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a b s t r a c t

Polyporus sp. S133, a fungus collected from contaminated-soil was used to degrade chrysene, a poly-
cyclic aromatic hydrocarbon (PAH) in a mineral salt broth (MSB) liquid culture. Maximal degradation rate
of chrysene (65%) was obtained when Polyporus sp. S133 was incubated in the cultures supplemented
with polypeptone (10%) for 30 days under agitation of 120 rpm, as compared to just 24% degradation
rate in non-agitated culture. Furthermore, the degradation of chrysene was affected by the addition of
carbon and nitrogen sources as well as kind of surfactants. The degradation rate was increased with
hrysene
iodegradation
etabolites

olyporus sp. S133

increase in added amount of carbon and nitrogen sources, respectively. The degradation rate in agitated
cultures was enhanced about 2 times higher than that in non-agitated cultures. The degradation mech-
anism of chrysene by Polyporus sp. S133 was determined through identification of several metabolites;
chrysenequinone, 1-hydroxy-2-naphthoic acid, phthalic acid, salicylic acid, protocatechuic acid, gentisic
acid, and catechol. Several enzymes (manganese peroxidase, lignin peroxidase, laccase, 1,2-dioxygenase
and 2,3-dioxygenase) produced by Polyporus sp. S133 were detected during the incubation. The highest
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enzyme activity was show

. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widespread envi-
onmental pollutants commonly found in soil, surface waters,
ediments and their fates in nature are of great environmental
oncern due to their hazardous or potential toxicity, mutagenicity,
nd carcinogenicity [1]. Human may be exposed to these com-
ounds from a wide variety of sources, such as through occupation,
atural environment, diets, and so on [2,3]. PAHs may undergo pho-
olysis, volatilization, adsorption, bioaccumulation, and chemical
xidation; biodegradation is the main process affecting PAH persis-
ence in nature [4]. Indeed, biodegradation has begun to gain wider
cceptance to be an economic and efficient alternative method to
ther degradation processes such as chemical or physical ones for
urification of environment contaminated with PAHs [5]. Recently,
ome white rot fungi have the ability to degrade a wide variety of
AHs such as Chrysosporium P., Bjerkandera adusta, Irpex lacteus, and

entinus tigrinus [6–8].

Chrysene, a symmetrical PAH consisting of four condensed
enzene rings, is produced by incomplete combustion of organic
aterials such as fossil fuels, other industrial processes, and natural

∗ Corresponding author. Tel.: +81 89 9469864.
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1,2-dioxygenase (237.5 U l−1) after 20 days of incubation.
© 2008 Elsevier B.V. All rights reserved.

ccurrence such as forest fire. It is toxic, mutagenic and carcino-
enic to humans [9]. Microbial degradation is believed to be one
f the major ways to clean up chrysene-contaminated environ-
ents. Microbial communities could have considerable potential

o remedy oil-contaminated sediment and remove chrysene from
queous solution [10,11]. High-molecular-weight PAHs such as
hrysene and benzo[a]pyrene are hard to be biodegraded whereas
ower-molecular-weight PAHs such as phenanthrene and naphtha-
ene are efficiently degraded [12–14]. The efficiency in which PAH is
iodegraded in sediment differs from that in liquid medium. Some
eports showed that the biodegradation was reduced by sorption
o sediments as highly lipophilic PAHs tended to sorb tightly lim-
ting their availability to microorganisms [15,16]. In addition, fungi
lso play an important role in the degradation of many chemicals,
ncluding aromatic hydrocarbons. Fungal oxidation of aromatic
ydrocarbons results in the production of metabolites with higher
queous solubility and less biological reactivity than the parent
ompound. However, several metabolites generally still toxic as
ame as the parent compound. White rot fungi possess a number
f advantages not associated with other bioremediation systems.
he key components of their degrading system are extracellular

o the fungi can degrade compounds that are not easily taken up
y the cell such as lignin and many hazardous environmental pol-
utants [17,18]. A diverse group of ligninolytic and non-ligninolytic
ungi have the ability to oxidize PAHs. Of these, a number of isolates
ave been shown to transform chrysene to polar metabolites after

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tatibana@agr.ehime-u.ac.jp
dx.doi.org/10.1016/j.jhazmat.2008.08.081
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row on an alternative carbon source; however only a few isolate
an mineralize chrysene [19]. The bioavailability of chrysene in liq-
id medium may be increased by the application of surfactants.
urfactants increase the bioavailability of organic contaminants by
olubilisation of the molecule into hydrophobic core of micelles in
olution. This has been observed for surfactants in excess of their
ritical micelle concentration [20].

