic poisoning may be experienced by people. There is
currently minimal knowledge about the effects of microplastics on food webs, and
no laboratory trials on bioaccumulation toxicity induced by microplastics at higher
trophic levels have been conducted (Anagnosti et al. 2021). As a result, whether or if
any size of plastic may be transmitted to higher trophic levels is unknown. Many
persistent organic pollutants (POPs), such as dioxins, polybrominated diphenyl
ethers and PCBs have been well-documented occurrences of trophic transfer within
marine food webs (Ogata et al. 2009; Hu et al. 2005).

Biological availability refers to the small percentage of the total number of
particles/chemicals in the environment that are accessible for absorption by an
organism. Because smaller particles have a larger volume ratio, stronger penetrating
power, and greater ability to be taken up by marine species, MP bioavailability is
known to improve as particle size decreases (Botterell et al. 2019). Microplastics
density in the water column may alter their bioavailability. Low-density plastics like
PE on the sea surface, for example, are likely to come into touch with filter
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planktivores, feeders, and suspension feeders in the upper water column (Kooi et al.
2017). Other factors influencing microplastic bioavailability in aquatic habitats
include colour, shape, ageing, and abundance (Wright et al. 2013; Crawford and
Quinn 2017). The binding affinity of MPs particles with other pollutants has an
impact on their bioavailability (Bhagat et al. 2020).

Bioaccessibility and bioavailability are critical principles for calculating the risks
of exposure to environmental pollutants. The bioavailability of MPs affects their
overall effects on organisms (Cole and Galloway 2015). MP bioavailability to be
directly absorbed by a wide spectrum of species is enhanced by their small size (Law
and Thompson 2014). A planktivore may confuse MPs for natural food during
normal eating behaviour, since their size % is comparable to that of planktonic
organisms and sediments (Wright et al. 2013). Scherer et al. (2017) discovered that
C. riparius can uptake 90 pm MP particles is much lower than that of 10 pm MP
particles, despite intraspecific variability in feeding rates (p < 0.01). As a result, it
was found that as MP size drops, their potential bioavailability in the food chain
increases.

Microplastics can function as vectors for harmful chemical pollutants, and
because they are most exposed in the marine ecosystem, many marine species
inadvertently consume them (Fred-Ahmadu et al. 2020). PAHs, for example, have
high partition coefficients when it comes to plastics, indicating that they have a
significant affinity for polymers (Fred-Ahmadu et al. 2020). Because some of the
most often observed environmental plastics have a lesser density than seawater
(density 1.02 g/cm?), they float in water bodies’ surface microlayers and may sorb
contaminants (SML) (PerkinElmer 2019; Sundt et al. 2014). The contaminant-laden
plastics floating in the water can be eaten by marine creatures and seabirds in the
epipelagic zone. Even when additive effects are taken into account, polymers like
PS, PVC, and PU, as well as plastics with fouling surfaces, have a higher density
than seawater or freshwater. The process of “microbial fouling” aids the adsorption
of various contaminants onto the surface of microplastics in confined lakes (Neto
et al. 2019). As a result, contaminant-sorbed microplastics fall to the bottom of the
ocean, where they are available for ingestion by benthic creatures (Teuten et al.
2007).

Chemical contaminants that have been absorbed by microplastics can desorb and
biomagnify their way up the food chain, from lower trophic species to fish (Bakir
et al. 2014; Rochman et al. 2013). Sorbed pollutants on microplastic particles are
easily leached by digestive juices (Voparil and Mayer 2000). MPs that have been
ingested for a longer period of time are more effective. remain in an organism’s
intestines, the more likely pollutants may translocate into bodily tissue.
Polybrominated diphenyl ethers (PBDEs) smeared on microplastics were discovered
to be incorporated in the tissue of marine amphipods (Chua et al. 2014). As a result
of being near to the sources and consumption of these chemicals, the adsorption of
various POPs such as polychlorinated biphenyls, hexachlorobenzenes (HCBs),
heavy metals and PBDEs to Hydrophobic plastic particles with a large surface
area to volume ratio is more prone in freshwater ecosystem than in marine ecosystem
(Dris et al. 2015). Freshwater organisms may thus be exposed to increased levels of
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contaminants, particularly in areas near industrial and populated areas, where
increased level concentrations of hydrophobic pollutants, as well as a higher pres-
ence of microplastics, may exist, and in areas near agricultural areas, where both
POPs (i.e. pesticides) and plastic products are used.

7.4  Ecotoxicity and Health Hazards of Microplastics

Marine animals such as zooplankton (Desforges et al. 2015), mussels (Qu et al.
2018), oysters (Leslie et al. 2017), corals (Hall et al. 2015), and microplastics in the
environment may be consumed by fish (Collard et al. 2015). Once swallowed by
marine species, microplastics constitute a threat to them. Health hazards posed by
MPs to aquatic biota are presented in Table 7.1. Physical, chemical, ecological, and
biological impacts are all possible ways of causing dangers (Provencher et al. 2018).
Microplastics cause mechanical damage to organisms. Microplastics, for example,
have the capacity to block the intestines and cause harm to the gut (through villi
cracking and enterocyte splitting), and even affect organism filtering activity and
phagocytosis, resulting in organism death (Canesi et al. 2015; Lei et al. 2018).
Furthermore, MPs could build up in food web as a result of predation. Microplastics,
for example, were discovered to be fed through the pelagic food web by Satlewal
et al. (2008), from zooplankton to mysid shrimps. MPs were also observed to move
from algae to zooplankton to goldfish, according to Cedervall et al. (2012).

