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Abstract— Heterocycles are organic compounds that are 

well-known and distributed in nature; they can be used in 

the pharmaceutical, agrochemical, and chemical industries. 

Heterocycles composed of sulfur, nitrogen, and oxygen 

atoms are harmful toxins and can cause cancers; these 

substances can persist for years in the environment. One 

attractive alternative to expensive physical and chemical 

methods is microbial degradations, which present high 

potential and low cost, causing minimal environmental 

impacts. The use of these microorganisms makes use of 

heterocyclic substances as substrates, removing them 

efficiently and safely. Some strains of wild and genetically 

modified microorganisms (bacteria and fungi) have already 

been used to degrade various pesticides and aromatic 

compounds. Understanding the biodegradation mechanism 

of microorganisms will benefit future bioremediation 

studies, which may prove to be one of the alternatives to 

solving environmental problems. This review will focus on 

the microbial degradation of heterocyclic compounds, 

taking into account the most used techniques and their 

limitations in future research.  

 
Keywords— Biotechnology, Environment pollution, Organic 

chemistry.  

I.INTRODUCTION 

Heterocycles are organic compounds naturally distributed in 

nature; such compounds are involved in the metabolism of all 

living cells. Some natural and synthetic heterocyclic 

compounds are considered pharmacologically active and are 

being used in the clinical area. Various applications exist for 

these compounds, such as pharmaceutical, agrochemical, and 

veterinary products. Heterocycles compounds can have 

antioxidant, revealing, sensitizing, corrosion-inhibiting, and 

copolymeric dyes necessary for synthesizing critical natural 
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products [1]. 

These substances play an essential role in chemistry because 

they can be applied in several applications such as drug 

formulations, photochemistry, agrochemicals, dyes, etc. 

Among them, indole derivatives are examples used to produce 

synthetic drugs. The structures of the heterocycles can be linked 

to more than one receptor with high affinity, which can help 

develop a multitude of compounds considered biologically 

active. Among them, we have the indole derivatives, recognized 

for having active ingredients that can treat several diseases, 

such as dermatitis, peripheral neuropathies, arthritis, airway 

allergies, glaucoma, and eye inflammation. These compounds 

can also be used in medicines with antimicrobial activity, such 

as serotonin antagonists, antidepressants, central nervous 

system anxiolytic depressants, anticonvulsants, and 

antihistamines [2]. 

Some heterocyclic polycyclic aromatic compounds have 

already shown toxic and mutagenic characteristics in research; 

these compounds have one or more S, N, or O atoms in their 

structure. Recently the attention in the study of these chemicals, 

mainly when referring to Dibenzothiophene (DBT) and its 

derivatives, which have already been shown to have a 

cumulative effect (they stay in the environment for about three 

years) [3]. N heterocycles, such as carbazole and its derivatives, 

are well-used in many industries and can undergo rapid, radical 

chemical changes, generating hydroxynitrocarbazoles that are 

more toxic [3]. 

Compounds that are widely used as a model to study the 

biodegradation of N and S-heterocycle are DBT and Carbazole, 

respectively. Dibenzofuran (DBF), a heterocycle, is well known 

and used as a pesticide in plantations; the photolysis of 

chlorinated biphenyl ethers forms this compound. Such 

compounds are considered a model for the removal of 

chlorinated dibenzofurans and biaryl ethers, which cause great 

environmental concern [3]. 

As we have seen, heterocycles correspond to several kinds of 
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compounds; in addition to those mentioned, we also have dyes, 

which, when placed in the environment, can bring specific 

problems. Thus, ecologically correct dye production 

technologies and consolidated ecologically correct 

bioprocesses that decompose these dyes have been studied. We 

must emphasize that changes concerning environmental 

concerns strengthened environmental regulations, which 

stimulated many types of research and developments regarding 

these techniques that aim to minimize the impacts caused by 

certain polluting substances used in several industries, such as 

heterocycle compounds. For example, we have microbial and 

enzymatic degradation that act in the degradation of some 

products [4]. 

The search for techniques that aim to present activities of a 

biodegradative character, which use microorganisms to remove 

environmental pollutants, such as heterocycles, has become an 

alternative to physical and chemical methods since 

biodegradative techniques have potential and low cost, causing 

environmental impacts when compared to conventional 

methods. Much research has already sought to study the 

isolation and identification of strains with specific applications, 

such as the use of bacteria capable of removing pollutants from 

the sulfur in the oil, as well as the number of sulfur oxides 

released, avoiding harmful to the environment [3]. 

