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Industrialization, population burst, and changing lifestyles have resulted in the genesis of non-degradable pollutants languishing the environment and human health. Biological approaches using microorganisms are gaining importance as an eco-friendly and cost-effective substitute to mitigate the pollution load. Microorganisms can survive in a divergent environment and produce metabolites that can degrade and transform pollutants making it possible to revive contaminated sites naturally. Modern omics technologies like metagenomics, transcriptomics, proteomics, etc. have been used nowadays design strategies to study ecology and diversity of microorganisms and their application in environmental monitoring and bioremediation. The present article will focus on the omics techniques reportedly used in environmental monitoring to tackle the pollution load.
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INTRODUCTION

Pollution load is increasing at an alarming rate as a result of industrialization and population outburst. The industrialization has caused in the utilization and production of chemicals for hi-tech innovations which ensued the generation of non-biodegradable pollutants like xenobiotics, hydrocarbons, heavy metals, etc. (Labie, 2007). These toxic pollutants remain persistent in the environment and pose a serious threat to living organisms. Increasing awareness has generated numerous approaches using advanced scientific technology to audit and curtail this arduous global issue. The widely accepted technique for decontaminating a polluted environment in an eco-friendly and sustainable manner is bioremediation (Paul et al., 2005; Raghunandan et al., 2018).

Bioremediation is an enticing process to detoxify environmental contaminants. Microorganisms, such as fungi, yeast, and bacteria have been considered to be outstanding organisms for detoxification of pollutants (Zhong and Zhou, 2002; Luciene et al., 2015; Abou Seeda et al., 2017). It assures a cheap, simple, and eco-friendly cleanup method (Lovley, 2003). Microorganisms are nutritionally flexible and have the flair to adapt to extreme environmental conditions. They also possess numerous intracellular and extracellular enzymes which utilize the complex pollutants and convert them into carbon and energy source (Nojiri and Tsuda, 2005; Thakur et al., 2019). They also undergo a rapid genetic transformation which enables them to acquire new metabolic routes for deterioration of xenobiotics (Poirier et al., 2013; Igiri et al., 2018).

Microbial bioremediation strategies can be either ex-situ or in-situ. Ex-situ techniques consist of transporting pollutants from polluted sites to another site for treatment while in situ techniques treat polluted substances at the site itself. Ex-situ remediation technique owing to its limitations is not considered a choice of cleanup by many researchers. It may or may not be lucrative at particular sites and may be possible that the microorganisms which assisted in clean-up of pollutants under in-vitro conditions fail to remove them effectively under in-vivo conditions (Head et al., 2003; Barupal et al., 2019a,b). The mode of action and growth of microorganisms in polluted sites needs to be more studied for a better understanding (Lovley, 2003). Thus, extensive research needs to be focused on elementary and applied facets of microbial synergism to assess the biodegrading capacity microorganisms present in polluted sites and the changes in their structure and metabolic pathways.

Microbial bioremediation strategies are based on the consortia of diverse organisms that are indigenous to the polluted sites and possess immense metabolic potential. Isolating and purifying such indigenous microorganisms gives some knowledge of the microbial metabolites and the degradation processes. The method to access the microbial world remains immensely perplexing, as the majority of microbes in the environment are non-culturable under in-vitro conditions (Handelsman, 2004). Only a petite percent of microorganisms from diverse environment samples are actively culturable effortlessly and thus not accessible for fundamental research (Dickson et al., 2014; Bursle and Robson, 2016; Awasthi et al., 2020).

The recent advances in molecular tools enabled a cutting edge to assess the unculturable organisms from natural environments (Handelsman, 2004; Gilbert and Dupont, 2011). Molecular approaches like genomics, proteomics, transcriptomics, metabolomics, fluxomics, etc. gave more vision about the microbial communities inhabiting a particular environmental niche (De Sousa et al., 2018; Gupta et al., 2020; Rodríguez et al., 2020). The onsets of next-generation sequencing methods and in-silico analyses have facilitated researchers to address the problems associated with unculturable microorganisms (Maphosa et al., 2010a; Malla et al., 2018). These technologies have abetted the collection exhaustive biological data about microorganisms, their cellular mechanisms, and biomolecules like enzymes associated with bioremediation (Zhang et al., 2010; Misra et al., 2018; Pandey et al., 2019).

Bioremediation holds future assurance for detoxifying the contaminated sites. However, the technique is still riddled with complications that need to be addressed. The most critical step is to comprehend the indigenous microbiome, their synergy with the environment, and its associated factors which help in the expression of their genotype (Chakraborty et al., 2012; Callaghan, 2013). Hence, a multidisciplinary approach is required to unveil the pathways and chemistry that remains hidden for making bioremediation a versatile technique for environmental monitoring. Earlier published research papers have emphasized on individual genomic approaches in-depth for microbe mediated bioremediation. Hence, the present review aims to discuss a brief overview of the prevalent multi-omics techniques to investigate and understand the structural and functional aspects of the microbial community involved in bioremediation. This review article also provides a comparative analysis of commonly employed sequencing platforms and reviews a few recent signs of progress of integrated omics approaches to analyze complex microbial communities in diverse environmental samples. Therefore, the present article will discuss the modern and effective method of “omics” technologies for environmental monitoring and bioremediation.



GENOMICS AND 16S rRNA FOR BIOREMEDIATION

The emergence of genomic technologies has boosted the treatment of contaminated environments in a sustainable manner. Cultivation-independent analyses of microorganisms from contaminated sites have amplified the perception of community dynamics and myriad of microbes actively involved in bioremediation (Kapley et al., 2007; Desai et al., 2010). The identification of the microbial communities using modern genomic tools has enabled the detection of distinctive microorganisms that were not approachable by culture-based techniques. Gene amplification (using PCR) and sequencing techniques have proven exceptionally useful in evaluating the microbial community (Malik et al., 2008; Rani et al., 2008; Gołebiewski and Tretyn, 2020).

The discovery of a highly conserved and variable gene sequence, 16S rRNA in all microorganisms is considered as the highest quality level for describing phylogenetic similarities among organisms in microbial communities (Lovley et al., 1991; Lovley, 2003). 16S rRNA gene sequence analysis can be used for a complete assessment of microbial diversity by selectively amplifying and sequencing the hypervariable regions of the 16S rRNA gene. It is a highly efficient and cost-effective technology easily accessible by various bioinformatics tools and has become a frequently used technique for profiling intricate microbial communities (Han et al., 2020). It can be used to identify novel, unculturable, and phenotypically unidentifiable microbes (Clarridge, 2004).