In order to eliminate chrysene, degraders should be able to get
nough biomass and ideally mineralize and grow on chrysene as
arbon and energy source [21]. The present study aims to investi-
ate the method of using fungus isolated from oil-contaminated soil
o degrade chrysene in liquid medium. The production of enzyme
hich plays an important role and metabolites produced during the
egradation process were also investigated to evaluate the avail-
bility of fungus for bioremediation in soil.

. Materials and methods

.1. Microorganism

Polyporus sp. S133 isolated from a petroleum contaminated-soil
n Matsuyama city, Ehime, Japan was used for experimentation. The
train was maintained on malt extract agar (2% (w/v) malt extract,
% (w/v) glucose, 0.1% (w/v) polypeptone, and 1.5% (w/v) agar) in a
lastic Petri disk at 4 ◦C prior to use.

.2. Chemicals

Chrysene used in this study was purchased from Alfa Aesar
Lancaster, UK). 1-Hydroxy-2-naphthoic acid, gentisic acid, proto-
atechuic acid and catechol were obtained from Tokyo Chemical
ndustry Co. Ltd. (Tokyo, Japan). Malt extract and polypeptone were
urchased from Difco (Detroit, USA). Thin layer chromatography
TLC) aluminium sheets (Silica gel 60 F254, 20 cm × 20 cm) were
btained from Merk (Darmstadt, Germany). Salicylic acid, phthalic
cid, the silica gel used for column chromatography (wakogel S-1),
nd all other chemicals were purchased from Wako Pure Chemi-
al Industry Co. Ltd. (Osaka, Japan) at the highest purity available.
hrysene-quinone was prepared from chrysene by dichromate
xidation [22]. Chrysene was dissolved in hot glacial acetic acid
approximately 90 ◦C) that was saturated in Na2Cr2O7. The solution
as tightly capped, stirred at 110 ◦C for 23 h and allow to cool. After

thyl acetate and H2O was added then the mixture was shaken.
he ethyl acetate fraction was collected, and the H2O fraction was
xtracted five times more with ethyl acetate. The concentrated,
rude chrysene-quinone, obtained in about 60% yield, was purified
y column chromatography.

.3. Culture conditions and fungal inoculums

Polyporus sp. S133 was selected based on its ability to degrade
hrysene in a solid medium containing 20 ml of malt extract with
he addition of chrysene dissolved in dimethylformamyde (DMF)
nd 300 mg l−1 chloramphenicol or benomill followed by incuba-
ion at room temperature for two weeks and observed daily. A single
olony of chrysene-degrading fungus was transferred to mineral
alt broth medium containing chrysene. The fungus used in the
resent research was capable of utilizing chrysene as determined
sing mineral salt broth (MSB) medium containing (in g/l distilled
ater): glucose (10), KH2PO4 (2), MgSO4·7H2O (0.5), CaCl2·2H2O
0.1), ammonium tartrate (0.2), and trace elements (10 ml) [23].
he pH of the medium was adjusted to 5.7. The fungal inoculum
as prepared by growing each fungus on malt extract agar plates at
5 ◦C for 7 days. The inoculum was added to a flask containing min-
ral salt broth medium. Flasks were shaken at 120 rpm for 3 days

e
e
u
i

us Materials 164 (2009) 911–917

t 25 ◦C, and filtered through filter paper under sterile conditions.
ycelia were then added to each vial.