This review aimed to address the removal of heterocycle 

compounds by microorganisms in general, considering the most 

used techniques and their limitations in future research to 

provide helpful information for treatment that can decrease the 

accumulation of heterocycle compounds in the environment 

that can cause adverse environmental impacts.  

II.THE CHEMISTRY OF HETEROCYCLES 

The discussion of saturated and aromatic heterocycles brings 

together many concepts and applications. Heterocycles are 

organic compounds essential to the biochemical processes 

because the side groups of living cells' most typical and 

essential constituents, DNA and RNA, are based on these 

molecules [5]. In general, these compounds have something in 

common in their structures, whether due to the presence of 

carbon and hydrogen (hydrocarbons) also the presence of more 

common heteroatoms, such as nitrogen (N), oxygen (O), and 

sulfur (S). In addition, organic compounds generally have a ring 

(aromatic or not), so they are considered cyclical. The rings 

present in organic structures directly influence molecular 

properties, from molecular conformation to the reaction process 

- these properties make the class of heterocyclic organic 

compounds extraordinary. 

Most physiologically active compounds owe their biological 

potential to the presence of heteroatoms, mainly in the form of 

heterocycles [6]; most natural products are heterocycles [7]. 

Figure 1, is presented some of the heterocycle compounds 

common in organic chemistry, such as nicotine, present in 

cigarettes [8]; cocaine, an illicit product that affects the central 

nervous system [9]; and morphine, an essential painkiller used 

against severe pain [10]. 

 
Figure 1. Heterocyclic compounds common in organic chemistry. Adapted 

from [8]–[10]. 

 

A. Nitrogen heterocycle 

The main heterocycle compounds with nitrogen are amines, 

which primarily function as bases (nucleophiles). They are 

mainly involved in uni and bimolecular electrophilic 

substitution reactions (SN1 and SN2). Morpholine, for 

example, is acylated by 3,4,5-trimethoxybenzoyl chloride to 

form the tranquilizer and muscle relaxant [11]; already N-

methyl piperazine can be alkylated in an SN1 reaction with 

diphenyl methyl chloride to obtain cyclizine as a product [12], 

seasickness medicine. The addition of pyrrolidine to an 

aldehyde or ketone forms a product that belongs to the class of 

enamines, which is very important in the chemistry of 

heterocycles because it has broad applicability as precursors in 

the synthesis of both synthetic and natural organic compounds 

[13], [14].  

 

B. Oxygen and sulfur heterocycles 

The heterocycle class that contains oxygen as a heteroatom 

has advanced in many studies - as the six-membered 

heterocycles present in natural products of plants and 

microorganisms present themselves as good natural bioactive 

and continue to stimulate the development and synthesis of new 

molecules with similar characteristics, especially for the 

pharmaceutical industry that constantly seeks the 

implementation of new drugs to combat various diseases that 

affect the planet [15].  

Significant groups of heterocycle compounds are the 

phenolic derivatives belonging to the class of flavonoids, these 

present an oxygen heterocycle called ring C, and the variation 

of this ring is decisive in the classification of subgroups such as 

flavonols, flavones, flavanones, isoflavones among others. In 

addition, the addition and position of unsaturation in this ring, 

as well as the hydroxylation of position 3, confer effective 

biological potentials; it is worth mentioning antioxidants, 

antibacterials, anti-inflammatories, etc. [16], [17]. In summary, 

oxygen heterocycles are generally compounds that contain 

lactones, furans, and pyrans in their structure - those of natural 

origin follow the pathway of HMG-CoA reductase and shikimic 

acid; syntheses are produced by a general cyclization method 

where the target molecule is produced from a γ-carbonylated 

compound, previously treated with a P2O5 derivative in an 

acidic medium. 

In addition to oxygen heterocycles, those containing sulfur as 

a heteroatom are considered unique. In general, the compounds 

containing sulfur as heteroatoms correspond to products 
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derived from oxygen heterocycles that undergo various 

oxidation reactions in the geological cycle, and this involves all 

balance and availability of minerals in a natural environment. 

