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Preface

Day by day wastewater treatment is becoming a challenging task for environmen-
talist. If they do not maintain the discharge norms of their treatment plant, they
will be in big trouble by the governing authorities. To keep safer side, wastew-
ater treatment is enormously required. Study of antibiotic-resistant genes is among
one of the most important tasks in industrial wastewater treatment. The cleaning
of toxic contaminants or refractory pollutants from industrial wastewater treatment
processes is an essential step for the protection of public health and of course for
the environment. Biological wastewater treatment plants that use sludge represent
one of the most used biotechnological processes. Elimination of organic carbon
and other nutrients mainly is nitrogen (N) and phosphorus (P), which make sludge
microbes essential to prevent eutrophication and deterioration of receiving surface
waters. The complexity of wastewater microbial communities, based on 16S rRNA
sequence analysis, is known enormous. Biological wastewater treatment is among
the most important environmental biotechnological applications, and, as drivers of
key processes, microorganisms are critical to its success. Therefore, the genomic
study of wastewater microorganisms has an obvious applied significance; however,
the importance of wastewater treatment reactors as model systems for microbial
ecology is often overlooked. Modern molecular techniques, including environmental
genomics, have identified key microbial actors unexpected for nutrient removal and/
or sludge foaming and have provided many interesting insights into niche diversity,
functions, and differentiations. Now is the time for wastewater microbiology to be
recognized as a mature and dynamic discipline, offering much towards a deeper
understanding of life in complex microbial communities. Comparative genomics of
antibiotic-resistant genes isolated from conventional activated sludge and biological
aerated filter wastewater treatment plants will be discussed.

Ankleshwar, India Maulin P. Shah



Contents

Characterization Methods for Microbial Communities Present
in Contaminated Soils ....... ... ... .. ... ... .. . ... 1
Sonia Sethi and Aakanksha Kalra

RETRACTED CHAPTER: Antibiotic Resistance Genes

as Contaminants in Industrial Wastewater Treatment ................. 25
Raunak Dhanker, Merwin Mammen, Anjali Singh, Shubham Goyal,

Touseef Hussain, and Priyanka Tyagi

Bacteriophages: A Strategy to Combat Antibiotic Resistance
in Wastewater Treatment Plants ................ ... ... .. ... ... ...... 59
Kanika Bhargava, G. K. Aseri, Gopal Nath, and Neelam Jain

The Emergence of Wastewater Treatment Plant as a Leading
Source for Dissemination of Antibiotic-Resistant Gene ................ 75
Bidisha Ganguly and Subhasish Dutta

Increasing Prevalence of Antibiotic-Resistant Genes in Wastewater:
Impacton PublicHealth ................. . ... ... ... ........... 95
Navneet Kour, Jigyasa Singh, and Harvinder Kour Khera

Antibiotic Resistance Genes as Emerging Contaminants
in Industrial Wastewater Treatment ................................. 115
Gayatri Suresh, Agnieszka Cuprys, and Satinder Kaur Brar

Characterization and Dynamic Shift of Microbial Communities
in Wastewater Treatment Plant ..................................... 133
Agnieszka Cuprys, Joanna Lecka, and Satinder Kaur Brar

vii



Characterization Methods for Microbial )
Communities Present in Contaminated L
Soils

Sonia Sethi and Aakanksha Kalra

Abstract Microorganisms present in soil ecosystems contaminated with hydrocar-
bons and heavy metals are one of the most complex and diverse assemblages. The
influence of long-term soil contamination on the activities and roles of microorgan-
isms, community structure and genetic diversity are the focus of much interest. With
the advent of recombinant DNA technology, microbial community have developed
as a potential resource for various biotechnological products, bioenergy production
and novel biotransformations. Long-term contamination of soil with high amounts
of heavy metals and other organic compounds is expected to induce gradual changes
in the composition of microbial communities. This is turn leads to a rise in the toler-
ance of strains and also spread of these metal resistance genes in the environment and
other organisms via horizontal transfer. Identification and characterization of such
microbial communities has been limited to those which are culturable so far but with
the advancements in the approaches such as genomics, transcriptomics, proteomics,
metabolomics and lipidomics has led to the discovery of previously unrecognized
microorganisms and complex microbial diversity which shows an exciting oppor-
tunity for bioremediation strategies. In the view of this, the chapter examines the
current applications of molecular techniques for the characterization of microbial
communities in soil contaminated with heavy metals and petroleum hydrocarbon.
Various “stress-on-stress” studies including metagenomics and meta-transcriptomics
investigate microbial communities under environmentally stressful conditions which
provides a deeper insight on predictable species assemblages.

Keywords Microbial community - Heavy metals + Organic compounds *
Bioremediation
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2 S. Sethi and A. Kalra

1 Introduction

The environment is referred to as place where humans, plants, animals and microor-
ganisms survive. It is made up of land, atmosphere, water, microorganisms, plant
and animal life, of amalgamation or correlation among and between them. Also,
anthropogenic activities including various conditions that affect health of human
beings. An environment can be polluted or contaminated. Contamination is different
from pollution; however, contaminants can be pollutants, and possess deleterious
effect on the environment. Pollution is anything that is introduced by humans either
directly or indirectly, any substances or energy causing harmful effects to living
resources, human health and reduction of amenities. On the other hand, contamina-
tion is the appearance of high concentrations of substances in the environment above
the standard level (Wong, 2012).

2 Types of Pollutants

Pollutants causing environmental issues are causing a great challenge toward global
society. Various types of pollutants are known in nature, namely inorganic, organic
and biological. All of them have been given significant attention because of the
consequences they are causing to the environment. Issue related to the amount of
toxic substances in the environment is at alarming condition among the population.

2.1 Inorganic Pollutants

Pollutants from agriculture, industry and domestic wastes causing adverse effects to
human and animals are considered as inorganic pollutants. It includes metals, salts
and minerals (Wong, 2012). They occur naturally, but human interference has altered
their amount in the environment. Anthropogenic activities including metallurgical,
chemical and smelting processes lead to accumulation of these pollutants in food
chains.

2.2 Organic Pollutants

Organic pollutants are considered as contaminants of environment which are easily
degradable. They are also naturally occurring, but human activities have contributed
an intensive amount to environment to meet their needs. Organic pollutants include
polycyclic aromatic hydrocarbons (PAHs), human and food waste, polychlorinated
biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), pesticides, petroleum
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and organochlorine pesticides (OCPs) (Lepp, 2012). Nowadays, organic pollutants
are gaining more attention because of their characteristics and persistent nature
causing toxicological effects.

2.3 Biological Pollutants

Pollutants’ resulting due to human’s actions and their impact on the environment
quality are biological pollutants. It includes microorganisms, animal dander, cat
saliva, dust, cockroaches and pollen. These pollutants are from various sources
including plants (Pollens), humans, animals, (microorganisms), etc.

2.4 Heavy Metals

Heavy metals (HM) are metals of high density. Soil contamination by heavy metals
is a censorious worldwide environmental issue. Metals are crucial constituents of the
environment, and its accessible concentrations depend mainly on various processes
(Appenroth, 2010). There are two types of metals one that is necessary for living
beings called as microelements and other elements with unrevealed biological char-
acter and “inert” with regard to organisms. The metals acting microelements in living
organisms are present in minute quantities, and their inadequacy and overabundance
poorly influence living organisms (Szyczewski et al., 2009).

Heavy metals are known to be toxic in nature, but this is not true every time because
its effect on living organisms depends upon the concentration available. Some heavy
metal ions are significant for various metabolic pathways at low concentrations but
are toxic at high concentrations. Metals such as arsenic, lead, cadmium, nickel,
mercury, chromium, cobalt, zinc and selenium are highly toxic even in minor quan-
tity. Increased discharge of amount of these heavy metals through various anthro-
pogenic processes leads to remarkable ecological and health complications. Due to
persistence of most of the heavy metals in terrestrial ecosystem, toxicological and
deleterious consequence on the environment and humans (Jarup, 2003; Shah, 2020,
2021a, 2021b) is considered a predominant ecological concern across world.

Heavy metals originate naturally and anthropogenic activities of humans and land
up in various parts of environment. Various natural sources of heavy metals include
volcanic eruptions, sea-salt sprays, forest fires, rock weathering, biogenic sources
and wind-borne soil particles. Natural weathering processes also release metals to
different environment compartments. Heavy metals can be found in the form of
hydroxides, oxides, sulfides, sulfates, phosphates, silicates and organic compounds.
The most common heavy metals are lead (Pb), nickel (Ni), chromium (Cr), cadmium
(Cd), arsenic (As), mercury (Hg), zinc (Zn) and copper (Cu) (Van der Ent., 2013).

Various anthropogenic activities such as industries, agriculture, wastewater,
mining and metallurgical processes, and runoffs causes release of pollutants to
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different environmental compartments. Other processes include automobile exhaust
which releases lead; smelting which releases arsenic, copper and zinc; insecticides
which release arsenic and burning of fossil fuels which release nickel, vanadium,
mercury, selenium and tin (Ebbs & Kochian, 1997; Shah, 2021).

Nickel (Ni) causes losses in the yield of crop and also results in harmful health
effects when it enters the food chain. At very high concentrations, it stands in the way
of various processes of plant body (Gajewska et al., 2006), leading to the growth retar-
dation and loss of chlorophyll, wilting, etc. Also, it interferes with various enzyme
activity and oxidative stress. Arsenic is more hazardous as compared to chromium
and copper resulting in bonding with phosphorous and sulfur thereby uncoupling
oxidative phosphorylation and blocking protein synthesis (Tamaki & Frankenberger,
1992). Chromium (VI) diffuses across the membrane and results in toxicity due to
interaction with radicals.

Though soil is considered as a native source of heavy metals, changes influenced
by people ameliorate their magnitude which is detrimental (Chibuike & Obiora,
2014). Heavy metals are transported off shore in gaseous and coarse aspect leading
to aggregation in soil, water and living systems rapidly. Anthropogenic actions like
unusual and everlasting applications of agrochemicals, sewage sludge, industrial
waste disposal, waste incineration, and vehicle exhausts are major resources in soils.

Microorganisms present in soil including free living or in association with the
plants can ameliorate the biomass productivity of plant and phytoremediation activity.
Although microbial population size, growth, structure, metabolism, degradation of
protein or cell membrane, and overall activities are influenced by presence of heavy
metals in soil, these are necessary for degradation of soil organic matter; absorption
of nutrient from soil by the plant is adversely affected by reduction in microbial
diversity.

Microorganisms are responsible for reducing the magnitude of contaminants and
biological activities in native surroundings (Diaz, 2010). Microbial communities are
regarded as biological indicators because they are highly sensitive to changes occur-
ring in the environment (Keshri et al., 2015). Indigenous microbial communities
have adapted long-term remediation of heavy metal contamination and their demo-
lition through pollution results in lowering or diminishing of the plant or animal
populations.

Among different types of heavy metals, cadmium (Cd), arsenic (As), lead (Pb),
mercury (Hg) and chromium (Cr) are the most toxic substances (Alloway, 2013) and
potentially damage the ecosystems. For example, Cd inhibit calcium metabolism
resulting in kidney and skeletal damage (Johri et al., 2010). Arsenic intake results in
gastrointestinal symptoms, heart and nervous system. Pb poisoning leads to headache,
abdominal pain, neurological disease and blood—brain barrier of children. Acute Hg
poisoning causes lung damage. Heavy metals are absorbed by food chain and water
(Wongsasuluk et al., 2014), and therefore, accurate concentrations of heavy metal
and steps to remove them should be taken.

In terrestrial ecosystems, soils are the major sink for metal contamination.
Soil microbes especially the rhizospheric population play important role in HM
detoxification in contaminated soils. This input of the rhizomicrobial population
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is also referred to as rhizoremediation. This involves higher metabolic activity of
microbes including prokaryotes and eukaryotes near the vicinity of plants’ root. In
contaminated soils with heavy metals, predominant population of bacteria includes
Firmicutes, Proteobacteria, Actinobacteria, Bacillus, Pseudomonas and Arthrobacter
(Pires etal., 2017). Rhizobia is an important plant growth promoting (PGP) microbes
occurring in the rhizosphere and is responsible for nodulation and nitrogenase activ-
ities which are found to be very sensitive to heavy metal stress. There are some HMT
rhizobial strains which have also been reported effectively carrying out symbiotic
nitrogen fixation in contaminated sites. Symbiosis between Legume-rhizobia can
detoxify HM and ameliorate the characteristics of contaminated soils (Checcucci
etal., 2017).

Among fungi, Ascomycota and Basidiomycota and soil with fewer nutrients are
frequently colonized by arbuscular mycorrhizal (AM) fungi in polluted soils with
heavy metals (Narendrula-Kotha & Nkongolo, 2017). As a matter of fact, binding
of metal ions on the surface of cells drives the intracellular activities of AM fungi
and other rhizosphere microbes like transformation, transport, toxicity, dissolution
and deterioration. This interaction depends upon physico-chemical nature of soil,
type and concentration of metal species, metabolic activity and diversity of microbes
(Kong & Glick, 2017).

2.5 Petroleum Hydrocarbons

One of the major energy resource and substance for various industries is hydrocar-
bons which is a serious environmental problem caused by oil fields and stay for long
term (Varjani & Upasani, 2016). Hydrocarbons are produced by large-scale produc-
tion, transport, oil refining, shipping and accidental spilling. Polycyclic aromatic
hydrocarbons or petroleum hydrocarbons are released in the environment due to
various anthropogenic activities like partial ignition of organic matter, for instance
in coking plants or gas factories. Also, commercial activities leave large amount of
PAH resulting in soil contamination, frightening ecosystems outcome and health of
human beings (Sajna et al., 2015).

Under such conditions, unique bacterial communities adapted to the contami-
nation conditions develop in the soil. Long-term pollution due to petroleum prod-
ucts in soil results in aggregation of both polycyclic aromatic hydrocarbons and
aliphatic hydrocarbons. Deterioration of hydrocarbon required genes and pathways.
Aliphatic hydrocarbons are chains which can easily undergo biodegradation while
large branched chains and aromatic hydrocarbons remain in environment for long
term (Hasanuzzaman et al., 2007).

Therefore, polycyclic aromatic hydrocarbons (PAHs) are considered to be carcino-
genic, cytotoxic, genotoxic and environmentally toxic. PAHs are fused aromatic ring
compounds found in the atmosphere and relatively resistant to the biodegradation;
as such, they accumulate to significant levels into the environment. PAH presence in
environment affects microbial biodiversity and functions of soil in a negative way,
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where the accumulation has been going on for many years. Therefore, such areas
which are polluted on the regular basis have no chance for efficient remediation, but
there are some groups of microorganisms which are active in degradation of PAH.
Degradation of mixtures can be achieved by consortium of microbes with different
activities and potential to utilize them as carbon and energy resource (Galazka &
Galazka, 2015).

Decomposition is brought about by a process of co-metabolism with their decom-
position occurring step by step by contribution of variety of microbes. Therefore,
co-metabolism involves transformation of PAHs in soil, e.g., Pseudomonas stutzeri
co-metabolize 4 nitrophenol and diethylphosphate and phenol. Sometimes to activate
the activity of enzyme responsible for degradation from one species, introduction of
bacteria is required inactive for decomposition (Dellangnezze et al., 2016). Enzymes
can carry out hydrolysis, denitrification, hydroxylation, deamination, etc., during
mineralization of PAHs by co-metabolism process (Chen et al., 2017).

Examples of bacteria responsible for degradation PAHS belong to Actinobac-
teria and Proteobacteria (Yergeau et al., 2015). Various studies have reported that
transcripts related to Alphaproteobacteria, Betaproteobacteria, Gammaproteobac-
teria and Acidobacteria are capable of degradation of PAHs. Also, other preva-
lent bacteria are Actinomycetales, Rhodospirillales, Burkholderiales, Alteromon-
adales, Solirubrobacterales, Caulobacterales and Rhizobiales (Pagé et al., 2015).
Decomposition of phenanthrene is favored by the activities of bacterial degraders
belonging to Pseudomonadales, Actinobacteria, Caulobacterales, Rhizobiales and
Xhantomonadales (Thomas & Cébron, 2016).

Fungi such as Trichoderma harzianum, Cunninghamella elegans, Aspergillus,
Penicillium, Fusarium, Amorthopeca, Neosartorya, Paecilomyces, Talaromyces and
Trametes versicolor Graphium are microorganisms which can degrade persistent
pollutants.

2.5.1 Microbial Degradation of PAH

Degradation of hydrocarbon requires tremendous treatment and is affected by amount
and nature of hydrocarbon present. The restricted or poor microbial diversity in
environment limits the degradation of hydrocarbon or oil contaminants. Hydro-
carbons with high molecular weight cannot be degraded. There are few bacteria
and filamentous fungi which play a role in degradation of hydrocarbons. Ligni-
nolytic fungi producing lignin peroxidases, phenol oxidases, laccases, tyrosinases
and H,0O;-producing enzymes degrade hydrocarbons (Lee et al., 2015).

2.5.2 Hydrocarbon Degradation Mechanism
Mechanism behind the fast and complete degradation of hydrocarbon requires

aerobic conditions. Steps involved in degradation involves oxidation and activation
via oxygenates and peroxidases. For hydrocarbon decomposition, specific enzyme
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system is required and also occurs by attachment of microbes onto cell surfaces and
production of biosurfactant. Degradation of hydrocarbon can be carried out by selec-
tive metabolism of individual strain of microorganism or microbial consortium of
same or different genera showing more possibility of degradation (Varjani & Upasani,
2016).

2.5.3 Role of Enzyme in Hydrocarbon Degradation

Degradation of hydrocarbons by microbes involves the role of Cytochrome
P450 hydroxylases including Candida apicola, C. maltose and C. tropi-
calis. In prokaryotes, alkane oxygenases, di-iron alkane hydroxylases, copper-
containing methane monooxygenases and soluble di-iron methane monooxygenases
actively participate in the hydrocarbon degradation. Fungi also produce extracel-
lular enzymes, which can degrade contaminants like hydrocarbon, and their effi-
ciency level depends on various factors including nutrient availability, aerobic
conditions, pH, temperature, etc. Fungi produces lignin, extracellular peroxidases,
lignin peroxidases, manganese peroxidases, LiP, MnP and laccase enzymes for
the degradation of hydrocarbons like anthracene and pyrene. The degradation of
pyrene and anthracene by Trametes versicolor, Pleurotus ostreatus and Phanerochaete
chrysosporium depends on levels of MnP and laccase secreted in the soil (Zhang et al.,
2015).

Although fungal species are not as effective as bacterial species for PAH degrada-
tion, they are non-specific and able to hydroxylate various xenobiotics. The system of
extracellular enzymes from six Aspergillus species, isolated from crude oil-polluted
soil, efficiently degrades crude oil and shows potential for crude oil recovery. Jové
etal. (2016) evaluated the anthracene degradation efficiency of three non-ligninolytic
and ligninolytic fungi, observed that the anthracene degradation efficiency of Phane-
rochaete chrysosporium is higher than those of Pleurotus ostreatus and Irpex lacteus.
Balaji et al. (2014) analyzed the ability of various fungal species to produce
extracellular enzymes, like laccase, lipase, protease and peroxidase.

Traditional methods of microbial community analysis.

Hydrocarbon and heavy metals can be degraded in culture by different microbes
isolated from soil including bacteria and fungi. This is bioremediation in which
living organisms are used to remove pollutants from sites, causing stimulation
of indigenous degraders by applying or improving conditions of contaminated
soil. Therefore, culturing degraders and applying it to polluted soils enhances the
degradation, resulting in bioaugmentation. To describe microbial community from
polluted environments, two methods—culture-dependent and culture-independent
methods—have been used predominantly.

Although culture-dependent methods basically retrieve negligible handout diver-
sity from environment of soil, the potential of cultured isolates in situ or ex situ allows
in vitro evaluation of microbial physiology and degradation capability creating a
metagenomic database for gene identification useful for land restoration. Therefore,
polluted soils are more amenable for culture-dependent sampling than other because
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contamination leads to decline in diversity due to which sampling effort lowers the
proportion of active community (Bell et al., 2014).

Microbes are sensitive index of soil health because it represents a transparent
understanding between diversity and ecosystem sustainability and this contributes
to analysis and devising practical measures. Studies related to process including
biomass, respiration and enzymatic activities but these measurements are limited to
explain specific microbial ecosystem. Therefore, analyses based on community-level
interactions are effective methods because it helps in determining microbial diversity
and function.

3 Culture-Dependent Methods of Community Analysis

3.1 Dilution Plating and Culturing Methods

Community analysis of soil microbes can be done by culturing techniques using
different culture media for retrieval of various microbes. Although, to accelerate the
retrieval of diverse microbial groups, attempts to devise new culture media have been
done, because only 0.1% of microbes can be cultured using these media formulations.
Culturing techniques involve the identification process which is carried out based on
morphological, microscopically, and biochemical techniques.

3.2 Community-Level Physiological Profiles

Community-level physiological profiles are common method of scrutinizing soil
microbial communities. In this, species of bacteria are identified on the basis of
their carbon source utilization. For analysis, BIOLOG® system is available for
community-level physiological based on consumption of carbon sources which is
determined by the reduction of a tetrazolium dye, resulting in change of color esti-
mated spectrophotometrically. Different communities present different fashion of
oxidizing substrates which can be compared (Hackett & Griffiths, 1997).

3.3 Culture-Independent Methods of Community Analysis

Now due to some restrictions of culture-based methods, environmentalists are turning
toward culture-independent methods of microbial community analysis. The commu-
nity can be analyzed by specific molecules extraction and quantification or advanced
fluorescence microscopic techniques. Specific molecules include phospholipid fatty
acids and nucleic acids (Morgan & Winstanley, 1997), and microscopic techniques
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involve hybridization of fluorescent-labeled nucleic acid probes with total RNA
extracted from soils or hybridizations with cells in situ.

3.4 Phospholipid Fatty Acid Analysis

Phospholipid fatty acid (PLFA) analysis used for assessing the structure and soil
disturbances of soil microbial communities, pollution, fumigation, and changes in
soil quality (Petersen et al., 1998). Phospholipids are present in cell membrane, and
on degradation, it is metabolized rapidly causing death of cell, and therefore, it acts
as principal indicator of microbial biomass.

The presence and abundance of these signature fatty acids in soil reveals the
presence and abundance of particular organisms or groups of organisms in which
those signatures can be found. These studies clearly demonstrate the utility of this
method in determining gross community changes associated with soil management
practices. These are further described in detail in the later sections.

3.5 Nucleic Acid Techniques

Microbial community structure is easily understandable by nucleic acids found as
cell component, which represent diversity. Analysis can be carried out by DNA
reassociation/reannealing time, greater the sequence diversity of the DNA, the greater
the DNA reannealing time. Among all nucleic acid techniques, the most useful is 16S
ribosomal RNA (rRNA) genes (i.e., encoded by rDNA) in prokaryotes and 5S or 18S
rRNA genes in eukaryotes. These small subunit (SSU) rDNA molecules are found
universally in all three forms of life: the domains Bacteria, Archaea, and Eucarya,
composed of highly conserved regions and its relatively large size (e.g., ~1.5 kb for
the 16S rDNA molecule) and the presence of many secondary structural domains.
These are discussed in detail in the later sections.

3.6 Phylogenetic Analysis

Different methods are included in phylogenetic analysis like rDNA and rRNA and
ranging from molecular to morphological traits (Olsen & Woese, 1993). Phylogenetic
analysis provides the data required for identification of similarities among organisms,
leading to know about the physiology and ecology of microbes.
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3.7 Fluorescent in Situ Hybridization (FISH)

Fluorescent in situ hybridization (FISH) helps in identification and quantification of
microbial communities and across all levels of phylogeny (Amann et al., 1995). It is
described in detail in the later sections.

4 Molecular Techniques for Microbiome Analysis

The characterization of soil microbes holds special importance for the fact that they
constitute 2-3 times biomass than that of total plants and animals on earth (Ciesielski
et al., 2013; Paul et al., 2018). Besides, they play a crucial role in the behavior and
fertility of the soil and in turn are majorly affected by the anthropogenic activities
and pollution. Thus, soil microbe analysis comprises of structure and composition of
microbial community, functions associated with the genes present in these microbes
and role of these functions in the major biogeochemical cycles of the ecosystem. The
age-old tradition of identifying microbes via culture-based methods and biochemical
characterization has been long replaced with molecular approaches. These methods
have enhanced the characterization of the microbes at the level of strains as well as
isolates thereby providing insights in the polymorphisms. Besides that, another major
advantage of molecular methods is characterization of uncultivable microorganisms.
This holds special importance in case of soil microbe analysis since about 20% soil
microbes belong to phylum Acidobacteria, majority genera of which are uncultivable.

Tremendous technological advances in molecular biology have been made over
the years with numerous methods available for the same. This chapter constitutes
come of the most widely used methods which have been categorized in five types on
the basis of the principle involved. These include library-based methods, amplifica-
tion and digestion-based methods, electrophoresis-based methods, sequencing-based
methods and fluorescence-based methods. The specific techniques in each of these
categories have been described in detail in the upcoming section along with their
advantages and limitations. Also, since non-nucleic acid approaches have also been
developed for this analysis, lipid profile analysis and its importance in determination
of soil microbiome have been discussed briefly toward the end of the chapter.

4.1 Library-Based Methods

This is one of the oldest approaches for the identification and characterization since
analysis of the total genes helps in accurate identification. This method gained much
more importance after the development of recombinant DNA technology since it
paved the methods for library generation. The basic idea is to create a library of all
the genes present in the soil sample and then align those for the identification of
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existing microbes. The technique involved is clone library method which involves
synthesis of clones of the genome present in the sample via amplification and its
further analysis. The method has been discussed in detail in the upcoming section
along with the steps involved as well as role of bioinformatics in the process. The
section also describes the importance of selection of target genes in the process.

