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ABSTRACT 

Catechols are the most abundant organic pollutants of our environment. They are of major 

concern because of their persistence and toxicity and gave scientists a thinking to engineer/develop

certain measures for its removal from the environment. Bacteria explore the environment for its 

nutritional requirement and degrade many of complex molecules available to them including the toxins 

and pollutants. Under biological process being the cheapest mode for removal of the catechols, the 

Pseudomonas putida has been found having the great potential to degrade them upto 500 mg/L. Such 

degradative bacteria, under normal circumstances, enzymatically convert xenobiotic, aromatic 

compounds to either catechol or protocatechuate. The most common catabolic pathway involves 

conversion of the parent molecules to chlorocatechols by the action of a monooxygenase or a 

dioxygenase. Many members of Pseudomonas carry plasmid that encodes enzymes capable of degrading 

aromatic and halogenated organic compounds. The degradation proceeds in two phases, first, an 

aromatic compound is prepared for ring cleavage by a variety of ring modification reactions. The second 

phase of degradation includes ring fission and subsequent reactions leading to the generation of 

tricarboxylic acid cycle intermediates. Two key enzymes involved in this β-ketoadipate pathway are 

catechol 1, 2- dioxygenase and 3, 4-PCD.  
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INTRODUCTION 

Environmental pollutants are compounds that are toxic to living organisms; 

released into the ecosystem at high concentrations, usually as a consequence of human 
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activities. Bacteria have developed nutritional strategies to obtain energy from virtually 

every compound available to them and play a crucial role in sustainable development of 

the biosphere and in biogeochemical cycles. The abundance of microorganisms, together 

with their great ability for horizontal gene transfer and their high growth rates, allow them 

to evolve quickly and to adapt to changing environmental conditions. The great genetic 

diversity of microorganisms accounts for their great metabolic versatility1-3. Among the 

most abundant environmental pollutants; catechol and related products are of major 

concern because of their long term persistence and the toxicity. Therefore, the removal of 

catechol is vital before letting it into the environment. Various treatment strategies are 

available for its removal; however, its removal by biological means is much cheaper, less 

energy consuming and above all, environment friendly. Members of the genus 

Pseudomonas are the most predominant group of soil microorganisms that degrade 

xenobiotic compounds. Biochemical assays have shown that various strains of 

Pseudomonas can degrade and, as a consequence, detoxify more than 100 different organic 

compounds. In many cases, one strain uses several different related compounds as a sole 

carbon source. Pseudomonas putida has the capability to degrade catechol upto 500 mg/L, 

sometimes the catechol may be at concentration as high as 1000 mg/L.  

The biodegradation of complex organic molecules (Fig. 1) requires the combined 

effort of several different enzymes. The genes that code for the enzymes of these 

biodegradative pathways are sometimes located in the chromosomal DNA, although they 

are more often found on large (approximately 50 to 200 kb) plasmids. In some organisms 

including Pseudomonas, the genes that contribute to the degradative pathway are on both 

chromosomal as well as plasmid DNA. Degradative bacteria, in most cases, enzymatically 

convert xenobiotic, aromatic compounds to either catechol or protocatechuate. Then, 

through a series of ortho/meta cleavage reactions, catechol and protocatechuate are 

processed to yield either acetyl-CoA and succinate or pyruvate and acetaldehyde, that are 

readily metabolized by almost all organisms.  

 Significant efforts have been made during the recent past to study the 

biodegradation of organic pollutants and the mechanisms involved therein4-7. Although 

various metabolic interactions have been investigated, many aspects however, remain to be 

examined to obtain a detailed overview of this biodegradation and to optimize or predict 

in situ microbial degradation. Approaches to analyze and assess biodegradation have 

shifted towards the application of culture-independent methodologies to characterize 

natural and genetically engineered pollutant-degrading microbial associations. An 

outstanding characteristic of bioremediation is that it is carried out in non-sterile open 

environments that contain a variety of organisms. Although bacteria, such as those capable 
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of degrading pollutants (e. g. Pseudomonas sp., E. coli), play a key role in bioremediation, 

other organisms also affect the process.  