The phylogenetic organization of the microbes linked with bioremediation processes can be determined by investigating the 16S rRNA sequences obtained from contaminated environments (Lovley, 2003; Rogers and McClure, 2003). 16S rRNA was used to elucidate the composition of microbial communities and the multifariousness of the dioxygenase genes in the soil of a coal tar mixing plant to study the genetics of PAH degradation (Kumar and Khanna, 2010; Viant and Sommer, 2013; Sakshi Haritash, 2020). Kou et al. (2018) reported 16S rRNA gene amplicon sequencing to study the abundance and diversity of the microbial community in soil polluted with heavy metals like lead, zinc, and copper in Shanghai. 16S rRNA gene sequencing along with membrane fatty acid profile was used to identify soil bacterium Pseudomonas species capable of degrading polyurethane from a site containing an abundance of fragile plastic waste (Cárdenas Espinosa et al., 2020).



MICROARRAYS

DNA microarray is widely known as a DNA chip or a biochip is one of the most promising methods in functional genomics. It is an assortment of microscopic DNA spots deposited or synthesized in a two dimensional or three-dimensional arrays on a solid surface like glass, silicon chips, or nylon membrane by covalent or non-covalent interactions. It allows the analysis of multiple genes at once without PCR amplification of the individual genes. DNA microarrays have been reported to be used to assess the physiology and catabolic gene expression profile of microorganisms isolated from environmental samples (Schut et al., 2001; Dennis et al., 2003; Chandran et al., 2020). Rhee et al. (2004) established an extensive 50-mer-based oligonucleotide microarray to identify genes associated with biodegradation and biotransformation in microbial communities. DNA microarrays were used in transcriptional profiling, quantify genes in biological samples, stress gene analysis of microbial genomes, etc. (Cho and Tiedje, 2002; Muffler et al., 2002; Greene and Voordouw, 2003; Chittora et al., 2020). Various microarrays designed to examine microbial communities are discussed below.


PhyloChip Arrays

It is an ease quality chip microarray created by the business head Affymetrix to recognize different bacterial and archaeal organisms from complex microbial communities. It gives a progressively quick, complete, and precise testing method for samples retrieved from the environment without the use of any culture techniques. These chips contain large information of genes and are widely used in hybridization-based identification and study of mutations and polymorphisms like single nucleotide polymorphisms or disease- pertinent mutations analysis. They have been used to study microbial profile in extreme biological systems like sun powered salterns, industrial effluents, olive-mill squanders, coral reefs, etc. (Nikolaki and Tsiamis, 2013). Phylochip arrays have been reportedly used to explore the bacterial diversity and community structure in chromium contaminated industrial wastewater (Katsaveli et al., 2012), Australian sugar cane processing plants (Sharmin et al., 2013).



Functional Gene Arrays (FGAs)

They are the particular kind of DNA microarrays incorporating probes for pivotal genes associated with microbial functional progressions (Cho and Tiedje, 2001; Palmer et al., 2006). FGAs are useful for evaluating the functional composition and network of microbial communities (Zhou et al., 2015; Shi et al., 2019). It is commonly employed for the synchronized inspection of multiple functional genes (Greene and Voordouw, 2003; Palmer et al., 2006). These arrays are widely used to study microbial communities from environmental samples because the majority of microbes in such samples are highly diverse, metabolically flexible, and unculturable (van Nostrand et al., 2011).



GeoChip Arrays

It is the most extensive DNA microarray accessible for contemplating microbial communities related to biogeochemical cycling, ecosystem management, environmental restoration, and remediation, etc. It can be utilized to study microbial association in soil, water, air, human and animal sources. It does not entail any preceding information of the microbial community and can detect less abundant microorganisms preventing annotation bias. The process is comparatively fast, and uses either DNA or RNA and utilizes 56,990 gene sequences from 292 functional genes consuming 27,812 probes. GeoChip uses key enzymes or genes to spot various microbe mediated mechanisms for biogeochemical cycles of nitrogen, sulfur, phosphorus, etc. resistance mechanisms for heavy metals like silver, cadmium, copper, mercury, nickel, lead, zinc, etc. (van Nostrand et al., 2011; Zehra et al., 2020), degradation pathways to identify and track the degradation of xenobiotics frequently found in the environment (He et al., 2010; Xie et al., 2011). It has been reported as an efficient, sensitive, perceptive and quantitative tool for investigating the functional structure of microbial communities (Zhou et al., 2008; Xue et al., 2016) from divergent environments like soils, aquatic systems, extreme environments, contaminated habitats, etc. (He et al., 2018; Shi et al., 2019).




OMICS APPROACHES

Advances in molecular techniques like proteomics, transcriptomics, metagenomics, etc. have opened new strategies and opportunities in environment management (Plewniak et al., 2018; Rodríguez et al., 2020). These methods have accelerated the study of microbial community structure which was earlier dependent on culture technologies (Iwamoto and Nasu, 2001; Gutleben et al., 2018). It possesses the potential to evaluate the genetic diversity of environmentally pertinent microorganisms and analyze novel functional genes related to the catabolism of pollutants (Eyers et al., 2004; Meena et al., 2019). Figure 1 depicts the various types of omics approaches commonly used for microbial community analysis.
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FIGURE 1. Various types of omics approaches for microbial communities analyses.


Omics technology is the molecular biological approach, which facilitates the analysis of biomolecules like DNA, RNA, proteins, and metabolites from individual organisms and the whole community at the same time (Gutierrez et al., 2018). To study gene regulation in the anthropogenic environment, mRNA expression (transcriptomics), and whole community expression (metatranscriptomics) can be studied (Schneegurt and Kulpa, 1998; Seo et al., 2009; Roume et al., 2015). Anthropogenically induced proteins from the contaminated sites can be tracked by studying the proteins using metaproteomics (Desai et al., 2010). Metagenomics analyzes the microbial communities directly from the ecological environment which in turn reduces the labor of screening and culture of microbes (Riesenfeld et al., 2004; Panagiotou et al., 2007; Ghazanfar et al., 2010). The study of protein through which anthropogenically induced proteins can be tracked from the contaminated sites is called metaproteomics (Desai et al., 2010). The analysis of primary and secondary proteinaceous metabolites synthesized by the organisms during distinct environmental situations is metabolomics (Desai et al., 2010). Multi-omics approaches are commonly reported to study microbial communities because a single omics analysis cannot disclose the functional activity of the microbial community (Shah et al., 2013; Meena et al., 2018).


Metagenomics

A major share of the microorganisms in the environment is non-culturable under laboratory conditions (Rashid and Stingl, 2015). Metagenomics can be used to explore such non-culturable microbes thriving in different environments (Oulas et al., 2015; Bilal et al., 2018). Metagenomic sequences reveal DNA sequences of uncultured microbes thriving in the environment which can be used for new biotechnology applications. The metagenomic information will enable researchers to integrate pure culture study with genomics (Hodkinson and Grice, 2015). It uses the pool of environmental genomes of microorganisms which increases the probability to discover unique genes and diverse pathways with new enzymes containing highly specific catalytic properties (Scholz et al., 2012; Yergeau et al., 2017; Awasthi et al., 2020). Due to the dearth of high-throughput sequencing technologies and software early metagenomic studies were focused on environments like acid mine drainage and the human gut microbiome. With the advancement of powerful software tools and molecular technologies extreme environments with extreme temperature, alkalinity, acidity, low oxygen, deep-sea hydrothermal vents, heavy metal polluted soils, etc. have been studied using metagenomics which provides infinite chances for bioprospecting and exploring of novel biomolecules like proteins, enzymes, etc. (Oulas et al., 2015; Awasthi et al., 2020).