4.1.1 Clone Library Method

One of the most primitive and most widely used molecular biology methods for
determination of soil microbes is the construction of clones of corresponding genes
followed by their taxonomic assignment, referred to as clone library method. In this
technique, the diverse environment samples are analyzed at a time wherein individual
gene segments are amplified by polymerase chain reaction (PCR) in different soil
samples. These amplified products are then used for the construction of DNA library
commonly called as a clone library using recombinant DNA technology. Briefly, the
amplified PCR products are ligated in an appropriate vector followed by transfor-
mation of the host cell with the recombinant vector. The transformed host cells are
then separated from the non-transformed cells or non-recombinant transformed cells
(cells comprising of self-ligated vectors).

The transformed clones are then selected for good-quality sequence in terms
of size, specificity and purity. The selected clones are compared with multiple
databases for the taxonomic identification. 16S and 23S rRNA are the most commonly
used molecules for clone library method of taxonomic classification and phylo-
genetic analysis. The most common databases used for taxonomic classification
include SILVA, Ribosomal Database Project (RDP), GreenGenes, National Center
for Biotechnological Information (NCBI) and Open Tree of life Taxonomy (OTT).
Owing to the size and complexities of these databases, it has also been observed that
SILVA, RDP and GreenGenes can be mapped in NCBI, and these four can further
be mapped in OTT but the vice versa is not true (Dorn-In et al., 2013) (Balvociute &
Huson, 2017). One of the major advantages of this technique is the analysis of vast
number of genes of microbes since all the amplified genes are analyzed. Also, it helps
to assign the cloned sequences at lower levels including genus as well as species.
However, high time consumption as well as labor-intensive nature of this technique
limits its use for microbe identification.

Owing to the large number of microbes present in the soil, about 40,000 clones
need to be evaluated for the determination of only 50% of the soil microflora while
only a thousand clones can be evaluated in one go, thereby increasing the time
duration of the complete analysis. In spite of the limitations of this method, it has
been used in the recent past for the identification of bacterial communities associated
with rhizosphere of wild plant species in natural settings (Pascual et al., 2016) and
also for hydrocarbon containing soil samples in USA (Beaver et al., 2016).



12 S. Sethi and A. Kalra

4.2 Amplification and Digestion-Based Methods

One of the most common limitation of nucleic acid analysis is the scarce amount
present in the sample thereby limiting its detection. However, this limitation has
been overcome since the discovery of polymerase chain reaction by Kary Mullis
in 1983. This helps to amplify the present DNA in the sample in order to obtain
the same in the detectable limits. Depending on the primers used for this amplifi-
cation, they are categorized as non-specific and specific amplifications. With minor
variations in the reaction mixture and conditions, more than 30 types of PCR exist.
However, this section includes the PCR types which are specifically useful for the
analysis of soil microbiome. The methods described here include Random Ampli-
fication of Polymorphic DNA (RAPD), quantitative PCR (q-PCR) and Ribosomal
Intergenic Spacer Analysis (RISA). Apart from amplification-based strategies, use
of restriction endonucleases for the identification of specific DNA sequences has
also been widely exploited after the discovery of these enzymes by Arber, Smith
and Nathans. Since these endonucleases particularly class II are specific in terms
of DNA recognition and restriction, they are used for identification purposes. The
method that exploits these restriction endonucleases discussed here is Restriction
Fragment Length Polymorphism (RFLP) or Terminal-RFLP (T-RFLP). These two
approaches, viz amplification as well as digestion, have also been combined for
better specificity as well as sensitivity; amplified ribosomal DNA restriction analysis
(ARDRA) is one such example especially used for the analysis of soil microbiome.

4.2.1 RAPD

Random amplification of polymorphic DNA (RAPD) is one of the most widely
used PCR based technique for the identification and characterization of microbiome.
The technique involves the use of short random primer sequences of about 6 to
10 bp long, mostly repetitive, for the amplification of regions in the genome to
determine the polymorphisms between isolates. The use of random primer is the
biggest advantage of the technique since no prior information of specific genes or
even the microbes is needed, thereby facilitating the microbiome analysis consisting
of varied types of microbes. It has widely been used for genetic fingerprinting of
the microbial communities present in an ecological niche and also to differentiate
between the strains and isolates of a particular species (Adzitey et al., 2012). However,
low reproducibility of results obtained from RAPD is one major drawback besides
others which include limitations associated with DNA isolation and characterization.
Since the genotyping is done on the basis of size of amplicons observed without
considering the sequences, the technique has a limited use (Kumari & Thakur, 2014).
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4.2.2 Quantitative PCR

As against conventional PCR strategies which provide qualitative analysis of amplifi-
cation and thus presence of corresponding DNA fragment, q-PCR or real-time PCR
is a measure of the actual number of copies of the gene per unit volume of the
sample. It involves the use of either the intercalating dyes or fluorescent probes for
the detection of amplification in the real time. The most commonly used intercalating
dyes include SYBR green or propidium monoazide while fluorescent probes include
TagMan probes, molecular beacons, scorpion probes, etc. The genes targeted for
this amplification are usually 16S or 23S rRNA or other bacterial or fungal specific
genes such as methane or ammonia oxidizers. Though the technique provides real-
time information of the genes in a quantitative manner, it is still not relatable to the
cell count of a particular species in the given sample since a number of target genes
are present in more than one copy in the species.

4.2.3 Ribosomal Intergenic Spacer Analysis (RISA)

In addition to specific genes, intergenic regions have also been exploited for iden-
tification and characterization of microbes. One of such regions include the inter-
genic spacer region (ISR) which is present between the large 23S and small 16S
subunit of rRNA operon. These fragments are generated by amplification of the
DNA using primers complementary to 16S and 23S rRNA genes. This will help in
the identification of the dominant members of the community, and its automated
version (ARISA) has also been used for the determination of bacterial community
of freshwater systems. Besides, this technique has been successfully used for the
identification of microbial community in soils and also in anaerobic treatment plants
or bioreactors (Ciesielski et al., 2013). In spite of its usual limitations such as qual-
itative DNA isolation, primer mismatch and identification of appropriate annealing
temperature, it is still widely used for determination of composition of microbial
communities in environmental samples.

4.24 RFLP/T-RFLP

Restriction fragment length polymorphism or RFLP is another molecular method for
the identification of microbes on the basis of presence of recognition sequences corre-
sponding to restriction endonucleases. It is very well known that restriction endonu-
cleases (RE) particularly class II RE recognize a specific DNA sequence usually
a palindrome and restrict it between the recognition sequences. Also, the recogni-
tion and restriction are specific to even a single bp change in the sequence which is
exploited in RFLP technique to identify polymorphisms in the strains and isolates.
A modified version of RFLP known as terminal-RFLP (T-RFLP) was invented in
1997 by Liu et al., wherein the 16S rRNA sequences were specifically amplified
using primers with 5’end labeled with a fluorochrome. These amplified fragments
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were then digested using restriction endonucleases, and the digested fragments are
separated by capillary or polyacrylamide gel electrophoresis before detection of
their fluorescence. Although this technique is quite similar to ARDRA, presence
of a fluorochrome as well as separation of digested fragments in T-RFLP improves
the efficacy of identification. The peaks obtained in electropherogram, which is the
graphical representation of T-RFLP results, are indicative of the relative abundance
in a particular community.

4.2.5 ARDRA

Amplified ribosomal DNA restriction analysis, commonly known as ARDRA, orig-
inally identified in 1993 is another molecular method for microbiome identification
which is based on the amplification as well as restriction digestion techniques. As the
name suggests, the technique is involved in the amplification of conserved regions
of 16S rRNA followed by their digestion with restriction endonuclease at specific
sites. The enzymes used for digestion are usually tetra-cutters owing to the size of
the amplified products and are therefore the most crucial step of the technique. The
digested fragments are analyzed on gel electrophoresis (agarose or polyacrylamide)
for both genotyping and strain typing. Also, it is used for the analysis of genetic
changes occurring in the isolates under different conditions. The major limitations
of this technique include high time consumption, labor intensive and complex profiles
obtained when studying the entire community.

4.3 Electrophoresis-Based Methods

The DNA fragments can be separated on the basis of their molecular weight
or their secondary structural conformations. The analysis of separated fragments
helps to reduce the background by other sequences and provide comparatively
accurate results. Certain modifications in the electrophoretic measures which have
normally been used to visualize or separate DNA have helped in the identifica-
tion and characterization of soil microbiome. The methods involved in this category
include denaturing gradient gel electrophoresis (DGGE) or temperature Gradient gel
electrophoresis (TGGE) and single-stranded conformation polymorphisms (SSCPs)
which are described in great detail in the next section.

43.1 DGGE/TGGE

The application of electrophoresis for visualization and separation of biological
macromolecules particularly DNA, RNA and proteins has been exploited since a
very long duration. The use of polyacrylamide gel electrophoresis (PAGE) for the
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separation of small DNA fragments has been exploited in the identification of bacte-
rial strains. Invented in 1980 by Fischer & Lerman (Keininen et al., 2004), denaturing
gradient gel electrophoresis (DGGE) is a technique in which a gradient PAGE gel
is prepared comprising of increasing concentrations of a denaturing agent in which
amplified DNA fragments are passed. The increasing denaturant present in the gel
leads to the denaturation of the DNA fragments depending on the size as well as
sequence of the fragment, thereby slowing the migration process and thus sepa-
rating the fragments. Needless to say, smaller fragments with AT rich regions melt
easily when compared to larger GC-rich fragments. A similar variant of the tech-
nique is temperature gradient gel electrophoresis (TGGE), wherein the denaturation
of amplified fragments is facilitated by high temperatures.

A major advancement in the technique is the introduction of GC clamp which
is a 20 to 60 nucleotide long GC stretch at the 5° terminal of the forward primer
which improves the resolution to a great extent as a double-stranded fragment is
maintained at very high temperature or high denaturant concentrations. The technique
initially involved 16S rRNA primers, but the use of specific markers as reference
has further revolutionized the process. The low comprehensiveness of the results
obtained by this technique when compared to sequencing can be compensated by
the low input cost and time required for the former. This technique offers great
advantages for presumptive identification of microorganisms as well as for analyzing
the microbial community changes under various conditions and/or parameters. On
the other hand, similar melting points of various fragments, too small fragment size
leading to improper identification and sequence heterogeneity in operons, are major
limitations of this technique.

4.3.2 Single-Strand Conformation Polymorphism (SSCP)

As against all the other techniques which characterize the primary sequence of the
DNA, SSCP is focused on the separation of DNA molecules on the basis of their
secondary structures. Identified by Masato Orita et al. in 1989, the technique involves
amplification of the DNA present in the environmental samples followed by their
denaturation and then separation on polyacrylamide gel electrophoresis. Since the
denaturing conditions leads to the formation of secondary structures of DNA frag-
ments which is sequence dependent, various secondary structures are formed which
migrate at different positions in the gel. The sensitivity of the technique is pretty
high as even a single base pair substitution can be detected owing to variation in the
secondary structure. Other advantages of the technique include the time required for
processing and relatively low cost. It has been used for the identification of fungi
among multiple bacterial species in a sample (Dorn-In et al., 2013) and also for
successful differentiation of pure cultures.
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4.4 Sequencing-Based Methods

The sequencing of DNA fragments was initially described by Sanger in 1977 by
chain termination method using the dideoxynucleotides followed by Maxam Gilbert’s
“chemical degradation method” employing certain chemicals with specific cleaving
capacities. These two methods formed the basis of DNA sequencing which was
followed by further advanced approaches such as pyrosequencing, massive parallel
sequencing as well as mapping strategies including clone contig and shot gun
approaches. With the advancements in the sequencing approaches, they have been
widely exploited for the soil microbiome analysis. The most common sequencing
methods used in this analysis include 16S, 23S rRNA sequencing as well as high
throughput or next generation sequencing which are discussed in detail.

4.4.1 16S rRNA Sequencing

Since the identification of this technique in 1970s, it has been used widely for
microbial characterization of environmental samples particularly soil microbes. This
sequencing is aimed at the identification, classification as well as quantification of
the microbes. 16S rRNA is an essential and highly conserved molecule present in
the transcriptional machinery of all the microbes which have DNA as their genetic
material. As a result, universal primers targeting this RNA have been designed for
almost all the species, thereby facilitating amplification of multiple microbes from
a single complex sample such as soil. Here, it is important to note that these RNA
molecules also possess some variable regions in addition to the conserved regions.
Thus, this combination of conserved and variable regions helps in the amplification
and distinguishing respectively of different species.

The universal primers are used for the amplification of these regions in the
soil samples followed by sequencing and then comparing the sequences with the
sequences present in the curated databases such as SILVA, RDP or GreenGenes.
Though this method is one of the best as 16S rRNA are highly conserved, it still has
two major limitations. One of the limitations is its inaccuracy at species-level clas-
sification particularly when analyzing very closely related species while the other
being its biasness toward bacterial species disregarding all other microbes present in
the soil microflora. One of the examples of biasness is its inability to identification
of viruses due to absence of these regions in the viruses. Besides, this conservatory
nature of 16S rRNA leading to its low evolutionary rate also limits the identification
of certain distinguished bacteria. Apart from 16S rRNA sequencing for taxonomic
identification directly, these RNA molecules have also been exploited as probes
in other advanced techniques such as FISH microscopy, ARDRA, DGGE/TGGE,
T-RFLP, and RISA, which have been discussed separately in detail in the further
sections.
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4.4.2 23S rRNA Sequencing

Itis another conserved molecule present in all the bacterial species which is exploited
for the species identification similar to 16S rRNA sequences. Similar to 16S rRNA
molecules, 23S rRNA sequences are universally distributed, have conserved func-
tions and possess both invariant as well as variable regions. In addition, they possess
additional diagnostic sequences which are larger than 16S rRNA and also character-
istic insertions and/or deletions, thereby making them better phylogenetic markers
due to greater sequence variations (Hunt et al., 2006). Thus, it can be stated to consist
of almost twice the information present in 16S rRNA and is thus used an additional
marker for phylogenetic analysis of bacteria. However, lack of broad-range bacte-
rial PCR amplification and sequencing primers has limited its use in phylogenetic
analysis. To combat this limitation, an ARB software package was developed which
analyzed the specificity of 23S rRNA primers. On the other hand, similar to 16STRNA
sequences, 23S rRNA is also used as probes in various advanced techniques which
are described in the later sections. These have gained more importance as probes due
to reduction in the sequencing cost as well as development of advanced techniques
such as microarrays, RISA, etc.

4.4.3 High-Throughput Sequencing/Next-Generation Sequencing

With the advancements in the sequencing strategies during the human genome
project, they have become one of the most widely used and most accurate strate-
gies for microbiome identification. They offer added advantages over 16S or 23S
rRNA sequencing since the analysis now is based on a number of genes as against
only rRNA genes. The whole genome or metagenomics analysis is robust, rapid and
provide extensive data for analysis. However, these techniques are labor intensive
and require skilled professionals for accurate results. The major sequencing strate-
gies developed so far include Roche 454, Illumina Solexa and SOLIiD, all three
of which employs fluorescent molecules for detection. The basic principle behind
Roche 454 and Illumina Solexa is pyrosequencing; however, the latter offer advan-
tages of formation of clone contigs wherein both the forward and reverse strands are
read providing more accuracy. On the other hand, SOLiD sequencing employs the
activity of DNA ligase instead of DNA polymerase and the use of heptanucleotide
sequences for sequencing. All the three techniques have been described elsewhere in
detail; however, the major differences lie in the read length, accuracy, cost and time
requirement and the choice of the sequencer depend on the starting material as well
as the precision of the result required.

Variants of sequencers which exploit the H* released during the incorporation
of the base in the growing DNA chain instead of fluorescent molecules are also
synthesized which are collectively known as bench top sequencers. They majorly
exploit the pH changes that occur owing to H" ion release during the DNA synthesis,
and this variation is directly converted to digital information in an Ion Torrent PGM
machine. However, a library flanked by Ion Torrent adapters need to be generated
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first in order to analyze the sequences which are usually amplified by emulsion-based
PCR in ion sphere particles.

4.5 Fluorescence-Based Methods

The application of fluorescence molecules for tagging specific DNA molecules and
thus characterization is also widely exploited. Several fluorescence molecules have
been discovered and exploited for the generation of labeled probes which are then
hybridized to target sequences to be analyzed by microscopy, hybridization or flow
cytometry methods. The methods described here include FISH microscopy, flow
cytometry and microarray technology. Besides that, the section also describes the
quantitative analysis of these fluorescence molecules and also sheds light on the
design and characteristics of a probe molecule, which is the center of all these
techniques.

4.5.1 FISH Microscopy

Fluorescence in situ hybridization microscopy or commonly known as FISH
microscopy is one of the advanced techniques for microbiome classification. The
basic principle behind this technique is the identification of phylogenetic group-
specific sequences particularly rRNA sequences via fluorescent labeled probes
(labeled at 5’end) complementary to the target sequences. The probes hybridize to the
complementary sequences which are then imaged by fluorescence microscope. The
procedure includes fixing of the cells obtained from environmental samples followed
by hybridization with oligonucleotide probes (labeled) which are specific to taxa. The
hybridized cells are then visualized by scanning confocal laser microscopy (SCLA).
Due to large number of ribosomes in all types of cells and thus high amount of
rRNA molecules, these are selected as target molecules thereby increasing the detec-
tion probability. In addition, the length of the probe, GC content as well as targeted
region of the gene affect the selection of probe for hybridization. It is very clear that
probe designing is the key to the successful characterization of this technique for
which an online database, probeBase, can be used which provides optimal hybridiza-
tion conditions as well as specificity (http://www.microbial-ecology.de/prob). Other
such software include PRIMROSE (http://www.cf.ac.uk/biosi/research/biosoft) and
Probe Design Tool of ARB software package (available at http://arb-home.de/).
The steps involved in probe design include identification of specific short
sequences in the target group, generation of oligonucleotide probes, their modifi-
cation to optimize hybridization conditions and finally in silico validation of these
probes. The major advantages of this technique include no requirement for cultiva-
tion, DNA extraction, PCR amplification or cloning thereby avoiding the limitations
associated with each of these processes. Having said that, this technique is very time
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consuming and has very low detection limit which is majorly affected by micro-
scope magnification, fixation dilution and number of microscopic fields studied. The
number of microscopic fields analyzed is a major cause of biased results by this
technique. However, it still has been used for analysis of composition of microbial
communities of various environmental conditions particularly soil samples (Miiller
et al., 2016). Another modification in this technique wherein coupling it with mass
spectrometry helps to identify spatial location as well as metabolic status of the
bacteria at the analyzed time.

4.5.2 Flow Cytometry

It is another fluorescent-based technique for the identification of soil microbiome.
The basic principle behind this is the size, granularity of the cells as well fluorescence
emission at different wavelengths. The size and granularity of the cell is measured by
forward and side scatter of the flow cytometer, respectively. The application of flow
cytometry initially was confined only for the quantification of cells (Czechowska
et al., 2008) since inorganic particle interfere with the bacterial cells. However, with
the advent of the methods to get rid of inorganic particles from the soil or sediment
samples, the role of flow cytometry in microbiome analysis has increased. These
methods include chemicals such as ionic and non-ionic detergents, mechanical such
as ultrasonication or enzymatic treatments (Falcioni et al., 2006). As against FISH
microscopy, it is a rapid technique and also has better detection limit. It has therefore
been used for determining the difference in the microbiome present in soils, sediments
and sludges, all comprising of large number of microbes (Frossard et al., 2016).

4.5.3 Microarray Technology

The techniques discussed so far have focused on the analysis of DNA fragments
present in the genome of the microbe. However, microarray technology determines
the expression levels of the genes, thereby connecting the genome to the functional
aspects. The technique basically analyzes the gene expression of the same cell under
two different conditions. Briefly, the mRNA of the cells under different conditions
are isolated and converted to cDNA via reverse transcriptase enzyme. The cDNA of
different pools is labeled with two different colored fluorescent markers; Cy5 and
Cy3 are the most commonly used markers. Another variation of this technology is
the use of total DNA of the cell, wherein the DNA is isolated, fragmented, selec-
tively amplified and then labeled as discussed. However, in this case, in place of the
expression levels, the presence of gene is identified. Nevertheless, the two different
pools of cDNA/DNA are then mixed and hybridized on a single chip consisting of
DNA probes attached to it. The hybridization is then detected either by high resolu-
tion microscopy or by scanning and depending on the color detected; the regulation
status of the genes under the studied conditions is evaluated. This technology has
been used for the analysis of environmental samples using GeoChips or PhyloChips
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(Asuming-Brempong, 2012). One of the most critical factors for microarray tech-
nology is its high sensitivity even from unpurified soils. Having said that, when DNA
samples are considered for the study, the amplification step creates biasness in the
results.

The mRNA levels in a cell can also be analyzed by in situ monitoring of gene
expression via RT-PCR which involves an additional step of amplifying the mRNA
within the cell. This method involves a labeled probe as primer for the amplification
of mRNA which is then detected either by reporter genes or by microbial activity.
The major advantage offered by this advancement is improving the detection limit to
great extent especially for genes with low expression. However, appropriate perme-
abilization of the cells for components of PCR reaction mixture is of utmost impor-
tance as too little permeabilization will hinder component entry while too much
permeabilization will cause cell lysis.

The quantitative analysis of rRNA molecules for the determination of micro-
bial diversity by quantitative DOT BLOT is another hybridization strategy. The
rRNA isolated from soil samples are isolated and transferred on a stable membrane
following which they are detected by hybridization with either radioactive or fluo-
rescent probes. An advantage of this technology over other hybridization methods is
the ability to measure the intensity of the spot, thus quantifying the RNA levels. This
is also exploited to determine the specificity of the newly designed probes along with
the hybridization conditions, so that these probes can further be used for analysis.

4.6 Non-nucleic Acid-Based Approaches

All the methods discussed for far have used nucleic acids (both DNA and RNA)
as the target macromolecules for microbiome identification. However, recent
years have witnessed the emergence of “omics” approaches with the develop-
ments in the bioinformatics approaches as well in biophysical techniques such as
nuclear magnetic resonance (NMR), and mass spectrometry. These omics include
lipidomics, proteomics, metabolomics, etc., involving the study of lipids, proteomes
or metabolomes, respectively, of the cells/samples. Of these approaches, lipid anal-
ysis has been widely exploited for the characterization of soil microbiomes specif-
ically depending on the phospholipid contents of the microbial cells. Thus, a brief
introduction of the same has been included in the chapter.

4.6.1 Microbial Lipid Analysis

Though nucleic acids have been extensively exploited for the identification and char-
acterization of microbiome present in both medical and environmental samples, lipids
particularly phospholipids (PFLA) can also be used for the purpose (Goupil et al.,
2015). Similar to nucleic acids, lipid analysis also does not require cultivation of
microbes, thereby helping in the identification of non-culturable microbes as well.
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The phospholipids present in the membrane of microbes contain specific fatty acid
molecules and thus can be treated as signature molecules for identification. The isola-
tion of these molecules from environmental samples particularly soil samples is quite
easy, and their methyl esters have been accepted as markers for species identifica-
tion during taxonomic analysis. Also, since these molecules degrade rapidly after cell
death, they help to determine the active population of microbes in the studied sample.
Not only characterization of microbiome, PFLA analysis has also been employed to
determine pollution levels, variation in quality of soil, association of soil microbiome
with type of crops or role of fertilizers and pesticides on the soil microbiome (Bossio
et al., 1998).
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Abstract The widespread proliferation of antibiotic resistant bacteria (ARB)
carrying antibiotic resistance genes (ARGs) in wastewater confirms their prevalence.
Antibiotic resistance is an emerging, silent worldwide epidemic, caused primarily
due to antibiotic overuse and misuse. The emergence and accelerated spread of
drug resistance determinants has raised concerns about the imminent threat to the
world and human health. To design preventive strategies, health risks affiliated with
the burgeoning of ARBs and their respective genes must be acknowledged and taken
seriously. Wastewater and wastewater treatment plants (WWTPs) may serve as reser-
voirs and manufacturers of antibiotic resistance due to continuous introduction of
antibacterial drugs, which are then distributed to various ecosystem components.
According to the World Health Organization (WHO), we could be thrown back
into the pre-antibiotic period, with people suffering from minor injuries that result
in infection and complications. To improve human health, a long-term ecological
balance of all in our climate, including infectious organisms, should be one of the
priorities where phage therapy can be employed. Anaerobic—aerobic treatment reac-
tors, wetlands, and disinfection processing plants have been reported to have shown
significant efficiencies for removal of such resistant bacteria. However, microbial
purification by using natural cleaners such as phages is yet to be explored as it
has shown promising results when used clinically in the form of phage therapy.
This manuscript’s main objective is to consider bacteriophages as one of the treat-
ment methods and mechanisms in the wastewater system for the battle against ARB
carrying ARGs.
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1 Introduction

Antibiotic resistance is without a doubt one of the most serious issues confronting
public health in modern medicine. Antibiotics have been extensively employed in
disease management and animal husbandry in recent decades. Antimicrobial use has
resulted in an increase in ARB in the public health, livestock, and agriculture sectors
(Pazda et al., 2020). ARB and MDR carrying ARGs may undergo mutations as a
result of antibiotic abuse and improper disposal (Barancheshme & Munir, 2019).
Resistant bacteria and their genes are evolving contaminants that pose a danger to
food quality and public safety in the twenty-first century (Xu et al., 2017). According
to published data, ARB caused 671,689 infections and more than 33,000 fatalities
in the European Union/European Economic Activity (EU/EEA) countries in 2015
(Cassini et al., 2019). Also, more than two million people in the United States are
diagnosed with antibiotic resistant infections per year, resulting in at least 23,000
deaths (CDC, 2013; Dadgostar, 2019). According to European ICU physician third-
generation cephalosporin-resistant Enterobacteriaceae, meticillin-resistant S. aureus
(MRSA), carbapenem-resistant Enterobacteriaceae (CRE), carbapenem-resistant P.
aeruginosa, and vancomycin-resistant enterococci (VRE) were the most commonly
encountered MDR bacteria (Lepape et al., 2020). The estimated basic economic
impediment in Europe AMR is projected to be at least EUR 1.5 billion, with hospital
costs exceeding EUR 900 million (Pazda et al., 2020) while in the United States,
according to CDC (Center for disease control and prevention), AMR has a surplus
of $20 billion in direct healthcare amenities (CDC, 2013; Dadgostar, 2019).
Antibiotics are the most commonly used agents in the treatment of infectious
diseases; however, antibacterial metals, on the other hand, are used in hospitals
and food processing facilities to prevent adhesion of bacteria and biofilm formation.
Antibiotics have been identified in soil and surface water, sewage sludge and manure,
in addition to wastewater (Barancheshme & Munir, 2019). The existence of phar-
maceuticals in the aquatic ecosystem has eco toxicological consequences, altering
the composition of the algal population and influencing the composition of the food
web of streams (Brodin et al., 2014). Human actions such as improper waste disposal
contribute to more environmental contamination. Since municipal wastewater is a
breeding ground for emerging pollutants such as antibiotics, it has the ability to
trigger antibiotic resistance in bacteria and their associated genes. According to the
UNESCO World Water Development Report for 2020, irrigation uses up to 69% of
global freshwater withdrawals from natural waterbodies (UNESCO, 2020). As the
global population is projected to grow to 9.7 billion by 2050, there will be an increase
in demand for water, so treated wastewater is a realistic solution to water shortages
(Hongetal., 2018). Organic materials such as antibiotics and inorganic matter such as
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pathogens (ARBs containing ARGs) are found in treated urban wastewater (2020b;
Wang et al., 2020a) and their reuse can lead to further environmental pollution and
ARB spread, causing public health concerns.

