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AND LIVING ORGANISMS

JAROMIR MICHALOWICZ, WIRGILIUSZ DUDA

Katedra Biofizyki Skazen Srodowiska, Uniwersytet £.odzki, £.6dz, Polska

Phenols are the organic compounds, which possess hydroxyl residue at first position of carbon within the aromatic ring. These
compounds are widely represented in natural environment. Most of the phenols show negative action towards living organisms
including humans. The presence of these compounds in the biosphere lead to their transformation undergoing under the
influence both abiotic (the activity of bacteria, fungi, algae, some higher plants) and abiotic (metal oxides - MnO, Fe,0s, clays,
radiation) factors. The transformation processes most often lead to the total degradation (mineralization) of these compounds.
The possibility of phenols degradation by microorganisms is due to creation of enzymes capable to transform phenolic
xenobiotics and use them as the source of aliment and energy. When phenols reach the human organism undergo detoxication
processes leading mainly by microoxidases within the cytochrome P450. The reactions lead to inactivation of phenols by
oxidation and binding them with sulphates, glucuronide acid, glucose and aminoacids what increase the solubility of phenols in
body fluids and finally lead to the efficient excretion of these compounds out of the organism. Both in the environment and in
living organisms some transformations may lead to creation of most harmful products of these processes.

INTRODUCTION

Phenols due to their toxicity, persistence and common
occurrence in the biosphere are one of the most
important group of ecotoxins. These compounds are in
a common use such as ingredients (components) and
precursors of other chemicals including organic
polymers, solvents, dyes (aminophenols), explosives
(nitrophenols), surfactants (alkylphenols) or drugs
(Kahl et al., 1997). Chlorinated phenols and chloro-
guaiacols are also formed during paper production in a
process of (chlorination) bleaching of wood pulp
(Knuutinen, 1982). The occurrence of phenols in the
environment is also related to production and degrada-
tion of many pesticides, eg. phenoxyherbicides like
2,4-dichlorophenoxyacetic, dinoseb acid or phenolic
biocydes such as 4-chlorophenol or pentachlorophenol
(Laine, Jorgensen, 1996).

Many microbes such as bacteria and fungi are
capable to degrade phenolic compounds and use them
as a source of carbon and energy.

The capacity of biodegradation is related to adapta-
tion of microorganisms to new habitats. Adaptation is
mainly related with synthesis of new enzymes
(Sleeger, Stanier, 1950) capable to transform even
harmful xenobiotics. Many investigations have
revealed relations between structure of individual
compound and its susceptibility to degradation. It was
reported that number of hydroxyl residues within
aromatic ring (excluding catechol) increases resistance
of degradation. Likely, substitution of phenol with
chlorine atoms also decreases transformation effectivi-
ty of xenobiotics by bacteria. Reversely, addition of

methyl residues facilitates enzymatic “attack” towards
phenols (Taba, Chambers, 1964). Susceptibility of
phenolic compounds to biodegradation is given below:
para-nitrophenol > 2,4-dichlorophenoxyacetic acid >
pentachlorophenol (Ingerslev, Nyhlom, 2000).

