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3.1 The Uprising of the “Omics”

One major feature of the “omics” techniques is that they are top-down holistic meth-
odologies. This means that the research is focused on the properties of the systems
rather than on those of the individual parts. Thus, instead of investigating a single
molecular entity, the “omics” approaches aim to characterize a collection of mole-
cules from the same category. Depending on the target molecule under investiga-
tion, different technologies have arisen. The genomic and transcriptomic approaches
measure nucleic acids (DNA and RNA, respectively) and have advanced rapidly
with the advent of next-generation sequencing technologies. Genomics deal with
the gene composition of an organism, which shed light on the potentiality for adap-
tation to different environments and allows the construction of its evolutionary his-
tory. Transcriptomics, on the other hand, can unravel the genome function under
particular conditions, allowing to determine which genes are expressed and enable
the organism to thrive in an environment or circumstance. However, the expression
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level of a gene might not correlate with the protein levels or activity, nor it indicates
protein localization within the cells or metabolic status. Therefore, recent advances
in proteomics have allowed not only the genome-wide identification of proteins but
also the characterization of their primary structure (in terms of posttranslational
modifications and maturation), their turnover or degradation, their regulation, and
their interactions with other proteins (interatomics). Similarly, assessing the
metabolic status of cells is also possible by the well-established methodologies that
measure low molecular weight organic compounds (metabolomics) and their
temporal dynamics (fluxomics).

In environmental research, though, the techniques that analyze the microbial
populations and their interactions in a complex sample (e.g., soil, water, organic
waste, sludge, etc.) have become a milestone (Fig. 3.1). These techniques avoid the
bottleneck of culturing specific microorganisms, thus allowing to recover
information of the uncultured microbiota in an environmental sample. Although
different terms have been used for these methodologies, the most widely used are
the ones that use the preposition “meta” modifying an already established omics
technique, i.e., metagenomics, metatranscriptomics, and metaproteomics.
Handelsmanl et al. (1998) were the first in the use of the term “metagenomics” to
refer to the totality of the genomes found in a certain environment. The main
drawback of these methodologies is that recovering the target molecules (nucleic
acids or proteins) from a complex source can pose a technical challenge. Another
important problem is that the “omics” techniques generate a relatively large amount
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of information and processing this information requires specific tools and
frameworks. Recently, methods and software designed to deal with metagenomic
data have become more accessible (or friendly) to biology scientist, who generally
lacks professional programming skills. Also, databases gathering “omics”
information have been continuously growing and are publicly available, which
facilitate the exchange and integration of information.

3.2 The Promises of Metagenomics

The first task of an environmental management project is assessing the contamina-
tion level in a site and the extent of the detrimental effect on ecosystem dynamics.
Currently, most environments are polluted to some degree with natural or synthetic
compounds that are hazardous to animals, plants, and the ecosystems. The traditional
approaches during site investigation in environmental risk assessment are
determining the physical-chemical properties of the matrix (soil, water, or air) and
the presence of suspected contaminants. However, the presence of a toxic compound
in a site does not directly implicate that the health of the system is compromised nor
that an intervention is required to eliminate the pollutant. In many occasions, the
naturally occurring microorganisms are able to degrade the exotic compounds and
restore the balance to the ecological unit. The goal in environmental management is
to preserve or restore the natural functions of an ecosystem with the minimal
intervention and economical cost. Therefore, the bottom line is that a holistic and
comprehensive analysis is required to define the most convenient form of intervention
in a site-dependent manner.

The discharge of a contaminant can shape the composition of the microbial com-
munities in an ecosystem. Other effects might be the net increase in biomass, the
genetic diversity, or the activity (Pulleman et al. 2012). The species able to degrade
the pollutant or its intermediary degradation compounds are generally enriched,
while the species sensitive to the pollutant are lessened. These species are regarded
as bioindicators and have been used widely in the diagnosis of contaminated places
(Pulleman et al. 2012). In this way, metagenomics can help to measure the deterio-
ration of the natural function of ecosystems as a result of contamination. By target-
ing phylogenetic markers, such as 16S rDNA for bacteria and 18S rDNA or ITS for
fungi and other eukaryotes, metagenomics can portray the phylogenetic composi-
tion of a microbial community. Samples from uncontaminated sites or pre-
contamination samples from the same site can serve as controls to determine if
particular phyla have varied in the community.

