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Extensive biodegradation of pentachlorophenol (PCP) by the white rot fungus Phanerochaete chrysosporium
was demonstrated by the disappearance and mineralization of ['4CJPCP in nutrient nitrogen-limited culture.
Mass balance analyses demonstrated the formation of water-soluble metabolites of ['4C]PCP during degrada-
tion. Involvement of the lignin-degrading system of this fungus was suggested by the fact that the time of onset,
time course, and eventual decline in the rate of PCP mineralization were similar to those observed for
['4C]lignin degradation. Also, a purified ligninase was shown to be able to catalyze the initial oxidation of PCP.
Although biodegradation of PCP was decreased in nutrient nitrogen-sufficient (i.e., nonligninolytic) cultures of
P. chrysosporium, substantial biodegradation of PCP did occur, suggesting that in addition to the lignin-
degrading system, another degradation system may also be responsible for some of the PCP degradation
observed. Toxicity studies showed that PCP concentrations above 4 mg/liter (15 ,uM) prevented growth when
fungal cultures were initiated by inoculation with spores. The lethal effects of PCP could, however, be
circumvented by allowing the fungus to establish a mycelial mat before adding PCP. With this procedure, the
fungus was able to grow and mineralize [14CJPCP at concentrations as high as 500 mg/liter (1.9 mM).

Pentachlorophenol (PCP) has been used extensively as a
wood preservative, fungicide, bactericide, herbicide, mol-
luscicide, algicide, and insecticide (7). Although numerous
reports have shown that PCP undergoes biodegradation, its
biodegradation in the environment is, in fact, often slow (see
references 7, 17, and 18 for reviews of PCP degradation).
This, coupled with its extensive use, has led to the contam-
ination of many terrestrial and aquatic ecosystems world-
wide. Of concern to the public is the possibility that large
numbers of humans may be nonoccupationally exposed to
PCP (17).
The white rot fungus Phanerochaete chrysosporium has

been shown to degrade a wide variety of environmentally
persistent organopollutants, including a number of organo-
halides (1-6, 8). The ability to degrade such a diverse group
of compounds has been shown to be dependent on the
nonspecific and nonstereoselective lignin-degrading system
which is expressed by this microorganism under nutrient
(nitrogen, carbon, or sulfur)-limiting conditions (13, 15, 16).
The lignin-degrading system consists, in part, of a family of
lignin peroxidases (commonly known as ligninases), which
are able to catalyze the initial oxidative depolymerization of
the lignin polymer (16, 21, 22). It has recently been shown
that ligninases are also able to catalyze the initial oxidation
of a number of environmentally persistent xenobiotics (5, 10,
11, 19). In this study, we present evidence that the lignin-
degrading system is also responsible for degradation of PCP.
Additionally, we have developed conditions which allow P.
chrysosporium to survive and degrade PCP at concentra-
tions that are typically lethal to the fungus.

MATERIALS AND METHODS

Fungus. P. chrysosporium (BKM-F-1767) was obtained
from the United States Department of Agriculture, Forest
Products Laboratory (Madison, Wis.). The organism was
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maintained on malt agar slant cultures at room temperature
and was subcultured every 30 to 60 days.

Chemicals. PCP and 2,3,5,6-tetrachloro-2,5-cyclohexa-
diene-1,4-dione (TCHD) were obtained from Aldrich Chem-
ical Co. (Milwaukee, Wis.). Carbon-14-labeled PCP (10.57
mCi/mmol) and glucose (1.88 mCi/mmol) were obtained from
Pathfinder Laboratories, Inc. (St. Louis, Mo.). Purity of
[14C]PCP was assessed by migration of the compound on
thin-layer chromatography or high-pressure liquid chroma-
tography (HPLC). Radiolabeled PCP was purified by thin-
layer chromatography to at least 98% purity. [14C]glucose
required no further purification for use in these studies.