Metagenomic assessment analysis commences with the isolation of nucleic acid (DNA or RNA) from the environmental samples. Dynamic microbial populaces in polluted environments can be evaluated by genome improvement monitored by metagenome investigation (Chen and Murrell, 2010). Stable Isotope Probing (SIP) cataloging can be utilized to specifically enhance the RNA, DNA, or phospholipids of dynamic microbial populaces. Metagenomic reference libraries are prepared by cloning DNA fragments isolated from the environmental samples in an appropriate vector [phage, plasmid, bacterial artificial chromosome (BAC)] and then reconstructed into a host bacterium. The consequential transformants can be screened for phylogenetic markers, conserved genes, expression of specific traits, etc. (Handelsman, 2004). Biological information from metagenomic libraries can be acquired based on two types of analysis: function-driven or sequence-driven analysis. The function-driven analysis is based on the identification of clones that express their functional activity while sequence driven analysis is based on the sequencing of clones with phylogenetic anchors or conserved DNA sequences that is the plausible origin of the DNA fragment (Wu et al., 2010; Felczykowska et al., 2015; Wong, 2018).

Sequence-based screening is increasingly used owing to the availability of several software for data analysis and the ease to assess metagenomic sequencing data. This approach is predominantly influenced by the precision of genome annotation, the integrity of the available data, algorithms, and facts in databases to ascertain the function of novel genes (Ferrer et al., 2009). It may not be useful if the sequence analogy does not complement to a functional association or the original gene has less analogy to some genes whose products have been investigated biochemically or a specific gene is capable to accomplish diverse tasks in the cell (Hallin et al., 2008). In such cases, function-driven screening is preferred to discover genes with novel functions or to explore the sequence variation of protein families (Singh et al., 2009; Meena et al., 2016). The flowchart in Figure 2 represents the general procedures adopted for metagenomic research.
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FIGURE 2. Workflow of metagenomics research.


Metagenomic analysis has opened new frontiers to analyze microbial communities, their genetic diversity, and metabolic pathways. It has provided opportunities to discover microbial consortia and genes involved in the bioremediation of xenobiotic compounds. Phenol degrading pathways of uncultivated bacteria in activated sludge was studied using metagenomics (Sueoka et al., 2009). The metagenomic approach was used to characterize genes and metabolic pathways associated with the degradation of phenol and other aromatic compounds in sludge from a petroleum refinery wastewater treatment system (Silva et al., 2013). Vigneron et al. (2017) accomplished a comparative metagenomic study to understand the community structure and diverse functions of marine seep ecosystems in the Gulf of Mexico and reported that microorganisms in deep cold seeps have the potential to consume a range of non-methane hydrocarbons. Metagenome sequencing was employed to outline the functional potential, taxonomic community composition, and to predict the breakdown of chemical compounds of soils with organophosphorus pesticide exposure (Jeffries et al., 2018). Metagenomic data analysis of microbial consortium emerging on diesel revealed the bacterial genera, genes, and enzymes involved in diesel degradation (Garrido-Sanz et al., 2019).

Gaytán et al. (2020) combined physical and chemical analysis with metagenomics to explicate probable metabolic pathways associated with polyurethane-degrading to alleviate plastics and xenobiotics pollution. The persistent impact of petroleum pollutants on the taxonomic and metabolic structure of microbial mats were studied using metagenome and enriched mRNA metatranscriptome sequencing (Aubé et al., 2020).


Metagenome Screening Methods

It can be screened using an activity-based (function-driven) or genome-driven (sequence-driven) approach (Desai et al., 2010). A small insert library can be used to discover a single gene or small operons enciphering new metabolic function while large insert libraries are more preferred for a large number of gene groups or DNA fragments (Daniel, 2005; Meena et al., 2015). Commonly employed activity-based screening strategies to acquire metagenome derived biocatalysts are agar plate screening, microfluidics-based screening, FACs based screening, microtiter plate screening, etc. It is based on the generation of a zone of clearance/inhibition, production of secondary metabolites (pigments, antibiotics, etc.), chromophore or fluorophore by the clones (Popovic et al., 2017; Ngara and Zhang, 2018).

In genome driven approach reporter gene-based in vivo screening and selection strategies are employed. The ease in accessing metagenomics sequencing data and the availability of multiple softwares makes this approach in demand for exploring metagenomic libraries (Lin et al., 2006; Dai et al., 2018). Genome driven approach is dependent on reporter gene present in the clones which may be colorimetric (LacZ), fluorescent (GFP), bioluminescent (LuxCDABE), conditional survival (CAT), acidification (AraBAD), ice nucleation (InaZ), motility (CheZ), cell display (LamB), etc. The commonly employed reporter based strategies are transcriptional regulator based (synthetic/natural), ribozyme based, post-translational modified reporter-based and fusion-based strategy. Among the reporter based strategies transcriptional regulator based approach is the most employed selection strategy (Dietrich et al., 2010; van Rossum et al., 2013).

The effectiveness of sequence-based approaches relies on precise genome annotation and available data (Ferrer et al., 2009). It uses algorithms and databases to conclude the functions of novel genes. Thus, these approaches may lag if the sequence analogy does not complement to a functional relationship, or if the novel gene has a feeble resemblance to any genes whose products have been analyzed biochemically, or a specific gene is competent to perform multiple functions in the cell (Ferrer et al., 2009). Function-driven screening is the chosen method for discovering novel genes or for probing the sequence diversity of protein families (Singh et al., 2009; Zhuang et al., 2010; Bier et al., 2018).



Genome Sequencing Technologies

Complete genome sequencing progressed through three technical (mechanical) transformations: first-generation sequencing (complete genome shotgun sequencing), next-generation sequencing (high throughput sequencing), and the third-generation sequencing (single molecule long-read sequencing) (Loman and Pallen, 2015).


