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Carbamate pesticides are widely used as insecticides, nematicides, acaricides, herbicides and fungicides in the agriculture, food and public health sector. However, only a minor fraction of the applied quantity reaches the target organisms. The majority of it persists in the environment, impacting the non-target biota, leading to ecological disturbance. The toxicity of these compounds to biota is mediated through cholinergic and non-cholinergic routes, thereby making their clean-up cardinal. Microbes, specifically bacteria, have adapted to the presence of these compounds by evolving degradation pathways and thus play a major role in their removal from the biosphere. Over the past few decades, various genetic, metabolic and biochemical analyses exploring carbamate degradation in bacteria have revealed certain conserved themes in metabolic pathways like the enzymatic hydrolysis of the carbamate ester or amide linkage, funnelling of aryl carbamates into respective dihydroxy aromatic intermediates, C1 metabolism and nitrogen assimilation. Further, genomic and functional analyses have provided insights on mechanisms like horizontal gene transfer and enzyme promiscuity, which drive the evolution of degradation phenotype. Compartmentalisation of metabolic pathway enzymes serves as an additional strategy that further aids in optimising the degradation efficiency. This review highlights and discusses the conclusions drawn from various analyses over the past few decades; and provides a comprehensive view of the environmental fate, toxicity, metabolic routes, related genes and enzymes as well as evolutionary mechanisms associated with the degradation of widely employed carbamate pesticides. Additionally, various strategies like application of consortia for efficient degradation, metabolic engineering and adaptive laboratory evolution, which aid in improvising remediation efficiency and overcoming the challenges associated with in situ bioremediation are discussed.
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INTRODUCTION

The sustenance of the ever-growing global population necessitates adequate crop production, therefore making the use of pesticides crucial to prevent loss in the agriculture sector. Furthermore, pesticides play an essential role in the prevention and control of potentially fatal vector-borne diseases like dengue, trypanosomiasis, leishmaniasis and chikungunya, especially in high-risk tropical regions. Up until the 1940s, inorganic substances like sulphuric acid and sodium chlorate or naturally occurring organic compounds like petroleum oil, naphthalene and creosote were used as pesticides (Unsworth, 2010). However, these compounds were inefficient and World War II imposed an urgency to significantly increase crop production, leading to the development of synthetic pesticides like dichloro-diphenyl-trichloroethane (DDT), Aldrin, Dieldrin, 2,4-dichlorophenoxy acetic acid (2,4-D) and parathion. Consequently in the 1960s, the hazardous effects of widespread use of pesticides like insect resistance, toxicity to non-target organisms and ecological disturbance became evident (Carson, 1962), leading to the development of more selective and safe alternatives. However, pesticide use continued for ensuring food productivity and public health, paving the way for collateral hazards (Bernardes et al., 2015).

On the basis of chemical properties, pesticides are classified into organochlorines, organophosphorus, carbamates, pyrethroids, amides, anilins, and azotic heterocyclic compounds (Özkara et al., 2016). Amongst these, the carbamate class of pesticides are derivatives of carbamic acid and characterised by a carbamate ester bond as functional group (which is linked to either aromatic or oxime moiety). These compounds act as reversible inhibitors of the enzyme, acetylcholinesterase (AChE) of the nervous system. They show broad-spectrum activity against insects, nematodes, molluscs as well as arachnids. Furthermore, they function as herbicides by inhibiting the photosynthesis electron transport chain and fungicides by binding spindle microtubules and causing nuclear division blockade (Singh et al., 2016; Pujar et al., 2019; Mishra et al., 2021b). Examples of some of the commonly used carbamate pesticides include fenobucarb, carbofuran, phenmedipham, carbendazim, aldicarb, methomyl, oxamyl, propoxur and Carbaryl (Table 1).


TABLE 1. Physico-chemical properties of various carbamate pesticides and microbes involved in their degradation.
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The widespread and repeated application of carbamate pesticides has led to their distribution into various compartments of the biosphere, thus imposing a selection pressure on the microbiota to evolve detoxification and/or degradation pathways. Various bacterial and fungal species have been reported to degrade carbamates and utilise them as sole carbon and nitrogen source. Here we review the toxicity imposed by carbamate pesticides as well as recent leads in the evolution and adaptation of various metabolic pathways at the biochemical and genetic level.



ENVIRONMENTAL FATE

Of the total carbamates applied as pesticides in the agriculture sector, only a minor fraction impacts the target organisms, whereas the rest of it is distributed into the environment, harming non-target biota and leading to ecological imbalance. Processes that mainly contribute to distribution and persistence of these compounds include leaching, adsorption, run-off, volatilisation, and partial degradation (by both biotic and abiotic factors) (Arias-Estévez et al., 2008; Lin et al., 2020; Figure 1). Apart from biotic and abiotic factors, the presence of co-contaminants like heavy metals might impact the persistence of these compounds in the environment by altering their adsorption, bioavailability, redox state as well as the toxicity. Further, heavy metals might interact with the biota at the site of contamination, to either enhance or inhibit degradation (Zhang et al., 2020). Since carbamates differ widely in chemical properties like water solubility, vapor pressure, photostability and soil adsorption coefficient (Koc), the environmental fate of each individual pesticide is variable (Table 1).
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FIGURE 1. Mode of entry of carbamate pesticides into the environment and their fate.


Highly water-soluble carbamates like methomyl, oxamyl and aldicarb are more prone to run-off and leaching into groundwater and water bodies (Malato et al., 2000; Choquette, 2014; Lin et al., 2020). Whereas, aromatic-based carbamate pesticides can adsorb onto soil particles and enter water bodies. The organic content of the soil is a major determinant of carbamate adsorption and certain compounds like Carbaryl and carbofuran show moderate to high Sorption in soil (Leenheer and Ahlrichs, 1971; Cáceres et al., 2019). Apart from presence in water and soil, carbamates are also detected in the air due to spray drift or volatilisation (Ferreira and Seiber, 1981; Table 1).

In order to determine the fate of these pesticides, various techniques are employed in quantitative and qualitative estimation from environmental samples. Gas chromatography (GC) and high-performance liquid chromatography (HPLC), coupled with mass spectrometry (MS) or other methods of detection (like UV-Vis/fluorescence) have primarily been applied in these analyses. However, as most carbamates are polar and thermally unstable, derivatisation is often required for GC analysis (Wu et al., 2009). For example, GC–MS (0.25 μm film thickness; 10°C/min raising rate) upon liquid-phase microextraction (LPME) and on-column derivatisation has been used for the determination of promecarb, propham, Carbaryl, methiocarb and chlorpropham residues in tap and waste water (Zhang and Lee, 2006). Similarly, a highly sensitive method for determination of carbofuran, tsumacide, isoprocarb and pirimicarb in water samples has been developed by combination of GC/MS (0.25 μm film thickness; 5°C/min raising rate) and dispersive liquid–liquid microextraction (Chen H. et al., 2010). Determination of Carbaryl, carbofuran, metolcarb, isoprocarb and ethiofencarb could be carried out in surface waters by GC/MS (0.25 μm film thickness; 5–30°C/min raising rate) upon derivatisation with 9-xanthydrol (Yang and Shin, 2013). Wu et al. (2009) employed HPLC, coupled with diode array detection in order to determine carbofuran, diethofencarb, Carbaryl and pirimicarb in water samples, upon dispersive liquid–liquid microextraction. Recently, isotope dilution liquid chromatography, coupled with MS, has been applied for the determination of Carbaryl, carbofuran and carbendazim in vegetables (Ahn et al., 2021).

A variety of both biotic and abiotic processes are responsible for degradation or transformation of carbamate pesticides in the environment. Abiotic routes include direct or indirect photodegradation, alkaline hydrolysis, volatilisation and adsorption, amongst others (Faust and Gomaa, 1972; de Bertrand and Barceló, 1991; Raut-Jadhav et al., 2016; Tomašević et al., 2019). Biotic routes include microbial degradation as the primary route for their complete removal by bacterial and fungal species. Various microbial species belonging to the genera Pseudomonas, Stenotrophomonas, Micrococcus, Enterobacter, Nocardioides, Pseudaminobacter, Serratia, Mucor, Trametes, Trichoderma, Pichia and Aspergillus, amongst others, have been reported to be involved in the transformation or degradation of carbamate pesticides (Mustapha et al., 2019).



TOXICITY OF CARBAMATES

Toxicity is mediated through both cholinergic and non-cholinergic mode. Due to the presence of AChE and the related enzyme butyrylcholinesterase in mammals (including humans), birds, fish, reptiles and insects, carbamate pesticides also impact non-target organisms, leading to ecological imbalance (Fukuto, 1990). They are reported to carry out reversible carbamylation of active site amino acid residue serine of AChE, leading to accumulation of acetylcholine at synapses and neuromuscular junctions, causing “cholinergic crisis.” AChE, under normal conditions, catalyses the hydrolysis of acetylcholine (neurotransmitter) to acetic acid and choline, leading to cessation of signalling (Waseem et al., 2010; Silberman and Taylor, 2020).

Apart from hazards emerging from cholinergic excess, carbamate pesticides and their metabolites act as endocrine disruptors by potentiating or antagonizing the activity of steroid hormones, thus disrupting steroidogenesis and thyroid function. Carbamate pesticides (and their metabolites) mimic various hormones and bind to their receptors, therefore affecting the expression of the responsive genes. The estrogen receptor α and β (ERα and ERβ) are estrogen binding transcription factors that regulate steroid hormone mediated gene expression (Kalaitzidis and Gilmore, 2005). Similar receptors exist for androgens and progesterone. Various carbamates like oxamyl, methomyl and Carbaryl, have been shown to act as weak agonists of the human estrogen receptor (hER) and human progesterone receptor (hPR) in breast (MCF-7) and endometrial (Ishikawa) cancer cells (Klotz et al., 1997). Carbaryl and methiocarb (and their hydrolysis products) were shown to exhibit in vitro ERα and ERβ agonistic activity. Furthermore, these compounds exhibited antiandrogenic activity (Tange et al., 2016). Pirimicarb, another carbamate pesticide, has been reported to decrease ERα mRNA levels (Grünfeld and Bonefeld-Jorgensen, 2004). Moreover, the expression of the androgen receptor gene was increased in rats upon exposure to carbendazim, a carbamate family fungicide (Hsu et al., 2011). These compounds have also been shown to disrupt the levels of various steroid hormones. For example, carbendazim exposure has been reported to be associated with increased estrogen levels (Morinaga et al., 2004), Carbaryl has been reported to inhibit progesterone biosynthesis in primary human granulose–lutein cells (Cheng et al., 2006) and carbofuran has been shown to disrupt the progesterone, estradiol, cortisol, and testosterone levels in rodents (Goad et al., 2004).

The metabolism of carbamate pesticides imposes an oxidative stress due to generation of either reactive toxic metabolites or reactive oxygen species (ROS). These toxic intermediates interact with macromolecules like proteins, lipids as well as DNA, leading to cytotoxicity (Dhouib et al., 2016). For example, N-nitrosocarbofuran, a gastric metabolite of carbofuran, has been postulated to produce an O6MeG DNA adduct, thus acting as a mutagen and carcinogen (Lee et al., 2004). Similarly, N-nitroso propoxur induced chromosome aberrations and sister-chromatid exchanges have been reported to occur in Chinese hamster ovary (CHO-W8) cells as a result of O6MeG DNA lesions (Lin et al., 2007). Apart from DNA, carbofuran-albumin and immunoglobulin adducts have been found to occur in human sera (Rehman et al., 2016). Lipid peroxidation is another significant example of ROS mediated macromolecular damage; caused by the interaction of oxygen free radicals (generated upon pesticide exposure) with polyunsaturated fatty acids constituting the cell membrane (Banerjee et al., 2001). Exposure to various carbamate pesticides like carbofuran (Rai and Sharma, 2007), aldicarb (Yarsan et al., 1999), oxamyl (Prezenská et al., 2019) and methomyl (Mansour et al., 2009) has been reported to stimulate and enhance lipid peroxidation by generation of ROS.

Further, exposure to carbamate pesticides has been reported to enhance the activity of various cellular antioxidant enzyme systems; a defence mechanism against these pro-oxidant compounds. However, prolonged exposure depletes these essential antioxidant systems, leading to cellular damage (Ndonwi et al., 2019). For example, exposure to carbofuran has been reported to cause significant elevation in activity of the antioxidant enzymes, superoxide dismutase and catalase, in rat brain and liver (Rai and Sharma, 2007). Similarly, in CHO-K1 cells, exposure to propoxur and aldicarb (and its metabolites aldicarb sulfone and aldicarb sulfoxide) is associated with an increase in the activity of glutathione peroxidase, glutathione reductase and glutathione transferase, as well as depletion of the intracellular reduced glutathione (involved in free-radical scavenging) content (Maran et al., 2009). Chronic propoxur exposure in rats is also associated with increased activities of the antioxidant enzymes superoxide dismutase and catalase, glutathione peroxidase, glutathione reductase, and glutathione S-transferase in the blood (Seth et al., 2001).

ROS also affects the mitochondria, which plays an important role in early and later fetal development stages (Coffman et al., 2009; Le Belle et al., 2011). Further damage to mitochondrial DNA and other macromolecules by ROS leads to prenatal mitochondrial impairment, resulting in embryotoxicity. Besides ROS mediated damage, carbamates have been reported to interact with mitochondrial translocator and other proteins, which results in the disruption of mitochondrial lipid metabolism and function (Leung and Meyer, 2019). The ROS generated upon carbamate exposure causes toxicity to immune cells like B, T, and NK cells, thus compromising the hosts immunity (Dhouib et al., 2016). Cholinergic excess has been reported to increase IL-2 signalling in B- and T- cells as well as inflammatory responses in macrophages (Banks and Lein, 2012). The interaction of steroid hormones with the receptors in immune cells is essential for their functioning. Carbamates are also known to interact with the hypothalamic–pituitary–adrenal axis (HPA axis) and disrupt gonadotropin-releasing hormone (GnRH) biosynthesis and GnRH mediated signalling in immune cells (Mokarizadeh et al., 2015).

Various reports have evaluated the in vitro toxicity of carbamate compounds in mammalian cells. For example, the lysosomal function and mitochondrial integrity of CHO-K1 cells were evaluated upon exposure to varying concentrations of seven carbamate pesticides, in presence or absence of foetal calf serum. Aldicarb was found to be the most toxic (MTT50 = 164 ± 29 μM), followed by propoxur (MTT50 = 161 ± 39 μM), aldicarb sulfone (MTT50 = 211 ± 41 μM) and aldicarb sulfoxide (MTT50 = 1162 ± 94 μM). Whereas exposure to pirimicarb, thiobencarb and benfuracarb did not show a concentration-dependent cytotoxic effect (José Ruiz et al., 2006). Similarly, exposure to 10–100 μg/ml of carbofuran showed a concentration-dependent increase in sister chromatid exchange frequency and micronuclei induction in CHO-K1 cells, indicating its genotoxic potential. Further, exposure to 100 μg/ml of carbofuran was found to significantly decrease cell growth and viability of the CHO-K1 cell line (Soloneski et al., 2008). Exposure to carbofuran has also been shown to induce genotoxicity and cytotoxicity in cat (Felis catus) fibroblast cells. The LC50 value was estimated to be 0.42 mM and maximum DNA damage was induced at 1.08 mM (Chandrakar et al., 2020). Pirimicarb (10–300 μg/ml) has been reported to induce chromosomal aberrations, chromatid and isochromatid-type breaks in CHO-K1 cells in a concentration-dependent manner, while sister-chromatid exchanges were observed at concentrations of 100–200 μg/ml and a delay in cell-cycle kinetics was observed in the 100–300 μg/ml range (Soloneski and Larramendy, 2010). Pirimicarb (10–300 μg/ml) has also been shown to display a concentration-dependent increase in micronucleus induction and decrease in cell viability (CHO-K1 cells; Soloneski et al., 2015). Exposure to 4.09–1046.4 μM of carbendazim displayed a concentration-dependent decrease in cell viability of A549 alveolar (epithelial) cell monolayer (IC25 = 12.5 μM). Cell cycle arrest in G2/M phase was observed, corresponding to DNA fragmentation. In addition to monolayer, a 3D alveolar epithelial model was constructed and exposed to carbendazim in the air-liquid interface. This model displayed a significant increase in ROS formation, decreased mitochondrial activity, increased caspase activity and alterations in α-tubulin levels, leading to decreased viability (Tollstadius et al., 2019). Recent studies have evaluated the impact of carbamate exposure on human endothelial cells (Saquib et al., 2021a,b). Exposure to methomyl, Carbaryl, metalaxyl, and pendimethalin (500 and 1,000 μM) significantly affected the proliferation of human umbilical vein epithelial cells and induced ROS generation, DNA damage and apoptosis (Saquib et al., 2021b). Similarly, exposure to carbofuran (100–1,000 μM) induced oxidative stress, mitochondrial membrane hyperpolarisation, DNA damage, apoptosis and significantly reduced the human umbilical vein epithelial cell viability at concentrations of 500 and 1,000 μM (Saquib et al., 2021a). Toxicity of carbamate pesticides to immune cells has also been evaluated in vitro at varying concentrations. A concentration dependent increase was observed in the frequency of sister chromatid exchanges in human lymphocyte cultures upon exposure to 250–750 mg/L of a 90% methomyl based formulation, while 1,000 mg/L caused cellular death (Valencia-Quintana et al., 2016). Similarly, carbofuran-treated human lymphocyte cultures displayed chromosomal aberrations and an LD50 of 18 μM was reported (Naravaneni and Jamil, 2005). Carbaryl (0–40 μM) has been reported to induce apoptosis in Jurkat human T-lymphocytes in a time- and dose-dependent manner (Li Q. et al., 2015).

Hence, various modes of action contribute to the mutagenic, teratogenic, carcinogenic and genotoxic effects upon carbamate exposure (Figure 2). Therefore, the removal of these compounds from the environment is very essential.
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FIGURE 2. Toxicity of carbamate pesticides manifested at various levels to humans and non-target biota.




BACTERIAL METABOLISM OF CARBAMATE PESTICIDES

Microbial degradation of carbamates involves either partial transformation or complete mineralisation/utilisation (Table 1). Prokaryotes share certain common features in degradation of carbamate pesticides. For example, the first step involves the hydrolysis of the carbamate ester or amide linkage, leading to the formation of hydrolysis product, methylamine and carbon dioxide (CO2). Methylamine is utilised both as a carbon and nitrogen source by C1 metabolism. The diversity in degradation occurs primarily due to processing of the remaining carbon skeleton. Carbamates like propoxur, Carbaryl, carbofuran and carbendazim, which harbour aromatic nuclei are degraded through the formation of the respective dihydroxy intermediates, like catechols (Trivedi et al., 2016; Long et al., 2020; Mishra et al., 2020). Whereas, oxime pesticides like aldicarb, oxamyl and methomyl form respective oximes upon hydrolysis which are utilised through unknown routes (Kazumi and Capone, 1995; Rousidou et al., 2016; Lin et al., 2020). Apart from traditionally used carbamates, pesticides belonging to other classes might harbour a carbamate moiety. For example, the degradation of pyraclostrobin (a strobilurin fungicide harbouring carbamate moiety) has been reported to proceed via hydrolysis and decarboxylation of the tertiary amine group to a primary amine, possibly by the action of a carboxylesterase (Chen et al., 2018).

