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Abstract The metabolism of pyrene by Penicillium
glabrum strain TW 9424, a strain isolated from a site con-
taminated with polycyclic aromatic hydrocarbons (PAHS)
was investigated in submerged cultures. The metabolites
formed were identified as 1-hydroxypyrene, 1,6- and 1,8-
dihydroxypyrene, 1,6- and 1,8-pyrenequinone, and 1-
pyrenyl sulfate. In addition, two new metabolites were
isolated and identified by UV, IH nuclear magnetic reso-
nance, and mass spectroscopy as 1-methoxypyrene and
1,6-dimethoxypyrene. Experiments with [methyl-3H]S-
adenosyl-L-methionine (SAM) reveded that SAM is the
coenzyme that provides the methyl group for the methyl-
transferase involved. To our knowledge, this is the first
time that methoxylated metabolites of PAHSs have been
isolated from fungal cultures.
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Introduction

Polycyclic aromatic hydrocarbons (PAHS) represent an
important class of environmental pollutants since the
compounds are among the most frequently found soil con-
taminants; several PAHs are known to be mutagenic and
carcinogenic (Dipple 1976). Intensive studies of the mi-
crobial metabolism of PAHs have demonstrated that many
species of bacteria and fungi are capable of oxidizing var-
ious PAHSs (Cerniglia 1992).
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White-rot fungi such as Phanerochaete chrysosporium
are able to oxidize PAHs by extracellular peroxidases to
guinones, which subsequently can be oxidized to CO,
(Hammel et a. 1986; Aust et al. 1994)

Metabolism of PAHs by non-white-rot fungi involves
cytochrome P-450 monooxygenase enzyme systems simi-
lar to those observed in mammals (Smith and Rosazza
1974). The first steps of PAH oxidation by non-white-rot
fungi result in the formation of monophenols, diphenols,
dihydrodiols, and quinones as reported, e.g., for the zy-
gomycete Cunninghamella elegans (Cernigliaand Gibson
1979; Cernigliaet a. 1986), the basidiomycete Crinipellis
dlipitaria (Lambert et al. 1994; Lange et a. 1994), and
deuteromycetes of the genera Aspergillus (Datta and
Samanta 1988; Wunder et al. 1994) and Penicillium
(Launen et a. 1995). In a second step, water-soluble con-
jugates, which are detoxification products in fungi as well
as in mammals, can be formed (Cerniglia et a. 1982;
Lambert et al. 1995; Thakker et a. 1985). Among fungal
PAH conjugates, sulfates (Cerniglia and Gibson 1979;
Cerniglia 1982; Cerniglia et al. 1982; Lange et al. 1994;
Wunder et al. 1994), glucuronides (Cerniglia et a. 1982),
glucosides (Cerniglia et a. 1986, 1989), and xylosides
(Sutherland et al. 1992) have been reported.

With the isolation and identification of two O-methyl
conjugates of pyrene from cultures of Penicillium glabrum,
we report on a new conjugation mechanism in the fungal
metabolism of pyrene.

Materials and methods

Organism and growth conditions

The fungus used in this study was isolated from soil highly conta-
minated with polycyclic aromatic hydrocarbons (PAHs) and was
determined as Penicillium glabrum strain TW 9424 according to
the identification scheme of Pitt (1979). The strain belongs to the
group of monoverticillate Penicillium species, subgenus Asper-
gilloides. Stock cultures of the organism were maintained on agar
dants with a yeast malt glucose medium (YMG) consisting of
(dl): yeast extract (4.0), malt extract (10.0), glucose (4.0), and
agar (15.0); the pH was 5.5. The same medium without agar was



used for metabolic experiments with pyrene in submerged cul-
tures. For the quantification of pyrene transformation and the de-
tection of metabolites the fungus was cultivated in 100-ml Erlen-
meyer flasks containing 20 ml of YMG. The cultures were grown
for 4 days on a rotary shaker at 25°C and 120 rpm before pyrene
dissolved in dimethylformamide (DMF) was added aseptically to a
final concentration of 20 mg/Il. The cultures were incubated for an-
other 10 days. Heat-treated (121°C, 10 min) cultures served as
controls.

For labeling experiments with S-adenosylmethionine (SAM),
the same experimental conditions were used as described above.
[Methyl-3H]SAM (2.5 pCi) and 1-hydroxypyrene (5 mg/l) were
added to the cultures. For the isolation of metabolites, the fungus
was grown in 5-1 Erlenmeyer flasks containing 2 1 YMG.