In summary, this group of compounds is used more frequently 

in disinfectants, flavorings, and other industries. Almost some 

of them are harmful to living beings and the environment; 

despite this, they are of paramount importance to the 

biochemistry of life, but they can be accumulated in excess [16]. 

III.APPLICATION OF HETEROCYCLES IN THE CHEMICAL, FOOD, AND 

PHARMACEUTICAL INDUSTRY  

Many heterocycle compounds are found in substances 

applied in the food, chemical, and pharmaceutical industries. In 

chemical industry routes, agriculture, and domestic areas, we 

see the global use of many pesticides. Over the years, such 

consumption has caused several environmental problems, as 

they are highly toxic compounds for the environment and 

human health. However, the pesticides guarantee the protection 

of plantations, being quite helpful and vital, despite presenting 

substances considered severe threats to natural resources and 

poisoning animals and plants. Living beings are affected 

indirectly through the food chain due to these toxic compounds' 

chemical complexity and persistent nature [18]. 

Another example of N-heterocyclic applied in the chemical 

industry is nicotine, which can be found in many solid, liquid, 

and airborne wastes produced in the tobacco industries. The 

degradation intermediates of this compound, such as 6-

hydroxynicotin and 6-hydroxy-3-succinoyl-pyridine (HSP), are 

considered precursors during the synthesis of insecticides and 

pharmaceutical products [3]. 

According to [19], quinoline is a heterocyclic compound for 

industrial use (chemical, pharmaceutical, textile, etc.) that has 

become harmful to human health and the environment, as it has 

carcinogenic, teratogenic, and mutagenic effects that can be 

accumulated in food. Since this compound presents a steric 

impediment of its fused bicyclic structure and a long half-life 

of photooxidation, it takes work to decompose naturally. It is 

the target of many studies for this purpose. 

We know that heterocycles are of industrial importance, 

although these compounds are harmful if exposed to the 

environment for a long time. Studies to obtain these compounds 

from lignocellulosic biomass can make these compounds 

"greener" and more sustainable [20]. 

The growing energy demand, the decrease in fossil fuel 

reserves, and climate change are the main problems facing 

humanity today [20], [21], with the need to transition to an 

economy more sustainable and a carbon neutral society. In this 

context, this challenge can be addressed from:  

a) Transform biomass (a renewable energy source) into 

products that can be applied to different industries and fuels, 

such as bioethanol, 

b) To develop new heterogeneous catalysts with superior 

performance in the target reactions and,  

c) Exploring the potential of some technologies, such as a 

microwave-assisted process, mechanochemical and flow 

chemistry, among others, that allow greener transformations to 

be carried out [22]. 

The simple hydrolysis of lignocellulosic biomass can give 

rise to a range of products that can be applied and of interest to 

industries, among which we have levulinic acid (LA), which is 

among the ten platform molecules considered promising in the 

production of compound heterocycles nitrogen, or N-

heterocycles [23]. It has become very promising in recent years 

due to the remarkable ability of N-heterocycles to serve as 

active biomimetics and pharmacophores, being inputs widely 

used in the pharmaceutical industry for polymers, 

agrochemicals, dyes [24]–[26] and compounds used in the food 

industry. 

The heterogeneous catalysts most used in synthesizing N-

heterocycles are noble metals such as Au, Pd, Pt, Ru, In, and Ir, 

supported on carbon, or metallic oxides, with high cost being a 

significant disadvantage. However, numerous catalysts of non-

noble metals (Cu-, Ni-, Co-, Zr) have been proposed for several 

valorization routes of LA. However, they present low activity 

and little stability [23], [27]–[29]. The design of construction of 

noble metal catalysts that are efficient and have high stability 

using the technique of immobilization on functional supports, 

such as porous nanomaterials, is still a challenging and 

reasonably necessary process. 

A way to obtain a cleaner alternative to carrying out 

conventional transformations is mechanochemistry (chemical 

transformations supported by mechanical force); this method is 

promising because it is fast, efficient, and sustainable [30].  

In this context, the benefits of mechanochemical procedures 

for the preparation of catalytic nanomaterials using residues 

derived from biomass as sacrifice models are considered 

promising [31], in which an Nb/ZnO nanocatalyst modeled by 

biomass, it is synthesized using a mechanochemical and 

sacrificial assisted mold method, promoting the catalytic 

conversion of levulinic acid into N-heterocycles under solvent-

free conditions [22]. 

