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Metagenomics is the study of genetic information, including the sequences and
genomes of microorganisms present in an environment. Since 1998, the full-scale
application of this technique to environmental chemistry has brought significant
advances in the characterization of the nature and chemical composition/
distribution of contaminants present in environmental matrices of
contaminated and/or remediated sites. This has been critical in the selection of
microorganisms and has contributed significantly to the success of this biological
treatment over the years. Metagenomics has gone through different phases of
development, which ranges from initial sequencing strategies to next-generation
sequencing (NGS), which is a recently developed technology to obtain more
robust deoxyribonucleic acid (DNA) profile of microorganisms devoid of chimeric
sequences which reduces the quality of metagenomic data. Therefore, the
objective of this review is to evaluate the applications of metagenomics in the
understanding of environmental dynamics of chemical contaminants during
remediation studies. Also, this review presents the relationship between
biological characteristics of microorganisms and chemical properties of
chemical compounds, which forms the basis of bioremediation and could be
useful in developing predictivemodels that could enhance remediation efficiency.
In conclusion, metagenomic techniques have improved the characterisation of
chemical contaminants in the environment and provides a correlation for useful
prediction of the type of contaminant expected in various environmental matrices.
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1 Introduction

The chemical composition of an environmental matrix has been useful in describing the
nature of interaction, changes in the natural environment, the health of living organisms as
well as certain human-induced phenomena such as global warming. Characterization of the
chemical composition of the environment can either be qualitative, requiring the
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identification of the compounds present, or quantitative, involving
the determination of the concentration of the analytes. The
conventional method of determining the chemical composition of
the environment involves collecting of samples, extracting the target
contaminant from the matrix into solution, and measuring the
concentration of the analyte of interest using appropriate
equipment. It is important to know the type of contaminant and
its concentration in the matrices, as the natural environment has
become a sink to chemical compounds, which could be traced to
industrial effluents, emissions, and other anthropogenic activities.
This poses health risks to living organisms in the environment as the
natural equilibrium is gradually altered, culminating into various
diseases and other stressors. The implications of allowing chemical
contaminants to accumulate in the environment are massive. This
ranges from far-reaching consequences including the malfunction of
sensitive organs in living organisms in the environment, interference
with natural processes that depletes oxygen required by organisms
for various biological processes, competition with essential nutrients
required for growth, or interference with food production within an
ecosystem, amongst others. These deleterious impacts are not only
felt by plants and animals in the environment, but these are also
extended to human beings either through direct ingestion of
contaminated water, inhalation of contaminant-laden air, dermal
contact with contaminated soil, and/or indirectly by consuming
plants and animals that have assimilated these contaminants from
the environment.

While knowing the environmental fate, transport and toxicity of
chemical contaminants is essential in environmental risk
assessment, it is also important to develop efficient methods of
removing the contaminants from the environment without causing
harm to organisms or the environment itself. The genetic
information of microorganisms has been widely used as the
fingerprint of specific chemical contaminants in the environment,
which serves as a prerequisite for selection as a potential agent for
bioremediation among the myriads of biota present in the
environment. This may be attributed to their increased
abundance and diversity, as well as their role in the
biogeochemical cycling of chemical compounds (Hemme et al.,
2010).

In this regard, metagenomics, which is a technical term for the
assessment of genetic profile of microorganisms as a means of
obtaining detailed information of the functions and sequence of
microbial genomes present in an environment has offered a reliable
means of characterizing different chemical contaminants for the
purpose of remediation. It is worth noting that the levels of chemical
contaminants in the environment is not fixed, therefore it is
expected that there will be fluctuation in the true value of these
contaminants with time due to varying degrees of anthropogenic
activities and some natural processes that influences the
concentration of these contaminants in the environment.
Moreover, metagenomic analysis offers a means of assessing the
response of ecosystems to these environmental changes by providing
detailed adaptive features of microorganisms in the matrix (Hemme
et al., 2010). Interestingly, the abundance of certain microorganisms
in a contaminated environment has been used to predict specific
chemical compounds expected to be the dominant contaminant.
This is because certain microbes have been found to consistently
congregate within locations where specific chemical contaminants

predominate. For instance, a positive correlation has been
established between the relative abundance of acidobacteria and
concentration of heavy metals such as arsenic, Mercury and copper
in the environment (Xu et al., 2022).

Although the distribution of certain microorganisms increases
in the presence of some compounds, there are cases where depletion
is observed in the presence of other chemical contaminants. A
typical example is the negative trend reported to exist between
the amount of acidobacteria, planctomycetes, proteobacteria and the
level of chromium compounds (Sun et al., 2019). This correlation
between the abundance of microorganisms and the concentration of
chemical contaminants suggests that the presence of these
organisms may have an influence on the properties, composition,
and distribution of such contaminants in the ecosystem. The
scientific explanation of this relationship is still unclear;
therefore, it would be interesting to investigate the correlation
existing between the abundance of microorganisms and the
concentration of chemical contaminants in the environment. This
will be discussed in detail in subsequent sections. Recent studies have
indicated that metagenomics has been used to explore the
bioremediation of diesel contaminated soil in Canada (Yergeau
et al., 2012), degradation of polycyclic aromatic hydrocarbon in
sediments in India (Gosai et al., 2022), improving bioremediation
via isotope probing (Uhlig et al., 2013) and the use of culturable and
non-culturable microbial species (Wani et al., 2022), among other
studies as documented in different review articles (Bell et al., 2012;
Techtmann and Hazen, 2016; Datta et al., 2020).