Microbial degradation of aromatic compounds 

Microbial metabolism of halogenated aromatic compounds has been studied by 

many previous workers8,9. Biodegradation pathways of chlorobenzoic acids9,10, 

chlorophenols11, 12, chlorobenzene13 and 1, 3-dichlorobenzene14 have been thoroughly 

studied in pure cultures of bacteria. The most common catabolic pathways involve 

conversion of the parent molecules to chlorocatechols by the action of a monooxygenase9

or a dioxygenase9,13. 
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Fig. 1 : Pathways for the enzymatic conversion of aromatic compounds by degrading 

bacteria to catechol 
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Cleavage of the resultant chlorocatechols to form chloromuconic acids is catalyzed 

by nonspecific 1, 2-dioxygenases termed type II pyrocatechases by Dorn and 

Knackmuss15.Cleavage by a 2, 3-oxygenase is unproductive and results in inactivation of 

the enzyme16. Chloride is eliminated by lactonization of chloromuconic acids and 

subsequent reactions to yield β-ketoadipic acid9. 

The benzene ring is the unit of chemical structure most widely spread in nature. 

Moreover, the thermodynamic stability of the benzene ring increases its persistence in the 

environment; therefore, many aromatic compounds are major environmental pollutants17.

By expressing different catabolic pathways, microorganisms can use a wide array of 

aromatic compounds as sole carbon and energy sources18.The general ability of bacteria to 

use such compounds is related to the fact that most of these compounds are commonly 

present in the environment as a result of the recycling of plant-derived material such as 

tannin19.Pseudomonas species and closely related organisms have been the most 

extensively studied owing to their ability to degrade so many different 

contaminants20.Many members of Pseudomonas carry plasmid that encodes enzymes 

capable of degrading aromatic and halogenated organic compound. In most cases, a single 

plasmid carries the gene encoding enzymes for a specific degradative pathway. It is 

possible to create an organism with multiple degradation capabilities. In addition, by 

genetic manipulation, it is possible to extent the range of substrate degradation by a 

particular enzymatic pathway.  
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Fig 2 : Microbial degradation of benzene to catechol 

Catechol is a reaction intermediate in the bacterial metabolism of catechin [the 

juice of Mimosa catechu (Acacia catechu)], naphthalene, benzene (Fig. 2), phenol and 



Int. J. Chem. Sci.: 7(3), 2009  

 

2215 

other compounds21. In some species of Pseudomonas the benzene nucleus of catechol is 

cleaved by a pyrocatechase to give cis, cis muconic acid22,23, whereas in other species 

catechol is oxidized to 2-hydroxymuconic semialdehyde by an enzyme that was designated 

catechol 2, 3-oxygenase5. 
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Fig 3 : Degradation of catechol  

Evolutionary genetics of biodegradation pathways 

The genes responsible for biodegradation pathways are usually arranged in clusters 

that comprise : (i) catabolic genes encoding the enzymatic steps of the catabolic pathway, 

(ii) transport genes responsible for active uptake of the compound and (iii) regulatory 

genes that adjust expression of the catabolic and transport genes to the presence of the 

compound to be degraded24.Bacteria have developed a physiological response that controls 

and adjusts the specific regulation of catabolic operons to the physiological and metabolic

state of the cells25. The catabolic clusters are usually present in mobile genetic elements, 

such as transposons and plasmids, which facilitate their horizontal transfer of the 

respective genes and, therefore, rapid adaptation of microorganisms to the new pollutants 

in a particular ecosystem26, 27. 

