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Abstract

The toxicity of thirteen isomers of mono-, di-, tri- and pentachlorophenols was tested in potato-dextrose agar
cultures of the white rot fungi Panus tigrinus and Coriolus versicolor. 2,4,6-Trichlorophenol (2,4,6-TCP) was
chosen for further study of its toxicity and transformation in liquid cultures of these fungi. Two schemes of 2,4,6-
TCP addition were tested to minimize its toxic effect to fungal cultures: stepwise addition from the moment of
inoculation and single addition after five days of growth. In both cases the ligninolytic enzyme systems of both
fungi were found to be responsible for 2,4,6-TCP transformation. 2,6-Dichloro-1,4-hydroquinol and 2,6-dichloro-
1,4-benzoquinone were found as products of primary oxidation of 2,4,6-TCP by intact fungal cultures and purified
ligninolytic enzymes, Mn-peroxidases and laccases of both fungi. However, primary attack of 2,4,6-TCP in P.
tigrinus culture was conducted mainly by Mn-peroxidase, while in C. versicolor it was catalyzed predominantly
by laccase, suggesting a different mode of regulation of these enzymes in the two fungi.

Abbreviations: ABTS – 2,2′-Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), CP – Chlorophenol, DCP – Di-
chlorophenol, DMF – Dimethylformamide, LiP – Lignin peroxidase, MnP – Manganese peroxidase, MS –
Mass-spectrometry, PAGE – Polyacrylamide gel electrophoresis, PCP – Pentachlorophenol, PDA – Potato-dextrose
agar, TLC – Thin layer chromatography, TCP – Trichlorophenol.

Introduction

Ligninolytic wood-rotting fungi are capable of degrad-
ing a wide range of recalcitrant compounds. It is of
interest to show their ability to detoxify persistent pol-
lutants that are produced on a large scale and contam-
inate different environmental media. Chlorophenols,
especially 2,4-di-, 2,4,5- and 2,4,6-tri-, and penta-
chlorophenol, are some of the most typical example
of this kind of xenobiotics.

Biodegradation of chlorophenols by bacterial spe-
cies is rather effective and well-known (Golovleva et
al. 1994; Zaitsev et al. 1995). However bacteria are not
ideal organisms for treating chlorophenol (CP) pollu-
tion in wood based substrates due to lack of available
nutrients. At the same time 2,4,6-trichlorophenol and

pentachlorophenol were widely used for antimicrobial
wood preservation.

Different approaches have been used to study
fungal biodegradation of chlorinated phenols: intact
cultures of fungi (Mileski et al. 1988; Valli & Gold
1991; Alleman et al. 1992; Reddy et al. 1998), sep-
aration of mycelium and culture liquid (Armenante
et al. 1994), application of free and immobilized
enzymes (Shuttleworth & Bollag 1986; Ruggiero et
al. 1989; Roy-Arcand & Archibald 1991; Iimura et
al. 1996; Ruttimann-Johnson & Lamar 1996). These
studies revealed that lignin-degrading enzyme sys-
tems are usually responsible for the chlorophenol
transformation. The ease of dechlorination decreases
with the number of substituted chlorines in the aro-
matic ring, with trichlorophenols (TCP) and penta-
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chlorophenol (PCP) being more resistant than mono-
and dichlorophenols (DCP). The process of dechlorin-
ation is a first stage in the degradation of chlorophen-
ols, a few products of degradation have been identified
also with polymer formation noted as a common end-
point (Roy-Arcand & Archibald 1991; Ruttimann-
Johnson & Lamar 1996; Ullah et al. 1999). The most
extensive and diverse research was conducted with
the white rot fungus Phanerochaete chrysosporium,
chosen because it has been the most studied model
of ligninolytic fungi. Comprehensive pathways of de-
gradation of 2,4-di-, 2,4,5- and 2,4,6-trichlorophenols
have been elucidated for this fungus (Valli & Gold
1991; Joshi & Gold 1993; Reddy et al. 1998). P.
chrysosporium is a thermophilic fungus which has
limited use in temperate climates for bioremediation in
situ. Temperate fungal species offer more advantages,
provided they have extracellular enzymes capable of
chlorophenol transformation.