In order to provide an overview of this trend as reported in
literature, Table 1 summarises the relationship between
concentration of chemical contaminants and the number of
microorganisms, while Table 2 presents selected metagenomic
analyses associated with environmental chemical components.
The purpose of these analyses, which range from simple
biological functions or microbial distribution to prediction of
biochemical mechanisms, is mainly used to explain complex
procedures such as bioremediation. For bioremediation to be
effective, the environmental conditions must be favourable for
the biochemical process and interaction between microorganisms,
contaminants, nutrients, and electron acceptors/donors (Sturman
et al., 1995). This is because in situ biodegradation can be limited by
factors such as bioavailability of the contaminant, the contact time
between microorganisms and contaminants as well as
bioaccessibility (Gill et al., 2014). This means that biodegradation
processes may likely occur at the subsurface of the contaminated
environment, but not at the rate that is expected to mitigate risks at
the site (Gill et al., 2014).

Therefore, the curiosity surrounding this review include the
following questions: (I) Why does certain microorganism display
high tolerance with increasing concentration of some chemical
compounds but are depleted in the presence of other
compounds? (II) How does microorganism break down chemical
compounds in the environment and how does it affect their
metabolic activities? (III) What adaptive features do
microorganisms possess that is responsible for increased
tolerance to high levels of chemical contaminants in the
environment? (IV) Can the genetic sequence of microorganisms
be used to predict the presence or degree of tolerance to a particular
chemical contaminant in the environment? The answers to these
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questions could potentially establish a trend between the genetic
information of microorganisms and chemical contaminants in the
environment, identify structural and metabolic changes occurring
during adaptation to increasing levels of chemical contaminants as
well as establish a relationship between genetic information of
microorganisms and tolerance level to certain chemical
compounds which could be used to develop theoretical models to
predict remediation efficiency.

2 Synopsis of metagenomics as a
predictive tool for environmental
chemists

Despite the importance of metagenomic technique to the study
of bioremediation of chemical contaminants, the genetic
information of microorganisms does not provide a direct

quantitative measurement of the level of chemical contaminant
in the environment. Instead, it measures the number of microbial
communities in effluents or contaminated matrices (Sharma et al.,
2021b). This means that the development of a deoxyribonucleic acid
(DNA) library for a contaminated environment will require both
identification of the type of contaminant present and the
concentration using suitable standard chemical procedures
recommended for the type of contaminant present or suspected
to be present. In this review, we place emphasis on the application of
metagenomic techniques and the development of DNA library from
different environmental matrices to aid in possible prediction of the
likely distribution or presence of chemical contaminants. In
addition, the microorganisms selected as agents of
bioremediation are known to be tolerant against high
concentrations of the target contaminants and can break down
toxic organic compounds to less toxic components. Speculations
surrounding this behaviour as presented by evolutionary analysis

TABLE 1 Microorganisms found in different contaminated environments.

Matrix Chemical contaminants Active microorganism Trend References

Soil As, Hg, Cr and Cu Acidobacteria + Xu et al. (2022)

Soil Cd Proteobacteria, Sulfuricella and Thiobacillus + Feng et al. (2018)

Water Hg, nitrates, acetone Proteobacteria + Hemme et al. (2010)

Sludge Cr Proteobacteria, acidobacteria, and planctomycetes - Zheng et al. (2019)

Soil Uranium Actinobacteria and proteobacteria + Yan et al. (2016)

+, positive relationship; -, negative relationship.

TABLE 2 Selected metagenomic analyses associated with environmental chemical components.

Metagenomic technique(s) Target chemical
contaminant(s)/matrix

Purpose of analysis References

Metagenomic library enrichment and stable-isotope probing Polychlorinated biphenyls (PCBs) Enrichment for specialized DNA from
environmental samples

Schloss and
Handelsman (2003)

Multiple techniques including De novo sequence assembly; 16S
rRNA amplicon sequencing

Hypersaline system and acid mine
drainage

Revelation of biological functions of
extremophiles

Tyson et al. (2004),
Cowan et al. (2015)

SIP-metagenomic techniques Bioactive compounds and
enzymes

Detection of bioactive compounds and
enzymes

Chen and Murrell
(2010)

Pyrosequencing of 16S rRNA gene libraries Hypersaline environment Diverse molecular mechanisms of
adaptation

Mirete et al. (2015)

Reverse-transcriptase real-time PCR (RT-qPCR) Diesel contaminated soil Quantification of the expression of several
hydrocarbon-degrading genes

Yergeau et al. (2012)

Nanodrop photometer and Nextera XT Index Kit PAH’s Effectiveness of PAHs degrading bacteria at
the mesocosm level

Gosai et al. (2022)

NR Diesel contaminated soil Study of changes in microbial community
and soil enzyme genes

Gao et al. (2021)

16S rRNA gene and metagenomic shotgun sequencing Mine tailing rhizospheric
communities

Selection of plants for bioremediation (Romero et al., 2021)

Chemical-biogeographic survey of chromopyrrolic acid
synthase (CPAS) gene diversity with targeted eDNA library
production

Tryptophan dimer natural
products

Efficient access to rare tryptophan dimer
(TD) biosynthetic gene clusters

Chang et al. (2015)

Construction of DNA libraries 4-Hydroxybutyrate Screening for industrially relevant enzymes
and biocatalysts from metagenomic libraries

Henne et al. (1999)
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have suggested that lateral gene transfer (LGT) could play a
significant role (Hemme et al., 2010), which may be due to the
presence of mobile genetic elements such as plasmids, integrons and
sequences of insertion (Luo et al., 2017). These provide the basis of
utilizing microorganisms for remediation of chemical contaminants
from the environment. In addition, studies have indicated that these
adaptive features of microorganisms in different media is a necessary
requirement for selecting the type of microorganism for
bioremediation (Dell’Anno et al., 2023; Gosai et al., 2022; Sharma
et al., 2021a).