Through a meta-analysis pipeline, Oliveira et al. (2017) analyzed metagenome
samples from biomes with crude oil contamination across different geographies and
obtained by different research projects. Firstly, they found that distributions of
genes involved in the degradation of petroleum hydrocarbons and genes involved in
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the biosynthesis of biosurfactants are strongly correlated, which might seem
intuitive but is not generally analyzed jointly in metagenomic studies. Also, their
results show that terrestrial ecosystems present more degradation-related genes and
fewer biosurfactant genes when compared to water biomes. Taking this into
consideration, it would imply that treatment strategies to bioremediate oil-
contaminated waters would differ from those used for terrestrial spills in terms of
the activities that need fostering to achieve a particular rate of hydrocarbon
degradation. Lastly, but not less important, these authors found that latitude has a
significant influence on the diversity of genes involved in biodegradation and
biosurfactant production. According to this, microbiomes near the equator have
higher diversity in genes involved in hydrocarbon degradation when compared to
other geographical zones. This information can be used in the design of
bioremediation techniques, as microbial consortia from these areas can be
particularly suited for application to bioaugmentation, enzyme discovery, and
degradation pathway analysis.

In addition, the knowledge of the microbial interactions and capabilities of the
native microorganisms in a contaminated site has allowed the application of various
biostimulation and bioaugmentation strategies. The former pursues the goal of
stimulating the capacity of resident microbial communities to degrade pollutants by
modifying biochemical parameters such as nutrient availability, carbon sources, pH,
temperature, aeration and oxygenation, water content, etc. Here, the systems biology
approach is essential to determine the limiting reactions that can affect the
biodegradation rates of toxic compounds. Bioaugmentation, on the other hand, is a
more intrusive strategy by which nonnative microorganisms are added to the
contaminated site, generally to supply pathways that are not present or optimal in
the indigenous microbiome. For such purpose, the consortia and synergistic
interactions between different microbial species should have been characterized a
priori. This strategy has some drawback: for example, the foreign microorganisms
may not be competitive in the ecological environment that is treated, or the
microorganisms degrade the pollutant but remain in the site long after the
contaminant has disappeared, modifying the dynamics of the natural ecosystem. In
this case, metagenomics comes back into play as a monitoring tool that allows
assessing the effect of the bioremediation treatment on the native microbial
communities.

Finally, many of the microorganisms that inhabit the heavily contaminated sites
represent a source of potential biotechnological products to restore environmental
health. Therefore, metagenomics has served to investigate microbial communities
that are actively degrading a compound, under the notion that the genes with more
variability or representation in the metagenomic libraries might be involved in the
biodegradation of such contaminant. This so-called gene-centric approach has
gained much attention because it can serve for the prospection of new enzyme
activities or new genes that are accessory to the degradative pathways, such as the
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aforementioned biosurfactants in the case of hydrocarbon degradation. Also, this
gene-centric approach has served as a monitoring tool, because some genes known
to be responsive to contamination levels can be screened in the investigated sites to
assess the effect of a pollutant in the microbiome without the need to sequence all
the genetic content of the samples.

Taking all into consideration, metagenomics has properly served to various pur-
poses on the bioremediation field and is currently a powerful tool during decision-
making for treatment strategies and management of contaminated environments.
The continuous reduction of the sequencing prices makes these methodologies
affordable for industrial applications. Nonetheless, significant efforts remain to be
done to change the perception of these techniques in the industrial community and
to expand their use to a daily basis.

3.3 Transcriptomics

Transcriptomic approaches are successfully used to obtain insights into microbial
functions in contaminated sites. These techniques preferentially study the total
environmental mRNA. On the other hand, metatranscriptomic studies the gene
expression profile of the entire microbial communities, being the RNA extraction
one of the major challenges (Desai et al. 2010). These methods allow analyzing the
gene expression dynamic at the transcriptional level of one organism or microbial
community inhabiting a specific habitat in a specific time. Transcriptomics also
reveal the plasticity of the entire cell repertoire when microorganisms are exposed
to pollutants.