In the present report we have studied the toxic
effects of several chlorophenols as well as trans-
formation of 2,4,6-TCP using the temperate lignin-
degrading fungi Panus tigrinus and Coriolus ver-
sicolor. P. tigrinus produces Mn-peroxidase (MnP)
and laccase as its extracellular ligninolytic enzymes
and does not produce lignin peroxidase (LiP) (Le-
ontievsky et al. 1990). Different strains of C. ver-
sicolor are known as LiP, MnP and laccase producers
(Hatakka 1994), however LiP is not essential for real-
ization of some biotechnological processes aimed at
degradation of persistent compounds (Archibald 1992;
Paice et al. 1993).

Methods

Chemicals

2-, and 3-Chlorophenols (CP), 2,4-, 2,5-, 2,6-, 3,4-
and 3,5-dichlorophenols (DCP) were obtained from
Merck. 4-CP, 2,3-DCP, 2,3,4-, 2,4,5- and 2,4,6-
trichlorophenols (TCP) and pentachlorophenol (PCP)
were obtained from Aldrich.

Microorganisms and methods of cultivation

White-rot fungus P. tigrinusr 8/18, isolated from
decayed wood in Douzhanbe (Tadjikistan), and C.
versicolor VKM F-116, obtained from All-Russian
Collection of Microorganisms (VKM), were routinely
stored on malt agar slopes at 40 ◦C.

The fungi were grown at 29 ◦C on potato-dextrose
agar (PDA) plates under stationary conditions or in
liquid media with agitation at 200 rpm.

PDA cultures were inoculated with a fragment of
mycelium (4 mm diameter) placed in the center of the
plate. Inoculum for liquid media for both fungi were
grown for seven days on soya-glycerol medium. The
medium contained (g l−1): NH4NO3, 0.2; KH2PO4,
0.2; K2HPO4, 0.02; MnSO4·7H2O, 0.1; peptone, 0.5;
soya powder, 0.5; glycerol, 2.0 ml l−1. For inocu-
lation, mycelium was washed twice with sterilized
distilled water and homogenized by shaking with por-
celain beads. Cultivation was carried out in 750-ml
flasks with 100 ml of mineral medium, containing
“low” or “high” concentration of nitrogen sources,
equal to 2.4 and 24.0 mM of ammonium nitrogen
(Kirk et al. 1978). As a carbon source, 1% gluc-
ose (C. versicolor) or 1% maltose (P. tigrinus) were
used. Submerged cultures grown for purification of
extracellular enzymes contained additionally 2.0 mM
3-methylbenzyl alcohol (P. tigrinus) or 0.2 mM tannic
acid (C. versicolor) as inducers.

2-, 3-, 4-CP, 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 3,5-
DCP, 2,3,4-, 2,4,5-, 2,4,6-TCP and PCP were added
to PDA cultures (to a final concentration 5–200 ppm).
2,4,6-TCP was added to liquid media as a dimethyl-
formamide (DMF) solution (100 µl). To control flasks
100 µl of DMF were added. 2,4,6-TCP was added
to liquid media stepwise (3, 5, 7-, 5, 10, 10-, or 10,
20, 20 ppm at 0, 24 and 48 hours of cultivation to a
final concentration of 15, 25 or 50 ppm) or as a single
addition of 15, 25 or 50 ppm of 2,4,6-TCP on the fifth
day of cultivation.

The toxicity of chlorophenols in PDA cultures was
evaluated by measurements of diameters of colonies in
comparison with control plates with no chlorophenols
added. Control cultures of P. tigrinus colonized the
surface of the plates in 84 hours, and control cultures
of C. versicolor in 60 hours. In liquid cultures the
effect of 2,4,6-TCP was estimated by comparison of
dry biomass weight and extracellular enzyme activities
(Mn-peroxidase and laccase) compared with control
variants without of 2,4,6-TCP.

Enzyme assays

Laccase activity was measured by the rate of oxida-
tion of 0.2 mM 2,2′-azinobis-(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) in 20 mM Na-acetate buffer,
pH 5.0; the increase of absorbance at 436 nm was



333

detected. Mn-peroxidase activity was detected by the
rate of NADH oxidation (Asada et al. 1986).