.4. Experimental design

Experiments were performed in 100-ml Erlenmeyer flasks con-
aining 20 ml of liquid medium plus 1 mM chrysene dissolved in
MF to 1 ml. In addition, as the strains have different growth rates,

he period of incubation was varied from 5 to 7 days in order to
btain a similar radial growth and to minimize variation in the start-
ng inoculums. Mycelia plugs of a selected fungus were cut from the
uter edge of an actively growing culture on an inoculums plate.
hree 5-mm disks obtained by punching out with a cork-borer from
he outer edge of an actively growing culture of a particular fun-
us were inoculated into a flask containing 20 ml of liquid medium
upplemented with 1 mM of substrates. The flasks were incubated
t 25 ◦C. Growth and substrate consumption were determined at 7-
ay intervals. One set of inoculated flasks was incubated stationary.
he effect of different carbon source concentrations on the degra-
ation of chrysene was studied using glucose in the concentration
ange 2–10%. The effect of varying the nitrogen source concen-
ration on the degradation of chrysene was studied by replacing
mmonium tartrate with polypeptone in the concentration range
–10%. The effect of varying the surfactant on chrysene’s degra-
ation was studied using tween 80 and tween 20. Agitation at
20 rpm was conducted to enhance the degradation of chrysene
n the liquid medium. All media were sterilized by autoclaving at
21 ◦C for 20 min. Control experiments were performed by incu-
ating chrysene in autoclaved cultures (121 ◦C for 20 min) and by

ncubating MSB medium with chrysene without an inoculum. All
ssays were conducted in triplicate. Before the incubation, a flask of
ach treatment was selected for immediate extraction. All remain-
ng flasks were incubated for 15 and 30 days. The culture broth was
lended with ethyl acetate to extract the aromatic hydrocarbon and
etabolites from the mycelia.

.5. Analytical methods

After the incubation, the culture broth was blended with ethyl
cetate and acidified with 1N HCl. The filtrate (liquid medium) and
esidue (fungal body) were separated by filtration, and the liq-
id medium and fungal body were extracted with ethyl acetate,
espectively. Each extract was combined and purified by silica gel
olumn chromatography using dichloromethane (150 ml). With
his method, all substrates initially present in the liquid medium
ere recovered. The extracts were concentrated and analyzed

y gas chromatography–mass spectrometry (GC–MS Shimadzu
P-5050). The amount of substrate was determined using 4-
hlorobiphenyl as an internal standard. GC–MS was performed with
he following conditions: column TC-1; 30 m in length and 0.25 mm
n diameter, helium pressure 100 kPa. The temperature program
as started at 80 ◦C, held for 2 min, raised from 80 to 200 ◦C at
0 ◦C/min, then to 260 ◦C at 7.5 ◦C/min, then held for 4 min. The
ow rate was 1.5 ml/min, interface temperature was 260 ◦C, and

njection volume was 1 �l. The degree of degradation was deter-
ined by comparing the amount of chrysene remaining between

he control and samples.

.6. Enzyme assays
The extracellular enzyme production was investigated in min-
ral salt broth medium. After homogenization at 10,000 rpm, the
nzymatic activities in the crude supernatant were determined
sing an UV–vis spectrophotometer. All activities were expressed

n U, defined as the amount of enzyme required to oxidize 1 �mol
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the culture, which might be correlated with a greater stability of
the isoenzyme produced. One of the benefits of using surfactants
like tween 80 is a better dissolution of the very hydrophobic sub-
strates [31]. On the other hand, tween 80 promotes both the uptake
T. Hadibarata et al. / Journal of Ha

f substrate in 1 min. Manganese peroxidase activity was assayed
sing 50 mM malonate buffer and dimethoxyphenol in 20 mM
nSO4 [24]. One unit of activity was defined as the amount of

nzyme that oxidized 1 �mol of dimethoxyphenol per minute and
ctivities were expressed in U l−l. Laccase activity was assayed using
yringaldazine in 100 mM sodium acetate buffer [25]. The enzy-
atic reaction was carried out at room temperature and one unit

f activity was defined as the amount of enzyme oxidizing 1 �mol of
ubstrate in 1 min. Lignin peroxidase activity was determined using
eratryl alcohol as a substrate [26]. One unit (U) was defined as
he amount of enzyme that oxidized 1 �mol of veratryl alcohol per

inute and the activity was reported as U l−l. 1,2-Dioxygenase and
,3-dioxygenase were measured by a modified previous method
27]. 1,2-Dioxygenase and 2,3-dioxygenase activities were assayed
sing catechol as a substrate. One unit of activity was defined as the
mount of enzyme that oxidized 1 �mol of substrate per minute
nd the activity was expressed in U l−l.