BIODEGRADATION OF PHENOLS BY
PROCARYOTIC ORGANISMS

Phenol

Microbiological biotransformation of phenol lead to
formation of catechol, hydroxyquinone or benzoic
acid. Disscussing compounds are then cleavaged in 2-
oxoadiapate and 3-oxoadiapate metabolic pathway
(Clauapen and Schmidt, 1998). Phenol is mainly
transformed to catechol. This process is performed by
bacteria like Alicagenes, Achromobacter, Pseudomo-
nas sp., Pseudomonas sp. CF 600, Pseudomonas
putida, Pseudomonas picketii and Acientobacter
calcoaceticus (Schirmer et al., 1997). Transformation
of phenol to benzoic acid is mainly leaded by Clostri-
dum hastiforme and Desulfobacterium phenolicum.
Phenol is also transformed by clusters of Alicagenes
and numerous representatives of Flavobacterium
(Watanabe et al., 1996) and Geobacter metalire-
ducens. Biotransformation of phenol is also performed
by bacteria such as Comamonas sp. E6 (Watanabe et
al., 1998), Psudomonas fluorescens (Becker et al.,
1998) and Pseudomonas syringae (Erhan et al., 2004).
Transformation of phenol with high effectivity is also
leaded by Agrobacterium radiobacter, Staphylococcus
siuri and Pseudomonas diminuta (Kowalska et al.,
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1998). The another taxon Synechococcus PCC 7002
that belongs to cyanobacteria is also capable to
degrade phenol. The activity of this species lead to
formation cis-, cis-muconic acid that is formed during
ring cleavage of the compound (Wurster et al., 2003).
Bacteria are also able to mineralize phenol to use it as
a source of carbon and energy. The examples are
Desulfobacterium (Haggblom, 1998), also Pseudomo-
nas cepacia (Schroder et al., 1997), Halomonas
(Hinteregger and Streichsbier 1997) and thermophilic
aerobic bacteria Bacillus sp. that cleavages phenol in
meta position (Milo et al., 1997). Phenol is also degra-
ded by Ralstonia eutropha JMP 134, Rhodococcus
rhodochrous 116, Pseudomonas sp. HH 693 and RW
1, Sphingomonas sp. RW 1 (Beyersdorf-Radeck et al.,
1998), Arthrobacter chlorophenolicus sp. DSM 12829
(Westerberg et al., 2000), Alicagenes xylosoxidans and
Klebsiella pneumoniae (Bohacova et al., 2001).
Degradation of phenol is also performed by Alica-
genes faecalis and is leaded by phenol hydroxylase
and catechol dioxygenase. Those enzymes hydroxy-
late and cleavage phenol in orto position and finally
mineralize disscussing compound (Bastos et al.,
2000).

Chlorophenols

Halogenated aromatic compounds including chloro-
phenols are transformed by elimination of chlorine
atoms in the proccess of reductive dechlorination.
Elimination of chlorine atoms makes possible
transformation and thus mineralization of chlorinated
phenols. The example is degradation of 4-chlorophe-
nol and pentachlorophenol that proceeds by elimina-
tion of chlorine atom in para position. This process
also concerns 4-chloro-3-fluorophenol and 4-chloro-2-
fluorophenol that are degraded by bacteria to respec-
tive fluorophenols (Haggblom, 1998). The next step in
chlorophenols degradation refers to chlorocatechol
formation in a hydroxylation reaction. Direct transfor-
mation of halogenated phenols to halogenated cate-
chols also proceeds with simultaneous substitution of
one chlorine or fluorine atoms with hydroxyl residue a
molecule of degraded compound. Describing process
was observed in Rhodoccoccus opacus 1G and is
called as oxidative dehalogenation (Bondar et al.,
1991). Psudomonas putida transforms chlorophenols
substituted in para positions to 4 substituted catechols
and chlorophenols substituted in meta position to 3-
substituted catechols (Hinteregger et. a., 1992). The
another bacteria Rhodococcus opacus 1CP is capable
to transform 2-chlorophenol, 4-chlorophenol and 2,4-
dichlorophenols to respective chlorinated catechols
(Moiseva et al., 2002). The another example is
microbiological degradation of 2,4-dichlorophenoxy-
acetic acid that goes by elimination of side-chain of
the compound to form 2,4-dichlorophenol that is
finally transformed in orto-hydroxylation procces to
chlorocatechol. Other microbes that are capable to
transform and degrade chlorophenols are Myco-
bacterium fortuitum and Streptomyces rochei