First generation sequencing

Frederick Sanger and Allen Maxam—Walter Gilbert sequencing techniques were categorized as the first generation DNA sequencing methods (Liu et al., 2012). Sanger sequencing uses denatured DNA template, radioactively labeled primer, DNA polymerase, and chemically modified nucleotides called di-deoxynucleotides to generate DNA fragments with various lengths. Size of the DNA fragment is determined by the incorporated dNTPs. The DNA fragments are detached based on their lengths on gel electrophoresis and can be viewed by an X-ray or UV-light imaging system (El-Metwally et al., 2014; Meena et al., 2017a,b). This technique is expensive, time-consuming and do not permit the sequencing of complex genomes hence, it is widely utilized for single or low-throughput DNA sequencing nowadays (Sanger and Coulson, 1975; Kchouk et al., 2017). Maxam-Gilbert sequencing is recognized as the chemical degradation method because it uses chemicals to cleave nucleotides. Chemical treatment generates breaks in nucleotide bases which lead to the generation of a series of marked fragments that can be detached based on their length/size by gel electrophoresis. It is considered hazardous owing to the usage of noxious and radioactive chemicals (Maxam and Gilbert, 1977). These techniques were the most routinely used sequencing techniques by researchers till the rise of new sequencing technologies which opened new frontiers for genome analysis.



Next generation sequencing

The second-generation sequencing technology speeded up the process of sequencing by generating sequences with very high throughput at a low cost. It produces a massively parallel analysis from multiple samples where small sections of DNA are ligated with adaptors for random reads during DNA amplification which provides enormous data within a short duration (Zhang et al., 2011). Next-generation sequencing technology involves library preparation, sequencing, base calling, alignment to the established genome, and assorted annotation. Library preparation begins with the fragmentation of DNA into multiple fragments by sonication, enzymatic digestion, or transposase followed by ligation with adaptor sequences. The prepared library is then amplified using clonal amplification and PCR methods to generate DNA replicas. DNA replicas are then sequenced using different approaches (Samorodnitsky et al., 2015). The major platforms used for microbiome studies in next-generation sequencing are pyrosequencing (Roche/454 sequencing), Illumina, SOLiD, Ion Torrent, PacBio RS, etc. (Hodkinson and Grice, 2015). Each sequencing platforms has its peculiar distinct advantages and disadvantages and selection of sequencing platform depend on the required read length, sequence accuracy, depth, and cost (Table 1).


Table 1. Comparative analysis of next generation sequencing for microbiome studies.
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(i) Pyrosequencing technique

The pyrosequencing technique is sequencing by synthesis approach based on the detection of pyrophosphate release after the addition of a nucleotide to the newly synthesized DNA strand (Mardis, 2008; Kchouk et al., 2017). Figure 3 shows the diagrammatic presentation of the pyrosequencing approach. DNA molecule is sheared and ligated with oligonucleotide adapters, affixed to a 28-μm bead, and amplified using PCR in an oil-water emulsion and pyrosequenced (Ronaghi et al., 1996). The beads containing amplicon are then trapped in a picoliter sized well and pyrosequenced. The inclusion of non-labeled nucleotide results in enzyme-mediated liberation of inorganic pyrophosphate which can be detected computationally. Thus, repetitive pyrogenic cycles produce a DNA sequence with a read length of up to 1,000 base pairs and can produce ~1 million reads per run (El-Metwally et al., 2014). The first bacterium to be sequenced through the pyrosequencing technique was a soil bacteria Myxococcus xanthus (Vos and Velicer, 2006). Later, it has been employed to investigate microbial communities from divergent environment sources like freshwater, underground mine water, marine water, corals, fish, terrestrial animals, and mosquitoes (Dinsdale et al., 2008).


[image: Figure 3]
FIGURE 3. Representation of pyrosequencing approach.


(ii) Sequencing by ligation on beads

It consists of multiple sequencing rounds. Figure 4 shows the ligase-mediated sequencing method of the Sequence by Oligonucleotide Ligation and Detection (SOLiD) sequencer (Life Technologies) and its step by step process. It begins with the attachment of adapters to DNA fragments fixed on 1 μm paramagnetic beads and amplified by PCR in an oil-water emulsion. PCR amplicons in beads were secured on a compact planar substrate and hybridized with a universal PCR primer paired with an adaptor. During the event of sequencing, the positional identity of the nucleotide is revealed by ligating universal primer to a fluorescently labeled DNA octamer. The cycle is continued till every base is sequenced two times which enhances the accuracy of this platform (Shendure et al., 2005; Mardis, 2008; Meena et al., 2017c) (Figure 4).


[image: Figure 4]
FIGURE 4. The ligase-mediated sequencing approach of the Sequence by Oligonucleotide Ligation and Detection (SOLiD) sequencer (Life Technologies). (1) Library preparation: two distinctive adapters are ligated to sheared genomic DNA. (2) Emulsion PCR: emulsion PCR is managed with magnetic beads to generate “bead clones,” in which each comprises a solitary nucleic acid species. (3) Bead deposition: the beads are then associated to the outside surface of a glass slide. (4) Sequencing by ligation: ligase-mediated sequencing initiates by annealing a universal primer to the mutual adapter sequences on each amplified fragment (i), and subsequently DNA ligase is given accompanied by precise fluorescently labeled 8-mers, in which the two bases at the 3′ end of the probe are encoded by the appended fluorescent cluster. Every ligation step is monitored by fluorescence recognition (ii), after which a repossession step eliminates the bases from the ligated 8-mer (counting the fluorescent cluster) (iii), and correspondingly readies the extended probe for additional round of ligation (iv–vii). Subsequently every fluorescent cluster on a ligated 8-mer distinguishes a two-base amalgam, the consequential sequence peruses can be screened for base-calling errors vs. either correct polymorphisms or single base removals, by adjusting the individual states to a realized excellent reference sequence.


(iii) Illumina/Solexa sequencing

The DNA library preparation starts with random fragmentation of DNA into sequences followed by ligation of adapters to both ends of each sequence (Adessi et al., 2000; Fedurco et al., 2006; Turcatti et al., 2008). Linkers are used to attach forward and reverse primers with complementarity to the adaptor on a glass surface. Bridge PCR intensifies the DNA fragment resulting in a “cluster” with multiple copies of a single DNA template. Each cluster comprises around one million replicas of the initial sequence. Nucleotide in the sequences is determined using sequencing by synthesis approach using reversible terminators where four amended nucleotides, sequencing primers, and DNA polymerases are incorporated so that the primers are hybridized to the sequences (Meena and Samal, 2019).

It employs modified dNTPs containing a terminator with a fluorescent label at the 3′-OH end that blocks polymerization and allows only a single base addition to each growing DNA strand. Sequencing proceeds in cycles and single bases are added to all templates identically in each cycle, followed by the chemical cleavage of the fluorescent terminator which recognizes the incorporated nucleotide (Bahamonde et al., 2016; Arazoe et al., 2018). Lasers are passed onto the DNA clusters to trigger the fluorescent label incorporated in the nucleotide base which are further detected and recorded by a camera. Multiple computer softwares are employed to interpret these signals into various nucleotide sequences. The process proceeds with the exclusion of the fluorescently-labeled terminator group with the incorporation of a new fluorescently-labeled terminator base until billions of clusters have been sequenced (Bentley et al., 2008; Reuter et al., 2015). Illumina sequencing is extremely precise because the DNA sequence is explored base-by-base.