Enzyme purification

Mn-peroxidases and laccases of P. tigrinus and C. ver-
sicolor were purified as described earlier (Leontievsky
et al. 1990) but with some modifications. Culture
liquids of submerged cultures were separated from
mycelium by centrifugation and filtration through the
paper filters. The filtrate was applied to a 2.6 × 40-cm
column with DEAE-Spheron 1000 (La Chema, Cze-
chia) equilibrated with buffer A (20 mM Na-acetate
buffer, pH 5.0 for enzymes of P. tigrinus or 5.5 for en-
zymes of C. versicolor). The enzymes were eluted by
a linear gradient of 0–0.5 M NaCl in buffer A at flow
rate 120 ml/hour. Combined active fractions were con-
centrated by ultrafiltration using a PM-10 membrane
(Amicon, The Netherlands). The concentrated pre-
parations (2 ml) were applied to gel-filtration column
HiPrep 16/10 Sephacry S100 (Pharmacia Biotech,
Sweden) equilibrated with 0.1 M NaCl in buffer A and
eluted with the same buffer at flow rate 12 ml/hour.
Active fractions, containing MnP and laccase, separ-
ated on the gel-filtration step, were combined, dialized
against buffer A and applied to a Mono-Q HR 5/5
anion-exchange column (Pharmacia Biotech) equili-
brated with buffer A. The enzymes were eluted with
linear gradient of 0–0.5 M NaCl in buffer A at flow rate
60 ml/hour. Combined active fractions were dialized
against deionized water and used as the purified MnP
or laccase preparations.

Purified enzymes were electrophoretically homo-
geneous. SDS-PAGE was performed in 12% gel.
Protein standards (Pharmacia Biotech) were (kDa):
phosphorilase b, 94; bovine serum albumin, 67; oval-
bumine, 43; caronic anhydrase, 30; soybean trypsin
inhibitor, 20.1; α-lactalbumin, 14.4.

Enzyme reactions

Laccase reaction mixture (3 ml) contained 20 µg of
enzyme and 1, 4 or 6 mM 2,4,6-TCP in 20 mM Na-
acetate buffer, pH 5.0. MnP reaction mixture (3 ml)
contained 20 µg of enzyme, 0.5 or 1.0 mM 2,4,6-TCP,
0.4 mM H2O2 and 0.1 mM MnSO4 in 20 mM Na-
lactate-succinate buffer, pH 4.5. Reaction vials were
incubated 18–24 hours at 30 ◦C with agitation.

Isolation and identification of 2,4,6-TCP oxidation
products

For studying the dynamics of 2,4,6-TCP bioconver-
sion and identification of products of its oxidation,
culture liquid was separated from mycelium by cent-
rifugation and filtration, acidified to pH 2.0 by 0.1
M sulfuric acid, and extracted by ethylacetate three
times. The extracts were combined, dried over anhyd-
rous sodium sulfate and evaporated on a rotary evap-
orator at 40 ◦C. The residues were dissolved in a small
volume of methanol and analyzed by HPLC, thin-layer
chromatography (TLC) and mass-spectrometry (MS).

For determination of the amount of 2,4,6-TCP ad-
sorbed to fungal mycelium, the mycelium was separ-
ated from the culture liquid, washed with distilled wa-
ter three times, suspended in 50 ml of water, homogen-
ized by blender MPW-302 (Mechanika Precyzyjna,
Poland) and then acidified and the mycelial extract
collected.

Quantitative analysis of 2,4,6-TCP was conducted
using HPLC system (LKB, Sweden) with a ODS-2
column (4.6 × 250 mm) at 50 ◦C. Elution was carried
out isocratically at a flow rate of 0.8 ml l−1 with 65%
of methanol in 5 mM KH2PO4, pH 2.0. Detection was
at 280 nm using a UV detector.

Qualitative analysis of 2,4,6-TCP and its meta-
bolites was performed by TLC on Silufol UV-254
plates (Kavalier, Czechia) developed with benzene-
dioxane-acetic acid (90 : 10 : 2). After processing of
the plates, metabolites were detected under UV light,
with diazotized benzidine (as a reagent on aromatic
hydroxy-groups) and silver nitrate solution in acetone
(as a reagent for chlorine groups). Diazotized benzid-
ine spray preparation: 0.5 g of benzidine (Reakhim,
Russia) dissolve in 1.4 ml of concentrated HCl, hold
15 minutes at room temperature, add distilled water
to 100 ml volume (reagent A); 10% water solution of
NaNO2 (reagent B); reagents A and B mixed in a ratio
1 : 1 prior using; once prepared the mixture is active
for 3–4 hours at room temperature. Siver nitrate spray
preparation: 1 ml of 10% water solution of AgNO3
mixed with 10 ml of 2-phenoxyethanol, 190 ml of
acetone and one drop of 30% H2O2; the mixture is
active for 2–3 weeks. Cl-containing compounds could
be seen on the treated TLC plates after 15 minutes
holding under UV light. The compounds with corres-
ponding Rf values were eluted from the plates with
methanol. These methanol solutions were used for re-
chromatography on TLC plates to check purity and/or
for MS-analysis.
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Identification of pure compounds isolated from
TLC plates was made with a Finnigan Mat 8430 mass-
spectrometer (Germany) operated at on ionization en-
ergy of 70 eV with direct evaporation of sample.
Sensitivity of the method was not less than 1 µg.