(Golovleva et al., 1992), also Sphingomonas sp. P5
(Rutgers et al., 1996), Herbaspirillum chlorophe-
nolicum sp. nov (Im et al. 2004) and Anaeromyxo-
bacter dehalogens (He and Sanford, 2002). Pseudo-
monas sp. 01 and Pseudomonas sp. 02 are able to
transform 2,4,6-trichlorophenol in the presence of
some other chlorinated phenols (Wang et al., 2000).
The above mentioned compound is also transformed
and mineralized by Sphingopyxis chilensis S 37
(Aranda et al., 2003). Cluster of Alcaligenes eutrophus
JMP 134 can degrade 2,4-dichlorophenoxyacetic acid,
also 2.,4,5-trichlorophenol, 2.4,6-trichlorophenol and
4-chlorophenol (Valenzuela et al., 1997). 2-chloro-
fenol, 3-chlorofenol, 4-chlorofenol, 2,3-dichlorofenol,
2,4-dichlorofenol, 2,5-dichlorofenol, 2,6-dichlorofe-
nol, 3,4-dichlorofenol and 3,5-dichlorofenol are
degraded by Sphingomonas sp. RW 1 (Beyersdorf-
Radeck et al., 1998) and 4,5,6-trichloroguaiacol is
degraded by Bacillus subtillis IS 13 (Andretta et al.,
2004). Pentachlorophenol (PCP) is the most often
investigated compound due to its strong toxicity and
common use as a pesticide. Degradation of penta-
chlorophenol may procceed in some ways. Firstly,
PCP may be transformed in a reductive dechlorination
reaction to chlorophenols of lower number of chlorine
atoms (from tetrachlorophenol to phenol) (Juteau et
al., 1996). Pentachlorophenol is also transformed in a
O-methylation proccess to form pentachloroanisole.
Finally, PCP may be converted to tetrachlorocatechol
during oxidative dechlorination proccess. Pentachloro-
phenol is also degraded by Sphingomonas chloro-
phenolicum that produces tetrachloro-hydroquinone
dehalogenase to tetrachloro-quinone, trichlorohydro-
quinone and finally dichlorohydroquinone in a
reductive dehalogenation reaction (Anandarajah et al.,
2000; Cort and Bielefeldt, 2000). Tetrachlorohydro-
quinone is also the main product of pentachlorophenol
transformation in a reaction leaded by Sphingobium
chlorophenolicum (Dai et al. 2004). Soil bacteria
Bacillus megaterium also degrades pentachlorophenol
at the participation of dehydrogenase (Mc Grath and
Singleton, 2000).
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Fig. 1. Environmental transformations of pentachlorophenol.

Catechols (chlorocatechols) biodegraded by Pseudo-monas sp. and Bacillus

Catechols are formed both by oxidation of pumilis. Degradation is based on oxidative
phenol and also degradation of benzoic acid and its ~ cleavage of aromatic ring by enzymes like catechol
derivatives. In the environment catechols are 1,2-dioxygenase and catechol 2,3-dioxygenas.
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Fig. 2 . Environmental transformation of phenol.
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The enzymes involved in these reactions
cleavage aromatic ring between first and second
carbon (intradiol cleavage) and between second
and third carbon (extradiole cleavage) (Ito and
Que, 1997). The first reaction leads to formation of
maleiloacetate and the second lead to formation of
muconolactone. The results of investigations also
revealed that aromatic ring may be cleavaged
between third and fourth and also fifth and sixth
carbon within phenol molecule. Products of phenol
degradation undergo minerali-zation to yield water
and carbon dioxide in aerobic conditions and
methane in anaerobic condtions. Catechols are also
transformed by ortho and para-diphenol oxidases
to form ortho-chinones (Jagoe et al., 1997).

OH OH
OH O—CH,

O-methylation
—_—

catechol methoxyphenol (guaiacol)

Fig. 3. O-methylation of catechols.