Humans have disposed of waste in rivers and wastelands throughout history, but
since the industrialization of the late eighteenth and early nineteenth centuries, waste
disposal has increased enormously (Mohammadali & Davies, 2017). In recent years,
some European countries have developed WWTPs for hospital wastewater treat-
ment such as using membrane bioreactors as a pretreatment, ozonation, powdered
and granulated activated carbon for micropollutant removal (Baresel et al., 2019).
However, less effort has been made to eliminate ARB from WWTPs, which can be
solved by the use of bacteriophages. To prevent a return to the dark ages of drugs,
a number of initiatives to encourage non-drug alternatives, such as bacteriophages/
phages and others, are recommended. Bacteriophages are bacterial predators, the
ubiquitous organisms of our ecosystem. Phages can be found in different locations
where their hosts (bacteria) thrive, including sewers, rivers, soil, and patients’ urine
and stools (Batinovic et al., 2019). Unlike traditional antibiotics, phages are biolog-
ical entities with unprecedented diversity and adaptability, and many surprises may
be in store (Nikolich & Filippov, 2020). Researchers are reconsidering phages due
to the difficulties in treating many life-threatening bacteria as their products are non-
self-antigens, which means the immune system can recognize and respond to them
but they do not cause infection (Principi et al., 2019). As a result, antibiotic resis-
tant bacteria should be treated at the source instead of just being disposed of in the
environment. The purpose of this report is to present a brief overview of antibiotic
resistance in wastewater as well as alternative (bacteriophage) for combating it.

2 Occurrence of AMR in WWTPs

AMR is a global concern and, despite the clinical consequences, the problem is not
confined to hospital facilities and laboratories. The majority of antibiotics consumed
by humans at home or in hospital facility end up in the sewage. As a consequence,
one of the most common sources of ARBs that contain ARGs is urban wastew-
ater treatment plants (Fouz et al., 2020). WWTPs serve as a repository, receiving
sewage from different sources and bacteria from various habitats allowing bacteria
to communicate and exchange genes horizontally; allowing ARGs to spread even
further (Hultman et al., 2018). Given the high concentration and variety of microor-
ganisms in a nutritionally rich area, and selective pressure induced by contaminants
like antibiotic metabolites, disinfectants, drug products, and heavy metals, even in
trace quantities, facilitate horizontal gene transfer (HGT) and increases the proba-
bility of ARB proliferation with ARGs (Pazda et al., 2020). WWTPs are a peculiar
link between humans and the environment, since waste from residences and hospi-
tals contain antibiotics and bacteria of human origin, potentially creating selective
pressure for ARB before they are introduced into the environment (Fouz et al., 2020).
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In WWTPs and their effluent, resistant bacteria have been discovered, suggesting
that such facilities are failing to remove these pathogens as the overall load of bacteria
is reduced 10-100 fold thereby reducing the level of resistance but are not eliminated
completely (Bengtsson-Palme et al., 2016). Hospitals are ARB reservoirs because
their resistance profile includes resistance to major antibiotics (Kraemer et al., 2019),
and they are considered ARB dissemination hotspots (Amarasiri et al., 2020). E. coli
and enterococci are the most common bacterial species found in WWTPs, along
with other clinically significant antibiotic resistant bacteria such as MRSA, VRE,
CRE, and Gram-negative bacterial species like Enterobacteria, Pseudomonads, and
Acinetobacter (Savin et al., 2020). All of these bacteria were found to be resistant
to fluoroquinolones and carbapenems and produce extended-spectrum p-lactamases
(Kraemer et al., 2019; Smyth et al., 2020). The reuse of sewage, which serves as
a source of essential nutrients as water demand rises, increases the likelihood of
antibiotic resistance dissemination globally.

3 Antibiotics Leading to Resistance Among Bacteria

Once ARB has acquired access to WWTPs, they can spread their resistant genes
to other bacterial species in the ecological microbial environment (Kraemer et al.,
2019). The presence of various antibiotic compounds (tetracyclines, sulfonamides,
and fluoroquinolones) in rhizosphere soil irrigated with treated water was investi-
gated, and substantial concentrations of drugs were detected in the specimens (Wang
etal.,2014). As aresult, antibiotics accumulate in recycled wastewater-irrigated soils
at levels several times greater than those found in wastewater (Barancheshme &
Munir, 2019). Another research examined into the role of wastewater treatment
in the dissemination of resistance in Acinetobacter spp. found in various habitats
where multiple isolates were isolated from five different locations, and susceptibility
to eight different antibiotics was assessed using a disk diffusion method (Zhang
et al., 2009). According to this research, the use of traditional biological treatment
in WWTPs results in an increment of ARBs population (Barancheshme & Munir,
2019; Zhang et al., 2009). Macrolides are a category of natural and semisynthetic
antibiotic compounds widely used in human and veterinary medicine (Fernandes
et al., 2017). According to a WHO study on antibiotic use in Europe from 2016 to
2018, macrolides and cephalosporin were the two most frequently used antibiotics
and have recently designated macrolides, as a top priority in order to improve their
usage and mitigate their resistance (WHO, 2018). Klein et al., 2018 conducted a
study on antibiotic usage in 76 countries and predicted total global consumption
of antibiotic through 2030 where defined daily dose increase up to 65% and the
consumption rate increase to 39%. All this unhindered use of drugs ultimately is
unloaded in the wastewater treatment plant and the atmosphere and leads to AMR.
Biological treatment of wastewater may result in the accumulation of ARB and its
associated mobile elements, resulting in the modification of sludge microbiota due
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to the selection pressure of antibiotic residues (Kraemer et al., 2019). Thus, indus-
trial WWTPs are “worst case” situations for the pool of ARB, where they should be
closely studied and examined (Bengtsson-Palme et al., 2019). Understanding habi-
tats with high antibiotic selection pressures is critical not only for avoiding resistance
to antibiotics, but also for understanding the negative effects of antibiotic exposure
on microbial flora.

4 Dissemination of Antibiotic Resistance Among Bacteria

Long-term use of antibiotics has been shown to cause MDR, a phenomenon gener-
ally seen in intestinal bacteria and other niches in both clinical and veterinary sectors
(Pacios et al., 2020). Disposal of antibiotic residues, combined with long-term drug
use, increases the risk of MDR in environmental bacteria (Kraemer et al., 2019). Li
et al. (2010) performed resistance profiles of bacterial isolates against ten antibiotics
from seven different groups to back up the claim. Tetracyclines have long been used in
veterinary and human medicine, and some have also been used as livestock and aqua-
culture growth promoters; after widespread use, resistance was soon encountered in
anumber of commensal and pathogenic bacteria. One of the key environmental prob-
lems of ARB containing ARG is the transfer of genes between organisms through
horizontal gene transfer (Amabile-Cuevas, 2021). Horizontal gene transfer can take
place in four ways: A. Conjugation-It is a method of transferring DNA from one
cell to another through sexual pilus (cell-to-cell contact) where the recipient cell that
was previously susceptible becomes resistant as a result of newly acquired resis-
tant genes; B. Transformation-It is a process where absorption, incorporation, and
foreign genetic material (naked DNA) of environmental bacteria; C. Transduction-It
is a method of genetic recombination by which genes from one bacteria (host cell)
are inserted into the genome of another host cell (bacteriophage) which is then trans-
ferred to another host cell; D. Gene transfer agents (GTA)-They are DNA segments
that are found in the host (bacterial cell) and are transferred to the recipient cell (Von
Wintersdorff et al., 2016). The marine environment is continuously polluted with
antimicrobial compounds, making them ideal for the emergence and dissemination
of ARBs and ARGs (Kraemer et al., 2019). These ARB and their genes are aggre-
gated in the environment and transmitted via HGT to other pathogens will result in a
future failure of antibiotic treatment (Lazar et al., 2021; Shah, 2020, 2021a, 2021b).
However, there are some breaches in our understanding, such as how HGT occurs
in wastewater and how the WWTP influences the microbial resistome habituating in
the environment.



64 K. Bhargava et al.

5 Sources of Antibiotic Resistant Bacteria (ARB)

Antimicrobial resistance, particularly multidrug resistance (MDR), has spread widely
across pathogenic bacteria and has become one of the most significant challenges
in medical practice (WHO, 2020). Researchers have used a variety of microbial
techniques to study the emergence and dissemination of antibiotic resistance in the
environment in order to avoid a return to pre-antibiotic times. The significant concen-
tration of antibiotics when released facilitates the selection of ARB and their genes
that navigate their escape into their surrounding habitats. Owing to the possible
health threats, a variety of experiments have been conducted to investigate ARB
recovered from different environments (Ventola, 2015). Once upon a time, hospital
wastewater was expected to be the main source of antibiotics in marine ecosystems,
however industrial, agricultural, and aquatic wastewater also have now been recog-
nized as a major source of these metabolites, ARBs, and ARG (Kraemer et al., 2019).
A document also stated that treated wastewater contains significantly higher levels
of antibiotic metabolites than other aquatic habitats, making it a possible reservoir
for ARB (Kraemer et al., 2019). Several studies have shown that the use of even
a single antibiotic during human or veterinary clinical therapy will result in MDR
strain selection. A few other reports on AMR and ARB are addressed in the following
sections below (Table 1). To find solutions for managing antibiotic resistance dissem-
ination (1) it is necessary to explore creative techniques on a large scale and over

Table 1 Summarized studies for AMR and ARB in the environment

S. No | Source Sample type Findings/organism References
1 Sewage and Sewage, river, pond, | AMR bacteria (Escherichia Nahar et al.
water bodies and swimming pool | coli and Salmonella spp.) (2019)
water
2 Sewage and Sewage water, ESBL producing E. coli Haberecht
environmental | WWTP et al. (2019)
waters
3 Sewage and Hospital and Carbapenemase producing Cahill et al.
environmental | municipal wastewater | Enterobacteriaceae (2019)
waters
4 Sewage Hospital and Vancomycin and ampicillin Gouliouris
municipal wastewater | resistant Enterococcus etal. (2019)
faecium
5 Sewage Hospital wastewater | MDR bacteria (E. coli, K. Yousfi et al.
pneumonia, A. baumannii, A. | (2019)
hydrophila)
6 Sewage WWTP Carbapenem producing K. Sekizuka
pneumoniae etal. (2018)
7 Sewage Sludge ESBL enterobacteriaceae, Galler et al.
MRSA, VRE (2018)
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a long period of time (2) conduct risk assessment research to adequately compre-
hend the frequency and quantity of ARB/ARGs for the evaluation of possible public
health risks (3) consider the environmental and organizational factors that affect each
treatment procedure’s efficacy.

6 Bacteriophage

Because human beings are greedy by nature, we create or find things that are easier
and more compact in our lives. Bacteriophages are essential because pharmaceu-
tical industries pipelines are completely dry, and there is no other way to treat antibi-
otic resistant bacteria. Antibiotic resistant bacteria have emerged, not only in humans
but also in animals and plants, necessitating careful monitoring of their use in both
animals and plants. The widespread prevalence of ESKAPE bacteria (E. faecium,
S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and Enterobacter spp) in
the environment, which are extremely difficult to treat due to their high resistance
potential, has put a lot of stress on the private and public health systems (Mulani
et al., 2019). Bacteriophage is a type of virus that survives in different types of
bacterial hosts (Stone et al., 2019). Due to the proficient properties of phages, they
are constantly being armed with human research to target various species that cause
complex diseases, allowing them to be used to treat WWTPs (Fig. 1). Phages are not
self-propelled; they must physically come into contact with bacteria in order to infect

Animal Husbandary Bacteriophage
treatment
resulting in the

elimination of
Y

astewafer
treatment plant

SOURCE

Soil

Hospital

Fig. 1 Bacteriophage treatment: A solution to antibiotic resistant bacteria (ARBs) in wastewater
treatment plants
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Table 2 Properties of bacteriophages
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Bacteriophage
attributes

Comments

Reference

Highly specific

Bacteriophages are bacteria-specific, which ensures
that they will not destroy any non-specific bacteria
in the microbial environment

Brives and Pourraz
(2020)

Self-limiting

Bacteriophages thrive alongside their hosts, and
when the host is destroyed, the phage particles are
dispersed harmlessly

Prabhurajeshwar
et al. (2020)

Self-replicating

Bacteriophages have a distinctive advantage in

Stone et al. (2019)

terms of local applications because they can
replicate as long as their host is present

Naturally abundant | Phage therapy is effective in treatment of Lin et al. (2017)
all bacterial infections since every bacteria found in
nature has at least one specific bacteriophage that

explicitly infects its complementary species

Low production
cost

Bacteriophages are environmentally friendly,
production is easy, relatively inexpensive, and
because it is ubiquitous, isolation and detection are
relatively easier as compared to antibiotics which
can take years, cost millions of dollars in clinical
trials

El-Shibiny and
El-Sahhar (2017)

Evolve naturally Phage selection is a natural phenomenon, and
eventually evolves with its host, thereby supporting

the principle of evolutionary arguments

Fortuna et al. (2019)

Infinitely present | Bacteria may also develop resistance to phage and
as they are abundant, it is much easier to identify
and isolate new ones as compared to antibiotic

resistance which is worrisome

Rohde et al. (2018)

them. Bacteriophages are highly specific, with each phage targeting and infecting
only one bacterial species or, in some cases, one bacterial strain with numerous other
properties mentioned below (Table 2) (Prabhurajeshwar et al., 2020).

7 Bacteriophage Life Cycle

The utilization of phages dates back over a century, leading scientists to rethink their
use due to AMR. Bacteriophages, like all viruses, are extremely species-specific in
terms of their hosts, infecting either a single bacterial species or specific strains within
a species. If the bacteriophage attaches to its host, one of the two cycles (lytic or
lysogenic) is used for propagation. During the lytic cycle, the bacteriophage binds to
the receptors on the surface of the bacterium, delivers its genomic material to its host,
executes viral replication in the cytosol via bacterial transcription, translation, and
replication, and then escapes through the cytoplasm through cell lysis, resulting in the
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formation of new prophages (Fig. 2) (Kortright et al., 2019). This whole procedure is
repeated when phages infect other susceptible bacteria (host). This exemplifies phage
therapy’s long-standing strength, as phages are a self-amplifying organism; a natural
antimicrobial entity that destroys its target and is then eliminated (Lin et al., 2017).
The top candidates for phage therapy are obligate lytic or virulent phages against
ARB bacteria that are very difficult to eliminate (Fernandes et al., 2017). During
the lysogenic cycle, the phage genome integrates with its bacterial host, which is
ultimately passed down to daughter cells via binary fission. However, lysogenic
phage genome excises from the bacterial genome and enters a lytic infection cycle
when exposed to environmental or physiological stress (Kortright et al., 2019).

8 Studies of Phages Against ARBs

Foaming in treatment plants, sludge dewaterability and digestibility, infectious
pathogens, and conflict among harmful microbes and essential bacterial species, all
these problems can be regulated via bacteriophage treatments (Withey et al., 2005).
As aresult, they can be used not only for medicinal purposes but also for wastewater
treatment. ESKAPE pathogens are MDR isolates and the most common source of
hospital-acquired infections worldwide (Mulani et al., 2019). The majority of them
are multidrug-resistant isolates, which is one of the most difficult issues to deal with in
clinical practice as they easily evade commonly used antibiotics, and their prevalence
in the environment makes them difficult to handle. Immunocompromised individ-
uals, infants, and/or critically ill people are at risk from such ESKAPE pathogens
sourced from the environment (Schultz et al., 2020). As a result, when antibiotics
are no longer effective in treating drug-resistant infections, an alternative therapeutic
technique such as bacteriophage therapy may be used. Few clinical phage therapies
conducted are described below (Table 3) on resistant organism isolated from patients,
which further gets discharged into the environment causing other multiple infections.
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Table 3 Clinical phage therapy studies

Organism Phages used References

Enterococcus faecalis EF-P29 Cheng et al. (2017)
Staphylococcus aureus SA phage Hamza et al. (2016)
Escherichia coli Pyophage solution Leitner et al. (2017)

Proteus mirabilus
Pseudomonas aeruginosa
Enterococcus spp
Staphylococcus spp

ESBL Klebsiella pneumoniae VTCCBPA43 Anand et al. (2020)
Acinetobacter baumannii IME285 Wang et al., (2020a, 2020b)
Pseudomonas aeruginosa dPan70 Holguin et al. (2015)

Mulani et al. (2015) harnessed bacteriophages against pathogens isolated from
water sample taken from Poona hospital, Pune for reduction of pathogen in wastew-
ater. Ghorpade et al. (2019) also discussed in a review the effect of Pseudomonads
on human health and the methods (filtration devices, continuous dosing via chlorine
dioxide, UV sterilization, ozone installation with copper-silver ionization, phage
treatment) to control them in water system. Reyneke et al. (2020) isolated and char-
acterized bacteriophages (PAW33 and PFW25) against Pseudomonas spp. for biolog-
ical regulation of rainwater samples, both pre-treated and non-pre-treated. Another
study was conducted where the effect of MS2 phage was evaluated for inactivation
of E. coli host to comprehend the population dynamic of bacteriophages and its host
interaction (Voumard et al., 2019). A model of biofilm contained in ecosystem was
analyzed and discussed for phage interaction with its host pathogen (Abedon, 2015).

Bacteriophages have been used as markers or smoke grenades for the presence
of bacteria in WWTPs in a number of reports (Jassim et al., 2016; Withey et al.,
2005). The main feature of phage-based detection of its host cells is due to bacte-
riophage affinity for particular host cells where phage’s ability to identify specific
bacterial surface receptors (pili, flagella, external polysaccharides, or a variety of
membrane-bond proteins) can restrict or extend the host range (Bayat et al., 2021).
To target bacterial pathogens, phages have been effectively used as a specific iden-
tification vector in foods, environmental conditions, and human infections (Principi
et al., 2019), hence, these techniques can help predict bacterial contamination in
wastewater, allowing for the use of additional disinfection strategies for infectious
agent management. Withey et al. (2005), Goldman et al. (2009) all have suggested
utilization of bacteriophages directly in wastewater treatment as they are an eco-
friendly technique for management of biological foam and treatment of infectious
pathogens (Jassim et al., 2016; Khairnar et al., 2014). Table 4 summarizes phage
studies against pathogens isolated from wastewater system (Bayat et al., 2021).



Bacteriophages: A Strategy to Combat Antibiotic Resistance ... 69

Table 4 A study of phage-based research against pathogens isolated from wastewater systems

Host Bacterial source Phage source Reference

H. hydrossis Biomass bulking in | HHY phage from Kotay et al. (2010)
the activated sludge | Local wastewater
treatment plant

Gordonia and Nocardia sps | Foams on the GTE7 phage from Petrovski et al.
surfaces of aerobic | activated sludge (2011)
reactors of activated | mixed liquor of
sludge wastewater treatment
plant
Salmonella serovars Wastewater Sww65, sww275, and | Turki et al. (2012)
sww297 phages from
wastewater
E. coli, Pseudomonas sp. Hospital wastewater | Hospital sewage Periasamy and
Streptococcus Sundaram (2013)
sp and Bacillus spp
Nocardioforms Activated sludge NOCI1, NOC2, and Khairnar et al.
plants NOC3 phage from (2014)
wastewater
Gordonia spp Activated sludge Wastewater and Dyson et al.
foam natural water bodies (2015)
of environment
S. flexneri and S. sonnei Lab culture Bacteriophage, pSs-1 | Jun et al. (2016)
from environmental
water

Escherichia coli (NDM-1) | Activated sludge PERO1 and PER02 Yu et al. (2017)
from aeration tank | from Sludge

NDM-positive E. coli PI-7 | Municipal Wastewater influent Al-Jassim et al.
wastewater (2018)
Nocardia transvalensis, Lab culture NTRI1 phage from Taylor et al.
Nocardia brasiliensis and activated sludge (2019)
Nocardia farcinica
Escherichia coli, Sewage, Wastewater El-Dougdoug
Pseudomonas aeruginosa agricultural and et al. (2020)
and Salmonella Typhi industrial waste

9 Conclusion

The revival of bacteriophage research as a way of managing diseases caused by
bacteria has dispersed from the clinical industry to agriculture, aquaculture, and the
food sector. Phage therapy diversified non-clinical application has sparked interest for
wastewater treatment. One of the major obstacles in controlling WWTPs using bacte-
riophages is a lack of understanding of microbiota dynamics and interactions during
wastewater treatment, which needs to be addressed and studied properly. The use of
bacteriophages in wastewater treatment systems would almost certainly necessitate a



70 K. Bhargava et al.

better understanding of wastewater microbiology and marine ecosystems in general.
Failure to conduct phage therapy research would not only thwart phage application
development, but it would also restrict our understanding of modern microbiology,
which is crucial for future medicine due to the dangling sword of antimicrobial resis-
tance. With a greater understanding of the microbial ecology of WWTPs, bacterio-
phage therapies will become viable alternatives and feasible solution to wastewater
treatment challenges and optimization.
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Treatment Plant as a Leading Source L
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Bidisha Ganguly and Subhasish Dutta

Abstract Antibiotic-resistant genes have been evolving as one of the leading
contaminants threatening human health. The emission of novel microbial pollutants
and chemicals in the aquatic environment released from the wastewater treatment
plant (WWTP) affects the environment. World Health Organization has predicted that
if this continues, the future will look mostly like the past, where people were dying
due to trivial injuries. Thus, it is necessary to balance everything in the environment,
including bacteria, for our well-being. The book chapter deals with different reasons
for developing and disseminating antibiotic-resistant genes (ARG) in the environ-
ment. The wastewater treatment plant’s role in the spread of antibiotic-resistant genes
and antimicrobial resistance (AMR) will also be discussed. The book chapter also
highlights a few techniques by which ARG’s increasing effect can be eliminated or
reduced to a considerable extent by different methods, including WWTP. Finally,
the chapter ends with a discussion of the prospects and limitations of the world of
ARG and AMR.