Microplastics would sorb and collect contaminants in aquatic environments
chemically. As a result, ingesting polluted microplastics may expose marine species
and even the food chain to hazardous contaminants (Santana et al. 2017; Brennecke
et al. 2016). In this case, microplastics act as conduits for hazardous pollutants
(Carbery et al. 2018). However, little evidence of the influence of trophic transfer of
microplastics and pollutants from the food chain on human health exists at this time,
necessitating additional investigation. According to Koelmans et al. (2016), the
proportion of total hydrophobic organic contaminants (HOCs) deposited on
microplastics was modest in contrast to other media in marine ecosystems, and
ingestion of microplastics by marine animals may not provide a HOC risk.
According to Wang and Wang, PHE sorption capabilities on PE, PS, and PVC
microplastics were higher than sorption capacities on sediment samples (Wang and
Wang 2018).

Microplastics can also serve as a microbe’s artificial substrate in addition to
serving as carriers of linked chemical burdens to aquatic species. This has sparked
concerns about the biological consequences for freshwater ecosystems as they
provide important advantages and services, including as habitat for a diverse range
of native plants and animals, drinking water, and recreational opportunities (Meng
et al. 2020). In terms of ecology, this might have a significant influence on how
microplastics interact with freshwater biotas, such as colonized creatures floating
over greater distances and microplastics becoming vectors for poisonous bacteria/
algae, diseases, and even invading species. The taxonomic composition of bacterial
assemblages colonising microplastics in a heavily urbanized river in Chicago,
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[linois, differed significantly from those colonising suspended organic matter and
water column, and that various taxon, such as pathogens and plastic-decomposing
organisms, were more abundant on microplastics, according to McCormick et al.
(2016). Several research works have looked into the impact of MPs on marine
animal reproduction in the ecosystem (Sharifinia et al. 2020). Sussarellu et al.
(2016) describe an emerging perspective that MPs reduce reproductive output by
altering organism food consumption and energy allocation. According to Lei et al.
(2018), MP particles from various sources, such as (Polyamide, Polyethylene,
Polypropylene, Polyvinyl Chloride) PA, PE, PP, and PVC, considerably lower
reproductive success in the nematode Caenorhabditis elegans, although only PE-
and PVC-MPs had a significant impact on brood size.

Microplastics are biologically sensitive to colonization by microorganisms.
Microplastics may influence microbial community evolution and gene exchange
(such as antibiotic resistance genes and metal resistance genes) among bacteria
(Yang et al. 2019). The antibiotic resistance gene profile is determined by the
microbial community composition, according to Yang et al. (2019). Freshwater
invertebrates, water fleas (Daphnia magna), and various fish species all actively
feed on microplastic particles (1-100 pm), according to laboratory research, and MP
particle intake causes critical immobilization of these animals (Besseling et al. 2019;
Oliveira et al. 2013; Rehse et al. 2016), as well as affecting predator-prey
relationships (Besseling et al. 2019; Oliveira et al. 2013; Rehse et al. 2016; Rochman
et al. 2017). However, several studies have revealed that MPs have no effect on
ecosystem processes (Krause et al. 2020), making predictions about ecosystem-level
consequences more difficult. Furthermore, intergenerational effects on Daphnia
magna revealed no impacts in the first generation, while neonates exposed to the
same concentration of MPs were extinct after two generations (Martins and
Guilhermino 2018). Many freshwater benthic consumers (e.g. Oligochaeta worms,
Chironomidae larvae, gammaridae, and amphipods) act as ecosystem engineers in
sediments and are heavily exposed to MPs, chemical additives, sorbed pollutants,
and possible microbial diseases (Frere et al. 2018; McCormick et al. 2014), posing a
serious risk of broad range of impacts, particularly on benthos (Izvekova and Ivova-
Katchanova 1972; Ward and Ricciardi 2007). For example, lugworms (Arenicola
marina) that ate MPs had less bioturbation, which decreased the primary productiv-
ity of bioturbated substrate and changed lugworm respiration (Wright et al. 2013;
Green et al. 2016). PVC microplastics were found in the diet of African freshwater
catfish in a new study (lheanacho and Odo 2020a, 2020b). In this case, the
microplastic caused neurotoxicity, oxidative stress, and lipid peroxidation, all of
which had an impact on the fish’s physiological status. The majority of Microplastics
are found in waterways surrounding big cities, particularly in poorer nations with
inadequate waste management systems (Xu et al. 2020).

MPs have been found in a variety of places where, all kinds of marine life exists
ranging from microscopic species (such as phytoplankton and zooplankton) to
enormous predators (mammals and fish) (Anagnosti et al. 2021; Wang et al.
2020). Microplastics have been demonstrated to alter the reproduction, mortality,
development, cellular response, behaviour, life span, assimilation efficiency,
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regeneration, oxygen consumption, egestion, metabolism, nutrition, neurotoxicity,
carcinogenicity, and gene expression of aquatic creatures (Haegerbaeumer et al.
2019; Xu et al. 2020). Ingestion of microplastics has a direct impact on small
creatures at the bottom of the food chain, producing malnutrition and the inability
to eliminate microplastics causes mechanical stress called saturation (Cole et al.
2013; Wright 2015). Microplastic absorption by phytoplankton has been shown to
disrupt photosynthesis and, as a result, organism growth (Kal¢ikova et al. 2017,
Bhattacharya et al. 2010). MPs long-term exposure caused considerable alterations
in energy stores in two sediment-dwelling bivalve species, Abra nitida and Ennucula
tenuis, but did not affect burrowing activity survival, condition index (Bour et al.
2018). The size as well as number of particles were connected to the outcomes, with
larger particles and higher concentrations having more severe consequences. At
greater concentrations, microplastics caused oxidative stress; damage to the gut,
liver, and gill tissues; increased heart rate; and impeded development and motility in
goldfish larvae, resulting in oxidative stress; damage to the intestine, liver, and gill
tissues; and increased heart rate (Yang et al. 2019).