Results

PDA plate cultures

Chlorophenolic compounds are toxic to fungi, redu-
cing hyphal extension depending on their concentra-
tion. In static PDA plate cultures, the diameter of
hyphal growth of P. tigrinus and C. versicolor was
measured in the presence of increasing concentrations
of mono-, di-, tri- and pentachlorophenols up to 200
ppm (Figure 1). The toxic effect of chlorophenols in-
creased with the number of chlorine substituents. In
general, both of the tested fungi were affected by the
chlorophenols to a similar degree with a few excep-
tions, where C. versicolor was more resistant to 2-CP
and PCP and much more sensitive to 3,5-DCP, than
P. tigrinus. The chlorophenols that produced most in-
hibition of hyphal growth were 2,3,4-TCP, 2,4,5-TCP,
2,4,6-TCP and PCP at the lowest concentrations of
15–50 ppm. Comparison of the most toxic chlorophen-
ols showed that PCP completely inhibited hyphal
growth of P. tigrinus and C. versicolor at different con-
centrations, of 25 and 75 ppm respectively. All TCP
molecules inhibited hyphal growth completely at 50
ppm, but 2,4,6-TCP was marginally less toxic at 15–25
ppm than 2,3,4- and 2,4,5-substituted compounds.

Liquid media cultures

In liquid cultures the dynamics of biomass growth of
both fungi were dependent on the nitrogen content
of the growth media: low nitrogen medium restricted
any increase of biomass weight after the fifth day of
cultivation (Figure 2).

To minimize the toxic effect of 2,4,6-TCP two dif-
ferent schemes for its addition to liquid cultures of
fungi were tested: stepwise addition starting from the
point of inoculation and single addition at fifth day of
growth when cultures had reached sufficient weight of
biomass.

Final concentrations of 2,4,6-TCP for the stepwise
addition (15 and 25 ppm for C. versicolor, and 25
and 50 ppm for P. tigrinus), were chosen based on
results of experiments with PDA-cultures, where there
was relatively stronger resistance to this compound by

Figure 1. The effect of increasing concentration of chlorophen-
ols on hyphal growth of PDA cultures of P. tigrinus (A) and C.
versicolor (B). 1, mono-, 2, di-, 3, tri- and pentachlorophenols.

P. tigrinus (Figure 1). The experiments with liquid
fungal cultures resulted in a similar effect: 25 ppm
of 2,4,6-TCP almost completely inhibited growth of
C. versicolor while the P. tigrinus culture had some
increase of its biomass. On the other hand, margin-
ally toxic concentrations of 2,4,6-TCP (15 ppm for C.
versicolor and 25 ppm for P. tigrinus), which still per-
mitted some biomass growth, negated the differences
between low- and high- nitrogen cultures (Figure 2).
In both cases general biomass weight reached after 2
weeks growth was significantly less than that in con-
trol cultures with low nitrogen media without addition
of 2,4,6-TCP.

When 2,4,6-TCP (50 ppm) was added on the fifth
day after inoculation of the liquid cultures, differences
between low and high nitrogen cultures disappeared,
its effect was less toxic, so cultures of both P. tigrinus
and C. versicolor after two weeks growth, reached
the same amount of biomass as low nitrogen control
cultures (Figure 3).

During submerged cultivation of P. tigrinus and C.
versicolor in liquid media without addition of 2,4,6-
TCP, both fungi produced Mn-peroxidase and laccase
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Figure 2. Dynamics of biomass growth in the liquid cultures of
P. tigrinus (A) and C. versicolor (B) with stepwise addition of
2,4,6-TCP. Solid lines with black symbols – high nitrogen cultures,
dashed lines with open symbols – low nitrogen cultures. Concentra-
tion of 2,4,6-TCP in P. tigrinus cultures (A): 0 (�), 25 (�) and 50
(�) ppm. Concentration of 2,4,6-TCP in C. versicolor cultures (B):
0 (�), 15 (�) and 25 (�) ppm.

