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Abstract The considerable environmental impact of pollution due to human activ-
ities is driving the development of new decontamination and clean-up methods.
Hereby, the interactions between the various microbial communities at polluted sites
is receiving increased research attention, with the novel omics approaches, opening
up new ways to study bioremediation pathways and their mechanisms. This has
allowed innovation in the field of new bioremediation as an effective way to combat
pollution. In particular, the omics approaches offer great potential to predict the
metabolic processes of microbes in environments experiencing pollution. The high-
performance analyses provided by these approaches can, amongst others, help track
novel organisms for use in bioremediation and offer new, high-quality insights into
those molecular pathways that are critical to biodegradation. In short, through multi-
omics approaches, the field of bioremediation will benefit from the establishment of
new theory-based methodologies to mitigate pollution.
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12.1 Introduction

Due to population growth and the accompanying increase in industrial activities,
pollution is rising across the world. The growth of industrialization in particular has
led to manufacturing processes that produce and incorporate various chemicals for
use in high-tech products, including heavy metals, hydrocarbons, and xenobiotics.
These substances are not only toxic but also persist in the environment, and thus
have a significant adverse effect on ecosystems and organisms. However, there are
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several natural methods that can address these imbalances, with microorganisms
representing an effective natural tool with which to remove toxic compounds from
contaminated sites. Microbial-mediated biodegradation therefore has considerable
potential to naturally restore polluted ecosystems (Shahi et al. 2016a; Aydin et al.
2017; Nwankwo et al. 2021; Sales et al. 2021).

The microbial ecology of an environment, whether pristine or anthropogenically
affected, can be assessed using culture-based methods. However, as many of the
identified microorganisms of interest to research are not culturable in a laboratory,
there remain several challenges in their study. The research trying to culture such
microbial communities has so far only been successful with no more than 1% of any
given sample of prokaryotes. Moreover, there remains a gap in the knowledge of
which factors influence the microbial communities of polluted environments,
e.g. their metabolism, growth, or dynamics. Of the abovementioned omics
approaches, metagenomics offers a way to conduct genome-level studies of micro-
bial communities, providing substantial insights into the so-called uncultured
microbiota (Aydin et al. 2015). The other omics approaches, such as genomics,
transcriptomics, proteomics, and metabolomics, have recently also begun to offer an
array of advanced techniques designed to treat pollutants in a way that causes no
further damage to the environment (Aydin et al. 2022; Malik et al. 2021; Wright
et al. 2021).

This chapter sets out to explore to what extent omics techniques can be applied to
monitor the processes of biodegradation. In this context, it proposes using a com-
munity systems biology approach, integrating the abovementioned multi-omics with
bioinformatics as well as simulation tools. The aim hereby is to enhance the
predictive ability of models regarding the persistence of toxic chemicals in environ-
mental settings, which should be taken into account and integrated into a tiered
assessment strategy regarding the persistence of toxic chemicals. The findings of the
research should offer an enhanced understanding of how the composition of the
microbial community relates to the catabolic potential and environmental conditions
as well as the properties of the chemical under investigation.

12.2 Omics Approaches for Monitoring Biodegradation
Processes

Pollution continues to be both a tenacious problem and a significant threat to the
health of humans and the environment. While numerous strategies have been applied
to address this issue, it is still a challenge, even in terms of simple monitoring, and
environmental contamination continues on a global scale. The severity of the issue
calls for novel pollution mitigation strategies to ensure environmental and human
health, with bioremediation being one of the most promising to emerge in recent
years. Bioremediation using microorganisms is receiving increasing research inter-
est, with studies striving to identify ways to effectively restore environments affected
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by pollution (Shahi et al. 2016b). Microorganisms present themselves as particularly
suitable as they can exist in a variety of environments, even degraded ones, by
producing metabolites that have the ability to degrade or even transform contami-
nants, thereby allowing polluted sites to be naturally restored (Kour et al. 2021). The
design of effective strategies hereby depends on modern omics technologies, includ-
ing metagenomics, proteomics, and transcriptomics, which enable the microbiota’s
diversity and ecology to be studied to facilitate their implementation in the context of
environmental monitoring as well as bioremediation (Aydin 2016).

Strategies based on bioremediation or biotransformation aim to exploit the natural
diverse catabolic abilities of microorganisms regarding the degradation, accumula-
tion, or transformation of multitudinous environmentally harmful compounds, such
as pharmaceutical substances, heavy metals and polyaromatic hydrocarbons (PAHs).
Recent developments in next-generation sequencing (NGS) have enabled key micro-
organisms to be genomically, metagenomically, and bioinformatically analyzed,
allowing hitherto incomprehensible biodegradative pathways to be understood
(Shahi et al. 2016c; Tancsics et al. 2021). Similarly, horizontal gene transfer
(HGT) is crucial to the processes of microbial biodegradation in that it affects the
activities of the microbiota. Specifically, bioremediation relies on functional genes to
be transferred between key members of the microbial community. As the availability
of macronutrients, among various other abiotic factors, influence HGT in polluted
settings, the microbiota’s capacity for biodegradation is dissimilar between sites.
Hence, a thorough knowledge of which mobile elements and functional genes lead to
HGT would further aid the potential for the bioremediation of a polluted area. In
addition, as the biodegradation abilities of the microbial community dictate to what
extent HGT can occur in a contaminated site, assessing HGT can be employed to
monitor bioremediation to evaluate the biodegradation process (Shahi et al. 2017).

The prior research has evidenced a significant correlation between HGT and the
existence of functional genes (French et al. 2020). For instance, in their investigation
into the horizontal transfer of the alkB, nah, and phnAc genes in the biostimulation
of soils contaminated by petroleum, Shahi et al. (2016b) found that the alkB and
phnAc genes transferred when nutrients were highly available. They also demon-
strated that HGT was positively linked to nutrient content, with an increase in the
carbon to nitrogen ratio from 100:5 to 100:15 correlating with increased rates of
HGT. Building on this, Shahi et al. (20164, b, ¢) showed that the evaluation of the
microbial population and the presence of functional genes could be used to assess the
efficiency of existing bioremediation efforts. In this study, they were successful in
showing that HGT could serve as a suitable monitoring approach to measure the
effectiveness of bioremediation for soils that had been contaminated by petroleum.
They also found that this method could further be utilized to assess contaminated
sites’ potential for biodegradation.
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12.3 Conclusion

The combined effects of globalization leading to increased industrialization, popu-
lation growth, and consumption-based lifestyles have caused non-degradable pol-
lutants to persist in the environment, adversely affecting human health. Due to their
environmentally and cost-effective characteristics, methods based on bioremediation
are opening up new avenues to mitigate these pollutants beyond conventional
physicochemical treatments. Almost all polluted environments contain microbial
strains that are capable of degrading the contaminants specific to those environ-
ments, with the population density increasing with the increasing presence of such
contaminants. As the metabolic effectiveness of the microbiota relies on HGT
between microorganisms, choosing the right gene for the degradation process and
then monitoring how this gene is horizontally transferred comprise a feasible
strategy to assess the effectiveness of bioremediation. The bioremediation potential
of specific sites can hereby also be assessed. The necessary information on the genes
as well as their genomic structure, metabolic and biological pathways, functions, and
evolution can be gathered through the omics approaches. Moreover, a functional
characterization of the relevant genes, proteins, coding regions, and products of the
metabolism should be conducted to quantify the relevant biological processes of the
microbiota. Recent developments in the omics fields, especially genomics, proteo-
mics, metabolomics, transcriptomics, and interactomics, thus provide an array of
technical techniques and expertise in this respect.
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