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Fungal metabolism of polycyclic aromatic hydrocarbons: past,
present and future applications in bioremediation
CE Cerniglia

Division of Microbiology, National Center for Toxicological Research, US Food & Drug Administration, Jefferson, Arkansas
72079, USA

This article examines the importance of non-ligninolytic and ligninolytic fungi in the bioremediation of polycyclic
aromatic hydrocarbon contaminated wastes. The research from the initial studies in Dave Gibson’s laboratory to
the present are discussed.
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The defining moment that catapulted me into the field of positions totrans-BP-7,8-dihydrodiol via cytochrome
P450/epoxide hydrolase localized in the microsomal cellmicrobial metabolism of polycyclic aromatic hydrocarbons

(PAHs) was when I met David T Gibson, who was visiting fraction. The proximate carcinogen is further metabolized
to the potent carcinogen anti-7,8-dihydroxy-9,10-epoxy-Chase Van Baalen at The University of Texas Marine

Science Institute (UTMSI), Port Aransas, Texas, for a sem- 7,8,9,10-tetrahydroBP, which alkylates DNA (Figure 2).
Another metabolic activation pathway involves a one-elec-inar, a fishing trip, and a traditional poker game during the

summer of 1976. Bob Tabita, a colleague of Dave’s at the tron oxidation at the C-6 position of the BP ring system to
form electrophilic cation radicals, which could also bindUniversity of Texas at Austin, was also at UTMSI teaching

marine microbial ecology, hitting home runs in the summer to cellular nucleophiles to form DNA adducts [18]. The
generation of potentially toxic intermediates has becomesoftball league, fishing and playing in the infamous poker

games. My recollection is that Bob and Chase usually won important to determine, since if bioremediation of PAH-
contaminated sites is to become a viable technologicalmost of Dave’s and my chips in poker. This also continued

to be a tradition over the years. Dave gave an outstanding option, we must consider whether the process is truly a
detoxification pathway [97,106]. Because of their persist-lecture on the bacterial oxidation of aromatic hydrocarbons.

His lecture, filled with enthusiasm and fun for science, was ence in the environment and their genotoxicity, PAHs rep-
resent a health risk to humans; therefore, Dave discussedmy first encounter with PAH chemistry. These ubiquitous

pollutants, which comprise a class of chemicals consisting biodegradation principles and delighted the audience by
telling the story of his quest to isolate and identifycis-of three or more benzene rings fused in a linear, angular,

or cluster arrangement (Figure 1), occur mostly as a result dihydrodiols and the mechanism of enzymatic attack per-
formed by bacteria. From his lecture, it was clear that Daveof the incomplete combustion of fossil fuels or from acci-

dental discharge during the transport, use and disposal of had a meticulous approach to scientific experimentation and
high standards, which he has passed on to many of thosepetroleum products [65]. PAHs also occur as the result of

the incineration of refuse and wastes and the burning of who studied in his laboratory. After the seminar and over
a couple of beers, Dave offered me a post-doctoral fellow-forests and agricultural residues [9]. Dave described how

PAHs require metabolic activation to exert their mutagenic, ship to conduct research in his laboratory at the University
of Texas at Austin. I joined his group in the fall of 1976carcinogenic and tumorigenic effects. He mentioned the

research of James and Elizabeth Miller, who first showed and began what was the most critical period in developing
my interest in microbial biochemistry.that chemical carcinogens, after metabolic activation to

electrophilic species, bind with nucleophilic groups of When I arrived in the Microbiology Department at the
University of Texas at Austin, my first research discussionDNA, RNA and protein [81]. We now know that the meta-

bolic activation of PAHs by cytochrome P450 monooxy- with Dave was inspirational. He discussed the early obser-
vations of Auretet al [2], Ferris and co-workers [50,51],genases is the first enzymatic step in the process leading to

genotoxicity [48,49,57–59]. Enzymatic hydration of the and Smith and Rosazza [98] that fungi metabolize aromatic
compounds to metabolites similar to those formed by mam-non-K-region arene oxide via epoxide hydrolase then

follows to form trans-dihydrodiols, which are further meta- malian enzymes. They showed that the zygomycete,Cun-
ninghamella bainieri, metabolized anisole, aniline andbolized by cytochrome P450 monooxygenases to form

dihydrodiol-epoxides, which alkylate DNA. For example, naphthalene by aryl hydroxylation and 4-nitroanisole by O-
demethylation. For naphthalene biotransformation experi-benzo[a]pyrene (BP) is metabolized in the C-7 and C-8
ments, a naphthalenetrans-dihydrodiol was formed, which
suggested the possible presence of a cytochrome

Correspondence: CE Cerniglia, Division of Microbiology, National Center P450/epoxide hydrolase complex. Smith and Rosazza alsofor Toxicological Research, US Food & Drug Administration, Jefferson,
provided evidence that several fungal species metabolizedArkansas 72079, USA

Received 10 August 1997; accepted 15 August 1997 aromatic hydrocarbons in a way similar to mammals [98].



Fungal metabolism of PAHs
CE Cerniglia

325

Figure 1 Chemical structures of polycyclic aromatic hydrocarbons.

Figure 2 Metabolic activation pathways for the mammalian metabolism of benzo[a]pyrene.