The important role in chlorocatechols transfor-
mations plays O-methylation proccess that is based
on substitution of hydrogen atom with methyl
residue within hydroxyl residue in phenol
molecule. This process may lead to formation of
methoxyphenols eg. guiacols (2-methoxyphenols)
and syringols (2,6-dime-thoxyphenols).

Methylphenols, nitrophenols and alkylphenols
Methylphenols may be transformed to carbo-
xylic acids. For example 2,4,6-trimethylphenol is
degraded by Comamonas sp. and Pseudomonas sp.
to 4-hydroxy-3,5-dimethyl benzoic acid (Hofrich-
ter et al, 1995). Methylphenols may be also
converted to hydroxyquinones and parabenzo-
quinones. The compounds like ortho, meta and
paracresol are also degraded by Pseudomonas
fluorescens and other bacteria from Pseudomonas
genera (Kazumi et al., 1995). Methylphenols are
also degraded by Bacillus thermoleovorans
(Duffner and Miller 1998) and Pseudomonas
putida. The results clearly evidenced that bacteria
are capable to use methylphenols as a source of
carbon and energy in a mineralization process. The
example is a thermophilic bacterium — Bacillus sp
capable to degrade orto and paracresol to form
methane. Bacteria are also capable to degrade high
concentrations of phenolic xenobiotics. In an
experiment Pseudomonas sp. degraded high
concentrations (1000 mg/L) of cresols and meta-
cresol was degraded with highest effectivity.

Psedomonas sp CP4 also mineralizes all isomers
of cresols by meta-cleavage of aromatic ring. The
ratio of degradation of the isomers is presented:
ortho > para > meta-cresol.

Resistance of nitrophenols for degradation rise
with increasing number of nitro groups within
phenolic  ring.  2,4-dinitrophenol  undergoes
microbiological degradation almost in 90% to
other compounds and within 15 days is totally
mineralized. Para-nitrophenol is degraded by
Rhodococcus sp. PN1 to 4-nitrocate-chol at the
participation of  4-nitrophenol  hydroxylase.
Nitrophenols  are  also  transformed by
Sphingomonas sp. UG30 (Zablotowicz et al.,
1999) that transforms 2,4-dinitrophenol and 4,6-
dinitro-cresol. Para-nitro-phenol is also degraded
by Rhodococcus opacus SAO 101 and Geobacillus
thermoglucosidasius, Ralstonia eutropha and
Arthrobacter sp. (Kitagawa et al. 2004). 2,4,6-
trinitrophenol is degraded by Rhodococcus opacus
HL PM-1 (Nga et al., 2004; Heiss et al., 2003) and
Nocardioides simplex FJ2-1A (Hofman et al.,
2004). Phenol nitration procceds at the
participation of Nitrosomonas europaea (Saraswat
et al., 1994) and denitrification of 2-nitrophenol is
performed by Pseudomonas putida B2 (Zeyer and
Kocher, 1998). Arthrobacter simplex degrades
pesticide — 2-methyl-4,6-dinitrophenol (DNOC) to
form  3-methyl-5-nitro-catechol and  2,3,5-
trichlorotoluene. Rhodococcus erythropolis
mineralizes 2,4-dinitrophenol to nitrogen and
carbon dioxide. Mineralization of 2,4-dinitrotolu-
ene by Burkholderia cepacia R34 in aerobic condi-
tions leads to formation of 2,4,5-trihydroxytoluene
that is finally cleavaged by catechol 2,3-
dioxygenase (Johnson et al., 2000).
Mononitrophenols are trans-formed by Moraxella
that degrades para-nitrophenol (Leung et al.,
2000). It was reported that Sphingobium amiense
is capable to degrade harmful toxin — 4-
nonylphenol (Ushiba et al., 2003). This compound
is also degraded by Sphingomonas sp. in a
concentration of 4,3 mg/L in 24 hours. Effective
mineralization of 3- and 4-substituted alkylphenols
performs Pseudomonas sp. KL28 that produces
phenol hydroxylase and 2,3-dioksygenase (Jeong
et al., 2003).