Because agricultural plastic film and plastic particles are used extensively in
industrial production, MPs pollution on land could be more problematic than in
the marine environment (Ramos et al. 2015). MPs also represent a threat to terrestrial
creatures, as well as human health, through the food chain and other channels
(Sharma and Chatterjee 2017). Plastic films or irrigation water containing MPs can
both introduce MPs into the soil system (Rillig 2012). MPs have been found in some
studies to have an impact on soil organisms, such as altering the isotopic composi-
tion of soil collembolans and perturbing the microbiome (Zhu et al. 2018).
Earthworms in the soil can be harmed by polystyrene MPs, which can even kill
them (Cao et al. 2017). These findings imply that MPs pollution in soils is harmful to
soil organisms and that MPs pose an ecological danger in terrestrial ecosystems. In
mice, polystyrene MPs were found to cause dysbiosis of the gut microbiota, intesti-
nal barrier failure, and metabolic problems, according to a study (Jin et al. 2019; Lu
et al. 2018). MPs could be consumed by micro- and mesofaunas such as mites,
collembola, and enchytraeids, accumulating in the soil detrital food web (Rillig
2012). After seeding and planting Lolium perenne (perennial ryegrass) in soils
containing MP-clothing fibres, shoot lengths, dry root biomass, dry root—shoot
ratio, and chlorophyll a-b ratio high-density polyethylene (HDPE), biodegradable
polylactic acid (PLA), and all altered dramatically hence concluded, In the presence
of MP-clothing fibres or PLA, seed germination was lower than in control soil
(Boots et al. 2019).

Water and nutrient absorption by plant roots is also hampered by the presence of
MPs. Plant biomass, root characteristics, tissue elemental composition and soil
microbial activity have all been shown to be strongly affected by soil MPs, according
to current research (de Souza Machado et al. 2018). Humans consume a wide range
of plant and animal products that may include MPs, posing a variety of health
hazards. Microplastics are mostly absorbed by ingestion, inhalation, and skin contact
(Prata et al. 2020). Microplastics have been detected in beer (Liebezeit and Liebezeit
2014), seafood (Smith et al. 2018), honey and sugar (Liebezeit and Liebezeit 2013),
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sea salt (Kim et al. 2018), and drinking water (Mintenig et al. 2019). On average,
humans consume 4000 MPs each year from water to drink, 37-1000 microplastics
from edible sea salt (Van Cauwenberghe and Janssen 2014; Kosuth et al. 2017) and
11,000 microplastics from shellfish. Microplastics (specifically nanoplastics) might
reach agricultural fruits/seeds and consequently goes inside the human body through
food consumption, according to studies by Sun et al. (2020). Eventually, plant
uptake of microplastics may impact human health as well as food security and
safety. MPs can also be inhaled through the respiratory system. Airborne
microplastics are the most common cause of respiratory exposure. According to a
study (Vianello et al. 2019), humans can absorb up to 272 particles each day from
indoor air.

The length of time inhaled airborne microplastics travel through the lungs is
determined by their size (Enyoh et al. 2019). MPs with a diameter of less than 2.5 m
will settle in the lungs first, allowing them to penetrate past the respiratory barrier.
Inhalation for a long time Low-level exposure to tiny particles can potentially result
in gene mutations (Kingsley et al. 2017). After 10-20 years of being exposed to
polypropylene fibres, synthetic textile workers had a higher cancer incidence rate.
Workers who worked with polyvinyl chloride had a higher risk of lung cancer as
they got older, worked more years, and spent more time in the factories (Prata et al.
2020).

Another form of exposure is dermal touch, but this is a less important route (Prata
et al. 2020). Because only particles smaller than 100 nm can be absorbed directly via
the skin due to stratum corneum penetration, most microplastics are difficult to
absorb (Revel et al. 2018). Microplastics are resistant to chemical breakdown
in vivo when they reach the body (Wang et al. 2020). The inhibition of acetylcho-
linesterase by microplastics could also lead to neurotoxicity (Jeong and Choi 2019).
According to a simulated digestion research, microplastics might affect lipid diges-
tion after being consumed by humans by forming microplastics-oil droplet
heteroaggregates and inhibiting digestive enzyme activity (Tan et al. 2020),
providing a threat to human digestion health.

Microplastics can also be absorbed by human tissues via endocytosis (gastroin-
testinal tract and airway surface) and paracellular persorption, which is influenced by
surface charge, microplastic size, surface functionalization, generated protein
corona, and hydrophobicity, among other factors (Wright and Kelly 2017).
Increased permeability of the gastrointestinal mucosa can be caused by malnutrition
and diets containing high-fructose carbohydrates (due to alterations in the flora of the
intestine) and high saturated fats (West-Eberhard 2019). Inhalation and ingestion of
MPs in rats resulted in microplastics being discovered in the circulation as well as
liver and spleen are examples of distant tissues (Eyles et al. 1995; Jani et al. 1990). A
placental perfusion model in humans indicated that 240 nm particle size can cross the
placental barrier (Wick et al. 2010). Damage to the DNA replication and repair
machinery, as well as DNA damage caused by ROS or particle translocation into the
nucleus, can all contribute to MP particle genotoxicity (Rubio et al. 2020).

Microplastics disrupts nuclear membranes, causes oxidative stress, produces
damage-related molecular patterns, and activates downstream inflammatory and
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apoptotic/necrotic pathways in mammalian cells (Yong et al. 2020; Hwang et al.
2020). According to relevant animal model research, these MPs can be transported
from living cells to the circulatory systems and lymphatic, where they can gather and
harm the cells and immunity of humans (Brown et al. 2001; Browne et al. 2008).
Tissue distribution in mice demonstrated MPs accumulation in the kidney, stomach,
liver and also the symptoms of energy balance disruption, oxidative stress, and
neurotoxicity, after oral administration of fluorescent 5 and 20 m particle sizes at
106 and 104 mg/mL, respectively (Deng and Zhang 2019). After exposure to
particulate matter, in vivo neurotoxicity has been reported, possibly due to oxidative
stress and activation of the brain’s microglia (immune cells) from direct contact with
translocated particles or the action of circulating pro-inflammatory cytokines (from
other inflammation sites), resulting in neuron damage (Mohan Kumar et al. 2008).