Various techniques can be employed for the elucidation of carbamate degradation pathways in bacteria. The intermediates involved in carbamate degradation are identified by thin layer chromatography, GC, HPLC and MS, or a combination of these. The ability of the strain to grow on these intermediates as sole carbon sources can also be examined. Further, monitoring the enzyme activity in cell-free extract and whole cells can aid in identification of the pathway enzymes. Whole-cell respiration studies examine the oxygen uptake on various substrates and intermediates, and serve as an essential tool for elucidation of steps involved in carbamate degradation. Additionally, genome analyses and annotation identify putative genes (encoding enzymes) involved in the degradation of these compounds (Swetha and Phale, 2005; Nguyen et al., 2014; Yan et al., 2018; Pujar et al., 2019; Long et al., 2020).

The metabolic pathways for carbamate degradation are orchestrated by enzymes primarily belonging to the hydrolase and oxidoreductase class. Hydrolases participate in the first step of carbamate degradation which involves hydrolysis of ester or amide bond of the carbamate moiety. For example, the Carbaryl hydrolases (CH), CehA and McbA from Rhizobium sp. AC100 and Pseudomonas sp. C5pp, respectively, belong to the esterase family (Hashimoto et al., 2002; Trivedi et al., 2016). Apart from carbamates, esterases have been found to participate in the degradation and detoxification of ester-moiety containing organophosphate as well as pyrethroid pesticides, and follow a common hydrolysis mechanism involving a catalytic triad (Bhatt et al., 2021b). While, the CH, CahA from Arthrobacter sp. RC100 belongs to the amidase family (Hashimoto et al., 2006). Carbamates like Carbaryl, phenmedipham and propoxur harbour an aromatic moiety which makes them highly hydrophobic and resistant to degradation. Bacteria overcome this barrier by the oxygenation (hydroxylation) of the aromatic nucleus, thus increasing its oxidation status (Phale et al., 2020). These reactions are catalysed by oxygenases, which can be further classified into monoxygenases/hydroxylases and dioxygenases (ring-hydroxylating and ring-cleaving). The aromatic hydrolysis product is further hydroxylated by a monooxygenase to make it more susceptible for degradation. Apart from activation by ring hydroxylation, monooxygenases are also involved in the conversion of monohydroxylated aromatic intermediates into respective dihydroxy intermediates. For example, salicylate-1-hydroxylase in Carbaryl degradation pathway converts salicylate to catechol, whereas salicylate-5-hydroxylase converts it to gentisate (Phale et al., 2019). This conversion step to dihydroxy- intermediates can also be catalysed by dioxygenases as in the case of benzoate-1,2-dioxygenase in the carbendazim degradation pathway and toluidine dioxygenase in the phenmedipham degradation pathway (Pujar et al., 2019; Long et al., 2020). Dioxygenases also carry out the aromatic ring-cleavage of the respective catechols. These ring-cleaved intermediates are further converted into central carbon pathway metabolites and assimilated as the sole source of carbon and energy.

Apart from oxygenases, dehydrogenases also participate in redox reactions. For example, the salicylaldehyde generated in Carbaryl degradation pathway is converted to salicylate by NAD+-dependent salicylaldehyde dehydrogenase (Swetha and Phale, 2005). Other classes of enzymes like lyases and isomerases also play an important role in processing of the aliphatic carbon skeleton upon de-aromatisation by ring cleavage (Nguyen et al., 2014; Trivedi et al., 2016; Figure 3). For example, 2-hydroxychromene 2-carboxyl isomerase catalyses the conversion of 2-hydroxychromene 2-carboxylate to 2-hydroxybenzalpyruvate, which is acted upon by 2-hydroxybenzalpyruvate aldolase to form salicylaldehyde in the Carbaryl degradation pathway (Phale et al., 2019).
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FIGURE 3. Metabolic pathways for the degradation of aromatic ring-based carbamate pesticides. Various key enzymes involved are depicted in bold: CarH, Carbendazim hydrolase; 2ABH, 2-Aminobenzimidazole hydroxylase; BMO, Benzimidazolone monooxygenase; B1,2DO, Benzoate-1,2-dioxygenase; CaH, Carbofuran hydrolase; CaHy, Carbofuran hydroxylase; CPH, Carbofuran phenol hydroxylase; FDR, Flavin-dependent reductase; CH, Carbaryl hydrolase; 1NH, 1-Naphthol 2-hydroxylase; 1,2DHNO, 1,2-Dihydroxynaphthalene dioxygenase; 2HBA, 2-Hydroxybenzalpyruvate aldolase; SalDH, Salicylaldehyde dehydrogenase; S1H, Salicylate1-hydroxylase; S5H, Salicylate 5-hydroxylase; GDO, Gentisate dioxygenase; ProH, Propoxur hydrolase; IPD, Isopropoxyphenol O-dealkylase; FenH, Fenobucarb hydrolase; BPH, 2-sec Butylphenol hydroxylase; PheH, Phenmedipham hydrolase; TDO, Toluidine dioxygenase; and CDO, Catechol dioxygenase. Enzymes in the red font indicate the activity was reported at the biotransformation or annotation at the genome level; while those in black font indicates enzyme activities measured from the cell-free extract and some of them have been purified and characterised. HMB indicates 2-hydroxy-3-(3-methylpropan-2-ol) benzene-N-methylcarbamate.



Carbamate Pesticides as the Carbon Source


Carbofuran

Carbofuran [(2,2-Dimethyl-3H-1-benzofuran-7-yl) N-methyl carbamate] is a highly toxic, broad spectrum pesticide that acts as a nematicide, acaricide and insectide. Carbofuran degradation pathways are diverse and have been deciphered in Sphingomonas sp. CDS-1, Novosphingobium sp. KN65.2, Sphingobium sp. CFD-1, Cupriavidus sp. ISTL and Pseudomonas sp. 50432 (Figure 3; Mishra et al., 2020). The first step in carbofuran hydrolysis involves the cleavage of ester bond and is catalysed by carbofuran hydrolase (CaH; Mcd or CehA). The metallohydrolase, Mcd is a Mn2+-dependent esterase that was first identified in Achromobacter sp. WM111 and has been extensively characterised (Tomasek and Karns, 1989; Naqvi et al., 2009). Mcd has also been detected in Rhodococcus and Pseudomonas spp. and is seldom associated with carbofuran mineralising organisms (Öztürk et al., 2016). On the other hand, the CH, CehA was first identified in Rhizobium sp. AC100, but has been reported to be inefficient in hydrolysing carbofuran. However, its homologs have been identified in carbofuran degrading bacteria like Sphingomonas sp. CDS-1 and Novosphingobium sp. KN65.2 (Yan et al., 2018).

In Novosphingobium sp. KN65.2, the initial step involves hydrolysis of the carbamate linkage to form carbofuran phenol, methylamine and CO2 (Figure 3; Nguyen et al., 2014). The phenol undergoes ipso-hydroxylation and furanyl ring-cleavage by the action of carbofuran phenol hydroxylase (CfdC) to produce 3-(2-hydroxy-2-methylpropyl) cyclohexa-3,5- diene-1,2-dione). This intermediate is further reduced to the catechol, 3-(2-hydroxy-2-methylpropyl) benzene-1,2-diol by the action of a (yet unknown) flavin dependent reductase. The dioxygenase CdfE then causes the dearomatisation of the catechol by ring-cleavage to form (2E,4Z)-2,8-dihydroxy-8-methyl-6-oxonona-2,4-dienoic acid. This aliphatic intermediate is hydrolysed to 3-hydroxy-3-methyl butanoic acid and 2-oxopent-4-enoate, which are then converted to central carbon metabolites (Figure 3). Apart from this route, a parallel carbofuran side-chain hydroxylation route has also been proposed in this organism (Nguyen et al., 2014). The carbofuran degradation pathway and enzymes in strain KN65.2 have been proposed on the basis of genome annotation, transcriptional analysis, plasposon mutagenesis and spent media analysis (Nguyen et al., 2014). Degradation of carbofuran in Cupriavidus sp. ISTL7 has also been proposed to follow the same hydrolytic degradation route through the formation of carbofuran phenol and further to catechol, 3-(2-hydroxy-2-methylpropyl) benzene-1,2-diol (Gupta et al., 2019). Formation of a red colour intermediate by condensation of several carbofuran degradation metabolites has been reported in Sphingomonas sp. SB5 and strain KN65.2 (Kim et al., 2004; Park et al., 2006).

Carbofuran degradation in Sphingobium sp. CFD-1 proceeds through the formation of carbofuran phenol. The phenol can further be hydroxylated to 4-hydroxycarbofuran phenol by carbofuran phenol hydroxylase, which can be interconverted to a dione (Jiang et al., 2020a; Figure 3). This 4-hydroxycarbofuran phenol further, through yet unknown metabolic steps, yields central carbon pathway intermediates. The esterase-type CaH, CehA from strain CFD-1 has been purified and characterised upon heterologous expression. Four histidine residues, His313, His315, His453 and His495 were found to play an important role in the hydrolysis of carbofuran (Jiang et al., 2020a). Whereas in Sphingomonas sp. CDS-1, carbofuran and carbofuran phenol are transformed, but the bacterium failed to grow on either of them. The transformation of carbofuran phenol has been shown to be carried out by the hydroxylase-reductase pair CfdCX (Yan et al., 2018). Both the proteins, CfdC and CfdX were individually purified and characterised. CfdX was found to be the reductase protein that required NADH (but not NADPH) as cofactor and FMN/FAD as a prosthetic group. CfdC was reduced flavin mononucleotide or reduced flavin adenine dinucleotide-dependent monooxygenase that required CfdX to function. Together the CfdCX pair was found to carry out the hydroxylation of carbofuran phenol at the para position of the benzene ring (Yan et al., 2018).

In Novosphingobium sp. FND-3, carbofuran degradation has been proposed by three distinct routes: i) hydrolysis of the carbamate ester linkage to form carbofuran phenol, ii) hydrolysis of the ether linkage in the furanyl ring to form 2-hydroxy-3-(3-methylpropan-2-ol) benzene-N-methylcarbamate and iii) oxidation of the aromatic nucleus to form hydroxycarbofuran (hydroxycarbofuran route; Figure 3; Yan et al., 2007). Pseudomonas sp. 50432 harbours both oxidative and hydrolytic pathways for carbofuran degradation resulting in the formation of 5-hydroxycarbofuran and carbofuran phenol, respectively (Chaudhry et al., 2002). Rhodococcus sp. TEI shows a similar oxidative mechanism involving the conversion of carbofuran to 5-hydroxycarbofuran (Figure 3; Mishra et al., 2020).



Carbaryl

Carbaryl (Naphthalen-1-yl N-methylcarbamate) is a naphthalene-based carbamate pesticide. Being sparingly soluble in water, it is reported to be absorbed strongly onto soil particles. Large number of bacterial isolates have been reported to either transform Carbaryl into 1-naphthol (a highly toxic intermediate), or mineralise it completely (Phale et al., 2019; Figure 3). The first step involves hydrolysis of Carbaryl to 1-naphthol, methylamine and CO2 by CH, which can either be an esterase or an amidase. Examples of esterase type of CH include CehA from Rhizobium sp. AC100 and McbA from Pseudomonas sp. C5pp and Pseudomonas putida XWY-1 (Hashimoto et al., 2002; Trivedi et al., 2016; Zhu et al., 2019) whereas amidase type CH has been reported in Arthrobacter sp. RC100 (Hashimoto et al., 2006). McbA from strain XWY-1 was purified and characterised. This protein harboured three histidine residues (His467, His477 and His504) in the predicted polymerase/histidinol phosphatase-like domain, that were crucial for hydrolysis (Zhu et al., 2018). The 1-naphthol generated undergoes hydroxylation by 1-naphthol 2-hydroxylase (1NH) to yield 1,2-dihydroxynaphthalene. 1NH has been purified and characterised from Pseudomonas sp. C4, C5pp and C6 (Swetha et al., 2007; Sah and Phale, 2011; Trivedi et al., 2014). In all three strains, this enzyme was found to be a single-component homodimeric protein belonging to NAD(P)H-dependent external flavin monooxygenase group. In strain C5pp, 1NH (McbC) has tightly bound FAD and shows equal efficiency for NADH and NADPH as a cofactor (Trivedi et al., 2014). Recently, a two-component 1NH (CehC1C2) from Rhizobium sp. X9 has been purified and characterised. CehC1 functions as an FMNH2 or FADH2-dependent monooxygenase, while CehC2 is a reductase that utilises NADH to reduce FAD or FMN. Compared to the single component 1NH (McbC), the two-component 1NH (CehC1C2) showed significantly lower hydroxylation activity with 1-naphthol, but displayed a broader substrate specificity (Zhou et al., 2020).

The 1,2-dihydroxynaphthalene generated undergoes meta ring-cleavage by 1,2- dihydroxynaphthalene dioxygenase, forming an unstable intermediate which converts to 2-hydroxychromene-2-carboxylic acid, which undergoes isomerisation to form trans-hydroxybenzylidene pyruvate (Figure 3). This intermediate is metabolised to salicylaldehyde and pyruvate by the action of a hydratase-aldolase. Salicylaldehyde is oxidised to salicylate by the action of NAD+-dependent salicylaldehyde dehydrogenase (Phale et al., 2019). This enzyme has been purified from Carbaryl-degrading Pseudomonas sp. C6 and was found to be a homotrimer and showed broad substrate specificity on mono- as well as di-aromatic aldehydes, in addition to salicylaldehyde (Singh et al., 2014). In certain bacteria like Pseudomonas sp. C5pp, Rhodococcus sp. NCIB 12038, Pseudomonas sp. NCIB 12043 and P. putida XWY-1, salicylate is metabolised to gentisate by salicylate-5-hydroxylase (S5H), whereas in others like Pseudomonas sp. NCIB 12042, salicylate-1-hydroxylase (S1H) acts to form catechol (Phale et al., 2019; Figure 3). S5H has been purified from the naphthalene degrader Ralstonia sp. U2 and was found to be a multi-subunit complex that utilises NADPH/NADH as a co-factor, FAD as a prosthetic group and consists of oxygenase, ferredoxin and ferredoxin reductase subunits/components (Fang and Zhou, 2014). S5H has also been reported to be a homotetramer in Rhodococus erythropolis S-1, and requires NADH as a cofactor and FAD as a prosthetic group (Suemori et al., 1993). On the other hand, S1H can either be monomeric (Takemori et al., 1974), dimeric (White-Stevens and Kamin, 1972) or multi-subunit, harbouring separate oxygenase, ferredoxin and reductase components (Jouanneau et al., 2007). Like S5H, S1H also requires NADPH/NADH as a cofactor and FAD as a prosthetic group.

Catechol or gentisate undergo ring-cleavage by the action of catechol dioxygenase or gentisate dioxygenase to yield aliphatic intermediates, which are funnelled into central carbon metabolic pathways (Phale et al., 2019). Certain isolates like Burkholderia sp. C3 have the ability to metabolise salicylate through both routes (Seo et al., 2013).



Carbendazim

Carbendazim [Methyl N-(1H-benzimidazol-2-yl) carbamate] is a broad-spectrum fungicide to control Ascomycetes, Fungi imperfecti and Basidiomycetes on crops like banana, citrus and strawberry. It is highly persistent in the soil due to presence of hydrophobic benzimidazolic ring. It is unique in its mode of action amongst various carbamate pesticides as it binds to spindle microtubules and causes nuclear division blockade (Singh et al., 2016). Degradation of carbendazim in bacteria proceeds by the hydrolysis of methyl carbamate side-chain to generate 2-aminobenzimidazole and methyl formate. The carbendazim hydrolase, MheI from Microbacterium sp. djl-6F has been purified and characterised. The enzyme does not require any co-factor and has two cysteine residues, Cys16 and Cys222, involved in hydrolysis (Lei et al., 2017). Similarly, the carbendazim hydrolase, MheI from Mycobacterium sp. SD-4 was characterised (Zhang Y. et al., 2017). A very similar, but extracellular carbendazim hydrolase, MheI from Nocardioides sp. strain SG-4G was purified and characterised. Further, this hydrolase was found to be an esterase-type and was employed for enzymatic in situ bioremediation (Pandey et al., 2010).

The 2-aminobenzimidazole is metabolised by a hydroxylase to 2-hydroxybenzimidazole. The furanyl ring of this intermediate is cleaved by a flavin-dependent monooxygenase to form benzene-1,2-diamine, which is further oxidised to catechol by benzoate-1,2-dioxygenase and mineralised. Carbendazim is a highly nitrated compound and serves as a sole nitrogen source (Singh et al., 2016; Long et al., 2020; Figure 3). In Rhodococcus sp. CX-1, the 2-hydroxybenzimidazole formed can alternatively undergo dihydroxylation of the aromatic ring followed by ring-cleavage by the action of an extradiol dioxygenase. These pathways have been proposed on the basis of whole-cell biotransformation, genome annotation and transcriptome analysis in strain CX-1 (Long et al., 2020; Figure 3).



Propoxur

Propoxur [(2-Propan-2-yloxyphenyl) N-methylcarbamate; Baygon] is an insecticide, acaricide and molluscicide. It is highly soluble in organic solvents and moderately soluble in water (Khalaf et al., 1993). Propoxur degradation pathway has been recently elucidated in the consortia SP1 consisting of Pseudaminobacter sp. SP1a and Nocardioides sp. SP1b, based on spent media analysis and whole-cell biotransformation studies (Kim et al., 2017). The strain SP1a harbours carbamate hydrolase, which catalyses the hydrolysis of propoxur to 2-isopropoxyphenol, methylamine and CO2. The methylamine generated is utilised as a C and N source by strain SP1a. Whereas the 2-isopropoxyphenol was proposed to be utilised through the formation of catechol by the strain SP1b (Kim et al., 2017; Figure 3). Earlier, propoxur hydrolase activity has been reported in the cell-free extract of a propoxur degrading Pseudomonas (Kamanavalli and Ninnekar, 2000).



Fenobucarb

Fenobucarb [(2-Butan-2-ylphenyl) N-methylcarbamate; BPMC] is widely used in rice fields and has been found to contaminate surface as well as ground water. Fenobucarb degradation pathway is partially elucidated, with only the carbamate linkage hydrolysis products, 2-sec-butylphenol and methylcarbamic acid, being reported. 2-sec-Butylphenol is further completely metabolised (Kim et al., 2014; Ufarté et al., 2017). A novel carboxylesterase, CE_Ubrb, recently identified by metagenomic analysis, was shown to carry out the hydrolysis of fenobucarb (Ufarté et al., 2017). Although not in fenobucarb degrading bacteria, 2-sec-butylphenol degradation pathway has been elucidated from other isolates like Pseudomonas sp. strain MS-1 where 2-sec-butylphenol is hydroxylated to form 3-sec-butylcatechol, which undergoes meta-cleavage and hydrolysis to yield aliphatic intermediates 2-hydroxypent 2,4-dienoic acid and 2-methylbutyric acid, thus acting as a carbon source (Toyama et al., 2010; Figure 3).



