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Microbial reactions play key roles in biocatalysis and

biodegradation. The recent genome sequencing of

environmentally relevant bacteria has revealed previously

unsuspected metabolic potential that could be exploited for

useful purposes. For example, oxygenases and other

biodegradative enzymes are benign catalysts that can be

used for the production of industrially useful compounds. In

conjunction with their biodegradative capacities, bacterial

chemotaxis towards pollutants might contribute to the ability

of bacteria to compete with other organisms in the environment

and to be efficient agents for bioremediation. In addition to

the bacterial biomineralization of organic pollutants, certain

bacteria are also capable of immobilizing toxic heavy metals

in contaminated aquifers, further illustrating the potential of

microorganisms for the removal of pollutants.
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Abbreviations
PAH polynuclear aromatic hydrocarbon

PCE perchloroethene

Introduction
Wackett and Hershberger define biocatalysis as ‘metabo-

lism for the purposes of making a useful compound’ [1].

The direction of this article, in contrast to most others in

this issue, moves away from this idea and focuses more on

biodegradation, which is defined by the same authors as ‘a

process by which a potentially toxic compound is trans-

formed to a nontoxic one’ [1]. A strong connection

remains between the two concepts, because numerous

useful biocatalysts have emerged from biodegradation

pathways. In this article, we present an overview of recent

developments in the field of biodegradation, from single-

step biotransformations to the control of biodegradation

pathways and the detection of pollutants by chemosen-

sory systems. We also include a section on the genomics

of biodegradative organisms, because much information

relevant to biocatalysis and biodegradation applications is

yet to be mined from this vast wealth of data.

What’s new in bacterial biodegradation
Biodegradation research continues to encompass a broad

diversity of interesting scientific problems. In the past

year, several reports have described progress in basic and

applied aspects of biodegradative pathways, the char-

acterization of biodegradation enzymes (Table 1) and

their genes, and the use of these enzymes as industrial

biocatalysts.

Chlorinated aliphatic and aromatic compounds

Chlorinated solvents are widespread groundwater con-

taminants, whereas chlorinated dioxins, dibenzofurans

and polychlorinated biphenyls (PCBs) are common con-

taminants of soil and sediment. Some chlorinated hydro-

carbons can be employed as terminal electron acceptors

for anaerobic microbial respiration, resulting in their

reductive dechlorination. This type of metabolism,

called dehalorespiration, facilitates the degradation of

recalcitrant chlorinated compounds by other microor-

ganisms. Dehalobacter restrictus contains perchloroethene

(PCE) reductase, which catalyzes the reductive dechlor-

ination of PCE during growth with H2 as an energy

source. Purification of the enzyme from the membrane

fraction of D. restrictus showed that it contained one

molecule of cobalamin and two [4Fe–4S] clusters [2].

The amino acid sequence deduced from the cloned

genes encoding the reductase (pceA) and a putative

membrane-anchoring protein (pceB) showed very high

identity to PCE reductases in Desulfitobacterium haf-
niense. Unfortunately, dehalorespiration of PCE and

trichloroethene produces vinyl chloride, a human carci-

nogen. This problem can be overcome, however, by the

use of Mycobacterium strain JS60A, which is able to

degrade ethene and vinyl chloride [3�]. Degradation is

initiated by a four-component monooxygenase that pro-

duces epoxyethane and chlorooxirane. The second reac-

tion of the pathway is unusual for a eubacterium,

because it involves coenzyme M — a cofactor present

in methanogens [4].

The first demonstration of a pure culture capable of the

reductive dechlorination of dioxins has been reported

[5��]. Bacteria of the genus Dehalococcoides were identified

in an anaerobic, dioxin-dechlorinating mixed culture

using the polymerase chain reaction (PCR) and 16S

ribosomal DNA analysis. Penta-, tetra-, tri- and dichlori-

nated dioxins were dechlorinated under anaerobic
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conditions with H2 as the electron donor and dioxins as

terminal electron acceptor. This observation led research-

ers to further investigate Dehalococcoides sp. strain

CBDB1, a known chlorobenzene dehalorespirer. Strain

CBDB1 favored removal of chlorine occupying the per-

ipheral positions of dioxin rings. Thus, some chlorinated

dioxins were transformed to the highly toxic congener

2,3,7,8-tetrachlorodibenzo-p-dioxin, which contains only

lateral chlorine substituents; however, further reductive

dechlorination converted it to less toxic products.