Keywords Antimicrobial resistance - Gene + Wastewater treatment plant -
Microbial pollutants + Aquatic environment

1 Introduction

The evolution of antibiotic-resistant pathogen is a very recent process as antibiotics
have massively increased in few years. In hospitals and veterinary medicine, agri-
culture the large-scale synthesis of antibiotics has led to its adverse effect on the
environment. Earlier, scientists thought that only through mutation bacterial genetic
variability can be changed. Consequently, only target modification could affect the
antibiotic resistance, so it remains clonal. This mechanism is applicable still now for
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quinolones, rifampin, fosfomycin, etc. It promotes the horizontal gene transfer evolu-
tion like extended-spectrum beta-lactamases or ESBLs. But this antibiotic resistance
which can be driven only through mutation occurs during in-host evolution only.
Chronic infection is an example of such mutation-driven in-host evolution (Macia
et al., 2005). Present-day antibiotic resistance is proof that ARGs have a long history
of evolution. By many means of selection, diversification of the present antibiotic era
has come (Aminov & Mackie, 2007). Beta-lactamases are the best examples by which
the evolution of ancient antibiotic resistance and its present structure, its phylogeny
can be illustrated. These beta-lactams are widely used antibiotic, the resistance to
which can be a serious problem for society. Because the beta-lactams resistance is
of low contamination, its excessive use to treat infections can hurt the ecosystem
and human population. The primary mechanism for antibiotic resistance holds inac-
tivation of the enzyme through beta-lactam ring separation by beta-lactamases. The
beta-lactam ring has a serine active site and two classes of Metallo-f-lactamases
(Bush, 1998). The structure-based phylogeny has been able to construct both of the
B-lactamase’s group for evolution. This phylogeny had proved that it was almost
two billion years ago when these enzymes originated on the Earth. The f-lactamases
were found to reside on plasmid almost a million years ago before its present-day
use (Hall & Barlow, 2004). A study on B-lactamase genes has shown that it has been
residing on the plasmid for a hundred million years. The enzyme did not develop
any antimicrobial resistance while it was residing on a plasmid (Fevre et al., 2005).
The metagenomic study on f-lactamase was analyzed using cold-seep sediments
(Song et al., 2005). It is interesting to know that those evolutionary forces that are
unknown to us also contribute to the creation of diverse antibiotic-resistant genes
(Allen et al., 2009). Various ARGs grant resistance to the antibiotics, which are
unrelated to the structure of those ARGs. These antibiotic-resistant genes exhibit
different action mechanism and phylogenetic analysis to the structurally different
antibiotics (Aminov & Mackie, 2007). There are two stages for the evolution of
antibiotic-resistant genes. The macro evolutionary or pre-antibiotic era is defined
by diversification of the environmental ecosystem through mutation and duplica-
tion. On the other hand, the micro-evolutionary or antibiotic era is characterized by
large-scale antibiotic production. In this evolutionary period, there is strong pres-
sure exertion toward the bacteria of various ecosystems. The macro evolutionary
period has a very less amount of horizontal gene transfer contributing to antibiotic
production’s evolutionary process. But one thing that is still unknown to us is if the
antibiotic resistance mechanism is involved in any other metabolic function or not.
The micro-evolutionary or antibiotic era has been occurring for seventy years. Thus,
it is a very recent period involving antibiotic production. There are many rare genes
relative to other genes that grant the antibiotic-resistant genes. These genes, once
used, participate in other cellular activities. But they opted for resistance characteris-
tics, and they moved from the ecological genomic pools into taxonomically varying
pathogenic bacteria. It is a fast process where the mobile genetic elements drove
the horizontal gene transfer. The contribution of mobile genetic elements (MGE) in
the evolutionary process of antibiotics was significant. If ARGs’ solitary functional
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contribution is to protect the lethal concentration of antibiotics, then ARGs’ selec-
tion and spread are connected to those anthropogenic components. Its reason is that
the antibiotic concentration in the harmless areas is below the detection boundary
and does not exist in the minimum inhibitory concentration or MIC (Chee-Sanford
et al., 2009). Another study showed that pristine freshwater of an area where the
antibiotic-resistant genes did not affect contains almost sixty percent of Enterobac-
teriaceae with multidrug-resistant genes (Lima-Bittencourt et al., 2007). Thus, it
has now been generalized that there is a huge diversity of antibiotics and antibiotic-
resistant genes that occur naturally in nature. Many soil bacteria reside on antibiotics
in nature for their survival as they get carbon from antibiotics. Carbon is their sole
source of survival (D’Costa et al., 2007). The ultimate goal of these genes is to
clean up the infection. In this book chapter, the antibiotic-resistant genes have been
displayed to harm the environment and human beings. The antibiotic-resistant genes
existing in the wastewater treatment plants are sources for the contamination of fresh-
water, drinking, and usable waters. For the past few years, the excessive utilization
of antibiotics has led to the generation of such antibiotic resistance whose cure is
unknown to scientists. Thus, we must remove these ARGs as soon as possible. This
book chapter includes different ARGs that are mainly obtained in WWTPs and the
sources of different ARGs. Various complex treatment methods that are effective for
the removal of ARGs and ARBs have also been discussed. Finally, it has discussed
how to deal with these ARGs in WWTPs in future.

2 Antibiotic-Resistant Genes and Its Dissemination
in Wastewater Treatment Plant

According to the healthcare system, the growth of antibiotic-resistant bacteria and the
abundance of infections caused by it have been considered one of the most significant
issues. As per the report, about one million people died in the time period between
the year 2014 and 2016. The reason behind this is none other than the infections
caused by antibiotic-resistant bacteria. There was no treatment method to cure those
infections as the scientists were unable to develop any antibiotics. The situation is
becoming more severe if we consider the future antibiotic drug development under
consideration. Scientists have predicted that if this rapid growth of antibiotic-resistant
bacteria continues, then there will be millions of death happening in the upcoming
two decades. Indeed, the evolutionary process of antibiotic resistance and its gene
transfer is complex. It is proved that one of the principal reasons for the development
of antibiotic-resistant genes and ARB is the excessive use and misuse of antibiotics
in human and veterinary medicines (Holmes et al., 2016).

Additionally, the mobilization or rally of the antibiotic-resistant genes has made
it difficult to remove the ARB systematically once the transmission starts to broaden.
This process gets enhanced when the density of bacterial cells is high with nutrient-
rich habitat (Baquero et al., 2008). It has been seen that the activated sludge process
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of the wastewater treatment plant is the perfect system for the transfer of ARGs. As
the WWTP cannot remove antibiotic resistance from water, the ARGs and ARBs get
into the aquatic environment after being discharged by WWTPs in water (Hembach
et al., 2017).

Almost one thousand different B-lactamases variants that fall under ARGs have
been found and analyzed. This discovery proves that the diversity of antibiotic resis-
tance has been increased abruptly and added to the ARG pool. As a result, people
are getting affected by so many different ARBs, the treatment of which is still not
found yet, proving the fact that those antibiotic-resistant bacteria have acquired the
resistance from environmental source through horizontal gene transfer. The number
of multi-resistant pathogens is also increasing as the ARGs are being accumulated.
This made the treatment of antibiotics difficult.

The development of multi-resistant genes has resulted in insufficient hygiene in
the clinical system, thereby increasing the growth of ARBs. Staphylococcus aureus,
extended-spectrum f-lactamase synthesizing Enterobacteriaceae, vancomycin-
resistant Enterococci, etc. These all are examples of the multi-resistant gene for
which many infections are becoming very difficult to treat. These organisms which
reside in healthy people can become pathogenic when possible.

The aquatic environment consists of millions of resistance gene, which are entirely
unknown to us. It serves as a suitable platform for the antimicrobial resistance and
antibiotic-resistant gene to develop and disseminate. Apart from this, there is a
considerable diversity of ARGs released from hospitals and communal wastewater
into the aquatic surroundings on an everyday basis. This incidence creates known
and unknown kinds of ARGs in a more significant number, which has become a
real threat to the world (Bengtsson-Palme et al., 2018). Industrial pollutions, heavy
metals, detergents, antimicrobial agents, and disinfectants serve as the activators for
developing and disseminating resistant genes in the aquatic environment. Millions of
environmental bacteria out there serve as the source of resistant genes when entering
into pathogenic organisms. The point to be noted here is that many of such genes do
not exist as resistant genes, but tend to convert in ARGs. These are called resistome
(D’Costa et al., 2006). This book chapter has jotted down the sources of antibiotic-
resistant genes, the reason for the abrupt growth of ARGs. Also, what role wastewater
treatment plant plays in the spread of ARGs has been discussed later. And lastly, the
various techniques for reducing ARGs will be covered.

3 Different ARGs Available in Wastewater Treatment
Plants

Extensive research showed various antibiotic-resistant genes are available in
WWTPs. There are two principal approaches by which problems regarding antibi-
otic resistance in wastewater can be analyzed, i.e., culture-based and molecular-based
approaches. Culture-based approach is used to detect the phenotypic characteristics
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of the bacteria isolated from the environment. One disadvantage of this method is that
itis limited to 1% of total environmental bacteria only as only this amount of bacteria
has been isolated so far. On the other hand, the molecular-based approach deals with
the isolated DNA from the samples analyzed and detected sequences of nucleotides
of those specific DNAs which code for ARGs under polymerase chain reactor. In
other words, the quantitative polymerase chain reaction identifies those target DNAs
used to detect nucleotides that cannot be cultured in the laboratory (Dumas et al.,
2006). These DNAs, although they grow very steadily, donate substantially to the
antibiotic resistance problems. A known fact is that in PCR detection, the quality of
the DNA isolated, as well as the extraction method of the nucleic acid, are funda-
mental conditions. The detection of microbial or bacterial species becomes difficult
in wastewater treatment plant as it contains organic and inorganic matter, inhibitors,
detergents, etc. The molecular high-throughput sequencing technologies are essen-
tial tools to analyze natural microbial groups, their various genomic ranges, and gene
expression activities. The WWTPs can affect the providence of antibiotic-resistant
genes and antibiotic-resistant bacteria in multiple ways. The initial step involves
oil, grease withdrawal, and deposition of large particles. The next step consists of
the reduction of organic matter in wastewater by using microbial organisms. In the
ultimate step, tertiary wastewater treatment is waged to improve its quality further
(Quach-Cu et al., 2018). Many other processes like membrane bioreactor, moving
bed biofilm reactor, and fixed bed bioreactor are used in municipal wastewater treat-
ment plants. Below are some of the names of antibiotic-resistant genes found in the
wastewater treatment plant.

3.1 Beta-Lactam Resistant Genes

There is a beta-lactam ring in the molecular constitution of such antibiotics, which
serves a vital role or, more precisely, the principal role in the antibacterial activity.
The branches of the ring possess a diversity of pharmacological characteristics. These
antibiotics obstruct the biosynthesis of the bacterial cell wall. This PDB is the enzyme
required for the peptidoglycan layer preparation and is used for medicinal and veteri-
nary purpose. Penicillins and cephalosporins are some of the most used antibiotics.
As per the European hospital sector, the defined daily dose per one thousand inhab-
itants per day for the consumption of systemic use is 11.4. But for beta-lactamase
consumption, it is just 0.92 DDD per 1000 inhabitants per day. They have taken over
half of the available antibiotics commercially. Although beta-lactams and penicillin
are the most common antibiotics available in the market, they are relatively lesser
in the wastewater treatment plant. The resistance to beta-lactams occurs by reducing
the number of pours in the channels. It results in a change in the target protein,
i.e., penicillin-binding protein and alters the absorptive power of the bacterial outer
membrane. And hence, the drug cannot enter the cell wall as the previous way. Beta-
lactamase enzyme mechanism of resistance is widespread in gram-negative bacteria
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(Zapun et al., 2008). There are specific resistance genes for specific genetic elements,
for example, ampC for the chromosome, ampR, blargy, blacyr, blapox for plasmid,
etc.

3.2 Macrolide Resistance Genes

Macrolides are a community of inherent admixture which have a lactone ring. This
lactone ring is replaced by ketone, hydroxyl (—OH), and alkyl groups. Their mode
of action includes inactivation of the protein synthesis at an early stage by tying
up with 50S ribosomes of bacteria. As macrolides cannot be metabolized or, more
precisely, are not metabolized in body, so they are ejected from the body through
bile and feces. These ejected macrolides are then thrown into the wastewater, and
there they stay as the unchanged parent compound. Their daily consumption in
hospitals is 0.15 DDD per one thousand inhabitants per day, while in the community,
this number is about 3.0. These are good examples of the substitute for penicillin.
These macrolides are the principal metabolite of erythromycin and erythromycin-
H,0. The transformation of the erythromycin occurs under high instability of this
depressant and high acidic condition. At the sample preparation stage, it directly
changes erythromycin to macrolides and consequently increases its concentration in
the experimental samples (Gobel et al., 2007). Synthesis of methylase is the basis of
the pathway for the transfer of bacterial resistances. Synthesis of methylase involves
methylation of 23S rRNA where the antibiotics act. Moreover, division of lactone
ring cleavage and its mechanism, inhibition of antibiotics by modifying enzymes or
macrolide phosphotransferases, the active pumping of drug from the cell, etc. are
some of the examples of the mechanisms of bacterial resistance to macrolides.

3.3 Quinolone Resistance Genes

Quinolones and its derivatives form a group of chemotherapeutic substance which
has an antibacterial pursuit. These families have four different generations. The
derivatives of quinolones are fluoroquinolones. These derivatives can comprise a
subset along with a central ring which can be substituted with fluorine. These
compounds inactivate DNA gyrase and topoisomerase IV, which are two crucial
enzymes for DNA’s replication. Quinolones are essential substances that are primarily
used in hospitals for treating various infections and prophylactic purposes. More-
over, it has a wide range of applications for veterinary purposes as growth promoters
and medicinal purposes. As per the global marketing, they stood out to be the third-
largest chemotherapeutic groups. It holds almost seventeen percent of world trading.
In a community, its consumption is 1.7 DDD per 1000 inhabitants in a day, whereas
for hospital purposes, its daily utilization is 0.23 DDD per 1000 inhabitants per day.
Quinolones, like macrolides, are disseminated into municipal sewages by urine and
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Fig. 1 Filtration of ARGs in Wastewater Treatment Plant (Wang et al., 2020)

feces. The percentage of urine is 45-62%, and that of wastes is fifteen to twenty-five
percent in quinolones excretion. There is a substantial number of quinolones detected
in the wastewater treatment plant. There are two effective mechanisms for chromo-
somal quinolones that can be acted. One is by modifying the target enzyme, and
the other is by decreasing permeability of the outer membrane through porin swap-
ping and upregulation of the efflux pump. The qnr genes can arbitrate quinolone
resistance. It protects DNA gyrase and topoisomerase IV against the quinolones.
Qnr genes code for protein and are situated on MGEs (mobile genetic elements),
e.g., plasmids. These plasmids can actively transfer genes in HGT (horizontal gene
transfer) (Fig. 1).

3.4 Sulfonamide and Trimethoprim Resistance Genes

The resistance genes mentioned above are categorized under a group of synthetic
antimicrobial agents. It is specific genes that act on particular bacteria as a competi-
tive inhibitor of dihydropteroate synthase enzyme. DHPS is involved in the synthesis
of folic acid. These resistance genes are used for treating bacterial and proto-
zoal infection and as medicated feed additives in veterinary fields. In the case of
the treatment for human-related diseases, it is used for respiratory, urinary tract,
and chlamydia infections. Its combination with pyrimethamine is used for treating
malaria and toxoplasmosis. Daily consumption of sulphonamides and trimethoprim
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in hospital purposes is 0.06 DDD per one thousand inhabitants. On the other hand,
its intake in community area is about 0.6 DDD per thousand inhabitants per day.
These compounds are also excreted as the other two resistance genes in wastewater
or municipal water as metabolites. The report says that the purification mechanism
for sulphonamides is about seventy-five to eighty-five percent, and they are slightly
insoluble in water. The use of these sulphonamides has reduced significantly after the
end of nineteenth century, but these genes are still available in wastewater treatment
plants. The diversity of the mechanism of the antibiotic resistance to sulphonamides
is more than that of other antibiotics. The mechanism includes various points like—
alteration of metabolism; target enzyme is mutated. Consequently, this target enzyme
reduces the affinity toward the inhibitor, cell permeability changes, and it influences
the absorption of drug, etc. (Then & Angehrn, 1982). It is to be notified that those
resistances picked up for a particular substance can affect the resistance to other
sulphonamide compounds. For example, sull, sulll, and sullll genes code for DHPS
are the main reasons for which resistance to sulphonamides happens. These DHPS
or dihydropteroate synthases have a lower affinity toward the sulphonamides. These
sulfonamide genes are found both on transposons and plasmids in mobile genetic
elements. On the other hand, if the dihydrofolate reductase synthesis increases, then
bacterial resistance causes to trimethoprim.

4 Sources of Antibiotic-Resistant Genes

Antibiotic-resistant genes can occur in various ways. A low concentration of ARGs
occurs in the environment through natural selection. But in the case of high-level
ARBs or ARGs in the environment, human activities occur. There are two primary
sources through which antibiotic-resistant bacteria enter the environment—human
sources and animal sources. Wastewater treatment plants are one of the principal
sources for the development and dissemination of ARG and ARB. On the other
hand, the land usability of dung is animal sources (Rizzo et al., 2013). The discharges
in wastewater treatment plant are received from different origins. The WWTPs are
the hotspot for the resistant genes, and the existence of these ARGs is linked with
clinical pathogens (Devarajan et al., 2015; Rizzo et al., 2013). Research has shown
that aquatic systems are the ideal sites for developing and disseminating ARGs
as the antimicrobial compounds keep polluting those areas. These antimicrobial
compounds come from anthropogenic activities. The genetic evolution for antibiotic
resistance takes place frequently in four places; human and animal microbiota, hospi-
tals and well-established care facilities, biological residues, and wastewater and envi-
ronments including soil, surface, and groundwater (Baquero et al., 2008). As urban
wastewater doesn’t always undergo suitable treatment, thus the trash excreted from
the wastewater may impact the receiving environments. The antimicrobial substances
can be present there, i.e., in wastewater at a concentration that can be detected effort-
lessly. Many examples of rivers initially didn’t have any antibiotic-resistant genes
or antibiotic-resistant bacteria in there. There is a high concentration of those genes
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in those rivers in the sediment sample experiments (Pruden et al., 2006). Animal
cultivation related field is a vital place for ARG detection as these resistant genes
can be found there substantially. Even the pig dung consists of the source of diverse
ARGs. Thus it is also an example of a major source of antibiotic-resistant genes.
For example, the fields that deal with agriculture, such as feedlots and fishponds,
are crucial sources of ARGs in the habitat. The researchers have detected antibiotic
resistance in massive amounts in shrimp, salmon fish, catfish, trout, tilapia, and swai.
Eleven different countries do use ARGs in these animals. By studying these animals,
it has been observed that forty-seven various ARGs are there, and only five of them
have been traced so far. Another essential source of ARGsS to be noted is constructed
wetlands as the microbes keep releasing sediment to water in there. Constructed
wetlands affect the pattern variation and the concentration of ARGs based on oper-
ational and environmental factors. And these wetlands which affect those factors
are more important than that to the polluted source. The constructed wetlands are
found in a larger number of domestic sewages. A study was done on where scientists
constructed wetlands, and sul(1), sul(3), tet(A), tet€, tet(C) were analyzed. The result
showed that the microbes, ARB and antibiotics, metals are there in those wetlands
samples. Moreover, another study where six mesocosm scale constructed along with
three flow types was made showed the presence of sul(1l), sul(2), tet(o), tet(X),
erm(B), etc. in there. As mentioned earlier, the hospital and healthcare sectors are
the major facilities for the intake of ARGs. These places are key sources for the exis-
tence and dissemination of antibiotic-resistant genes (Devarajan et al., 2015). As the
human consume antibiotics in a more significant proportion, the presence of ARGs
in these hospital and healthcare sectors have been considered to hold tet(M), tet(O),
tet(S), tet(Q), etc. antibiotic resistance (Zhang et al., 2009a). Various studies have
proved that the high concentration of ARGs in hospital sectors is due to antibiotics
like penicillin and aminoglycosides. A research from Oslo city has shown that there
was a presence of antibiotic resistances like tetracycline, ciprofloxacin, and fluoro-
quinolones in every waste sample. The necessary and preliminary steps to disinfect
the wastewater releasing from hospitals can reduce the spread of ARGs significantly
in the environment. The detection, analysis, and quantification of ARGs were always
toward the soil water, surface water, WWTPs, and constructed wetlands. But more
concentrations are given to leachates of landfills holding municipal solid wastes
because these areas have a high chance to save antibiotic-resistant genes. Moreover,
these landfills may also consist of antibiotics, metals, mainly organic pollutants,
etc. Such elements in solid waste landfills and landfill leachates can increase the
resolution of ARGs in a considerable proportion.
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5 Role of Wastewater Treatment Plant in the Dissemination
of ARGs

Wastewater treatment plant plays a crucial role or more precisely one of the principal
roles in the spread of antibiotic-resistant genes. The urban freshwater, nowadays, is
lacking in its proportion. As a result, the total amount of freshwater has become
limited (Zhang et al., 2009a). According to UNESCO’s report in 2015, people need
seventy percent of groundwater and river water for fertilization purposes. Thus, it
is proved that clearing the wastewater from all kinds of wastes, including ARGs
and filtering up the freshwater, is essential for the human population to exist. As the
amount of water existing in nature cannot be altered, reusing the treated wastewater is
the only option we have left with. The people need to use it wisely, and consequently,
the problem regarding water shortage can be overcome.

On the other hand, the waste and discharges of effluents in the wastewater can
be solved by this recycling process. The WWTPs may also be free from eutroph-
ication and algal production. The used urban wastewater contains various organic
and inorganic substances apart from ARG and ARBs. Thus, the reuse of the treated
wastewater may result in toxicity in the environment and increase ARG and ARBs in
the aquatic environment. Due to the shortage of freshwater in irrigation, wastewater
is used and supported by governments and official organizations. Another reason for
using wastewater in fertilization is increasing poverty in urban areas that lack enough
water (Zhang et al., 2009b). A study on the Acinetobacter spp. for the contribution of
WWTPs in antibiotic resistance development has been studied, and it has been found
from water, sewage, soil, and food environments. Raw influent, second effluent, final
effluent of WWTPs, upstream, downstream: these five points have contributed to the
isolation of this Acinetobacter spp (Figs. 2 and 3).

Another study on detecting ARBs in WWTPs has been jotted down here, and
the process is polymerase chain reaction or PCR. In this study, one hundred
and ninety-two PCR primer pairs with resistance genes have been isolated and
analyzed. One hundred forty plasmid-borne ARGs of the WWTPs have been detected
(Szczepanowski et al., 2009). The samples were taken from the effluents of wastew-
ater treatment plants and activated sludge as well. And the result of this study has
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shown plenty of antibiotic-resistant genes in the wastewater. These ARGs can conse-
quently participate in the gene transfer and gene exchange between clinical and
bacteria in the wastewater treatment plant. The ultimate product, i.e., the effluent of
the WWTP, also has been seen to contain a pool of ARGs that proves that wastew-
ater helps to spread antibiotic resistance genes and antibiotic-resistant bacteria in the
environment (Szczepanowski et al., 2009).

Scientists recently discovered that cell-free DNA and cell-associated DNA are
critical sources of ARG obtained from wastewater treatment plants. Extracellular
DNA can transfer to other cells. On the other hand, the cell-associated DNA is
intercellular DNA through which 0.22 pm filters intercept. Sul(2), tet(C), blaPSE-1,
erm(B): these four ARGs were taken as cell-free and cell-associated DNA, and they
have been quantified by polymerase chain reaction method. The result has shown that
the number of antibiotic resistance was more prominent in the wastewater than in
ARG fractions. However, after going through sludge settling, membrane filtration,
disinfection, etc. processes, the cell-associated ARGs were successfully removed.
Although the ARG which is cell-free and was present in wastewater, the number
was significantly less. This study has proved that cell-free to cell-associated ARGs
ratio has been increased (Zhang et al., 2018). D’Angelo observed the number of
antibiotics present in biosolid amendment and sorption and desorption of tetracycline.
There were different types of amendments of which the research was done. Some of
them are biosolids, poultry manure, wood chip litter, rice hull litter, etc., at various
temperatures. The equilibrium constants of sorption and desorption were seen to have
twenty times higher than that of other amendments as these contain aluminum and
ferric ion in their biosolid materials. The results have shown an increase in the sorption



86 B. Ganguly and S. Dutta

of tetracycline. The diffusion rates of antibiotics were decreased significantly after
treating with amendments. The irrigation of wastewater of the urban areas and its
effect on the fungal and microbial world was studied. Both of them were in a larger
amount of urban sewage. One important thing to notice in the result was that the
amount of microbial persuasion of soil inundated by the wastewater was much more
in amount than microbial activities in freshwater. Thus, this is proof of the fact that
wastewater increased soil fertility. Soil microbial biomass in wastewater may alter
the microbiological components. These microbial components are biotic factors of
soil.

The research was done to detect ten tetracycline resistance genes in freshwater and
activated sludge WWTPs. The result shows various types of tetracycline resistance
genes than the natural lake water specimen (Auerbach et al., 2007). It was also
revealed that in WWTPs tetQ and tetG were reduced, but the amount of ARGs was
not decreased even after UV disinfection (Auerbach et al., 2007).

6 Different Strategies for Treating the ARGs by WWTPs

The effluents releasing from WWTPs are known as one of the principal sources of
pollution to water resources. About four million people of America have fallen ill
after using those water resources that they considered safe. WWTPs, as mentioned
earlier, have been considered a hotspot for ARG, ARB, and metals (Ben et al., 2017).
There has been an uncountable amount of ARGs in different fields of the environment
like in landfills, solid leachates, dairy farm soil, surface water, etc. To combat these
ARGs, we need suitable treatment strategies that can destroy the ARG and harm the
animals and human beings (McKinney & Pruden, 2012).

6.1 Anaerobic and Aerobic Treatment Reactors

The aerobic and anaerobic treatment reactors are helpful process to remove ARGs
from water. These methods are generally used to treat the chemical oxygen demand
or COD, but these are recognized as one of the best methods to remove ARGs and
ARBs (Christgen etal., 2015). Aerobic and anaerobic processes are harmless and eco-
friendly. It uses the air or oxygen and microorganism to transform the contaminants
into harmless carbon dioxide, water, and other biomass. On the other side, the anaer-
obic treatment processes are used to convert organic pollutants to methane, biomass,
and carbon dioxide, but in the absence of air, microorganisms (Grady et al., 2011). A
study for observing variation among different ARGs like tet(G), tet(W), sul(1), etc.,
was done. And the processes used in the WWTPs were aerobic, anaerobic, anoxic,
and MBR process. The result concluded that under anaerobic and anoxic treatment,
the ARGs were removed considerably from the aerobic process. It is likely due to
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because the microorganisms under anaerobic condition cannot exhibit bioactivity
(Du et al., 2015). The MBR discharge process also helped in the removal of ARGs.