(Figure 4). No lignin peroxidase activity was found in
the culture liquid of these fungi. Low nitrogen con-
centration in culture liquids of both P. tigrinus and C.
versicolor increased Mn-peroxidase (MnP) production
by a factor of two, in comparison with high nitrogen
media. Laccase production by C. versicolor was not
dependent on nitrogen concentration, while P. tigrinus
showed increased laccase production in high nitrogen
medium.

Stepwise addition of 25 ppm 2,4,6-TCP to P.
tigrinus cultures reduced MnP activity and delayed
laccase production up to the sixth day of cultivation
compared with an increase in its activity measured in
both low and high nitrogen media (Figure 4a). Both
of these enzyme activities were hardly detected at 50

Figure 3. Dynamics of biomass growth in the liquid cultures of P.
tigrinus (A) and C. versicolor (B) with addition of 2,4,6-TCP at fifth
day of cultivation. Solid lines with black symbols – high nitrogen
cultures, dashed lines with open symbols – low nitrogen cultures;
2,4,6-TCP concentration: 0 (�) and 50 (�) ppm. The arrows mark
the moment of 2,4,6-TCP addition.

ppm of toxicant (data not shown), with a substan-
tial decrease of MnP and laccase activities. Stepwise
addition of 15 ppm of 2,4,6-TCP to C. versicolor cul-
tures completely inhibited MnP production and only
changes in laccase activity could be detected (Figure
4b). No enzyme activity was found in C. versicolor
cultures with 25 ppm of 2,4,6-TCP (data not shown).

The addition of 2,4,6-TCP on the fifth day of
growth of P. tigrinus cultures almost completely sup-
pressed extracellular laccase activity but stimulated a
reciprocal increase of MnP activity. When 2,4,6-TCP
was added under the same conditions to culture of C.
versicolor, its effect on the enzyme composition in
the culture liquid was opposite to that of P. tigrinus.
The dynamics of laccase activity was not significantly
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Figure 4. Dynamics of laccase (1, 3) and MnP (2, 4) activities in the liquid cultures of P. tigrinus (A) and C. versicolor (B) with stepwise
addition of 2,4,6-TCP. Designations are as in the Figure 2.

changed, but MnP activity declined drastically (Figure
5).

Dynamics of 2,4,6-TCP transformation

Quantitative analysis of the concentration of 2,4,6-
TCP in triplicate liquid cultures of P. tigrinus and C.
versicolor revealed that this compound was adsorbed
by the fungal mycelium: 9 ± 1% of TCP was adsorbed
in low nitrogen cultures and 14±1% – in high nitrogen
cultures. These data were not dependent on culture
age nor on the total concentration of 2,4,6-TCP in the
culture. Further data concerning the chlorophenol con-
centration was calculated as a sum of “free” TCP in
culture liquid and adsorbed TCP.

In the liquid fungal cultures with stepwise addition
of 2,4,6-TCP (up to 25 ppm for P. tigrinus and 15

ppm for C. versicolor) only a residual amount of TCP
was found in low nitrogen cultures by HPLC analysis
on the sixth day of cultivation. In the high nitrogen
cultures, from 10 to 20% of this chlorophenol was
still detected. These data were confirmed by record-
ing the absorption spectra of the culture liquid (data
not shown). In both cultures with higher concentra-
tion of 2,4,6-TCP (50 ppm, P. tigrinus and 25 ppm C.
versicolor) up to 20% of 2,4,6-TCP could be detected
after two weeks of cultivation independently from the
nitrogen concentration.

When 50 ppm of 2,4,6-TCP was added to cultures
on the fifth day of growth, 90% had been removed
from the cultures, for both P. tigrinus and C. ver-
sicolor. In low nitrogen cultures the rate of removal
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Figure 5. Dynamics of laccase and MnP activity in the liquid cultures of P. tigrinus (A) and C. versicolor (B) with addition of 2,4,6-TCP at
fifth day of cultivation. Designations are as in the Figure 2.

was more rapid than in high nitrogen cultures for the
first 12–48 hours (Figure 6).