Enzymes in the degradation of catechol 

Microbial enzymes are useful catalysts for the degradation of organic pollutants in 

bioremediation but also for the synthesis of added value products in biocatalyst 

applications. Numerous bacterial strains, such as those of Pseudomonas species28,29 provide 

enzymes that are able to transform functional groups of organic compounds under aerobic 

conditions. Enzymes involved in the degradation of catechol (Fig. 3) are mainly 

oxygenases. Oxygenases that utilize both atoms of dioxygen in their substrates are known 

as dioxygenases30. In general, degradation proceeds in two phases first; an aromatic 

compound is prepared for ring cleavage by a variety of ring modification reactions. The 

second phase of degradation includes ring fission and subsequent reactions leading to the 

generation of tricarboxylic acid cycle intermediates. Ring fission is catalyzed by 
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dioxygenases and is termed orthocleavage, when it occurs between the hydroxyl groups 

(intradiol cleavage) and meta cleavage, when it occurs adjacent to one of the hydroxyls 

(extradiol cleavage). Ortho-cleavage is commonly known as β-ketoadipate pathway. The 

latter name derives from the fact that β-ketoadipate is a key intermediate of the ortho-

pathway. Two key enzymes involved in this β-ketoadipate pathway are catechol 1, 2-

dioxygenase and 3, 4-PCD. All nine enzymes catalyzing the conversion of PCA and 

catechol to tricarboxylic acid cycle intermediates have been purified and characterized and

in several cases, crystal structures are available19. The best studied enzyme is 3, 4-PCD 

from P. putida31. Protocatechuate 3, 4-dioxygenase and protocatechuate 4, 5-dioxygenase 

activities in their cell free extracts of A Bacillus sp.32. It followed both; ortho and meta 

cleavage pathways for protocatechuate degradation.  

Protocatechuate 3, 4-dioxygenase catalyzes the intradiol cleavage of 

protocatechuate by incorporating two atoms of molecular oxygen to form β-carboxy cis, 

cis-muconate. Enzyme activity requires the participation of a ferric ion16. Catechol 1, 2-

dioxygenase catalyzes the incorporation of oxygen to form cis, cis-muconate and 

resembles 3, 4-PCD because it is a dimeric, ferric iron-containing enzyme33. Most catechol 

1, 2-dioxygenases studied are homodimers of identical subunits34. Conversion of 3-

chlorocatechol by catechol 2, 3-dioxygenase in Pseudomonas putida GJ31 was identified35. 

Recombinant bacteria for bioremediation 

To enhance the metabolic efficiency of a microorganism for a particular 

environmental application, genetic engineering is carried out at two different levels : (i) 

manipulation of the specific catabolic pathway and (ii) manipulation of the host cell. In 

order to improve the rate of pollutant removal and broaden the range of substrates of a 

catabolic pathway, manipulation of the key enzymes of both the pathway and the 

regulatory mechanisms that control the expression of the catabolic genes is required1,3.

Protein stability and protein activity can be altered and/or improved by protein engineering 

and rationally directed molecular evolution techniques (DNA shuffling and other in vitro

recombination methods)3, 36. Metabolic engineering also allows the generation of novel 

hybrid pathways by assembling catabolic modules from different origins in the same host 

cell, thus leading to pathway expansion to new substrates, completion of incomplete 

pathways, the creation of new routes and construction of bacteria with multiple 

pathways3, 37-39.The rational combination of catabolic pathways may allow the complete 

metabolism of xenobiotics, as has been shown with the development of bacteria capable of 

mineralizing PCBs and can prevent the formation of dead-end products and toxic 

metabolites by misrouting of the pollutants3, 37. 
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Bacteria used to remediate pollutants may undergo environmental stress due to 

high concentrations of toxic contaminants, toxic solvents, extreme pH, temperature, ionic 

strength, etc.3.The combination in a single bacterial strain of different degradative abilities 

with genetic traits that provide selective advantages in the target site is a successful 

strategy for in situ bioremediation33.For instance, solvent-resistant strains may be ideal 

hosts to construct genetically engineered microorganisms for the removal of wastes with 

high solvent contents37. Heavy metals, including Hg, Cd and As, are currently major 