(iv) Ion torrent sequencing

It is analogous to pyrosequencing technology. Instead of using fluorescent-labeled nucleotides this approach relies on the release of a proton when a dNTP is added to DNA polymer. Adaptors are added to the fragmented DNA or RNA, and one molecule is placed onto beads and amplified by emulsion PCR. Each bead is laid into a single well of a slide containing single species of dNTPs, polymerase, and buffer. Nucleotide incorporation into DNA strand by polymerase releases hydrogen ion as a byproduct that decreases the pH. The decrease in pH is sensed by a pH sensor at the base of the microwell and transformed into a voltage which is proportional to the number of nucleotides incorporated. It is proficient to produce reads lengths of 200, 400, and 600 bp.



Third generation sequencing

Third generations sequencing offers lower sequencing charge and contented sample preparation without PCR amplification. The two most widely used sequencing platforms in third generations sequencing are Pacific Biosciences, Oxford Nanopore technology, and Heliscope technology. Pacific Biosciences developed the first genomic sequencer using single-molecule real-time technology (SMRT) approach (Eid et al., 2009; Meena et al., 2017d). This approach makes use of fluorescent labeling like other sequencing technologies. It detects nucleotide signals in real-time. It employs a framework made of several SMRT cells which comprises microfabricated nanostructures called zero-mode waveguides (ZMWs) (Rhoads and Au, 2015). The bases of each ZMW contain DNA polymerase which binds the target DNA and starts replication. Fluorescently labeled nucleotides with different colors are then added to the reaction wells. With the enzymatic incorporation of each base, a flash of light is generated that recognizes the base and analyzed repetitively to produce the DNA sequence (Rhoads and Au, 2015). It can produce a read length of about 1,500 bp.

Oxford nanopore technology uses electrophoresis to pass the DNA/RNA molecule through a nanopore. It makes use of electrolytic solutions and the utilization of a perpetual electric field. In this technology, double-stranded DNA is sheared and blunt-ended DNA molecules are formed with a termination repair stage. Two adaptors (Y adapter and a hairpin adaptor) conjugated with special motor protein are then added to the DNA which helps in unzipping the double-stranded DNA at the Y adapter and moves the DNA as a single strand through the nanopore. As the nucleic acid moves through the nanopore motor protein action generates a difference in ionic current due to the mobile nucleotides filling the pore. The deviation in ionic current is documented on a graphic model and then elucidated for sequence identification (Jain et al., 2016; Lu et al., 2016).

HeliScope is another technology platform utilizing an extremely perceptive fluorescence detection system for single DNA molecule sequencing. DNA strands are fragmented using restriction enzymes detected by the addition of poly-A tail. The DNA fragments are hybridized to the flow cell plate with billions of oligo(dT) chains bound to its surface to produce an array of a primer annealed single DNA templates. Labeling is accomplished in “quads” comprising of 4 cycles each for each of the four nucleotide bases. Fluorescently labeled bases are added one at a time resulting in a template-dependent extension. A laser light illuminates the label, taking a read of the strands that have taken up a specifically labeled base which is further detected and recorded by a camera. Various computer programs interpret these signals into a nucleotide sequence. The label is then cleaved, and the next cycle proceeds with a new base (Braslavsky et al., 2003; Meena et al., 2017e).



Shotgun sequencing

Shotgun metagenomic sequencing is a powerful technique in microbial ecology because it provides a vigorous and reliable evaluation of microbial diversity (Hillmann et al., 2018). It does not depend on PCR amplification and used to examine the functional potential and microbial composition of the community. It is the only way to study the microbial community with no markers like viruses (Quince et al., 2017; Vermote et al., 2018). It allows strain-level remodeling in the taxonomic analysis and pathway predictions for the functional annotation of the microbiome under study (Han et al., 2020).

It is an emerging molecular method to bridge the gap amid community structure and functional competence. It also helps in understanding the strategies adopted by microorganisms to thrive in adverse conditions (Sharpton, 2014; Peabody et al., 2015; Ranjan et al., 2016). The functional activity of innate communities can be studied using the metagenomic shotgun sequencing approach. Figure 5 shows a schematic illustration signifying the standard metagenomic workflow. It has been used to new and existing microbial community, analyze new viruses (Yozwiak et al., 2012; Quince et al., 2017; Vermote et al., 2018), uncultured bacteria (Wrighton et al., 2012), unique proteins (Godzik, 2011), and metabolic pathways (Morgan et al., 2012).
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FIGURE 5. Schematic illustration representing the standard metagenomic workflow.


Shotgun metagenomic sequencing of genomic DNA from a sample has equipped by library planning. The library planning workflow is analogous to consistent whole-genome sequencing, comprising of random DNA fragmentation and adapter ligation. Shotgun metagenomic sequencing workflow for taxonomy analysis consists of quality pruning and evaluation of a reference database involving whole genomes or specifically designed marker genes to create a taxonomy profile. Since, it contain all genetic information in a sample, the information can be used for supplementary analyses like metagenomic assembly and binning, metabolic function profiling, antibiotic resistance gene profiling, etc.

Whole-genome shotgun sequencing of environmental pooled DNA from seawater samples of Sargasso Sea near Bermuda elucidated gene content, diversity, and relative abundance (RA) of the organisms within these environmental samples (Venter et al., 2004). Shotgun metagenomic sequencing of the cave microbiome in Thailand was studied to explore the taxonomic composition and metabolic potential of microorganisms in the soil (Wiseschart et al., 2019). Shotgun metagenomic analysis of microbial communities from deep seabed petroleum seeps in the Eastern Gulf of Mexico revealed the presence of diverse communities of chemoheterotrophs and chemolithotrophs (Dong et al., 2019). Whole-genome shotgun sequencing was engaged to identify the taxonomic diversity and gene repertoire of bacteria isolated from tannery effluents and petrol polluted soil samples for degradation of persistent organic pollutants like naphthalene, toluene, petrol, xylene, etc. (Muccee and Ejaz, 2020).





Transcriptomics

The subdivision of genes transcribed in an organism is known as transcriptome. It is a potent network amid the proteome, genome, and cellular phenotype. It is also called gene expression profiling because it provides the understanding of up or down-regulation of genes under various environments in microbial communities. mRNAs analysis provides a direct vision of cell and tissue specific gene manifestation like (i) the existence, non-existence, and assessment of transcript, (ii) assessment of alternative splicing to foresee protein isoforms, and (iii) quantitative evaluation of genotype impact on gene expression via expression assessable trait loci analysis or allele-specific expression.