.7. Detection of metabolites

The MSB medium was prepared as described above. After inoc-
lation of the medium with Polyporus sp. S133, the culture was
re-incubated by standing for 7 days at 25 ◦C in the dark. Chrysene
issolved in 100 �l of DMF and 10 �l of tween 80 (1% solution)
as added to each culture medium as described above. The incu-
ation was conducted for 7-30 days at 25 ◦C in the dark. Thin layer
hromatography (TLC) to determine the metabolites of chrysene
egradation was performed on a silica gel 60 F254 (20 cm × 20 cm,
hickness 0.25 mm). Authentic chrysene, 1-hydroxy-2-naphthoic
cid, salicylic acid, phthalic acid, protocatechuic acid, catechol, and
entisic asid were used as standards. The extracts were purified
sing silica gel column chromatography by successive elution with
everal solvent combinations. The metabolites were tentatively
dentified by comparing Rf values and UV properties (i.e. quench-
ng under short UV254nm or blue–green fluorescence under long
V365nm) of the samples to those of authentic compounds. As six
uthentic compounds, viz. 1-hydroxy-2-naphthoic acid, salicylic
cid, phthalic acid, protocatechuic acid, catechol, and gentisic asid,
ould not be detected directly by GC–MS, an analytical derivatiza-
ion procedure was used to detect these compounds with GC–MS;
hese compounds were subjected to trimethylsilylation (TMS). Sim-
larly, extract from chrysene-grown cultures were also derivatized
nd subjected to test for the presence of these six compounds. After
he vacuum drying of each eluate from chrysene-grown cultures
100 �l) in a vial, N,O-bis-trimethylsilyl acetamide (40 �l), pyridine
40 �l), and trimethylchlorosilane (20 �l) were added. Trimethylsi-
ylation of the eluate was conducted for 10 min at 80 ◦C without
ontact with moisture. The trimethylsilyl derivatives of the extract
ere analyzed by gas chromatography (GC) using a Shimadzu GC-

7 equipped with a TC-1 capillary column (30 m × 0.25 mm) i.d.
.25 �m using a gradient of 60 ◦C for 2 min, raised to 150 ◦C at
5 ◦C/min, then raised to 300 ◦C at 25 ◦C/min, and maintained at
00 ◦C for 6 min. Injector and interface temperatures were 260 ◦C.

n order to confirm the metabolites of chrysene degradation and
o determine the degradation pathway, a gas chromatograph-mass
pectrophotometer, Shimadzu QP5050, was used in this experi-
ent. The conditions for GC–MS consisted of the use of a detector

t 1.3 eV, scan intervals of 1 s, and a mass range of 50–500.

. Results and discussion
.1. Isolation and identification of fungi

A total of 10 samples of soil were inoculated on a malt extract
gar medium containing chrysene. Among the 10 samples iso-

F
P

us Materials 164 (2009) 911–917 913

ated, 20 fungi were selected for further screening by the method
escribed above. Six fungi that grew well on the agar medium were
elected among the 20. Other isolates were discarded based on their
omparatively poor growth on agar medium containing chrysene.
ne fungus, named S133, was found to be most capable of degrading
hrysene. S133 has a cap with an indented cell similar to a honey-
omb white in color. Its stem is short, unequal, flared upward, and
ent with the cap. Its spore is white, grows in groups of several
pecimens or in tuft of two or three individuals sometime with the
aps welded together, and has clamp connection between hyphae
28,29]. Based on these macroscopic morphological characteristics,
133 was identified as Polyporus sp. S133.