Analysis and identification of metabolites

The culture broth of the 20-ml cultures was separated from the
mycelia by filtration on a Buchner funnel. The mycelia were ex-
tracted twice for 20 min with 100 ml acetone. After adjusting the
pH to 2.0 (1 N HCI), the culture filtrate was extracted with three
equal volumes of ethyl acetate. The extracts were combined, and
the solvents were removed under reduced pressure at 40°C. The
dry residues of the mycelial and culture filtrate extracts were dis-
solved in 2 ml and in 1 ml of methanol, respectively, and were an-
ayzed by HPLC. In experiments with [methyl-H]SAM, cultures
were extracted as described above. The residue of the mycelial ex-
tract was dissolved in 200 pl acetone, and 30 pl was used for
HPLC analysis.

Reversed-phase HPL C was performed on a Merck-Hitachi sys-
tem equipped with a L-3000 photo diode array detector. A 5 um
Nucleosil C;g PAH column (150 x 4 mm; Macherey & Nagel,
Diren, Germany) and a 30 min linear gradient of acetonitrile-wa-
ter (10:90t0 100: 0, v/v; gradient A) at a solvent flow rate of 1 ml/
min were used to separate the metabolites. For the separation and
identification of [3H]-labeled metabolites, a 20-min linear gradient
(30:70 to 100:0, v/v; gradient B) was used, and 0.5-ml fractions
were collected every 0.5 minin scintillation vials. After addition of
5 ml scintillation cocktail (Aquasafe 300 Plus; Zinsser Analytic,
Frankfurt/Main, Germany), the radioactivity was determined on a
Wallac 1410 liquid scintillation counter (Pharmacia, Wallac Oy,
Turku, Finland).

For the isolation of metabolites, fungal mycelia from 2-1 cul-
tures were extracted with 1.5 | acetone. The filtrate was extracted
as described above. The combined extracts were dissolved in 15
ml cyclohexane and then separated by solid phase extraction (SPE)
using a vacuum manifold system equipped with five silica gel car-
tridges (1 g, 6 ml; Baker Chemikalien, Gross-Gerau, Germany).
The crude extract was applied to the cartridge in 3-ml portions.
Cyclohexane and cyclohexane-ethyl acetate (9:1, v/v) were used
for the elution of metabolites. 1,6-Dimethoxypyrene was further
purified by preparative HPLC using the system mentioned above.

UV absorbance spectra were obtained using the above men-
tioned diode array spectrophotometer attached to the HPLC sys-
tem. Electron impact (El) mass spectra of the metabolites were ob-
tained with a Jeol SX102 mass spectrometer with an ionization
voltage of 70 eV. The ion source temperature was 275° C. *H nu-
clear magnetic resonance (NMR) spectra were recorded with a
Bruker ARX500 spectrometer operating at 500 MHz. The spectra
were recorded in acetone-dg. Chemical shifts are reported in parts
per million (ppm) with the solvent signal at 2.05 ppm as reference.

In deconjugation experiments, 200 pl of a crude mycelial ex-
tract solution in acetone was mixed with 5 ml of deionized water
and diluted 1:1 with 0.2 M sodium acetate buffer (pH 5.0). Aryl-
sulfatase (15 units, Type V, Sigma-Aldrich) was added. In order to
inhibit B-glucuronidase activity, 15 pmol of p-saccharic acid-1,4-
lactone was added. The samples were incubated at 37°C for 24 h
on arotary shaker operating at 120 rpm. Samples without enzyme
served as controls.
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Pyrene (purity > 99%) was purchased from Aldrich (Steinheim,
Germany). [Methyl-3H]S-adenosyl-L-methionine (SAM; specific
activity 10-20 Ci/mmol, radiochemical purity > 95%) was obtained
from Sigma-Aldrich (Deisenhofen, Germany). All other chemicals
used were of analytical grade. 1-Hydroxypyrene, 1-pyrenyl sul-
fate, the dihydroxypyrenes, and the pyrenequinones used as au-
thentic standards were isolated and purified from fungal cultures
(Lange et a. 1994; Wunder et al. 1994).