Culture conditions. To determine PCP disappearance, min-
eralization, or toxicity, stationary-phase cultures ofP. chrys-
osporium were incubated at 37 to 39°C in 10 ml of nutrient
nitrogen-limited culture medium containing 56 mM glucose,
trace elements, thiamine (1 mg/liter), and 1.2 mM ammonium
tartrate in 20 mM 2,2-dimethylsuccinate buffer, pH 4.2 (9,
15). Nutrient nitrogen-sufficient cultures were grown in the
same medium except that the ammonium tartrate concentra-
tion was 12 mM. Cultures were inoculated with a spore
suspension (1 ml; 0.8 to 1.6 absorbance units at 600 nm),
grown under ambient atmosphere for 3 days, and then
flushed every 3 days with oxygen (99.9%). In one experiment
(Fig. 2), [14C]PCP was added to the cultures after inocula-
tion. All other experiments with PCP were initiated by
adding the PCP in a small amount of acetone or ethanol (100
,ul or less) to cultures after 6 days of growth in order to
overcome the toxicity of PCP to spore germination, which
occurs at levels above 4 mg/liter (15 ,uM). Cultures were
grown in medium bottles (250 ml) sealed with Teflon-lined
screw caps. It should be noted that the solubility of PCP in
water is 20 to 25 mg/liter (76 to 95 ,uM). Thus, at concentra-
tions higher than 25 mg/liter (95 p.M), the concentration of
PCP must be regarded as nominal.

Mineralization of PCP and respiration of glucose. To mea-
sure the evolution of 14C02 from cultures containing either
[14C]PCP or [14C]glucose, the caps of the incubation flasks
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were modified to include gas exchange manifolds as de-
scribed (6). Every 3 days the headspaces of the incubation
flasks were flushed for 20 min with oxygen (99.9%), and the
CO2 evolved was trapped in 10 ml of a solution containing
ethanolamine-methanol-Safety-Solve scintillation cocktail
(Research Products International Corp., Mt. Prospect, Ill.)
(1:4:5). The amount of 14CO2 trapped was determined by
liquid scintillation spectrometry.
PCP concentration. The amount of PCP remaining in

cultures was determined after homogenization and extrac-
tion by HPLC with a C-18 reverse-phase column (4.6 by 250
mm) packed with either R-Sil C-18 (10 ,um) or Econosphere
C-18 (5 ,m) (Alltech Associates). PCP was eluted from the
column with acetonitrile-H20-glacial acetic acid (75:25:
0.125) at a flow rate of 1 ml/min. Elution was monitored at
238 nm and quantitated by peak area with a Hewlett-Packard
digital integrator (model 3390A). A standard curve was
determined daily by plotting the peak area obtained from the
integrator versus known standard amounts of PCP injected.
At the time of harvest, 1 ,umol of sodium azide was added

to the cultures to inhibit enzyme activity. The harvested
cultures were stored at -20°C until they were homogenized
in a glass tissue homogenizer with a motor-driven Teflon
pestle. Culture flasks were rinsed with absolute ethanol (5
ml), followed by water (5 ml), and the rinses were combined
with the homogenates and stored at -20°C. PCP was ex-
tracted from 0.5- to 5-ml samples of culture homogenates
with hexane (0.5 to 2 ml) following the addition of 1 ml of
H20 saturated with NaCl.
Mass balance experiments. Nutrient nitrogen-limited and

nutrient nitrogen-sufficient cultures of P. chrysosporium
were established in 250-ml Wheaton medium bottles
equipped with a gas exchange manifold and allowed to grow
for 3 days under an atmosphere of air and 3 days under an
atmosphere of 02, after which time [14C]PCP (13.6 nmol)
was added in 10 ,ul of acetone. The cultures were then
flushed with oxygen and incubated for 4 more days, after
which the amount of 14CO2 evolved was assayed as de-
scribed above. The cultures were then homogenized in a
Potter-Elvehjem homogenizer equipped with a Teflon pestle.
The homogenized material was then extracted with two
50-ml portions of hexane, which were then pooled (hexane
fraction). Following the hexane extraction, the aqueous
phase was acidified to pH 2.0 with concentrated HCl and
extracted with two 50-ml portions of methylene chloride,
which were then pooled (acidic CH2Cl2 fraction). The my-
celium was separated from the aqueous fraction by filtration.
Safety-Solve (10 ml) was then added to the recovered
mycelium in a scintillation vial. Safety-Solve (10 ml) was
also added to 1-ml samples of the hexane, methylene chlo-
ride, and aqueous fractions. The radioactivity of all fractions
was determined by liquid scintillation spectrometry.
Enzyme assay. Ligninase activity was measured by the

veratryl alcohol oxidase activity assay described previously
(22).