.2. Investigation of degradation of chrysene by selected fungi

The rate of degradation was above 20% for 30 days of incuba-
ion with Polyporus sp. S133. Polyporus sp. S133 degraded 24% of
hrysene at 1 mM in 30 days. It was observed that by 30 days in the
tationary cultures, Polyporus sp. S133 formed filamentous mats at
he surface of the growth medium, while in the set incubated with
gitation, uniform pellets were formed. From Fig. 1, it could be seen
hat 65% degradation was achieved in 120 rpm agitated cultures in
0 days, as compared to 24% degradation in stationary cultures.
he increased efficiency of degradation could be due to the physi-
logical state of the fungus as pellets and increased mass transfer
etween the cells and the medium. Biodegradation by white rot
ungi has been attributed to the extracellular activity of oxidative
nzymes such as laccase. Laccase production was greatest in agi-
ated cultures and hence maximum degradation was achieved in
gitated cultures. The oxygen concentration is directly dependent
n the air flow rate. Stirring increases the contact between the
eagents (substrate, oxygen, and biomass), thus enhancing mass
ransfer and, as a consequence, the biodegradation rate [30]. In
tationary culture, the formation of a mat at the surface restricts
he transfer of oxygen to the cells beneath the surface and in the

edium resulting in oxygen limitation, which inhibits the oxidative
nzymes and prevents degradation.

Fig. 1 also shows the effect of surfactants on the degradation of
hrysene. The highest degradation rate was obtained with tween 80
49%) after 30 days of incubation. When the present cultures were
upplemented with tween 80, degradation rates were about 2-fold
igher than those obtained in control cultures (without tween 80).
urthermore, enzyme activity levels were maintained throughout
ig. 1. Effect of agitation and kind of surfactants on degradation of chrysene by
olyporus sp. S133.
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nd release of compounds from the cells through modifications of
lasma membrane permeability [32]. Moreover, tween 80 increases
he solubility of petroleum components such as chrysene, or lowers
he interfacial tension to enhance the mobility of petroleum. Typ-
cal desirable properties include solubility enhancement, surface
ension reduction, critical micelle concentrations, wet-ability, and
oaming capacity [33].

.3. Investigation of effects of carbon and nitrogen sources on
egradation of chrysene

Fig. 2 shows the effect of different concentrations of carbon and
itrogen sources. Polyporus sp. S133 degraded 35, 42, 47, 54 and 56%
f chrysene at 2, 4, 6, 8 and 10% glucose in 30 days, respectively. Of
ll the concentrations of carbon sources tested, the lowest rate of
egradation of chrysene was observed at 2% glucose (35%). At 8%
lucose, the rate of degradation in 30 days was only 54%. Among
ll the concentrations tested, 10% glucose was the best with 56%
egradation. Furthermore, Polyporus sp. S133 degraded 44, 46, 50,
4, and 65% of chrysene at 2, 4, 6, 8, and 10% polypeptone in 30
ays, respectively. The highest rate of degradation was 65% when
olyporus sp. S133 was incubated in the culture with 10% polypep-
one. Polypeptone as a nitrogen source, when added to the MSB

edium, remarkably increased the rate of degradation of chrysene.
he chrysene concentration reached a low level within 30 days. It
as been reported that production of laccase by Pleurotus ostreotus

n the medium supplemented with glucose and polypeptone was
igh [32]. This could be attributed to the fact that the degradation
f chrysene was mainly due to the extracellular enzyme activity.
lso glucose as the carbon source and peptone as the nitrogen

ource have been reported to give high laccase activity [34,35]. Thus
ith an increase in carbon and nitrogen concentrations, the levels

f laccase activity increased. Laccase production increased during
ultivation in media with all the investigated carbon and nitrogen
ources. Hence, 10% glucose and polypeptone were selected as the

ig. 2. Effect of nutrients on degradation of chrysene by Polyporus sp. S133. (A)
lucose, (B) polypeptone.
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Fig. 3. Change in enzyme activity during incubation of Polyporus sp. S133.

est concentrations of carbon and nitrogen sources for degrada-
ion of chrysene. No degradation was observed in the control flasks
ithout inoculum.