Since transcriptomics studies the mRNA profile, it can offer a general idea about
the enzymatic mechanisms involved in pollutant degradation. Thus, these omics
tools generate information related with subsequent protein profile of the cell.
However, the posttranscriptional modification could drastically modulate this
information.

Transcriptomic studies are not abundant to understand the enzymatic strategies
used for microorganisms. For example, transcriptional analyses associated with the
polycyclic aromatic hydrocarbons degradations are scarce. However, the degradative
mechanisms involved in asphaltene biotransformation by Neosartorya fischeri were
studied at the transcriptional level. It has been found that genes encoding for
monooxygenase enzymes were upregulated (Hernandez-Lopez et al. 2015). Another
transcriptional analysis in Exophiala pisciphila obtained that glutathione
S-transferase genes were upregulated during its growth in soil contaminated with
heavy metals (Morel et al. 2013).
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3.4 Proteomic in a Degradation Concept

In this chapter, we highlight proteomic approaches since the presence of proteins
determines the final phenotype of the cell. In the context of this chapter, it is
obligatory that enzymes can finally be detected to fully understand biodegradation
pathways.

Proteome refers to the entire protein profiles encoded by the genome, and pro-
teomic, on another hand, is the tool that allows the study of the proteome, their
expression, function, and structure, including the posttranslational modifications.
The analysis of the proteome plays an important role to fully understand any
biological process, including biodegradative processes. In this context, secretome
refers to the entire set of extracellular proteins encoded by the genome, and it is very
relevant to hypothesize extracellular pathways related with the catabolism of any
pollutant. Thus, the analysis of sub-proteomes and secretomes allows the
identification of proteins with relevant functions in the degradation or removal of
organic contaminants and reveals those differentially expressed proteins involved in
the biodegradation. The proteome is very dynamic since the cell quickly regulates
its expression according to specific living conditions.

In recent years, proteomics has become important as a discipline in environmen-
tal biotechnology. “The application of proteomics to the field of biodegradation is in
its infancy” (Chauhan and Jain 2010). However, proteomics is now completely
established as a robust and powerful methodology to characterize functional proteins
relevant for environmental biotechnology. In general terms, even up today,
proteomics is an expensive technique, and it is required to develop a new experimental
methodology with reasonable costs for environmental applications. Gel-free
approaches are not yet at the hand for many groups around the world, and, in
consequence, there are no notable advances in the environmental proteomics. For
this reason, gel-based approaches are still useful. Figure 3.2 shows both approaches,
2-DE-based proteomics and gel-free quantitative proteomics (Fig. 3.2 was taken
from Loh and Cao 2008).

The information generated by proteomics could be supplemented with informa-
tion obtained from other global studies such as transcriptomics, metagenomics, and
genomics, as well as with those results recovered from other emergent omics such
as phenomics, ionomics, lipidomics, culturomics, etc. The synergy of all these
molecular and morphological tools could drastically transform the point of view to
study the biotransformation of xenobiotics. The new omics era has big challenges to
generate new knowledge in the border of the science and, in consequence, propose
novel eco-friendly ideas to remove xenobiotics from the environment.

Polycyclic aromatic hydrocarbons (PAHs) are model compounds to study meta-
bolic pathways involved in the xenobiotic biodegradation. Proteomics has been suc-
cessfully used to elucidate catabolic and regulatory mechanisms involved in PAH
degradation (Kim et al. 2011; Vandera et al. 2015; Liu et al. 2017). These mecha-
nisms have been largely studied in bacteria, while the fungal mechanisms are even
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unclear. Figure 3.3 shows a schematic model published by Liu and co-workers (Liu
et al. 2017) that was obtained from proteomic studies in Sphingomonas sp. strain
GY2B during phenanthrene degradation (Fig. 3.3 was taken from Liu et al. 2017).
A proteomic analysis conducted in Achromobacter xylosoxidans during pyrene
biodegradation informed that proteins involved in cell homeostasis, genetic infor-
mation synthesis and storage, and chemical stress were upregulated.
4-Hydroxyphenylpyruvate dioxygenase and homogentisate 1,2-dioxygenase were
particularly important during pyrene transformation (Nzila et al. 2018).