Several studies have linked microplastics to abnormalities in energy homeostasis.
Microplastics, for example, may decrease energy intake (a) by causing a decrease in
feeding activity (e.g. in crabs, marine worms, and clams) (Xu et al. 2017; Watts et al.
2015); (b) due to decreased predatory performance (e.g. in fishes) (Wen et al. 2018);
and (c) due to alterations in digestive enzymes, thereby causing a loss in digestive
capacity (Wen et al. 2018).

Additives and monomers from the microplastics matrix may seep into the body,
leading to exposure of tissues to endocrine disruptors including phthalates and
bisphenol A, which interfere with endogenous hormones even in minute amounts
(Cole and Galloway 2015). Changes in the gut microbiome could have negative
consequences, such as the spread of dangerous bacteria, a rise in endotoxemia and
intestinal permeability (West-Eberhard 2019). Human’s inhale, ingest, and eat
microplastics through the air (Gasperi et al. 2018), bottled water (Zuccarello et al.
2019), seafood and table salt (Nelms et al. 2018; Zuccarello et al. 2019). Recent
studies have shown microplastics in excreta of humans (Yong et al. 2020), indicating
that microplastics have been eaten. Plastic toxins were found in every human tissue
analysed from Alzheimer’s patients in a recent study, which linked toxicity and
neurological impairment to lifelong exposure to microplastics (Manivannan et al.
2019).

7.5  Factors Affecting Toxicity of Microplastics

Plastic toxicity varies depending on the polymer type. Polyurethane, PVC,
polyacrylonitriles, styrene-based copolymers and epoxy resins, categorized as the
most dangerous (category 1A or 1B mutagen or carcinogen) because of the hazard
division of monomers (Lithner et al. 2011). It is crucial to keep in mind that the
higher toxicity of smaller particles is not always apparent, since it depends on a
variety of elements such as exposure time, charge, cell type, dose, and polymer type.
Larger particles necessitate the use of specialist cells to phagocytose them (Alberts
et al. 2002). Endocytic and passive uptake mechanisms can take up smaller particles.
Particle size and toxicity are usually inversely proportional. The toxicity of 500 nm
PS particles (IC50 12.6 g/mL) was found to be higher than that of 50 nm (IC50 >
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100 g/mL) in NIH/3T3 and ES-D3 mouse embryo cultures, for example (Hesler et al.
2019). Because of their small size and high surface—volume ratio, MP/NP can absorb
additional contaminants such as heavy metals, persistent organic pollutants (POPs),
and viruses (de Souza Machado et al. 2018; Yu et al. 2019). Plastics can have
persistent organic pollutants (polycyclic aromatic hydrocarbons, polychlorinated
biphenyls, DDT), heavy metals (Cd, Cr, As, Hg, As, Br, Zn, Cu, Sb, Sn, Ti, Mn,
Co, Ba), and pathogenic Vibrio spp. (Campanale et al. 2020; Brennecke et al. 2016;
Prinz and Korez 2020; Kirstein et al. 2016; Velzeboer et al. 2014; Rodrigues et al.
2019).

The absorption, transport, and toxicity of particles can all be influenced by the
surface charge of MPs (Yacobi et al. 2010; Frohlich et al. 2012; Loos et al. 2014a,
2014b). Plasticizers, stabilizers, dyes, lubricants, and flame retardants are among the
leachates/plastic additives, which account for around 4% of MPs content and
potentially pose health hazards (Bouwmeester et al. 2015; Campanale et al. 2020;
EFSA CONTAM Panel 2016). Hahladakis et al. (2018) show that the existence and
release of additives, on the other hand, does not always imply a health risk, as
toxicity is dictated by the plastic composition and the rate of leachate migration, as
well as the amount and solubility of leachate in the surrounding environment. The
migration of additives is in large amounts from plastics in fatty foods and when
stored at high temperatures or for long periods (Hahladakis et al. 2018).

Chemical adsorption on MPs can be influenced by some circumstances. MPs
type, size, environmental salinity and pH, and plastic ageing are only a few of the
variables (Mammo et al. 2020). For the same size (200-250 mm), different kinds of
microplastics, such as PP, PVC, polyethylene terephthalate (PET), and PE, have
varied surface areas and distribution coefficients (Teuten et al. 2007). At differing
pH levels, the sort of charge on microplastics surface and chemicals influences
whether adsorption increases or decreases. Adsorption is enhanced when the MP
surface and chemicals have opposite charges, but adsorption is reduced when the MP
surface and chemicals have identical charges (Karlsson et al. 2017). According to
Seidensticker et al. (2018), due to repulsion between comparably charged polar
compounds and plastic surfaces, non-polar molecules have stronger sorption on
PE and PS than polar compounds. The influence of salinity on chemical sorption
on MPs can be assessed using changes in the partition coefficients of a chemical with
a change in salinity. Log KMP-SW in saltwater and log KMP-W in the same
chemical water are different, according to Wang et al. (2020), suggesting that
salinity impacts chemical sorption on MPs.