In order to provide a well-defined perspective for this review and
account for uniqueness of information, a survey of review articles
related to metagenomic analysis of chemical contaminants in the
environment were scouted in addition to research articles published
within the past 2 decades. Specific attention was paid to the areas
that are connected to bioremediation of the chemical contaminants
in the environment. Several review articles published nearly every
year from 2004 to 2021 on the subject area were found (Figure 1).
This search was necessary to enable identification of the areas that
have not been covered in these reviews as well as linking the different
perspectives of metagenomic analysis of environmental samples
discussed in the review articles. This is to provide a holistic view
of application of the technique in environmental analysis. In
Figure 1, it can be observed that the number of review articles
sampled from a population of 71 publications in the field was
observed to increase in recent years (2015–2021) compared to
2004–2008, which is an indication of increasing interest in this
area of research. The publications were obtained through searches
conducted via Google Scholar and Scopus databases using key words
such as “metagenomics”; “environmental remediation”,
“environmental analysis”, and “environmental samples”. An
overview of the microorganisms found in different contaminated
environments are presented in Table 1 (trends indicated are based
on results reported and not on statistical significance). However,
detailed relationship between the genetic information of

microorganisms and levels of chemical compounds in the
environment are still lacking. The review articles presented in
Figure 1 consists of different areas of metagenomics, though
there are few overlapping concepts. However, each review article
may be regarded as a subset of the entire field of metagenomics
which requires connection to estimate the depth of research that has
been carried out in this field as well as assessing the gaps that still
needs further study, which is the focus of this review.

Therefore, the main aim of this work is to assess the progress in
developing DNA library for different chemical contaminants for the
past 2 decades and identify the key challenges that affect research in this
field as well as areas that still require in-depth study. This will help to
establish the correlation that exist between microorganisms and
chemical compounds which account for their use in bioremediation,
track the progress in different matrices for the past 2 decades, as well as
the challenges and research needs that limits scientific advancement in
this area of research. This could be a positive step towards optimization
of the process of bioremediation as well as useful for researchers who
might be interested in developing predictive models that could enhance
remediation of chemical contaminants from the environment.

3 State of the art

The changes and developments in the collection, storage and
metagenomic analysis of environmental samples are presented and
discussed in this section. The reliability and accuracy of the results
obtained from analysis of environmental samples depend
significantly on the sampling plan, storage conditions, the time
between collection of samples and analysis, and the analytical
method used. If any of these steps are compromised for any
reason, the accuracy of the result may likely be affected resulting
in erroneous conclusions. Therefore, a survey of the sampling plan,
storage and analysis for different environmental matrices are
presented and discussed.

FIGURE 1
Plot of number of review papers on metagenomic analysis of environmental samples versus year of publication (Total number of review papers
sampled is 71).
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3.1 Environmental sample collection and
storage for metagenomic analysis

Sample collection is an important step in environmental
analyses as it forms the bedrock on which further analysis is
based and it is the foundation that determines the reliability of
the outcome. Therefore, it is important to obtain samples
representative of the location under study. A definite
sampling design tailored to meet the requirements for the
environmental matrix is expected to be in place prior to
visiting the site. For soil matrix, the collection of
representative samples for metagenomic analysis has been
identified to be quite challenging compared to other matrices
due to diversity of species present as well as the size of microbial
communities (Daniel, 2005). This may be categorized into
functional, taxonomic and phylogenetic diversities, which
complicates the biological and physicochemical properties of
soil environments leading to spatial heterogeneity of the matrix.
Variation in the number of soil microorganisms depend on type
of soil, porosity, pH, and moisture content. In order to
successfully determine the degree of microbial diversity as
well as the genetic variation in soil samples, a large soil
surveys is recommended (Daniel, 2005). This is important in
constructing reliable DNA libraries characteristic of the sample
location. The first step towards constructing a DNA library is to
collect samples from the study location. In most studies,
researchers prefer collecting a small amount of composite
soil samples of about 500 g or less from a depth of 10–20 cm
over an extended area due to large microbial populations
(Henne et al., 1999; Daniel, 2005). This is used to evaluate
the composite genetic pool of the sample location which
provides information on the overall DNA composition of
the site.

Furthermore, it is highly advisable to carry out microbial
analysis immediately after collection from source. Also, the

transport conditions from the source to the place of analysis
should be properly assessed to prevent external interference or
change in properties and composition. Although the ideal case
would be immediate analysis after sample collection, there may
be situations where this may not be possible due to location of the
sampling site or other logistics. In such situations, it is important
that the time between sample collection and analysis be kept to a
minimum and the storage conditions should prevent contamination
or proliferation of microorganisms. This is because the microbial
load of samples stored over a period may not be representative of the
samples in the field. Besides, it is necessary that physicochemical as
well as biological characteristics of samples be determined as this
influences the diversity of microorganisms as well as its adherence to
soil. Storage of samples under unconducive conditions could lead to
a change in some of these biological and chemical properties of the
samples. The storage conditions of samples collected for
metagenomic analysis as reported in the literature are
summarized in Table 3, while the factors that affect the
distribution of microorganisms in different matrices are shown in
Figure 2. Different sample containers have been used to collect
samples from different matrices; for example, plastic containers are
mostly used for soils and sediments (Feng et al., 2018), filters for air
(Aalismail et al., 2019) and sterile Nalgene carboy for water
(Brumfield et al., 2021). Although these containers only serve as
holders to aid in transporting the samples from the source to the
place of analysis, nevertheless, they are expected to be free from
contaminants and must be sterilized prior to use. In general, the
parameters selected during sample collection for metagenomic
analysis usually depend on the experimental purpose and
objective of the study (Table 3).

Composition of microorganisms in air samples depend on
location, time as well as animal and anthropogenic activities.
Unlike microorganisms in soil and water matrices which have
limited mobility, microorganisms in air can spread more rapidly
covering a larger distance within a short period. Some studies have

TABLE 3 Key parameters during sample collection for metagenomic analysis.