Regarding fungi, the progress in environmental proteomics is discreet with a
slight takeoff in the last years. A recent study in Penicillium oxalicum identified via
shotgun proteomics 158 upregulated and 174 downregulated unique protein species
differentially expressed during anthracene biotransformation. Cytochrome P450s,
epoxide hydrolases, and transferase enzymes were the main upregulated proteins
involved in anthracene biotransformation (Lucero Camacho-Morales et al. 2018). In
this study, 77.1% of the proteins were annotated as hypothetical uncharacterized
proteins. The protein annotation is crucial during the proteomic analysis. It currently
represents an important bottleneck, and it is one of the major challenges of fungal
studies. Verdin and co-workers (2005) used a 2-D gel-based approach to study the
benzo[a]pyrene degradation by Fusarium solani, and an overexpression of P450
was found.

Another proteomic analysis was addressed to understand the metabolic pathway
preferentially used by the fungus Metarhizium robertsii in presence of 4-n-nonyl-
phenol, an endocrine-disrupting compound, as a carbon source (Szewczyk et al.
2014). Oxidation-reduction system related to nitroreductase-like proteins, reactive
oxygen species defense systems (peroxiredoxin and superoxide dismutase), the tri-
carboxylic acid cycle, and energy-related systems were the main proteins and meta-
bolic pathways upregulated in the proteome of M. robertsii. In this study, a huge
group of unidentified proteins was observed.

Proteomics has also been applied to investigate the fungal degradation of herbi-
cide. The upregulated protein profile of Paecilomyces marquandii revealed that in
presence of alachlor, an herbicide used to protect plant crops against broadleaf
weeds and annual grasses, the proteins related with energy and sugar metabolism,
as well as reactive oxygen species, are key enzymes involved in the alachlor bio-
transformation pathway (Szewczyk et al. 2015). Authors identified cyanide hydra-
tase as the main enzyme implicated in the biotransformation of alachlor.

The previous studies demonstrate that proteomics is a useful and valuable tool to
analyze those open reading frames induced by the presence of xenobiotics. But,
other aspect related with proteins can also be studied by proteomics since it can
answer other questions. For example, what happens with the isoenzymes of key
proteins in biotransformation processes? Are the posttranslational modifications
important during the xenobiotic biotransformation? How is the dynamic of the pro-
tein degradation? These questions remain absolutely understood. Further researches
and efforts are needed to clarify these points.
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Xenobiotics also elicit molecular mechanisms related to stress responses. In this
context, proteomics has brought relevant information about the proteins involved in
the stress physiology. When microorganisms are exposed at recalcitrant pollutants,
changes occur in their protein profiles including membrane proteins and those
enzymes related with DNA repair mechanisms, among others. Proteomic
approaches have shown in Pseudomonas putida KT2440 exposed to phenol that
proteins participating in oxidative stress response, general stress response, ener-
getic metabolism, fatty acid biosynthesis, inhibition of cell division, cell envelope
biosynthesis, transcriptional regulation, and transport of small molecules are totally
upregulated. These proteomic studies have also revealed that the protein profile
involved in cell morphology and cell surface hydrophobicity also drastically
changes (Santos et al. 2004).

3.4.1 Metaproteomic

Finally, metaproteomic is also a powerful methodology to study the relationship
between microorganisms in polluted environments and their possible role in xeno-
biotic degradation. Metaproteomic is an emerging tool in the post-genomic era and
cannot distinguish between proteins from different microorganisms since it ana-
lyzes at high-throughput scale, the pull of proteins produced by microorganisms
inhabiting a specific environment and time (Keller and Hettich 2009; Wilmes et al.
2008). This tool is based on the extraction, purification, identification, and annotation
of all proteins present in an environment, being the first step one of the major
challenges. The meta-analysis at protein levels brings relevant information related
to metabolic pathways in nature and allows the hypothesis postulation about the
ecological role of microbial communities in the xenobiotic degradation. The
metaproteomic studies are very scarce in contaminated environments. For example,
metaproteomic application to understand the biodegradation processes in wastewater
biotreatment is still in its infancy. However, new research efforts are needed due to
that metaproteomics could strongly contribute to identifying microbial proteins
with key functions in wastewater biotreatments as well as to elucidate the microbial
metabolic pathways involved in wastewater biotransformation.