Results

When Penicillium glabrum strain TW 9424 was grown in
the presence of pyrene (20 mg/l), the pyrene concentra-
tion decreased to 10.9 mg/I within 10 days. Elimination of
pyrene was biologically mediated since the recovery of the
compound in autoclaved cultures was 17.1 mg/l. About
37% of the pyrene added to the living fungal cultures was
converted into metabolites, about 70% of which were lo-
cated in the mycelia extracts. Analytical reversed-phase
HPLC, as shown in Fig.1, revealed the presence of at
least seven pyrene metabolites formed by the fungus.
Pyrene eluted at 22.6 min; the compounds eluting at 18.1,
13.7, 135, and 7.6 min were identified as 1-hydroxy-
pyrene, 1,8-dihydroxypyrene, 1,6-dihydroxypyrene, and
1-pyrenyl sulfate, respectively, by comparison with au-
thentic standards (Lambert et al. 1994; Lange et al. 1994;
Wunder et a. 1994). None of the metabolites were de-
tected in autoclaved controls. The peak eluting between
14.9 and 15.1 min corresponds to 1,6- and 1,8-pyrene-
guinones, which were not separated under these condi-
tions. On-line UV spectral properties of the metabolites
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Fig.1 HPLC chromatogram of the metabolites formed by Penicil-
lium glabrum strain TW 9424 after 10 days of incubation with
pyrene (20 mg/l) in yeast malt glucose medium. The extract was
spiked with 1-MeP and 1,6-DMeP before HPLC analysis. The
compounds were separated using gradient A (1-MeP 1-methoxy-
pyrene; 1,6-DMeP 1,6-dimethoxypyrene; 1-OHP 1-hydroxypyrene;
1,6-PQ 1,6-pyrenequinone; 1,8-PQ 1,8-pyrenequinone; 1,6-DHP
1,6-dihyrixyoyrene; 1,8-DHP 1,8-dihydroxypyrene; 1-PS 1-pyrenyl

sulfate)
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Table1l Concentrations of pyrene (99 UM added) and its metabo-
lites in cultures of Penicillium glabrum strain TW 9424 after 10
days of incubation and the percentage of the metabolites formed
(nd not determined)

Metabolite Concentration  Added pyrene
(UM) metabolized

(%)

Pyrene 54.0 -

1-Methoxypyrene 5.6 124

1,6 Dimethoxypyrene 2.1 4.6

1-Pyrenyl sulfate 85 18.9

1-Hydroxypyrene 14.0 311

1,6-, 1,8-Dihydroxypyrene + nd <1

1,6-, 1,8-Pyrenequinone

Table 2 Mass spectral properties of 1-methoxypyrene and 1,6-
dimethoxypyrene formed by Penicillum glabrum strain TW 9424

Metabolite Fragment ions

m'z (%)

1-Methoxypyrene  232(83) [M]*, 217(100), 200(5), 189(49),
187(14), 153(5), 139(6), 125(12), 111(19),
97(27), 83(23), 71(26), 57(37), 43(20)
262(100) [M]*, 247(95), 232(23), 204(21),
187(11), 176(38), 149(15), 131(17),
64(16), 46(46)

1,6-Dimethoxypyrene

Table 3 'H Nuclear magnetic resonance spectral data (500 Mhz)
of 1-methoxypyrene and 1,6-dimethoxypyrene formed by Penicil-
lium glabrum strain TW 9424. The spectra were recorded in ace-
tone-dg with the solvent signal (2.05 ppm) as reference

Position d(ppm); Multiplicity; J(Hz)
1-Methoxypyrene 1,6-Dimethoxypyrene

-OCH;4 421;s 4.18; s

2-H 7.73,d; ), 3=84 7.70,d; 3, 3 =85

3-H 8.23; d; 84 8.15; d; 8.5

4-H 7.95;d; J,5=9.0 7.99;d; J, 5=9.2

5-H 8.04; d; 9.0 8.22;d; 9.2

6-H 817, d; % ;=76 -

7-H 8.00;t; 7.6 7.70,d; 3, g =85

8-H 818;d;J,3=7.6 8.15; d; 85

9-H 8.11;d; Jy 10=9.2 7.99; d; Jy 10=9.2

10-H 8.43; d; 9.2 8.22; d; 9.2

and their retention times were identical with authentic
standards (Lambert et al. 1994; Lange et al. 1994; Wunder
et al. 1994).