Sample location Matrix Depth (cm) Amount Temperature of stored sample (˚C) References

Ummari, Lucknow Soil 10–20 500 g −80 Sangwan et al. (2012)

Sichuan, China Soil 5–10 500 g −80

Lake Needwood, United States water - 70 L - Djikeng et al. (2009)

Pearl river, China Sediments 0–20 - −20 Zhang et al. (2019)

Tibet, China Soil >1 - −20 Zhang et al. (2019)

NYC and SD Air - - −80 Yooseph et al. (2013)

Singapore Air - 6 × 106 cm3 - Tringe et al. (2008)

Seoul, SK Air - - - Cha et al. (2017)

Northumbria, United Kingdom water - 2 L - Acharya et al. (2020)

Southern China soil 0–15, 15–30, 30–45 - −20 Yan et al. (2016)

Shahjahanpur, India water - - −20 Sharma et al. (2021a)

China water - - −80 Ding et al. (2019)

NYC, New York city; SD, San Diego; SK, South Korea; UK, United Kingdom.
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indicated the possibility of microorganisms in air spreading between
different continents (Be et al., 2015; Aalismail et al., 2019), which
makes monitoring of air quality a priority. Besides, due to the
unrestricted mobility of microorganisms in air, it may be difficult
to prove that outdoor air samples collected at a particular sample
point are strictly representative of that location. At best, an outdoor
sampling plan can only provide an estimate of the microorganisms
in the air over a particular geographical area. Therefore, while
sampling air for metagenomic analysis, it is preferable
(recommended) to split large sample areas into components with
reasonable distance between each sample area. Then, sterile air
samplers are used to collect samples over the entire area of interest.

In collecting air samples, some researchers prefer using
specialized air samplers containing different compartments each
playing specific roles (Yooseph et al., 2013). In another study,
impingers connected to aspirators were used to collect outdoor
air samples for metagenomic analysis (Cha et al., 2017). Collection
of indoor air samples may not be as demanding and complicated as
outdoor samples as this may be collected after closing all outlets.
However, some researchers suggested that it might be reasonable to
obtain large volume of samples from air handling units of some
modern ventilation systems instead of using special air samplers for
collection of indoor samples (Tringe et al., 2008). This strategy
depends on the objective of the research. If the aim is to determine
the indoor air quality exclusively, then it might not be advisable to
sample air from ventilation systems as there is constant exchange of
indoor and outdoor air in most ventilation systems. Besides, it is
likely that the ventilation system itself might serve as host for
microorganisms which might be different from the microbial
load of the target matrix.

3.2 Metagenomic analysis of environmental
samples

The steps involved in obtaining DNA information from
environmental samples include extraction, isolation, purification,

and sequencing. This is then used to construct DNA libraries of the
environmental matrix. Althoughmost publications onmetagenomic
analysis of environmental samples have not really provided detailed
information on how analyses were carried out. Therefore, the
information provided in this review is an overview of the
standard procedures available in the literature and few
modifications that have been reported by researchers working in
the field of metagenomics.

3.2.1 Extraction, isolation, and purification of DNA
from environmental samples

Direct extraction and isolation of DNA from environmental
samples has taken precedence over the traditional culturing
techniques as a means of overcoming the limitation posed by
some microorganisms that has been tagged as “unculturable”;
though this term has been considered inappropriate as it is
possible that no suitable culturing technique has been discovered
for such organisms yet (Lewis et al., 2010). Conventional methods of
obtaining bacteria from contaminated soils such as polymerase
chain reaction and denaturing gradient gel electrophoresis
techniques were initially recognized as reliable means of detecting
gene sequences and genetically engineered microorganisms in the
environment (Porteous et al., 1994). However, recent studies have
reported that these techniques are insufficient to provide detailed
information of soil microorganisms (Yan et al., 2016). Therefore,
new sequencing methods (next-generation sequencing) have been
developed to obtain more detailed information of microorganisms
in contaminated matrices. This breakthrough obviously comes with
reduction in the cost of DNA sequence analysis (Luo et al., 2023).
This also involves decoding the functional role of microbial
communities in the detoxification, degradation, and
transformation of toxic chemical compounds (Sharma et al.,
2021a). The steps involved in creating a DNA library from
environmental samples are shown in Figure 3.

Genetic information of microorganisms in contaminated
environment can either be obtained from analysis of 16S rRNA
amplified PCR fragments or all DNA extracted from the

FIGURE 2
Factors affecting the distribution of microorganisms in different environments.
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environmental sample (Sharma et al., 2021b). The extraction process
requires the use of microbial extraction genomic kits after initial
high-speed vortex at about 10,000 rpm to release the microbial cells
from the bulk matrix, and further treatment of the residue with
lysozyme and proteinase K (Ding et al., 2019). Polymerase chain
reaction (PCR) may be used to amplify the DNA prior to creating a
library for the matrix. Analysis of the 16S rRNA as well as quality
control may be carried out using special software packages such as
QIIME (Quantitative Insights Into Microbial Ecology), USEARCH
and quality control toolkits (Ding et al., 2019).

Analysis of genomic data can be quite challenging despite
significant improvements in technology. This is due to
significant diversity of microbial species within the
environment, which has negative implication on accurate
representation of reads, or even greater complicacies

associated with analysis of low-quality reads. Some
researchers prefer analysing a broader spectrum of contiguous
genomic fragments usually contracted to contigs. However, this
increases the heterogeneity, which may culminate in generation
of chimeric contigs. Therefore, there is need to provide an
explicit workflow that takes into consideration the diversity of
species as well as conditions that suggest consistency between
information obtained from reads and contigs. Information
obtained from samples are usually compared to a reference
database to trace the origin of each sequence. In the
literature, MEGAN, a microbiome analysis software that uses
Last Common Ancestor (LCA) algorithm have been employed to
assign sequences to a specific taxon (Haro-Moreno et al., 2018).
This is then subjected to further analysis to evaluate the quality
of the taxa as well as statistical significance of the results.