Metaproteomics could also bring knowledge related with the availability to
access pollutants to microorganisms, how is the growth control and microbial
homeostasis in polluted sites, how xenobiotics could affect the nutrient acquisition
in microbes, and how is the dynamic of the stress response at the microbial ecosystem
level, among others. As it is supposed that microbial networks are environmentally
necessary for xenobiotic degradation (Aydin et al. 2017), these points are crucial for
the understanding of the bioprocesses in nature. Thus, the omics era and its molecular
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biological tools can be used to understand the dynamics of the microbial networks
in the biotransformation of pollutants. Additionally, metaproteomics can also
generate information about the regulatory mechanisms in these microbial networks
(Aydin et al. 2017) and, interestingly, how is the communication, the chemical talks,
between different species and populations in polluted ecosystems. Metagenomics
have studied the functioning of microbial networks in soils (Benndorf et al. 2007;
Wang et al. 2011), activate sludges (Kuhn et al. 2011; Osman et al. 2007; Wilmes
et al. 2008), groundwater (Benndorf et al. 2007; Kan et al. 2005), wool fabrics
(Solazzo et al. 2013), wastewater bioreactor (Lacerda et al. 2007), psychrophilic
anaerobic wastewater treatment bioreactor (Abram et al. 2011), and thermophilic
anaerobic treatment of agriculture biomass (Hanreich et al. 2012). Figure 3.4
represents a schematic model of the active metabolic pathways involved in a swine
manure-based thermophilic anaerobic digester obtained from metaproteomic results
(Fig. 3.4 was taken from Lin et al. 2016).

Another metaproteomic study also proposed the carbohydrate metabolic path-
ways of microbial communities during a large-scale aerobic composting plant
(Fig. 3.5) (Fig. 3.5 was taken from Liu et al. 2015). Thus, metaproteomics opens
new perspectives at the protein level to understand molecular mechanisms of
xenobiotic degradation at the community level (El Amrani et al. 2015; Shabhi et al.
2016a, b).

In conclusion, (meta)proteomics represent an unique opportunity to study pro-
tein profiles produced during pollutant degradations. This approach comprises
structural and quantitive analysis. As 90% of the microorganisms in nature cannot
be cultivated, a broad range of obtained peptides is probably from those uncultiva-
ble microbes. Thus, (meta)proteomics is a source of novel proteins with relevant
impact in environmental science.

Finally, the “omics” application to generate novel knowledge related with pol-
luted environments is an area of big opportunities to strongly impact the biotechno-
logical applications. The integrative omics approaches represent a methodological
challenge from sampling to analysis. Different disciplines play a key role in omics
application. Figure 3.6 shows an overview of molecular and omics technologies
applied to contaminated sites (Fig. 3.6 was taken from Desai et al. 2010).
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Fig. 3.5 Depiction of the carbohydrate metabolic characteristics of microbial communities inferred
from the metaproteome. Proteins shown are (1) hexokinase; (2) 6-phosphofructokinase; (3) triose-
phosphate isomerase; (4) glyceraldehyde-3-phosphate dehydrogenase; (5) enolase; (6) aryl-phos-
pho-beta-D-glucosidase; (7) fructose-1,6-bisphosphatase; (8) phosphoenolpyruvate carboxykinase;
(9) pyruvate dehydrogenase; (10) acetyl-coenzyme A synthetase; (11) acetate kinase; (12) pyruvate,
phosphate dikinase; (13) glyoxylate/hydroxypyruvate reductase; (14) citrate synthase; (15) aconi-
tate hydratase; (16) isocitrate dehydrogenase; (17) succinate dehydrogenase; (18) malate dehydro-
genase; (19) isocitrate lyase; (20) malate synthase; (21) citrate lyase; (22) exoglucanase; (23)
endoglucanase; (24) cellobiose dehydrogenase; (25) beta-glucosidase; (26) endo-1,4-beta-xylanase
B; (27) 1,4-alpha-glucan-branching enzyme GlgB; (28) mannose-6-phosphate isomerase; (29)
phosphoglucosamine mutase; (30) beta-N-acetylhexosaminidase; (31) 2-keto-3-deoxy-L-rhamnon-
ate aldolase; (32) xylose isomerase. (Figure and legend were taken from Liu et al. 2015)
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