BIODEGRADATION OF PHENOLS BY
EUCARYOTA

Fungi

Fungi are capable to efective degradation of
phenols due to the activity of their lignolitic
enzymes. The results of numerous researches have
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revealed that yeasts are capable to transform and
mineralize xenobiotics. Candida maltosa SBUG
700 in mixed cultures with bacteria degraded
pentachlorophenol to chlorophenols of reduced
number of chlorine atoms. Formed in a reaction
mono and dichlorophenols were degraded to water
and inorganic chlorine atoms (Juteau et al., 1995).
Chlorophenols are often transformed by yeasts to
chlorocatechols (Hammer et al., 1996) and finaly
mineralized to water and cabon dioxide. Candida
maltosa is capable to mineralize high
concentrations (1,5 - 1,7g/L) of phenol and
catechol. (Fialova et al., 2004). Aureobasidium,
Rhodotorula and Trichospon transforms catechol
by cleavage of the aromatic ring between first and
second position at the participation of catechol 1,2-
dioxygenase and phenol hydroxylase (Santos and
Linardi, 2001).

A fungus Scedosporium cepiospermum trans-
forms phenol and p-cresol to form catechol, hydro-
quinone and finally water and carbon dioxide
(Claussen and Schmidt, 1998). The another species
Lentinula edodes transforms pentachlorophenol in
reductive  dehalogenation and O-methylation
reactions and mineralizes disscussing xenobiotic
(Okeke et al., 1997). The species also degrades
chlorinated aminophenols and chlorohydroquinone
(Staz et al., 2002). Biotransformation of chloro-
phenols to chlorocatechols also proceeds at the
participation of mushroom Hypholoma elongatum
(Basidiomycetes) (Hofman and Schauer, 1998).
Plerotus ostraeatus is able to transform harmful
ecotoxin — bisphenol A. In an experiment (in vitro)
bisphenol A was degraded with high effectivity
(80%) during 12 days of incubation (Mirano et al.,
2000). The other species Plerotus pulmonarus
dechlorinates and mineralizes high concentration
(100 mg/L) of pentachlorophenol (Law et al.,
2003). The species that has probably the highest
capacity of xenobiotic degradation is Phanero-
chaete chryso-sporium that uses lignin peroxidase
to degrade pentachlorophenol. The procces of PCP
degradation begins by formation of tetrachloro-
1,4-benzochinone that is reduced to tetrachlorodi-
hydroxybenzene or transformed to 2,3,5-trichloro-
dihydroxybenzene. Tetrachlorodihydroxybenzene
is converted in a process of reductive dechlori-
nation to 1,4-hydro-chinone and then that is
mineralized to carbon dioxide and water. (Reddy
and Gold, 2000). Phanerochaete chrysosporium
and Trametes versicolor produce para-diphenol
oxidase the enzyme that degrades lignin and forms
guaiacols and syringols from other phenols (Grey
et al., 1998). Trametes versicolor participates in a
biodegradation process of 2-chlorophenol to 2-
chloro-1,4-benzoquinone due to avtivity of para-
diphenol oxidase. Trametes versicolor, Aborti-