sources of pollution and cannot be destroyed or biodegraded. Recombinant 

microorganisms have been developed to accumulate and/or immobilize heavy metals 

present in soil and water40,41. As some metals can serve as terminal electron acceptors in 

microbial respiration, anaerobes that use them have been applied to reduce the soluble 

oxidized form of the metal to the insoluble form; thereby preventing its further spread in 

the environment42. Some polluted environments contain a mixture of organic wastes, heavy 

metals and high-energy radionuclides. In this context, radiation-resistant bacteria are being 

genetically engineered with biodegradation genes to render them suitable for the treatment 

of such mixed wastes37,43,44. 

ACKNOWLEDGEMENTS 

We are very thankful to the Dean of Faculty of Medicine, Vice-President and 

President of this university for providing us all the facilities for writing this article and also 

for their vibrant. We acknowledge Dr. Syed Jamal Mohammed for giving his valuable 

suggestions in editing and correcting the text of this manuscript.  

REFERENCES 

1. V. De Lorenzo, Cleaning up Behind us, EMBO Rep., 2, 357-359 (2001).  

2. D. R. Lovley, Cleaning up with Genomics : Applying Molecular Biology to 

Bioremediation, Nat. Rev. Microbiol., 1, 35-44 (2003).  

3. K. N. Timmis and D. H. Pieper, Bacteria Designed for Bioremediation, Trends 

Biotechnol., 17, 200-204 (1999).  

4. D. L. Bedard, M. L. Haberl, R. J. May and M. J. Brennan, Evidence for Novel 

Mechanisms of Polychlorinated Biphenyl Metabolism in Alcaligenes Eutrophus 

H850.Appl Environ Microbiol., 53, 1103-1112 (1987).  



 Md. Zeyaullah et al.: Catechol Biodegradation… 

 

2218

5. D. T. Gibson, D. L. Cruden, J. D. Haddock, G. J. Zylstra and J. M. Brand, Oxidation 

of Polychlorinated Biphenyls by Pseudomonas sp. LB400 and Pseudomonas 

Pseudoalcaligenes KF707, J. Bacteriol., 175, 4561-4564 (1993).  

6. M. Macková, T. Macek, J. Burkhard, J. Ocenášková, K. Demnerová and J. Pazlarová, 

Biodegradation of Polychlorinated Biphenyls by Plant Cells, Int. Biodeter Biodegr., 

39, 317-325 (1997).  

7. E. R. Master and W. W. Mohn, Induction of bphA, Encoding Biphenyl Dioxygenase, 

in Two Polychlorinated Biphenyl-Degrading Bacteria, Psychrotolerant Pseudomonas 

Strain Cam-1 and Mesophilic Burkholderia Strain LB400.Appl Environ Microbiol., 

67, 2669-2676 (2001).  

8. H. J. Knackmuss, Degradation of Halogenated and Sulfonated Hydrocarbons, p. 190-

211 (1981). in T. Leisinger, R. Hutter, A. M. Cook and J. Nuesch (Ed.), Microbial 

Degradation of Xenobiotics and Recalcitrant Compounds, Academic Press, Inc. 

(London), London.  

9. W. Reineke, Microbial Degradation of Halogenated Aromatic Compounds, p. 319-

360 (1984). in D. T. Gibson (Ed.), Microbial Degradation of Organic Compounds. 

Marcel Dekker, Inc., New York.  

10. W. Reineke and H. J. Knackmuss, Hybrid Pathway for Chlorobenzoate Metabolism 

in Pseudomonas Sp. B13 Derivatives, J. Bacteriol., 142, 467-473 (1980).  

11. W. C. Evans, B. S. W. Smith, H. N. Fernley and J. I. Davies, Bacterial Metabolism of 

2, 4-Dichlorophenoxyacetate, Biochem. J., 122, 543-551 (1971).  