Microarray and sequencing techniques are employed for transcriptome analysis (Maroli et al., 2018). Microarrays help to assess the expression of genes while RNA-sequencing uses next-generation sequencing to determine the amount of RNA in a sample. The RNA-microarray strategy uses pre-designed probes which make this approach cheaper, potent, and an enhanced technique for studying protein expression. RNA-sequencing is extensive as it facilitates different types of RNA at a much-advanced coverage and broad discovery studies (Shendure, 2008; Nagalakshmi et al., 2010). The generation of raw transcriptome data involves purification of fine RNA of interest followed by transformation of RNA to complementary DNA (cDNA), fragmenting cDNA to build a library using sequence by synthesis (RNA-sequencing), running the microarray or sequence through superior software platform and carrying out ad hoc QC.

DNA microarray is a powerful technique in transcriptomics that supports in reviewing and evaluating mRNA expression of every single gene existing in an organism. The whole-genome DNA microarray technology has made it possible to define and investigate expressions of genes subjected to modulation with a fluctuating environment (Gao et al., 2004). It has been employed to evaluate variance in metabolic and catabolic gene expressions, to analyze the microbial community physiology from diverse environments, identify new bacterial species, etc. (Dennis et al., 2003; Greene and Voordouw, 2003).

Expression quantitative trait loci (eQTL) mapping is used as a persuasive strategy to explore and consolidate gene expression (RNA data) with genetic variants (DNA data). eQTL evaluation helps in identifying genetic variants that dominate mRNA expression levels. They furnish the relation between genetic variants and gene expression and can thus be used to exploit the fundamental molecular networks linked with a peculiar trait (Yao et al., 2015). The regulation of gene expression can also be studied by the collective analysis of mRNA and microRNA levels. MicroRNAs (mRNAs) are short, non-coding RNA molecules that control transcription of mRNA. The precise binding of mRNAs to a target mRNA (by sequence homology) either impedes mRNA binding to the ribosome or targets it for degradation. Hence, it is therefore obvious that not only miRNA levels, but also their regulation by mRNAs are vital for an extensive gene expression dynamics (Pritchard et al., 2012). mRNA profiling along with miRNA expression can be used to explore variations in the transcriptome profile, particularly to identify the miRNA transcripts that are subjected to regulation, emphasizing the probable molecular pathways supporting a particular trait or condition. This method has been, successfully used to explore gene expression in specific subtypes of gastrointestinal tumors (Pantaleo et al., 2016), estimate modification of gene expression in wound-healing impaired fibroblasts from diabetic patients (Liang et al., 2016).

Comparative transcriptomics revealed highly-upregulated degradation pathways and putative transporters for phenol to improve phenol tolerance and utilization by lipid-accumulating Rhodococcus opacus PD630 (Yoneda et al., 2016). Transcriptome analysis of activated sludge microbiomes decoded the role of the nitrifying organisms in heavy oil degradation (Sato et al., 2019). Transcriptome analyses of crude oil degrading Pseudomonas aeruginosa strains revealed the significance of differentially expressed genes implicated in crude oil degradation (Das et al., 2020).



Proteomics

A proteome is the set of proteins formed inside a cell, tissue, organ, or organism. The branch of science that explores and study of proteomes is called proteomics. The proteomic analysis helps in decoding molecular mechanisms, metabolic pathways, post-translational modifications, etc. inside the cell. It has enabled the tracking and analysis of universal expression of proteins in microorganisms residing in contaminated areas due to human-induced activities (Kim et al., 2004). Meta proteomics or community proteomics is the analysis of complete protein profile from microbial communities inhabiting in a specific environment (Hart et al., 2018). It is also defined as a functional genomics approach because it helps in exploring the protein expression pattern of one organism and helps in generating a protein map of all expressed proteins by one organism thriving in a selected environment. Metaproteomic analyses are dependent on the effectiveness of proteins extraction, the techniques adopted for proteins fractionation from an intricate mixture, and the explicit identification of fractionated peptides/proteins, database search, and data interpretation (Verberkmoes et al., 2009). Apart from this potent quantification methods are essential to relate expression patterns of proteins under different conditions. It relies on techniques like two-dimensional electrophoresis and mass spectroscopy to analyze the role of various microbial catabolic enzymes in biodegradation pathways (Wilmes and Bond, 2006; Meena and Swapnil, 2019).

For analyzing the proteome of the microbial communities from random environments following steps have been developed. Figure 6 shows the highlights of the general workflow of proteomic analysis for microbial community studies. Environmental samples being complex requires unambiguous strategies for sample collection or protein extraction. Two strategies have been developed for protein separation and identification. One strategy is based on one-dimensional or two-dimensional polyacrylamide gel electrophoresis (2-D PAGE). Proteolytic enzymes like trypsin is used to digest the excised targeted protein bands to peptides which are later analyzed by mass spectrometry or tandem MS analysis, database probing, and bioinformatic analysis (Wang et al., 2014). The second strategy is based on liquid chromatography coupled with MS/MS (LC-MS/MS) where proteases are used to digest the entire proteome into a complex peptide mixture and are purified by cation exchange chromatography or microcapillary reverse-phase. This method increases the proteome coverage, allows high-throughput recognition of proteins within a short duration (Verberkmoes et al., 2009), and allows detection of insoluble membrane proteins (Wu and Yates, 2003). The liquid chromatography centered methodology approach has become the cascade of microbial community proteomic studies. The disadvantage of this strategy is reproducibility, dynamic range, and database availability.


[image: Figure 6]
FIGURE 6. Workflow for proteomic analysis of microbial community studies.


For comparative and quantitative proteomics data with high reproducibility and precision is useful. It aims to determine the divergence in protein expression in various environmental gradients (e.g., nutrient and salinity gradients) as well as biological conditions like control vs. treatment, healthy vs. disease, specific genotype vs. wild type. Various labeling techniques have been developed for proteomics like stable isotope labeling using amino acids, peptides (Geiger et al., 2011; Lau et al., 2014), tandem mass tags (Ward et al., 2014), isotope dilution (Bettmer, 2010), isotope-coded affinity tags (Hägglund et al., 2008), isobaric tags for relative and absolute quantification (Martínez-Esteso et al., 2014). A label-free quantitative proteomic approach is possible with the progress in computational software which allows extensive profiling of proteins with flexibility. The label-free method is deployed on the abundance of proteins by comparing the peak intensity or the spectral count of the same peptide/protein. The mass-spectrometry based label-free approach is cost-effective, more prevalent, and has become the key research methodology in metaproteomics.

