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Abstract The removal percentage (94%) of 100 ppm of
pyrene in a shaken culture of white rot fungus, Irpex lacteus,
was much higher than that in a static culture (37.9%). Over
90% of the pyrene disappeared with I lacteus grown at
15-27°C, yet less than 50% was removed at 37°C. The
transformation rates of pyrene (4.5- 5.0 pg/ml/day) were not
very different among cultures with 5-30% inoculum sizes,
and over 90% of the 100 ppm pyrene was removed in every
case during 20 days of incubation. The biodegradation of
pyrene by I lacteus was confirmed by measuring the CO,
evolved from the mineralization of the added pyrene. The
activity of lignin peroxidase (LiP), which is known to be
involved in the biodegradation by white rot fungi, was high
between 8 to 12 days of incubation. Although manganese
peroxidase activity was demonstrated during the same period
as LiP, its activity was quite low, and no laccase activity was
detected. Even though the activity patterns of ligninolytic
enzymes did not coincide with the pyrene removal, this study
shows that 1. lacteus has a high biodegrading capability and
can be a candidate for the bioremediation of polycyclic
aromatic hydrocarbon contaminants.
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White rot fungi can degrade lignin and a variety of other
recalcitrant environmental pollutants, including some polycyclic
aromatic hydrocarbons (PAHs) [6, 7, 19]. PAHs are common
environmental pollutants arising from industrial operations
as well as certain natural events such as forest fires [8].
Some of these PAHs and/or their metabolites are toxic,
mutagenic, and carcinogenic. There have been many reports
on the biodegradation and bioremediation of various PAHs,
most of them being focused on the degrading bacteria
[8, 9, 19]. White rot fungi have several potential advantages
over other degrading microorganisms in the degradation of
recalcitrants, including PAHs. Compared to most degrading

*Corresponding author
Phone: 82-361-250-8545; Fax: 82-361-241-4627;
E-mail: hgsong@cc.kangwon.ac.kr

enzymes of bacteria which have substrate specificities, the
ligninolytic enzymes of these fungi involved in degradation of
recalcitrants are very nonspecific and extracellular. Therefore,
white rot fungi can degrade various insoluble organic
pollutants [24]. The lignin degrading system is induced in
response to nutrient exhaustion rather than by the presence
of pollutants, allowing the fungi to degrade pollutants to
essentially nondetectable levels [24]. Accordingly, the use
of white rot fungi in the bioremediation of PAHs has been
proposed [5, 17]. To-date, most attention on the study of
white rot fungi has been directed to Phanerochaete
chrysosporium [3,4, 5, 6,7, 26], although a possibility exists
that some other species may be more effective. Indeed,
several white rot fungi, including Irpex lacteus, have already
shown a higher removal activity than P. chrysosporium for
a 4-ring PAH pyrene [23]. In this study, the effects of
certain environmental conditions on the degradation of pyrene
by I lacteus were examined and the activities of ligninolytic
enzymes during pyrene degradation were measured. The
results serve as a preliminary assessment of the potential
usefulness of white rot fungi in the bioremediation of PAH
pollutants.

MATERIALS AND METHODS

Effects of Environmental Conditions on Pyrene
Biodegradation

The 1. lacteus was obtained from the Mycology Laboratory
in the Department of Biology at Kangnung National
University, where this strain had been isolated from soil
and identified. The preparation of the fungal inoculum
for the biodegradation test has been described elsewhere
[23]. To investigate the effect of temperature on pyrene
degradation, a YMG medium (yeast extract 4 g, malt extract
10 g, glucose 4 g, distilled water 11) including 100 ppm
pyrene with 10% (w/v) fungal inoculum was incubated at
15, 20, 27, or 37°C. At every 4 days, duplicate samples
were extracted with methylene chloride, and the residual
pyrene was analyzed using a gas chromatograph (Hewlett
Packard Co., Model 5890) equipped with a flame ionization
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detector. The operating conditions have been described
elsewhere [11]. The pyrene removal under different sizes
of fungal inoculum was examined. The YMG medium
with the addition of 100 ppm of pyrene was inoculated
with 5, 10, 20, or 30% (w/v) of the fungal inoculum and the
residual pyrene was quantified during incubation at 27°C.
The effect of agitation on the degradation of pyrene was
also tested. A culture shaken in a rotary shaker (130 rpm)
to remove 100 ppm of pyrene was also compared to a
static culture.

Trapping of CO, Evolved from Pyrene Mineralization

The fungal suspension [10, 20, or 30% (v/v)] was inoculated
into pyrene (200 ppm) containing YMG broth in a 250-mi
modified Fernbach flask. The fungal cultures were incubated
on a rotary shaker (130 rpm) at 15, 20, 27, or 37°C. The
CO, evolved from the pyrene degradation was periodically
trapped with a gas trapping device [18], while providing
pure oxygen for flushing and maintaining aerobic conditions
in the culture flask. The CO, trapped in 0.5 N KOH solution
was then titrated with 0.05 M sulfuric acid and quantified.