Weathering or ageing of MPs has been reported to increase the rate of chemical
sorption (Endo et al. 2005; Rios et al. 2007). Due to environmental interactions such
as long-term exposure to the sun, which can cause photo-oxidation, aged plastics
have rough surfaces. This causes plastics to degrade into smaller sizes, increasing
their surface area and sorption capacity (Brennecke et al. 2016). Adsorption is linked
to several sorption sites that are dependent on crystallinity (Joshi et al. 2017). Higher
crystallinity produces a clean surface with fewer sorption sites, lowering adsorption.
Previous research has found that the crystallinity of MPs influences HOC
partitioning, which affects adsorption (Guo et al. 2012). Guo et al. (2012) found



7 Environmental Toxicity, Health Hazards, and Bioremediation Strategies. . . 163

that lowering the crystallinity of PE from 59 to 26% increased the sorption of
phenanthrene, naphthalene, and lindane. Liu et al. (2019) studied the differences in
ciprofloxacin sorption on PVC (low crystalline) and PS (high crystalline) and found
that ciprofloxacin sorption on PS was lower than that on PVC.

7.6  Techniques for Characterization of Microplastics
in Wastewater

The sample of wastewater is the initial step in its characterization, and it has a direct
impact on the MPs study’s outcomes. Filtration collection is the most popular
method for taking samples from wastewater in WWTPs (Kang et al. 2020). Input
and effluent samples, on the other hand, can provide information on microplastics
sources, total MP removal rate, and pollutant loading. After sampling, the sample
must be predigested to remove contaminants and increase extraction efficiency, as
well as to minimize MP loss and damage to the greatest extent possible. Purification
is another crucial stage in MPs characterization since it demands the removal of the
largest amount of organic materials while causing the least amount of damage to
MPs. The digestive regents utilized and their concentration, as well as reaction
variables such as temperature and duration, might affect the purifying effect (Kang
et al. 2020) MPs must be removed from pre-treatment samples after purification to be
detected and analysed. Flotation (Imhof et al. 2013) and Elutriation (based on an
upward gas or liquid flow to separate MPs) (Mahon et al. 2017) are two unique
procedures that have been invented but not generally implemented. Density separa-
tion and filtration are two popular ways of extracting MPs (Kang et al. 2020).
Microplastics analysis can be bifurcated into two categories: chemical characteri-
zation and physical characterization. Chemical characterization, on the other hand, is
primarily used to investigate the composition of microplastics. Several analytical
techniques are currently being used to characterize microplastics, including
polarized light optical microscopy (PLOM) (Sharifinia et al. 2020), energy-
dispersive X-ray spectroscopy (EDS) (Li et al. 2018; Mahon et al. 2017), Raman
spectroscopy, and Fourier transform infrared spectroscopy (FTIR) (Sun et al. 2019).
The term “physical characterization” refers to the process of determining the distri-
bution of size of microplastics and also other physical characteristics, for instance
colour and shape. Several studies performed by authors on the detection and
characterization of MPs using different analytical techniques are listed in Table 7.2.

7.7 Bioremediation Strategies for Microplastics
7.7.1 Bacterial Degradation of Microplastics
Numerous investigations on the use of microbes for MP breakdown are now

underway. A list of microorganisms reported for the degradation of MPs is presented
in Table 7.3. The characteristics features of candidate microbial species for
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Table 7.3 Microorganisms reported for the degradation of microplastics

Microbes

Bacillus
Rhodococcus
Bacillus
gottheilii
Enterobacter
asburiae
Bacillus

Aspergillus
tubingensis

Aspergillus
flavus

Penicillium
simplicissimum

Penicillium
pinophilum

Habitat
Mangrove
sediment
Mangrove
sediment
Mangrove
ecosystems
Plastic-
eating
waxworms
Plastic-
eating
waxworms
Marine
coastal area

Marine
coastal area

Soil and
leaves

Purchased
from a
strain
centre

MP type
PP

PP
PE, PET,

PP, PS
PE

PE

HDPE

HDPE

PE
irradiated
for 500 h
with UV
light

LDPE
powder

Exposure and degradation
40 (d) and 4.0% weight loss

40 (d) and 6.4% weight loss

40 (d) and 6.2, 3.0, 3.6, 5.8%
weight loss

28 (d) and 6.1 + 0.3% weight
loss

28 (d) and 10.7 £ 0.2% weight
loss

30 (d) and weight loss;
VRKPT1 was found to be
effective at degradation of
HDPE; virgin polyethylene
was used as a carbon source
40 (d) and a weight reduction
of 4.0%

40 (d) and a weight reduction
of 6.4%

40 (d) and a weight decrease of
6.2, 3.0, 3.6, and 5.8%

28 (d) and a weight reduction
of 6.1, 0.3%

VRKPT1 was found to be
successful at degrading HDPE;
virgin polyethylene was
utilized as a carbon source.

30 (d) and weight loss;
VRKPT?2 was found to be
effective at degrading HDPE;
virgin polyethylene was used
as a carbon source
Polyethylene with molecular
weights ranging from 4000 to
28,000 showed after 3 months,
the molecular weights of
polyethylene were reduced,
and functional groups added to
the polyethylene assisted
biodegradation

The biologically treated MPs
exhibited substantial
morphological and structural
changes after 31 months,
including 0.37%
mineralization

167

Reference
Auta et al.
(2018)
Auta et al.
(2018)
Auta et al.
(2018)
Yang et al.
(2014)

Yang et al.
(2014)

Devi et al.
(2015)

Devi et al.
(2015)

Yamada-
Onodera
et al.
(2001)

Volke-
Sepulveda
et al.
(2002)

(continued)
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Table 7.3 (continued)

Microbes Habitat MP type Exposure and degradation Reference
Zalerion Marine PE pellets 28 days and molecular Paco et al.
maritimum modifications; Z. maritimum (2017)
was able to use PE, resulting in
a reduction in pellet bulk and
size
Bacillus sp. and Municipal PP 60 (d) and 14.7% weight loss Park and
Paenibacillus sp. | landfill Kim
sediment (2019)
Bacillus cereus, Soil beds HDPE/ 14 (d) and 21.7-22.41% Satlewal
Arthrobacter and LDPE weight loss et al.
Bacillus pumilus (2008)
Exiguobacterium | Plastic- PS 28 (d) and 7.4 + 0.4% weight | Yang et al.
eating loss (2015)
mealworms
Bacillus Marine Nylon 3 months and 2-7% weight Sudhakar
sphaericus and 66 and loss et al.
Bacillus cereus nylon 6 (2008)