12. J. M. Tiedje, J. M. Duxbury, M. Alexander and J. E. Dawson, 2, 4-D Metabolism : 

Pathway of Degradation of Chlorocatechols by Arthrobacter Sp., J. Agric. Food 

Chem., 17, 1021-1026 (1969).  

13. W. Reineke and H. J. Knackmuss, Microbial Metabolism of Haloaromatics : Isolation 

and Properties of a Chlorobenzenedegrading Bacterium, Appl. Environ. Microbiol., 

47, 395-402 (1984).  

14. J. A. M. DeBont, M. J. A. Vorage, W. S. Hartmans and W. J. Van Den Tweel, 

Microbial Degradation of 1, 3- Dichlorobenzene, Appl. Environ. Microbiol., 52, 677-

680 (1986).  

15. E. Dorn and H. J. Knackmuss, Chemical Structure and Biodegradability of 

Halogenated Aromatic Compounds, Two Catechol 1, 2- dioxygenases from a 3-

Chlorobenzoate-Grown Pseudomonas, Biochem. J., 174, 73-84 (1978).  



Int. J. Chem. Sci.: 7(3), 2009  

 

2219 

16. D. H. Ohlendorf, J. D. Lipscomb and P. C. Weber, Structure and Assembly of 

Protocatechuate 3, 4- Dioxygenase, Nature., 336, 403-405 (1988).  

17. S. Dagley, Biochemistry of Aromatic Hydrocarbon Degradation in Pseudomonas. in : 

J. Sokatch and L. N. Ornston (Eds.) The Bacteria, Academic Press, Orlando, Vol. 10, 

(1986) pp. 527-555.  

18. S. Harayama and K. N. Timmis, Aerobic Biodegradation of Aromatic Hydrocarbons 

by Bacteria. in : H. Sigel and A. Sigel (Eds.) Metal Ions in Biological Systems. 

Marcel Dekker, New York, 28, 99-156 (1992).  

19. C. S. Harwood and R. E. Parales, The β-Ketoadipate Pathway and the Biology of 

Self-Identity, Ann. Rev. Microbiol., 50, 553-590 (1996).  

20. L. P. Wackett, Pseudomonas Putida - A Versatile Biocatalyst, Nat. Biotechnol., 21, 

136-138 (2003).  

21. S. Dagley, W. C. Evans and D. W. Ribbons, Nature, 188, 560 (1960).  

22. W. C. Evans, B. S. W. Smith, R. P. Linstead and J. A. Elvidge, Nature, Lond., 168, 

772 (1951).  

23. O. Hayaishi, M. Katagiri and S. J. Rothberg, Biol. Chem., 229, 905 (1957).  

24. E. Díaz and M. A. Prieto, Bacterial Promoters Triggering Biodegradation of 

Aromatic Pollutants, Curr. Opin. Biotech., 11, 467-475 (2000).  

25. I. Cases and V. de Lorenzo, The Black Cat/White Cat Principle of Signal Integration 

in Bacterial Promoters. EMBO J., 20, 1-11 (2001).  

26. H. M. Tan, Bacterial Catabolic Transposons. Appl. Microbiol. Biotechnol., 51, 1-12 

(1999).  

27. J. R. Van der Meer, W. M. de Vos, S. Harayama and A. J. B. Zehnder, Molecular 

Mechanisms of Genetic Adaptation to Xenobiotic Compounds, Microbiol. Rev., 56, 

677-694 (1992).  

28. S. Ali-Sadat, K. S. Mohan and S. K. Walia, A Novel Pathway for the Biodegradation 

of 3-Nitrotoluene in Pseudomonas Putid, . FEMS Microbiol. Ecol., 17, 169-176 

(1995).  

29. A. Schackmann and R. Muller, Reduction of Nitroaromatic Compounds by Different 

Pseudomonas Species under Aerobic Conditions, Appl. Microbiol. Biotechnol., 34, 

809-813 (1991).  