The anaerobic—aerobic sequence bioreactor or AAS is a low energy strategy to
treat the ARGs. Anaerobic treatment is done first to remove the carbon, and then the
aerobic treatment process is done. AAS has removed almost eighty-five percent of
ARGs from wastewater, whereas its individual treatment has resulted in only sixty-
two percent of ARGs. Another study concluded that removal efficiency of sulfamet-
hazine, sulfamethoxazole, trimethoprim, and lincomycin were 13.1%, 51.9%, 69%,
and —11% (Behera et al., 2011). Thus, the removal efficiency of antibiotics was
less than that of pharmaceutical compounds. The negative removal efficiency of
lincomycin is due to its high load (Behera et al., 2011). Thus, in a gist, it can be said
that the combination of anaerobic and aerobic treatment is enough to combat the
ARGs and ARBs in wastewater. But aerobic reactors alone are not that sufficient to
remove ARGs. Membrane-based technology (MBR) combined with aerobic reactors
effectively results in ARG removal from wastewater.

6.2 Constructed Wetlands

Constructed wetlands consist of various types of microbes and microbial community
that propagates in there. In constructed wetlands, different physical and chemical
reactions take place. It is a kind of portable semi-aquatic ecosystem. Constructed
wetlands, as it is understood from its name, are human-made. It is another practical
approach to remove ARGs (Fang et al., 2017). It is also cost-effective, has fetching
municipal, industrial, and agricultural WWT techniques, and is simple. There are
many processes by which nutrients, antibiotics, and other pollutants, including ARGs
can be removed efficiently. Some of the functions are—flow configuration, biodegra-
dation, substrate absorption, plant uptake, etc. These all processes play a vital role
in the effective removal of pollutants from wastewater. A study by Fang et al. (2017)
showed that almost 77% and sixty percent removal of ARGs happened in summer
and winter (Fang et al., 2017). Total ARGs used were fourteen. This result also
firmly pointed out that mobile genetic elements or MGEs have a lasting effect on
disseminating ARGs in these wetlands (Fang et al., 2017). By observing various
studies, it has been seen that constructed wetlands can remove about seventy-five
percent to ninety-eight percent of antibiotics and eighty-four percent of ARGs. Also
plants, subsurface flow constructed wetlands also have an impact on the removal of
pollutants (Chen et al., 2016).
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6.3 Disinfection

Disinfecting water and wastewater is another effective process for killing a consider-
able amount of pathogenic organisms. These pathogenic organisms can cause bacte-
rial and parasitic diseases. Disinfection consists of chlorination, ozone, ultraviolet
radiation, etc. Among these, chlorination is the most effective disinfection process
for removing ARGs and ARBs from WWTPs as WWTPs are a hotspot for antibi-
otic resistance. Also, in WWTPs there is a presence of many heterotrophic bacteria
that exhibit resistance to the antibiotic (Pang et al., 2016). Effective chlorination on
various antibiotics, e.g., cephalexin, ciprofloxacin, chloramphenicol, erythromycin,
gentamicin, and sulfadiazine was analyzed. Also, its effect on inactivation on ARG
and ARBs has been monitored. Moreover, ozone, ultraviolet radiation, and Fenton
reagent have been applied to the disinfection process. Yusan et al. (2015) showed
that the chlorination process had removed 60% of nine different ARGs as per the
real-time PCR examination (Yuan et al., 2015). The ARGs used in that study were
ere(A), ere(B), erm(A), erm(B), tet(A), tet(B), etc. Similar research was carried out
to look into the inactivaon of sul(1l), tet(G), intl(1) by chlorination, UV radiation,
and Ozonation. The samples were taken from municipal effluents of the WWTPs.
The result showed that chlorination was the most fruitful method among all the three
processes, which was succeeded in removing ARGs from WWTPs (Zhang et al.,
2015).

6.4 Nanomaterial

Antimicrobial nanotechnology has stood out to be one of the effective ways to
remove antibiotic-resistant genes and ARBs. Different combinations of nanomaterial
can treat pollutants of wastewater treatment plants. There are two effective nano-
mechanisms by which ARGs are removed or can be removed from WWTPs. First
one is the entrance of nanomaterials inside antibiotic-resistant bacteria and cleans
out all the toxic ion existing inside ARBs. Another mechanism is the synergistic
effect, resulting from the combination of nanomaterials and antibiotics, combating
the antibiotic-resistant genes individually (Aruguete et al., 2013). Research carried
out by Aruguete et al. (2013) showed antibiotic-resistant pathogens by nanomate-
rial to analyze the potential of these nanomaterials to restrict the multiplication of
the ARGs (Aruguete et al., 2013). Liposomes, dendrimers, some antibiotics existing
inside polymers nanomaterials, antibiotics inside inorganic nanoparticles, etc. were
used to combine the nanoparticles and the antibiotics. This study proved that the
nanomaterials or nanoparticles are eligible to combat nanomaterial resistant organ-
isms and can resist the ARGs from propagating. In this experiment, the polyvinyl
pyrrolidone was used to remove the nanomaterial resistant genes or organisms. The
nanomaterials were also successful in removing Pseudomonas aeruginosa bacteria
which are harmful to WWTPs.
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Another vital characteristic of nanomaterial is that it can combat multiple drug
resistance due to its antimicrobial activity (Yu et al., 2017). Their activity mainly
depends on two factors—nanoparticle’s physicochemical characteristics and types
of target bacteria. Although this is a very convenient way of treating ARGs, scientists
prefer to perform experiments under the nanomaterials accessible to them (Hajipour
et al., 2012). Nanoparticles are not an excellent example for the use in full-scale
production in combination with physicochemical properties. Nowadays, the adverse
effect of nanomaterial is coming to the surface. It has shown toxicity toward fauna,
flora, and humans as well. Several infections like tissue ulceration, cell capability
reduction, and infections caused by silver nanoparticles have become a matter of
concern.

Hence, it can be stated that though it has some significant characteristics which
helps to remove the ARGs and ARBs from WWTPs, but the adverse effect of it cannot
be unseen either. Thus more information about how nanomaterials can achieve the
goal without harming the society should be a matter to deal with. Consequently, it
can be an effective process for developing resistance against microbial resistance.

6.5 Biochar

By pyrolyzing carbon-rich biomass, biochar can be obtained. Biochar has porous
and a large surface area in it. It can absorb the contaminants into its pour, thus
reducing the amount of pollutants of WWTPs. According to the size of the pores
in the surface area of biochars, it can be classified into micropores, mesopores, and
macropores. Sorption is the main mechanism of biochar. Based on the type and
size of contaminants, the pores are micro, meso, or macropores biochar treats in
WWTPs. Another mechanism by which biochar acts is electric repulsion (Zheng
et al., 2013). Various studies have been done on biochar to analyze its effect on
ARGs in WWTPs. And it has been seen that there has happened significant changes
in microbial communities. If the phylogenetic composition of bacteria is changed, it
can affect the composition of ARGs. Thus, biochar can also be categorized under a
practical strategy for treating ARGs and ARBs existing in soil and WWTPs.

7 Human Health Risk Due to Antibiotic-Resistant Genes

When enters into the human body, the water of WWTP, the antibiotic residues, or
the antibiotic-resistant genes interconnect with the humans microbiome. The human
microbiome contains various microorganisms that reside on or inside the human
body (National Academies of Sciences, Engineering, and Medicine, 2018). If antibi-
otic residues are taken daily inside the human body, then the human gastrointestinal
tract is surrounded by approximately thousands of bacterial species. Also, more
than seven thousand various strains colonize in the gastrointestinal tract. Among
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these bacterial species, ninety-five percent of bacteria are harmless to health. But
the remaining five percent consists of harmful and pathogenic bacteria (National
Academies of Sciences, Engineering, and Medicine, 2018). A balance between the
human body and bacteria is continuously residing in the ecosystem. Some of the
micro-ecological bacteria are dominant and some are minor. The predominant taxa
are the Bacteroidetes, and Firmicutes and the minor bacteria are Actinobacteria,
Proteobacteria, and Verrucomicrobia. Apart from these, many bacteria phyla have
been not isolated and analyzed yet. The composition of intestinal microbiom directly
affects the subjection of the antibiotics. This is because the microbiome community
has a broad-spectrum influence instead of one target bacteria at a time (Blaser, 2016;
Shah Maulin, 2020, 2021a, 2021b). By antibiotic treatment, these intestinal micro-
biota’s organization can be altered. The increase in Firmicutes and reduction in
Bacteroidetes can help to change this composition (Pérez-Cobas et al., 2013). But
this therapy leads to the generation of antibiotic-resistant bacteria or ARG, which
can survive inside the human body for much time. If the balance in the intestinal
bacteria changes, then the growth of harmful and bacteria occurs, leading to the
generation of various diseases like Pseudomembranous colitis, colorectal cancer,
etc. Also, the intestinal tract does not act accordingly, which is called intestinal
disorders. If somehow, antibiotic resistance develops inside intestinal bacteria, it
propagates rapidly inside the intestine and gives birth to super-bugs. This super-
bug and the multiplication of intestinal bacteria can cause death as it cannot be
treated. A hypothesis explains that if human beings undergo antibiotic treatment,
the harmful taxa that are low in amount can be removed. But the antibiotic-resistant
genes would be generated and propagate inside the human intestine. The malfunction
of taxa can damage the security of body and result in anxiety disorder, immuno-
logic development, and bone growth (Cho et al., 2012). The staple food contains a
considerable amount of antibiotic residues. The antibiotic residues, hence the ARBs
generating inside human beings, are cumulative and thus transferred to the next
generation. Although the relationship between antibiotic residues and human micro-
biome is critical to understanding and needs further research, it is very well under-
stood that ARG and ARB have a substantial impact on human health. The ARG and
ARBs also affect the gastrointestinal microbiota balance. The veterinary antibiotics,
ARGs and Acinetobacter do not impact human health as per various reports. It is
still to be found that if WWTPs and groundwater have such significant impact on
human health or not. Antibiotic-resistant genes and antibiotic-resistant bacteria may
result in pathogenicity, various diseases, disease transmission, extended morbidity
and mortality (Shah Maulin, 2021b). More risk assessment methods addressing the
interaction between ARG and other ecological stressors are needed.
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8 Future Recommendation

The ARGs and ARBs have not been tackled yet effectively. Various things are
unknown to us, and more research is needed to explore the world of antibiotic resis-
tance. Until then, the elimination of wastewater treatment plants ultimately is not
required. Various treatment processes like size fixation in nanofiltration, coagulation,
flocculation, sedimentation, etc., have underlined that there are many deficiencies in
the wastewater treatment plant methods; positive outcomes have also been spot-
lighted. AOP or advanced oxidation process has been regarded as a critical treatment
process to combat ARG and ARBs (Zhang et al., 2016). In the pre and post-treatment
treatment process of it is undoubtedly necessary to be clean and careful. Because
any malfunction could result in toxicity of AOP. However, if treated carefully, the
ARGs can be removed in the pre-treatment process, leading to the destruction of the
cell’s ability to regenerate ARGs.

On the other hand, the post-treatment method should be stored for the future
to manage the escaped ARGs and ARBs very well. Moreover, the carbon residue
association with repair and regeneration of cell ought to be explored further. The
primary motive behind this is to assure the cell regeneration process is caused by a
deficiency in mineralization. It is seen that hydrogen peroxide, even at low concen-
tration, can hinder cell reactivation and has a tendency to improve the advanced
oxidation process. As oxidation of antibiotic resistance by specific reactive oxygen
species is not enough, scientists have suggested hydrogen peroxide to be applied to
ARB and ARGs. Photoreactors are also recommended to improve the in-situ gener-
ation of H,O,. It could be a lifeline for reducing ARGs. Future research can also
focus on composite photocatalyst as it might be an example for combating ARGs. It
is said to have improved surface area, compactness, accessible, and available charge
carriers. Thus, a combination of pre, post treatment, and composite photocatalyst
can be an important alternative to access AOP to reduce ARG effectively.
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Abstract As emerging contaminants, both antibiotic-resistant bacteria and antibi-
otic resistance genes have captured global attention, imposing adverse effects on the
surrounding environment. Effluents released into the surface water are the primary
sources of emerging contaminants that contribute to soil and groundwater pollution.
Wastewater treatment plants are the hotspots for the spread of antibiotic resistance
through horizontal gene transfer. Given the prevalence of genetic elements and resis-
tance genes detected in waste water samples, a concerning scenario emerges, exac-
erbating the challenges associated with antibiotic treatment in the healthcare system.
In this chapter, we focus on the methods employed for the detection of antibiotic
resistance genes in wastewater and the latest research in this area. By delving into
public health implications, we analyze the potential routes of exposure to antibiotic
genes, the increasing threat of antibiotic resistance in healthcare settings, and the
broader environmental and societal consequences.
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1 Introduction

Worldwide for decades, antibiotics have been predominantly used for the efficient
management of infectious diseases. The spread of antibiotic resistance stands as a
paramount global concern, presenting a formidable and complex challenge to public
health. Antibiotic-resistant diseases significantly heighten the risk to public health.
They are anticipated to become even more prevalent in the future, putting indi-
viduals in jeopardy, even during routine infections and minor surgical procedures.
Common infections caused by AMR microbes result in high mortality (Laxminarayan
et al., 2013). Recently, the Global Antimicrobial Surveillance System (GLASS) of
the World Health Organization (WHO) reported that many regions of the world are
grappling with increased levels of resistance in numerous serious and common bacte-
rial infections (WHO, 2019). According to reports from the US Center for Disease
Control and Prevention (CDC), 35000 deaths occur every year due to antimicro-
bial resistance (AMR) in the United States (CDC report, 2019). Antibiotic resistant
bacteria (ARB) led to approximately 671,689 infections that caused overall 33,000
deaths in European Economic activity countries in 2015 (Cassini et al., 2019). The
situation is worsening in developing countries where the demand for antibiotics
is driven by the high incidence of infectious diseases (Lirermore, 1995). Despite
extensive measures taken by certain nations to curtail antibiotic usage, there have
been noticeable increases in antibiotic resistance rates. This underscores the intricate
nature of the public and environmental concerns associated with this issue (O’neill,
2014). Antibiotic resistance is developing at a faster rate than the production of new
antibiotics suggesting a challenging situation arising day by day for identifying new
antibiotics (Ling et al., 2015). As most antibiotics are not completely metabolized
within humans and animals, about 30-90% of these drugs are expelled via urine
and feces into water bodies and soil. Industrial and municipal wastewater entering
wastewater treatment plants (WWTPs), along with sewage sludge, can contain a
diverse range of contaminants, including heavy metals, antibiotics, various chem-
icals, organic matter, nutrients, bacteria, viruses, and more. These contaminants,
originating from domestic, industrial, and commercial sources, contribute to the
potential reservoir of antibiotic resistance genes (ARGs), which can further exac-
erbate the issue of antibiotic resistance. The specific composition and prevalence
of ARGs in wastewater is influenced by local factors, such as industrial practices,
healthcare protocols, and regional regulations. Effective monitoring and management
of ARGs in wastewater are crucial components of addressing the broader challenge
of antibiotic resistance in the environment and its implications for public health. The
main drivers of antibiotic-resistant bacteria (ARB) and multidrug-resistant (MDR)
bacteria are the improper use and dispersal of antibiotics. These bacteria carry an
evolved set of antibiotic-resistant genes (ARGs). Both ARGs and ARB are present
in air (aerosols) and water wastewater treatment plants (WWTPs) and may pose a
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risk of dispersion to nearby workers. Moreover, these WWTPs are not designed to
eliminate ARB or ARGs, but contain antibiotics that contribute to the development
of antibiotic resistance. The contribution of residual antibiotics toward the develop-
ment of antibiotic-resistant bacteria and their impact on the ecological system are
the two serious concerns. WWTPs are considered as the hotspot for ARGs and play
a major role in horizontal gene transfer further leading to the dispersal of ARGs
in the broader sense. In WWTPs, the evolution of resistance and dissemination of
ARGs is not evidenced clearly. In sludge of various WWTPs, many of the antibi-
otics like sulfamethoxazole, norfloxacin, tetracycline, ofloxacin, and ciprofloxacin
are present in higher amounts. Antibiotics from the sewage of households and hospi-
tals create selective pressure on both ARB and ARGs preceding their dispersal into
the surroundings (Martinez, 2009).

The effluents (antibiotics, ARB, ARGs) present in WWTPs get released into
surface water then enter the environment. Antibiotic resistance is developed by a
different mechanisms in bacteria that makes antibiotic ineffective. The genes respon-
sible are situated either on a bacterial chromosome or extrachromosomal region and
they can be transmitted via horizontal or vertical gene transfer. Horizontal gene
transfer through conjugation is more common in high-density bacteria which may
also form biofilms.The spread and proliferation of ARGs are complex and can vary
widely in different contexts and environments. Efforts to mitigate the spread of ARGs
are a crucial part of combating antibiotic resistance and preserving the effectiveness
of antibiotics, as, ARB remian the prime concern in circulating antibiotic resistance in
the microbial system (Larson, 2007). Due to the improper use of antibiotics, excre-
tion via humans and animals, the compounds, their metabolites, and transformed
products get deposited in hospital and industrial wastewater. The observed concen-
tration of tetracycline has been as high as 1300 ng/L and 1420 ng/L in WWTPs and
effluents respectively (Minh et al., 2009). One of the sulfonamides i.e., sulfamethox-
azole was identified with a concentration of 5597 ng/L. (Peng et al., 2008) in effluent
and 6000 ng/L (Batt et al., 2006) in a wastewater plant. Both the resistant genes of
tetracycline (tet A, B, C, G, L, M) and sulfonamide (sull) have been investigated in
WWTPs (Szczepanowski et al., 2009). The overall findings confirmed the effluents
responsible for anthropogenic sources in an environment that further outspread the
resistance to non-resistant bacteria (LaPara et al., 2011; Pruden et al., 2012).

A study reported the detection of NSAID (Non-steroidal anti-inflammatory drugs)
in municipal WWTPs with the concentration of 0.42-367 mg/kg whereas in livestock
WWTPs antibiotics have been shown to be present in the range of 43.6-142 mg/kg
(Ekpeghere et al., 2017). Dispersal of ARGs in the environment is highlighted as a
global concern as the adulterated water is supplied for various agricultural practices.
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Sewage received by WWTPs, thus, contains residual antibiotics from different
sources along with the corresponding ARB, including human pathogens (Borjesson
et al., 2009). The designing of WWTPs aimed for the removal of solids, organic
matter, and nutrients but not for the removal of antibiotics and ARGs. The presence
and persistence of antibiotics and ARGs in WWTPs are posing a serious hazard to the
environment and public health (LaPara et al., 2012). The existence of antibiotics even
in trace amounts in WWTPs allows frequent horizontal gene transfer (HGT) between
different bacterial species, and thus, several pathogens are developing resistance
particularly against broad-spectrum antibiotics (Rahal et al., 1997). In developing
countries of the world, the situation is even more difficult to control because of a
breakdown in health services and sanitation which leads to the rapid dissemination
of resistant pathogens (Dodge, 1990).

WWTPs significantly contribute toward the problem of antibiotic resistance due
to issues associated with their treatment processes. The activated sludge process is
the most used wastewater treatment process in the world intended to reduce and elim-
inate some antibiotics and other pharmaceutical compounds from wastewater. The
biodegradation/sorption process is commonly used for the removal of non-volatile
compounds such as pharmaceuticals. The sorption process cannot be used for the
removal of all types of antibiotics because of the selective specificity of antibiotics
toward biosolids (Chander et al., 2005). Chlorination and ultraviolet (UV) treat-
ment are the other methods used for the removal of pathogens and also contribute
to the elimination of some pharmaceuticals in wastewater. However, the findings of
several studies suggested the inefficiency of disinfection processes in the removal of
antibiotics (Batt et al., 2007; Jones et al., 2005). Volatilization (resulting from aera-
tion) or photodegradation (triggered by sunlight) are recognized as effective removal
mechanisms; however, they have limited or no impact on antibiotics due to their
negligible or non-existent efficacy in breaking down these compounds. In WWTPs
the transformation of antibiotics into compounds with increased hydrophilicity or
hydrophobicity, as well as their conversion into carbon dioxide that adheres to the
activated sludge, poses significant worldwide challenges. These processes make it
more challenging to effectively degrade antibiotics in wastewater (Halling-Sgrensen
etal., 1998; Kiimmerer, 2003). Further, finding the absence of the parent pharmaceu-
tical from the WWTP effluent can mislead treatment strategies, the compound can
be transformed and persist in the effluent. Identification of the antibacterial poten-
tial of the transformed compounds is another issue that needs consideration and
immediate scientific attention. It is not enough to have an idea about the number
of antibiotics discharged in the wastewater however, it is also important to identify
the nature and quantities of degradation products because the transformation of a
biologically active compound does not necessarily equate to detoxification. Owing
to the above context it is challenging to identify the realistic load of antibiotics
in WWTPs. Overall, the methods for ARB and ARGs removal in wastewater and
sludge often fall short of complete elimination due to various factors. These include
the resilience of certain ARB and ARG, variations in treatment conditions, poten-
tial shielding of contaminants, and the specificity of removal techniques. Biological
treatment may not entirely eradicate these elements, and chemical treatments may
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have varying effectiveness. Adsorption methods may not be universally suitable, and
membrane filtration might not fully remove smaller molecules. UV disinfection may
face limitations, while land application of biosolids carries environmental exposure
risks. Comprehensive ARB and ARG removal typically necessitates a multifaceted
approach, coupled with responsible antibiotic use to manage antibiotic resistance in
the environment. In a study, metagenomic sequencing was used to assess microbial
community diversity and the fate ARGs, antibiotic biosynthesis genes (ABSGs), and
virulence factor genes (VFGs) in sewage samples from four major WWTPs in the
United States. The study found that the diversity and composition of these genes
were linked to the treatment processes. While overall ARG and VFG abundances
decreased by over 20% after treatment, the activated sludge process (ASP) selectively
enriched multidrug resistance ARGs and certain VFGs. Sub-groups of ABSGs also
saw substantial increases during ASP. These insights shed light on how conventional
wastewater treatment processes impact ARGs and VFGs, aiding in understanding
their dissemination through sewage and suggesting strategies to mitigate antibiotic
resistance spread via sewage discharge (Le et al., 2022).

2 Antibiotic-Resistant Genes

Maximum antibiotics, ARGs and ARB enter the environment via WWTPs into irri-
gation, rivers, and biosolids. As a result of anthropogenic activities, aquatic ecosys-
tems contaminated by antibiotic compounds are the chief sites for the occurrence
of ARGs. These are transferred to other microbial pathogens via horizontal gene
transfer, rendering antibiotics ineffective for the treatment later (Zhou et al., 2016).
Hospital wastewater has been shown to host a multitude of Antibiotic Resistance
Genes (ARGs). Early studies, dating back to the 1970s, indicated a higher prevalence
of transferable resistance in coliform bacteria from hospital wastewater compared
to municipal wastewater (Grabow and Prozesky, 1973). Recent research in Romania
identified ARGs for tetracyclines, aminoglycosides, chloramphenicol, p-lactams,
sulphonamides, quaternary ammonium, and macrolide-lincosamide-streptogramin
B antibiotics in hospital wastewater (Szekeres et al., 2017). A review of 37 studies
found that hospital wastewater consistently carries more ARGs than community
wastewater and serves as a significant source of antibiotic resistance in the envi-
ronment (Hassoun-Kheir et al., 2020). A group of researchers evaluated the ARGs
like tet (X, W, G), sul-1, and intl-1 present in municipal WWTP that is comprised
of anaerobic/aerobic/anoxic bioreactors. In anaerobic and anoxic units, a decrease
in ARGs succeeding with an increase in ARGs of aerobic units was observed. The
overall result demonstrated the effectiveness of anaerobic and anoxic treatments was
more superior to aerobic ones (Du et al., 2015). Antimicrobial compounds act by
targeting various bacterial cell sites, exhibiting bactericidal or bacteriostatic effects.
Bacteria, in response to environmental stress, employ defense mechanisms to coun-
teract these antimicrobials. Common resistance mechanisms involve altering antibi-
otic target sites, reducing drug affinity, decreasing drug accumulation, employing
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inactivating enzymes, and acquiring alternative metabolic pathways. Genes encoding
the antibiotics are usually located on mobile genetic elements like plasmids, trans-
posons as well as integrons that take part in the dissemination of ARGs and emer-
gence. More specifically integrons include resistance cassettes that code for different
ARGs (aminoglycoside, sulfonamide) and efflux pump (qacEA1) resistance genes
(Xu et al., 2017). In certain conditions with a shared promoter, multigene cassettes
may contain various genes, including antibiotic resistance genes (ARGs). These
cassettes can exhibit different ARGs’ expression in response to selection pressure
from specific antibiotics. For example, in the case of MRSA (methicillin-resistant
Staphylococcus aureus), a cassette may carry the mecA gene, which imparts resis-
tance to methicillin and related antibiotics (Di Cesare et al., 2016; Sharma et al.,
2016).

Wetland sediments are a crucial source of aquatic ARGs because of the regular
release of microbe into water. The level of ARGs mainly depends on the environ-
mental factors of the wetland with domestic sewage as the major source of ARGs. A
group of researchers demonstrated the presence of ARB, sul (1&3), tet (A, B, C, E),
and gnr (S) genes in surface flow wetland (Fang et al., 2017). In wastewater associated
with the microbial community, a large number of ARGs has been demonstrated and
by the release of wastewater into the aquatic environment these can move along the
water cycle. Notably, the prime sites for occurrence and dispersal of ARGS are the
aquatic systems that get polluted with antibiotics mainly from various human activi-
ties (Rodriguez-Mozaz et al., 2015). Various qnr genes on plasmids encode proteins
that reduce the effectiveness of DNA gyrase and topoisomerase IV, resulting in low-
level fluoroquinolone resistance. qnrB genes, originating from different Citrobacter
species, and qnrA genes from Shewanella algae are prevalent. These genes are often
found on class 1 integrons, co-carried with other resistance determinants. qnr genes
are frequently detected in aqueous environments, including WWTPs, their effluents,
soil irrigated with wastewater, and wetlands along urban coasts, indicating potential
environmental dissemination of antibiotic resistance determinants (Mutuku et al.,
2022).