porus biennis, Cerrena unicolor i Gloephyllum
dependly on the presence of different substrates eg.
2,5-dimethyl-aniline, metabolize chlorophenols
with different effectivity. The highest effectivity of
degradation reveals C. unicolor that degrades
pentachlorophenol in 1 hour with 98% effectivity
(Cho et al., 2001). Phanerochaete chrysosporium
is capable to mineralize 2,4-dichlorophenol, 2,4,5-
trichlorophenol and pentachlo-rophenol at the
participation of manganese peroxidase (Grey et al.,
1998). Cunninghamella elegants, C. echinulata,
Rhizoctonia solani and Verticillium lecanii, are
also capable (in the presence of nitrogen and
glucose) to transform phenols like 2,4-dichloro-
phenol and  24-dichlorophenoxyacetic acid
(Vroumsia et al., 1999). Mortierella converts
phenol and three isomers of cresol in high con-
centration of 150 mg/L in low temperature (4°C)
(Peron and Welander, 2004). The capacity of
mineralization of phenol also reveals Graphium sp.
F1B4 that uses 1,2-dioxygenase (Santos et al.,
2003). Similar properties reveals Fusarium sp
FE11 that is able to mineralize hydroxybenzenes
(Santos and Linardi, 2004). Leontievsky and co-
workers reported degradation of 2.4,6-trichloro-
phenol to 2,6-dichloro-1,4-hydroquinole and 2,6-
dichloro-1,4-benzoquinone by Panus tigrinus that
produces para-diphenol oxidase (Leontievsky et
al., 2000).

Algas

Numerous researches reported that alga are
capable to transform many xenobiotics including
phenols. Modification of xenobiotics structure by
eucaryotic organisms affects on the increase of
susceptibility of the compound to bacteria “attack”
in a hydroxylation process (Semple et al., 1999).
The representative of alga is Ochromonas danica
CCAP 933/28 growing photoheterotrophicaly and
heterotrophicaly on p-cresol and phenol that is
mineralized in this procces (Semple, 1997).
Ochromonas danica also degrades some isomers
of methylphenols to methylcatechols (xylenols)
(Semple and Cain, 1997). Chlorella fusca reveals
capacity to degrade 2,4-dichlorophenol (Tsuji et
al., 2003). C. fusca and Anabaena variabilis in
photoautotrophic ~ conditions  degrade  some
chlorophe-nols, 2-nitrophenol and 3-nitrophenol
(Hirooka et al., 2003). Coenochloris pyrenoidosa
and Chlorella vulgaris are able to degrade 4-
nitrophenol during 3 days (Lima et al., 2003) and
p-chlorophenol in a concentration of 150 mg/L in
5 days (Lima et al., 2004). Another species -
Prototheca zopifii degrades numerous
hydrocarbons contained in fuel and driving oil
(Semple et al., 1998). Transformation of phenols is
also performed by diatoma Skeletonema costatum
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that degrades 2.4-dichlorophenol with high
effectivity (Yang et al., 2002). Algae are also
capable to degrade high concentrations of phenols.
For example Ankistro-desmus braunii and
Scenodesmus quadricauda degraded phenol in a
concentration of 400 mg/L (Pinto et al., 2002).

Plants

The ability of degradation of xenobiotics by
plants — phytoremediation is used to remove these
compounds from environment. Plants have many
peroxidases that are mainly responsible for
transformation of toxic compounds. In Vaccinium
myrtillus high activity of peroxidases leaded to
degradation of 2,4,6-trichloro-phenol with 96%
effectivity (Stazi et al.,, 2001). In another
experiment cultures of carrot roots (Dacus carota
L.) transformed phenol with high effectivity (90%)
within 120 hours of incubation (de Araujs et al.,
2002). Agostini and co-workers employed cultures
of Brassica napus to eliminate high concentration
(100 — 1000 mg/L) of 2,4-dichlorophenol. In a
wide range of pH values (from 3 to 8) and
presence of hydrogen peroxide the compound was
mineralized with high effectivity of 97% to 99%
within 1 hour (Agostini et al., 2003). Root systems
play an important role in degradation of persistent
and very toxic xenobiotics. In an experiment
cometabolism of Agropyron cristatum and
Agropyron desertosum and different bacterial
cultures leaded to mineralization of penta-
chlorophenol. Root systems provided nutrients
which increased development of bacteria that

degraded PCP with high effectivity (Miller and
Dyer, 2000). Cometa-bolism of pentachlorophenol
present in soil was also observed in cultures of
Pseudomonas gladioli M-2196 and roots of
Chinese chive (Allium tuberosum) (Nakamura et
al., 2004).