Ligninase purification. Ligninases were produced by 1-liter
agitated cultures of P. chrysosporium in 2.8-liter Fernbach
flasks. Inoculum for the agitated cultures was obtained from
2-day-old cultures as previously described (12) except that
the medium used to grow the inoculum contained 10 mM
dimethylsuccinate (sodium), pH 4.5, in addition to 56 mM
glucose, 1.2 mM ammonium tartrate, thiamine (1 mg/liter),
and a mineral supplement (15) and the inoculating cultures
were grown under ambient atmosphere instead of 100%
oxygen. The medium used to grow agitated cultures con-
tained 10 mM dimethylsuccinate (sodium), pH 4.5, 56 mM

glucose, 1.2 mM ammonium tartrate, 0.4 mM veratryl alco-
hol, 0.6 mM benzyl alcohol, 0.1% (vol/vol) Tween 80,
thiamine (1 mg/liter), and a sevenfold-greater concentration
of mineral supplement (12). The extracellular fluid was
harvested after incubating the cultures for 5 days at 37°C on
a rotary shaker (200 rpm) under ambient atmosphere. The
mycelium was removed by filtering the extracellular fluid
with a Buchner funnel under a slight vacuum. The extracel-
lular fluid was frozen overnight at -20°C, filtered, and
centrifuged (10,000 x g, 15 min) to remove mucilaginous
material, which interfered with concentration and chroma-
tography. The resultant fluid was concentrated to 500 ml and
132 ml with a Millipore Minitan (Bedford, Mass.) and an
Amicon concentrator, respectively, both equipped with a
membrane having a 10,000-molecular-weight exclusion limit.
This concentrate was dialyzed overnight in two 1-liter
changes of 20 mM sodium succinate, pH 6.0, and then
applied to a DEAE-Sepharose column (1 by 12.5 cm) and
eluted with the same buffer. Two peaks having veratryl
alcohol oxidase activity were eluted with 20 mM sodium
succinate, pH 6.0, and the second peak which eluted be-
tween 180 and 312 ml was selected for further purification.
The pooled fractions were concentrated (8 ml) and dialyzed
against 10 mM sodium acetate, pH 6.0, the buffer used in the
subsequent fast protein liquid chromatography. The prepa-
ration was applied to a Mono Q HR 10/10 column (Phar-
macia, Uppsala, Sweden), washed with 25 ml of 10 mM
sodium acetate, pH 6.0, and eluted with a gradient of 10 mM
to 0.7 M sodium acetate, pH 6.0 (1 ml/min, 50 min).
A peak which eluted at 0.18 M sodium acetate was

collected and analyzed for purity by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and isoelectric focusing
under denaturing conditions, both of which showed only one
band of protein. This peak eluted at the same ionic strength
as one previously designated H-2 (14).
PCP oxidation. Incubations (4 ml) to monitor the oxidation

of PCP and formation of product consisted of 20 mM sodium
tartrate, pH 3.0, 25 nM ligninase, 25 ,uM PCP, 20 jiM H202,
and 10% N,N-dimethylformamide. Reactions were initiated
by adding H202. This mixture was incubated at room tem-
perature for 10 min, and the reaction was terminated by
addition of 1.4 g of NaCl and 1 ml of hexane. The PCP and
TCHD were extracted by mixing vigorously on a Vortex
mixer for 30 s, after which the phases were separated by
centrifugation (900 x g, 5 min). Portions of the extract were
analyzed by HPLC as described above except that elution of
TCHD and PCP was monitored at 290 nm for the first 5 min
and then at 238 nm for the remaining time. TCHD and PCP
were quantitated by extrapolation by using their peak areas
obtained by a digital integrator from a standard curve ofpeak
area versus standard amounts of TCHD and PCP.