 Md. Zeyaullah et al.: Catechol Biodegradation… 

 

2220

30. S. Harayama, M. Rekik, A. Bnairoch, E. L. Neidle and L. N. Ornston, Partial DNA 

Slippage Structure Acquired during Evolutionary Divergence of Acinetobacter 

Calcoaceticus Chromosomal BenAB and Pseudomonas Putida TOL pWWO Plasmid 

xylXYZZ Genes Encoding Benzoate Dioxygenases; J. Bacteriol., 173, 7540-7548 

(1991).  

31. C. Bull and D. P. Ballou, Purification and Properties of Protocatechuate 3, 4-

Dioxygenase from Pseudomonas Putida; J. Biol. Chem., 256, 673-680 (1981).  

32. S. B. Mashetty, S. Manohar and T. B. Karegoudar, Degradation of  

3–Hydroxybenzoic Acid by a Bacillus Species, Ind. J. Biochem. Biophys., 33, 145-

148 (1996).  

33. C. Nakai, H. Uyeyama, H. Kagamiyama, T. Nakazawa and S. Inouye, Cloning, DNA 

Sequencing and Amino Acid Sequencing of Catechol 1, 2-Dioxygenase 

(Pyrocatechase) from Pseudomonas Putida mt-2 and Pseudomonas orvilla C-1; Arch. 

Biochem. Biophys., 321, 353-362 (1995).  

34. C. Nakai, K. Horiike, S. Kuramitsu, H. Kagamiyama and M. Nozaki, Three Isozymes 

of Catechol 1, 2-Dioxygenase (Pyrocatechase), Alpha Alpha, Alpha Beta and Beta 

Beta, from Pseudomonas Arvilla C-1; J. Biol. Chem., 265, 660-665 (1990).  

35. A. E. Mars, J. Kingma, S. Kaschabek, R. Reineke and D. B. Janssen, Conversion of 

3-Chlorocatechol by Various Catechol 2, 3-Dioxygenases and Sequence Analysis of 

the Chlorocatechol Dioxygenase Region of Pseudomonas Putida GJ31, J. Bacteriol., 

181, 1309-1318 (1999).  

36. K. Furukawa, Engineering Dioxygenases for Efficient Degradation of Environmental 

Pollutants, Curr. Opin. Biotech., 11, 244-249 (2000).  

37. D. H. Pieper and W. Reineke, Engineering Bacteria for Bioremediation, Curr. Opin. 

Biotech., 11, 262-270 (2000).  

38. W. Reineke, Development of Hybrid Strains for the Mineralization of 

Chloroaromatics by Patchwork Assembly, Annu. Rev. Microbiol., 52, 287-331 

(1998).  

39. P. G. Rieger, H. M. Meier, M. Gerle, U. Vogt, T. Groth and Knackmuss, H. J. 

Xenobiotics in the Environment : Present and Future Strategies to Obviate the 

Problem of Biological Persistence, J. Biotechnol., 94, 101-123 (2002).  

40. M. Mejáre and L. Bülow, Metal-Binding Proteins and Peptides in Bioremediation and 

Phytoremediation of Heavy Metals, Trends Biotechnol., 19, 67-73 (2001).  



Int. J. Chem. Sci.: 7(3), 2009  

 

2221 

41. M. Valls and V. de Lorenzo, Exploiting the Genetic and Biochemical Capacities of 

Bacteria for the Remediation of Heavy Metal Pollution, FEMS Microbiol Rev., 26, 

327-338 (2002).  

42. K. Boominathan and A. Mahadevan, Degradation of Catechin by Pseudomonas 

Solanacearum; Ann. Meet. Soci Biol. Chemists, New Delhi, India (1984).  

43. M. J. Daly, Engineering Radiation - Resistant Bacteria for Environmental 

Biotechnology, Curr. Opin. Biotechnol., 11, 280-285 (2000).  

44. L. P. Wackett, Environmental Biotechnology, Trends Biotechnol., 18, 19-21 (2000).  

 Accepted : 27.05.2009 