Efficient MP
retention
Containment

mechanisms
available

MP do not harm
the species

Candidates for

MP Fast

ingestion/filtering
rate

bioremediation

Fig. 7.2 Characteristics features of candidate microbial species for bioremediation of MPs in
WWTPs (adapted from Masia et al. 2020)

bioremediation of MPs are depicted in Fig. 7.2. Pure bacterial cultures have been
employed in studies on the breakdown of Microplastics by microbes in the labora-
tory (Yuan et al. 2020). Enrichment culturing is usually used to isolate microbial
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cultures from silt, sludge, and wastewater. Pure strains have the benefit of being a
simple approach for examining metabolic pathways or assessing the influence of
various environmental factors on MP degradation in MP degradation studies.

Furthermore, the whole MP breakdown process, as well as variations in MPs, can
be precisely tracked by functional bacteria (Janssen et al. 2002). Auta et al. (2018)
identified two pure bacterial cultures from mangrove silt and utilized them to break
down PP MPs. The weight loss of PP MPs induced by Bacillus sp. strain 27 and
Rhodococcus sp. strain In MP degradation investigations, metabolic pathways or
analysing the effect of various environmental conditions on MP degradation are both
important. 36 was 4.0 and 6.4%, respectively, after 40 days of incubation. Following
considerable study, it was revealed that the bacterium is responsible for altering the
appearance of microplastics and their functional group structures and other features
(Auta et al. 2018). To summarize, future studies are required to optimize techniques
and enhance bacteria strains to increase their speed arbitrate the degradation process
and increase the pace of MP breakdown (Yuan et al. 2020).

7.7.2 Fungal Degradation of Microplastics

Along with bacteria, fungi can get attached with and use Microplastics (Mitik-
Dineva et al. 2009). Fungi can make MPs less hydrophobic by increasing the
formation of chemical bonds like carboxyl, carbonyl, and ester functional groups.
Until recently, however, there was little research on the fungal-arbitrated elimination
of MPs in the literature. Using ectopic screening, the problems of obtaining fungal
strains with strong MP-degrading activity were demonstrated (Yuan et al. 2020).
Research into the breakdown of microplastics by fungi in various environments is
still underway, but some progress has been made. Penicillium simplicissimum YK
was identified by Yamada-Onodera et al. (2001) for application in PE biodegrada-
tion. Surprisingly, the aforementioned strain was able to grow better on a solid
medium added with 0.5% PE after 500 h of irradiation than on unirradiated media.
Dantzler et al. tested two different isolates of Pestalotiopsis microspora for their
ability to degrade polyurethane (PUR) to determine if the fungus can degrade a range
of MPs in another research (Russell et al. 2011). They discovered that a serine
hydrolase was revealed to be the reason for the breakdown of PUR, suggesting that
fungus-secreted enzymes can help with MP biodegradation. Devi identified two
isolated fungus strains capable of degrading HDPE (Aspergillus tubingensis
VRKPT1 and Aspergillus flavus VRKPT2) (Devi et al. 2015). Hydrolyzable
polymers can also be degraded by fungi. Deguchi et al. (1997) were the first to
report oxidative assault on nylon-6,6 in the white-rot fungus, IZU-154,
Phanerochaete chrysosporium and Trametes versicolor. These findings indicated
that these fungal strains have a high ability to break down MPs in vitro. To improve
the rate of fungal-mediated MP degradation, future investigations should employ
genomes and proteomics approaches.
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7.7.3 Microalgal Degradation of Microplastics

The microalgae and plastic interaction waste can substantially alter the properties of
these polymers, affecting their fate in aquatic ecosystems (Yokota et al. 2017).
Among primary producers, filamentous cyanobacteria of the genus Phormidium
are known to break down hydrocarbons (Oberbeckmann et al. 2016). It has been
well known that species from this genus can be found on plastic surfaces. This raises
the intriguing possibility that Phormidium is hydrolysing the plastic in the
plastisphere actively (Yokota et al. 2017). The advantage of increased sunshine
exposure on floating plastic pieces may be the real source of plastic trash enrichment
as cyanobacteria are photosynthetic in nature (Roager and Sonnenschein 2019).
Microalgae were exposed to high-density polyethylene microplastics at a concentra-
tion of 1 g L™" and 400-1000 pm diameter polypropylene (Lagarde et al. 2016);
2 mm polystyrene at 3.96 g L™' (Long et al. 2017), and microbeads from cosmetic
products at around 4000 microbeads (Long et al. 2017); and 2 mm polystyrene. Long
et al. (2015) explored this interaction in a lab experiment using various aggregates
generated from two different algae species (the cryptophyte Rhodomonas salina, the
diatom Chaetoceros neogracile, and a mix of both) and 2 m polystyrene microbeads.
The experiment revealed that the microbeads were enriched in all three forms of
aggregates. Once absorbed, the microbeads increased aggregate sinking rates to
several hundred meters per day, a substantial increase over loose beads' sinking
rate (less than 4 mm day ~"). These results are evidence to the idea that the aggregates
of phytoplankton can act as an MP sink. Furthermore, when an aggregate splits,
more surfaces and macropores become available for microbeads to cling to, allowing
microbeads to be incorporated not just at the aggregate surface or in macropores, but
throughout the aggregate (Long et al. 2015).