Mechanochemistry as a synthetic, simple, solvent-free 

method and short reaction time proves to be advantageous for 

the preparation of nanocatalysts, with the recovery of 

underutilized biomass residues (in the particular orange peel) as 

sustainable and renewable resources compared to the oil-based 

industry, for its use as a sacrificial mold, favoring the appearing 

of nanostructured materials with defined morphologies [22]. 

The chemistry of N-heterocycles is an exciting area for the 

research of synthetic and medicinal chemistry, constituting 

more than 60% of organic used, in which the position and the 

number of nitrogen atoms in the rings differentiate them as 

pyrroles, pyrazoles classes, imidazoles, triazoles, pyridines and 

pyrimidines [32]; presenting applications in many detectors, 

including medicinal and agricultural fields, with antibacterial, 

antifungal, herbicidal, antiviral activities, medicines such as 

antifungal and anti-inflammatory, antidepressant, antioxidant 

[32]–[35], among others. 

Among the most elaborate heterocyclic compounds, sulfur-

containing heterocycles (S-heterocycles) are of particular 

interest due to their structure in introductory organic chemistry, 

medicine, and biochemistry [36]. Sulfur-containing 

heterocycles in various natural compounds and drugs serve as 

biologically active molecules in various pathophysiological 
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conditions, exhibiting many pharmacological actions such as 

anticancer, antiviral, anti-inflammatory, antimicrobial, 

antitubercular, etc., being the best known in the conception of 

the drug, thiazole, isothiazole, thiophene, thiopyran, 

thiazolidine and thiazepine [37].  

Due to Sulfur's high volatility and reactivity, many sulfur-

containing compounds also play a role in the aroma of food 

products, such as vegetables, meat, and roasted products [38]. 

IV.MICROBIAL DEGRADATION OF HETEROCYCLES  

The microbial degradation of aromatic compounds involves 

the breakdown of these compounds by producing intermediate 

metabolites through microorganisms. The enzymes involved in 

the microbial degradation of aromatic compounds are 

hydrolases, dehalogenase, oxygenase, dehydrogenases, and 

oxidases. Microorganisms can degrade several pollutants in 

anaerobic conditions, that is, in the absence of oxygen, where 

the compound is converted by a state of superior oxidation, 

which becomes soluble in water and more accessible to be 

degraded by the microbes they produce intermediates and non-

toxic products that are part of the carbon cycle [39]. 

Heterocycles are toxic when disposed of in the environment. 

Research about microbial techniques for their removal is urgent 

nowadays, and it is necessary for the complete bioremediation 

of these compounds. Microorganisms such as bacteria, fungi, 

algae, cyanobacteria, and genetically modified microbes can 

rapidly degrade a large number of pesticides and xenobiotics 

[18]. 

According to [18], microbial bioremediation can safely and 

efficiently remove some toxic pollutants to the environment and 

human health; such a technique can use pollutants or 

contaminants as a substrate. Regarding heterocycles, we have 

the removal of carbofuran, which has already been studied, and 

powerful carbofuran-degrading bacteria have already been 

isolated from soil contaminated with carbofuran, sludge, and 

water samples through enrichment culture techniques. These 

bacteria include Achromobacter sp. WM111, Rhodococcus 

TE1, Pseudomonas sp., Sphingomonas sp., Cepa SB5, 

Enterobacter sp, Burkholderia sp. PLC3, Bacillus sp. and 

Cupriavidus sp. ISTL7.  

Many pharmaceutical products have heterocycle compounds 

in their structure, and as we have already discussed, if these 

compounds are in the environment, they can be harmful. 

However, only a few studies have examined the role of different 

microbial populations in applying the biotransformation of 

organic pollutants and pharmaceutical products in activated 

sludge systems [40], [41]. 