Bicyclic aromatic compounds: carbazole, dibenzofuran

and biphenyl

Recombinant plant symbiotic bacteria might be useful

for the rhizoremediation of soil containing persistent

organic contaminants. A recombinant strain of Rhizobium
tropici containing the Sphingomonas sp. strain KA1 carba-

zole terminal oxygenase gene on a multicopy number

plasmid was constructed [6]. The enzyme catalyzes

oxidation of chlorinated dioxins and dibenzofurans in

addition to carbazole [7]. The recombinant strain

degraded dibenzofuran and colonized the rhizosphere

of sirato, a leguminous plant. The plasmid was stably

maintained in nonsterile soil and the strain was moder-

ately competitive with endogenous microflora of most

nonsterile soils tested.

The crystal structure of the carbazole degradation

pathway enzyme 2-hydroxy-6-oxo-6-(20-aminophenyl)-

hexa-2,4-dienoate hydrolase (CarC) of Janthinobacterium
sp. strain J3 was determined [8]. The enzyme is a member

of the a/b-hydrolase family and has been classified with

BphD (biphenyl meta-cleavage product hydrolase) as a

group I hydrolase, because its substrate is derived from a

bicyclic molecule. However, the structure of the enzyme

shows greater similarity to the group III hydrolase CumD

(cumene meta-cleavage product hydrolase), the substrate

of which is derived from the degradation of a monocyclic

aromatic hydrocarbon containing a short alkyl sidechain.

The structure also suggested that the substrate-binding

pocket might be accessed by the ‘untying’ of an a helix in

the lid domain of the enzyme.

Amino acids of the biphenyl dioxygenase of Burkholderia
sp. strain LB400 involved in substrate interactions with

PCBs were identified through site-directed mutagenesis

[9]. A model of the enzyme based on the crystal structure

of naphthalene dioxygenase [10] was used to locate the

amino acids of interest with respect to the substrate-

binding site. Three residues present in the substrate-

binding pocket had strong effects on the regiospecificity

of dioxygenation of chlorinated biphenyls; several

neighboring residues not directly involved in substrate

binding also showed significant effects. Also of interest

in the biodegradation of biphenyl is Tn4371, a catabolic

transposon that carries genes involved in the aerobic

degradation of biphenyl and 4-chlorobiphenyl. The

complete sequence of Tn4371 revealed a mosaic of

genes assembled from diverse sources, including plas-

mids and chromosomes of unrelated bacteria [11].

Tn4371 appears to be a broad host range conjugative

transposon that carries genes for plasmid replication and

conjugative transfer and might be a member of a family

of potentially mobile genomic islands related to IncP

and Ti plasmids.

Polynuclear aromatic hydrocarbons

Many microorganisms with catabolic pathways for the

degradation of polynuclear aromatic hydrocarbons (PAHs)

are known; however, it has been difficult to prove that

these organisms actively degrade the pollutants in nature.

Madsen and colleagues [12�] used naphthalene labeled

with the stable carbon isotope 13C as a tracer to link in situ
biodegradation to a previously unknown group of bac-

teria. Strain CJ2 was isolated and shown to be closely

related to the predominant naphthalene-degrading organ-

isms active in situ. CJ2 was most closely related to

Polaromonas vacuolata and only distantly related to

Table 1

Key biodegradation enzymes.

Enzyme Source organism Reference

Tetrachloroethene reductive dehalogenase Dehalobacter restrictus DSMZ 9455T [2]

Ethene monooxygenase Mycobacterium sp. strain JS60 [3�]

Epoxyalkane coenzyme M transferase Mycobacterium sp. strain JS60 [3�]

Carbazole 1,9a-dioxygenase 2-Hydroxy-6-oxo-

6-(20-aminophenyl)-hexadienoate hydrolase

Sphingomonas sp. strain KA1 [6,7]

Pseudomonas resinovorans CA10 and Janthinobacterium sp. strain J3 [8]

Biphenyl dioxygenase Burkholderia sp. strain LB400 [9]