Phenmedipham

Phenmedipham, [3-(Methoxycarbonyl amino)phenyl N-(3-methylphenyl) carbamate; PMP] is a broad-spectrum herbicide that acts by disrupting the photosynthesis electron transport. Being hydrophobic, it gets adsorbed onto soil particles, leading to its accumulation. Besides plants, it also affects a broad range of non-target organisms like birds, fish and molluscs (Kamrin, 1997). The phenmedipham degradation pathway was recently deciphered in Ochrobactum anthropi NC-1 (Pujar et al., 2019). The pathway is initiated by hydrolysis catalysed by phenmedipham hydrolase into methyl N-hydroxyphenyl carbamate, m-toluidine and CO2. The former product undergoes a dealkylation reaction to yield 4-aminophenol, which is not further metabolised. The second product, m-toluidine undergoes oxidative deamination to form 4-methylcatechol. Ring-cleaving 4-methylcatechol 1,2-dioxygenase converts it into 2-hydroxy-5-methyl-6-oxohexa-2,4-dienoate which enters into central carbon pathway. Compared to glucose grown cells, phenmedipham grown strain NC-1 showed high level of activity of phenmedipham hydrolase (PheH), 4-methylcatechol 1,2- dioxygenase and m-toluidine dioxygenase enzymes in the cell-free extract (Pujar et al., 2019; Figure 3). Apart from strain NC-1, the phenmedipham hydrolase, Pcd from Arthrobacter oxydans P52 has been purified and characterised. This hydrolase was found to be an esterase type of enzyme and showed narrow substrate specificity with respect to phenmedipham (Pohlenz et al., 1992).



Methomyl

Methomyl [Methyl N-(methylcarbamoyloxy) ethanimi dothioate] is a carbamate family oxime pesticide which is water soluble and found to be widely distributed in the ecosystem (Lin et al., 2020). The methomyl degradation pathway has been elucidated for the consortia consisting of Aminobacter sp. MDW-2 and Afipia sp. MDW-3. Strain MDW-2 hydrolyses methomyl to methomyl oxime, methylamine and CO2 (Zhang C. et al., 2017). From strain MDW-2, the methomyl hydrolase, AmeH, an amidase type of enzyme has been purified and catalyses hydrolysis of methomyl to an unstable intermediate and methylamine. The former undergoes spontaneous conversion to methomyl oxime (Jiang et al., 2020b). Methylamine is utilised as a carbon and nitrogen source by MDW-2. The methomyl oxime generated is then utilised by strain MDW-3, although no intermediates were detected (Figure 4A).
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FIGURE 4. Metabolic steps involved in the oxime-based carbamate pesticide degradation: (A) Methomyl; (B) Oxamyl; and (C) Aldicarb. Various enzymes reported for biotransformation are: Methomyl hydrolase, MeH; Oxamyl hydrolase, OxH; Aldicarb hydrolase, AlH. Metabolism of aldicarb involves the hydrolytic route which results in the formation of oximes and upon further dehydration to nitriles, the oxidative route results in the formation of sulfones via sulfoxides. Further, metabolic routes for these pesticides are not elucidated in detail.




Oxamyl

Oxamyl [Methyl 2-(dimethylamino)-N-(methylcarbamoyloxy)-2-oxoethanimido thioate], a carbamate nematicide, is highly susceptible to alkaline hydrolysis. Rousidou et al. reported the degradation pathway of oxamyl in four Pseudomonas strains where oxamyl was hydrolysed to oxamyl oxime and methylcarbamic acid (Rousidou et al., 2016). The latter, being unstable, forms CO2 and methylamine spontaneously. The gene cehA, encoding the oxamyl hydrolase, was detected in all four strains and its transcription was found to be 120–140 times higher in the oxamyl-amended cultures as compared to succinate-grown cells. Oxamyl oxime was reported to accumulate in the spent medium. The generated oxime is less toxic than the parent compound, therefore making hydrolysis of oxamyl an essential step in detoxification of this hazardous pesticide (Rousidou et al., 2016). A similar oxamyl degradation route has been proposed for Micrococcus luteus OX (Mohamed, 2017; Figure 4B).



Aldicarb

Aldicarb [(E)-(2-Methyl-2-methyl sulfanylpropylidene) amino N-methylcarbamate] is an insecticide and nematicide that is moderately soluble in water and is highly toxic. Bacterial transformation of aldicarb is known to proceed via the oxidative and hydrolytic route and bacteria utilise this carbamate as a sole carbon and nitrogen source (Figure 4C; Kazumi and Capone, 1995; Fareed et al., 2017). The former route involves oxidation of sulfur to yield aldicarb sulfoxide and further, aldicarb sulfone. These oxidation products are toxic. On the other hand, the hydrolytic pathway involves the hydrolysis of the carbamate linkage in aldicarb and the oxidation products, to form N-methylcarbamic acid and the respective oximes. These oximes further undergo dehydration to form the respective nitriles (Kazumi and Capone, 1995). Aldicarb hydrolase activity has been detected in the cell-free extract of Enterobacter cloacae strain TA7 (Fareed et al., 2017). The products of the hydrolytic pathway are less toxic than the parent compound (Figure 4C).



Carbamate Pesticides as the Nitrogen Source

In addition to serving as the carbon source, carbamate pesticides are also utilised as the sole source of nitrogen. The enzymatic hydrolysis of the carbamate ester bond results in the formation of methylcarbamic acid which spontaneously breaks down into methylamine and CO2 (Rousidou et al., 2016). Methylamine can also be formed directly upon hydrolysis by an amidase as observed in the case of methomyl degradation (Jiang et al., 2020b). The ability to utilise methylamine as a carbon and nitrogen source is observed in methylotrophs and non-methylotrophs (Bicknell and Owens, 1980; Anthony, 1982). Bacterial utilisation of methylamine involves either direct or indirect oxidation routes (Figure 5). Direct oxidation of methylamine to formaldehyde and ammonia is carried out by a methylamine dehydrogenase (MADH) encoded by the conserved mau gene cluster in Gram negative bacteria and methylamine oxidase (MAO) in Gram positive bacteria (Chistoserdova, 2011). Whereas, indirect oxidation route involves amino acid glutamate to generate N-methylglutamate (NMG) either directly or through the intermediate γ-glutamylmethylamide (GMA). NMG is generated by the reaction of glutamate and methylamine, catalysed by NMG synthase (NMGS) and ammonia is released as a by-product. NMG formed is oxidised to formaldehyde and glutamate by NMG dehydrogenase (NMGDH). GMA synthetase (GMAS) catalyses the synthesis of GMA using methylamine and glutamate as substrates in presence of ATP. The GMA generated is then acted upon by NMGS to form NMG in the presence of α-ketoglutarate and NAD(P)H (Figure 5; Kamini et al., 2018a).
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FIGURE 5. Metabolic routes involved in methylamine utilisation. The direct oxidation route involves MADH, Methylamine dehydrogenase in Gram negative and MAO, Methylamine oxidase in Gram positive bacteria. Indirect oxidation involves enzymes like NMGS, N-Methylglutamate synthase; GMAS, Glutamylmethylamide synthetase; and NMGDH, N-Methylglutamate dehydrogenase. Ammonia generated is utilised through the Glutamine synthetase/Glutamine oxoglutarate aminotransferase (GS/GOGAT) or Glutamate dehydrogenase (GDH) route, whereas formaldehyde is utilised through C1 metabolic route.


The ammonia generated can be assimilated either through glutamate dehydrogenase (GDH) or glutamine synthase-glutamate synthase (GS-GOGAT) route (Figure 6). The former route is low-affinity pathway and involves reaction of α-ketoglutarate with ammonia in the presence of NAD(P)H to form glutamate. GS-GOGAT route is high-affinity pathway and generates glutamine from glutamate and ammonia in the presence of ATP by GS. GOGAT yields two molecules of glutamate from glutamine and α-ketoglutarate in the presence of NAD(P)H (Figure 6; Hudson and Daniel, 1993; Ikeda et al., 1996; Reitzer, 2003).
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FIGURE 6. Metabolic fate of ammonia generated during the carbamate metabolism: (A) Glutamate dehydrogenase (GDH); or (B) Glutamine synthetase/Glutamine oxoglutarate aminotransferase (GS/GOGAT) route.


Formaldehyde generated is either detoxified to CO2 or assimilated through ribulose monophosphate (RuMP) cycle (Figure 7). The detoxification is catalysed by formaldehyde dehydrogenase and formic acid dehydrogenase to yield CO2. Another route for the generation of CO2 involves the conjugation of formaldehyde to tetrahydromethanopterin, which undergoes oxidation to formic acid and further to CO2. The CO2 generated can be assimilated into the Calvin-Benson-Bassham (CBB) cycle. Alternatively, the formaldehyde can directly be conjugated with tetrahydrofolate and either enter into the serine cycle or yield formic acid (Figure 7; Chistoserdova, 2011).
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FIGURE 7. Fate of formaldehyde generated during carbamate degradation. Non-enzymatic reactions are represented by dashed lines whereas enzymatic reactions are represented by solid lines. Enzymes involved are: FADH, Formaldehyde dehydrogenase; FAE, Formaldehyde activating enzyme; FOLD, bifunctional Methylene-H4-Folate (CH2 = H4F) dehydrogenase-methylenetetrahydrofolate cyclohydrolase; MTDA, Methylenetetrahydrofolate (CH2 = H4F) dehydrogenase; MTDB, NAD(P)-dependent Methylene-tetrahydromethanopterin (CH2 = H4MPT) dehydrogenase; and FDH, Formate dehydrogenase.




FUNGAL METABOLISM OF CARBAMATE PESTICIDES

The fungal metabolism of carbamates is an emerging field and various fungal strains belonging to the genera Trichoderma, Pichia, Trametes, Aspergillus, Aschochyta, Xylaria, Acremonium, Gliocladium and Mucor have been reported to either degrade or transform carbamate pesticides (Mustapha et al., 2019). In Mucor ramannian, carbofuran was hydrolysed to carbofuran phenol, which was further metabolised to 2-hydoxy-3-(3-methylpropan-2-ol)phenol or 7a- (hydroxymethyl)-2,2-dimethylhexahydro-6H-furo[2,3-b]pyran- 6-one and 3-hydroxycarbofuran-7-phenol (Figure 8; Seo et al., 2007). Pichia anomala HQ-C-01 has been shown to degrade carbofuran, Carbaryl and fenobucarb. The degradation intermediates identified for carbofuran were benzofuranol, 2-hydroxy-3-(3-methyl propan-2-ol) phenol and 3-hydroxycarbofuran (Yang et al., 2011). Trametes versicolor was reported to degrade carbofuran as well as the pyrethroid pesticides imiprothrin and cypermethrin. The only intermediate detected by spent media analysis for carbofuran degradation was 3-hydroxycarbofuran. In this strain, the non-specific monooxygenase cytochrome-P450 has been reported to play an important in carbofuran degradation (Mir-Tutusaus et al., 2014). Another strain of T. versicolor has also been reported to transform aldicarb, methomyl, methiocarb and carbofuran. The carbofuran was transformed into 3-hydroxycarbofuran and 3-ketocarbofuran by the action of cytochrome-P450 monoxygenase while no intermediates were reported for methomyl, aldicarb and methiocarb but laccase activity was proposed to be involved (Figure 8; Rodríguez-Rodríguez et al., 2017). Aschochyta sp. CBS 237.37 has been reported to degrade a mixture of the carbamates: carbofuran, Carbaryl, methiocarb, methomyl, oxamyl and propoxur. The spent media analyses showed carbofuran phenol and 3-hydroxycarbofuran as intermediates for carbofuran, methomyl oxime for methomyl and 1-naphthol for Carbaryl (Figure 8; Kaur and Balomajumder, 2019). Acremonium sp. has been shown to degrade Carbaryl and carbofuran and utilise them as a carbon and energy source. The carbofuran was hydrolysed to carbofuran-7-phenol and 3-(2-hydroxy-2-methylpropyl) benzene-1,2-diol. Whereas Carbaryl degradation proceeds through 1-naphthol and benzoic acid (Kaur and Balomajumder, 2020). Similarly, Xylaria sp. BNL1 has shown capability to degrade Carbaryl, which was hydrolysed to 1-naphthol and further degraded to 1,4-naphthoquinone and benzoic acid (Figure 8; Li et al., 2019). Three enzymes, Carbaryl esterase, laccase and cytochrome-P450 have been reported to participate in the degradation of Carbaryl from Acremonium and Xylaria sp. This pathway differs from the bacterial Carbaryl degradation pathway (Figure 3). CH from Aspergillus niger PY168, capable of hydrolysing Carbaryl, carbofuran, xylylcarb, metolcarb, propoxur, isoprocarb, fenobucarb, and aldicarb has been purified and characterised (Qing et al., 2003). Compared to bacterial metabolism, fungal metabolism is poorly understood, however, it indicates diverse routes of transformation/mineralisation.
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FIGURE 8. Metabolism/transformation of various carbamate pesticides by fungi.




GENETICS AND EVOLUTION OF CARBAMATE PESTICIDE DEGRADATION PATHWAYS

The presence and persistence of toxic compounds like carbamate pesticides in the environment exerts a selection pressure on the microflora to evolve and adapt, while eliminating the sensitive microorganisms (Tien et al., 2013; Phale et al., 2019). Genetic variability is a major player in adaptation and survival of the population in response to exposure to toxic contaminants and is generated as a result of three processes: (i) small nucleotide changes, (ii) intragenomic shuffling, and (iii) horizontal gene transfer (HGT). The third mechanism allows organism to acquire new genetic material through mobile genetic elements (MGEs) like plasmids, transposons, genomic islands and integrative conjugative elements (Nojiri et al., 2004; Phale et al., 2019). Genes involved in the degradation of certain carbamate pesticides are found to be arranged as operons. These operons serve as an example of co-operative interaction between various genes that complement each other’s functions and are hence transferred together (Hall et al., 2020). Furthermore, the operonic arrangement aids in transcriptional regulation of degradative genes under the same promoter, thus fine-tuning their expression (Phale et al., 2019).

Apart from HGT, adaptations at molecular and cellular level play an important role in the evolution and optimisation of degradation traits. At the molecular level, enzyme promiscuity is a major factor that paves way for the evolution of enzymes that carry out novel reactions (Glasner et al., 2020). Certain enzymes might show broad substrate specificity and act on novel compounds to convert them into less toxic intermediates. Such non-specific activity mitigates the toxicity of the compound, thus enhancing the fitness and survivability of the organism in a contaminated niche. Due to the advantage they confer to the host strain, these enzymes undergo positive selection and over a period become efficient and specific in their action (Glasner et al., 2020). Among other strategies, compartmentalisation of enzymes prevents the interaction of toxic metabolic intermediates with cellular components, thus enhancing the efficiency of degradation (Kamini et al., 2018b).


Genetics of Carbamate Degradation


Genetics of Carbon Metabolism

The genes encoding carbamate degradation enzymes are reported to be located either on the chromosome, plasmid or both. For example, the carbendazim degradation genes in Rhodococcus sp. CX-1 are localised on the plasmid as well as on the chromosome. The plasmid II harboured a gene cluster encoding carbendazim hydrolase (mheI), 2-hydroxybenzimidazole hydroxylase (hdx) as well as 2,6,7-trihydroxybenzimidazole dioxygenase (edoB1B2C; Table 2). The chromosome harboured a 2-aminobenzimidazole hydroxylase (hdx), 2,6,7-trihydroxybenzimidazole dioxygenase (edoA), 2-benzimidazolone monooxygenase (mno), benzoate-1,2-dioxygenase (benA) and the catechol degradation catABC gene cluster (Long et al., 2020). Another example is the Carbaryl degrading Arthrobacter sp. RC100, where the plasmid pRC1 encodes CH, while pRC2 encodes the enzymes for conversion of 1-naphthol to gentisic acid. The remaining enzymes for utilisation of gentisic acid are encoded by the chromosome (Hayatsu et al., 1999; Table 2).


TABLE 2. Plasmids involved in the degradation of carbamate pesticides.
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Carbamate degradation genes are often found to be present on plasmids along with insertion elements, therefore increasing the frequency of transfer of the degradation property through HGT. The carbofuran degrader, Sphingomonas sp. CF06 harbours five plasmids out of which three have a number of active IS elements. The plasmids pCF01 and pCF02 harboured IS1488, IS1487 and IS1412, whereas pCF03 has only IS1488. Moreover, four of them, pCF01, pCF02, pCF03 and pCF04, share a high sequence identity, indicating gene duplication (Table 2; Feng et al., 1997). The presence of active IS elements, along with gene duplication which indicates the lack of a positive regulatory system, suggests that this strain is still in an intermediate stage of evolution. Similar plasmid systems harbouring the insertion element IS1412 have been reported in the carbofuran degraders Sphingomonas sp. CD and Sphingomonas sp. TA (Ogram et al., 2000). Furthermore, degradation genes for other carbamate pesticides like carbendazim, carbofuran, Carbaryl, phenmedipham, fenobucarb, propoxur and methomyl, amongst others, have been found to be localised on the plasmid DNA (Table 2).

In few strains, all carbamate degradation genes are found to be localised on the chromosome. For example, the carbofuran-phenol degradation genes in Novosphingobium sp. strain KN65.2 and Sphingomonas sp. strain CDS-1 are arranged as cfd operons, while the gene encoding hydrolysis of carbofuran to carbofuran phenol (cehA) is present separately (Yan et al., 2018; Figure 9). The initial hydrolysis of carbofuran to carbofuran phenol in both the strains is carried out by homologues of the carbamate hydrolase CehA of Rhizobium sp. AC100. In strain AC100, cehA is flanked on both sides by insertion element-like sequences istA-istB, as well as an orf downstream, forming the transposon Tnceh. An identical gene arrangement is observed for the cehA encoding CH in Rhodococcus sp. X9 (Zhou et al., 2020). In strain KN65.2, cehA (also known as cfdJ) is flanked by a truncated istB upstream and a short orf downstream. Whereas in strain CDS-1, a Ton-B dependent receptor is present upstream of the cehA gene and IS6100 is present downstream. Strain KN65.2 also harbours the operon cfdABCDEFGH, encoding the complete carbofuran mineralisation pathway as well as a putative regulator. However, these genes are not part of an MGE. Whereas, the genes for carbofuran phenol transformation in strain CDS-1 are arranged as cfdABC operon, which encodes proteins for hydroxylation of carbofuran-phenol and regulation. This operon is bordered by IS6100 elements on both sides, indicating an MGE (Yan et al., 2018; Figure 9).
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FIGURE 9. Organisation of genes involved in Carbaryl and carbofuran degradation: (A) Carbaryl hydrolase from Rhizobium sp. AC100 and carbofuran hydrolase genes from Novosphingobium sp. KN65.2 and Sphingomonas sp. CDS-1 – the flanking insertion elements have been depicted as dashed blue arrows whereas the pathway genes are depicted as black solid arrows, whereas ORFs have been depicted in orange and other associated structural genes (TonB dependent receptor; TDR) have been depicted in green and (B) operonic arrangement of genes (depicted as black solid arrows) for carbofuran degradation in Novosphingobium sp. KN65.2 and Sphingomonas sp. CDS-1. The insertion elements have been depicted as dashed blue arrows.