Fernandez-Fontaina et al. [41] carried out under 

heterotrophic conditions study of the effect of nitrification on 

the biotransformation of water treatment for the removal of 

various drugs; in such a study, the focus was on using ammonia-

oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB) and 

heterotrophic bacteria. As a result, the authors noted that 

nitrifiers could process ibuprofen at the expense of 

hydroxylation by ammonia monooxygenase (AMO), producing 

2-hydroxy-ibuprofen. The biotransformation of naproxen under 

nitrification conditions was also studied. In this case, the 

heterotrophic bacteria present in the nitrifying activated sludge 

(NAS) could biotransform sulfamethoxazole. However, 

nitrifying and heterotrophic activities were inefficient against 

diclofenac, diazepam, carbamazepine, and trimethoprim. 

Similar rates of biotransformation of erythromycin, 

roxithromycin, and fluoxetine were observed in all conditions 

tested. Thus, further evidence on the role of the different 

microbial communities present in activated sludge reactors for 

the biological removal of pharmaceutical products is required.  

 

A.  Bacterial degradation 

There are several types of research about the bacterial 

degradation of heterocycles; among them, the degradation of 

carbazole is quite punctuated, as it can be degraded by several 

bacterial strains that have already been isolated, as an example 

we have: Pseudomonas, Sphingomonas, Ralstonia, Bacillus, 

Gordonia, Mycobacterium, Nocardioides, Xanthomonas, and 

Janthinobacterium [3], [42].  

Pseudomonas spp. and Sphingomonas spp. were studied in 

more detail among the main strains for removing carbazole; 

such action has been reported to occur by the angular 

deoxygenation pathway. This way, the carbazole pyrrole ring is 

first opened by an angular deoxygenation reaction to produce 

an unstable hemiaminal compound of 1hydro1, nine α-

dihydroxy carbazole. After some more complex reactions, this 

can cause the resulting compound to be hydrolyzed to 

anthranilate and 2-hydroxypenta-2, 4-dienoic acid, and the 

anthranilate to be converted to catechol by a deoxygenation 

reaction. Therefore, the catechol turns into a tricarboxylic acid 

cycle, and then carbazole degradation occurs, which is used by 

such bacteria as a substrate [35]. 

According to [43], nicotine catabolism through the 

pyrrolidine route was initially identified in 1953 using 

Pseudomonas strains. This initial degradation step occurs with 

the pyrrolidine ring that undergoes dehydrogenation and 

produces N-methylmyosmin (NMM), which spontaneously is 

hydroxylated to form pseudooxynicotin (P.N.), which is then 

transformed into three succinyl semialdehyde pyridine (SAP), 

3-succinyl pyridine (S.P.), six hydroxy-3-succinoyl-pyridine 

(HSP) and 2,5-dihydropyridine (2,5DHP). After this step, 

2.5DHP will be converted into fumaric acid (F.A.) by the 

maleamate route: 2.5DHP in N-formylmaleamic acid (NFM), 

maleamic acid (MAA), maleic acid (M.A.) and F.A. Finally, the 

F.A. product enters the Krebs cycle (TCA) cycle. 

According to [19], quinolone degradation has been studied 

recently, and many technologies have been applied for its 

degradation. Luo et al. (2020) [19] conducted a rigorous review 

study that focused on providing a comprehensive view of the 

degradation status of quinoline to improve its degradation 

efficiency without causing any harm to the environment. The 

same authors collected in their database strains, research 

progress, and the mechanisms of several methods to degrade 

quinoline; here in this chapter, we primarily address the 

removal of quinoline. 

Ali et al. (2019) [44] conducted a study testing the 

Pseudomonas aeruginosa. These FA-HZ1 strains showed a high 
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degrading activity of DBF under optimal cell growth conditions 

of a temperature of 30ºC, pH 5.0, rate 200 rpm, and 0.1 mM 

DBF, using DBF as a substrate. These same authors also studied 

the biochemical and physiological characteristics of the 

microorganism in question, in addition to using different carbon 

sources by P. aeruginosa FA-HZ1. The genomic study of the 

strains that were able to identify 158 genes involved in the 

catabolism of heterocyclic compounds such as DBF through a 

proteomic study; these authors also showed that the degradation 

pathway of DBF by P. aeruginosa FA-HZ1 was promising, 

which can be applied for industrial use in waste treatment. 

Li et al. (2005) [42] carried out a study about the 

desulfurization of DBT in 2-hydroxyphenyl (2-HBP) using a 

thermophilic bacterium called Mycobacterium goodii X7B, 

which also converts 2-HBP into 2-methoxyphenyl (2-MBP). 