RESULTS

Biodegradation of PCP. Figure 1 demonstrates that PCP
underwent rapid and extensive degradation in nutrient nitro-
gen-limited cultures of P. chrysosporium. At an initial con-
centration of 1.1 mg/liter (4.2 ,uM), a 97% decrease in PCP
concentration was observed in 28 h of incubation relative to
uninoculated controls.

Biodegradation of PCP by P. chrysosporium was also
demonstrated by mineralization of ['4C]PCP. Figure 2 shows
that 23 + 2% of the ['4C]PCP had been mineralized after 30
days of incubation in nutrient nitrogen-limited cultures of P.
chrysosporium. It should be noted that the amount of 1'4CO2
evolved from [14C]PCP in nutrient nitrogen-limited cultures
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FIG. 1. PCP degradation by cultures of P. chrysosporium. Nu-

trient nitrogen-limited (1.2 mM ammonium tartrate) cultures of P.
chrysosporium (U) containing PCP were incubated for the specified
times, homogenized, extracted, and analyzed by HPLC with UV
absorbance at 238 nm used to detect and quantitate PCP. Cultures
inoculated with P. chrysosporium were analyzed in triplicate, and
the data plotted are the means ± standard deviation. A single
uninoculated sterile control ([1) containing PCP was analyzed by the
same method at various times during the experiment.

was variable between experiments. In some experiments the
amount of 14CO2 evolved was greater than 50%. This type of
variation is similar to that observed during ['4C]DDT miner-
alization (3) under these conditions. Figure 2 also shows
that, like [14C]lignin mineralization (6, 13), mineralization of
[14C]PCP was suppressed (10.1 ± 4.7% mineralized) when
nutrient nitrogen was not limiting.
Mass balance experiments were also performed after

[14C]PCP (13.6 nmol) had been incubated in nutrient nitro-
gen-limited and nutrient nitrogen-sufficient cultures of P.
chrysosporium. Results (Table 1) showed that, in nutrient
nitrogen-limited cultures, extensive degradation of [14C]PCP

0-

0L

E

0

L-
0

P

E
0L

800

600

400

200

0

0 10 20 30

Days
FIG. 2. Effect of nutrient nitrogen on PCP mineralization by P.

chrysosporium. Cultures containing either 12 mM ammonium tar-
trate (-; nitrogen sufficient) or 1.2 mM ammonium tartrate (A;
nutrient nitrogen limited) were incubated with 5.0 nmol of [14C]PCP.
Values are the means + standard deviations for triplicate cultures. A
single uninoculated sterile control (O) was incubated with 5.0 nmol
of [14C]PCP.

TABLE 1. Mass balance analysis of P. chrysosporium cultures 4
days after addition of [14C]PCP to 6-day-old cultures

% of radioactivity recovereda
Fraction Nitrogen- Nitrogen-

limited culture sufficient culture

Hexane 8.9 51.1
Acidic CH2CJ2 13.0 4.3
Aqueous 24.8 26.8
Mycelium 2.8 7.6
CO2 50.5 10.2

a The total radioactivity recovered from nutrient nitrogen-limited and
nutrient nitrogen-sufficient cultures was 70 and 67%, respectively.

occurred, as evidenced by the fact that 50.5% of the recov-
ered radioactivity was present as 14CO2 and 24.8% was
present as water-soluble metabolites of [14C]PCP. Only 2.8%
of the recovered radioactivity had been incorporated into the
fungal mycelium. Mass balance results also showed that
substantial biodegradation of [14C]PCP occurred in nutrient
nitrogen-sufficient cultures of P. chrysosporium, since 10.2%
of the recovered radioactivity was present as 14CO2 while
26.8% was present as water-soluble metabolites and 7.6%
had been incorporated into fungal mycelium.
PCP toxicity. Initial results showed that PCP concentra-