The metabolism of an organism is dependent on environmental factors. Changing external stimulus triggers changes in protein expression and assessing such changes can be effective in bioremediation approaches (Mattarozzi et al., 2017). Several studies report the characterization and quantification of proteins expressed by microorganisms present in diverse ecosystems like soil, marine, and freshwater environments, sediment, soil, activated sludge, acid mine drainage biofilms, human or animal microbiome and plant-associated microorganisms (Siggins et al., 2012; Wang et al., 2016). Metaproteome data from such ecosystems helps in understanding microbial community structure, dynamics, and functioning. Metaproteomic analysis together with community genomics has been reported to be a dynamic tool to discover microbial diversity and to differentiate closely related organisms in a biofilm colonizing acid mine drainage (Simmons et al., 2008; Denef et al., 2009, 2010). Metaproteomics was reportedly used to analyze an anaerobic microbial community degrading toluene (Jehmlich et al., 2010). Siggins et al. (2012) investigated the impact of temperature and exposure to trichloroethylene (TCE) on proteins expression by the microbial community in laboratory-scale anaerobic conditions.

Metaproteomics has also been reportedly used to distinguish metabolic activities of microbes significant to the bioremediation of contaminated environments. The expression of catabolic enzymes, such as catechol 2,3-dioxygenases, 1,2-cis-dihydrodiol dehydrogenase, and 2-hydroxymuconic semialdehyde was reported in Sphingomonadales and uncultured bacteria assisting the bioremediation of compost (Bastida et al., 2016). A culture-dependent community proteomic study reported that soil microbial community becomes convoluted in hydrocarbon-contaminated soil compared to untreated soil (Bastida et al., 2014).

It can be utilized to explain complex community interplay associated with in situ bioremediation of contaminated soil sites (Bastida et al., 2010). Morris et al. (2010) conducted a comparative metaproteomic study to investigate the membrane proteins expressed by the microbial communities from surface waters in the South Atlantic. A combination of metaproteomics with geochemical and biological data was used to examine the behavior of biofilm-forming microbial communities along environmental gradients. Jehmlich et al. (2010) reported the metaproteome of an anaerobic community, initiating from a batch sulfate reducing enrichment culture, exposed to toluene. A metaproteome analysis in bioremediation thus encompasses the identification of differentially expressed proteins and their respective genes, assessing changes in the abundance of biomarkers, protein structure, and function characterization.

The metabolic adaptation of Arthrobacter phenanthrenivorans Sphe3 supplemented with phenanthrene, phthalate, glucose as sole carbon and energy source was investigated using comparative quantitative proteomics. A gel-free quantitative proteomic analysis using nano LC-MS/MS was used to explore the phenanthrene catabolic pathway as well as the fluctuations in proteins when A. phenanthrenivorans Sphe3 cells were grown on various substrates (Vandera et al., 2015). A proteomic study using nano LC-MS/MS has contributed awareness into the metabolic and regulatory networks of Psuedomonas aeruginosa san ai exposed to plastic additive 2,6-di-tert-butylphenol (Medić et al., 2019). LC–MS/MS shotgun proteomics was reportedly used to determine variations in the proteome of hydrocarbon-degrading psychrophile Oleispira antarctica RB-8 when grown on n-alkanes in cold temperatures (Gregson et al., 2020).



Metabolomics

A metabolome is the total metabolites in an organism and the study of the metabolite profile of a cell within a given condition is called metabolomics (Beale et al., 2017). A cell produces a range of primary and secondary metabolites when subjected to external stress which has enabled us to understand and analyze the effect of environmental conditions on the metabolome of organisms (Malla et al., 2018). Metabolome based approaches have facilitated to establish models that can predict microbial activities under bioremediation strategies. It permits us to comprehend the potent activities of the microbial communities and their functional inputs to the environments in which they flourish. Various spectroscopic techniques can be used to characterize metabolites produced by organisms (Bargiela et al., 2015).

Metabolomics analyzes the metabolites produced by the cell in response to changing environmental conditions which in turn provide information about the regulatory events in a cell (Krumsiek et al., 2015). These metabolites can be used as bioindicators to screen the biological effects of the contaminants waste for a better perception of the environment. Advances in analytical instruments, statistical tools and bioinformatics tools made access to assess, extract, and interpret various metabolites and elucidate their pathway (Hill et al., 2015). The major strategies to analyze the metabolome involve metabolite profiling, targeted analysis, and metabolic fingerprinting (Wang et al., 2010). Metabolite profiling is a semi-quantitative process that enables the detection of both known and unknown metabolites while target analysis is a quantitative approach that uses various detection techniques to detect metabolites involved in a specific pathway. Metabolic fingerprinting is a high throughput procedure that generates fingerprints of specific metabolites in a sample.

A metabolomics analysis workflow starts with sample acquisition and preparation followed by separation and detection of analytes. Detection and quantification of metabolites is normally accomplished through an amalgamation of chromatography techniques (liquid chromatography and gas chromatography) and detection systems like mass spectrometry and nuclear magnetic resonance (Aldridge and Rhee, 2014). The most extensively deployed analytical instruments in metabolomics research are nuclear magnetic resonance spectrometers and mass spectrometry (Healy et al., 1995; Pan and Raftery, 2007). Among the mass spectrometry (MS) technology liquid chromatography MS is widely used due to lesser ion suppression, higher resolution, and non-requirement of chemical derivatization steps. Mass spectrometry produces spectra comprising of a pattern of peaks that can be used to analyze and quantify metabolites. These patterns are saved in spectral databases, allowing automated analysis, and generation of metabolomic profiles. Two methods are commonly used to analyze metabolic data. The first method uses statistics and clustering algorithms while the second method makes use of networks to envisage the spatial and temporal properties of the data. Several software tools like MetaboAnalyst, XCMS, MetATT, Matlab, etc. are used for metabolomics data analysis. Apart from data analysis several network visualization software tools like MetScape Plugin, MetaMapp, MAVEN, Pathomx, etc. have been developed to visualize graphical representations of metabolic pathways as diagrams or heat maps (Hill et al., 2015).

Mallick et al. (2019) used a computational framework called Model-based Genomically Informed High-dimensional Predictor of Microbial Community Metabolic Profiles (MelonnPan) to predict community metabolomes from a microbial community. This approach predicted and correlated the possible metabolic profiles across many samples at low cost compared to metabolomics, thus offering new opportunities for economical study designs. It also enabled the identification of functionally pertinent gene families with species or strain-specific metabolic associations, expediting biologically significant mechanisms at finer taxonomic resolution. This analysis in the future may thus provide metabolic understandings and hypothesis generation in numerous samples for which only metagenomic data are currently available.

Metabolomics along with bioinformatics tools and databases have enabled a better understanding of microbial community, their catabolic pathways, and genes responsible for encoding catabolic enzymes. It is thus a powerful strategy for discovering novel metabolic pathways and characterizing metabolic networks (Villas-Bôas et al., 2007; Kim et al., 2016; McMahon et al., 2018). Metagenomic, geochemical, and metabolomic analyses were used to study the role of microbial communities in the degradation of detrital biomass and petroleum hydrocarbons (Keum et al., 2008; Dong et al., 2019). Targeted and untargeted metabolomics using LC/MS/MS system was used to investigate reprogrammed-metabolism underlying biofilm formation for deciphering the metabolism for biofilm formation (Lu et al., 2019). Proteogenomic and metabolomic approaches were used to identify the pathways and enzymes used by marine bacteria Mycobacterium sp. DBP42 and Halomonas sp. ATBC28 to degrade plasticizers like dibutyl phthalate (DBP), bis(2-ethyl hexyl) phthalate (DEHP), and acetyl tributyl citrate (ATBC) (Wright et al., 2020).