7.7.4 Microbial Consortia in Microplastics Degradation

Numerous investigations have revealed that when an axenic bacterium (pure bacte-
rial cultures) biodegrades organic substances, hazardous end products are produced
that impede the growth of microbes (Dobretsov et al. 2013). Using a mixture of
bacteria to establish an intact community of microbes that have the ability to assist
minimization of harmful metabolite effects on microplastics-degrading bacteria
when compared to axenic bacterial cultures. In addition to that, a microbe’s poison-
ous metabolites can frequently be used as a growing substrate of different
microorganisms. Consortia bacteria have synergistic symbiotic and mutual
relationships, which allows them to be more tolerable and active during pollutant
treatment (Singh and Wahid 2015). Park and Kim (2019) looked at how a mesophilic
mixture of bacteria generated from trash debris broke down PE MPs. Both
Paenibacillus sp. and Bacillus sp. were plentiful in the mixture of bacteria and
decreased the dry weight of Microplastics particles (14.7% after 60 days) as well as
the mean diameter of Microplastics particle (22.8% after 60 days). Earthworms
(Lumbricus terrestris) degrade LDPE, according to Huerta Lwanga et al. (2018).



7 Environmental Toxicity, Health Hazards, and Bioremediation Strategies. . . 171

The earthworm’s intestinal bacteria absorbed and destroyed LDPE MPs after they
were consumed. This shows that MP-degrading microbes are present in the
earthworm’s digestive system. Lwanga also looked at the role of bacteria in gut of
earthworms in the decomposition of microplastics. The most common isolates from
the earthworm’s gut were members of the genera Firmicutes and Actinobacteria.
Researchers have discovered that when isolated strains were tested for microplastics
degradation, the particle size of LDPE-MPs was drastically decreased in the pres-
ence of bacteria. There are also eicosane, tricosane, and other volatile chemicals
present. Only the treatments that included both LDPE-MP and bacteria produced
docosane, indicating that these long-chain alkanes were produced as a result of
bacterial-mediated LDPE-MPs breakdown. Due to interactions between many
microorganisms and various enzymes, the breakdown and usage of microplastics
by mixture of bacteria is a baffling process. As a result, it will be critical to in the
future to develop in-depth research on the influencing factors (Yuan et al. 2020).

7.7.5 Microbial Biofilm in Microplastics Degradation

MPs are exposed to inorganic particles, organic matter, and microbes in aquatic
settings (Parrish and Fahrenfeld 2019). Microorganisms of many forms and sizes,
including bacteria, algae, viruses, protists, and fungi can cling at the surfaces of
Microplastics as a result (Oberbeckmann et al. 2016). Biofilms, which are complex
ecosystems made up primarily of microbes, organic and inorganic particles, cell
secretions, and other materials, can form as a result of the colonization of these
bacteria (Flemming 1998). Microplastics with rough or smooth surfaces, low or high
densities, and a wide range of chemical compositions can be used as a biofilm
development substrate. Biofilms change and degrade MPs’ physical qualities,
according to growing research (Rummel et al. 2017). Lobelle and Cunliffe (2011)
studied the development of early biofilms on PE MPs surfaces for three weeks. One
week later, biofilms were easily visible on PE surfaces, and they remained intact to
proliferate for the next 14 days. The total number of heterotrophic microorganisms
on the lowered MPs increased as well, Week three saw an increase in cell count from
1.4 x 10* cells cm 2 to 1.2 x 10’ cells cm 2. Over the course of 3 weeks, As the
contact between seawater and air became more hydrophilic, the MPs began to sink.
Under the influence of biofilms, there was some damage and certain changes that
occurred to PE MPs. Miao et al. (2019) investigated the microbial community in
various substrates using high-throughput sequencing and generated community
metrics such as evenness, diversity, and species richness. Natural materials have
less bacteria connected to plastic degradation than MPs, according to the researchers.
MPs were shown to have higher levels of Phycisphaerales, Pirellulaceae,
Roseococcus, and Cyclobacteriaceae than originally occurring substrates,
demonstrating that microplastics are microbial specific. Biofilms utilizes
microplastics as carbon sources, energy sources, and adhesion media in conjunction
with microbes and enzymes, attacking and degrading them. Biofilms’ destruction of
MPs, on the other hand, is extremely difficult and has yet to be thoroughly
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researched. MP breakdown products, for example, have not been effectively col-
lected and studied. Furthermore, routine data analysis for weight loss and cosmetic
alterations has aided in the present understanding of biofilms’ impacts on MPs. More
controlled study and product tracking will be carried out in the future to better
understand these relationships and degradation behaviour.

7.7.6 Bioreactor Systems for Microplastic Removal from
Wastewater

The majority of microplastics were eliminated from the bioreactor system by
bacterial consumption and the formation of sludge aggregates. Domesticated
activated sludges, in particular, have been reported to increase microplastic
build-up in WWTPs. During the subsequent secondary settling operation,
microplastic-containing sludge was eliminated (Jeong et al. 2016). In WWTPs, the
A20 bioreactor system is the most extensively utilized (Liu et al. 2021). Due to the
sludge return, however, it has a low microplastics removal effectiveness.
Microplastics that had been absorbed by the sludge would return to the aqueous
phase in a small percentage (20%). Furthermore, the breakdown of microplastics in
A20 is relatively sluggish (Liu et al. 2021). As a result, the typical activated sludge
method of removing microplastics from WWTPs is inefficient.