Two additional metabolites eluting at 23.4 and 24.1
min with pyrene like UV spectra were detected. Their
chromatographic behavior suggested the presence of alky-
lated or perhaps dimeric products of fungal pyrene trans-
formation. The UV spectral data showed characteristics
nearly identical to those determined for 1-hydroxypyrene
and 1,6-dihydroxypyrene in previous studies (Cerniglia et
al. 1986; Lambert et al. 1994; Wunder et a. 1994). Thus,
these metabolites were likely to be O-akylated deriva-
tives of their corresponding phenols. By UV, mass, and *H

NMR spectroscopies, the compounds were identified as
1-methoxypyrene (1-MeP) and 1,6-dimethoxypyrene
(1,6-DMeP), respectively. Table 1 summarizes the quanti-
tetive results of the pyrene transformation by P. glabrum
strain TW 9424 after 10 days of incubation.

The cultivation of P. glabrumin a2-| scale and the sub-
sequent purification of the extracts by chromatography
yielded 8.3 mg of pure 1-MeP and 0.7 mg of 1,6-DMeP.
The UV spectrum of 1-MeP revealed maxima at A ., 240,
266 (s = shoulder), 276, 334, 347, 362(s), and 382 nm.
1,6-DMeP gave UV absorbance peaks at Ay 224(S),
234(s), 243, 267(s), 277, 320(s), 335, 350, 375, and 397
nm.

The mass spectral analysis of 1-MeP exhibited a mole-
cular ion peak [M]* a m/z 232 (M) and fragment ion
peaks at m/z 217 ([M]*-CHj), 200 (217-OH), and 189
(217-CO). The mass spectrum of 1,6-DMeP showed a
base peak [M]* at m/z 262. Intense fragments at n/z 247
([M]*-CH3), 232 ([M]*-2CH3), 204 (232-CO), and 176
(204-CO) were observed. The mass spectral analyses of
the compounds were indicative of nono- and disubstituted
methoxypyrenes. Table 2 summarizes the results obtained
from mass spectral analysis.

The positions of the methoxy groups were determined
by 'H NMR spectral analysis. The NMR data of 1-MeP
showed nine aromatic resonances and a characteristic
three-proton singlet of a methoxy group (4.21 ppm). The
spectrum was consistent with a pyrene ring system being
substituted at the C-1 position (Lambert et al. 1994). 1,6-
DMeP gave four aromatic signals, which all appeared as
doublets, and one six-proton singlet for the methoxy sub-
stituents (4.18 ppm). The data clearly indicated a 1,6-dis-
ubstitution pattern. The *H chemical shifts and the cou-
pling constants of both metabolites are given in Table 3.

When P. glabrum was incubated with 1-hydroxy-
pyrene, the formation of the methoxypyrenes was also ob-
served (Fig. 2A). In order to determine the coenzyme provid-
ing the methyl group, cultures of the fungus were grown
in the presence of 1-hydroxypyrene and [methyl-3H]SAM.
When the cultures were analyzed for |abeled metabolites
after an incubation period of 10 days, both methoxy-
pyrene peaks were labeled, as shown in Fig. 2B. In addi-
tion, a dlight increase in the radioactivity content of
some fractions collected between 15.0 and 17.5 min (as
compared to the autoclaved control) was noted, suggest-
ing the presence of more polar methylated derivatives
(Fig.2B).

In order to investigate whether 1,6-dimethoxypyreneis
formed via hydroxylation and O-methylation of 1-
methoxypyrene and in order to analyze for intermediary
products, cultures of the fungus were incubated with 1-
methoxypyrene (10 mg/l). After 10 days, 7.3 mg/l of the
methoxypyrene added was recovered. As compared to the
autoclaved control (recovery: 9.3 mg/l), 21.5% was me-
tabolized by the fungus. As shown in Fig.3A, analyses by
HPLC confirmed that 1,6-dimethoxypyrene is one of the
metabolic products formed from 1-methoxypyrene by P.
glabrum. Furthermore, several other metabolites were ob-
served; they eluted at 17.6 (1), 17.3, 8.2 (1), 7.9, and 6.4
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Fig.2 A Chromatogram of a crude mycelial extract of Penicillium
glabrum strain TW 9424 incubated with 5 mg/l 1-hydroxypyrene
and 2.5 pCi [methyl-3H] S-adenosyl methionine (SAM) for 10 days.
The compounds were separated using gradient B. B Radioactivity
determined in fractions from mycelia extracts collected during
HPLC analysis. C Radioactivity present in fractions collected from
mycelial extracts of heat-treated controls. The majority of the ra-
dioactivity was located in the culture filtrate. The total recovery
rate of labeled SAM in the controls was 97.8%