Naphthalene dioxygenase b Proteobacterium strain CJ2 [12�]

1-Hydroxy-2-naphthoic acid dioxygenase Pseudomonas sp. strain PP2 [13]

Fluorene monooxygenase Sphingomonas sp. strain LB126 [15]

Cyclohexanone monooxygenase Acinetobacter sp. strain NCIB 9871, Brevibacterium sp. strains ChnB1

and ChnB2, Acidovorax sp. strain CHX, Acinetobacter sp. strain SE19,

Arthrobacter sp. strain BP2, Rhodococcus sp. strains phi1, phi2 and SC1

[17,18]
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the naphthalene-degrading Pseudomonas spp. commonly

isolated from contaminated sites.

The catabolic pathways for three- and four-ring PAHs

were examined in several studies. Phenanthrene was

degraded by Pseudomonas sp. strain PP2 via a dioxygen-

ase-initiated pathway that converged with the naphtha-

lene degradation pathway [13]. Secretion of a surfactant

into the medium and increased cell-surface hydrophobi-

city during growth were postulated to increase uptake of

poorly soluble phenanthrene. A new pathway for the

degradation of anthracene by Mycobacterium sp. strain

LB501T was also proposed [14]. Detection of

3-hydroxy-2-naphthoic and o-phthalic acid suggested a

route that does not proceed through the known pathway,

which involves production of 2,3-dihydroxynaphthalene.

The known and proposed pathways diverge after the

formation of 3-hydroxy-2-naphthoic acid. o-Phthalic acid

and protocatechuic acid were proposed as intermediates

rather than salicylate and catechol, intermediates of

naphthalene degradation. Degradation of fluorene through

a known pathway involving an initial monooxygenation

supported growth of Sphingomonas sp. LB126 [15]. This

strain also cooxidized anthracene, phenanthrene and fluor-

anthene without the accumulation of dead-end intermedi-

ates. Strain LB126 was unable to cleave the carbon–sulfur

bond of dibenzothiophene 5-oxide and dibenzothiophene-

5,5-dioxide, however, which accumulated as dead-end

cooxidation products.

High temperature increases the bioavailability of hydro-

phobic pollutants by increasing solubility, diffusion and

reaction rates. Feitkenhauer et al. [16] showed that a

mixture of three- to five-ring PAHs were degraded at

658C by a mixed culture composed of thermophilic

Bacillus spp. and Thermus brockii when hexadecane was

included as a degradable solvent. In addition, T. brockii
grew rapidly in a bioreactor at 708C with hexadecane and

pyrene as sole carbon sources. These strains could be

useful for the rapid remediation of contaminated soils

and industrial wastes via composting or in temperature-

controlled bioreactors.

Biocatalytic applications

In addition to applications in bioremediation, biodegra-

dative enzymes are useful to the biotechnology industry

as biocatalysts for asymmetric organic synthesis. The

activities of recombinant Baeyer–Villiger monooxy-

genases from bacteria isolated from a wastewater treat-

ment plant were investigated [17]. New enzymes were

identified that converted substituted cyclohexanones to

homochiral e-caprolactones, which are widely used as

building blocks in organic synthesis. Overexpression of

recombinant proteins often results in the production of

inactive aggregates. A high level of expression of soluble

cyclohexanone monooxygenase was obtained in recom-

binant Escherichia coli by coexpression of molecular

chaperones and foldases [18]. Expression of the active

enzyme was increased 38-fold over that of a strain expres-

sing only the monooxygenase gene. Co-expression of

DnaK, DnaJ and GrpE together was the most effective

combination of the chaperones and foldases tested.

The investigations cited above are just a few examples of

recent advances in biodegradation research that have

increased our understanding of microbial diversity and

metabolism in the biosphere.

Chemotaxis: a role in biodegradation?
Researchers in the field of biodegradation are starting to

seriously address the possibility of a role for chemotaxis in

the biodegradation of pollutants, as indicated by recent

reviews [19,20]. Several reports of chemotaxis by specific

biodegradative strains to various pollutants and man-made

chemicals have appeared in the literature in the past

18 months. Park et al. demonstrated that the man-made

herbicide atrazine elicited a chemotactic response in

two motile atrazine-degrading bacteria, Pseudomonas sp.