Metabolite pathway databases and repositories can be used to supervise, investigate, and disseminate information about metabolites and their pathways. They provide a databank on metabolic information as well as helps in the unification of complex data into metabolic pathways. These databases and repositories also help in modeling metabolic pathways that can be investigated and prompted using mathematical modeling techniques. A variety of pathway databases and repositories, such as Reactome, KEGG (Kyoto Encyclopedia of Genes and Genomes), PANTHER pathway, etc. are available which provide information about specific metabolite pathways, reactions and enzymes, names, chemical structures, molecular weight, the occurrence of metabolites in pathways, etc. (Hill et al., 2015). Metabolomics is thus promptly expanding omic technology that can provide integrated insight into various metabolites and metabolic pathways. The collective uses of modern instrumental analytical methodologies, bioinformatics softwares have unraveled the detection of metabolites that cannot be accomplished by single-analysis techniques. Advancement in analytical platforms will boost the incorporation of metabolomics into systems biology.



Fluxomics

Fluxomics is a quantitative approach that studies the rates of metabolic reactions, changes in metabolic rates inside a biological individual. Fluxome is the complete set of metabolic fluxes in a cell which provides facts on several cellular processes, thus it is a distinctive phenotypic characteristic of cells. Flux analysis offers vital information about the phenotype since it assesses the metabolome in its functional communications with the genome and environment (Dettmer et al., 2007). Fluxomic approaches analyze metabolic interfaces prominent to the progression and logical design of cellular functions. Metabolic reaction rates evaluate the in vivo enzymatic activities that cannot be obtained from the transcriptomic, proteomic, or metabolomic data alone. A successful fluxomic analysis is dependent on the precision of quantitative metabolomics data, isotopic labeling measurements, and the reorganization of metabolic networks describing stoichiometry and regulation of metabolic reactions.

Two techniques commonly used for flux quantification are flux balance analysis or stoichiometric metabolic flux analysis and tracer-based metabolomics which uses a firm isotope of carbon 13C to trace the carbon distributing through diverse pathways followed by analytical techniques like nuclear magnetic resonance (NMR) or mass spectroscopy (MS) analysis for identification and characterization of the labeled compounds. Flux balance analysis uses the stoichiometry of metabolic reactions in concurrence with biological, chemical, and thermodynamic parameters to produce a controlled model of metabolic flux. In 13C isotope labeling, cells are fed with 13C labeled substrates which can be metabolized (e.g., Glucose) resulting in metabolites containing 13C atoms. Depending on the metabolic pathway 13C atoms are amalgamated into the newly designed metabolites in diverse positions and numbers. Therefore, for every single metabolite, there may be various isotopomers (numerous molecules of the same metabolite with different labeling states). Metabolomic analytical platforms are used to regulate the concentration and isotopomeric dissemination of these metabolites (Lee and Go, 2005).

The comparative and analytical approaches have been used as valid methods to estimate flux ratios. Tracer-based metabolomics data can be used to analyze metabolic flux distribution by using the comparative analytical approach and the integrative approach. Comparative analysis of tracer-based metabolomics data is also known as MIDA (mass isotopomer distribution analysis) which does not require bioinformatics tools and requires minimal statistics knowledge. It is a functional tool for the characterization of cell metabolic flux distribution by comparing the labeling patterns obtained with appropriate labeling distributions depending on the metabolic pathway followed by the tracer (Hellerstein and Neese, 1999; Kumari et al., 2018; Barupal et al., 2020). It provides predictable estimates of relative metabolic flux distributions. The perceptive nature of this approach has contributed to its extensive use in the interpretation of tracer-based experiments. This approach suffers the limitation that it does not allow the full characterization of the fluxome.

The integrative approach uses the integration of tracer-based metabolomic data into software packages to estimate the flux distribution by fitting the experimental data into the framework of more complete metabolic models (Wiechert, 2001). The 13C-based metabolic flux investigation has been used mainly to quantify the intracellular fluxes of an extensive range of microorganisms (Sauer, 2006). Software packages like 13C-FLUX have been developed which calculate sets of fluxes (Wiechert et al., 2001). The fluxome profile evaluation of marine bacteria Shewanella using biochemical, GC-MS analyzes, statistical and genetic algorithms revealed the presence of co-metabolic routes for the biodegradation of lethal metals, halogenated organic compounds, and radionuclides. The bacteria exhibited a responsive metabolic flux when revealed toward different carbon sources (Tang et al., 2007). Consolidated molecular diagnostic and kinetic modeling enhanced cognizance about organohalide-respiring bacteria (ORB) and their metabolite dynamics in an in-situ dechlorinating bioreactor (Maphosa et al., 2010b). Metabolic flux investigation revealed valuable evidence of a phenol overproducing strain resulting from Psuedomonas putida S12 during metabolic engineering (Wierckx et al., 2008, 2009). Metabolic flux analysis was used to investigate the constitutive metabolic network for the co-utilization of sugar and aromatic carbons in Pseudomonas putida (Kukurugya et al., 2019). Flux distributions using 13C-MFA (Metabolic flux analysis) was used to identify the effect of phenol on the carbon metabolism in wild type E. coli cultured under varying phenol concentrations (Kitamura et al., 2019).

Flux analysis can provide strategies for optimizing a biological system. Fluxomics is expected to progress and provide significant novel results for the development of biological systems and systems biology. Technical difficulties in the development of flux analysis and intricate metabolic regulatory mechanisms have inadequate the opportunity of fluxomics. It is thus essential to combine high throughput “omics” and molecular biology techniques to insistence and clarify challenges in the fluxomics for its future development.




CONCLUSION

The immense threat posed to the environment due to anthropogenic activities has led to think about novel strategies for decontamination and clean up. It is challenging to realize and discover the interplay between the microbial communities in polluted environments. Modern era omic-approaches like genomics, proteomics, transcriptomics, metabolomics, and fluxomics have eliminated the boundaries to study the mechanisms involved in various bioremediation pathways. It has enabled to incorporate new strategies for efficient bioremediation process. Omics-approaches have the potency to anticipate microbial metabolism in polluted environments. These high-throughput analyses would aid in tracking novel organisms for bioremediation, provide excellent and novel insights into their key biodegradative pathways at the molecular level. These multi-omics approaches will enable us to make new hypotheses, theories, and archetypes for bioremediation of polluted surroundings.
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