Transgenic approaches in phytoremediation have expanded the phytovolatilization capabilities by developing genetically modified plants with enhanced pollutant uptake and degradation ability.
Transgenic plants expressing genes like MerA and MerB have shown increased tolerance to mercury (Hg) and the ability to volatilize elemental mercury. Most transgenic plants for Hg phytoremediation are based on the bacterial mer operon, the most effective and widely-studied Hg resistance mer A recent case study explores the transgenic tobacco plants engineered to overexpress mercuric reductase gene (merA) which is responsible to transport ionic mercury to cell and reduce ionic mercury to the less toxic metallic form (elemental mercury), which then volatilized and released into the atmosphere.


With the help of genetic engineering techniques phytoremediation 


Transgenic approaches in phytodegradation represent a promising avenue for enhancing the ability of plants to remediate organic pollutants, such as pesticides, solvents, and petroleum hydrocarbons, from contaminated environments. By introducing specific genes that encode for enzymes involved in the degradation of these organic compounds, researchers have been able to significantly improve the phytodegradation capabilities of various plant species. Key enzymes, such as cytochrome P450s, laccases, and glutathione S-transferases, play crucial roles in the oxidative breakdown and detoxification of xenobiotics. Recent studies have demonstrated the successful application of transgenic plants, such as Arabidopsis thaliana engineered to degrade toluene and genetically modified poplar trees that enhance the degradation of polycyclic aromatic hydrocarbons (PAHs). However, challenges remain, including the growth rates and biomass of transgenic plants, which can limit their overall remediation capacity, as well as the complex interactions between these plants and soil microbial communities. Additionally, regulatory concerns and public acceptance of transgenic organisms can hinder their practical application in environmental remediation. Future research should focus on integrating transgenic phytodegradation with other bioremediation strategies, conducting extensive field trials to assess long-term performance, and exploring the potential for multi-contaminant degradation to address the complexities of contaminated sites. Overall, transgenic approaches in phytodegradation hold significant promise for advancing sustainable and effective environmental cleanup methods.












Role of omics technologies:
Omics technologies such as genomics, epigenomics, transcriptomics, metabolomics and proteomics offer significantly advanced molecular approaches to improve phytoremediation efficiency which is provide  comprehensive understanding of plant responses to contaminants and the molecular mechanisms underlying pollutant degradation. These approaches are facilitate to identify key genes and metabolic pathway responsible for uptake, transport and detoxification of the contaminants. By integrating omics data with traditional breeding and biotechnological methods, plant traits such as  pollutant tolerance, biomass production, and root exudate composition can be optimized which increases the efficiency of phytoremediation strategies. Furthermore, omics technologies can unveil the roles of microbial communities associated with plant roots, which leads to more sustainable and effective remediation practices in contaminated soil. 
Genomics:
Genomics is associated with study of entire genome of an organism. It is a multidisciplinary field which includes DNA sequencing, Recombinant DNA technology, genome editing tools, bioinformatics tools to study structure, function, evolution and editing of genes. Incorporating genomics in phytoremediation includes identification of potential genes involved in organic and inorganic contaminant (heavy metal) tolerance, accumulation and degradation. For example, 

In addition, genomic studies also play a vital role in selecting hyperaccumulator species that have evolved with traits advantageous for phytoremediation. Researchers are uncovering the genetic basis of plants' unique adaptations in such contaminated environments by sequencing their genomes. Such knowledge may contribute to breeding programs designed to create new cultivars with improved phytoremediation characteristics (Chlebek et al., 2021; Luan et al., 2018).
Genomic technologies, like whole-genome sequencing and transcriptomic profiling, can help pinpoint certain pathways that help detoxify the given organic pollutant. for example, Arabidopsis has been used as a model organism to study the transcriptional changes that occur upon exposure of phenolic compounds, which are common environmental pollutants. Knowing how these pathways work, researchers can work to find native plant species that possess increased biodegradation abilities or develop transgenic plants that have an increased ability to degrade deleterious compounds.
The genetic tools can also help investigate the plant-microbe interactions which are essential in enhancing the efficiency of phytoremediation. The beneficial rhizobacteria can also promote plant growth to facilitate metabolic decomposition for the plants. Additionally, the rhizobacteria can also increase the plant uptake of the pollutants. The genetic analysis can reveal the genes responsible for the PGPB and for the pollutant degradation.