Metabolism of phenols in vertebrates

Numerous researches concerning metabolism of
organic compounds including phenols in
vertebrates has been performed. It was reported
that toxins which penetrate organism and those
synthesised in organism undergo similar metabolic
processes. The investiga-tion performed on fish
revealed that phenols are conjugated with
glucuronic and also are bound with sulphates
(Layiwola et al., 1983; Nagel and Urich, 1983;
Haritos et al., 1995; Oikari and Kunnamo-Ojala,
1987). Similar processes were observed in reptiles
and mammals (Oddy et al., 1997; Bruce et al,,
1987). Phe-nols in living organisms are also bound
with phos-phates and aminoacids (Nagel and
Urich, 1983). It was also reported that conjugation
mainly proceeds in cytosol of liver and is catalyzed
by microsomal enzy-mes — monooxygenases
(Oddy et al., 1997). Sulpha-tion is catalyzed by a
group of cytosolic sulphotrans-ferases (Tamura et
al., 1997) that wuse a substrat — 5°-
phosphotiosulphate-3’phosphoadenosine as donor
that binds both xenobiotics and endogenous
compounds (Coughtrie, 1996) glucuronidation
employes uridino -5’-glucuronid acid.
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Fig. 4. Transformations of phenol in vertebrates.
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Other investigations revealed that phenols in
low concentrations are mainly sulphated and
higher concentration of substrate induces mainly
glucuro-nidation process. Phenols are usually
oxidized before conjugation what was observed in
an experiment on fish in which quinol glucuronide
and quinol sulphate were determined (Beyer and
Frank, 1985). The discussing processes lead to
detoxication of phenols (and other xenobiotics) as
the complexes are better soluble in plasma and are
excreted with highest effectivity. Some toxic
phenols are formed in living organism from non-
toxic compounds. In digestive tract phenol and p-
cresol are formed from tyrosine at the participation
of Citrobacter freundi (Hiraku et al., 1998).

OH

i / phenol
Citrobacter freundii
NH,

\ OH

NH
HO 2

tyrosine

CH,
methylphenol

Fig. 5. Transformation of tyrosine to phenol and methyl-
phenol.

Para-aminophenol formation proceeds when
aniline and hydrogen peroxide are catalyzed by
microsomal peroxidase 8 (Osman et al., 1996) and
amino and nitrophenols are formed due to
transformation of dinitro derivatives (Nikonorow,
1979). Above mentioned peroxidase is also
capable to nitrate phenol in the presence of
hydrogen peroxide and nitrogen peroxide to yield
4-nitrophenol (Ricoux et al., 2001). Toluene
transformation leads to formation of ortho and
para-cresol and anisole is formed during O-
methylation of phenol (investigations performed
on rats) (Takahara et al., 1986).

Enzymes that participate in phenols transforma-
tions

Phenol and its methylated derivatives are
hydroxyla-ted to respective catechols by phenol
hydroxylase [EC. 1.10.3.1] (Powlowski et al.,
1996; Oian et al., 1997). Similar process is leaded
by lactate oxidase [EC. 1.1.3.2.] at the
participation of hydrogen pero-xide (Monzani et