.4. Investigation of enzyme activity of selected fungi in the liquid
edium

Several enzymes such as manganese peroxidase (MnP), lignin
eroxidase (LiP), laccase, 1,2-dioxygenase and 2,3-dioxygenase
ere detected in the culture produced by Polyporus sp. S133. The

evels of MnP and LiP activity were highest after 15 days of culti-
ation (57.1 and 60.3 U l−1) while 1,2- and 2,3-dioxygenase showed
he highest level after 20 days (237.5 and 36.8 U l−1) (Fig. 3). Poly-
orus sp. S133 showed the greatest laccase production after 25 days
40.4 U l−1). Those ligninolytic and dioxygenase enzymes play an
mportant role in the oxidization of various environmental pollu-
ants such as chlorophenol, aromatic dyes, and polycyclic aromatic
ydrocarbons including chrysene [36]. LiP is able to oxidize vari-
us aromatic compounds, while MnP oxidizes almost exclusively
n(II) to Mn(III), which then degrades phenolic compounds [36].

accase is a copper-containing oxidase that reduces molecular oxy-
en to water and oxidizes phenolic compounds. In most species,
eroxidase and laccases are expressed as several isoenzymes. Both
ypes of ligninolytic enzymes are glycosylated, which may increase
heir stability [37]. Pinyakong et al. showed that dioxygenase is the

echanism to degrade polycyclic aromatic hydrocarbons by bacte-
ia [38]. Dioxygenase initially attacked the aromatic compound at
oth the 1,2-position and the 2,3-position.

.5. Identification of metabolites

Seven metabolites were detected during the degradation of
hrysene by Polyporus sp. S133 (Fig. 4) (Table 1). The TLC and UV–vis
pectrophotometer analysis were initially performed to indicate
he presence of different intermediates in degradative pathway
y combining short- and long-time extracts of the chrysene-
rown culture. The GC/MS and MS studies were taken carried out
o conclusively prove the presence of these intermediates using
hort- and long-time extract separately. The identity of six of
hese metabolites was confirmed using authentic standards. The
ther compound was chrysenequinone based on the possible ini-
ial oxidation reaction with chrysene. By comparing the Total Ion
hromatography (TIC) profiles of III, IV, V, VI, and mass spectra of II
nd VII with standards, the identity of these compounds could be

onfirmed. Polyporus sp. S133, grown in MSB with chrysene for 7
ays, was able to degrade chrysene to chrysenequinone. An analysis
f the ethyl acetate-extractable metabolites was conducted using
C/MS, under conditions described in the materials and meth-
ds. Compound I (m/z 258, M+) was possibly chrysenequinone as
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Fig. 4. A proposed pathway for the deg

eflected by a major peak at 3.1 min. The GC retention time, MS
roperties of the M+ at m/z 258, and fragment ions at m/z 230 (M+-
8), corresponding to the respective sequential losses of –CO, were

dentical to those of synthesized chrysenequinone. Polyporus sp.
133, grown in MSB for 15 days with chrysene, was also able to
egrade chrysene to compound II. An analysis of compound II iso-

ated from the ethyl acetate-extractable metabolites was measured
y mass spectrum. The mass spectrum of compound II shows a
olecular ion (M+) at m/z 188 and fragment ion at m/z 170 (M+-

8), were identical to those of authentic 1-hydroxy-2-naphthoic
cid.

Polyporus sp. S133 degraded chrysene via 1-hydroxy-2-
aphthoic acid to phthalic acid and salicylic acid in similar

ncubation time. When the short-time extract was subjected to
C/MS analysis, only chrysenequnone could be identified whose

etention time and mass-fragmentation pattern matched with the
ynthesized compound. However, when a long-time extract was
nalyzed, many peaks from the short-time extract disappeared and
ew peaks appeared, the retention time and fragmentation pat-
ern of compounds III and IV matched with authentic phthalic acid
nd salicylic acid, respectively. No chrysene peak was apparent,
robably because of the total degradation of chrysene. Phthalic
cid and salicylic acid in the extracts were identified using the
ethod described in the experimental section. In the TIC profile,
he retention time of these compounds coincided with those of
he authentic compounds. The Mass Spectrum (MS) of the TMS
ther of these compounds also coincided with those of the authen-
ic TMS ethers of the compounds. Two peaks designated III and

b
t
h
v

able 1
ass spectra analysis of the principal metabolites detected during the degradation of chr

etabolites m/z of fragment ions (% relative abundance)