Also responsible for the formation of the methoxylated product 

2-MBP by Mycobacterium sp. The G3. 

B.  Fungal degradation 

Fungi are the largest microbial class that makes up the 

biomass of the soil. However, mechanisms of its catabolism 

when acting on biaryl ether compounds are still limited, 

conditioned only to hydroxylation processes. The Trichosporon 

mucoides SBUG 801 could metabolize dibenzothiophene 

(DBF) [3]. The mechanism starts with the accumulation of a 

high concentration of monohydroxylated DBF followed by the 

formation of hydroxylated derivatives of 2-hydroxy 

dibenzofuran and 3-hydroxy dibenzofuran, indicating that the 

action of a monooxygenase reaction occurs at the beginning of 

the degradation stages. T. mucoid's SBUG 801 is capable of 

degrading DBF to 2,3-dihydroxy dibenzofuran and cleaving the 

compound ring leading to the formation of 2- (1-

carboxymethylidene)-2;3-dihydrogen-[b]-furanilidenoglycolic. 

Thus, this cleavage of the dihydroxylation ring uses a 

mechanism similar to the microorganism Trichosporon sp. 

SBUG 752 in the degradation of biphenyl ether. In both species, 

a third hydroxylated group must be introduced in the 

hydroxylated intermediates before the ortho-cleavage of the 

aromatic structure occurs [3]. 

Bioremediation is still the most viable option for removing 

environmentally hazardous compounds. Studies involving 

these techniques applied to the degradation of heterocyclic 

compounds described in the literature represent an important 

milestone in this field, demonstrating the possibility of aerobic 

biotransformation of persistent organic pollutant (POP) 

substrates. A more precise understanding of the biodegradation 

mechanism of wild-type strains or genetically modified bacteria 

should be studied in detail and is crucial for future 

bioremediation studies [3]. 

V.GENETIC ENGINEERING FOR THE DEGRADATION OF 

HETEROCYCLE COMPOUNDS 

Genetic engineering can be used to make some modifications 

to improve the efficiency of removing heterocyclic substances 

by microorganisms, such as the removal of sulfur compounds 

from petroleum. The use of genetically modified 

microorganisms (GEMs) has become necessary in several 

aspects of science, as they may be able to act in reactions that 

conventional microorganisms cannot act. In removing sulfur 

heterocycles, some cultures with improved substrate bands 

were tested in a mixture of chemicals present in petroleum [3]. 

Another example is the biological removal of nitrogen from 

the oil, known as denitrogenation, which conventional microbes 

cannot biodegrade. There are few reports in this case, and the 

reported nitrogen reduction could have been better. This leads 

to the conclusion that a type of nitrogen heterocycle degradation 

strain alone cannot degrade complex nitrogen compounds and 

the various compound structures present in the oil, and no 

biocatalyst is yet able to remove this [3] selectively. 

Bioremediation by these heterocycle degraders will likely 

become a commercial prospect shortly [3]. 

We must understand the metabolism of microorganisms in 

the degradation of heterocycles since approximately 0.1-1% of 

them can be used through current techniques. Therefore, 

metagenomics is crucial when considering the study of new 

genes that have specific capacities for the degradation of toxic 

components, with techniques that aim at mutating and 

reorganizing genes of microorganisms with efficient enzymatic 

systems in a less complicated way. Such microorganisms can 

be used as biocatalysts, as they will have an affinity with a wide 

range of substrates (their carbon source) in biphasic reactions 

that may present toxic or heterocyclic solvents and be used for 

environmental bioremediation, oil treatment, or production of 

derivate compounds. These possibilities represent a future 

challenge to the researchers to minimize heterocycles 

compounds in the environment [3]. 

VI.CONCLUSION 

Heterocycle compounds, whether chemical, pharmaceutical, 

or food, are essential for the industry. Thus, its accumulation in 

the environment has become an environmental concern in 

recent years. However, it is noted that much research has been 

carried out to minimize these problems, such as the application 

of biotechnology for the degradation of heterocycles, as there is 

a range of microorganisms capable of degrading these 

compounds for using it as a substrate, thus reducing the 

environmental impacts and toxicity caused by these 

compounds. Using some microorganisms has already become 

promising, and the cost-benefit is interesting for properly 

treating heterocycles. 
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