In Pseudomonas sp. C5pp, all Carbaryl metabolic genes were found to be localised on chromosome, as indicated by southern hybridisation and plasmid curing experiments (Singh et al., 2013). Genes were found to be organised into three distinct operons with respective transcriptional regulators spanning a 76.3kb region, referred to as the Supercontig-A. The operons encoded the following metabolic steps: conversion of Carbaryl to salicylic acid (upper operon), salicylic acid to gentisic acid (middle operon), and gentisic acid to central carbon metabolites (lower operon) (Trivedi et al., 2016; Figures 3, 10).
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FIGURE 10. Chromosomal organisation of genes associated with Carbaryl degradation from Pseudomonas sp. strain C5pp. Pathway genes are depicted as filled arrows while black open arrows depict mobile genetic elements and associated genes. Green open arrows depict putative regulators. Various inverted repeats are depicted as red boxes. (A) Upper pathway genes encode enzymes involved in the conversion of Carbaryl to salicylate. Genes and protein encoded are Transposase (tnpA and tnpR); Integrase; attI site (unfilled oval); Streptomycin resistance (Smr); Dihydropterate synthetase (DHP); N-Acetyltransferase (NAT); tnpA, Transposase; mcbA, Carbaryl hydrolase; metA, conserved protein; mcbB, 1,2-Dihydroxynaphthalene dioxygenase; mcbC, 1-Naphthol 2-hydoxylase; mcbD, 2-Hydroxychromene 2-carboxylate isomerase; mcbE, Trans-o-hydroxybenzylidene pyruvate hydratase-aldolase; mcbF, Salicylaldehyde dehydrogenase; mcbG, LysR family regulator. (B) Middle pathway genes encode enzymes involved in the conversion of salicylate to gentisate. Genes and protein encoded are: IS21 insertion elements flanked by inverted repeats; IS30 insertion element; mcbH, transcriptional regulator NahR; mcbI, Ferredoxin reductase; mcbJ, Salicylate 5-hydroxylase large oxygenase component; mcbK, Salicylate 5-hydroxylase small oxygenase component; mcbL, Ferredoxin; IS110 and IS5 insertion elements; Rtase, Reverse transcriptase; group-II intron (Black arrow head); Integrase; IS21 insertion elements flanked by inverted repeats. (C) Lower pathway genes encode enzymes involved in the conversion of gentisate to central carbon pathway intermediates. Genes and protein encoded are : metA, conserved protein; tnpA, Transposase; mcbS, TetR family transcriptional regulator; FAR, Fusaric acid resistance; Hemolysin; Pms, Permease; mcbR, LysR family transcriptional regulator; Cup, Pirin and cupin2 superfamily related protein; mcbQ, Maleylpyruvate isomerase; mcbP, Fumaryl pyruvate hydrolase; mcbO, Gentisate dioxygenase; mcbN, LysR family transcription regulator; Transposase; STP, Serine/threonine phosphatase; tnpA, Transposase; In-Pase, Inositol phosphatase; Rec, Recombinase; HP, Hypothetical protein.


The Supercontig-A harboured 17 transposases, out of the total 42 present in the genome, making it a hotspot for genome alterations (Figure 10). Further, the upper and middle operons showed considerably lower GC content as compared to the overall genome, indicating a different ancestral origin. The three operons were present as three distinct genomic islands (Trivedi et al., 2016). The upstream region of the upper pathway genes harboured class-I integron features, exhibiting high identity with Tn6217. Other features associated with the upper pathway genes included transposase, 25bp left-end repeat, attI site, resistance to streptomycin and two additional genes, indicating a high probability of HGT. Similarly, the regulator-encoding mcbG was flanked by truncated transposases at both the left and right ends, exhibiting similarity to ISPa20 of IS3 family and ISPst7 of IS5 family, respectively (Trivedi et al., 2016; Figure 10). These partial transposase sequences might be a reminiscent of a functional integrative conjugative element, which has been lost due to decay linked recombination events. Members of the class-I transposon family have been frequently implicated in xenobiotic degradation. The catabolic transposon, TnC5ppsal, harbours the middle pathway genes and is an example of one such transposon. The genes mcbIJKL are flanked by IS21 family insertion elements, present in inverted orientation, which is probably responsible for the stability of the transposon. Further, this operon harbours transposases at the 3′ end that show a high degree of similarity to IS110 and IS5 family, reverse transcriptase, group-II intron D1-D4-2, and leucine-zipper class of integrase. The lower pathway genes, on the other hand are bordered by non-identical insertion elements showing sequence similarity with ISPa1635 and IS481 and are also hypothesised to be a part of class-I transposon (Trivedi et al., 2016; Figure 10).

Interestingly, the gene arrangement of the upper, middle and lower operons (encoding Carbaryl degradation) in P. putida XWY-1 was found to be similar to that of strain C5pp. Further, the role of the regulator McbG has been functionally characterised in strain XWY-1. The protein McbG was identified as a LysR-type regulator that activated the transcription of the mcbBCDEF cluster (encoding enzymes that convert 1-naphthol to salicylate) upon interaction with 1-naphthol, the hydrolysis product of Carbaryl (Ke et al., 2021).



Genetics of Nitrogen Metabolism

Even though the reports on detailed metabolic and genetic analysis of methylamine utilisation are scarce in carbamate degrading organisms, genes encoding the enzymes for both the direct and indirect routes (Figure 5) have been established in carbamate pesticide degrading organisms. For example, the carbofuran degrader, Novosphingobium sp. strain KN65.2 harbours the mauBEDA operon predicted to encode a putative amine dehydrogenase for oxidative deamination of primary amines. However, strain KN65.2 failed to grow on methylamine (Nguyen et al., 2014). The gene mauA, encoding methylamine dehydrogenase (MADH), has been detected in oxamyl degrading Pseudomonas strains which utilise methylamine as both carbon and nitrogen source. This gene showed high sequence similarity to the mauA ecoding methylamine dehydrogenase in Methylobacterium extorquens strain AM1 (Rousidou et al., 2016). This enzyme is reported to carry out direct oxidation of methylamine to ammonia and formaldehyde in Gram negative bacteria (Chistoserdova, 2011). However, in strain AM1 the mau gene cluster is flanked by IS elements and associated sequences, indicating the involvement of HGT in transfer of the methylamine degradation property (Vuilleumier et al., 2009).

The detailed genomic and metabolic analysis of methylamine utilisation pathway has been carried out in Pseudomonas sp. C5pp, a Carbaryl degrader, which utilises methylamine as a sole nitrogen source via the indirect route (Kamini et al., 2018a). The draft genome analysis of this strain revealed the presence of two operons involved in methylamine metabolism: the gmas-mgsABC-amt operon and the purU-folD-mgdABCD operon. The former encodes GMAS, NMGS and inner membrane methylamine transporter, respectively. Whereas the purU and folD genes encode enzymes catalysing the conversion of formaldehyde to formic acid via the formation of methylene-tetrahydrofolate, while the mgdABCD cluster encodes NMGDH (Kamini et al., 2018a). These two gene clusters are 37.7 kb apart. In comparison, the methylamine metabolism genes in Methyloversatilis universalis FAM5 were arranged as the cluster mgdABCD-gmas-mgsABC (Latypova et al., 2010). Similarly, in Methylocella silvestris, the cluster gltB1B2B3-gmas-soxBDAG encoded the enzymes NMGS (gltB123), GMAS (gmas) and NMGDH (soxBDAG; Chen Y. et al., 2010). In strain C5pp, genes for the direct oxidation pathway were absent, suggesting GMA/NMG pathway to be the primary route for methylamine utilisation. Enzyme activity and qPCR studies showed that the expression of these enzymes is upregulated in presence of methylamine and Carbaryl, thus confirming that the GMA/NMG is the primary route for methylamine metabolism. Furthermore, the ammonia utilisation pathway was examined in strain C5pp (Kamini et al., 2018a). In presence of methylamine or Carbaryl (nitrogen limiting conditions), ammonia assimilation takes place via the GS-GOGAT route whereas in presence of NH4Cl (nitrogen abundance), assimilation takes place through the glutamate dehydrogenase (GDH) route (Figure 6). Formaldehyde was oxidised to formic acid either directly by a dehydrogenase or through the formation of methylene tetrahydrofolate. The formic acid generated through the metabolism of methylamine is not utilised for biomass production and is instead, detoxified to CO2 (Figure 7; Kamini et al., 2018a).



Enzyme Promiscuity as a Positive Selection Pressure

The CH, CehA is an esterase from Rhizobium sp. AC100. Besides Carbaryl, recently it has been shown to act on Carbofuran with low efficiency (Yan et al., 2018). Homologs of this hydrolase have been found to act on various other carbamate pesticides like propoxur, oxamyl and fenobucarb, amongst others (Kim et al., 2014, 2017; Rousidou et al., 2016). For example, the CaH of Novosphingobium sp. strain KN65.2 and Sphingomonas sp. strain CDS-1 are homologs of CehA, with a difference of one amino acid substitution (in strain CDS-1) and four amino acid substitution (in strain KN65.2). Although CehA from strain CDS-1 (L152) differs from strain AC100 (F152) by just one amino acid substitution, it shows a higher activity on Carbofuran, rendering this mutation crucial (Yan et al., 2018). Similarly, the CehA from strain KN65.2 (called CfdJ) differs by four amino acids, including the F152L substitution. The rest three substitutions, although not silent, did not have the same crucial impact as the F152L mutation. In comparison to CehA, CfdJ showed higher activity on aromatic carbamates like propoxur, fenobucarb and lower on aliphatic carbamates like oxamyl (Öztürk et al., 2016). Additionally, the presence of similar homologs of CehA have been identified in the oxamyl degrading Pseudomonas spp. strain OXA17, OXA18, OXA20 and OXA25. While CehA from strain OXA18 was identical to that from Rhizobium sp. AC100, the other three strains differed by one amino acid substitution. The CehA from OXA17, OXA20 and OXA25 showed a broad specificity for both oxime (oxamyl, methomyl and aldicarb) and aryl-methyl carbamates (Carbofuran and Carbaryl). The relaxed specificity could possibly be attributed to the single amino acid substitution. The CehAOXA20 was also divergent from CfdJ with phenylalanine (instead of leucine) being present at the crucial 152 position (Rousidou et al., 2016). Additionally, the presence of threonine (hydroxy amino acid) at positions 494 and 570 in CehA homologs has been reported to diminish the activity on monocyclic (isoprocarb and propoxur) and linear (oxamyl and aldicarb) carbamates (Jiang et al., 2021). Recently, CehA from Rhizobium sp. strain AC100 has been shown to catalyse the hydrolysis of physostigmine. The legume Physostigma benenosum is responsible for the production of this naturally occurring toxic carbamate. This plant forms a symbiotic relationship with Rhizobium, which harbours the physostigmine hydrolysing enzyme pCehA. Based on these analyses, it has been proposed that CehA probably evolved from the physostigmine-hydrolyzing pCehA due to the selection pressure imposed by the introduction and widespread use of Carbaryl. Overtime, the gene cehA was distributed into the environment due to HGT (as indicated by the association with MGEs), giving rise to specific CehA homologs (Jiang et al., 2021).

1NH from Pseudomonas sp. C5pp has been reported to show 47 % activity on 2,4-dichlorophenol as substrate and 55 % identity with 2,4-dichlorophenol 6-monoxygenase from Paraburkholderia zhejiangensis (Phale et al., 2019). It is interesting to note that although 1NH does not show activity on phenol, it can carry out the hydroxylation of 2,4-dichlorophenol (47 % efficiency). Furthermore, this enzyme accepts both 1-naphthol (Km = 11.3 μM) and 2,4-dichlorophenol (Km = 13.3 μM) with equal affinity (Trivedi et al., 2016). These observations suggest that 1NH probably evolved by acquiring the 2,4-dichlorophenol 6-monoxygenase gene through HGT followed by the mutations at the substrate binding pocket to catalyse the reaction with 1-naphthol as a substrate. The hydroxylase component CehC1 of the recently reported two-component 1NH, CehC1C2 from Rhizobium sp. X9 shows 58% similarity with the oxygenase component of two-component 4- nitrophenol 2-monooxygenase from Rhodococcus sp. PN1 and 64% activity on 4-nitrophenol as compared to 1-naphthol (Zhou et al., 2020).



Periplasmic Localisation as a Strategy for Efficient Degradation

During metabolism of certain xenobiotics, toxic/reactive intermediates are produced, which can cause damage to cytoplasmic components upon interaction. To escape toxicity, various bacteria have evolved to adopt a strategy wherein enzymes responsible for generation of such reactive intermediates are compartmentalised. For example, the hexachlorocyclohexane dehalogenases (LinA and LinB) from Sphingomonas paucimobilis UT26, quinohemoprotein alcohol dehydrogenase from the dichloropropanol-degrader Pseudomonas putida strain MC4 as well as various carbamate hydrolases (Arif et al., 2012; Phale et al., 2020). An N-terminal signal peptide sequence has been found to be present in CH from Rhizobium sp. strain AC100 and Arthrobacter sp. strain RC100 as well as in CaH of Novosphingobium sp. strain KN65.2 and Achromobacter sp. strain WM111 (Kamini et al., 2018b). It is proposed that these proteins are transported either through the “Sec” or “Tat” pathway, although the periplasmic localisation of these proteins has not been established experimentally (Öztürk et al., 2016). The CH from Pseudomonas sp. C5pp has been shown to be localised in the periplasm and has a N-terminal transmembrane domain region (Tmd; 73 amino acid long) followed by the signal peptide sequence (23 amino acids; Kamini et al., 2018b). Enzymes responsible for 1-naphthol and methylamine metabolism are found to be present in the cytoplasm. The action of the low affinity CH (Km = 100 μM) generates 1-naphthol (which is a toxic as well as reactive phenolic compound) in the periplasm, which is transported across the inner membrane through partition and diffusion process into the cytoplasm, where it gets ring-hydroxylated by high affinity 1NH (Km = 10 μM) to form 1,2-dihydroxynaphthalene, which is metabolised rapidly. Therefore, the cellular compartmentalisation in strain C5pp serves as an efficient adaptation strategy to prevent the interaction of 1-naphthol with the cytoplasmic macromolecules and machinery (Figure 11; Kamini et al., 2018b).
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FIGURE 11. Compartmentalisation of Carbaryl degradation and methylamine metabolic pathway in Pseudomonas sp. C5pp.




STRATEGIES FOR OPTIMISING THE BIOREMEDIATION OF CARBAMATE PESTICIDES IN THE ENVIRONMENT

Physico-chemical methods like adsorption, photolysis, photocatalysis, advanced oxidation processes and cavitation are often employed for the in situ clean-up of carbamate pesticides (Table 3). Although the degradation process is quick, these techniques often generate toxic by-products, are inefficient and cost intensive (Parte et al., 2017). Microbial degradation often leads to complete mineralisation of these compounds, is cost-effective and eco-friendly. Degradation of xenobiotics, including carbamate pesticides, has been reported widely in various isolates, as described. However, use of these strains in bioremediation process poses limitations, for example, slow degradation rates, lack of complete degradation pathway in a single organism and carbon source utilisation hierarchy due to the presence of simple carbon sources, amongst others (Nielsen, 2001; Dvořák et al., 2017; Phale et al., 2020). Further, environmental factors like non-optimal pH and oxygen limitation also impact the survivability of these organisms. In-situ bioremediation procedures like bioaugmentation and/or bio-stimulation aid in enhancing degradation by optimising extrinsic factors and environmental conditions and/or by increasing the microbial load at the contaminated site (Mir et al., 2020). However, intrinsic cell-specific factors like incomplete metabolic pathways and carbon catabolite repression still limit the bacterium’s degradation ability. To overcome these limitations, two major approaches, consortia based-degradation and metabolic engineering can be employed either alone or in combination to enhance the degradation efficiency of these compounds (Bhatt et al., 2021a) Moreover, the past decade has witnessed the integration of metabolic engineering approaches with system biology, aiding in overcoming potential pitfalls by employing databases, bioinformatics and computational tools for prediction of thermodynamic feasibility and compound toxicity, vector design, flux balance analysis, gene and protein structure analysis, amongst others. “Omics” techniques have aided in obtaining a broader perspective on the genomic, metabolic, proteomic and transcriptomic aspects of cellular metabolism and degradation, thereby aiding in rational pathway design (Dvořák et al., 2017; Dangi et al., 2019; Jaiswal et al., 2019; Mishra et al., 2021a). Other approaches like adaptive laboratory evolution can further aid in fine-tuning these catabolic traits.


TABLE 3. Physico-chemical methods employed in the remediation of carbamates.

[image: Table 3]

Consortia for the Degradation of Carbamate Pesticides

Carbamate pesticides in soil and water can present as mixtures with varying concentrations. Therefore, a single bacterium is often limited in its capacity to degrade diverse range of these pesticides at excessive or varying concentrations. As compared to single strain, mixed bacterial cultures (consortium) depict better degradation and survivability due to sharing of metabolic burden/division of labour, resilience to environmental fluctuations, resistance to invasion by other species and prevention of “metabolic cliff” (Bhatt et al., 2021a). A large number of naturally occurring, carbamate degrading bacterial consortia have been reported from diverse environments like river biofilms (Chen et al., 2015), agriculture soil (Sharif and Mollick, 2013), pesticide disposal sites (Chapalamadugu and Chaudhry, 1991) and lake and salt marsh sediments (Kazumi and Capone, 1995). In some of these consortia, the metabolic and genetic aspects of degradation have been studied. Members exhibit metabolic synergism, that is, the metabolic intermediates produced by one isolate are mineralised by other members of the consortia. For example, the Carbaryl degrading consortium consisting of Pseudomonas spp. 50552 and 50581 exhibits metabolic co-operation. Strain 50581 hydrolysed Carbaryl to 1-naphthol, which was secreted into the medium and further utilised by the strain 50552 (Chapalamadugu and Chaudhry, 1991). In propoxur degrading consortium SP1, Pseudaminobacter sp. SP1a converts propoxur to 2-isopropoxyphenol, which is utilised by Nocardioides sp. SP1b as a carbon source (Kim et al., 2017). In a methomyl degrading consortium, Aminobacter sp. MDW-2 hydrolysed methomyl to methomyl oxime while Afipia sp. MDW-3 utilised methomyl oxime (Zhang C. et al., 2017). Similar synergistic interactions have been observed for a carbofuran degrading consortium consisting of Arthrobacter sp. and Pseudomonas sp. as well as another seven-member consortium (Singh et al., 1993; Mohapatra and Awasthi, 1997). Apart from naturally occurring consortia, “synthetic consortia” can be constructed by assembling specific bacterial isolates with complementary metabolic properties. For example, the consortium of Escherichia coli SD2 and Pseudomonas putida KT2440 pSB337 has been constructed for the degradation of organophosphate pesticide parathion. Strain SD2 hydrolysed parathion to p-nitrophenol, which was further mineralised by strain KT2440 pSB337 (Gilbert et al., 2003). Apart from metabolic co-operation, biosurfactant and siderophore production by isolates might contribute to the interactions arising between different members of the consortia for effective clean-up (D’Onofrio et al., 2010; Liang et al., 2018). Thus, the successful development of a synthetic consortia requires an understanding of microbial interactions, microbial communication (quorum sensing), dynamics of the community and behaviour of individual members (Bhatt et al., 2021a).



Metabolic Engineering

Metabolic engineering involves directed construction of metabolic pathway and related traits using various genetic engineering tools (as well as by system biology approaches) (Bailey, 1991; Stephanopoulos and Vallino, 1991). This process has been employed for enhancing the degradation of major classes of pesticides like organophosphates (Zhang et al., 2016), organochlorines (Lan et al., 2014) as well as carbamates (Lan et al., 2006; Gong et al., 2016, 2018).