3 Methods for Analyzing Antibiotic Resistance Genes

As research on antibiotics is mainly focused on microbes for the past 70 years,
wherein the foremost method employed is pure culture isolation. Testing of antibi-
otic susceptibility is reasonably affordable and provides fundamental data required
for the treatment of patients related to resistance. Worldwide, the clinical break-
points committees such as Clinical and Laboratory Standards Institute (CLSI) and
EUCAST, www.eucast.org help in interpreting antibiotic resistance. But these clin-
ical breakpoints are not applicable for wastewater bacteria. In this case, epidemi-
ological cut-off values i.e., ECOFFs have been introduced for determining the
wastewater. The term ECOFF is used to define the Minimum Inhibitory Concen-
tration (MIC) threshold at which bacterial isolates exhibit phenotypically detectable
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acquired resistance mechanisms (Kahlmeter and Turnidge, 2022). Pure culture isola-
tion is a daunting task and may not work for organisms difficult to culture and there-
fore, for determining antibiotic-resistant genes, various molecular biology tools have
been used like polymerase chain reaction (PCR), quantitative PCR, digital PCR and
genome sequencing (Martinez et al., 2014).

3.1 PCR and its Variants

PCR is a basic genetic method and powerful detection tool with significant diagnostic
values employed in numerous scientific areas. This method is used in the identifica-
tion of resistance, virulence factors, and other properties of microorganisms. Based on
amplification of specific target genes or application of probes, detection of antibiotic-
resistant genes along with their expression was observed. Real-time PCR as compared
to conventional PCR requires less duration of time and therefore yields products in
a very short period (March Rossellé & Bratos Pérez, 2016). Various real-time PCR
is known that can detect the pathogens and the genes responsible for antibiotic resis-
tance of different specimens. Such kind of PCR is automated and can amplify the
target within few minutes. Verigenesystem developed by nanosphere is used for iden-
tification of antimicrobial resistance marker. It has detected 9 species 3 genera of
bacteria and 2 resistance genes (mecA & vanA/B) with high specificity (100%) and
sensitivity in gram-positive bacteria. In the case of gram-negative bacteria, 5 species
and 4 genera of bacteria and resistance genes (CTX-M, ESBLs, KPC) were detected
within 3 h of time exhibiting 93% specificity and sensitivity (Ledeboer et al., 2015).

The Xpert Carba-Rcatridge from GeneXpert can detect genes for KPC, NDM,
VIM, IMP, and OXA-48 within an hour using PCR amplification. Eazyplex system
carries out DNA amplification via LAMP (loop-mediated isothermal amplification).
Amplification in this technique is done through chain displacement without a change
in temperature and the amplicon formed is detected in real-time. Numerous such kits
in different formats and different amplifuication methods that can determine the genes
responsible for antibiotic resistance are in market (Hinic et al., 2015; Bloembergetal.,
2014).

Analysis of antibiotics resistant genes from environmental DNA can be achieved
by PCR and quantitative PCR techniques. The kits available for clinical samples can
be repurposed to detect the ARB or ARGs in WWTPs. The initial processing of
the samples and nucleic acid isolation needs optimization. To achieve optimization,
spiking and marker use are considered. For instance, for SARS-CoV2 process opti-
mization, Phi6 bacteriophage was employed as a surrogate for enveloped viruses.
In the analysis of Antibiotic Resistance (AR), sample processing is essential. This
involves actions like concentrating Antibiotic Resistance Genes (ARGs), eliminating
impurities, and ensuring sample uniformity. Common processing methods involve
filtration and/or centrifugation. Filtration is typically employed for liquid samples,
while centrifugation is preferred for samples with a significant solid content, such as
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activated sludge. Hundreds of ARGs as well as other genes can be detected simul-
taneously in one run by qPCR array (Zhu et al., 2013). Using qPCR, a comparative
analysis of 10 genes related to tetracycline resistance and three sulfonamide resis-
tance genes was conducted in two Polish WWTPs. The study revealed an augmen-
tation of selected ARGs following wastewater treatment processes highlighting the
pivotal role of WWTPs in amplifying the distribution of antibiotic resistance deter-
minants in the environment (Pazda et al., 2020). Droplet Digital PCR (ddPCR™)
has been used to analyze Antibiotic Resistance Genes (ARGs). ddPCR offers precise
quantification by counting nucleic acid molecules enclosed in defined water-in-oil
droplets. The study assessed one mobile element integrase gene (intl1) and seven
ARGs, including four tet genes (tetA, tetC, tetQ, tetW), one macrolide resistance
gene (ermB), and one sulphonamide resistance gene (sul2). The impact of ultrasonic
treatment on these ARGs was examined in different types of sludge from Wastewater
Treatment Plants (WWTPs). The results indicate that ultrasonic pre-treatment had
limited effects on the absolute concentrations of total ARGs, with some fluctuations
observed in specific ARGs and intl1 abundance (Rumky et al. 2022). Thus, PCR
based techniques provide a better opportunity for the detection of ARGs, sequences
of mobile genetic elements, and target genes of bacterial species present in WWTPs
or in the environement.

3.2 Microarrays

This method is known for the detection of target molecules hybridized to a specific
probe on a solid base using image analysis. It can analyze vast number of resistance
genes in a single assay. Many of the microarrays like Check MDR (CT102, CT103,
CTI103XL) can detect several genes that code for different types of p-lactamases
(ESBLs, AmpCs, carbapenemases) have been marketed (Bogaerts et al., 2016; Cuzon
etal., 2012; Stuart et al., 2012). Pathogen identification and microbial source tracking
(MST) enhance water quality evaluation, health risk assessment, and pollution source
remediation. A microarray, used with dead-end ultrafiltration and whole-genome
amplification, detected various pathogens, viruses, and antibiotic resistance genes
in different water types, including sewage-contaminated samples. Sensitivity for
sewage-related gene targets was around 51-57%, lower than specificity (79-81%)
(Lietal., 2016).

3.3 Metagenomics

With some limitations of qPCR targeted analysis and failure to design primers for
new or unknown genes, the most suitable approach is Metagenomics. It is based
on the sequencing of the whole metagenome present in the environmental sample.
It is becoming a widely used and affordable approach for analyzing the ARB
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and ARGs present in the waste water treatment plants (Thirunavukarasou et al.,
2022). It is not only restricted to the detection of species already known genes
but also has the potential to determine the new ARGs. A shotgun metagenomic
approach was used to analyze ARGs and mobile genetic elements (MGEs) in acti-
vated sludge samples from two hospital wastewater treatment plants in Daegu, South
Korea. Microbial community diversity was assessed through 16S rRNA metagenome
sequencing. Cloacibacterium caeni and Lewinella nigricans dominated in domestic
sewage wastewater (SWW) effluents, while Bacillus subtilis and Staphylococcus
epidermidis were prevalent in hospital wastewater (HWW) effluents. Notably, HWW
had higher ARG abundance, including multidrug resistance, macrolide-lincosamide-
streptogramin, beta-lactam, bacitracin, and tetracycline, indicating antibiotic use in
human medicine. Higher levels of MGEs in HWW raised concerns about horizontal
gene transfer (Manoharan et al., 2021).

A group of researchers determined the ARGs present in WWTP of 8§ activated
sludges collected twice in both seasons. As a result, a wide spectrum of ARGs was
detected with approximately 200 subtypes, many of which were reported for the
first time. The ARGs identified were mainly aminoglycoside, tetracycline, sulfon-
amide, and chloramphenicol. It is quite evident from the above study that wastew-
ater influent possessed the highest ARGs subsequently followed by affluent, anaer-
obic digestion and activated sludge. This approach has also been implicated for the
detection of ARGs in different environmental samples (Yang et al., 2014). A study
performed by Nesme et al. revealed the different ARGs present in 71 environment
specimens. The other study also investigated the occurrence patterns of ARGs from
10 different samples including WWTPs. A total of 260 subtypes of ARGs were
determined within a range of 5.4 x 10 to 2.2 x 10~ copy of ARG/16s rRNA. The
total ARG in a different environment was the same as the level of anthropogenic
impact. It was clear from the results WWTPs contribute to the major hotspot of
abundant ARG dissemination (Li et al., 2015). To detect low-abundance ARGs, a
high-throughput amplicon sequencing method was developed, targeting 251 ARGs,
8 mobile genetic element genes, and 19 metal resistance genes. The new method
outperformed traditional shotgun sequencing, offering significantly improved sensi-
tivity, diversity, and cost-effectiveness. The approach was applied to environmental
and clinical samples, demonstrating its efficiency in ARG surveillance and evolution
assessment. By enhancing our understanding of resistome dynamics, this method
provides valuable insights into the global challenge of antibiotic resistance (Li et al.,
2022). Amplicon sequencing panels are available commercially as well such as
The AmpliSeq for Illumina Antimicrobial Resistance Research Panel. The panel
offers a fast, precise, and economical solution for the detection of 28 distinct antibi-
otic classes. It consists of two pools comprising 815 amplicons designed to eval-
uate the presence of 478 antimicrobial resistance (AMR) genes. This collaborative
effort involved experts from Lawrence Livermore National Laboratory, University
of Chicago, Argonne National Laboratory, Los Alamos National Laboratory, and
Naval Research Laboratory.
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4 Impact of Antibiotic Resistance on Public Health

The rapid emergence of antibiotic resistance development through wastewater and
WWTPs is a serious concern and negatively affects the environment and public
health. Heavily populated cities drinking-water aquifers are usually polluted with
wastewater effluent (Sedlak et al., 2000). Through such practices, antibiotics and
resistant bacteria are introduced into the drinking-water systems and increasing the
potential risk of human exposure. There are different possible routes by which antibi-
otics and ARGs from WWTPs and agricultural runoffs can reach the consumers of
treated water. The presence of discharge points of municipal WWTPs upstream of a
pumping station, seepage and runoff of lagoon wastewater from animal feeding oper-
ations, and farm application of the lagoon sediments are few potentially risky sources
that allow the introduction of antibiotics and antibiotic-resistant bacteria in the water
supplies. The amount of antibiotics and ARB in the water supplies is highly influ-
enced by the disinfection process employed and its frequency of use. Chlorine is a
generally effective disinfection process, a significant increase in ARB was observed
in chlorinated swine lagoons. The plausible reason behind that is the presence of
chlorine-resistant bacteria may reduce bacterial removal efficiency during chlori-
nation due to the development of resistance against disinfectants (Macauley et al.,
2006). WHO has categorized 12 bacterial species and their accompanying AMR
profiles that are found highly hazardous to human health (WHO, 2019). Majorly the
Gram-negative bacteria are included in the list, the most common etiologic agents and
mainly found in hospital- and/or community-acquired infections. Table 1 shows the
categorization of these bacterial species and drugs for which they possess resistance.

The presence of even traces of antibiotics in WWTPs and the availability of
high bacterial species make the environment highly favorable for the development
of resistant strains. The presence of antibiotics works as a selection pressure and
this stress induces mutations in bacteria and thus they acquire resistance not only
against a single drug but also against multiple antibiotics. Further, these resistance
strains rapidly transfer their ARGs to the available high bacterial population, and
thus, resistance spread exponentially through HGT methods (Korzeniewska et al.,
2013). Waste generated by hospitals is considered a major source of ARB which
is further transferred to WWTPs and contaminates surface water/groundwater and
agricultural soil. Proper safety measures should be acquired before the discharge of
hospital waste and reliable testing of discharge samples must be employed to analyze
aload of resistant bacterial strains and the number of antimicrobial residue/agents in
the hospital waste to adopt necessary control measures for the same. To prevent the
dissemination of ARB, the use of effective disinfection processes with their correct
doses is essentially required (Exner et al., 2017). The use of sub-lethal doses can
trigger resistance. Identification of effective disinfectants and measurement of their
appropriate doses are very crucial and essential steps used to eliminate ARB from
waste discharge. The discharge of antibiotics by living beings into the environment
through their feces and urine is a serious matter of concern. The humans and animals
generated waste contains a mixture of partially metabolized bioactive compounds
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Table 1 Categorization of bacterial species according to their impact on human health and their
potential to acquire resistance, along with their antimicrobial resistance profile

Category

Name of the bacterial species

Resistance against drug

Critical priority

Acinetobacter baumannii

Pseudomonas aeruginosa

Carbapenem

Klebsiella spp.,

Escherichia coli,

Serratia spp.,

Proteus spp

Carbapenem and extended-spectrum
3-lactamase

High priority

Enterococcus faecium

Vancomycin

Staphylococcus aureus

Methicillin, Vancomycin

Helicobacter pylori

Clarithromycin

Campylobacter spp.

Fluoroquinolone

Salmonella spp.

Cephalosporin, Fluoroquinolone-

Neisseria gonorrhoeae

Medium priority Streptococcus pneumoniae Penicillin
Haemophilus influenzae Ampicillin
Shigella spp. Fluoroquinolone

Source WHO report (2019)

and xenobiotic compounds. The discharged antibiotics by this waste are further incor-
porated into the municipal sewers, sewage sludge, and the soil by different routes.
As municipal wastewater contains high levels of inorganic and organic matter that
accelerate the growth of microorganisms present in the waste including commensal,
pathogenic, and non-pathogenic bacteria, further emergence of antibiotics in this
waste causes the rapid development of resistance through HGT (Silva et al., 2006).
Thus, the WWTPs are known as potential hot spots for promoting the spread of
antibiotic resistance and overall increase ARB and ARGs in the environment (Moura
etal., 2011). Research findings showed the presence of higher percentages of MDR
bacteria in the effluent of treated wastewater than in the affluent, confirming the
increased impact of remnants of antibiotics in the aquatic environment. Thus, there
is an emerging need for the development of effective strategies of antibiotics removal/
degradation from WWTPs as the persistence of microbial contaminants is a major
threat to public health (Harnisz, 2013). Different factors like the design and operation
of WWTPs affect the dynamics of ARB and ARGs in wastewater. Even after treat-
ment of water, complete removal of microbes cannot be ensured, and their potential
risks cannot be overlooked. In distribution system pipe proliferation of bacteria in
drinking has been observed even after chlorination (Marathe et al., 2017).

Different factors like an increase of antibiotic-resistant bacteria, decrease in the
count of antibiotic-sensitive bacteria, type of antibiotic resistance acquired, and dose
of disinfectant, all affect the increase in the ARB content in the effluent of WWTPs.
Pathogenic bacterial strains which acquire resistance against one or more antibiotics
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might be transferred from the environment to humans and pose a significant threat
(Blascoetal.,2008). The chances of acquiring resistance by human pathogens are also
increasing and affecting their population dynamics. The presence of multi-resistance
bacteria and genes in drinking water has been reported. Multi-resistant Salmonella is
identified in water used for spraying vegetables (Parvathi et al., 2011). The develop-
ment of multidrug resistance phenotypes imposes further limitations on the available
therapeutic options. Thus, the selection of an effective process for wastewater treat-
ment can play an important role in the reduction of ARB and ARG contaminants
from the effluent which will further reduce their possible risks to the environment
and public health. Different factors can control the choice of wastewater treatment
method to be used. Improvement in treatment technologies can reduce the chances
of ARB infections.

Transfer of ARGs from non-pathogenic strains to pathogenic strains that may
infect humans and cause severe health risks is a serious issue. Pomati et al. (2006)
reported inhibition in the proliferation of human embryonic cells by a complex
mixture of therapeutic drugs (including four antibiotics) and these pharmaceuti-
cals might potentially affect aquatic life as well. Inhibitory effects of low levels
of pharmaceuticals were observed on the catalytic activities of different xenobiotic-
metabolizing enzymes present in carp liver (Thibaut et al., 2006; Shah Maulin, 2020,
2021a,2021b). In a study conducted by Wilson et al. (2003) eco-toxicological effects
of ciprofloxacin antibiotic along with triclosan (antiseptic) and tergito NP10 (surfac-
tant) were reported in the aquatic environment. The mixture of pharmaceutical prod-
ucts significantly affected the rate of algal biomass production and algal community
structure. The authors used different concentrations of ciprofloxacin antibiotics and
studied its impact on the algal community structure in the upstream and down-
stream samples of a WWTP. Findings suggested that that continuous exposure of
ciprofloxacin influenced the algal community structure and later it shifts the food
web structure of streams. Halling-Sgrensen (2001) evaluated the EC50 value of
certain antibiotics to activated sludge bacteria and Nitrosomonas europaea and found
maximum toxic effects were exerted by chlortetracycline and oxolinic acid. The
assessment of human health risks associated with ARB and ARGs in aquatic envi-
ronments remains a challenge due to the lack of specific data, such as dose-response
relationships and exposure assessments. Amarasiri et al. outlines recent studies on
human health risk evaluations related to ARB and ARGs, emphasizing the need for
additional data to conduct a refined quantitative microbial risk assessment (QMRA)
for various scenarios. QMRA, which combines information on occurrence, exposure,
and dose-response, has been applied to assess health risks related to pathogens like
E. coli, Campylobacter, and Legionella. While QMRA is considered a suitable
method for assessing the additional human health risks posed by ARB, more research
is needed. Recent studies have evaluated exposure to antibiotic-resistant E. coli
through drinking water and irrigation, indicating potential risks. The transfer of
ARGs varies based on bacterial counts, and even a low dose of ARB can pose health
risks, particularly for individuals with compromised immune systems. However,
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limited data on exposure and dose-response for ARB and ARGs hinder the quanti-
tative assessment of these risks, necessitating further research to better understand
their implications in various scenarios (Amarasiri et al., 2020).

The antibiotic resistance ultimately decreases societal productivity and increases
the number of side effects (WHO report, 2019). The major risk groups who are highly
susceptible and can be devastatingly affected by antibiotic resistance are.

¢ Infants, especially premature babies, due to their less developed and weak immune
systems.

e Seniors, who are living in long-term care facilities or seniors’ residences for along
period. As they have more chances of infection exposure, they are in close contact
with many other people and have weakened immune systems due to prolonged
illness or extended use of medicines.

e Homeless people or those who are living in crowded or unhygienic conditions.
They have a higher risk of infection exposure.

People with weak immune systems due to prolonged illness or injury.

People are associated with healthcare facilities and working in daycare centers
or other settings where chances of spreading infections are very high, especially
when proper infection prevention and control measures are not followed.

Antibiotic resistance is an emerging threat for society. To avoid the environmental
spreading of ARB and ARGs, specific assessment tools and methods are required to
identify the antibiotic residue and the antibiotic-resistant determinants present in the
wastewater. Intensive and result-oriented research is required for developing effec-
tive treatment and disinfection methods for the complete elimination or degradation
of ARB in WWTPs as their implications on public health and the environment are
challenging and difficult to handle. The WWTPs are best suited for the removal of
solids, organic matter, and nutrients, but unfortunately, their design and operation
do not support the removal of antibiotics and ARB. However, advanced technolo-
gies are being used in WWTPs for water treatment but identification of effective
treatment technology and complete removal of ARB and ARG from the effluent
of WWTPs is still very challenging. Mathematical modeling appropaches can also
help us understand how bacteria and antibiotics interact in water treatment plants.
These models have been useful for wastewater treatment but haven’t focused much on
antibiotic resistance. Some models have explored resistance in specific environments.
Baker et al., developed a mathematical model to quantify the spread of antimicrobial
resistance in stored agricultural waste (Baker et al., 2016). More data is required
to fine-tune such models and include resistance in everyday wastewater treatment
plant operations. Combining different modelling approaches, from population-level
models to individual-based models, could give a clearer picture of how antibiotic
resistance spreads. The main challenge is the lack of data to validate and improve
these models. Developing models that consider resistance, bacteria, gene transfer,
and antibiotic levels could help us understand and control antibiotic resistance better.
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5 Conclusion and Future Perspectives

Different studies suggest the presence of high microbial densities, residual antibi-
otics, and high microbial, growth rates are fundamental issues of conventional WWTP
design that may represent the perfect niche for promoting rapid transfer of ARGs
and spread of multi antibiotic resistance among residents bacteria. Wastewater treat-
ment plants are well designed for the treatment of wastewater but to improve their
antibiotic removal efficiencies their designs and operation should be optimized. The
advanced treatment technologies used in drinking-water production such as activated
carbon, ozonation, and membrane technologies can efficiently reduce the concen-
tration of micropollutants, however; these are not affordable for many municipal
WWTP facilities. Using the combined physical and biological treatment process and
optimizing the operational condition of WWTPs can help in the effective removal of
pharmaceuticals. It is difficult to identify the actual load of antibiotics in WWTPs
as many of them transformed into another form and reactivate. Furthermore, in the
complex environment of WWTPs, the assessment of effective doses of antibiotics
which can raise risks of resistance development is also very difficult. For evalua-
tion of the complete risk of pharmaceuticals in the environment, it is important to
identify the types, abundance of transformed products, and their biological activities
that contribute to adverse ecological and health effects. The advance and sensitive
analytical instrumentation can be used for the identification of traces of metabolites
present in the WWTPs. Toxicity assessment of metabolites and mixtures of micro-
contaminants is essentially required for a complete and reliable assessment of their
adverse ecological and human health consequences. There is an emerging need to
update the current water quality standards to identify the quality of water in terms
of the acceptable levels of micropollutants present in it before its discharge into the
environment. Critical quality assessment of wastewater, recycled into WWTPs, is
important to reduce the significant hazards posed on the environment and public
health.

The absence of standardized regulations for monitoring microcontaminants has
led to a rise in environmental antibiotic resistance, endangering public health and
ecological stability. Wastewater treatment plant effluents, containing ARGs, signif-
icantly contribute to the spread of resistance among various bacteria through hori-
zontal gene transfer. This poses a risk to humans and animals, challenging the “One
Health” initiative endorsed by the World Health Organization and hindering the
achievement of the United Nations Sustainable Development Goals. To mitigate
this, advanced technologies are essential for removing antibiotics and ARGs from
wastewater. Setting stringent limits on antibiotic release from sources like hospitals
and agriculture, while also controlling other drugs and biocides driving resistance,
is crucial.

The effluent of WWTPs is used for many purposes without knowing the potential
hazards accompanied by it. Critical assessment of actual microbial load, amount of
residual antibiotics or their transformed compounds, and their biological activities
must be checked before the recyled water is used. Antibiotic resistance and water
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sustainability are global grand challenges that need immediate attention and must
be addressed. There is a need for continuous investment and innovation in research,
technology, and policy development, particularly where the two challenges inter-
sect. Very few epidemiological studies have been conducted to evaluate evidence of
recycled water as a source of microbial illness. Next-generation sequencing, metage-
nomics, and other new molecular epidemiological approaches are providing insights
into the relative contributions of various sources to antibiotic-resistant diseases in
humans. Assessment of their impact on the environment and public health is required.
However, quantification of risks with the effect of other related sources is quite chal-
lenging. Identification of low-cost mitigation strategies that work with existing infras-
tructure or upgrade plans, and can also provide additional benefits of water treatment,
nutrient recycling, and watershed protection is the need of the hour. Further research
on environmental antibiotic contamination and its link to resistance development
is needed to enhance intervention measures. Although the occurrence of antibiotic
ARGs in the One-Health cycle may vary, it is believed that some ARGs create
connections between different niches and environmental areas. Integrated monitoring
programs are necessary to track the spread of ARB and ARGs across the One-Health
framework. Challenges include aligning methods and sites, deciding what biological
entities to target (bacteria, mobile genetic elements, or ARGs), and ensuring method
sensitivity and accuracy. The ultimate goal is to provide data for authorities and
policymakers to develop guidelines for preventing resistance spread, but translating
scientific data into practical information remains a significant challenge.