As the main products of 2,4,6-TCP (I) de-
gradation by both fungal cultures 2,6-dichloro-1,4-
benzoquinone (II), 2,6-dichloro-1,4-hydroquinol (III)
(Figures 7, 8) and unidentified products with M+ 360
(IV) were found. A trace amount of 2,6-dichloro-4-
methoxyphenol (V) and 2,6-dichloro-4-methoxy-1,3-
dihydroxybenzene (VII) were also detected (data not
shown) (Figure 8). The formation of two chlorine-
containing derivatives demonstrated that the fungi
effected dechlorination of 2,4,6-TCP in the para-
position. In the case of stepwise addition of TCP, this
set of products was detected after 3 day of cultiva-
tion in both low and high nitrogen cultures. When
2,4,6-TCP was added at day 5 to the fungal cul-
tures, the products were found already after 3 (low

Figure 6. Dynamics of the rate of 2,4,6-TCP transformation. 50
ppm of 2,4,6-TCP was added at fifth day of cultivation to low and
high nitrogen cultures of P. tigrinus (�) and C. versicolor (�). Solid
lines with black symbols – high nitrogen cultures, dashed lines with
open symbols – low nitrogen cultures.
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Figure 7. Mass-spectra of the complex of 2,6-dichloro-1,4-hydroquinol with 2,6-dichloro-1,4-benzoquinone and 2,6-dichloro-1,4-hydroquinol.

N) or 6 (high N) hours. Preliminary evaluations of
unidentified product (IV) suggested that it might be a
condensed oligomeric compound containing less than
two chlorine substituents per each aromatic nucleus,
as a result of further dechlorination of 2,4,6-TCP.

Purified MnPs and laccases from P. tigrinus and
C. versicolor incubated with 0.5-6.0 mM 2,4,6-TCP
for 18–24 hours at 30 ◦C oxidized 70-90% of TCP.
2,6-Dichloro-1,4-benzoquinone (II) and 2,6-dichloro-
1,4-hydroquinol (III), as well as condensed oligomeric

compound (IV), were found as the only products of
this reaction (Figure 8).

Discussion

The results obtained demonstrate that PDA cultures of
P. tigrinus and C. versicolor were affected similarly by
the majority of the tested CPs. The CPs with chlorine
substitution at meta-positions were shown to be less
able to be metabolized by fungal enzymes (and prob-
ably more toxic), than CPs substituted in ortho- and
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para-positions (Dec & Bollag 1990; Kadhim et al.
1999). We also found that 3-CP, 3,5-DCP and 2,3,4-
TCP were more toxic for both P. tigrinus and C. ver-
sicolor (as well as 2,3- and 3,4-DCP for C. versicolor),
than other mono-, di- and tri-chlorophenols. On the
other hand, for cultures of P. tigrinus no differences in
toxicity of 2,3-, 3,4- and 2,4-, 2,5- and 2,6-DCPs were
found (Figure 1). The increased resistance to PCP of
our strain of C. versicolor corresponded to data of Al-
leman et al. (1992), when another strain of Trametes
(Coriolus) versicolor in the presence of PCP was the
most fast growing and CP removing from six tested
fungi.

The results found for PDA cultures with 2,4,6-TCP
correlated with the data of liquid cultures of the fungi.
Despite the similar range of toxicity of this compound
to both fungi in PDA cultures (in contrast, for instance,
to PCP), P. tigrinus was more resistant to 2,4,6-TCP in
the range of concentrations 15-25 ppm. Experiments
with liquid cultures with stepwise addition of TCP re-
vealed that P. tigrinus was again more tolerant to the
toxicant at these concentrations (Figure 2).

The comparison of stepwise addition of 2,4,6-
TCP and addition at the fifth day of growth of liquid
cultures of P. tigrinus and C. versicolor showed an
obvious advantage of the second scheme. While 25
ppm of 2,4,6-TCP almost completely suppressed the
biomass growth and expression of extracellular en-
zymes in the culture of C. versicolor with stepwise
addition of the toxicant, in the case of addition of 50
ppm of this compound at the fifth day of growth, only
a minimal toxic effect could be observed (Figure 2–
4). These data are in accordance with results of other
researchers, stressed the importance of addition of tox-
icants to fungal cultures after formation of mycelial
mat (Milleski et al. 1988), as well as the expression
of effective concentrations of toxicant as a ratio of the
mass of chemicals to the mass of mycelium instead of
solution concentrations (Alleman et al. 1992).