FIGURE 3
Flow chart showing the steps involved in metagenomic analysis of environmental samples.
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4 Application of metagenomic
techniques for remediation of organic
and trace metals contaminants

The remediation of different chemical contaminants in the
environment will be discussed separately in two sections. This
will consist of bioremediation of trace metals and organic
compounds (polycyclic aromatic hydrocarbons, emerging organic
contaminants, and persistent organic pollutants). This is aimed at
providing insight to the mechanism of remediation as the pathways
for these group of contaminants is likely to be different as well as the
genetic information of microorganisms responsible for this activity.
Metagenomic analysis allows a powerful elucidation of
biotransformation and interactions of chemical components in
environmental matrices (Handelsmanl et al., 1998; Offiong et al.,
2022). The microbial community analysis and biological functions
enables highly precise and efficient optimization of protocols to
achieve remediation goals.

4.1 Bioremediation of inorganic and
organometallic compounds

Inorganic compounds, especially trace metals are highly
persistent in the environment and can be solubilized under acidic
conditions which enhances rapid uptake of chemical contaminants
by living organisms. As most inorganic compounds are non-
biodegradable, the most viable means of remediating these
contaminants from the environment involves change in oxidation
state of the metal from amore toxic and soluble form to a less soluble
and less toxic state. For instance, chromium exists predominantly in
the hexavalent (Cr6+) and trivalent states (Cr3+). The hexavalent
form is highly toxic, soluble, carcinogenic, it is predominantly found
in natural aquifers and has been noted by USEPA to be one of the
chemicals with the highest threat to human beings, while the
trivalent form is less soluble and less toxic (Marsh and
McInerney, 2001; Cheung and Gu, 2007). A summary of selected

research projects on remediation of metallic and organometallic
contaminated sites with aspects of metagenomics are presented in
Table 4.

Although some metal ions are useful for growth and metabolism
of microorganisms, excess metal ions beyond a certain threshold are
detrimental to microorganisms. Therefore, these organisms have an
in-built biological system that triggers certain response when there is
a change in the concentration of these contaminants in the
environment. One of such response is the activation of
metalloregulatory proteins, which serves as a metal sensing agent
that controls metal homeostasis in microorganisms. These proteins
serve as ligands that bind to the metal, thus, initiating the regulatory
process. The efficacy as well as tendency of this binding process is
different across metals as shown by the Irving-William series, Cu
(I) > Zn (II) >Ni (II) > Co (II) > Fe (II) >Mn (II) >Mg (II) > Ca (II)
(Barnett et al., 2012). Therefore, it is suspected that the reason why
certain microorganisms thrive under increased concentration of
some chemical contaminants but are decreased or extinct in the
presence of other contaminants may likely be due to the differences
in the binding potential of these ligands to different metals. This is
because it has been reported that failure to trap these excess metal
ions will culminate in termination of growth and ultimate death of
microorganisms under these conditions (Chandrangsu et al., 2017).

Cheung and Gu (2007) have documented the conversion of
hexavalent chromium to trivalent chromium in both aerated and
anoxic conditions by microorganisms as described in Figure 4
(Cheung and Gu, 2007). A summary of this report is that under
aerobic conditions, the resistance to hexavalent chromium ions by
Pseudomonas aeruginosa results in a decreased uptake and enhanced
efflux from the cell membrane of the microorganism, this results in
formation of unstable intermediates before reaching the stable
trivalent state, while anaerobic pathway involves direct transition
from hexavalent to trivalent state (Cheung and Gu, 2007).
Interestingly, some microorganisms especially the acidophiles
such as pyrococcus, acidianus, sulfurisphaera among others have
adaptive features such as the release of ATP synthase, chaperones,
DNA repair proteins, etc., that helps in maintaining internal

TABLE 4 Metagenomic study of heavy metals and organometallic contaminated sites.

Metagenomic technique Microorganism involved Contaminants References

16S rRNA rhizospheric bacterial communities organometallic sludge Kumar and Chandra (2020)

16S rRNA Fungi and bacteria As, Cd, Hg, Pb Khan et al., 2022

16S rRNA, 16S rDNA RFLP Bacteria Fe, Zn, Cu, Cr, Mn, Ni Chandra and Kumar 2017

16S rRNA Fungi and bacteria Pb, Cu, As, Zn, Cr, Cd, Ni Huang et al. (2022)

Illumina novaseq/hiseq xten platform Bacteria As, Cu, Pb, Zn, Mn Liu et al., 2022

Illumina HiSeq platform, 16S rRNA Bacteria Cr Prakash et al., 2021

16S rRNA Bacteria Fe, Zn, Mg, Ni, Cu, Cd Sharma et al. (2021)

16S rRNA Bacillus and Stenotrophomonas Fe, Mn, Zn, Ni Chandra and Kumar 2017

Illumina HiSeq 2000 platform Bacteria Zn, Cr, Ni, Cu, Cd, Pb, As Puthesseri et al. (2021)

16S rRNA Bacteria Cr, Cu, Ni, Mg, Zn, Mn, Cd, Hg, etc. Zainun and Simarani (2018)

Illumina HiSeq X Ten Bacteria As, Hg Shi et al. (2019)

16S rRNA Bacteria Cd Chen et al. (2017)
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chemical balance especially changes in pH which would interrupt its
metabolic activities (Tripathi et al., 2021).

The mechanism of remediation of heavy metals using bacteria and
fungi are shown in Figures 5, 6 respectively. Three important steps have
been reported in the bioremediation of heavy metals using bacteria. This
includes: Physical biosorption based on weak attractive forces (Van der
Waal’s forces), the formation of complex at the cell surface following the
interaction between heavy metal ion and active groups of the bacteria as
well as ion exchange of chemical components of the cell wall with
polysaccharides (de Alernca et al., 2017). This results in extracellular
sequestration and efflux of the peptide bound ions from the bacterial cells.
This transformation of heavy metal and subsequent efflux from the cell
has been reported to be the reason for increased resistance of certain

bacteria against toxic heavy metal at different contaminated sites (Verma
and Kuila, 2019).