The above-mentioned areas need susbtancial scientific inputs to address the issue
of the rapid emergence of antibiotic resistance and its potential hazards to the envi-
ronment and public health. To conclude, addressing the issue of ARGs and ARBs and
their potential impact on public health, several strategies should be considered. These
strategies involve implementing more robust surveillance and monitoring systems to
track the trends and presence of ARGs and ARBs in WWTPs, researching and devel-
oping advanced wastewater treatment technologies that specifically target and reduce
these contaminants, and establishing regulatory measures and guidelines to control
their release into the environment. Promoting public awareness, fostering collabo-
ration among research institutions, wastewater authorities, and healthcare organiza-
tions, and adopting a holistic “One Health” approach that recognizes the intercon-
nectedness of human, animal, and environmental health are all pivotal. Furthermore,
encouraging antibiotic stewardship within healthcare settings, promoting interna-
tional cooperation, and continuing to research innovative technologies for ARG and
ARB removal are essential components. Long-term health impact studies are also
necessary to gain insights into the consequences of the increased presence of ARGs
and ARBs in the environment. These comprehensive strategies are designed to miti-
gate the risks associated with ARGs and ARBs in wastewater and protect public
health from the growing menace of antibiotic resistance.
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Antibiotic Resistance Genes as Emerging m
Contaminants in Industrial Wastewater e
Treatment

Gayatri Suresh, Agnieszka Cuprys, and Satinder Kaur Brar

Abstract About 70% of antibiotics used in human and veterinary medicine are
excreted unmetabolized and subsequently end up in sewage. The presence of antibi-
otic residues in the environment has led to the selection of antibiotic resistance genes
(ARGs), which have been classified as emerging environmental pollutants. Addi-
tionally, ARGs can also be transferred to non-resistant bacteria by horizontal gene
transfer (HGT), thus further disseminating resistance. As wastewater treatment plants
(WWTPs) are the point of confluence for sewage and bacteria from various sources,
they are believed to be “hotspots” for antibiotic resistance and can act as possible
reservoirs for the selection of ARGs. Hence, it is essential to identify the ARGs
present in WWTPs. Molecular biology tools such as high-throughput sequencing
and metagenomics have been utilized to analyze the resistome in the environmental
DNA obtained from the WWTPs, to understand the risk of the spread of antimicro-
bial resistance. This chapter discusses the prevalence, identification and fate of not
only ARGs but also mobile genetic elements (MGEs) present in WWTPs that are
responsible for the dissemination of antibiotic resistance. Since current WWTPs are
not equipped to remove ARGs completely, the effluent from these can subsequently
disseminate antibiotic resistance into water or soil resources. Therefore, upcoming
techniques for the reduction and/or inactivation of ARGs in WWTPs have also been
reviewed in this chapter. A detailed understanding of the dynamics of antibiotic resis-
tance in WWTPs would guide the development of novel technologies to increase

G. Suresh

Ocular Pharmacology and Pharmacy Division, Dr. Rajendra Prasad Centre for Ophthalmic
Sciences, All India Institute of Medical Sciences, New Delhi, India

e-mail: Gayatri.Suresh@ete.inrs.ca

A. Cuprys
Norwegian University of Life Sciences, Elizabeth Stephansens Vei 15, 1430 As, Norway
e-mail: agnieszka.cuprys @nmbu.no

S. K. Brar (X))
INRS-ETE, UniversitéduQuébec, 490 Rue de La Couronne, Québec, QC G1K 9A9, Canada
e-mail: Satinder.Brar @ete.inrs.ca

Department of Civil Engineering, Lassonde School of Engineering, Toronto, Canada
© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 115

M. P. Shah (ed.), Genomics of Antibiotic Resistant Bacteria in Industrial Waste Water
Treatment, https://doi.org/10.1007/978-3-031-44618-4_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-44618-4_6&domain=pdf
mailto:Gayatri.Suresh@ete.inrs.ca
mailto:agnieszka.cuprys@nmbu.no
mailto:Satinder.Brar@ete.inrs.ca
https://doi.org/10.1007/978-3-031-44618-4_6

116 G. Suresh et al.

the efficiency of WWTPs, as well as policy implementation for appropriate waste
management to control the spread of drug resistance from WWTPs.

Keywords Wastewater treatment plants + Antibiotic resistance * Resistome
sequencing * Reduction + Inactivation

1 Introduction

The serendipitous discovery of penicillin by Sir Alexander Fleming in 1928 spear-
headed the advent of the “Golden Era” of antibiotics. During this period, several
antibiotics were discovered and developed, which have been used for human, agri-
cultural and veterinary purposes. However, the long-term use and abuse of antibiotics
in medicine, agriculture and animal husbandry has resulted in the accelerated emer-
gence and dissemination of antimicrobial resistance (AMR), thus severely restricting
their potential to treat infections. AMR leads to increased mortality, higher medical
costs as well as economic losses and thus poses a serious challenge to public health.
It has been estimated that if unchecked, by 2050, AMR would cause 10 million
deaths annually, along with a reduction of gross domestic product amounting to 100
trillion USD (O’Neill, 2016). Hence, to counter this global health crisis, it is vital to
understand the role of the environment in AMR.

2 AMR and ARGs in Wastewater

Though the primary cause of AMR is the indiscriminate use of antibiotics, in recent
times it has been demonstrated that selective pressure due to the presence of environ-
mental reservoirs of antibiotics has a critical role not only in the transmission of resis-
tant bacteria but also the emergence of novel resistant bacterial strains (Bengtsson-
Palme et al., 2019; Berendonk et al., 2015; Larsson et al., 2018). Antibiotic residues,
along with antibiotic resistance genes (ARGs), have been classified as environmental
pollutants, as in addition to modification of the microbial community, these can also
affect the overall health of the ecosystem (Keen & Patrick, 2013). Wastewater treat-
ment plants (WWTPs) have been identified as a hotspot for the selection of antibiotic
resistance as well as areservoir of ARGs. About 70-90% of the antibiotics consumed
by humans and animals remain unmetabolized and are excreted into the urine or feces.
These antibiotics, therefore, find their way into the sewage system and eventually into
the WWTPs (Kiimmerer, 2009, Limb, 2017). Additionally, the improper disposal of
unused antibiotics as well as effluents from hospitals and pharmaceutical industries
can also serve as sources of antibiotics in the sewage (Kumar & Pal, 2018). The pres-
ence of antibiotics, pharmaceuticals, heavy metals and disinfectants in wastewaters
even in low concentrations provides selection pressure for AMR. WWTPs receive
influents from various sources and therefore have a high bacterial density, which
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Table 1 Wastewaters as a reservoir of ARGs

S. No. | Antibiotic-resistant genes in wastewater References
1 vanA, ampC, mecA, Volkmann et al.
(2004)
2 blaOXA, blaTEM, blaCTX-M, blaEBC, blaFOX, blaCIT Amador et al.
(2015)
3 tetC, tetE, tetG, tetM, tetO, tetQ, tetT, tetW, sull, sul2, sul3, ogxB, | Chen et al.
gnrS, gnrD, ermB, ermC, aph, aadD, aac, acrA, acrB (2015a)
4 tetA, tetB, tetC, tetG, tetL, tetM, tetO, tetQ, tetW, tetX, sull, sul2 Li et al. (2015)
blaKPC, blaCTX-M, blaSHV, blaTEM, gnrS1, gnrS2 Ngetal. (2017)
6 mef, msv, mph erm, Gonzalez-Plaza
etal. (2018)
7 etM, intl, qacEA1, blaOXA-58 Hultman et al.
(2018)
8 nrA, tetC Huang et al.
(2019)
9 mecr-3, mer-4, mer-5, mer-7, mer-1 Kneis et al.
(2019)
10 blaCTX-M, blaTEM, blaSHV, mcr-1 Hassen et al.
(2020)
11 blaSHV, blaCTX, blaNDM sull, sul2, vanA, ermB, gqnrS, gnrA, Zhang et al.
tetO, tetW (2020)

provides a conducive environment for HGT of ARGs, thus facilitating the spread of
AMR to novel phenotypes (Karkman et al., 2018). Several studies have previously
detected the presence of ARGs in wastewaters (Table 1).

3 Dissemination of ARGs in WWTPs

The resistance to antibiotics can be either due to random mutations in the bacte-
rial chromosome (intrinsic) or can be via horizontal gene transfer (HGT) mecha-
nisms (extrinsic), where antibiotic resistance genes (ARGs) and transferred between
bacterial species (Suresh et al., 2018). HGT can occur by one of the three mecha-
nisms: (i) transformation, where extracellular DNA is taken up by the bacteria from
the environment, (ii) transduction, where genes are transferred between bacteria by
bacteriophages and (iii) conjugation, where genes are directly transferred from a
donor to a recipient cell (Burmeister, 2015). HGT mechanisms are primarily respon-
sible for the widespread dissemination of ARGs from environmental to pathogenic
species mobile genetic elements (MGEs) such as plasmids, transposons and inte-
grons have been extensively studied and linked to the transfer of ARGs between
different environmental and clinical reservoirs (Von Wintersdorff et al., 2016).
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3.1 Plasmids

Plasmids are extrachromosomal DNA molecules that can replicate autonomously,
independent of the host cell. Plasmids have been extensively studied for their role
in the dissemination of drug resistance as they can either inherently carry ARGs or
acquire ARGs from bacterial chromosomes by recombination. Additionally, multiple
ARGs can be clustered on the same plasmid, conferring multidrug resistance in a
single “horizontal transfer event” (Barlow, 2009). The dissemination of resistance to
multiple antibiotics such as quinolones, tetracyclines, f-lactams, aminoglycosides,
sulfonamides, carbapenem and colistin via plasmids has been reported in the literature
(Carattoli, 2013; Huddleston, 2014; Liu et al., 2016).

3.2 Transposons

Transposons or transposable elements (TE) are MGEs that can move from one DNA
molecule to another or within a DNA molecule. Composite transposons (Tn) flanked
by insertion sequences (IS) are the carriers of ARGs. have been implicated in the
transfer of ARGs between bacterial cells Tn903, Tn9, Tn10, Tn3 Tn21, Tn1331,
Tn1721, Tn4430 and Tn5403 are some of the transposons that have been reported to
be major carriers of ARGs against multiple antibiotics (Babakhani & Oloomi, 2018).

3.3 Integrons

Integrons are conserved double-stranded DNA sequences that can capture ARG
cassettes by site-specific recombination and thus facilitate the spread of resistance
via plasmids or transposons (Akrami et al., 2019). Of the four classes of integrons, it
is the class 1 integrons that are associated with ARGs mobilization. Though class 1
integrons may be associated with several ARG cassettes, the most frequently detected
ARGs are for streptomycin-spectinomycin and trimethoprim resistance (Sultan et al.,
2018).

The presence of ARGs on the above-mentioned MGEs facilitates the easy transfer
of AMR between related as well as unrelated bacterial species. Table 2 attempts
to summarize the previously published literature on the presence of several MGEs
coding for resistance against the major classes of antibiotics in wastewaters (Table 2).
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Table 2 Resistance against major classes of antibiotics mediated by MGEs in wastewater

Antibiotic class | ARGs present on plasmids Transposons Integrons | References
Macrolides ereA, ereB, ermC, mphA ermA, ermB, ermF | ereA2 Zhang

uinolones nr etal.
Q : 4 (2009),
Tetracyclines tetA, tetA, tetC, tetD, tetE, tetK, tetY | tetB, tetH, tetM tetG Pazda
Sulfonamides sull, sul2, sul3, sull, sul2, sul3 sull, etal.

dhfrAl (2019)
B-Lactams ampR, blaTEM, blaCIT, blaFOX,
blaSH

V blaCTX-M, blaOXA-2
Aminoglycosides | aadA2 aadAl3 strA

4 Enrichment of ARGs in Industrial Wastewater
Treatment

WWTPs function as the site of confluence for wastewaters from several sources,
consequently, have a diverse bacterial population that may carry ARGs. In low-
income countries, influent wastewaters—particularly from hospitals and pharma-
ceutical industries—typically have high levels of resistant bacteria as well as ARGs
(Cahill et al., 2019; Gouliouris et al., 2019; Khan et al., 2019). However, studies have
also reported that even after treatment, effluents from hospital and pharmaceutical
WWTPs contain a higher abundance of antibiotics, resistant bacteria as well as ARGs
(Chagas et al., 2020; Hembach et al., 2017; Seki et al., 2011). Wang et al. reported
that in pharmaceutical WWTPs high levels of ARGs associated with clinically rele-
vant antibiotics were found in the effluent (Wang et al., 2015). The presence of high
levels of integrons associated with antibiotic resistance in wastewater samples was
also reported in several studies (Gaze et al., 2011; Ma et al., 2011; Mokracka et al.,
2012; Tchuinte et al., 2016).

While conflicting studies have previously also reported the removal of ARGs in the
liquid effluent, it is estimated that up to 90% of ARGs in WWTPs are enriched in the
sludge (Fig. 1) (Hayward et al., 2019; Korzeniewska & Harnisz, 2018; Redhead et al.,
2020; Yang et al., 2014). Activated sludge treatment is the commonly used technique
for biological treatment of industrial wastewaters; however, several factors such as the
high microbial density and diversity, sub-inhibitory concentrations of antibiotics in
flocs, the extracellular polymeric substance matrix and proper aeration facilitate the
enrichment of ARGs in the sludge. The application of sludge as manure in agriculture
can thus introduce these ARGs into the soil reservoir. Resistant bacteria from the
aeration tank can also be discharged with the effluent, thus leading to contamination
of water resources with ARGs (Zhang, 2016). Some studies have even reported the
selection of ARGs in the last step of disinfection in WWTPs, while removing residual
bacteria (Fiorentino et al., 2019).

Since WWTPs are not equipped for the complete removal of antibiotics, resis-
tant bacteria and ARGs, these can enter the environment through WWTP effluent.
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Fig. 1 ARG transfer in wastewater treatment plant

The treated effluent is often used for irrigation for the production of drinking water,
which provides even more avenues for ARGs and resistant bacteria to enter the
human ecosystem. Previously, several studies have reported a higher abundance
of ARGs, such as those coding for resistance against B-lactams (ermB), fluoro-
quinolones (gnrS), tetracyclines (tetW, tetC, tetB, tetM, tetO, tetG, tetA, tetO, tetC,
tetX, tetM, tetQ and tetW) and sulfonamides (sull and sul2) in rivers that receive
WWTP effluents (Sabri et al., 2020a). Therefore, to understand the eventual effect
of discharge of treated WWTP effluents into the environment, it is crucial to detect
and quantify the ARGs present in WWTP.

5 Identification of ARGs

Several methods are available for the detection of ARGs in wastewater, which can
be either culture-dependent or culture-independent.
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5.1 Culture-Dependent Method

As the name suggests, this method is based on the isolation of cultivable bacteria from
wastewater. Once pure cultures of the bacterial strains are obtained on specific culture
media, their resistance to different antibiotics can be measured by standard tech-
niques such as disc diffusion method or broth microdilution method (McLain et al.,
2016). Culture-based methods offer the advantages of determination of minimum
inhibitory concentration (MIC) of antibiotics, monitoring the resistance in clinically
relevant bacterial strains, characterization of phenotypes of resistant bacteria, as well
as assessing the bacterial capacity to participate in HGT mechanisms However, as
a majority of the microorganisms cannot be cultured, this method does not give the
true picture of the prevalence of ARGs in wastewater (Manaia et al., 2018).

5.2 Culture-Independent Methods

These methods are based on the direct analysis of DNA or RNA in the wastewater.
Two main techniques used for this are as follows.

5.2.1 Quantitative Polymerase Chain Reaction (qPCR)

This method is used for the genotypic identification of ARGs in cultivable as well
as non-viable microorganisms. It utilizes specifically designed primers for the real-
time amplification of the targeted genefragment. The amplicon produced can be
quantified by correlation with the emission signal produced by fluorescent-tagged
dyes or probes. It is a highly specific targeted analysis method and can also be
used to detect a specific gene or gene mutation. Additionally, high-throughput gPCR
arrays can quantify hundreds of ARGs as well as MGEs associated with ARGs
simultaneously (Volkmann et al., 2004). However, this technique can be used only for
the detection of those ARGs for which primer designing is possible, thus restricting
the discovery of novel ARGs. Additionally, environmental samples may contain
inhibitor molecules that can affect the accuracy of the technique (Karkman et al.,
2018; Manaia et al., 2018).

5.2.2 Metagenomic Analysis

Metagenomic analysis refers to the analysis of the collective genomes extracted
directly from environmental samples and when combined with high-throughput
sequencing technique can be used to not only determine the abundance and diversity
of ARGs in wastewater, but also to study the microbiological profile in wastewater
samples. In this technique, the complete community DNA is sequenced to capture
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the total resistome in the sample, and hence, prior knowledge of ARGs is not needed.
Metagenomics has aided the discovery of novel ARGs against aminoglycosides, -
lactams, tetracycline and bleomycin (Schmieder & Edwards, 2012; Manaia et al.,
2018).

Metagenomic approaches for sequencing can be divided into two: Functional
metagenomics and sequence-based metagenomics. In functional metagenomics, a
metagenomic library is created by the expression of cloned environmental DNA frag-
ments in a surrogate host (e.g., Eschericiha coli). Following this, the host is tested for
susceptibility to different antibiotics, and clones showing phenotypic resistance are
further screened for ARGs via mutagenesis, proteomics or in-silico analyses. Func-
tional metagenomics has been used to identify previously unknown genes coding for
antibiotic inactivation, and efflux pumps (Mullany, 2014). In sequence-based metage-
nomics, random DNA fragments are sequenced using next generation sequencing
(NGS) techniques. These sequences are then mapped to known sequences deposited
in ARGs databases such as MG-RAST Sequence Read Archive and CAMERA, to
identify ARGs in the wastewater samples (Schmieder & Edwards, 2012).

While both these techniques have definitive advantages over culture-based tech-
niques and qPCR, they are not without limitations. In the case of functional metage-
nomics, for identification of the gene, it has to be functional outside its natural host.
Additionally, novel ARGs that have been detected by functional metagenomics need
to be characterized biochemically as well as microbiologically as in the recombi-
nant host, and the genes may exhibit a different phenotype. For sequence-based
metagenomics, the biggest challenge remains the scarcity of reference sequences,
which could lead to an underrepresentation of ARGs in the environmental sample
(Boolchandani et al., 2019).

For metagenomic analyses, it may be difficult to identify those ARGs whose
abundance decreases during wastewater treatment or to analyze polymorphic ARG
variants of clinical relevance (Manaia et al., 2018). Finally, the insufficiency of stan-
dard techniques or universally accepted tools for metagenomic analyses could cause
the lack of data reproducibility and comparability (Escobar-Zepeda et al., 2015).

In addition to the above-mentioned techniques, few emerging techniques for anal-
ysis of ARGs from environmental samples are also under review. Spencer et al.
reported a novel technique for high-throughput screening of genes—emulsion, paired
isolation and concatenation PCR (epicPCR), by linking functional genes with phylo-
genetic markers in single uncultured cells. This technique can be used to determine
the host of a particular ARG, which is a limitation with all the culture-independent
techniques (Spencer et al., 2016).

6 Removal of ARGs in WWTP

The contribution of WWTP to the selection of AMR and ARGs has been well estab-
lished. The effluent from WWTPs will subsequently carry these ARGs into aquatic
ecosystems, thus causing a large-scale dissemination of AMR into the environment.



Antibiotic Resistance Genes as Emerging Contaminants in Industrial ... 123

Hence, treatment processes in WWTPs must also be removing resistant bacteria as
well as ARGs. Conventional WWTPs are not designed for the removal of micropol-
Iutants such as ARGs. This could be attributed to several factors such as inefficient
adsorption, sieve pore size, the negation of coagulation of ARGs by reconfiguring
surface charge, cell reactivation and growth (Anthony et al., 2020). While some
studies have previously reported a decrease in the ARG concentration after WWTP
treatment, others have reported a significant enrichment of ARGs after conventional
secondary wastewater treatment (Sabri et al., 2020b; Pirniinen et al., 2019).

Hence, it has been postulated that additional treatment technologies could be
effective in the reduction or removal of ARGs in the WWTP effluent. Broadly, these
treatment strategies can be classified into four categories:

6.1 Biological Treatment

While both aerobic and anaerobic strategies have been used for ARG removal,
Christgen et al. reported that lower concentrations of ARGs were obtained in the final
effluent with anaerobic treatment as compared to aerobic treatment. The same study
also reported a combination of the two treatments, i.e., an anaerobic pre-treatment
followed by aerobic treatment in anaerobic—aerobic sequence (AAS) bioreactors
resulted in an 85% removal of ARGs in the effluent as compared to isolated aerobic
and anaerobic treatments (Christgen et al., 2015).

6.2 Capturing ARGs

In this technique, ARGs are physically captured or trapped and removed from the
wastewater (Fig. 2). These strategies include:

6.2.1 Coagulation

Coagulation is a commonly used tertiary treatment process in WWTPs for the
removal of organic matter and suspended particles. In a recent study, Li et al. demon-
strated the removal of tetracycline and sulphonamide-resistant genes as well as the
integrase gene using FeCl3 and poly ferric chloride (PFC) as coagulating agents.
WWTP effluents generally have a pH value of 7-8, due to which the ARGs gets
negatively charged. The iron species in both FeCl3 and PFC are positively charged,
and coagulation of ARGs is primarily attributed to charge neutralization (Li et al.,
2017).
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Fig. 2 Techniques for removal of ARGs

6.2.2 Sedimentation

Sludge sedimentation is an effective technology for ARG removal as a majority of the
ARGs would be separated with the sludge. Previous studies have reported a decrease
in the genes coding for resistance to tetracyclines, sulphonamides, fluoroquinolones
and integron 2 (Anthony et al., 2020).

6.2.3 Constructed Wetlands

Constructive wetlands (CW) is an economically and environmentally feasible engi-
neering system that utilizes soils, wetland vegetation and the associated microbial
community in a controlled environment for the treatment of wastewater (Vymazal,
2010). It is proposed that physical sorption to organic matter or sediment and biolog-
ical processes such as ARG uptake by plants via roots, increased ARG biodegrada-
tion facilitated by the root microbiome as well as bacterial cell death are the major
mechanisms of removal of ARGs in CWs (Chen et al., 2015b; Sabri et al., 2021).

6.2.4 Membrane Filtration

Membrane filtration is based on the physical separation of the pollutant on a molec-
ular sieve. Based on the size of the filter used, membrane filtration can be of the
following types: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and
reverse osmosis (RO). It has been postulated that size exclusion by membrane filtra-
tion removes the antibiotic-resistant bacteria, thus decreases the load of ARGs in the
effluent. The efficiency of the removal of ARGs depends on the pore size as well as
the composition of the membrane. A study carried out by Breazeal et al. reported that
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an alumina membrane of pore size 1kDa was quite effective for the removal of ARGs
(Breazeal et al., 2013). Previous studies have reported a decrease in the abundance
of ARGs in WWTP effluent by membrane filtration (Lan et al., 2019). With respect
to wastewater treatment, NF is a particularly effective technique for the removal of
ARGs due to the pore size of the membrane (100-500 Da). However, after membrane
filtration, an additional step is required for the elimination of the resistant bacteria
and ARGs that have accumulated on the membrane (Wang & Chen, 2020).

6.3 Advanced Oxidation

6.3.1 Chlorination

Chlorination has been used as a cheap and effective technique for the reduction of
ARGs. However, it does not cause any direct damage to the DNA. Chlorination
disinfects the resistant bacteria, thus causing a reduction in the proportion of ARGs.
However, a major drawback associated with this technique is that during dell lysis,

ARGs can be released into the effluent, where they can be taken up by the envi-
ronmental bacteria. In addition, chlorination does not affect the structure of plasmids
which play a major role in the horizontal transmission of resistance (Hiller et al.,
2019; Singh et al., 2019).

6.3.2 UV Disinfection

The disinfection mechanism of UV exposure by the disruption of the nitrogen bases
in DNA has been well characterized. While previous studies have reported favorable
results for disinfection of ARGs in WWTPs in comparison with biological methods
(McKinney & Pruden, 2012; Zheng et al., 2017), Sharma et al. stated that the efficacy
of UV treatment could be increased by combining it with other oxidants such chlorine,
H202, peroxymonosulphate and photocatalysts (Sharma et al., 2019).

6.3.3 Ozone Disinfection

Ozone is a strong oxidizing agent, and it can oxidize either directly or via the produc-
tion of free radicals. ARGs inactivation by O3 depends on the type of ARG, the bacte-
rial community, genome compositions, O3 dosage as well as the hydraulic retention
time in the WWTP (Wang & Chen, 2020). Alexander et al. reported that post O3
treatment, an enrichment of certain ARGs was observed, which could be attributed
to a high guanosine content, which made these genes less susceptible to ozonation
(Alexander et al., 2016).
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6.3.4 Fenton Oxidation

In the Fenton reaction, H202 is catalyzed by ferrous ions to produce a series of free
radicals, which cause oxidation. Fenton oxidation, in combination with UV, has been
evaluated as a means to eliminate ARGs (Chen et al., 2015a), while other studies
reported a higher ARG removal efficiency via solar-Fenton oxidation (Anthony et al.,
2020).

6.3.5 Heterogeneous Photocatalysis (HPC)

HPC is an advanced oxidation technology that utilizes the capacity of semiconductor
oxides to generate reactive oxygen species on interaction with a near-UV, UV or
visible light source. These highly ROS (e.g., OHe, O2~ and HO2e) can degrade
organic pollutants, eventually mineralizing them into water and CO2 (Ahmed &
Haider, 2018). Titanium dioxide (TiO2) has a wide degradation potential is cost-
effective, chemically stable and non-toxic, and therefore has been widely studied as
a photocatalyst in wastewater treatment (Al-Rasheed, 2005). Several studies have
reported an increase in the photocatalytic activity of TiO2 by hybridization with
other semiconductors, modification of the semiconductor surface via carbon material
coating or anion adsorption and the addition of oxidant species such as O3 and H202
(Loddo et al., 2018). The inactivation of ARGs by HPC could be either due to the
generation of ROS which can oxidize nucleic acids as well as proteins, leading
to the deactivation of ARGs and ARBs, or, by physical cell damage caused by
modified cell permeability due to adsorption of the photocatalyst by bacterial cells
(Wang & Chen, 2020). Ren et al. observed that ARGs on the bacterial genome were
more prone to degradation by ROS produced by TiO,/polyvinylidene fluoride, as
compared to those located on plasmids (Ren et al., 2018). The removal of ARGs and
ARBs in wastewater was also reported to be enhanced by coupling the photocatalysts
with external electron acceptors such as peroxydisulphate, H202 and O3 (Anthony
et al., 2020). However, there is a lack of data regarding the decrease in the relative
abundance of ARGs and ARBs following HPC, and further studies need to be carried
out on this aspect (Iervolino et al., 2020).