(111 min, respectively, and included 1-hydroxypyrene
(17.3 min) and 1-pyrenyl sulfate (7.9 min) (Fig.3A).
The unidentified compounds designated (1), (I1), and (111)
revealed UV spectral properties nearly identical to those
observed for 1,6-dihydroxypyrene and 1,6-dimethoxy-
pyrene, suggesting that these metabolites might be de-
rived from 1-methoxypyrene by further hydroxylation and
substitution in the C-6 position. In the autoclaved control,
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Fig.3 A HPLC chromatogram of a crude mycelial extract of Peni-
cillium glabrum strain TW 9424 incubated with 10 mg/l 1-
methoxypyrene for 10 days. Concentrations (mg/l): 1-MeP (7.3);
1,6-DMeP (0.97); 1-OHP (0.35); 1-PS (0.53). B Chromatographic
analysis of the same extract (diluted 1:1 with methanol) after treat-
ment with arylsulfatase. Separation of the metabolites was
achieved by using gradient A. Concentrations (mg/l): 1-MeP
(3.82); 1,6-DMeP (0.41); 1-OHP (0.66) (1-MeP 1-methoxypyrene;
1,6 DMeP 1,6-dimethoxypyrene; 1-OHP 1-hydroxypyrene; 1-PS
1-pyrenyl sulfate)

no transformation products of 1-methoxypyrene were be
detected.

As shown in the HPL C chromatogram in Fig. 3B, treat-
ment of the crude mycelial extract with arylsulfatase type
V resulted in the disappearance of the 1-pyrenyl sulfate
peak and the peaks corresponding to (I1) and (111), clearly
indicating that these metabolites are sulfate conjugates
(Cerniglia and Gibson 1979). At the same time, an in-
crease in the amounts of 1-hydroxypyrene and metabolite
(1) was noted.

Discussion

The deuteromycete Penicillium glabrum strain TW 9424
oxidizes pyrene at the C-1, C-6, and C-8 positions in a
manner similar to that reported for zygomycetes, fungi
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Fig.4 Proposed pathways of the pyrene metabolism in Penicil-
lium glabrum strain TW 9424

imperfecti, and non-white-rot basidiomycetes (Cerniglia
et al. 1986; Lambert et al. 1994; Lange et a. 1994; Wun-
der et al. 1994, 1995; Launen et al. 1995).

The capacity of fungi to transform polycyclic aromatic
hydrocarbon (PAH) phenols to water-soluble sulfate con-
jugates has been demonstrated in severa studies
(Cerniglia and Gibson 1979; Cerniglia 1982; Cerniglia et
a. 1982; Lange et a. 1994; Wunder et a. 1994). Besides
effecting sulfate conjugation, Penicillium glabrum trans-
formed pyrene phenols by O-methylation, forming the
novel pyrene metabolites 1-methoxypyrene and 1,6-
dimethoxypyrene. The formation of the 1,6-dimethylated
derivative most likely proceeds via hydroxylation of 1-
methoxypyrene at the C-6 position with subsequent
methylation of the second hydroxyl group. With its UV
spectral properties (indicating a 1,6-disubstitution pattern)
and the HPL C retention time of 17.6 min (matching a hy-
droxylated methoxypyrene), compound (I) might, there-
fore, be 1-hydroxy-6-methoxypyrene, the intermediary
product in this pathway.

The possibility of O-methylation of the 1,6-dihydroxy-
pyrene cannot be completely excluded. However, methy-

lation of this compound is likely to occur only to a small
extent since the dihyroxypyrenes and their respective
guinones do not contribute much to the total amount of
metabolites formed. On the assumption that 1-hydroxy-6-
methoxypyrene is an intermediary product, it seems rea-
sonable to suppose that one of the compounds (11) and
(1) (Fig.3A) represents a sulfate conjugate of 1-hy-
droxy-6-methoxypyrene. It will be clarified in the future
whether two types of conjugation reactions, O-methyla-
tion and sulfation, can take place on the same PAH mole-
cule.