Activities of Ligninolytic Enzymes During Pyrene
Degradation

The activities of lignin peroxidase (LiP), manganese-dependent
peroxidase (MnP), and laccase were examined during the
pyrene degradation. The LiP activity was determined by
the conversion rate of veratryl alcohol to veratryl aldehyde
[25]. Thus, the culture supernatant (0.5 ml) was mixed
with 0.45 ml of solution B (220 mM Na-tartrate, 3.33 mM
veratryl alcohol, pH 3.0) in a 1 ml cuvette. Fifty microliters
of 10 mM H,O, was added and the optical density (OD) at
310 nm was measured before and after 1 min of enzyme
reaction. The increased OD due to the formation of
veratryl aldehyde by LiP was then converted to unit/l, and
I unit of activity indicated that 1 micromole of veratryl
alcohol was transformed to 1 micromole of veratryl aldehyde
per minute. The MnP activity was expressed as the
conversion rate of Mn(II) to Mn(III) [10]. Thus, 0.5 ml of
the sample and 0.5 ml of reaction mixture (150 mM sodium
lactate, 150 uM MnSO,, pH 4.5) were mixed in a 1-ml
cuvette, and the increased OD at 240 nm was measured
after the addition of 0.5 ml of 150 uM H,0,. The activity
was represented by the OD value itself. The laccase activity
was examined by the OD at 590 nm after the addition of
the o-tolidine reagent to the culture supernatant [22].

RESULTS AND DISCUSSION

Effects of Environmental
Biodegradation

The white rot fungal strain, I lacteus, used in the present
study has already been shown to have a higher removal
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Fig. 1. Effect of agitation on removal of pyrene by Irpex
lacteus.
Symbols: (@), static culture; (O ), shaken culture (130 rpm).

activity for pyrene than several other fungal strains including
P. chrysosporium [23]. When the effect of agitation on
pyrene removal was compared with static and shaken
cultures (Fig. 1), the removal percentage of 94% in the
shaken culture of 1. lacteus was much higher than that in
the static culture (37.9%). It is known that a static culture
of P. chrysosporium is more efficient in biodegradation
and enzyme production [27]. However, cases where a
shaken culture exhibits a higher biodegradation capability
than a static culture may be due to a better oxygen supply
to the aerobic fungi and subsequent better growth [12]. I
lacteus also showed a higher decolorizing rate of landfill
leachate in a shaken culture [13]. Since the shaken culture
showed a higher removal rate of pyrene, the rest of the
experiments in this study were carried out using shaken
cultures.

The time course and extent of the pyrene removal with
different temperatures are shown in Fig. 2. The removal
rates of pyrene, 4.6-4.8 ug/ml/day, by I lacteus in the
mesophilic range (15-27°C) were higher than those by
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Fig. 2. Effect of temperature on removal of pyrene by Irpex
lacteus.
Symbols: (@), 15°C; (O), 20°C; (W), 27°C; ([1), 37°C.
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other fungi [16, 21] and Mycobacterium [9]. Although P
chrysosporium has an optimal growth temperature of 39°C
and most biodegradation studies with P. chrysosporium
have been carried out at 37- 39°C [4, 5, 7, 14], the removal
of pyrene by I lacteus was more efficient between 20-
27°C than at 37°C. Yadav and Reddy [28] also showed
that the level of degradation of monoaromatics by P
chrysosporium was relatively higher at 25°C than at 37°C.
During 20 days of incubation, I. lacteus removed 95.9 and
94% of the pyrene at 20 and 27°C, respectively, and only
about 40% at 37°C. Since the optimum growth temperature
for L lacteus is 25- 27°C, its growth decreased at an elevated
temperature (data not shown), therefore, the degradation at
37°C was lower than that at lower temperatures. The
mycelium of I. lacteus was aggregated during growth at
37°C, and a similar phenomenon also occurred with higher
concentrations of pyrene (500- 1,000 ppm). This result
indicated that I lacteus was more sensitive to the toxicity
of pyrene at a higher temperature.

The degradation rates of 4.5-5.0 pug/ml/day were not
significantly different among the fungal cultures of 5- 30%
inoculum sizes (Fig. 3), and over 90% of the pyrene was
removed in every case during 20 days of incubation. When
the inoculum size was increased, the pyrene degradation
was only enhanced in the initial phase. This was due to the
fact that the fungal biomass in the cultures with larger
inocula aggregated after 4 days of incubation, therefore, as
the contact with the insoluble pyrene became limited the
degradation rates became similar to those with the smaller
inoculum sizes. Based on this result, an inoculum size of
10% was applied in the following experiments. Pickard
et al. [21] also used 5-10% inocula for the fungal
degradation of PAHs and enzyme production.