7 Conclusion

With antibiotic resistance becoming a global threat to the human population, it is
essential to have a deeper understanding of all factors that contribute to the emer-
gence and dissemination of resistance in the environment. The microbial load, organic
content and sub-inhibitory concentration of antibiotics present in the wastewater
make WWTPs “hotspots” for ARG selection and transmission. While several tech-
niques are being used to evaluate the ARGs in WWTPs, it is essential to have a
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standard protocol for the quantitative determination of ARGs to compare efficien-
cies of different WWTPs. Additionally, as conventional WWTP treatment techniques
do not eliminate ARGs in the effluent completely, it is also imperative to closely look
at the different tertiary treatment techniques in WWTPs for the removal or reduction
of ARGs in the effluent, to further the research in this area. This would be a crucial
step in the effort against the spread of antibiotic resistance.
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Abstract Apart from chemical pollutants and organic matter, wastewater treat-
ment plants release microorganisms into the environment. This microbial commu-
nity, released into the environment, may pose a biological risk due to present
pathogens or multi-resistant bacteria. The latter is especially dangerous; antibiotic-
resistant microorganisms may potentially transfer resistant genes to non-resistant
microorganisms. Moreover, the various influent composition (e.g. micropollutants,
total dissolved solids, chemical oxygen demand, nitrogen and phosphorous level),
operating parameters of water treatment (e.g. pH, dissolved oxygen, temperature,
hydraulic and sludge retention time) lead to a microbial shift. It may influence
the wastewater treatment performance, especially biological treatment. Hence, it
is essential to understand the relationship between microbial community and the
water treatment process. It would help to recognize the crucial microorganisms to
wastewater treatment performance as well as facilitate its optimization. Hence, this
chapter aims to characterize the microbial community shift in wastewater treatment
plants. The driving factors that affect the shift will also be revised. Moreover, the
dynamics of microbial community shift will be discussed.
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1 Introduction

Biological treatment requires functional stability of microbial community to properly
biotransform pollutants present in wastewater. The microorganisms take part in the
removal of organic matter, chemical oxygen demand (COD), suspended solids, nutri-
ents (phosphorous and nitrogen) or odours. Moreover, some of the microbes have
the potential to recover the high-value resources from wastewater, such as biogas,
bioplastics or fertilizers (Sheik et al., 2014). However, the microbial community
performance depends strictly on various aspects, which are summarized in Fig. 1.
Each of them may affect the microbial ecosystem leading to the change of micro-
bial consortium. Some of the microorganisms will not be able to survive in new
environmental conditions, some will need time for acclimatization, and in the mean-
time, the new dominant species can emerge, which will result in competition between
microbes over the nutrients. As an effect, the microbial shift can hinder or ameliorate
the biological treatment performance.

Hence, the relation between functional stability, microbial community shift and
the wastewater composition and treatment parameters has been widely investigated
in recent years. The understanding of these correlations is essential to guarantee
an efficient treatment process and ensure the functionality and stability of water
treatment plants. It could be the basis of novel technical advances in wastewater
treatment plants. This chapter aims to present the characterization of the microbial
community in wastewater treatment plants, as well as to describe the most important
aspects that may lead to dynamic microbial shift.

2 Characterization of the Microbial Community
in Wastewater Treatment Plants

Woodcock et al. (2006) reported that the size of the microbial community in wastew-
ater treatment plants may include up to 10'® individuals (Woodcock et al., 2006). This
diverse group includes viruses, bacteria, archaea, fungi, algae or protozoa; hence, the
identification of the species present in wastewater is a challenging task. Furthermore,
the researchers have been trying to understand the biological treatment process and
the interactions between the microbial community and pollutants removal potency.

2.1 Approaches to Characterize the Microbial Community

The extensive studies on microbial diversity and expansions of ‘-omics’ have resulted
in the development of molecular biology tools, such as sequencing or polymerase
chain reaction, that help to characterize and understand the microbial community
in various samples. The first approach is whole-genome sequencing, which allows
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to exposure of the relevant microbes present in wastewater. Further, the microbial
community may undergo massive DNA sequencing (metagenomics) or expressed
gene sequencing (metatranscriptomics). The metaproteomic studies may help to iden-
tify and/or discover the proteins that are involved in the treatment process. A similar
function has the analyses of all the metabolites present in wastewater (metabolomics);
however, due to the complexity of the matrix, this approach is the least used.

The general steps for microbial community characterization are presented in
Fig. 2. Firstly, the culturing of individual species is the basic tool for under-
standing the physiology and behaviour of microbes. Moreover, it can be the basis for
more advanced sequencing studies, for instance as a reference genome (Ferrera &
Séanchez, 2016). The preliminary experiments consist of culture-independent tech-
niques, i.e. denaturation gradient gel electrophoresis, terminal restriction fragment
polymorphism or fluorescent in situ hybridization (Ferrera & Sdnchez, 2016). The
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results obtained with these methods can be further confirmed with high throughput
sequencing techniques (e.g. Illumina, 454-pyrosequencing). They can detect the
groups that were not described before (Ferrera & Sanchez, 2016). To receive the
complex characterization of the microbial community in wastewater, the combination
of the above-described techniques is required.

2.2 Wastewater Microorganisms

The research connected to the investigation of microbial diversity in wastew-
ater samples showed that Proteobacteria are the dominant group amongst
detected microorganisms (Ferrera & Sanchez, 2016). The following groups, like
Bacteroidetes, Actinobacteria or Firmicutes, as well as their proportion, are influ-
enced by the treatment condition (Fig. 1). The composition of microbial consortia
is also dependent on the type of treatment process. The microbial community in the
nitrification process (Stadler & Love, 2016) will be distinct from the microorganisms
present in anaerobic reactors (Si et al., 2018). The list of potential microorganisms
present in different treatment processes is shown in Table 1.
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Table 1 Examples of wastewater microorganism present in different processes

Function in the Organism References

process

Ammonia oxidation | Nitrosomonas europaea Liu et al. (2018)

bacteria

Anammox bacteria Candidatus Brocadia, Candidatus Liu et al. (2018), de Almeida
Jettenia, Candidatus Kuenenia, Fernandes et al. (2018),
Candidatus Anammoxoglobus Hendrickx et al. (2014)

Toxic compounds Zoogloea ramigera Wang et al. (2008)

removal

Methanogens Thermogymnomonas acidicola, Lietal. (2014), Zhou et al.
Aciduliprofundum boonei, (2016)

Methanosarcina acetivorans,
Methanosarcina mazei

Denitrifying bacteria | Acidovorax sp., Burkholderia sp., and de Almeida Fernandes et al.
Burkholderiales (2018)
Syntrophic acetate Clostridium ultunense Zhang et al. (2019a)
oxidizing bacteria
Phosphorous Pseudomonas spp., Dechloromonas, Izadi et al. (2021)
accumulating bacteria | Aeromonoas
Acidogenes Burkhoderia sp., Pantoea sp., Citrobacter | Win et al. (2016)
sp., Pseudomonas sp., Alteromonas sp
Hydrogen producers | Clostridium sp., Klebsiella sp. Sivagurunathan and Lin
(2016)

3 Factors Affecting the Microbial Shift

As mentioned in the previous section, the composition of the microbial community
depends on the treatment conditions. Moreover, the disturbance during the treatment
may result in change and shift of microbial community. The influence of most impor-
tant factors, such as influent composition and process operating parameters, such as
temperature, pH, dissolved oxygen, hydraulic retention time (HRT) or sludge reten-
tion time (SRT), are described in this section. Table 2 summarizes the dynamic shift
of microbial community in studies that are presented below.

3.1 Influent Composition

Wastewater contains a broad spectrum of organic and inorganic compounds that
may influence the microbial community. In general, certain nutrients may affect
the microorganisms directly, acting as the limiting substrate that may hinder the
microbial activity, or indirectly via affecting and selecting the microorganisms that
transform targeted substrate faster or slower.
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For instance, the organic compounds, such as chitin, cellulose, sucrose or starch
present in wastewater, may be used by microbes as a carbon source. The research
shows that this aspect determines the diversity of microorganisms during biological
treatment, their effectiveness in pollutants removal, but also the morphology and
biomass of sludge (Ginige et al., 2008; Liu et al., 2018; Wang et al., 2020). For
instance, Wang et al. (2020) compared the removal potential of aerobic granular
sludge sequencing batch reactor while using three supplementary carbon sources:
starch, methanol and sucrose (Wang et al., 2020). The results indicated that the
additional supplementation resulted in higher bacterial diversity and their growth.
There were 478, 358 and 555 unique operational taxonomic units (OTUs) in reactors
supplemented with methanol, starch and sucrose, respectively, as compared to 186
unique operational taxonomic units in inoculated sludge samples (Wang et al., 2020).
Hence, sucrose as an external carbon source resulted in the highest diversity of the
microbial community.

Another study investigated the influence of influent composition change from
synthetic wastewater to anaerobically pre-treated wastewater on microorganisms
during a two-stage deammonification process (Liu et al., 2018). Even though there
was no significant change in the water treatment process (based on nitrogen removal
efficiency), there was a considerable shift in the microbial community. In the partial
nitrification stage, only 21.9% of total OTUs were common before and after the
change of influent (Liu et al., 2018). In the second stage, the anammox reactor, the
number of shared unique OTUs was reduced even more (16.5%). It is associated with
the overall number of unique OTUs, which was greater in reactors after the influent
change; the increase was 191 OTUs to 586 OTUs and 397 OUTs to 1364 OUTs
in partial nitrification and anammox stage, respectively (Liu et al., 2018). Thus, a
more complex matrix with a high content of organic matter, like pre-treated sewage,
resulted in the evolution of microbial community in the process.

The organic compounds that can be used as an additional carbon source may also
exhibit some adverse effects on the microorganisms. For instance, methanol needs
to be supplemented gradually, as the microbial community requires time to adapt to
the new environment (Wang et al., 2020) and promote the growth of the methanol-
utilizing microorganisms (Ginige et al., 2008). During the adaptation period, the
removal efficiencies of COD, nitrogen or phosphorous were relatively lower than
expected (Ginige et al., 2008; Wang et al., 2020).

Moreover, wastewater influent includes a load of compounds that may inactivate
or destroy microorganisms. When the concentration of the inhibitor is high, it may
lead to process blockage (Poirier et al., 2016). Moreover, the high organic load may
result in hindering microbial growth, rather than the presence of inhibitors (Wang
et al., 2008). However, the studies show that the microbial community exhibits a
high level of adaptability. The presence of potential inhibitors, such as furfurals (Si
etal., 2018),

N-heterocyclic compounds (Si et al., 2018), phenolics (Poirier et al., 2016; Siet al.,
2018) or pharmaceuticals (Wang et al., 2008; Zhu et al., 2017), results in microbial
community shift towards the organisms related to the detoxification (Table 2). For
instance, the treatment of hydrothermal liquefaction, with the high content of organic
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compounds, led to a higher abundance of known species, responsible for transforma-
tion of furfurals, aromatic and nitrogen compounds (shift from 15 to 21.5% relative
abundance) (Si et al., 2018). Furthermore, the microbial community in the presence
of potential inactivating compounds may maintain stability due to gradual acclima-
tization of microbes and/or develop resistance, such as antibiotic resistance species
(Gao et al., 2015; Zhu et al., 2017).

3.2 Operating Parameters

3.2.1 Temperature

The temperature is a key parameter for microbial growth and metabolism. Each
microorganism has its optimum growth temperature. This aspect has tremendous
importance in countries with seasonal changes, such as European, Middle Eastern or
North American countries. The tendency is that the higher temperature, the higher is
the microbial growth rate (Rajeshwari et al., 2000). The regional variations also need
to be considered during wastewater treatment plant management. Thus, the dynamics
of microbial shift are associated with the changes in temperature. The wastewater
treatment plants need to be designed in a way that would allow them to eliminate the
high-temperature fluctuations.

Lietal. (2014) investigated the performance of anaerobic reactor at higher temper-
atures (Lietal., 2014). The water treatment at 37 °C had the best performance amongst
all tested temperatures and had the greatest microbial diversity. The dominant species
was Methanosaeta, which was replaced by Methanobrevibacter and Methanofollis at
lower (33 °C) and higher temperatures (43—-52 °C). The study of Tiwari et al. (2021)
revealed that the decrease from 20 to 10 °C resulted in a relative abundance reduction
of nitrifying bacteria and dominance of the fungal group (Bhagyashree et al., 2021).
In both cases, the increase or decrease of temperature was followed by a worsening
performance of water treatment (Bhagyashree et al., 2021; Li et al., 2014).

The anammox process, a cost-effective way to treat influents with high ammonia
concentration, is one of the most challenging water treatment processes due to its
sensitivity to temperature drop. The optimum temperature for anammox microor-
ganisms is between 30 and 37 °C. For instance, the decrease of temperature from 35
to 25 °C resulted in an abundance increase of anammox and denitrifying bacteria,
whereas the decrease of Anaerolineales and Clostridiales was observed (de Almeida
Fernandes et al., 2018). The nitrogen removal decreased from 96 to 90%. Further
decrease of temperature even further results in hindering the biomass-specific activity
(Vazquez-Padin et al., 2011). The solution is to enrich the biomass with the cold-
adapted species of anaerobic ammonia oxidation bacteria. For instance, Hiilsen et al.
(2016) used purple phototropic bacteria to treat domestic wastewater at 10 °C (Hiilsen
et al., 2016). The purple phototropic bacteria became the dominant group in the



Characterization and Dynamic Shift of Microbial Communities ... 147

reactor (> 50%), which was the result of competition between them and less compat-
ible non-purple phototropic bacteria. Hendrickx et al. (2014) used the microorgan-
isms that were isolated from sludge sampled in winter (Hendrickx et al., 2014). The
enriched biomass, where the dominant species was Candidatus Brocadia fulgida,
exhibited twofold higher specific activity compared to previous studies.

322 pH

Similarly to temperature, pH is an important parameter that influences microbial
growth. The variations in reactors’ operation parameters (i.e. temperature, organic
load and dissolved oxygen) may result in pH variation. Usually, the microorganisms
in wastewater treatment plants exhibit a good pollutant removal rate, when the pH is
between 6.0 and 9.0. However, even the small change within the optimal pH range
may result in microbial community shift, followed by removal aggravation (Table 2)
(Zhang et al. 2005). The sudden pH shock may also lead to disturbance in the treat-
ment performance, but in some cases, due to acclimatization and microbial shift,
the ability to remove the pollutants may be regained (Zhou et al. 2018). Neverthe-
less, one should consider the stepwise pH change to avoid the wastewater treatment
disturbance (Chen et al. 2017a).

The optimal pH depends on the targeted process. For instance, anaerobic digestion
systems can produce methane between 6.0 and 8.0. However, even the variations
within this range may lead to changes in the microbial community. For instance,
Zhou et al. (2016) investigated the microbial shift during anaerobic digestion, when
the pH varied between 6.0 and 8.0 (Zhou et al. 2016). There was the highest abundance
of acetoclastic methanogens, but interestingly, the dominant species were different
at pH 7.0 compared to pH 6.0 and 8.0 (Table 2). In another study, the acetoclastic
methanogens were able to completely replace the hydrogenotrophic methanogens,
when pH decreased to 5.0 (Zhang et al. 2019a).

In some cases, the increase of pH may lead to better performance of the process.
The production of volatile fatty acids was more efficient when the pH increased to
almost 9.0-10.0 (Chen et al. 2017a; Atasoy et al. 2019). It is associated with the
microbial shift (Table 2). Moreover, the change of pH and following microbial shift
influence the composition of volatile fatty acids (Atasoy et al. 2019).

3.2.3 Dissolved Oxygen (DO)

The concentration of DO in treated water is an important parameter for microbial
growth, not only in anaerobic processes but also in anaerobic conditions (Garcia-
Ochoa et al. 2010). Due to the low solubility of oxygen in water, DO can be consid-
ered as one of the limiting nutrients, responsible for microbial community shift. For
instance, the diminution of DO in water results in increased dominance of phos-
phorous accumulating organisms, at the same time, decreasing the abundance of
glycogen accumulating organisms (Izadi et al. 2021).
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The different DO concentration also affects the nitrification and denitrification
processes. Sui et al. (2016) showed that higher DO concentration (around 4 mg/
L) led to increased abundance of Nitrosomonas, which was one of the dominant
genera in the reactor, resulting in efficient nitrite accumulation (Sui et al., 2016).
The decrease of DO was followed by the elimination of nitrite-oxidizing bacteria.
In another study, low DO concentration (below 0.8 mg/L) led to better efficiency
of simultaneous nitrification and denitrification (45%) as compared to higher DO
(3 mg/L, process efficiency 8%) (Guo et al., 2009). Ammonia-oxidizing organisms
had the highest abundance in both cases; the increase of DO concentration did not
lead to the recovery of nitrite- oxidizing organisms.

Stadler et al. (2016) compared the transformation rate of pharmaceuticals and
ammonia oxidation in high and low DO concentrations for a short and long period
(Stadler & Love, 2016). High DO conditions (4 mg/L) resulted in faster biotrans-
formation of pharmaceuticals as compared to low DO conditions (0.3 mg/L) in a
short period. On the other hand, long-term low DO concentration resulted in a more
diverse microbial community, greater mass concentration, lower specific ammonia
oxidation rate, leading to a faster transformation of pharmaceuticals and nitrification
rate (Stadler & Love, 2016). Hence, the benefits and drawbacks of both low/high
DO lead to a conclusion that while planning the best strategy for efficient wastew-
ater treatment plant operation, this parameter needs to be evaluated carefully. Some
research suggests considering the application of different process cycles, such as
low/high DO (Stadler & Love, 2016) or aerobic/anaerobic conditions (Izadi et al.,
2021).

3.24 HRT/SRT

Alterations in HRT lead to volume loading and not all microorganisms will adapt
to these changes. Hence, the sudden HRT change may influence not only microbial
but also reactor performance. Win et al. (2016) studied the effect of shock change of
HRT on methane production (Win et al., 2016). The sudden decrease of HRT from
8 to 4 h resulted in a reduction of methane production due to competition between
methanogens and enhanced growth homoacetogenic bacteria, Thermoanaerobacter-
aceae, over hydrogen consumption. Interestingly, after the HRT recovery to 8 h, the
methane production rate was higher than before shock, which may be associated with
the activity of new hydrogenotrophic archaea, Methanocella sp. and Methanofollis
sp. (Win et al., 2016).

The same process under different HRT can be characterized by various efficiency
and microbial community. Short HRT may result in the wash-out of competitive
and/or non-competitive microorganisms due to a high dilution rate. For instance, the
highest hydrogen production was achieved at HRT 1.5 h due to the high organic load
rate and the abundance of Clostridium sp., efficient hydrogen-producing bacteria
(Sivagurunathan & Lin, 2016). On the other hand, the hydrogen yield at HRT 1.5 h
was lower compared to HRT 6 h, probably due to the wash-out of Ruminococcus
albus, Clostridium pasteuarnium and Clostridium acetobutylicum.
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SRT also influences microbial community shift, however, in a different manner
than HRT; its impact is focused more on microbial growth and proliferation (Chen
etal.,2017b). For instance, long HRT resulted in a decrease in the abundance of phos-
phorous accumulating organisms and an increase in glycogen accumulation organ-
isms’ activity (Izadi et al., 2021). However, SRT exhibits the opposite phenomena;
with the increase of SRT, there was an enhancement of phosphorous accumulating
organisms (Shao et al., 2020). Durén et al. (2018) reported that with the increase of
SRT, better biodegradability was observed (Durén et al., 2018). It was associated with
a higher abundance of microorganisms with enhanced hydrolytic activity (Table 2).

4 Meteorological, Geographical and Different Process
Parameters Influence Microbial Shift

4.1 Seasonal Changes and Regional Variations

It is very important to understand the relationships between microbial communities
and their environment and how those relationships play out at local, regional and
global scales. Using sequencing technologies Hollister et al. showed the diversity,
complexity and dynamics of microbial systems in soils and sediments from La Sal
del Rey, a hypersaline lake located in southern Texas, USA (Hollister et al., 2010).
Also, Horton et al. reported significant differences in microbial community structure
amongst coastal wetlands within the western basin of Lake Erie and all other wetlands
(Saginaw Bay and Beaver Archipelago) (Horton et al., 2019).

Those studies have to be taken into account to create hypothetical networks of
microbial shift that can be predicted by chemical structures involved in this process
within a specific environment. Disturbance and change to carbon inputs through
plant functions connected to climate and observed during seasonal changes. The
composition of microbial communities strongly correlates with seasonal changes as
it brings variations in nutrients. In the dry season, microeucaryotic communities’
growth correlates significantly to dissolved organic carbon, total nitrogen, nitrate
and soluble reactive phosphorus, while during the wet season such phenomena are
observed as a response to nitrate and total phosphorus. The shift of microbial commu-
nities is not constant, but it is predictable as associated with nutrient variations (Liu
et al., 2020). Seasonal alteration in resource availability, which is driven by plants
via below ground carbon allocation, nutrient uptake and litter fall, also exerts effects
on soil microbial community composition. Marianne Koranda et al. in their research
showed that microbial communities in soils collected at different seasons and from
experimentally changed nutrition load clearly altered as a response to chemical soil
composition and this observation characterizes distinct physiological capacities of
winter and summer microbial communities. The winter communities have a higher



150 A. Cuprys et al.

capacity for degradation of cellulose and generally plant cell walls and lower utiliza-
tion of glucose compare with the summer communities, which indicates a switch in
the adaptation process of microbial communities (Tignat-Perrier et al., 2020).

As we can imagine those seasonal shifts are followed by geographical localization
that is characterized by variable meteorological conditions. It was found by Tignat-
Perrier et al. at the puy de Dome’s landscape with windy condition strongly affects the
airborne microbial taxa (Tignat-Perrier et al., 2020). In the spring/summer season the
presence of crop pathogens was observed while in autumn/winter time soil-associated
microorganisms and dead material-associated microorganisms were found in higher
relative abundance.

It seems that autumn has the biggest influence on the bacteria shift was particularly
distinct from other seasons for bacteria connect with plant physiological changes,
most probably with root exudates. Most climate and soil variables related to soil mois-
ture as well as pH for bacteria temperature for fungi, and soil C:N for archaea explain
significant variation for seasonal patterns in the different microbial communities
(Stevenson et al., 2014).

Microbial diversity depends also on the localization in soil depths as it we can
observe in the study of Luo et al. on subtropical orchard interaction with microbial
communities localized at 0-5 and 5-20 cm soil depth during different seasons (i.e.
spring, summer and autumn). The number of soil microorganism and the Simpson
and Shannon—Wiener indexes were all highest in summer and were significantly
negatively correlated with soil pH, total organic carbon, total nitrogen and the cation
exchange capacity (Luo et al., 2019).

Interesting season depended phenomena were demonstrated in phytoplankton
biomass growing during the winter season due to the significant export of organic
carbon in the water column has a place. It can help to predict future effects of seasonal
variations in temperature (and ice cover) that is connected with changes in carbon
level (Wilhelm et al., 2014)

4.2 Type of Process and Type of Reactor

Microbial communities play an important role in water purification in drinking water
treatment systems. Even though some bacteria present in the untreated water may
help in its purification through biodegradation of the contaminants strict controls in
the processes at wastewater factories are crucial as some bacteria may pose a threat
to consumers as human pathogens. Liao et al. by clone library analysis showed the
drastic decrease of the density of viable heterotrophic bacteria and bacterial popu-
lations through a pilot-scale drinking water treatment process using heterotrophic
plate counts pre-ozonation, rapid mixing, flocculation, sedimentation, sand filtration
post-ozonation and biological activated carbon filtration and clone library analysis
(Liao et al., 2015).
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The microbial community is significantly altered by chlorine disinfection, while
other treatment processes were synergetic (Li et al., 2017). There is a strong distinc-
tion between bacterial communities (depends on pollutant presence that is degraded
by particular organisms) in water and biofilms (this distinction is further observed
between different biofilms), nevertheless, the functional composition of biofilms
on different filters are similar. Multidimensional scaling analysis revealed tight clus-
tering of biofilm samples collected from different treatment steps, with Nitrospira, the
nitrite-oxidizing bacteria, noted at higher relative abundances in biofilm compared to
water samples (Xu et al., 2017). The microbial community alterations are observed
on of the oxic-settling-anaerobic/anoxic process treating real domestic wastewater
by changing interchange ratios (Karlikanovaite-Balikci et al., 2019).

The potential shift of the bacterial community is observed during water source
switching, especially in corrosion-related bacteria. Hu et al. showed that the bacteria
community released from the pipeline reactor was significantly different under
different finished water, and the variation was biggest at the genus level. The observed
shift was explained by the lower carbon and nitrogen content of the new water
source, nevertheless, corrosion-inhibiting bacteria, decreased after switching, still
maintained dominance in three reactors (Hu et al., 2021). Similarly, it was observed
significant shifts in planktonic and biofilm microbial communities that were receiving
contaminated water (Wilpiszeski et al., 2020).

In the laboratory experiment of the bacterial and archaeal communities shift
using anaerobic membrane bioreactor with a side stream tubular membrane dynamic
during the start-up, steady-state, overloading and recovery periods of operation at
mesophilic temperatures, a significant shift occurred in the recovery period, espe-
cially in the methanogen group, which shifted to acetoclastic methanogens. Interest-
ingly, the impact of shock loading on the community caused that shifted bacteria did
not recover their previous structure and population (Martin Vincent et al., 2018). It
was also shown that to promote anammox bacteria immobilization leading to micro-
bial community evolution an upflow porous-plate anaerobic reactor can be used.
By this techniques exploration and promotion of biomass retention and growth was
significant (Zhang et al., 2019b).

Study of bacterial and archaeal communities shift, investigated in an anaerobic
batch reactor treating dairy-processing wastewater, associated with alterations in
chemical profiles showed that its monitoring is also important as a diagnostic tool of
anaerobic digestion (Lee et al., 2008).

5 Conclusion

Microbial communities’ structure is very flexible. It is very important to understand
the conditions that may influence microbial shift. As those organisms may play an
important function in pollutants digestions, the shift in microbial communities may
increase their value in process of water purification. On the other hand, some shifts
may increase pathogen organisms that can be a danger to human health. The source
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of the water—seasonal and geographical conditions as well as techniques used in
wastewater factories had to be closely monitoring to reach the best pathways of
bacterial community shifting towards improving the efficiency of wastewater treat-
ment and finally the best quality of the water that will be used in households in fields
and factories.
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