The occurrence of 1-hydroxypyrene and 1-pyrenyl sul-
fate during the biotransformation of 1-methoxypyrene
strongly suggests the presence of a demethylating en-
zyme. It is not clear whether the same enzyme is respon-
sible for both methylation and demethylation. However,
our findings show that fungal PAH metabolism has to be
considered as a dynamic system of reactions that do not
generally result in the formation of dead-end metabolites.
Thus, the metabolic pathway of pyrene by Penicillium
glabrum strain TW 9424 shown in Fig. 4 can be proposed.

The results obtained with labeling experimentsimply a
methylation mechanism catalyzed by a methyltransferase
involving S-adenosyl-L-methionine (SAM) as the methyl
group donor. This reaction is known from the methylation
of phenolic compounds in mammalian tissues (Dingemanse
et al. 1995; Tohgi et al. 1995) and in plants (Wollenweber
and Dietz 1981; Ye and Varner 1995).

O-Methylation reactions occurring in fungal secondary
metabolism result in the formation of numerous sec-
ondary metabolites with methoxy substituents, e.g., the
fungicidal strobilurines (Anke et al. 1990) and oude
mansines (Zapf et al. 1995) from basidiomycetes, or ava-
riety of biologically active anthraquinones of the As-
pergillus glaucus group (Anke et a. 1980). Funga O-
methyltransferases have been purified and characterized
from Aspergillus parasiticus (Keller et al. 1993) and Al-
ternaria tenuis (Stinson and Moreau 1986) both of which
involve SAM in the biosynthesis of mycotoxins. In the
biotransformation of xenobiotics, several species of the
genus Mycena have been shown to methylate 2,3,5,6-
tetrachlorohydroquinone, an intermediary product of the
pentachlorophenol degradation pathway in these fungi, to
tetrachloro-4-methoxyphenol (Kremer et al. 1992). This
compound is also known as drosophilin A, a fungal sec-
ondary metabolite produced by many fungi (Schwarz et
a. 1992). So far, O-methylation products in the metabo-
lism of PAHs by fungi have not been isolated. The forma-
tion of 1-methoxyphenanthrene in phenanthrene-supple-
mented cultures of the marine cyanobacterium Agmenel -
lum quadruplicatum has been reported by Narro et al.
(1992). They have observed a distinct reduction of in-
hibitory effects of 9-methoxyphenanthrene (as compared
to 9-hydroxyphenanthrene) when tested on the growth of
Agmenellum quadruplicatum and have therefore sug-
gested the methylation of the phenol to serve as a detoxi-
fication mechanism in this organism. The production of a
methoxyphenanthrene from phenanthrene in cultures of a
Penicillium species has been suggested, but without isola-



tion of the metabolite and without providing any data
about the compound (Sack et al. 1995).

Since methylation of hydroxyl groups drastically low-
ers the water solubility of a phenolic compound (see chro-
matogram in Fig. 1), it is not clear whether this will result
in less toxic products analogous to the sulfate, glycoside,
and glucuronide conjugation reactions found in fungi. In
several studiesit has been shown that methylation of phe-
nolic hydroxyl groups can result in a decrease of antibac-
terial and antifungal effects caused by the parent phenolic
compound (Anke et a. 1980; Gupta et al. 1981; Narro et
al. 1992; Buswell and Eridsson 1994). On the other hand,
Buswell and Eriksson (1994) have demonstrated that O-
methylation of the para-hydroxyl group of several ben-
zoic and cinnamic acids enhances antifungal activities.

With respect to the important role of O-methylation re-
actions in the biosynthesis of fungal secondary metabo-
lites, O-methylation of PAH phenols might be due to the
activity of enzymes involved in secondary metabolism
and does not represent a specific conjugation reaction in
the fungal detoxification of PAHs. Recently Lange et al.
(1995) have demonstrated the influence of PAHSs on fun-
gal secondary metabolism. Thus, O-methylation of PAHs
could be a further indication of a close relationship be-
tween fungal secondary metabolism and fungal metabo-
lism of PAHSs.

Acknowledgements The present work was supported by a grant
of the Volkswagenstiftung awarded by the Dechema e.V., Frank-
furt am Main, Germany, to T. Wunder.