258 (12, M+), 230 (100), 231(21), 202 (20), 200 (18), 201 (13), 228 (5)
I 188 (40, M+), 170 (100), 114 (71), 115 (23), 77 (19)
II 310 (3, M+), 147 (100), 73 (79), 148 (57), 140 (34), 59 (31), 149 (29), 295 (22

(21)
V 267 (92, M+-15), 73 (100), 268 (37), 147 (22), 74 (21), 75 (18), 149 (18), 135

209 (14)
370 (72, M+), 73 (100), 193 (98), 355 (44), 311 (35), 194 (28), 371 (26), 74 (
223 (15)

I 254 (5, M+), 73 (100), 151 (11), 74 (10), 135 (10), 75 (7)
II 154 (100, M+), 136 (87), 108 (15), 137 (14)
ion of chrysene by Polyporus sp. S133.

V were obtained from compound II. Compound III was possibly
hthalic acid as reflected by a major peak at 8.9 min and its mass
pectrum. MS analysis of the phthalic acid produced from 1-hydro-
-naphthoic acid gave an apparent molecular ion [M+] at m/z 310
or TMS-derivatives and apparent losses of [M+-15] at m/z 295 cor-
esponding to the respective sequential losses of methyl (–CH3), as
ell as the expected fragment ions at m/z 147 and 73. Based on the
ata above, the compound should be phthalic acid. The pattern of
he changes of the peak areas of phthalic acid and compound IV dur-
ng degradation were similar, suggesting that a different metabolic
athway and enzymatic system were utilized for their formation.
ompound IV was attributed to be salicylic acid given its major peak
t 8.7 min and mass ion spectrum. MS of the salicylic acid produced
rom 1-hydroxy-2-naphthoic acid gave an apparent loss of [M+-
5] for TMS-derivatives at m/z 295 corresponding to the respective
equential losses of methyl (-CH3), as well as the expected fragment
ons at m/z 73. Based on the data above, the compound should be
alicylic acid.

In order to determine the further metabolites, Polyporus sp.
133 was grown in phthalic acid and then the extract were sub-
ected to GC/MS. In phthalic acid grown culture, we found one
raction (compound V), which had a GC retention time of 11.3 min.
C/MS revealed this metabolite to have a molecular ion [M+] at
/z 370 and fragment ion [M+-15] at 355, representing a proba-
le loss of CH3. The mass spectral fragmentation pattern suggested
hat this metabolite was protocatechuic acid. This indicates that 1-
ydroxy-2-naphthoic acid was converted into protocatechuic acid
ia phthalic acid.

ysene by Polyporus sp. S133.

Possible structures

Chrysenequinone (confirmed with a synthesized compound)
1-Hydroxy-2-naphthoic acid (confirmed with a standard)

), 75 (22), 76 Phthalic acid-TMS derivatives (confirmed with a standard)

(17), 91 (15), Salicylic acid-TMS derivatives (confirmed with a standard)

17), 165 (16), Protocatechuic acid- TMS derivatives (confirmed with a standard)

Catechol-TMS derivatives (confirmed with a standard)
Gentisic acid (confirmed with a standard)
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On the other hand, Polyporus sp. S133 degraded salicylic acid to
atechol and gentisic acid in similar incubation time. An analysis
f the ethyl acetate-extractable metabolites was conducted using
C/MS, under normal conditions. By the GC analysis of metabolites
fter silylation, we detected one TMS-derivative peak. The mass
pectrum of the major compound VI having a retention time of
.1 min exhibited a molecular ion [M+] at m/z 254 and fragment
on at [M+-15] at 239 representing a probable loss of CH3. This

etabolite was identified as catechol based on a comparison with
he authentic compound. Compound VII (m/z, 154) was possibly
entisic acid as reflected by mass spectrum. Mass spectrum prop-
rties of the M+ at m/z 154, and fragment ions at m/z 136 [M+-18],
ere identical to those of authentic gentisic acid.