ADP and Agrobacterium radiobacter J14a [21]. Likewise,

Ralstonia eutropha JMP134(pJP4), which grows on the

herbicide 2,4-dichlorophenoxyacetate (2,4D), showed an

inducible chemotactic response to 2,4D [22]. The

response required the presence of the TfdK permease,

a member of the major facilitator superfamily of transport

proteins. These reports are of interest, because they

indicate that these bacteria have not only evolved new

pathways for the degradation of man-made chemicals, but

that they have also evolved appropriate chemosensory

systems for their detection. In another study, three

Pseudomonas strains were found to be chemotactic to

nitrobenzoates and aminobenzoates [23]. Results of this

study suggest that an inducible broad-substrate benzoate

chemotaxis system allows detection of various substituted

benzoates, which is particularly useful in nitrobenzoate-

degrading bacteria. Chemotaxis by Ralstonia sp. SJ98

towards several nitroaromatic compounds that can be

co-metabolized has also been demonstrated [24]. A che-

motaxis enrichment method was used to isolate an alkane-

degrading organism, Flavimonas oryzihabitans, which was

chemotactic towards oil-gas and hexadecane, as judged by

three types of qualitative chemotaxis assays [25]. Finally,

the first example of bacterial chemotaxis to an attractant

desorbing from a nonaqueous phase liquid (NAPL) has

been reported [26��]. In this study, wild-type Pseudomonas
putida G7, which is chemotactic towards naphthalene, was

shown to degrade naphthalene dissolved in the model

NAPL 2,2,4,4,6,8,8-heptamethylnonane more efficiently

than a nonchemotactic mutant or a nonmotile mutant. The

nonchemotactic mutant actually degraded naphthalene

more rapidly than the nonmotile mutant, probably

because motile cells encountered and adhered to the

surface of the NAPL droplet. This study provides direct

evidence that motility and chemotaxis stimulate deso-

rption and biodegradation of nonaqueous contaminants.
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Genomics and biodegradation
Recent genome sequencing efforts have begun to focus

on environmentally relevant bacteria. The genomes of

four organisms with potential for biodegradation and

bioremediation applications have been completely

sequenced and published within the past year and a half.

The availability of these genome sequences should accel-

erate analyses of the metabolic capabilities of these

bacteria and reveal their full potential for use in biore-

mediation applications. Potentially useful enzymes and

proteins identified from these genome sequences are

listed in Table 2.

The genome sequence of the catabolically versatile

P. putida KT2440 was recently completed [27]. Overall,

the genome of this nonpathogenic organism is quite similar

to that of the opportunistic human pathogen Pseudomonas
aeruginosa, but it lacks many of the virulence genes known

to be required for P. aeruginosa infection. P. putida
KT2440 has the ability to grow on a wide variety of

aromatic compounds, and this aspect of its metabolism

is explored in detail by Jiménez et al. [28]. In addition to

the expected genes for known aromatic degradation path-

ways, the genome sequence revealed the presence of 18

dioxygenases, 80 oxidoreductases of unknown function,

three enzymes that may be involved in dechlorination

reactions, and an unprecedented number of transport

systems [27]. Furthermore, this strain has several sets of

chemotaxis (che) genes as well as 27 genes that appear to

encode methyl-accepting chemotaxis proteins, the major-

ity of which have no known function. These findings

highlight the enormous amount of information about

P. putida metabolism that remains unexplored.

Rhodopseudomonas palustris is able to adapt to a wide range

of environmental conditions owing to its multiple modes

of metabolism, which include photoautotrophy, photo-

heterotrophy, chemoautotrophy and chemoheterotrophy.

It can grow in the presence or absence of oxygen and can

use various alternative electron acceptors for respiration.

The genome sequence suggests that R. palustris can

utilize several different nitrogen sources and numerous

carbon sources, including fatty acids, dicarboxylic acids

and plant-derived aromatic acids, both aerobically and

anaerobically [29��]. This organism also has numerous

transport and chemosensory systems, which are probably

essential for identifying the optimum mode of metabo-

lism under any conditions. In addition, it is capable of

Table 2

Potentially useful enzymes identified in recently sequenced genomes.