References

Anke H, Kolthoum I, Zéhner H, Laatsch H (1980) Metabolic prod-
ucts of microorganisms 185. The anthraquinones of the Asper-
gillus glaucus group. I. Occurrence, isolation, identification and
antimicrobial activity. Arch Microbiol 126:223-230

Anke T, Werle A, Bross M, Steglich W (1990) Antibiotics from
basidiomycetes. XXXIIl. Oudemansin X, a new antifungal E-
B-methoxyacrylate from Oudemansiella radicata (Relhan ex
Fr.) Sing. JAntibiot 43:1010-1011

Aust SD, Shah MM, Barr DP, Chung N (1994) Degradation of en-
vironmental pollutants by white-rot fungi. In: Hinchee RE,
Leeson A, Semprini Ong SK (eds) Bioremediation of chlori-
nated and polycyclic aromatic hydrocarbon compounds.
Lewis/CRC Press, Boca Raton, pp 441-445

Buswell JA, Eriksson K-EL (1994) Effect of lignin-related phenols
and their methylated derivatives on the growth of eight white-
rot fungi. World J Microbiol Biotechnol 10:169-174

Cerniglia CE (1982) Initial reactionsin the oxidation of anthracene
by Cunninghamella elegans. J Gen Microbiol 128:2055-2061

Cerniglia CE (1992) Biodegradation of polycyclic aromatic hydro-
carbons. Biodegradation 3:351-368

Cerniglia CE, Campbell WL, Freeman JP, Evans FE (1989) Iden-
tification of a novel metabolite in phenanthrene metabolism by
the fungus Cunninghamella elegans. Appl Environ Microbiol
55:2275-2279

Cerniglia CE, Freeman JP, Mitchum RK (1982) Glucuronide and
sulfate conjugation in the fungal metabolism of aromatic hy-
drocarbons. Appl Environ Microbiol 43:1070-1075

Cerniglia CE, Gibson DT (1979) Oxidation of benzo[a]pyrene by
the filamentous fungus Cunninghamella elegans. J Biol Chem
254:12174-1218

315

Cerniglia CE, Kelly DW, Freeman JP, Miller DW (1986) Micro-
bial metabolism of pyrene. Chem Biol Interact 57:203-216
Dingemanse J, Jorga K, Schmitt M, Gieschke R, Fotteler B,
Zircher G, Da Prada M, Van Brummelen P (1995) Integrated
pharmacokinetics and pharmacodynamics of the novel cate-
chol-O-methyltransferase inhibitor talcapone during first ad-
ministration to humans. Clin Pharmacol Ther 57:508-517

Dipple A (1976) Polycyclic aromatic carcinogens. In: Searle CE
(ed) Chemical carcinogens, 3rd edn. American Chemica Soci-
ety, Washington, DC, pp 245-314

Datta D, Samanta TB (1988) Effect of inducers on metabolism of
benzo[a]pyrene in vivo and in vitro: analysis by high pressure
liquid chromatography. Biochem Biophys Res Comm 155:
493-502

Gupta JK, Hamp SG, Buswell JA, Eriksson K-E (1981) Metabo-
lism of trans-ferulic acid by the white-rot fungus Sporotrichum
pulverulentum. Arch Microbiol 128:349-354

Hammel KE, Kalyanaraman B, Kirk TK (1986) Oxidation of poly-
cyclic aromatic hydrocarbons and dibenzo[p]-dioxins by Phanero-
chaete chrysosporium ligninase. J Biol Chem 261:16948-16952

Keller NP, Dischinger JHC, Bhatnagar D, Cleveland TE, Ullah
AHJ (1993) Purification of a 40-kilodalton methyltransferase
active in the aflatoxin biosynthetic pathway. Appl Environ Mi-
crobiol 59:479-484

Kremer S, Anke H, Sterner O (1992) Metabolism of chlorinated
phenols by members of the genus Mycena (Basidiomycetes).
In: International symposium: Soil Decontamination Using Bio-
logical Processes (Karlsruhe). Preprints. Dechema, Frankfurt
am Main, Germany, pp 298-304

Lambert M, Kremer S, Sterner O, Anke H (1994) Metabolism of
pyrene by the basidiomycete Crinipellis stipitaria and identifi-
cation of pyreneguinones and their hydroxylated precursors in
strain JK375. Appl Environ Microbiol 60:3597-3601

Lambert M, Kremer S, Anke H (1995) Antimicrobial, phytotoxic
nematicidal, cytotoxic, and mutagenic activities of 1-hydroxy-
pyrene, the initial metabolite in pyrene metabolism by the ba-
sidiomycete Crinipellis stipitaria. Bull Environ Contam Toxi-
col 55:251-257