P. putida KT2440 has been engineered for the simultaneous degradation of chlorpyrifos and carbofuran by the co-expression of CaH (Mcd) from Achromobacter sp. WM111 and chlorpyrifos hydrolase (Mpd) from Stenotrophomonas sp. YC-1. Both genes were chromosomally integrated and expressed under the constitutive promoter J23119. The newly constructed strain, P. putida KTU-PGC hydrolysed chlorpyrifos to 3,5,6-trichloro-2-pyridinol and diethylthiophosphoric acid, and carbofuran to carbofuran phenol and methylamine (Gong et al., 2016). The metabolic versatility of P. putida KT2440 has further been broadened to simultaneously degrade organophosphates, pyrethroids and carbamates. The engineered strain, P. putida KTUe, harboured four degradation genes expressed under the J23119 promoter: methylparathion hydrolase (mpd) from Stenotrophomonas sp. strain YC-1, pyrethroid-hydrolyzing carboxylesterase (pytH) from Sphingobium wenxiniae strain JZ-1 and two carbamate degradation genes; CaH (mcd) from Achromobacter sp. strain WM111 and CH (cehA) from Rhizobium sp. strain AC100. Furthermore, genes for green fluorescent protein (GFP) and Vitreoscilla haemoglobin (VHB) were also introduced under the same expression system for real time monitoring and enhanced oxygen sequestration, respectively. The strain KTUe could simultaneously hydrolyse methylparathion, chlorpyrifos, fenpropathrin, cypermethrin, carbofuran, and Carbaryl, although the hydrolysis products were not utilised (Gong et al., 2018). The cehA gene, encoding CH in Rhizobium sp. strain AC100 has been functionally expressed and displayed on the surface of chlorpyrifos-degrader Stenotrophomonas sp. strain YC-1. A truncated version of the ice nucleation protein InaV from Pseudomonas syringae INA5 was used as an anchoring motif by fusing it with the CH (Yang et al., 2017). The degradation capacity of such genetically engineered isolates can further be exploited by using them as members of consortia.

The carboxylesterase B1 is a key enzyme that mediates resistance to organophosphates in mosquitoes and has the potential to act on carbamate pesticides. Lan et al. co-expressed organophosphate hydrolase gene (opd) from Flavobacterium sp. and carboxylesterase B1 gene (b1) from Culex pipiens into Escherichia coli strain BL21 (DE3) and checked the degradation of pirimicarb (a recalcitrant carbamate insecticide) along with parathion and deltamethrin by purified B1. Although B1 did not efficiently hydrolyse pirimicarb, it was proposed that active site optimisation is needed to enhance the degradability (Lan et al., 2006).

Plasmid or chromosome-based molecular biology tools can be employed for the expression of degradation genes. Replicating plasmids require a constant selection pressure, have highly variable copy number (Lin-Chao and Bremer, 1986; Paulsson and Ehrenberg, 2001) and impose a metabolic load due to expression of multiple copies of the gene (Mi et al., 2016). Therefore, chromosomal integration is a highly desirable approach for engineering metabolic pathways in the suitable host.

Furthermore, the presence of simpler carbon sources in the environment reduces the efficiency of removal of xenobiotics. To overcome this limitation, isolates like Pseudomonas putida CSV86 can be used as a metabolic engineering chassis. Strain CSV86 preferentially utilizes aromatic compounds over simple carbon sources like glucose and co-metabolizes aromatics with organic acids. This behaviour is unique and is not observed in other aromatic degrading Pseudomonads or bacteria (Basu et al., 2006). In addition, the aromatic degradation property is very stable in CSV86 as it is localised on the chromosome. Therefore, such isolate is an ideal host for the metabolic engineering (Phale et al., 2019, 2020). For example, strain CSV86 can be engineered to degrade Carbaryl preferentially over simple carbon source by expressing CH and 1NH from Carbaryl degrading strains.

Apart from introducing degradation genes, metabolic engineering can aid in enhancing the fitness of the microbial chassis. For example, deletion of 300 non-essential genes from the genome of P. putida KT2440 resulted in a strain with superior growth properties and improved physiological fitness. Moreover, the newly constructed strain EM383 had a higher NADPH/NADP+ ratio, resulting in better oxidative stress tolerance, which is a desirable property for aerobic biodegradation reactions (Martínez-García et al., 2014).



Adaptive Laboratory Evolution

Nature is the largest and most efficient laboratory for evolving organisms. As a consequence of exposure to pesticides and disinfectants, bacterial populations have adapted and evolved the necessary metabolic pathways to overcome toxicity (Nojiri et al., 2004). In addition to the environment, this process of adaptation can also be experimented in the laboratory and is referred as adaptive laboratory evolution. This process involves fine-tuning degradation phenotype of a suitable microbe by exposing it to the target compound and observing the population over several generations (Dvořák et al., 2017). For example, the evolution of atrazine (a triazine herbicide) degrading Pseudomonas sp. ADP-1 was studied for 320 generations by subculturing on a liquid medium containing atrazine as the sole nitrogen source. Overtime, a new population that grew faster and degraded atrazine more rapidly, replaced the initial population. To explain this observation, it was hypothesised that the tandem duplication of atzB gene (encoding the second enzyme of the atrazine pathway) was responsible for the enhanced fitness (Devers et al., 2008). Similar gene duplication event was observed over 1000 generations in Ralstonia sp. strain TFD41 for 2,4-D (herbicide) degradation. The duplication of the tfdA gene (encoding a 2,4-D dioxygenase that catalyzes the first step of degradation) indicated that degradation capacity enhanced overtime by genotypic evolution. Furthermore, a 2.4 kb region in the chromosome was deleted, probably because the genes carried detrimental information or provided no selective advantage and contributed to the metabolic load (Nakatsu et al., 1998). In both cases, the duplications were reported to be mediated by insertion elements, indicating their role in gene duplication, thus allowing cells to utilise these toxic compounds more efficiently. Therefore, adaptive laboratory evolution can be applied to enhance and fine-tune the degradation efficiency of pesticides in natural or engineered isolates and holds great potential for application to the degradation of carbamate pesticides (Dvořák et al., 2017).



CONCLUSION AND FUTURE PERSPECTIVES

Far excess use of carbamate pesticides has resulted in their dispersal across various compartments of the ecosystem. This has imposed a selection pressure on the microbiota to mitigate their toxicity by detoxification/transformation or mineralisation. Interestingly, the reported bacterial degradation pathways for various carbamates primarily involve hydrolases and oxido-reductases; and depict conserved metabolic themes such as the initial hydrolysis by either amidases or esterases, ring-hydroxylation of the hydrolysis products (for aryl carbamates), generation of corresponding dihydroxy compounds and subsequent ring-cleavage to aliphatic intermediates, which are funnelled into central carbon metabolism. Moreover, the generated methylamine is utilised as a sole carbon and nitrogen source. Enzymes involved in the degradation of various carbamates share a high degree of sequence similarity with each other, as observed in the case of CehA type hydrolases. Such sequence homology is also observed with enzymes involved in metabolism of structurally related compounds, as observed for 1-naphthol 2-hydroxylase and 2,4-dicholorophenol monooxygenase (55% identity at the amino acid level). This similarity points toward an evolutionary process manifesting itself by positive selection of promiscuous enzymes in a contaminated environment, working in tandem with horizontal gene transfer. To further validate this notion, the genes encoding carbamate degradation are often found to occur as operons and/or to be associated with mobile genetic elements like insertion elements, plasmids, genomic islands and transposases. Additionally, cellular compartmentalisation of the pathway enzymes (earlier reported for HCH dehalogenases and later for Carbaryl hydrolase) aids in enhancing the degradation efficiency of carbamates by preventing the interaction of toxic intermediates with cellular components. Although available, detailed analyses on the genetics, evolution as well as enzyme structure-function relationships of carbamate degradation are still limited (especially in comparison to other xenobiotics/pesticides) and pose a lacuna that needs to be fulfilled.

The in-situ bioremediation of carbamates poses a major challenge to the survivability and degradation capacity of the organism (even though laboratory scale degradation might be efficient). Metabolic engineering of the isolate can aid in overcoming these challenges by expression of the necessary degradative genes in a suitable chassis or by improving the physiological vigour via deletion of non-essential genes. Available reports of carbamate degradation pathway engineering have focussed on achieving the partial biotransformation of these compounds to their hydrolysis products instead of engineering of complete mineralisation pathways (Gong et al., 2016, 2018). Interestingly, degradation pathways of various aromatic compounds share similarity to the pathways reported for various aryl carbamates (for example, naphthalene and Carbaryl degradation pathways). Furthermore, the genetics and metabolism of aromatic compounds are well-studied in bacteria, making it convenient to identify potential metabolic nodes and genes for engineering aryl-carbamate mineralisation pathways. Apart from metabolic engineering, consortia-based remediation is an attractive alternative for enhancing in situ degradation and various naturally occurring consortia have been reported to efficiently degrade carbamates. Nevertheless, the degradation capacity of these consortia can further be enhanced by engineering the desirable bacterium. Construction of a “synthetic consortium” by assembling bacteria (which might be engineered) harbouring suitable pathways provides another desirable alternative. Such synthetic consortia have been constructed for clean-up of lignocellulosic biomass (Minty et al., 2013), cellulose (Tozakidis et al., 2016), organophosphates (Gilbert et al., 2003) as well as 2,4,6-tribromophenol (Li Z. et al., 2015), but not carbamates. To complement these strategies, systems biology and adaptive laboratory evolution serve to improvise and enhance the degradation potential of the bacterium. Therefore, metabolic engineering, in tandem with consortia-based degradation and adaptive laboratory evolution, holds great potential for overcoming the challenges associated with in situ bioremediation.

Although recent advancements in the field of carbamate degradation have aided in expanding our understanding of the underlying metabolic, evolutionary, biochemical and genetic mechanisms, various aspects still remain elusive:


(A) In order to gain a clear understanding of the structure-function relationship and the environmental behaviour of various degradation enzymes, it is essential to establish a putative evolutionary path. Although available (Trivedi et al., 2016; Zhou et al., 2020; Jiang et al., 2021), such analyses are very limited for carbamate degradation enzymes and pose a lacuna for future research.

(B) The detailed reports characterising the genetic, enzymatic, metabolic and biochemical aspects of carbamate degradation are limited. In most scenarios, only the transformation products are reported, instead of complete degradation pathways. Application of various “omics” approaches like genomics, metagenomics, transcriptomics, proteomics and metabolomics can aid in overcoming these limitations. Further, these techniques can provide valuable insights from “viable but non-culturable” bacteria (Mishra et al., 2021a).

(C) The current approaches for engineering carbamate degradation pathways have focussed on hydrolysis/detoxification aspects. Thus, the engineering of complete mineralisation pathways holds great potential. These approaches can also be combined with the engineering of degradation enzymes to enhance their efficiency. Efficiency of various esterases and hydrolases, involved in degradation of other xenobiotics, has been enhanced using mutagenesis and directed evolution approaches (Ma et al., 2013; Liu et al., 2019). Lastly, these approaches can aid in development of engineered “synthetic consortia.”

(D) The available literature on carbamate degradation focusses mostly on the utilisation of these pesticides as a carbon source, while detailed analyses on utilisation as nitrogen source are scarce. Thus, elucidation of the genetic, metabolic, transcriptomic and evolutionary aspects of nitrogen metabolism in carbamate degrading organisms holds great potential for future research.

(E) Available reports on carbamate degradation mostly focus on the bacterial metabolism of these pesticides, while the fungal metabolism of carbamates is poorly understood. Since remediation by fungal strains poses advantages like secretion of broad substrate-range extracellular enzymes, tolerance to higher concentrations of pollutants and enhanced bioavailability, understanding the genetic, metabolic and biochemical aspects of carbamate mycoremediation is cardinal.
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REFERENCES

Ahn, S., Lee, J. Y., and Kim, B. (2021). Accurate determination of Carbaryl, carbofuran and carbendazim in vegetables by isotope dilution liquid chromatography/tandem mass spectrometry. Chromatographia 84, 27–35. doi: 10.1007/s10337-020-03976-y

Alvarado-Gutiérrez, M. L., Ruiz-Ordaz, N., Galíndez-Mayer, J., Curiel-Quesada, E., and Santoyo-Tepole, F. (2020). Degradation kinetics of carbendazim by Klebsiella oxytoca, Flavobacterium johnsoniae, and Stenotrophomonas maltophilia strains. Environ. Sci. Pollut. Res. 27, 28518–28526. doi: 10.1007/s11356-019-07069-8

Anthony, C. (1982). The Biochemistry of Methylotrophs. London: Academic press.

Arias-Estévez, M., López-Periago, E., Martínez-Carballo, E., Simal-Gándara, J., Mejuto, J. C., and García-Río, L. (2008). The mobility and degradation of pesticides in soils and the pollution of groundwater resources. Agric. Ecosyst. Environ. 123, 247–260. doi: 10.1016/j.agee.2007.07.011

Arif, M. I., Samin, G., van Leeuwen, J. G., Oppentocht, J., and Janssen, D. B. (2012). Novel dehalogenase mechanism for 2, 3-dichloro-1-propanol utilization in Pseudomonas putida strain MC4. Appl. Environ. Microbiol. 78, 6128–6136. doi: 10.1128/AEM.00760-12

Bailey, J. E. (1991). Toward a science of metabolic engineering. Science 252, 1668–1675. doi: 10.1126/science.2047876

Banerjee, B. D., Seth, V., and Ahmed, R. S. (2001). Pesticide-induced oxidative stress: perspective and trends. Rev. Environ. Health 16, 1–40. doi: 10.1515/reveh.2001.16.1.1

Banks, C. N., and Lein, P. J. (2012). A review of experimental evidence linking neurotoxic organophosphorus compounds and inflammation. Neurotoxicology 33, 575–584. doi: 10.1016/j.neuro.2012.02.002

Basu, A., Apte, S. K., and Phale, P. S. (2006). Preferential utilization of aromatic compounds over glucose by Pseudomonas putida CSV86. Appl. Environ. Microbiol. 72, 2226–2230. doi: 10.1128/AEM.72.3.2226-2230.2006

Bernardes, M. F. F., Pazin, M., Pereira, L. C., and Dorta, D. J. (2015). “Impact of pesticides on environmental and human health,” in Toxicology Studies-Cells, Drugs and Environment, eds A. C. Andreazza and G. Scola (Rijeka: InTech), 195–233.

Bhatt, P., Bhatt, K., Sharma, A., Zhang, W., Mishra, S., and Chen, S. (2021a). Biotechnological basis of microbial consortia for the removal of pesticides from the environment. Crit. Rev. Biotechnol. 41, 317–338. doi: 10.1080/07388551.2020.1853032

Bhatt, P., Zhou, X., Huang, Y., Zhang, W., and Chen, S. (2021b). Characterization of the role of esterases in the biodegradation of organophosphate, carbamate, and pyrethroid pesticides. J. Hazard. Mater. 411:125026. doi: 10.1016/j.jhazmat.2020.125026

Bicknell, B., and Owens, J. D. (1980). Utilization of methyl amines as nitrogen sources by non-methylotrophs. Microbiology 117, 89–96. doi: 10.1099/00221287-117-1-89

Cáceres, T., Maestroni, B., Islam, M., and Cannavan, A. (2019). Sorption of 14C-carbofuran in Austrian soils: evaluation of fate and transport of carbofuran in temperate regions. Environ. Sci. Pollut. Res. 26, 986–990. doi: 10.1007/s11356-018-3730-3

Carson, R. (1962). Silent Spring. Boston, MA: Houghton Mifflin.

Çelebi, M. S., Oturan, N., Zazou, H., Hamdani, M., and Oturan, M. A. (2015). Electrochemical oxidation of Carbaryl on platinum and boron-doped diamond anodes using electro-Fenton technology. Sep. Purif. Technol. 156, 996–1002. doi: 10.1016/j.seppur.2015.07.025

Chandrakar, T. R., Singh, A. P., Sarkhel, B. C., and Bagchi, S. N. (2020). In vitro cytotoxicity and genotoxicity assessments of carbofuran and malathion Pesticides on cat (Felis catus) fibroblast cells. Biomed. Pharmacol. J. 13, 1157–1168. doi: 10.13005/bpj/1983

Chapalamadugu, S., and Chaudhry, G. R. (1991). Hydrolysis of Carbaryl by a Pseudomonas sp. and construction of a microbial consortium that completely metabolizes Carbaryl. Appl. Environ. Microbiol. 57, 744–750.