The expression of ligninolytic enzyme systems of
the white rot fungi is dependent from the concentra-
tion of definite nutrients in the growth media (Kirk
& Farrell 1987). According to this approach, the
limited amount of nitrogen sources in the medium ini-
tiated the expression of ligninolytic enzymes, while
high nitrogen medium resulted in complete or partial
suppression.

Both P. tigrinus and C. versicolor showed a greater
rate of 2,4,6-TCP oxidation in low nitrogen media than
in high nitrogen media (Figure 6), suggesting that the
lignin-degrading enzyme systems participated in this

process. The absence of differences in this respect in
the cases of cultures with maximal concentrations of
the TCP at stepwise addition (50 ppm for P. tigrinus
and 25 ppm for C. versicolor), seems to be a result of
its strong toxic effect.

MnP and laccase were found as components of
the ligninolytic enzyme systems of both tested fungi.
In the P. tigrinus cultures with stepwise addition of
2,4,6-TCP, irrespective of nitrogen concentration in
the growth medium, the majority of TCP disappeared
by the sixth day of growth. Before this time only MnP
activity could be found in the culture liquid (Figure
4a). When 2,4,6-TCP was added to P. tigrinus cul-
ture grown for 5 days, its rapid disappearance was
detected during the first day, coinciding with the sharp
suppression of laccase and activation of MnP activit-
ies (Figure 5a). This permits us to suggest that in P.
tigrinus cultures, from the two ligninolytic enzymes
being found in the culture liquid, MnP was responsible
for primary attack of 2,4,6-TCP. In the cultures of C.
versicolor with stepwise addition of toxicant, no MnP
activity was found at all but only laccase activity (Fig-
ure 4b). In the cultures of C. versicolor with addition
of 2,4,6-TCP on the fifth day of cultivation, resulting
in fast removal of TCP, the activity of MnP was re-
duced, while laccase activity was unaffected by TCP
in comparison with blank cultures without the toxic-
ant (Figure 5b). Therefore in contrast to P. tigrinus
cultures, in the case of C. versicolor laccase was re-
sponsible for initial transformation of 2,4,6-TCP, not
MnP.

2,6-Dichloro-1,4-benzoquinone (II) and 2,6-
dichloro-1,4-hydroquinol (III) were the primary
products of 2,4,6-TCP transformation in P. tigrinus
and C. versicolor cultures. When 2,4,6-TCP was
oxidized by purified MnP from P. tigrinus and laccase
from C. versicolor, only these two compounds (as well
as oligomeric product (IV)) were found (Figure 8).
The formation of 2,6-dichloro-4-methoxyphenol (V)
and 2,6-dichloro-4-methoxy-1,3-dihydroxybenzene
(VII) when 2,4,6-TCP was oxidized by intact fungal
cultures, is probably a result of a side reaction cata-
lyzed by cell-associated methyltransferases (Joshi &
Gold 1993; Reddy et al. 1998). The existence of
polymeric products which might contain less than
two chlorines on the aromatic nucleus is in agreement
with a pathway of degradation of 2,4,6-TCP by P.
chrysosporium, described earlier (Reddy et al. 1998).

It is of interest, that purified laccase from P.
tigrinus and MnP from C. versicolor catalyzed the
same reaction with 2,4,6-TCP, as MnP from P. tigrinus
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Figure 8. Scheme of primary reaction of 2,4,6-TCP oxi-
dation by ligninolytic enzymes of P. tigrinus and C. ver-
sicolor. I, 2,4,6-TCP, II, 2,6-dichloro-1,4-benzoquinone, III,
2,6-Dichloro-1,4-hydroquinol, IV, oligomeric condensed pro-
duct, V, 2,6-dichloro-4-methoxyphenol, VI, 3,5-dichloro-1,2,4-
trihydroxybenzene, VII, 2,6-dichloro-4-methoxy-1,3-dihydroxy-
benzene.

and laccase from C. versicolor which seem to be pref-
erentially responsible for primary oxidation of this
compound in the intact fungal cultures. It may reflect
the fact that the different roles of MnP and laccase
for 2,4,6-TCP oxidation in the cultures of P. tigrinus
and C. versicolor resulted from a different mode of
regulation of expression of these enzymes in the two
fungi, rather than their different properties.
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