al., 1997). Catechol tyrosinase due to its cresolic
activity oxidizes phenols to respective catechols.
Phenols transformation to respective quinones
appears at the participation of diphenol oxidase
[EC. 1.13.1.1.] Transformation of phenols to
catechols is also catalyzed by phenol 4-
hydroxylase that is produced by Trichosporon
cutaneum. Oxygenases [EC. 1.13.1.1.] are impor-
tant group of enzymes that catalyze oxidative
cleavage of aromatic compounds including
phenols, catechols and trihydroxylated aromatic
alcohols (Powlowski et al., 1997). Several of
above mentioned compounds are enzymatically
clea-vaged by dioxygenases between first and
second carbon atoms (intradiol cleavage) and
between second and third position (extradiol
cleavage) (Ito and Que, 1997). As the result of
described processes phenol, catechol, 4-chloro-
phenol, 4-fluorophenol and 4-methylphenol are
degraded to muconolactones and then mineralized
(Sauret-Ignazi et al., 1996). Pseudomonas sp. S-47
produces catechol 2,3-dioxygenase that converts 4-
chlorocatechol and catechol in meta position to
form 5-chloro-2-hydroxymuconic semialdehyde
and 2-hydroxymuconic aldehyde respectively (Noh
et al., 2000). Hydroquinol (1,2,4-trihydroxyben-
zene) is cleavaged to maleiloacetate by hydro-
quinol 1,2-dioxygenase. High affinity towards
chlorinated phenols and especially chlorocatechols
also reveal chlorocatechol dioxygenases (Maltseva
et al., 1994). The important group of enzymes are
monooxygenases. The example is 2,4,6-trichloro-
phenol-4-monooxygenase that transforms 2,4,6-
trichlorophenol to 2,6-dichlorophenol (Wieser et
al., 1997). Pentachlorophenol monooxygenase
[E.C. 1.14.13.50] participates in dechlorination of
catechols (Noh et al., 2000), the enzyme also
converts tetrachlorohydroquinone and trichloro-
hydroquinone and catalyzes isomerisation of
maleiloacetate to form inorganic compounds
(Anandarajah et al., 2000). The another example is
tetrachlorohydroquinone dehalogenase produces
by Sphingomonas chlorophenolica that catalyses
reductive dechlorination of tetrachlorohydro-
quinone and trichlorohydroquinone during penta-
chlorophenol transformation reaction (Kiefer et al.,
2002). Elimination of nitro groups from ortho-
nitrophenol and paranitrophenol proceeds at the
participation of monophenol monooxygenase
(Haigler et al., 1996) and demethylation of
methylcatechols (in mammalian cells) proceeds at
presence of catechol O-methytransferase [EC.
2.1.1.6] (Ovaska and Ylinieme-la, 1998).
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ABIOTIC TRANSFORMATION OF PHENOLS

Minerals present in the environment playing an
impor-tant role degradation of organic matter and
xenobio-tics, as they are capable to oxidate and
reduce numerous compounds. Essential effect on
organics transfor-mation exerts also photochemical
transformation. Manganese oxides catalyze trans-
formation of phenols and their derivatives. In an
experiment performed in vitro in acidic conditions
catechol was oxidized by birnesite (MnO,). As
carbon dioxide was detected in a reaction it was
stated that xenobiotic was partly mineralized in
this process. Rest of catechol was converted to
polymer that was stable and non-toxic product of
the reaction (Majcher et al., 2000). It was also
reported that catechol may be oxidized by other
manganese oxides in which the metal has third and
fourth oxidation degrees (Matocha et al., 2001).
The another experiment showed that ferrihydrite
that has the third oxidation degree is capable to
mineralize catechol, hydroquinone and guaiacol
(Pracht et al., 2001). The another mineral that is
able to oxidate phenolic xenobiotics is hydrated
iron oxide (goethite) that at the participation of
hydrogen peroxide transforms 2-chlorophenol (Lu
et al., 2002). Lin and co-workers in an experiment
reported adsorption and effective degradation of
phenol by hydratated silica oxides — bentonites
(Lin et al., 2000). In environmental transforma-
tions an essential role play reactions induced by
UV irradiation. It was showed that pentachloro-
phenol photoreduction leaded to formation of 2-de-
hydro-2,3,4,5,6-pentachlorocyclohexane and 2,3,
4,5,6-pentachlorocyclohexanone (Ray et al., 2002).
The conversion of phenols to catechols under UV
irradiation was also described by Rozanski
(Rozanski, 1998).
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