Chaudhry, G. R., Mateen, A., Kaskar, B., Sardessai, M., Bloda, M., Bhatti, A. R., et al. (2002). Induction of carbofuran oxidation to 4-hydroxycarbofuran by Pseudomonas sp. 50432. FEMS Microbiol. Lett. 214, 171–176. doi: 10.1111/j.1574-6968.2002.tb11342.x

Chen, C. S., Wu, T. W., Wang, H. L., Wu, S. H., and Tien, C. J. (2015). The ability of immobilized bacterial consortia and strains from river biofilms to degrade the carbamate pesticide methomyl. Int. J. Environ. Sci. Technol. 12, 2857–2866. doi: 10.1007/s13762-014-0675-z

Chen, H., Chen, R., and Li, S. (2010). Low-density extraction solvent-based solvent terminated dispersive liquid–liquid microextraction combined with gas chromatography-tandem mass spectrometry for the determination of carbamate pesticides in water samples. J. Chromatogr. A 1217, 1244–1248. doi: 10.1016/j.chroma.2009.12.062

Chen, X., He, S., Liang, Z., Li, Q. X., Yan, H., Hu, J., et al. (2018). Biodegradation of pyraclostrobin by two microbial communities from Hawaiian soils and metabolic mechanism. J. Hazard. Mater. 354, 225–230. doi: 10.1016/j.jhazmat.2018.04.067

Chen, Y., Scanlan, J., Song, L., Crombie, A., Rahman, M. T., Schäfer, H., et al. (2010). γ-Glutamylmethylamide is an essential intermediate in the metabolism of methylamine by Methylocella silvestris. Appl. Environ. Microbiol. 76, 4530–4537. doi: 10.1128/AEM.00739-10

Cheng, S., Chen, J., Qiu, Y., Hong, X., Xia, Y., Feng, T., et al. (2006). Carbaryl inhibits basal and FSH-induced progesterone biosynthesis of primary human granulosa-lutein cells. Toxicology 220, 37–45. doi: 10.1016/j.tox.2005.11.023

Chistoserdova, L. (2011). Modularity of methylotrophy, revisited. Environ. Microbiol. 13, 2603–2622. doi: 10.1111/j.1462-2920.2011.02464.x

Choquette, A. F. (2014). Data From: Pesticides and Nitrate in Groundwater Underlying Citrus Croplands, Lake Wales Ridge, Central Florida 1999–2005. Reston, VA: US Geological Survey. doi: 10.3133/ofr20131271

Coffman, J. A., Coluccio, A., Planchart, A., and Robertson, A. J. (2009). Oral–aboral axis specification in the sea urchin embryo: III. Role of mitochondrial redox signaling via H2O2. Dev. Biol. 330, 123–130. doi: 10.1016/j.ydbio.2009.03.017

da Costa, E. P., Bottrel, S. E. C., Starling, M. C. V., Leão, M. M., and Amorim, C. C. (2019). Degradation of carbendazim in water via photo-Fenton in raceway pond reactor: assessment of acute toxicity and transformation products. Environ. Sci. Pollut. Res. 26, 4324–4336. doi: 10.1007/s11356-018-2130-z

Dangi, A. K., Sharma, B., Hill, R. T., and Shukla, P. (2019). Bioremediation through microbes: systems biology and metabolic engineering approach. Crit. Rev. Biotechnol. 39, 79–98. doi: 10.1080/07388551.2018.1500997

de Bertrand, N., and Barceló, D. (1991). Photodegradation of the carbamate pesticides aldicarb, Carbaryl and carbofuran in water. Anal. Chim. Acta 254, 235–244. doi: 10.1016/0003-2670(91)90031-Y

Devers, M., Rouard, N., and Martin-Laurent, F. (2008). Fitness drift of an atrazine-degrading population under atrazine selection pressure. Environ. Microbiol. 10, 676–684. doi: 10.1111/j.1462-2920.2007.01490.x

Dhouib, I. B., Annabi, A., Jallouli, M., Marzouki, S., Gharbi, N., Elfazaa, S., et al. (2016). Carbamates pesticides induced immunotoxicity and carcinogenicity in human: a review. J. Appl. Biomed. 14, 85–90. doi: 10.1016/j.jab.2016.01.001

D’Onofrio, A., Crawford, J. M., Stewart, E. J., Witt, K., Gavrish, E., Epstein, S., et al. (2010). Siderophores from neighboring organisms promote the growth of uncultured bacteria. Chem. Biol. 17, 254–264. doi: 10.1016/j.chembiol.2010.02.010

Dvořák, P., Nikel, P. I., Damborský, J., and de Lorenzo, V. (2017). Bioremediation 3.0: engineering pollutant-removing bacteria in the times of systemic biology. Biotechnol. Adv. 35, 845–866. doi: 10.1016/j.biotechadv.2017.08.001

Fang, T., and Zhou, N. Y. (2014). Purification and characterization of salicylate 5-hydroxylase, a three-component monooxygenase from Ralstonia sp. strain U2. Appl. Microbiol. Biotechnol. 98, 671–679. doi: 10.1007/s00253-013-4914-x

Fareed, A., Zaffar, H., Rashid, A., Maroof Shah, M., and Naqvi, T. A. (2017). Biodegradation of N-methylated carbamates by free and immobilized cells of newly isolated strain Enterobacter cloacae strain TA7. Bioremediat. J. 21, 119–127. doi: 10.1080/10889868.2017.1404964

Faust, S. D., and Gomaa, H. M. (1972). Chemical hydrolysis of some organic phosphorus and carbamate pesticides in aquatic environments. Environ. Lett. 3, 171–201. doi: 10.1080/00139307209435465

Feng, X., Ou, L. T., and Ogram, A. (1997). Plasmid-mediated mineralization of carbofuran by Sphingomonas sp. strain CF06. Appl. Environ. Microbiol. 63, 1332–1337.

Ferreira, G. A., and Seiber, J. N. (1981). Volatilization and exudation losses of three N-methylcarbamate insecticides applied systemically to rice. J. Agric. Food Chem. 29, 93–99. doi: 10.1021/jf00103a025

Fukuto, T. R. (1990). Mechanism of action of organophosphorus and carbamate insecticides. Environ. Health Perspect. 87, 245–254. doi: 10.1289/ehp.9087245

Gilbert, E. S., Walker, A. W., and Keasling, J. D. (2003). A constructed microbial consortium for biodegradation of the organophosphorus insecticide parathion. Appl. Microbiol. Biotechnol. 61, 77–81. doi: 10.1007/s00253-002-1203-5

Glasner, M. E., Truong, D. P., and Morse, B. C. (2020). How enzyme promiscuity and horizontal gene transfer contribute to metabolic innovation. FEBS J. 287, 1323–1342. doi: 10.1111/febs.15185

Goad, R. T., Goad, J. T., Atieh, B. H., and Gupta, R. C. (2004). Carbofuran-induced endocrine disruption in adult male rats. Toxicol. Mech. Methods 14, 233–239. doi: 10.1080/15376520490434476

Gong, T., Liu, R., Che, Y., Xu, X., Zhao, F., Yu, H., et al. (2016). Engineering Pseudomonas putida KT2440 for simultaneous degradation of carbofuran and chlorpyrifos. Microb. Biotechnol. 9, 792–800. doi: 10.1111/1751-7915.12381

Gong, T., Xu, X., Dang, Y., Kong, A., Wu, Y., Liang, P., et al. (2018). An engineered Pseudomonas putida can simultaneously degrade organophosphates, pyrethroids and carbamates. Sci. Total Environ. 628, 1258–1265. doi: 10.1016/j.scitotenv.2018.02.143

Grünfeld, H. T., and Bonefeld-Jorgensen, E. C. (2004). Effect of in vitro estrogenic pesticides on human oestrogen receptor α and β mRNA levels. Toxicol. Lett. 151, 467–480. doi: 10.1016/j.toxlet.2004.03.021

Gupta, J., Rathour, R., Singh, R., and Thakur, I. S. (2019). Production and characterization of extracellular polymeric substances (EPS) generated by a carbofuran degrading strain Cupriavidus sp. ISTL7. Bioresour. Technol. 282, 417–424. doi: 10.1016/j.biortech.2019.03.054

Hall, R. J., Whelan, F. J., McInerney, J. O., Ou, Y., and Domingo-Sananes, M. R. (2020). Horizontal gene transfer as a source of conflict and cooperation in prokaryotes. Front. Microbiol. 11:1569. doi: 10.3389/fmicb.2020.01569

Hashimoto, M., Fukui, M., Hayano, K., and Hayatsu, M. (2002). Nucleotide sequence and genetic structure of a novel Carbaryl hydrolase gene (cehA) from Rhizobium sp. strain AC100. Appl. Environ. Microbiol. 68, 1220–1227. doi: 10.1128/AEM.68.3.1220-1227.2002

Hashimoto, M., Mizutani, A., Tago, K., Ohnishi-Kameyama, M., Shimojo, T., and Hayatsu, M. (2006). Cloning and nucleotide sequence of Carbaryl hydrolase gene (cahA) from Arthrobacter sp. RC100. J. Biosci. Bioeng. 101, 410–414. doi: 10.1263/jbb.101.410

Hayatsu, M., Hirano, M., and Nagata, T. (1999). Involvement of two plasmids in the degradation of Carbaryl by Arthrobacter sp. strain RC100. Appl. Environ. Microbiol. 65, 1015–1019. doi: 10.1128/AEM.65.3.1015-1019.1999

Hsu, Y. H., Chang, C. W., Chen, M. C., and Yuan, C. Y. (2011). Carbendazim-induced androgen receptor expression antagonized by flutamide in male rats. J. Food Drug Anal. 19, 418–428.

Hudson, R. C., and Daniel, R. M. (1993). L-glutamate dehydrogenases: distribution, properties and mechanism. Comp. Biochem. Physiol. B 106, 767–792. doi: 10.1016/0305-0491(93)90031-Y

Ibrahim, K. E. A., and Şolpan, D. (2019). Removal of carbofuran in aqueous solution by using UV-irradiation/hydrogen peroxide. J. Environ. Chem. Eng. 7:102820. doi: 10.1016/j.jece.2018.102820

Ibrahim, K. E. A., and Şolpan, D. (2020). Removal of Carbaryl pesticide in aqueous solution by UV and UV/hydrogen peroxide processes. Int. J. Environ. Anal. Chem. 2, 1–15. doi: 10.1080/03067319.2020.1767091

Ikeda, T. P., Shauger, A. E., and Kustu, S. (1996). Salmonella typhimurium apparently perceives external nitrogen limitation as internal glutamine limitation. J. Mol. Biol. 259, 589–607. doi: 10.1006/jmbi.1996.0342

Jaiswal, S., Singh, D. K., and Shukla, P. (2019). Gene editing and systems biology tools for pesticide bioremediation: a review. Front. Microbiol. 10:87. doi: 10.3389/fmicb.2019.00087

Jiang, W., Gao, Q., Zhang, L., Wang, H., Zhang, M., Liu, X., et al. (2020a). Identification of the key amino acid sites of the carbofuran hydrolase CehA from a newly isolated carbofuran-degrading strain Sphingobium sp. CFD-1. Ecotoxicol. Environ. Saf. 189:109938. doi: 10.1016/j.ecoenv.2019.109938

Jiang, W., Liu, Y., Ke, Z., Zhang, L., Zhang, M., Zhou, Y., et al. (2021). Substrate preference of carbamate hydrolase CehA reveals its environmental behavior. J. Hazard. Mater. 403:123677. doi: 10.1016/j.jhazmat.2020.123677

Jiang, W., Zhang, C., Gao, Q., Zhang, M., Qiu, J., Yan, X., et al. (2020b). A carbamate CN hydrolase gene ameH is responsible for the detoxification step of methomyl degradation in Aminobacter aminovorans MDW-2. Appl. Environ. Microbiol. 87:e02005-20. doi: 10.1128/AEM.02005-20

José Ruiz, M., Festila, L. E., and Fernández, M. (2006). Comparison of basal cytotoxicity of seven carbamates in CHO-K1 cells. Toxicol. Environ. Chem. 88, 345–354. doi: 10.1080/02772240600630622

Jouanneau, Y., Micoud, J., and Meyer, C. (2007). Purification and characterization of a three-component Salicylate 1-hydroxylase from Sphingomonas sp. strain CHY-1. Appl. Environ. Microbiol. 73, 7515–7521. doi: 10.1128/AEM.01519-07

Kalaitzidis, D., and Gilmore, T. D. (2005). Transcription factor cross-talk: the estrogen receptor and NF-κB. Trends Endocrinol. Metab. 16, 46–52. doi: 10.1016/j.tem.2005.01.004

Kamanavalli, C. M., and Ninnekar, H. Z. (2000). Biodegradation of propoxur by Pseudomonas species. World J. Microbiol. Biotechnol. 16, 329–331. doi: 10.1023/A:1008944410676

Kamini, Sharma, R., Punekar, N. S., and Phale, P. S. (2018a). Carbaryl as a carbon and nitrogen source: an inducible methylamine metabolic pathway at the biochemical and molecular levels in Pseudomonas sp. strain C5pp. Appl. Environ. Microbiol. 84:e01866-18. doi: 10.1128/AEM.01866-18

Kamini, Shetty, D., Trivedi, V. D., Varunjikar, M., and Phale, P. S. (2018b). Compartmentalization of the Carbaryl degradation pathway: molecular characterization of inducible periplasmic Carbaryl hydrolase from Pseudomonas spp. Appl. Environ. Microbiol. 84:e02115-17. doi: 10.1128/AEM.02115-17

Kamrin, M. A. (1997). Pesticide Profiles: Toxicity, Environmental Impact, and Fate. New York, NY: Lewis Publishers.

Kaur, P., and Balomajumder, C. (2019). Simultaneous biodegradation of mixture of carbamates by newly isolated Ascochyta sp. CBS 237.37. Ecotoxicol. Environ. Saf. 169, 590–599. doi: 10.1016/j.ecoenv.2018.11.029

Kaur, P., and Balomajumder, C. (2020). Bioremediation process optimization and effective reclamation of mixed carbamate-contaminated soil by newly isolated Acremonium sp. Chemosphere 249:125982. doi: 10.1016/j.chemosphere.2020.125982

Kazumi, J., and Capone, D. G. (1995). Microbial aldicarb transformation in aquifer, lake, and salt marsh sediments. Appl. Environ. Microbiol. 61, 2820–2829.

Ke, Z., Zhou, Y., Jiang, W., Zhang, M., Wang, H., Ren, Y., et al. (2021). McbG, a LysR family transcriptional regulator activates the mcbBCDEF gene cluster involved in the upstream pathway of Carbaryl degradation in Pseudomonas sp. XWY-1. Appl. Environ. Microbiol. 87:e02970-20. doi: 10.1128/aem.02970-20

Khalaf, K. D., Sancenon, J., and Delaguardia, M. (1993). Study of the interaction of propoxur and its metabolites with surfactants. Microchem. J. 48, 200–209. doi: 10.1006/mchj.1993.1091

Kim, H., Kim, D. U., Lee, H., Yun, J., and Ka, J. O. (2017). Syntrophic biodegradation of propoxur by Pseudaminobacter sp. SP1a and Nocardioides sp. SP1b isolated from agricultural soil. Int. Biodeterior. Biodegrad. 118, 1–9. doi: 10.1016/j.ibiod.2017.01.024

Kim, I., Kim, D. U., Kim, N. H., and Ka, J. O. (2014). Isolation and characterization of fenobucarb-degrading bacteria from rice paddy soils. Biodegradation 25, 383–394. doi: 10.1007/s10532-013-9667-9

Kim, I. S., Ryu, J. Y., Hur, H. G., Gu, M. B., Kim, S. D., and Shim, J. H. (2004). Sphingomonas sp. strain SB5 degrades carbofuran to a new metabolite by hydrolysis at the furanyl ring. J. Agric. Food Chem. 52, 2309–2314. doi: 10.1021/jf035502l

Klotz, D. M., Arnold, S. F., and McLachlan, J. A. (1997). Inhibition of 17 beta-estradiol and progesterone activity in human breast and endometrial cancer cells by carbamate insecticides. Life Sci. 60, 1467–1475. doi: 10.1016/S0024-3205(97)00098-2

Lan, W. S., Gu, J. D., Zhang, J. L., Shen, B. C., Jiang, H., Mulchandani, A., et al. (2006). Coexpression of two detoxifying pesticide-degrading enzymes in a genetically engineered bacterium. Int. Biodeterior. Biodegrad. 58, 70–76. doi: 10.1016/j.ibiod.2006.07.008

Lan, W. S., Lu, T. K., Qin, Z. F., Shi, X. J., Wang, J. J., Hu, Y. F., et al. (2014). Genetically modified microorganism Sphingomonas paucimobilis UT26 for simultaneously degradation of methyl-parathion and γ-hexachlorocyclohexane. Ecotoxicology 23, 840–850. doi: 10.1007/s10646-014-1224-8

Latypova, E., Yang, S., Wang, Y. S., Wang, T., Chavkin, T. A., Hackett, M., et al. (2010). Genetics of the glutamate-mediated methylamine utilization pathway in the facultative methylotrophic beta-proteobacterium Methyloversatilis universalis FAM5. Mol. Microbiol. 75, 426–439. doi: 10.1111/j.1365-2958.2009.06989.x

Le Belle, J. E., Orozco, N. M., Paucar, A. A., Saxe, J. P., Mottahedeh, J., Pyle, A. D., et al. (2011). Proliferative neural stem cells have high endogenous ROS levels that regulate self-renewal and neurogenesis in a PI3K/Akt-dependant manner. Cell Stem Cell 8, 59–71. doi: 10.1016/j.stem.2010.11.028

Lee, B. W., Oh, S. H., Chung, J. H., Moon, C. K., and Lee, B. H. (2004). N-Nitroso metabolite of carbofuran induces apoptosis in CHL cells by cytochrome c-mediated activation of caspases. Toxicology 201, 51–58. doi: 10.1016/j.tox.2004.03.022

Leenheer, J. A., and Ahlrichs, J. L. (1971). A kinetic and equilibrium study of the adsorption of Carbaryl and parathion upon soil organic matter surfaces. Soil Sci. Soc. Am. J. 35, 700–705.

Lei, J., Wei, S., Ren, L., Hu, S., and Chen, P. (2017). Hydrolysis mechanism of carbendazim hydrolase from the strain Microbacterium sp. djl-6F. J. Environ. Sci. 54, 171–177. doi: 10.1016/j.jes.2016.05.027

Leung, M. C., and Meyer, J. N. (2019). Mitochondria as a target of organophosphate and carbamate pesticides: revisiting common mechanisms of action with new approach methodologies. Reprod. Toxicol. 89, 83–92. doi: 10.1016/j.reprotox.2019.07.007

Li, F., Di, L., Liu, Y., Xiao, Q., Zhang, X., Ma, F., et al. (2019). Carbaryl biodegradation by Xylaria sp. BNL1 and its metabolic pathway. Ecotoxicol. Environ. Saf. 167, 331–337. doi: 10.1016/j.ecoenv.2018.10.051

Li, Q., Kobayashi, M., and Kawada, T. (2015). Carbamate pesticide-induced apoptosis in human T lymphocytes. Int. J. Environ. Res. Public Health 12, 3633–3645. doi: 10.3390/ijerph120403633

Li, Z., Yoshida, N., Wang, A., Nan, J., Liang, B., Zhang, C., et al. (2015). Anaerobic mineralization of 2,4,6-tribromophenol to CO2 by a synthetic microbial community comprising Clostridium, Dehalobacter, and Desulfatiglans. Bioresour. Technol. 176, 225–232.

Liang, J., Cheng, T., Huang, Y., and Liu, J. (2018). Petroleum degradation by Pseudomonas sp. ZS1 is impeded in the presence of antagonist Alcaligenes sp. CT10. AMB Express 8:88. doi: 10.1186/s13568-018-0620-5

Lin, C. M., Wei, L. Y., and Wang, T. C. (2007). The delayed genotoxic effect of N-nitroso N-propoxur insecticide in mammalian cells. Food Chem. Toxicol. 45, 928–934. doi: 10.1016/j.fct.2006.11.015

Lin, Z., Zhang, W., Pang, S., Huang, Y., Mishra, S., Bhatt, P., et al. (2020). Current approaches to and future perspectives on methomyl degradation in contaminated soil/water environments. Molecules 25:738. doi: 10.3390/molecules25030738

Lin-Chao, S., and Bremer, H. (1986). Effect of the bacterial growth rate on replication control of plasmid pBR322 in Escherichia coli. Mol. Gen. Genet. 203, 143–149. doi: 10.1007/bf00330395

Liu, B., Peng, Q., Sheng, M., Hu, S., Qian, M., Fan, B., et al. (2019). Directed evolution of sulfonylurea esterase and characterization of a variant with improved activity. J. Agric. Food Chem. 67, 836–843. doi: 10.1021/acs.jafc.8b06198

Long, Z., Wang, X., Wang, Y., Dai, H., Li, C., Xue, Y., et al. (2020). Characterization of a novel carbendazim-degrading strain Rhodococcus sp. CX-1 revealed by genome and transcriptome analyses. Sci. Total Environ. 754:142137. doi: 10.1016/j.scitotenv.2020.142137

Ma, J., Wu, L., Guo, F., Gu, J., Tang, X., Jiang, L., et al. (2013). Enhanced enantioselectivity of a carboxyl esterase from Rhodobacter sphaeroides by directed evolution. Appl. Microbiol. Biotechnol. 97, 4897–4906. doi: 10.1007/s00253-012-4396-2

Malato, S., Blanco, J., Richter, C., Fernández, P., and Maldonado, M. I. (2000). Solar photocatalytic mineralization of commercial pesticides: Oxamyl. Sol. Energy Mater. Sol. 64, 1–14. doi: 10.1016/S0927-0248(00)00037-4

Mansour, S. A., Mossa, A. T. H., and Heikal, T. M. (2009). Effects of methomyl on lipid peroxidation and antioxidant enzymes in rat erythrocytes: in vitro studies. Toxicol. Ind. Health 25, 557–563. doi: 10.1177/0748233709349829

Maran, E., Fernández, M., Barbieri, P., Font, G., and Ruiz, M. J. (2009). Effects of four carbamate compounds on antioxidant parameters. Ecotoxicol. Environ. Saf. 72, 922–930. doi: 10.1016/j.ecoenv.2008.01.018

Martínez-García, E., Nikel, P. I., Aparicio, T., and de Lorenzo, V. (2014). Pseudomonas 2.0: genetic upgrading of P. putida KT2440 as an enhanced host for heterologous gene expression. Microb. Cell Fact. 13:159. doi: 10.1186/s12934-014-0159-3

Mi, J., Sydow, A., Schempp, F., Becher, D., Schewe, H., Schrader, J., et al. (2016). Investigation of plasmid-induced growth defect in Pseudomonas putida. J. Biotechnol. 231, 167–173. doi: 10.1016/j.jbiotec.2016.06.001

Minty, J. J., Singer, M. E., Scholz, S. A., Bae, C.-H., Ahn, J.-H., Foster, C. E., et al. (2013). Design and characterization of synthetic fungal-bacterial consortia for direct production of isobutanol from cellulosic biomass. Proc. Natl. Acad. Sci. U.S.A. 110, 14592–14597. doi: 10.1073/pnas.1218447110

Mir, M. Y., Rohela, G. K., Hamid, S., Parray, J. A., and Kamili, A. N. (2020). “Role of biotechnology in pesticide remediation,” in Bioremediation and Biotechnology, eds R. Bhat, K. Hakeem, and N. Saud Al-Saud (Cham: Springer), 291–314.