For heavy metal remediation using fungi, the adsorption of the
metal ion to the cell wall of the fungi has been reported as the first
step in the remediation process (Riaz et al., 2021). This is facilitated
by the presence of functional groups such as carboxyl, hydroxyl,
carbonyl, nitrile groups among others on the surface of the fungus
which adsorbs with heavy metal (Chen et al., 2022). This might
result in a change in morphology of the mycelial surface which
restricts further penetration of metal ions (Chen et al., 2022). It is
also possible that there could be intracellular bioaccumulation of
metal ions rather than adsorption to the bacterial cell wall as
reported by Sharma et al. (2021).

FIGURE 4
Mechanism of conversion from Cr6+ to Cr3+ under aerated and anoxic conditions and enzymatic role (Cheung and Gu, 2007).

FIGURE 5
Mechanism of remediation of heavy metals using bacteria (Wei et al., 2014).
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4.2 Bioremediation of organic compounds

Organic contaminants such as polycyclic aromatic
hydrocarbons (PAHs), persistent organic pollutants (POPs) and
emerging organic contaminants (EOCs) are the main groups of
organic contaminants that has been the focus of environmental
scientists over the years. The ability of microorganisms to
metabolize aliphatic and aromatic organic compounds for the
purpose of accessing carbon or obtaining energy, thereby
converting these contaminants to carbon dioxide, water and
biomass has been the basis of bioremediation of organic
compounds (Bouwer and Alexander, 1993). This process has
been proven to be effective and reliable, however, the
heterogeneity of environmental matrices like soil implies that
changes in physical and chemical conditions can make the
matrix unsuitable for biodegradation of these contaminants.
Therefore, pretreatment and conditioning measures are
sometimes employed to improve remediation efficiency. This
include bio-stimulation, where nutrients or fertilizer are added to
the soil as well as bioaugmentation, which involves the addition of
microorganism-laden materials such as sludge or compost to boost
the remediation process (Vogel, 1996). The electrokinetics of these
supplementary remediation processes has been well revised
elsewhere (Gill et al., 2014). Furthermore, it has been reported
that 16S rRNA gene analysis of soil contaminated with diesel and
other fuels, which has been conditioned prior to remediation
confirmed the presence of alphaproteobacterial, actinobacteria,
firmicutes, betaproteobacteria and deltaproteobacteria, which
significantly improves remediation of organic contaminants from
the environment.

In a recent study, biostimulation was used for the remediation of a
crude oil contaminated site via biodegradation of total petroleum
hydrocarbons (TPHs) and PAHs by a consortium of bacteria
observed using metagenomic analysis (Rahmeh et al., 2021). The
diversity investigation revealed a group of microbes belonging to a
diverse genus could be employed for remediation/restoration purposes

especially in temperate regions. Similarly, rhizoremediation was also
reviewed for the degradation of PAH and closely monitored by
different omic techniques (metagenomics, metatranscriptomics,
metaproteomics and genomics) to assess the role played by the
microbiome in the remediation process (Kotoky et al., 2018).
Proposition and description of a probable genetic modification of the
rhizosphere microbiome for enhanced degradation of PAH has been
highlighted in the literature using these advanced genetic technologies
(Kotoky et al., 2018). At different environmental components and various
stages of an oil supply chain, monitoring the degradation of PAHs is
critical due to anthropogenic and natural interferences.

Therefore, it is on this premise that the genetic, metabolic
pathways and identity of biodegraders of PAHs were studied to
gain insights into the different optimization techniques for
bioremediation as well as prevention of crude oil deterioration by
(Hidalgo et al., 2020) using metagenomics. However, some biotic
and abiotic factors were also opined to affect the efficiency of the
bioremediation process (Hidalgo et al., 2020). Elsewhere,
Actinomycetales and Rhizobiales were found to be present in a
crude oil laden soil, but the former was the dominant
microorganism while Actinobacteria known for their potent
degradation potentials of PAH’s were similarly identified (Scow
and Hicks, 2005). Though not often reported, Weathered diesel oil
(WDO) with poor biodegradation and volatility features is a
pollution threat when released inadvertently into the
environment and enhanced bioremediation of WDO via biopile
processes was investigated with metagenomic tools. High TPH
removal of more than 70% was removed while heavy
constituents in the WDO could be removed by Sphingomonas
but Pseudomonas was responsible for lower fractions (Liu et al.,
2021). The valuable information revealed during the bioremediation
of organic compounds via metagenomic studies is vital and
indispensable elements for optimization and efficient ecosystem
restoration purposes.

The bioremediation of target organic compounds from aquifers
and other aquatic sources also depends on the biological, physical

FIGURE 6
Mechanism of heavy metal removal using fungi (Li et al., 2014).
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and chemical properties of the aquatic matrix. In fact, a strong
correlation between the abundance of microorganisms and these
properties have been reported (Scow and Hicks, 2005; Santini et al.,
2015). Several researchers have agreed that using multivariate
statistics or artificial neural networks to link geochemical
properties of an environmental matrix with microbial community
data could be very vital in enhancing bioremediation of organic and
other chemical contaminants from the environment (Feris et al.,
2004; Palumbo et al., 2004; Scow and Hicks, 2005). In addition, the
need to provide evidence for the remediation of these contaminants
using microorganisms have resulted in evolution of techniques to
study the effect of cell properties such as electrophoretic mobility,
hydrophobic and electrostatic interactions on rates of attachment to
particles as well as tracking inoculated populations following
injection into aquifers (Scow and Hicks, 2005). A compendium
of metagenomic-assisted bioremediation studies is presented in
Table 5. As an example, for biodegradation of benzene, toluene,
ethylbenzene and xylene (BTEX) in soil contaminated with
petroleum hydrocarbons, it was demonstrated that during the
central metabolism, the bacterial consortium used contained
Coding DNA sequences (CDSs) required for ortho-cleavage of
catechol such as catechol 1, 2-dioxygenase (catA), muconate
cycloisomerase (catB), muconolactone D-isomerase (catC), and 3-
oxoadipate enol-lactonases (pcaD and pcaL) as shown in Figure 7.