Membrane bioreactor or MBR technology has lately gained popularity WWTPs
treatment method. Because of the high concentration of mixed-liqueur suspended
particles, it has an exceptional performance in removing microplastics (removal
efficiency of 99.9%) (range from 6000 mg L' to 10,000 mg L") (Dvorak et al.
2013; Talvitie et al. 2017). Membrane separation and the classic activated sludge
technique were combined in MBR technology. The bulk of microplastics were
maintained on the MBR system’s biofilm carrier side. This revealed that the adsorp-
tion effect is one of the most important factors in microplastic elimination in the
MBR system. The pore size of the membrane employed in MBR systems is typically
0.1 m (Atasoy et al. 2007). Biofilter technology is employed as a major technology
following the bioreactor system. MPs with the small size of particles and lesser
density are flooded into the biofilter treatment unit. The removal of MPs became
more challenging as a result of these factors. Biofilter technology, on the other hand,
has the best microplastic removal performance (Lei et al. 2018). The major strategies
for removing microplastics are biofilm filtration and adsorption, and biofilter tech-
nology combined physical and biological purification processes (Liu et al. 2021).
Because microplastics are considered microbe transporters, their presence will have
an impact on the microbial activity and community. According to Li et al. (2020), the
number of functioning units of taxonomy dropped from 1665 to 1533 after the
addition of PVC. As a result, there was an increase in the number of functional units
of taxonomy to 1735. As a result, the presence of microplastics PVC did not result in
a significant decrease in operational taxonomic units and had no effect on microbial
community structure. It is also reassuring to learn that virgin microplastics had no
effect on phosphorus-accumulating organisms, nitrite-oxidizing bacteria, or
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ammonia-oxidizing bacteria (Liu et al. 2019). As a result, the microplastics effect on
the functioning of bioreactor system must not be overestimated. On the other hand,
the additives toxicity in MPs to microorganisms was unknown. The influence of
microbe-containing MPs on traditional pollution remediation should be studied in
the future.

7.8 Challenges and Future Perspectives

Multiple knowledge gaps and areas of disagreement must be addressed before the
number of MPs in WWTPs can be estimated. To have a better picture of annual MP
deposits into WWTPs, temporal and regional trends in MPs must be investigated. An
estimate of the annual variance of MPs in wastewater and the ability of WWTPs to
handle such flows have yet to be explored, but it is crucial for gaining a better grasp
of worldwide MPs wastewater trends. Furthermore, nothing is known about MPs’
ability to store and transfer chemical and microbiological contaminants across the
landscape (including diseases). Treatment plants contain a wide range of dangerous
pollutants and pathogens, but little is known about MPs’ ability to adsorb them at all
phases of the treatment process and thereafter. Existing studies of microplastics in
WWTPs have some flaws that need to be addressed in future research. The estab-
lishment of standardized sampling and analysis methodologies to understand the fate
of microplastics better in WWTPs or any other media of environment should be the
centre of attention of future research. Standardization of reporting units for MP
concentration is required. Furthermore, because size of MP particle ranges from
100 nm to 5 mm, mass units are the most accurate depiction of MP contamination
within a given sample, allowing for more efficient comparisons between sampling
locations. Simultaneously, additional study into specific microplastics should be
prioritized, particularly in industrial zones. Hydraulic retention time, salinity, and
dissolved organic matter, all of which influence the treatment processes' ability to
eliminate microplastics in WWTPs, deserve further investigation. Furthermore, the
microplastic removal effect of reaction intermediates, removal of contaminants and
their toxicity created by the current treatment technique was unknown. Several
MPs-degrading functional microbes have been identified, and several methods for
characterizing them have been established. To garner a decrease in MPs, functional
microbial agents must be explored and even genetically engineered. The investiga-
tion of MP degradation mediated by microbes is a significant undertaking. Greater
formation of microbial potential and their use in MP treatment will be required in the
future to reduce MP pollution.

On average, a total of 70% of MPs were eliminated during primary treatment. The
role of dissolved air flotation (DAF) in the removal of MPs was the most evident at
this stage (Bui et al. 2020). The membrane bioreactor (MBR) system is currently the
most outstanding treatment technique for secondary treatment, with a success rate of
over 99% (Lares et al. 2018). This study indicates that integrating primary treatment
units with MBR procedures improves MP removal from wastewaters. One of these
technologies’ disadvantages is that there are still few studies testing MBRs’ efficacy
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on MPs; the influence of MPs on the cost—benefit analysis and membrane fouling,
have gotten little attention. Furthermore, the operating parameters and environmen-
tal elements of MBR had a considerable impact on MP removal efficiency. And the
research has not focused on these difficulties so far. As a result, it is critical to pay
more attention to future investigations on Microplastics removal in various
bioreactors, particularly MBRs.

It is also worth noting that the lack of consistency in analytical investigations
leads to a wide range of outcomes. Ignorance of small MPs (20 m) and lack of MPs
mass estimation are just a few of the significant issues with the analysis approach.
Despite purification and clean treatment, it is impossible to eliminate contaminants
from MPs samples, resulting in an unspecific spectrum that is difficult to differentiate
from the library’s standard spectrum. Long-term data is required for the accurate
assessment of MPs concentrations in WWTPs throughout the year.

7.9 Conclusion and Recommendations

Despite the fact that WWTPs are not specifically designed to remove MPs, millions
of MPs are discharged into the environment every day, both from treated water
outflow and sewage sludge used for soil augmentation. As a result, these facilities are
seen as a potential source of MPs entering aquatic environments. However, all MP
study results are based on laboratory circumstances that can never match the actual
environment, hence absolute choices based on laboratory research on how MPs
function in an organism’s natural habitat are unreliable, and therefore, extensive
future research is required. This chapter’s conclusions and recommendations are as
follows:

a. WWTPs should be prioritized as hotspots for preventing microplastics from
entering the environment.

b. More emphasis on improving and implementing advanced tertiary treatment
techniques to remove more MPs from treated water is needed.

c. Depending on the species, bioremediation could be a viable option for degrading
or accumulating microplastics in wastewater treatment.

d. Research into new methods and biotechnologies for removing MPs from sludges
with high efficiency is required.

e. Evaluation of candidate species’ ability to retain MPs in realistic environmental
concentrations should be carried out.
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