tions of -4 mg/liter (15 ,uM) or higher prevented growth
when cultures of P. chrysosporium were initiated with
spores. However, it was found that if cultures were allowed
to establish a mycelial mat before the addition of PCP, the
lethal effects of PCP could be circumvented. To examine
possible toxic effects of PCP on fungal respiration (as
measured by metabolism of [14C]glucose to 14CO2), cultures
of P. chrysosporium were incubated with [14C]glucose and
concentrations of PCP between 0 and 500 mg/liter (1.9 mM).
Table 2 shows that, except for nitrogen-limited cultures
containing 500 mg of PCP per liter (1.9 mM), increasing PCP
concentration had remarkably little ability to inhibit fungal
respiration, as determined by measuring the total amount of
[14C]glucose metabolized to 14CO2 during the 24-day incu-
bation period.
The effect of PCP concentration on its own mineralization

is presented in Table 3. The amount of PCP mineralized
increased with increasing PCP concentrations under both
nutrient nitrogen-limited and -sufficient conditions.
PCP oxidation by a purified ligninase. Extraction and

HPLC analysis of an incubation mixture containing PCP,
ligninase, H202, and 10% N,N-dimethylformamide resulted
in the loss (9.3 ,uM) of PCP and the appearance ofTCHD (7.3

TABLE 2. Effect of PCP on respiration of P. chrysosporiuma
Mean amt of [14C]glucose converted to

PCP concn, '4CO2 during 24 days of incubationb
mg/liter (mM) N-limited N-sufficient

cultures cultures

0 (0) 31.6 ± 11.9 38.7 ± 3.4
1 (0.0038) 42.6 ± 3.5 39.6 ± 1.0

10 (0.038) 28.1 ± 16.8 38.5 ± 2.8
100 (0.38) 25.9 ± 12.6 39.6 ± 1.9
500 (1.9) 0.5 ± 0.03 39.1 ± 2.2

a [14C]glucose (53.2 nmol, 100 nCi) and the indicated amount of PCP were
added to 6-day-old cultures. Cultures were then incubated for another 24
days.

b Values (nanomoles) represent means + the standard deviations for
quadruplicate cultures.
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TABLE 3. Effect of initial PCP concentration on the rate of its mineralization by P. chrysosporium

Mean amt (nmol, +SD) of PCP mineralized in 24 % of initial PCP concn mineralizedb
Initial concn of days of incubation
PCP, mg/liter

(mM)a N-limited cultures N-sufficient N-limited N-sufficient
cultures cultures cultures

1 (0.0038) 19.0 ± 1.7 5.5 ± 0.5 50.0 ± 4.6 14.6 ± 1.3
10 (0.038) 160.4 ± 43.7 41.8 ± 13.7 42.2 ± 11.5 11.0 ± 3.6

100 (0.38) 851.2 ± 623.2 285.0 ± 14.4 22.4 ± 16.4 7.5 ± 3.8
500 (1.9) 1,349.0 ± 342 931.0 ± 285.0 7.1 ± 1.8 4.9 ± 1.5

a The indicated amount of PCP (containing 155 nCi of [14C]PCP) was added to 6-day-old cultures. Cultures were then incubated for another 24 days.
b Values (nanomoles) represent mean ± standard deviation for quadruplicate or triplicate cultures.

piM) (Fig. 3). The amount of TCHD formed accounted for
78% of the PCP oxidized. The peak eluting at 4.11 min had
the same retention time and UV spectrum as authentic
TCHD.

DISCUSSION

These results demonstrate that P. chrysosporium is able to
cause extensive degradation of PCP. Biodegradation was
demonstrated by disappearance, intermediary product for-
mation, mineralization of [14C]PCP, and mass balance anal-
yses. We have also demonstrated that degradation of PCP is
dependent on the lignin-degrading system of this fungus, as
evidenced by the fact that the temporal onset, time course,
and eventual decrease in the rate of mineralization were
similar to those seen for [14C]lignin in nutrient nitrogen-
limited cultures of P. chrysosporium (6, 15). Similarly, we
have shown that, like lignin mineralization (6, 15), mineral-
ization of PCP is promoted in nutrient nitrogen-limited
cultures of P. chrysosporium and suppressed in nutrient
nitrogen-sufficient cultures. Direct evidence for the involve-
ment of the lignin-degrading system in PCP degradation was
demonstrated by the fact that a purified ligninase (isolated
from nutrient nitrogen-limited cultures of P. chrysosporium)
catalyzed the initial oxidation of PCP.