5 Research challenges and way forward

Despite improvement in technology in recent years, there
are still challenges that need to be addressed in order to improve
the quality of data obtained from metagenomic analysis of
environmental samples. One important challenge is how to
obtain representative samples of microbial communities, this
is because of increased diversity of environmental samples
particularly soil, sediments, and aquatic matrices. One
recommendation to solve this problem is to introduce push-
pull tests to the analysis of microbial populations (Scow and
Hicks, 2005). This involves injection of a controlled test
solution into an aquifer, then the test solution is
subsequently extracted and analysed for chemical, physical
and biological characteristics of the matrix. Even though this
will give information on the properties of the target matrix,
which may serve as a guide to sample collection, it may not be
useful for large sample areas with increased diversity of species
and variability in properties. Therefore, it might be better to
split large sample areas into different components and obtain
homogenous samples within areas that have similar properties.

Another major challenge is the collection of samples in aquatic
and sediment matrices without interfering with the composition of
both matrices. Even though the sediment bed is beneath the water
table; the properties of these matrices are likely to be different. It is
expected that the sediment should have large variation in microbial
community compared to the water above it. Care must be taken
when collecting sediment samples to avoid interference with the
overhead water matrix. Some researchers have suggested suspension
of a solid phase support matrices such as bio-sep beads that could
help in collecting actively growing surface associated bacteria in
aquatic matrices (Scow and Hicks, 2005). If this device should be

used to collect sediment samples, then, it should be adequately
shielded from the water layer till it reaches the sediment bed.

Furthermore, technical challenges arising during analysis
include variable contact of microorganisms with the target
contaminant as well as bioavailability of the chemical compound
of interest. This may arise due to certain factors like transport
phenomena, porosity of the matrix and level of interaction of the
contaminant with organic matter or other components in the
matrix. To address this issue, the incorporation of electrokinetics
to the study of biodegradation of chemical contaminants in order to
monitor transport phenomena, porosity, bioavailability of
contaminants and microbial communities which may provide
useful information during sample collection were suggested (Gill
et al., 2014). Besides, gene assembly and prediction are another
major challenge especially during modelling. Also, it was stressed
that the reconstruction phase of the whole genome from the
sequence reads using fragment assemblers is almost impossible to
achieve for multiple microbial environments due to complexity of
the target species and short length of sequencing reads (Wooley and
Ye, 2010), which explains why metagenomic sequences are usually
analysed as a collection of short reads.

Furthermore, the presence of chimera during 16S rRNA analysis
could affect estimation of species diversity if not adequately filtered.
Chimeras are mainly formed from two different parent sequences
and are commonly found to appear during 16S rRNA analysis.
Development of improved protocols such as emulsion polymerase
chain reaction (ePCR), which allows amplification of DNA in
samples has been useful in preventing the formation of chimeras
and certain artifacts between similar DNA sequences. Also,
computational tools such as Ballerophone, Pintail and Mallard
have played a significant role in removing chimeric data, though
improvement in the function of these tools have been suggested to
allow efficient functioning with large 16S rRNA datasets derived
from barcoded pyrosequencing (Wooley and Ye, 2010).

6 Conclusion

The collection of genetic information from microorganisms
domiciled in a contaminated environment has been useful in
predicting the type of contaminant expected in the matrix, which
is usually validated by carrying out a more detailed chemical
analysis. The diversity of species across different environmental
matrices has necessitated a robust sampling plan and analysis to
ensure high quality data representative of the sample location under
study. Metagenomic analyses discussed in this review are targeted at
assessing the process of bioremediation, which employs the
functions of microorganisms in remediating chemical
contaminants from the environment. This has been found to
provide useful information that correlates the biological
characteristics of microorganisms to environmental chemical
properties. In addition, it has been observed that the interactions
of enzymes at the cell membrane of microorganisms with the
chemical contaminant in the environment is one of the
determining factors of the efficacy of bioremediation, in addition
to accessibility of the microbial cell to the target contaminant, which
is determined by solubility of the contaminant, and the porosity of
the matrix. Also, variation in the binding potential of the proteins in
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TABLE 5 Metagenomic-assisted bioremediation studies.

Target chemical
contaminant

Metagenomic technique Outcome/Remarks References

Dispersed oil Reconstructed genomes and 16S rRNA gene analysis Bermanella and Zhongshania responsible for initial
n-alkane breakdown. Colwelllia involved with secondary
n-alkane breakdown and beta-oxidation

Ribicic et al.
(2018)

Diesel-contaminated microcosms 16S rRNA gene analysis The abundance of genes related to the nitrogen cycle was
significantly reduced in the low-diversity community,
impairing denitrification

Jung et al. (2016)

Atrazine Illumina platform-based whole metagenome sequencing Pseudomonas, bacterial genera such as Achromobacter,
Xanthomonas, Stenotrophomonas, and Cupriavidus
emerged as the dominant members in the bioremediation
strategies adopted

Bhardwaj et al.
(2020)

Tarball (and hydrocarbon suites) V3–V4 regions of 16S rRNA gene sequenced using
Illumina Miseq Platform

The Proteobacterial members were and many of the
identified taxa have been previously reported as
hydrocarbon degraders

Fernandes et al.
(2019)

Nutrients (N and P) DNA extraction followed by establishment of paired-end
library and sequencing using Illumina
Hiseq4000 platform

Enhanced nutrients removal from low C/N municipal
wastewater

Huang et al.
(2020)

Benzoate, nitrotoluene,
aminobenzoate, drugs, and PAHs

MinION shotgun sequencing Diversity indices for the pollutant degrading enzymes
suggested little variations between the city and non-city
riverine stretches

Yadav et al. (2021)

PAHs DNA extraction followed by 16S rRNA sequencing Bioremediation framework-amplicon based
metagenomic analysis allowed chemical profiling

Redfern et al.
(2019)

1,4-Dioxane V4 region16S rRNA gene sequencing Metagenomic profiling enabled efficient and accurate
adjustments treatment processes

Miao et al. (2021)