Mir-Tutusaus, J. A., Masís-Mora, M., Corcellas, C., Eljarrat, E., Barceló, D., Sarrà, M., et al. (2014). Degradation of selected agrochemicals by the white rot fungus Trametes versicolor. Sci. Total Environ. 500, 235–242. doi: 10.1016/j.scitotenv.2014.08.116

Mishra, S., Lin, Z., Pang, S., Zhang, W., Bhatt, P., and Chen, S. (2021a). Recent advanced technologies for the characterization of xenobiotic-degrading microorganisms and microbial communities. Front. Bioeng. Biotechnol. 9:632059. doi: 10.3389/fbioe.2021.632059

Mishra, S., Pang, S., Zhang, W., Lin, Z., Bhatt, P., and Chen, S. (2021b). Insights into the microbial degradation and biochemical mechanisms of carbamates. Chemosphere 279:130500. doi: 10.1016/j.chemosphere.2021.130500

Mishra, S., Zhang, W., Lin, Z., Pang, S., Huang, Y., Bhatt, P., et al. (2020). Carbofuran toxicity and its microbial degradation in contaminated environments. Chemosphere 259:127419. doi: 10.1016/j.chemosphere.2020.127419

Mohamed, E. A. (2017). Oxamyl Utilization by Micrococcus luteus OX, Isolated from Egyptian Soil. Int. J. Environ. Stud. 12, 999–1008.

Mohamed, M. S. (2009). Degradation of methomyl by the novel bacterial strain Stenotrophomonas maltophilia M1. Electron. J. Biotechnol. 12, 6–7. doi: 10.2225/vol12-issue4-fulltext-11

Mohammad, S. G., and Ahmed, S. M. (2017). Preparation of environmentally friendly activated carbon for removal of pesticide from aqueous media. Int. J. Ind. Chem. 8, 121–132. doi: 10.1007/s40090-017-0115-2

Mohapatra, S., and Awasthi, M. D. (1997). Enhancement of carbofuran degradation by soil enrichment cultures, bacterial cultures and by synergistic interaction among bacterial cultures. Pestic. Sci. 49, 164–168.

Mokarizadeh, A., Faryabi, M. R., Rezvanfar, M. A., and Abdollahi, M. (2015). A comprehensive review of pesticides and the immune dysregulation: mechanisms, evidence and consequences. Toxicol. Mech. Methods 25, 258–278. doi: 10.3109/15376516.2015.1020182

Morinaga, H., Yanase, T., Nomura, M., Okabe, T., Goto, K., Harada, N., et al. (2004). A benzimidazole fungicide, benomyl, and its metabolite, carbendazim, induce aromatase activity in a human ovarian granulose-like tumor cell line (KGN). Endocrinology 145, 1860–1869. doi: 10.1210/en.2003-1182

Mustapha, M. U., Halimoon, N., Johar, W. L. W., and Abd Shukor, M. Y. (2019). An overview on biodegradation of carbamate pesticides by soil bacteria. Pertanika J. Sci. Technol. 27, 547–563.

Nakatsu, C. H., Korona, R., Lenski, R. E., De Bruijn, F. J., Marsh, T. L., and Forney, L. J. (1998). Parallel and divergent genotypic evolution in experimental populations of Ralstonia sp. J. Bacteriol. 180, 4325–4331. doi: 10.1128/JB.180.17.4325-4331.1998

Naqvi, T., Cheesman, M. J., Williams, M. R., Campbell, P. M., Ahmed, S., Russell, R. J., et al. (2009). Heterologous expression of the methyl carbamate-degrading hydrolase MCD. J. Biotechnol. 144, 89–95. doi: 10.1016/j.jbiotec.2009.09.009

Naravaneni, R., and Jamil, K. (2005). Cytogenetic biomarkers of carbofuran toxicity utilizing human lymphocyte cultures in vitro. Drug Chem. Toxicol. 28, 359–372. doi: 10.1081/DCT-200064508

Ndonwi, E. N., Atogho-Tiedeu, B., Lontchi-Yimagou, E., Shinkafi, T. S., Nanfa, D., Balti, E. V., et al. (2019). Gestational exposure to pesticides induces oxidative stress and lipid peroxidation in offspring that persist at adult age in an animal model. Toxicol. Res. 35, 241–248. doi: 10.5487/TR.2019.35.3.241

Nguyen, T. P. O., Helbling, D. E., Bers, K., Fida, T. T., Wattiez, R., Kohler, H. P. E., et al. (2014). Genetic and metabolic analysis of the carbofuran catabolic pathway in Novosphingobium sp. KN65. 2. Appl. Microbiol. Biotechnol. 98, 8235–8252. doi: 10.1007/s00253-014-5858-5

Nielsen, J. (2001). Metabolic engineering. Appl. Microbiol. Biotechnol. 55, 263–283. doi: 10.1007/s002530000511

Nojiri, H., Shintani, M., and Omori, T. (2004). Divergence of mobile genetic elements involved in the distribution of xenobiotic-catabolic capacity. Appl. Microbiol. Biotechnol. 64, 154–174. doi: 10.1007/s00253-003-1509-y

Ogram, A. V., Duan, Y. P., Trabue, S. L., Feng, X., Castro, H., and Ou, L. T. (2000). Carbofuran degradation mediated by three related plasmid systems. FEMS Microbiol. Ecol. 32, 197–203. doi: 10.1111/j.1574-6941.2000.tb00712.x

Özkara, A., Akyıl, D., and Konuk, M. (2016). “Pesticides, environmental pollution, and health,” in Environmental Health Risk - Hazardous Factors to Living Species, eds M. L. Larramendy and S. Soloneski (Rijeka: Intech), 3–27.

Öztürk, B., Ghequire, M., Nguyen, T. P. O., De Mot, R., Wattiez, R., and Springael, D. (2016). Expanded insecticide catabolic activity gained by a single nucleotide substitution in a bacterial carbamate hydrolase gene. Environ. Microbiol. 18, 4878–4887. doi: 10.1111/1462-2920.13409

Pandey, G., Dorrian, S. J., Russell, R. J., Brearley, C., Kotsonis, S., and Oakeshott, J. G. (2010). Cloning and biochemical characterization of a novel carbendazim (methyl-1H-benzimidazol-2-ylcarbamate)-hydrolyzing esterase from the newly isolated Nocardioides sp. strain SG-4G and its potential for use in enzymatic bioremediation. Appl. Environ. Microbiol. 76, 2940–2945. doi: 10.1128/AEM.02990-09

Park, M. R., Lee, S., Han, T., Oh, B., Shim, J. H., and Kim, I. S. (2006). A new intermediate in the degradation of carbofuran by Sphingomonas sp. strain SB5. J. Microbiol. Biotechnol. 16, 1306.

Parte, S. G., Mohekar, A. D., and Kharat, A. S. (2017). Microbial degradation of pesticide: a review. Afr. J. Microbiol. Res. 11, 992–1012. doi: 10.5897/AJMR2016.8402

Paulsson, J., and Ehrenberg, M. (2001). Noise in a minimal regulatory network: plasmid copy number control. Q. Rev. Biophys. 34, 1–59. doi: 10.1017/s0033583501003663

Phale, P. S., Malhotra, H., and Shah, B. A. (2020). Degradation strategies and associated regulatory mechanisms/features for aromatic compound metabolism in bacteria. Adv. Appl. Microbiol. 112, 1–65.

Phale, P. S., Shah, B. A., and Malhotra, H. (2019). Variability in assembly of degradation operons for naphthalene and its derivative, Carbaryl, suggests mobilization through horizontal gene transfer. Genes 10:569. doi: 10.3390/genes10080569

Pohlenz, H. D., Boidol, W., Schüttke, I., and Streber, W. R. (1992). Purification and properties of an Arthrobacter oxydans P52 carbamate hydrolase specific for the herbicide phenmedipham and nucleotide sequence of the corresponding gene. J. Bacteriol. 174, 6600–6607. doi: 10.1128/jb.174.20.6600-6607.1992

Prezenská, M., Sobeková, A., and Sabová, L. (2019). Antioxidant enzymes of honeybee larvae exposed to oxamyl. Folia Vet. 63, 9–14. doi: 10.2478/fv-2019-0032

Pujar, N. K., Laad, S., Premakshi, H. G., Pattar, S. V., Mirjankar, M., and Kamanavalli, C. M. (2019). Biodegradation of phenmedipham by novel Ochrobactrum anthropi NC-1. 3 Biotech 9:52. doi: 10.1007/s13205-019-1589-8

Qing, Z., Yang, L., and Yu-Huan, L. (2003). Purification and characterization of a novel Carbaryl hydrolase from Aspergillus niger PY168. FEMS Microbiol. Lett. 228, 39–44. doi: 10.1016/S0378-1097(03)00718-3

Rai, D. K., and Sharma, B. (2007). Carbofuran-induced oxidative stress in mammalian brain. Mol. Biotechnol. 37, 66–71. doi: 10.1007/s12033-007-0046-9

Raut-Jadhav, S., Pinjari, D. V., Saini, D. R., Sonawane, S. H., and Pandit, A. B. (2016). Intensification of degradation of methomyl (carbamate group pesticide) by using the combination of ultrasonic cavitation and process intensifying additives. Ultrason. Sonochem. 31, 135–142. doi: 10.1016/j.ultsonch.2015.12.015

Rehman, T., Khan, M. M., Shad, M. A., Hussain, M., Oyler, B. L., Goo, Y. A., et al. (2016). Detection of carbofuran-protein adducts in serum of occupationally exposed pesticide factory workers in Pakistan. Chem. Res. Toxicol. 29, 1720–1728. doi: 10.1021/acs.chemrestox.6b00222

Reitzer, L. (2003). Nitrogen assimilation and global regulation in Escherichia coli. Annu. Rev. Microbiol. 57, 155–176. doi: 10.1146/annurev.micro.57.030502.090820

Rodríguez-Rodríguez, C. E., Madrigal-León, K., Masís-Mora, M., Pérez-Villanueva, M., and Chin-Pampillo, J. S. (2017). Removal of carbamates and detoxification potential in a biomixture: fungal bioaugmentation versus traditional use. Ecotoxicol. Environ. Saf. 135, 252–258. doi: 10.1016/j.ecoenv.2016.10.011

Rousidou, K., Chanika, E., Georgiadou, D., Soueref, E., Katsarou, D., Kolovos, P., et al. (2016). Isolation of oxamyl-degrading bacteria and identification of cehA as a novel oxamyl hydrolase gene. Front. Microbiol. 7:616. doi: 10.3389/fmicb.2016.00616

Sah, S., and Phale, P. S. (2011). 1-Naphthol 2-hydroxylase from Pseudomonas sp. strain C6: purification, characterization and chemical modification studies. Biodegradation 517–526. doi: 10.1007/s10532-010-9424-2

Salman, J. M., and Hameed, B. H. (2010). Adsorption of 2, 4-dichlorophenoxyacetic acid and carbofuran pesticides onto granular activated carbon. Desalination 256, 129–135. doi: 10.1016/j.desal.2010.02.002

Saquib, Q., Siddiqui, M. A., Ansari, S. M., Alwathnani, H. A., and Al-Khedhairy, A. A. (2021a). Carbofuran cytotoxicity, DNA damage, oxidative stress, and cell death in human umbilical vein endothelial cells: evidence of vascular toxicity. J. Appl. Toxicol. 41, 847–860. doi: 10.1002/jat.4150

Saquib, Q., Siddiqui, M. A., Ansari, S. M., Alwathnani, H. A., Musarrat, J., and Al-Khedhairy, A. A. (2021b). Cytotoxicity and genotoxicity of methomyl, Carbaryl, metalaxyl, and pendimethalin in human umbilical vein endothelial cells. J. Appl. Toxicol. 41, 832–846. doi: 10.1002/jat.4139

Seo, J., Jeon, J., Kim, S. D., Kang, S., Han, J., and Hur, H. G. (2007). Fungal biodegradation of carbofuran and carbofuran phenol by the fungus Mucor ramannianus: identification of metabolites. Water Sci. Technol. 55, 163–167. doi: 10.2166/wst.2007.051

Seo, J. S., Keum, Y. S., and Li, Q. X. (2013). Metabolomic and proteomic insights into Carbaryl catabolism by Burkholderia sp. C3 and degradation of ten N-methylcarbamates. Biodegradation 24, 795–811. doi: 10.1007/s10532-013-9629-2

Seth, V., Banerjee, B. D., and Chakravorty, A. K. (2001). Lipid peroxidation, free radical scavenging enzymes, and glutathione redox system in blood of rats exposed to propoxur. Pestic. Biochem. Physiol. 71, 133–139. doi: 10.1006/pest.2001.2571

Sharif, D. I., and Mollick, M. (2013). Selective isolation of a Gram negative carbamate pesticide degrading bacterium from brinjal cultivated soil. Am. J. Agric. Biol. Sci. 8, 249–256. doi: 10.3844/ajabssp.2013.249.256

Siampiringue, M., Wong-Wah-Chung, P., and Sarakha, M. (2015). Impact of the soil structure and organic matter contents on the photodegradation of the insecticide Carbaryl. J. Soils Sediments 15, 401–409. doi: 10.1007/s11368-014-0986-1

Silberman, J., and Taylor, A. (2020). Carbamate Toxicity. Treasure Island, FL: StatPearls Publishing.

Singh, N., Sahoo, A., Misra, D., Rao, V. R., and Sethunathan, N. (1993). Synergistic interaction between two bacterial isolates in the degradation of carbofuran. Biodegradation 4, 115–123.

Singh, R., Trivedi, V. D., and Phale, P. S. (2013). Metabolic regulation and chromosomal localization of Carbaryl degradation pathway in Pseudomonas sp. strains C4, C5 and C6. Arch. Microbiol. 195, 521–535. doi: 10.1007/s00203-013-0903-9

Singh, R., Trivedi, V. D., and Phale, P. S. (2014). Purification and characterization of NAD+-dependent salicylaldehyde dehydrogenase from Carbaryl-degrading Pseudomonas sp. strain C6. Appl. Biochem. Biotechnol. 172, 806–819. doi: 10.1007/s12010-013-0581-8

Singh, S., Singh, N., Kumar, V., Datta, S., Wani, A. B., Singh, D., et al. (2016). Toxicity, monitoring and biodegradation of the fungicide carbendazim. Environ. Chem. Lett. 14, 317–329. doi: 10.1007/s10311-016-0566-2

So, J., Pang, C., Dong, H., Jang, P., Juhyok, U., Ri, K., et al. (2018). Adsorption of 1-naphthyl methyl carbamate in water by utilizing a surface molecularly imprinted polymer. Chem. Phys. Lett. 699, 199–207. doi: 10.1016/j.cplett.2018.03.059

Soloneski, S., Kujawski, M., Scuto, A., and Larramendy, M. L. (2015). Carbamates: a study on genotoxic, cytotoxic, and apoptotic effects induced in Chinese hamster ovary (CHO-K1) cells. Toxicol. In Vitro 29, 834–844. doi: 10.1016/j.tiv.2015.03.011

Soloneski, S., and Larramendy, M. L. (2010). Sister chromatid exchanges and chromosomal aberrations in Chinese hamster ovary (CHO-K1) cells treated with the insecticide pirimicarb. J. Hazard. Mater. 174, 410–415. doi: 10.1016/j.jhazmat.2009.09.068

Soloneski, S., Reigosa, M. A., Molinari, G., González, N. V., and Larramendy, M. L. (2008). Genotoxic and cytotoxic effects of carbofuran and furadan® on Chinese hamster ovary (CHOK1) cells. Mutat. Res. Gen. Toxicol. Environ. Mutagen. 656, 68–73. doi: 10.1016/j.mrgentox.2008.07.007

Stephanopoulos, G., and Vallino, J. J. (1991). Network rigidity and metabolic engineering in metabolite overproduction. Science 252, 1675–1681. doi: 10.1126/science.1904627

Suemori, A., Kurane, R., and Tomizuka, N. (1993). Purification and properties of 3 types of monohydroxybenzoate oxygenase from Rhodococcus erythropolis S-1. Biosci. Biotechnol. Biochem. 57, 1487–1491. doi: 10.1271/bbb.57.1487

Swetha, V. P., Basu, A., and Phale, P. S. (2007). Purification and characterization of 1-naphthol-2-hydroxylase from Carbaryl-degrading Pseudomonas strain C4. J. Bacteriol. 189, 2660–2666. doi: 10.1128/JB.01418-06

Swetha, V. P., and Phale, P. S. (2005). Metabolism of Carbaryl via 1,2-dihydroxynaphthalene by soil isolates Pseudomonas sp. strains C4, C5, and C6. Appl. Environ. Microbiol. 71, 5951–5956. doi: 10.1128/AEM.71.10.5951-5956.2005

Takemori, S., Hon-Nami, K., Kawahara, F., and Katagiri, M. (1974). Mechanism of the salicylate 1-monooxygenase reaction: VI. The monomeric nature of the enzyme. Biochim. Biophys. Acta. Protein Struct. 342, 137–144. doi: 10.1016/0005-2795(74)90115-9

Tamimi, M., Qourzal, S., Assabbane, A., Chovelon, J. M., Ferronato, C., and Ait-Ichou, Y. (2006). Photocatalytic degradation of pesticide methomyl: determination of the reaction pathway and identification of intermediate products. Photochem. Photobiol. Sci. 5, 477–482. doi: 10.1039/B517105A

Tange, S., Fujimoto, N., Uramaru, N., Wong, F. F., Sugihara, K., Ohta, S., et al. (2016). In vitro metabolism of methiocarb and Carbaryl in rats, and its effect on their estrogenic and antiandrogenic activities. Environ. Toxicol. Pharmacol. 41, 289–297. doi: 10.1007/s11270-017-3260-5

Tien, C. J., Lin, M. C., Chiu, W. H., and Chen, C. S. (2013). Biodegradation of carbamate pesticides by natural river biofilms in different seasons and their effects on biofilm community structure. Environ. Pollut. 179, 95–104.