Lange B, Kremer S, Sterner O, Anke H (1994) Pyrene metabolism
in Crinipellis stipitaria: identification of trans-dihydro-4,5-di-
hydroxypyrene and 1-pyrenylsulfate in strain JK364. Appl En-
viron Microbiol 60:3602—-3606

Lange B, Kremer S, Sterner O, Anke H (1995) Induction of sec-
ondary metabolism by environmenta pollutants: metaboliza-
tion of pyrene and formation of 6,8-dihydroxy-3-methylisocou-
marin by Crinipellis stipitaria JK 364. Z Naturforsch 50c:806—
812

Launen L, Pinto L, Wiebe C, Kiehlmann E, Moore M (1995) The
oxidation of pyrene and benzo[a]pyrene by nonbasidiomycete
soil fungi. Can J Microbiol 41:477-488

Narro ML, Cerniglia CE, Van Baalen C, Gibson DT (1992) Me-
tabolism of phenanthrene by the marine cyanobacterium
Agmenellum quadruplicatum PR-6. Appl Environ Microbiol
58:1351-1359

Pitt J (1979) The genus Penicillium and its teleomorphic states
Eupenicillium and Talaromyces. Academic Press, London New
York

Sack U, Martens R, Fritsche W (1995) Abbau von Phenanthren
durch Pilze. In: Dechema Jahrestagungen 95, Wiesbaden,
Band Il (Umwelttechnik). Dechema, Frankfurt am Main, Ger-
many, pp 85-86

Schwarz M, Marr J, Kremer S, Sterner O, Anke H (1992) Bio-
degradation of xenobiotic compounds by fungi: metabolism of
3,4-dichloraniline by Schizophyllum species and Auriculariop-
sis ampla and induction of indigo production. In: International
symposium: Soil Decontamination Using Biological Processes
(Karlsruhe). Dechema, Frankfurt am Main, Germany, pp 459—
464

Smith RV, Rosazza JP (1974) Microbial models of mammalian
metabolism. Aromatic hydroxylation. Arch Biochem Biophys
161:551-558



316

Stinson EE, Moreau RA (1986) Partial purfication and some prop-
erties of an aternariol-O-methyltransferase from Alternaria
tenuis. Phytochemistry 25:2721-2724

Sutherland JB, Selby AL, Freeman JP, Fu PP, Miller DW,
Cerniglia CE (1992) Identification of xyloside conjugates
formed from anthracene by Rhizoctonia solani. Mycol Res
96:509-517

Thakker DR, Yagi H, Levin W, Wood AW, Conney AH, Jerina
DM (1985) Polycyclic aromatic hydrocarbons. Metabolic acti-
vation to ultimate carcinogens. In: Anders MW (ed) Bioactiva-
tion of foreign compounds. Academic Press, Orlando, pp
177242

Tohgi H, Abe T, Yamazaki K, Saheki M, Takahashi S, Tsukamoto
Y (1995) Effects of the catechol-O-methyltransferase inhibitor
tolcapone in Parkinson’s disease: correlations between concen-
trations of dopaminergic substances in the plasma and cere-
brospinal fluid and clinical improvement. Neurosci Lett 192:
165-168

Wollenweber E, Dietz UH (1981) Occurrence and distribution of
free flavonoids aglycones in plants. Phytochemistry 20:869—
932

Wunder T, Kremer S, Sterner O, Anke H (1994) Metabolism of the
polycyclic aromatic hydrocarbon pyrene by Aspergillus niger
SK 9317. Appl Microbiol Biotechnol 42:636-641

Wunder T, Kremer S, Sterner O, Anke H (1995) Metabolismus des
polycyclischen aromatischen Kohlenwasserstoffes Pyren durch
verschiedene Aspergillus niger-Stdmme. In: Dechema Jahres-
tagungen ' 95, Wiesbaden, Band 2 (Umwelttechnik). Dechema,
Frankfurt am Main, pp 83-84

Ye Z-H, Varner JE (1995) Differential expression of two O-
methyltransferases in lignin biosynthesis in Zinnia elegans.
Plant Physiol 108:459-467

Zapf S, Werle A, Anke T, Klostermeyer D, Steffan B, Steglich W
(1995) 9-Methoxystrobilurine-Bindeglieder zwischen Strobil-
urinen und Oudemansinen. Angew Chem 107:255-257