Nutrient (Nitrogen) 16S rRNA amplicon sequencing Metagenomic sequencing analysis further revealed the
anammox relative abundance; enriched anammox
bacteria led to improvements in nitrogen removal

Li et al. (2019)

Arsenic Dominance of arsenic resistance genes ars and acr3 in
shallow groundwater; and As was significantly affected by
microbial community and As metabolic processes

Wang et al. (2020)

Bisphenol A DNA extraction followed by 16S rRNA genes sequencing Biodegradation differs between mudflat and mangrove
forest sediments

Tong et al. (2021)

Diesel contaminated soil DNA extraction followed by Illumina high-throughput
sequencing was performed using HiSeq4000 platform

Metagenomics analysis identifies nitrogen metabolic
pathway in bioremediation of diesel contaminated soil

Gao et al. (2021)

Saccharin and cyclamate DNA extraction using FastDNA SPIN Kit for Soil; library
preparation and paired end sequencing through Illumina
HiSeq4000

The saccharin-degrading consortia was notably
dominated by a betaproteobacterial genome from the
family Rhodocyclaceae, accounting for 15.5% of total
sequences. For cyclamate enrichment, 28.1% of the total
sequences were assigned to three similarly abundant
Alphaproteobacteria population genomes belonging to
the family Sphingomonadaceae and Methylobacteriaceae

Deng et al. (2019)

Pesticides (HCH, Endosulfan,
and DDT)

Bacterial 16S rRNA based community studies Significant differences of functional genes and microbial
diversity were observed for different long-term pesticide
contaminated soils

Kumar et al.
(2019)

Phenanthrene Taxonomic and functional metagenomic approach Metagenomic analysis assisted in determining the
mechanism of action

Deng et al. (2021)

Plastics Shotgun metagenomic sequencing followed by De novo
assembly of metagenomic reads

Genes identified via polyethylene, and polystyrene
biodegradation pathways mining

Kumar et al.
(2021)

Azo dye (Direct Black G) Integrated metagenomic and metaproteomic analyses Revelation of degradation mechanism of azo dye-Direct
Black G by thermophilic microflora

An et al. (2020)

Organochlorine pesticides (OCPs) Illumina Novaseq high-throughput sequencing platform The functional gene results illustrated that bio-
stimulation facilitated total relative abundance of
degradation genes, phosphorus, carbon, nitrogen, sulfur
metabolic genes, and iron transporting genes

Zhang et al. (2021)

(Continued on following page)
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microbial cells with the chemical contaminant has been identified as
the reason for the differences in the abundance of microorganism in
the presence of different chemical species.

The collection of representative samples within a
contaminated environment, the choice of sample containers
and storage conditions to prevent proliferation of
microorganisms, and the time of analysis have all been
identified as key factors that affect the quality of
metagenomic data at the initial stages. Also, the choice of
sample container as well as transport conditions of the
collected samples from the field to the point of analysis
should be taken into consideration as well. This is done to
ensure that the samples collected for metagenomic analysis in
the laboratory reflect the true condition of the field. The choice
of sequencing technique also has an influence on the quality of
DNA information contained in each matrix’s library. Even
though analysis of metagenomic sequences using 16S rRNA
has been useful in providing in-depth DNA information of
environmental samples, the high possibility of generating
chimeras, which affects the quality of metagenomic data, has
been identified as a key challenge, inspiring the development of
more sophisticated computational tools that filter the data as a
scientific response to ensure improved results. Despite
improvement in technology, some challenges have been

identified, including collecting representative samples,
especially in a matrix that is characterized by increased
diversity of species, and transporting of target chemical
species within the matrix. This calls for a definite sampling
plan tailored to meet the needs of the matrix under
investigation. Also, incorporating electrokinetics into the
entire metagenomics process has been suggested to improve
the quality of samples collected from the environment.

Furthermore, the efficacy of the remediation process depends on
the chemistry of the contaminants as well as the biological
characteristics of the microorganisms. Since this is influenced by
the interaction between the proteins in the cell membrane of
microorganisms, which serves as ligands that bind to the
contaminant, a detailed study of these parameters could provide
useful information that can ensure control over the entire
remediation process. Furthermore, microorganisms could be
cultured or even modified in the laboratory and introduced to
certain contaminated matrices that may not naturally have
microorganisms that could break down these contaminants or
convert it to less toxic component. Also, the chemical properties
of these contaminants and the cell properties of microorganisms
may likely be useful in building biochemical models that could
predict remediation efficiency of different microorganisms as initial
assessment prior to deployment of these organisms to the field.

TABLE 5 (Continued) Metagenomic-assisted bioremediation studies.

Target chemical
contaminant

Metagenomic technique Outcome/Remarks References

PAHs Next-generation sequencing (NGS) 16S metagenomic analysis reveals adaptability of a
mixed-PAH-degrading consortium isolated from crude
oil-contaminated seawater to changing environmental
conditions

Muangchinda
et al. (2018)

Phenolics Paired-end metagenomic sequencing on Illumina
Hiseq™ sequencing platform

Metagenomic analysis revealed that electroactive biofilms
determined phenolic degradation of magnetic activated
coke (MAC)-based moving-bed biofilm reactor (MBBR)

Zheng et al. (2020)

Toluene DNA extraction followed by 16S rRNA genes sequencing Elucidation of the mechanisms of action of the
phytoremediation system in the vadose zone

BenIsrael et al.
(2019)

Hydrocarbons 18 S rRNA gene sequence and next-generation
sequencing (NGS)

Results demonstrated the ability of various groups of
microorganisms to adapt and survive in petroleum oil-
polluted water sites regardless of their respective
distributions

Kachienga et al.
(2018)

Pentabromodiphenyl ether Pyrosequencing of 16s rRNA genes The primary debrominated metabolites varied with
changes in the vertically distributed archaeal community

Yan et al. (2018)

FIGURE 7
Ortho-cleavage of catechol and subsequent degradation reactions (Eze, 2021).
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