Tollstadius, B. F., da Silva, A. C. G., Pedralli, B. C. O., and Valadares, M. C. (2019). Carbendazim induces death in alveolar epithelial cells: a comparison between submerged and at the air-liquid interface cell culture. Toxicol. In Vitro 58, 78–85. doi: 10.1016/j.tiv.2019.03.004

Tomasek, P. H., and Karns, J. S. (1989). Cloning of a carbofuran hydrolase gene from Achromobacter sp. strain WM111 and its expression in gram-negative bacteria. J. Bacteriol. 171, 4038–4044. doi: 10.1128/jb.171.7.4038-4044.1989

Tomašević, A., Mijin, D., Marinković, A., Cvijetić, I., and Gašić, S. (2019). Photocatalytic degradation of carbamate insecticides: effect of different parameters. Pestic. Ifitomed. 34, 193–200. doi: 10.2298/PIF1904193T

Topp, E., Hanson, R. S., Ringelberg, D. B., White, D. C., and Wheatcroft, R. (1993). Isolation and characterization of an N-methylcarbamate insecticide-degrading methylotrophic bacterium. Appl. Environ. Microbiol. 59, 3339–3349. doi: 10.1128/aem.59.10.3339-3349.1993

Toyama, T., Maeda, N., Murashita, M., Chang, Y. C., and Kikuchi, S. (2010). Isolation and characterization of a novel 2-sec-butylphenol-degrading bacterium Pseudomonas sp. strain MS-1. Biodegradation 21, 157–165. doi: 10.1007/s10532-009-9290-y

Tozakidis, I. E. P., Brossette, T., Lenz, F., Maas, R. M., and Jose, J. (2016). Proof of concept for the simplified breakdown of cellulose by combining Pseudomonas putida strains with surface displayed thermophilic endocellulase, exocellulase and β-glucosidase. Microb. Cell Fact. 15:103. doi: 10.1186/s12934-016-0505-8

Trivedi, V. D., Jangir, P. K., Sharma, R., and Phale, P. S. (2016). Insights into functional and evolutionary analysis of Carbaryl metabolic pathway from Pseudomonas sp. strain C5pp. Sci. Rep. 6:38430. doi: 10.1038/srep38430

Trivedi, V. D., Majhi, P., and Phale, P. S. (2014). Kinetic and spectroscopic characterization of 1-naphthol 2-hydroxylase from Pseudomonas sp. strain C5. Appl. Biochem. Biotechnol. 172, 3964–3977. doi: 10.1007/s12010-014-0815-4

Ufarté, L., Laville, E., Duquesne, S., Morgavi, D., Robe, P., Klopp, C., et al. (2017). Discovery of carbamate degrading enzymes by functional metagenomics. PLoS One 12:e0189201. doi: 10.1371/journal.pone.0189201

Unsworth, J. (2010). History of Pesticide Use. International Union of Pure and Applied Chemistry (IUPAC). Available online at http://agrochemicals.iupac.org/index.php?option=com_sobi2&sobi2Task=sobi2Details&catid=3&sobi2Id=31 (accessed December, 2020).

Valencia-Quintana, R., Gómez-Arroyo, S., Sánchez-Alarcón, J., Milić, M., Gomez Olivares, J. L., Waliszewski, S. M., et al. (2016). Assessment of genotoxicity of Lannate-90® and its plant and animal metabolites in human lymphocyte cultures. Arh. Hig. Rada Toksikol. 67, 116–125. doi: 10.1515/aiht-2016-67-2763

Vuilleumier, S., Chistoserdova, L., Lee, M. C., Bringel, F., Lajus, A., Zhou, Y., et al. (2009). Methylobacterium genome sequences: a reference blueprint to investigate microbial metabolism of C1 compounds from natural and industrial sources. PLoS One 4:e5584. doi: 10.1371/journal.pone.0005584

Waseem, M., Perry, C., Bomann, S., Pai, M., and Gernsheimer, J. (2010). Cholinergic crisis after rodenticide poisoning. West. J. Emerg. Med. 11, 524–527.

White-Stevens, R. H., and Kamin, H. (1972). Studies of a flavoprotein, salicylate hydroxylase I. Preparation, properties, and the uncoupling of oxygen reduction from hydroxylation. J. Biol. Chem. 247, 2358–2370.

Wu, Q., Zhou, X., Li, Y., Zang, X., Wang, C., and Wang, Z. (2009). Application of dispersive liquid–liquid microextraction combined with high-performance liquid chromatography to the determination of carbamate pesticides in water samples. Anal. Bioanal. Chem. 393, 1755–1761. doi: 10.1007/s00216-009-2625-z

Yan, Q. X., Hong, Q., Han, P., Dong, X. J., Shen, Y. J., and Li, S. P. (2007). Isolation and characterization of a carbofuran-degrading strain Novosphingobium sp. FND-3. FEMS Microbiol. Lett. 271, 207–213. doi: 10.1111/j.1574-6968.2007.00718.x

Yan, X., Jin, W., Wu, G., Jiang, W., Yang, Z., Ji, J., et al. (2018). Hydrolase CehA and monooxygenase CfdC are responsible for carbofuran degradation in Sphingomonas sp. strain CDS-1. Appl. Environ. Microbiol. 84:e00805-18. doi: 10.1128/AEM.00805-18

Yang, C., Xu, X., Liu, Y., Jiang, H., Wu, Y., Xu, P., et al. (2017). Simultaneous hydrolysis of Carbaryl and chlorpyrifos by Stenotrophomonas sp. strain YC-1 with surface-displayed Carbaryl hydrolase. Sci. Rep. 7:13391. doi: 10.1038/s41598-017-13788-0

Yang, E. Y., and Shin, H. S. (2013). Trace level determinations of carbamate pesticides in surface water by gas chromatography–mass spectrometry after derivatization with 9-xanthydrol. J. Chromatogr. A 1305, 328–332. doi: 10.1016/j.chroma.2013.07.055

Yang, L., Chen, S., Hu, M., Hao, W., Geng, P., and Zhang, Y. (2011). Biodegradation of carbofuran by Pichia anomala strain HQ-C-01 and its application for bioremediation of contaminated soils. Biol. Fertil. Soils 47, 917–923. doi: 10.1007/s00374-011-0602-0

Yarsan, E., Tanyuksel, M., Celik, S., and Aydin, A. (1999). Effects of aldicarb and malathion on lipid peroxidation. Bull. Environ. Contam. Toxicol. 63, 575–581. doi: 10.1007/s001289901019

Zeng, L. R., Shi, L. H., Meng, X. G., Xu, J., Jia, G. F., Gui, T., et al. (2019). Evaluation of photolysis and hydrolysis of pyraclostrobin in aqueous solutions and its degradation products in paddy water. J. Environ Sci. Health B 54, 317–325. doi: 10.1080/03601234.2019.1571360

Zhang, C., Yang, Z., Jin, W., Wang, X., Zhang, Y., Zhu, S., et al. (2017). Degradation of methomyl by the combination of Aminobacter sp. MDW-2 and Afipia sp. MDW-3. Lett. Appl. Microbiol. 64, 289–296. doi: 10.1111/lam.12715

Zhang, H., Yuan, X., Xiong, T., Wang, H., and Jiang, L. (2020). Bioremediation of co-contaminated soil with heavy metals and pesticides: influence factors, mechanisms and evaluation methods. Chem. Eng. J. 398:125657. doi: 10.1016/j.cej.2020.125657

Zhang, J., and Lee, H. K. (2006). Application of liquid-phase microextraction and on-column derivatization combined with gas chromatography–mass spectrometry to the determination of carbamate pesticides. J. Chromatogr. A 1117, 31–37. doi: 10.1016/j.chroma.2006.03.102

Zhang, R., Xu, X., Chen, W., and Huang, Q. (2016). Genetically engineered Pseudomonas putida X3 strain and its potential ability to bioremediate soil microcosms contaminated with methyl parathion and cadmium. Appl. Microbiol. Biotechnol. 100, 1987–1997. doi: 10.1007/s00253-015-7099-7

Zhang, Y., Wang, H., Wang, X., Hu, B., Zhang, C., Jin, W., et al. (2017). Identification of the key amino acid sites of the carbendazim hydrolase (MheI) from a novel carbendazim-degrading strain Mycobacterium sp. SD-4. J. Hazard. Mater. 331, 55–62. doi: 10.1016/j.jhazmat.2017.02.007

Zhou, Y., Ke, Z., Ye, H., Hong, M., Xu, Y., Zhang, M., et al. (2020). Hydrolase CehA and a novel two-component 1-naphthol hydroxylase CehC1C2 are responsible for the two initial steps of Carbaryl degradation in Rhizobium sp. X9. J. Agric. Food Chem. 68, 14739–14747. doi: 10.1021/acs.jafc.0c03845

Zhu, S., Qiu, J., Wang, H., Wang, X., Jin, W., Zhang, Y., et al. (2018). Cloning and expression of the Carbaryl hydrolase gene mcbA and the identification of a key amino acid necessary for Carbaryl hydrolysis. J. Hazard. Mater. 344, 1126–1135. doi: 10.1016/j.jhazmat.2017.12.006

Zhu, S., Wang, H., Jiang, W., Yang, Z., Zhou, Y., He, J., et al. (2019). Genome analysis of Carbaryl-degrading strain Pseudomonas putida XWY-1. Curr. Microbiol. 76, 927–929. doi: 10.1007/s00284-019-01637-4


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Malhotra, Kaur and Phale. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-648868-t003.jpg
Pesticide Physicochemical method employed Remarks Intermediates References
detected/degradation route
Carbofuran Adsorption onto GAC F300 activated Maximum adsorption capacity of = Salman and
carbon 96.15 mg of Carbofuran per g of Hameed, 2010
adsorbent; equilibrium reached within
10-22h
UV/H, O, AOP 100% mineralisation in 3 h 2,2-dimethyl-2,3- Ibrahim and
dihydrobenzofuran-7-ol, Solpan, 2019
2-dimethyl-2,3-dihydrobenzofuran-
3,7-diol, 7-hydroxy-2,2dimethyl
benzofuran-3(2H)-one,
pyrocatechol, formic acid, oxalic
acid, acetic acid
Oxamy! Adsorption onto Silkworm faeces Removal of 99.48% oxamyl; equilibrium — Mohammad and
activated carbon (SFAC) reached within 2 h Ahmed, 2017
Carbaryl Adsorption onto Surface molecularly Adsorption capacity of 41.14 mg/g; - Soetal., 2018
imprinting polymer (SMIP) equilibrium reached within 2040 min
Photolysis (Solar) 10-60% degradation achieved 2-hydroxy-1,4-naphtoquinone and Siampiringue et al.,
depending upon the particle size and 1-naphthol 2015
presence of organic matter
UV/Oz AOP Complete degradation of 40 mg/L 4-(1-hydroxy-2-(methylamino) lbrahim and
Carbaryl at 75 s ozonation time propyl) phenol, naphthalen-2-ol, Solpan, 2020
2-(hydroxymethyl) benzoic acid,
2-(2- ethoxy ethoxy) acetic acid,
4-(1-hydroxy-2-(methylamino)-
propyl) phenol,
(2)-2-(methoxyimino) heptanoic
acid, (4-2-(methoxyimino)-3-
methylbutanoic acid,
2-formamidoacetic acid,
2-amino-3-hydroxybutanoic acid,
citric acid, malonic acid, acetic
acid, formic acid
Electro-Fenton process 90% total organic carbon removal 1-Naphthol, Celebi et al., 2015
within 2 h Naphthohydroquinone,
1,4-Naphthoguinone,
1,4-Naphthalene dione-2-hydroxy,
1,4-Naphthalene dione-5-hydroxy,
Phtalic anhydride, Phthalic
acid-O-yl N-methylcarbamate,
Phthalic acid, Phtalaldehydic acid,
oxalic acid, acetic acid, formic
acid, succinic acid
Methomyl UV/TiO, AOP 100% removal within 45 min Methomyl oxime, acetonitrile, Tamimi et al., 2006
glycolic acid, oxalic acid, formic
acid
Ultrasound cavitation coupled with 28.7% removal with only ultrasonic - Raut-Jadhav et al.,
fenton and/or photo-fenton process cavitation in 72 min; 100% removal 2016
when coupled with fenton or
photo-fenton in 18 and 9 min,
respectively
Carbendazim Photo-Fenton process 96% removal of carbendazim within 2-aminobenzimidazole, da Costa et al.,
15 min benzimidazole isocyanate and 2019
monocarbomethoxyguanidine
Pyraclostrobin Hydrolysis and photolysis (under Half-life of 1.32-2.96 h in UV light; Hydrolysis by loss of N-methoxy Zeng et al., 2019

sunlight and UV light) in aqueous
solution and paddy water

3.69-11.2 h in sunlight depending upon
the pH

group and N-methyl formate,
followed by hydroxylation of
pyrazol ring. Photolysis follows
substitution of chlorine with
hydroxyl group, followed by either
removal of the methoxy group or
scission of 4-hydroxyphenyl and
pyrazol bond.
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Sphingomonas sp. CFO6

Achromobacter sp. WM111

Sphingomonas sp. TA

Sphingomonas sp. CD

Rhizobium sp. strain AC100
Arthrobacter sp. RC100

Klebsiella oxytoca

Strain NJ-D1

Stenotrophomonas maltophilia M1

Strain ER2

Arthrobacter oxydans P52

Rhodococcus sp. CX-1

Pseudomonas putida XWY-1

Plasmid(s), size (kb)

pCFO1, pCF02, pCFO3, pCF04,
pCFO5 (5.5)

pPDL11 (100)
pCTOO1 (100)
pCD2 (100)
PAC200 (25)
pRCT (110)

pRC2 (120)

Two plasmids (100, 5.46)

> 1 plasmid

pMb (5)

pER2a (120)

pHP52 (41)

Plasmid 2 (288)

PXWY (395)

Associated metabolic properties

Enzymes involved in carbofuran
mineralisation are encoded collectively
by five plasmids. The role of individual
plasmid is not clear.

Encodes the carbofuran hydrolase,
Mcd

Encodes the enzymes involved in
carbofuran mineralisation

Encodes the enzymes involved in
carbofuran mineralisation

Encodes the Carbaryl hydrolase, CehA
Encodes the Carbaryl hydrolase, CahA
Encodes the enzymes for conversion of
1-naphthol to gentisic acid

Encodes the carbendazim hydrolase,
Mhel and other enzymes involved in
carbendazim degradation

Encodes the Carbamate hydrolase,
CehA and other enzymes involved in
fenobucarb degradation

Encodes the enzymes involved in
methomy! degradation

Encodes the carbamate hydrolase,
Mcd for the degradation of carbofuran,
Carbaryl and propoxur

Encodes the phenmedipham hydrolase
Pcd

Encodes the carbendazim
amidohydrolase Mhel and the extradiol
dioxygenases involved in carbendazim
mineralisation

Encodes the enzymes involved in
Carbaryl mineralisation via gentisate
route
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Properties

Pesticide, [IUPAC name],
(Molecular weight, Daiton) |

Hydrolysis products®

Carbofuran, Carbofuran-7-phend,
((2,2-Dimethyt-3H-1-benzo methytamine, CO2
furan-7-yl)
Nemethylcarbamate], (221.23)
0CONHCH;
N0 s
/\Xug
Carbery, [Nephthalen-1-y 1-Naphinol,
N-methylcarbamate], (201.22)  methylamine, CO,
QcoNHCH,
A
AN
Propoxur, Isopropoxyphenol,
[(2-Propan-2-yloxypheny) methylamine, CO,
N-methylcarbamate], (200.24)
'OCONHCH;
A\ OCHCH
Z
Carbendazim, [Methyl N-(1H- 2-Anino
benzimidazol2-ylcarbamate],  benzimidazole,
n Methylformate
AN
-NHCOOCH,
P
Phenmedipham, m-Toliidine, methyl
[8-(Methoxycarbonyl N-(@hydroxyphenyl)
aminojphenyl carbamate, CO;
2o
It
He o NHCOOCH;
Fenobucarb, 2-s60 Butyl phenol,
((2-Butan-2-yiphenyl) nmethylamine, COz
N-methyicarbamate), (207.27)
(OCONHCH;
CH.
CH o
CHy
Oxamyi, Methy Oxamyl oxime.
2-(dimethylamino)-N- methylamine, CO,
(methylcarbamoyloxy)-2-
oxoethenimido thicate,
210.26)
Ny CON(CHg)
H;,CHNOCO’ \(‘?
SCHy
Methomyl {Methyl Methomyl oxime,
N-methyicarbamoyion) methylamine, CO
etharimido thioate,(162.21)
N, _SCH;
H;CHNOCO \(I:
Chy
Aldicarb, ([E)-(2-Methyl-2- Aldicarb oxime,

methylsulfanylpropyidenelamino  methylamine, COp

N-methylcarbamatel, (190.27)

He
H,CHNOCO” Qﬁ/ NSCH,

Water
solubility
(g/100mL at
68°F-77°F)

0.07

0011

02

0.0008

000047

28

58

06

Vapor
pressure
(mmHg at
T7°F/68°F)

3x 1076

1.36 x 1076

968 x 100

7.50 x 10-10

1x 1071

1.42 x 1074

23x 1074

5x 1075

29x10°8

adsorption
coefficient
(Koc)

56.3-147

136-250

469-532

121-224

621-2400

516

10

20

31.6-32

Lethal dose
(rat oral LDgy
in mg/kg)

230

9510104

15000

4000

54

17-24

065

# Enzymatic or alkaline hydrolysis. *Data obtained from: http://ppas.gov.in/statistical-database, latest accessed on 30th December 2020.

Consumption
in India from
2014-15 to

5785

404

3740

5063

305

Applied as.

Insecticide,
Acaricide,
Nematicide

Acaricide,
Insecticide,
Moluscicide

Insecticide,
Acaricide,
Moluscicide

Fungicide

Herbicide

Insecticide

Insecticide,
Acaricide,
Nematicide:

Insectiide,
Acaricide,
Nematicide

Insecticide,
Acaricide,
Nenaticide

Organisms
involved in
degradation
or
biotransformation

Achromobacter,
Rhodococcus,
Pseudomonas,
‘Sphingomonas,
Enterobacter,
Burkholderia,
Bacilus,
Cupriavidus

Pseudomonas,
Burkholderia,
Rhodococcus,
‘Sphingomonas,
Micrococcus,
Arthrobacter,
Blastobacter,
Aspergilus
Pseudaminobacter,
Nocardloides,
Psaudomonas,
Corynebacterium,
Staphylococcus,
Bacilus,
Aeromonas

Rhodocoacus,
‘Sphingomonas,
Nocardloides,
Trichoderma

Arthrobacter,

Pseudomonas,

Ochtrobactrum,
Trichoderma

Sphingobium,
Pichia

Pseudomonas,
Micrococcus,
Aminobacter,
Trichoderma,
Aspergillus

Paracoccus,
Pseudomonas,
Aminobacter,
Flavobacterium,
Alcaligenes,
Bacills,
Seratia,
Novosphingobium,
Trametes.
Enterobacter,
Stenotrophomonas,
Methylosinus
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