It is interesting that, relative to other environmentally
persistent organohalide pollutants, [14C]PCP underwent a
greater degree of mineralization under the same culture
conditions (4). It is also interesting that even under nutrient
nitrogen-sufficient conditions, substantial mineralization of
[14C]PCP occurred. In fact, the amount of [14C]PCP miner-

PCP

0 5 10 20

TIME (min)
FIG. 3. HPLC chromatogram of the reaction mixture obtained

after PCP oxidation by a purified ligninase. The incubation mix
contained 20 mM sodium tartrate, pH 3.0, 10% dimethylformamide,
25 nM ligninase, and 25 ,uM PCP, and reactions were initiated with
H202 (20 ,uM). After 10 min, the incubation mix was extracted with
hexane. TCHD and PCP were identified by comigration with au-
thentic standards.

alized in nutrient nitrogen-sufficient cultures (10.1 + 4.7%)
typically was similar in magnitude to the amount of miner-
alization observed for a number of other environmentally
persistent chemicals under nutrient nitrogen-limited condi-
tions. For example, we have shown that [14C]DDT,
['4C]lindane, and [14C]chlordane underwent 10.5 + 5.8%,
15.2 + 6.2%, and 10.2 + 1% mineralization, respectively,
during 30 days of incubation with P. chrysosporium under
nutrient nitrogen-limited conditions (3, 4, 6). These results
may indicate that, in addition to the lignin-degrading system,
another degradative system exists in this fungus that is also
able to degrade PCP. An alternative explanation may be
that, in nutrient nitrogen-sufficient cultures, the carbon
source that serves as a growth substrate (i.e., glucose)
declines to levels sufficiently low that the lignin-degrading
system is induced by carbon limitation. In support of this
hypothesis is the fact that the ligninases are synthesized
under some culture conditions in response to carbon limita-
tion (16).
PCP has been shown to be present in wood treatment plant

wastewater effluents at concentrations ranging from 25 to
150 mg/liter (95 to 570 ,uM) (20). Concentrations of up to 500
mg/kg of a technical mixture of chlorophenols (including
PCP) in soil from a wood treatment facility have been
reported (23), and even higher concentrations may be
present in soils at other wood treatment facilities.
We have suggested that P. chrysosporium may be useful in

the biodegradation of hazardous organochemical wastes in
some waste treatment systems (6). However, it seems par-
adoxical to suggest the use of this wood-rotting fungus for
PCP degradation, since PCP has been used quite success-
fully as a wood preservative for many years by inhibiting the
growth of such fungi. Cultures of P. chrysosporium could
not be established by inoculation with fungal spores in the
presence of PCP concentrations greater than 4 mg/liter (15
,uM). The lethal effects of PCP were circumvented by
allowing the fungus to establish a mycelial mat before PCP
was added. The precise mechanism by which the lethal
effects of PCP were circumvented is unknown. However,
since PCP is an inhibitor of oxidative phosphorylation, it is
reasonable to suggest that the minimal energy requirements
for new growth from spores cannot be met in the presence of
PCP concentrations greater than 4 mg/liter (15 jiM). In
contrast, the minimal energy requirements for established
fungal mats would be expected to be substantially less than
those of newly formed, rapidly dividing hyphae. Thus, the
fact that PCP was not lethal to previously established fungal
mats might be due to the inability of PCP to cause lethal
inhibition of oxidative phosphorylation in these cells. Be-
cause initial mineralization experiments were performed
with low (nonlethal) levels of [14C]PCP, it was of interest to
demonstrate that PCP concentrations of up to 500 mg/liter
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were not lethal and that the fungus retained the ability to
degrade substantial amounts of PCP. This, and the facts that
the lethal effects observed above 4 mg/liter (15 ,uM) could be
circumvented and that P. chrysosporium could be cultured
at PCP concentrations as high as 500 mg/liter (1.9 mM),
suggests that waste treatment systems can be designed
which should be able to accommodate PCP concentrations at
least this high.
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