Whole genome sequencing (WGS) has allowed researchers to identify and characterize the genetic makeup of plants known for their phytoremediation capabilities. For example, This genomic data facilitates the identification of candidate genes that can be targeted for genetic engineering to enhance phytoremediation potential. For instance, Genome-wide analysis of WRKY genes in Hibiscus cannabinus L. have revealed key gene HcWRKY44 which improve salinity stress (Chen et al., 2022). 

It is important to note that the plant genome complexity is often characterized by extreme polyploidy, requires comprehensive genomic characterization across the multiple species which are suitable for phytoremediation. This thorough investigation is  crucial to identify the specific mechanisms involved in remediation of specific contaminants types.

Proteomics:
Proteomics deals with the study of total set of proteins and it provides very useful information about the mechanisms through which plants tolerate and absorb the potentially toxic elements during phytoremediation. Thus, it is possible to determine certain proteins that are responsible for detoxification, transport and stress protection in the plants when they are exposed to heavy metals or other pollutants. The knowledge acquired through this method is significant for phytoremediation and may enhance plant growth in polluted areas. (for letter use)
Proteomic analysis of plants reveals significant changes in entire proteomes under abiotic and biotic stress conditions, such as heavy metal stress. While genomics studies focus at gene level response to stress. It has been observed that stress responsive genes does not always translate into functional proteins. Factors such as protein folding, stability, location and protein-protein interaction also play a significant role in this process (DalCorso et al., 2013). For example, AtMHX gene that encodes the magnesium and proton exchanger which exchange proton with magnesium, zinc and iron. AtMHX showing higher protein level in Arabidopsis plant but at level of transcription, no changes were found (Elbaz et al., 2006). Proteomics help to identify differential protein production in stress as gene activate differently compare to control conditions. Fang et al. studied plant pathogen interaction and highlighted several proteins which involved in defense mechanism (Lodha et al., 2013). Proteomic approach also help to describe complex protein changes at organ, tissue, cell and organelles level under different stress conditions (Ahsan et al., 2009). 
Ferritins are multimeric proteins they are synthesized particularly under Fe stress and help to accumulate iron atoms, provide primary level defense. 
During the proteomics studies in Rapeseed (Brassica napus) which is one of the ideal plant for phytoremediation of cadmium polluted soil (Fu et al., 2016), it was found out that when plant absorb cadmium through root system which travelled through xylem sap along with water and minerals to aerial part of the trees under the cadmium stress causes alteration of 28 xylem sap proteins which eventually neutralizes cadmium. This study was conducted with label free shotgun proteomic approach (Luo & Zhang, 2019). Different environmental stresses induces transduction signaling to maintain and regulate the expression of certain transporter proteins. For example, the excessive doses of copper, cadmium and zinc increases the expression of OsHMA9 gene found as a member of heavy metal ATPases (HMAs) in rice plant which causes efflux of lead from the cells (Lee et al., 2007). Similarly, a gene of copper efflux protein OsHMA6 is increased in the presence of elevated copper levels (Wenli et al., 2020). Above studies shows that how proteomics analyses provide new insights to identify the target proteins and protein networks that participate in complex biological processes such as detoxification of heavy metals and conferment of heavy metal tolerance to plants.  



Metabolomics:
Proteomics and metabolomics have also been used to identify candidate genes and reveal plant responses to pollutant-induced stress [46,47]. For instance, proteomics was used to characterize changes induced by cadmium in Populus, and showed that plant responses varied between leaves and cambium tissues and that the plant proteome is affected both directly by cadmium in tissues and indirectly through reduced metabolic rates caused by systemic toxicity  https://doi.org/10.1002/pmic.200900484 (copied)