Organism Enzyme/protein Reference

Pseudomonas putida KT2440 18 Dioxygenases [27,28]

15 Monooxygenases

80 Oxidoreductases

62 Transferases

40 Dehydrogenases

51 Hydrolases

12 Glutathione transferases

3 Chlorohydrolases

Enzymes for the aerobic degradation of at least 17 aromatic compounds

Rhodopseudomonas palustris CGA009 Type I ribulose bisphosphate carboxylase [29��]

Type II ribulose bisphosphate carboxylase

Iron nitrogenase

Molybdenum nitrogenase

Vanadium nitrogenase

Hydrogenase

Anaerobic benzoate and 4-hydroxybenzoate degradation enzymes

Phenylacetate degradation enzymes (CoA-mediated)

Protocatechuate degradation enzymes (meta pathway)

Homoprotocatechuate degradation enzymes

Medium-chain fatty acid degradation enzymes

Homogentisate degradation enzymes

Carotenoid biosynthesis enzymes

Geobacter sulfurreducens 111 c-type cytochromes [30]

3 [NiFe] hydrogenases

Aromatic ring cleavage dioxygenase

Methylamine catabolic enzymes

Shewanella oneidensis MR-1 39 c-type cytochromes [31�]

Heterodimeric [Fe] hydrogenase

[NiFe] hydrogenase
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nitrogen fixation. Interestingly, one of its closest relatives

is Bradyrhizobium japonicum, a nonphotosynthetic nitro-

gen-fixing symbiont of soybeans [29��]. R. palustris carries

two forms of RubisCO for carbon dioxide fixation, has

three different nitrogenases and, based on the identifica-

tion of kaiB and kaiC homologs, might have a circadian

clock.

The genome sequences of two dissimilatory metal-

reducing bacterial strains, Shewanella oneidensis, MR-1

and Geobacter sulfurreducens, were recently completed

[30,31�]. These members of the Proteobacteria can

respire iron and manganese oxides, as well as more toxic

metals such as Cr(VI) and U(VI). The 5 Mb genome

sequence of S. oneidensis revealed the presence of 39

c-type cytochromes, whereas that of G. sulfurreducens
(3.8 Mb) boasted 111 c-type cytochromes. The large

numbers of cytochromes are believed to be required

for the complex and diverse respiratory capacities of these

bacteria, and this information should aid in the analysis of

their respiratory systems. An additional bonus obtained

from the genome sequence of S. oneidensis was the iden-

tification of a 162 kb plasmid and l-like and Mu-type

phages, which might prove useful for the development of

genetic transfer strategies [31�]. Although G. sulfurredu-
cens was previously thought to be a strict anaerobe, the

genome sequence suggests a more versatile metabolism;

for example, genes encoding various protective proteins

such as catalase and superoxide dismutase were identi-

fied, as were various oxidases commonly associated with

aerobic metabolism [30]. Although these bacteria are only

capable of transforming rather than eliminating metal

contaminants, they do reduce the soluble forms of chro-

mium and uranium to insoluble precipitates, thus remov-

ing them from groundwater. The potential utility of

dissimilatory metal reduction as a bioremediation strategy

was tested in a uranium-contaminated aquifer [32�]. In

this study, acetate was injected to stimulate metal reduc-

tion by indigenous bacteria. Initially, U(VI) and Fe(III)

reduction occurred simultaneously, resulting in a

decrease in dissolved uranium and an increase in the

population of Geobacter. Once the iron was reduced,

however, sulfate reduction became the predominant form

of metabolism, Geobacter numbers decreased, and ura-

nium concentrations increased in the groundwater. These

results emphasize the need to understand the biological

reduction process in order to control and optimize the

bioremediation of toxic metals.

Conclusions
The potential of biodegradative bacteria in the devel-

opment of bioremediation applications for biominerali-

zation of organic pollutants and ‘bioimmobilization’ of

inorganic compounds has not yet been fully realized, but

examples of both types of strategies have been reported.

The role of chemotaxis in biodegradation is becoming

more apparent, and might be a factor in choosing strains

for bioaugmentation purposes. It is also expected that

microbial biodegradation pathways will continue to

yield useful enzymes for biocatalysis and biotechnolo-

gical applications, and the additional information gained

from genome sequences of environmental bacteria could

lead to the identification of other novel reactions and

pathways.
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