Disappearance of original compounds does not necessarily
mean an absolute removal of those compounds. Some
recalcitrants can be transformed rapidly in the initial
phases, but the following steps may slow down and even
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Fig. 3. Effect of inoculum size on removal of pyrene by Irpex
lacteus.
Symbols: (@), 5%; (O), 10%; (M), 20%; (1), 30% (g wet wt/ml).
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Fig. 4. Evolution of CO, during degradation of 200 ppm of
pyrene by Irpex lacteus under different temperatures in YMG
medium.

Symbols: (M), control without pyrene at 27°C; (O), control without
inoculum at 27°C; (O), 15°C; (@), 20°C; (@), 27°C; (), 37°C.

be rate-limiting steps. If a dead-end metabolite is produced,
it can not be utilized further. Therefore, mineralization of
original substrates into carbon dioxide must be confirmed
in a biodegradation study. The effects of temperature and
inoculum size on pyrene degradation were tested again in a
mineralization experiment. The highest mineralization rate
of pyrene was shown at 27°C, and CO, evolution at 37°C
was even lower than the control without pyrene (Fig. 4).
The culture with an inoculum size of 10% also mineralized
more pyrene than the cultures with 20 and 30% inoculum
(Fig. 5). Although there were some differences between
the pyrene removal in the previous experiment and the CO,
evolved in the mineralization experiment, which might have
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Fig. 5. Evolution of CO, during degradation of 200 ppm of
pyrene by Irpex lacteus with different inoculum sizes in YMG
medium at 27°C.

Symbols: (W), control without pyrene; (O), control without inoculum;
(@), 10%; (O1), 20%:; (), 30% (g wet wt/ml).
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been due to the difference in the cultivation methods, this
mineralization experiment nevertheless confirmed the earlier
results on the effect of temperature and inoculum size on
pyrene degradation by I lacteus (Figs. 2 and 3).

Activities of Ligninolytic Enzymes During Pyrene
Degradation
The white rot fungi use the same enzyme system to degrade
organic pollutants as they use to degrade lignin. Because of
the nonspecific nature of the lignin-degrading enzymes,
such as LiP, MnP, and laccase, white rot fungi may be
excellent candidates for the bioremediation of contaminated
sites {24]. However, each fungal strain may have a different
production pattern of ligninolytic enzymes. The time course
of LiP and MnP production by I lacteus during pyrene
degradation were similar to those of Pleurotus sp. [15],
however, no laccase activity was detected in this study.
The activities of LiP and MnP were the highest between 8
to 12 days of incubation, and the pyrene-containing culture
showed much higher activities of both enzymes than the
control without pyrene (Fig. 6). This result indicates that
the pyrene or pyrene metabolites induced LiP and MnP in
the shaken culture. However, their activities in the static
culture were much lower than those in the shaken culture
(data not shown), which was similar to the pyrene removal
results (Fig. 1).

Although the pattern of enzyme activities was in agreement
with that of Bezalel er al. [1], in which the activities of
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Fig. 6. Activities of lignin peroxidase (A) and manganese-
dependent peroxidase (B) during pyrene degradation in shaken
cultures of Irpex lacteus.

Symbols: (B), control without pyrene; (O), control without inoculum;
(O), pyrene 200 ppm.

laccase and Mn-inhibited peroxidase of Pleurotus ostreatus
were increased by the addition of catechol, phenanthrene,
and pyrene, the activities of LiP and MnP of I lacteus did
not remain continuously in this experiment. It is known
that ligninolytic enzymes such as LiP and MnP are
involved in the degradation of PAHs by white rot fungi.
However, the time courses of LiP and MnP did not
coincide with the pyrene removal patterns (Figs. 2 and 3)
and mineralization (Figs. 4 and 5) which showed a rapid
biodegradation in the initial phase. This difference may be
due to the involvement in the degradation of various
enzymes by white rot fungus. Each fungal strain may use
one or more ligninolytic enzymes among LiP {14, 24, 26],
MnP [3,4], and laccase [1,21] for the degradation of
recalcitrants. Moreover, some other enzymes such as
cytochrome P-450 monooxygenase and epoxide hydrolase
[2, 19] could be involved in the PAH degradation. Kim et
al. [14] also reported that the rates of LiP production were
not consistent with the PAH hydrolysis rate. Even LiP
and MnP were not produced during the degradation of
monoaromatics by P. chrysosporium [28]. Since some
other enzymes in addition to LiP, MnP, and laccase may
also participate in ligninolysis and pyrene degradation [15],
and these lignin-degrading peroxidases may be uniquely
expressed in different species of fungi [20], the precise
enzymatic mechanisms involved in PAH degradation by
each fungal strain need to be elucidated in order to apply
white rot fungi to the bioremediation of contaminated
sites.
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