Many PAHs contain a “bay region” and a K-region”. The bay- and
-regions, which can be formed metabolically, are highly reactive
oth chemically and biologically. As chrysene contains bay- and K-
egions, it has been used as a model substrate for studies on the
etabolism of bay-region- and K-region-containing carcinogenic

AHs such as benzo(a)pyrene and benzo(a)anthracene [39,40].
Based on the identification of various metabolites produced

uring the initial ring oxidation and ring cleavage processes, the
etabolism of chrysene by Polyporus sp. S133, a fungus screened

rom nature, was successfully explored. The pathways for chry-
ene’s degradation were proposed based on the identification of
arious metabolites. It is possible that a fungal culture could uti-
ize the dioxygenase system to transform chrysene to cis-chrysene
r trans-chrysene dihydrodiol, and further to dihydroxy chrysene,
espectively. However, only chrysenequinone was detected in the
resent study, suggesting that the fungus utilized the dioxyge-
ase system to transform chrysene. Chrysenequinone was further
egraded to 1-hydroxy-2-naphthoic acid. The chemical oxidation
f this quinine is a facile reaction, and chrysenequinone is formed
s a side product when chrysene is chemically oxidized to produce
-hydroxy-2-naphthoic acid. GC analysis showed that the overall
attern of chrysenequinone oxidation in vivo resembled the pattern
ound for chrysene and the major product formed from chry-
enequinone was 1-hydroxy-2-naphthoic acid. Our results show
hat ligninolytic Polyporus sp. S133, does not accumulate dihy-
rodiol. The explanation for this result cannot simply be that the
ihydrodiol was both formed and rapidly degraded in our experi-
ents, because we did not find this compound in the medium for

everal days incubation. These results indicate that cis-chrysene
r trans-chrysene dihydrodiol is not a major intermediate in 1-
ydroxy-2-naphthoic acid production from chrysene in ligninolytic
ulture. Two different classes of enzymes are presumably involved
n the degradation of 1-hydroxy-2-naphthoic acid. Polyporus sp.
133 can degrade chrysenequinone through a highly complex
nitial metabolic pathway but this pathway converged into 1-
ydroxy-2-naphthoic acid. This reaction is presumably catalyzed by
alicylate hydroxylase or equivalent enzymes [37,41]. 1-Hydroxy-
-naphthoic acid can be further degraded via two routes. In one
oute, it undergoes ring cleavage to form phthalic acid and proto-
atechuic acid, which is finally cleaved to from pyruvic acid and
ltimately enter the tricarboxylic acid cycle. In the other route,
-hydroxy-2-naphthoic acid undergoes oxidative decarboxylation
o form 1,2-dihydroxynaphthalene, which is then subject to meta-
leavage to form saliclylic acid. Salicylic acid can also be further
egraded via the formation of either catechol or gentisic acid. Both
atechol and gentisic acid undergo ring fusion to form tricarboxylic
cid-cycle intermediates [40,42]. Some degradation products of

AHs are toxic (e.g., carcinogenic) and incomplete degradation of
hrysene may still have threat to ecosystem or even worse in case
egradation products would be more toxic than chrysene. The role
f manganese peroxidase, lignin peroxidase, and laccase in chry-
ene’s degradation is still unclear.

[

[

us Materials 164 (2009) 911–917

. Conclusions

The results shows that chrysene, a PAH was degraded by Poly-
orus sp. S133 in a MSB liquid culture. The maximum degradation
ate (65%) was obtained when Polyporus sp. S133 was incubated
n the agitated cultures supplemented with polypeptone (10%)
or 30 days under 120 rpm. Furthermore, the degradation rate
as affected by carbon and nitrogen sources as well as surfac-

ants. The degradation mechanism for chrysene by Polyporus sp.
133 was determined through identification of several metabolites,
hrysenequinone, 1-hydroxy-2-naphthoic acid, phthalic acid, sali-
ylic acid, protocatechuic acid, gentisic acid, and catechol. Several
nzymes such as manganese peroxidase, lignin peroxidase, lac-
ase, 1,2-dioxygenase and 2,3-dioxygenase, produced by Polyporus
p. S133 were detected during the incubation. The highest level of
nzyme activity was shown by 1,2-dioxygenase (237.5 U l−1) after
0 days incubation. The capability of Polyporus sp. S133 to degrade
hrysene can be used for bioremediation of PAHs-contaminated
nvironments. Further study on potential biodegradability of Poly-
orus sp. S133 to various PAH compounds is needed.
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