They coined the phrase, ‘microbial models of mammalian differences between the bacterial, fungal and mammalian
metabolism of PAHs. In 1976, we knew that bacteriametabolism’. They suggested that microorganisms can be

used to study drug metabolism with the added advantage of initially oxidize PAHs by incorporating both atoms of mol-
ecular oxygen into the PAH nucleus to formcis-dihydrodi-producing large quantities of metabolites, so that complete

toxicological evaluation as well as rigorous structural eluci- ols [54] (Figure 3). In contrast, it was known from the stud-
ies in Don Jerina’s laboratory at NIH that mammalsdation studies can be obtained. Also, metabolites that are

not easily synthesized by organic chemistry methods could incorporate one atom of molecular oxygen into the PAH to
form arene oxides that can either undergo enzymaticeasily be made by microorganisms.

Dave asked me to evaluate these papers and to outline hydration by epoxide hydrolase to formtrans-dihydrodiols
or else rearrange non-enzymatically to form phenols [44].experiments to test the hypothesis of the similarities and
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Figure 3 Different pathways used by bacteria and mammals in the metabolism of polycyclic aromatic hydrocarbons.

These observations led Dave Gibson to suggest thatcis and ecology and delighted in telling his students stories about
his days in Dr Jackson Foster’s laboratory doing hydro-trans hydroxylation of aromatic hydrocarbons represent

basic differences in the metabolism of these substrates by carbon oxidation studies. I was fortunate to begin my scien-
tific career having Dr Perry as my mentor, since he laid theprocaryotic and eucaryotic organisms [55]. The question

that I was asked to address was, ‘Do fungi use the same foundation necessary for an understanding of microbiology,
which profoundly stimulated my research career. Since theor different reaction sequences as bacteria and mammals in

metabolizing PAHs’ (Figure 3)? initial isolation ofC. elegansin 1972, this fungus has been
used by many scientists to metabolize a wide variety ofThe atmosphere in Dave Gibson’s laboratory was scien-

tifically challenging, with all the technology available to compounds that vary in properties from crude oil to tri-
cyclic antidepressants [38,111].develop and test the hypothesis. Certainly Dave directed a

high-quality scientific research program, which attracted Dave wanted me to do initial screening of metabolites
formed from fungal biotransformation of PAHs that rangedtop students and post-doctoral fellows. Understanding the

enzymatic mechanisms of the catabolism of aromatic in size from naphthalene to benzo[a]pyrene. Using classical
biotransformation techniques and thin-layer chromatogra-hydrocarbons and the elucidation of chemical pathways

were clear goals that I saw being pursued at this time. phy (tlc) for detection of metabolites, we found thatC. ele-
gans, when grown on Sabouraud dextrose broth in the pres-Working with fungi was new to Dave’s laboratory, which

confirmed my desire to conduct research in this rewarding ence of naphthalene, biphenyl, anthracene, phenanthrene or
benzo[a]pyrene, metabolized these PAHs to numerousenvironment. The fungus that I used wasCunninghamella

elegans, a zygomycete that was isolated from estuarine metabolites. When I showed Dave the tlc plates, he said,
‘Carl, that looks like a chemist’s nightmare.’ Dave’s state-sediments obtained from the North Carolina coast [38].

This crude oil-degrading fungus was isolated in the labora- ment was profound, since that simple screening experiment
has kept me busy for the last 20 years. The first detailedtory by Dr Jerome J Perry, North Carolina State University.

Dr Perry was my PhD mentor, a captivating man who experiments on the fungal metabolism of PAHs was with
naphthalene. Naphthalene was chosen as a model com-instilled great enthusiasm for microbial physiology and
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pound, since its metabolism by mammals and bacteria had glucosides [17,23,26,31,36,86,87,91]. The isolation of these

conjugated metabolites and the detection of aryl sulfo-been examined extensively. We knew that the major route
of metabolism of naphthalene by mammals involved the transferase, glutathioneS-transferase, UDP-glucuronosyl-

transferase, and UDP-glucosyltransferase activities areincorporation of one atom of molecular oxygen into the
benzene nucleus to form naphthalene 1,2-oxide. The latter indicative of a detoxification pathway, since conjugation

products are considered to be less toxic than the parentcompound can undergo isomerization via the NIH shift to
form 1-naphthol, enzymatic addition of water to formtrans- PAH [40,112].The results suggest thatC. eleganscan be

used to efficiently remediate PAH-contaminated soil.1,2,dihydroxy-1,2-dihydronaphthalene (naphthalenetrans-
1,2-dihydrodiol), and the non-enzymatic addition of gluta- A major breakthrough on the potential of fungi for use

in PAH bioremediation was in 1985 when Bumpuset althione to form conjugated derivatives. In contrast, bacteria
incorporate both atoms of molecular oxygen into naphtha- [16] reported that the white-rot basidiomycetePhanero-

chaete chrysosporiumpartially degraded benzo[a]pyrene tolene to form naphthalene 1,2-dihydrodiol with acis-stereo-
chemistry. carbon dioxide. The ability ofP. chrysosporiumto metabol-

ize PAHs was attributed to the action of ligninolyticThe initial biotransformation study in 1977 showed that
C. elegansoxidized naphthalene to naphthalenetrans-1,2- enzymes. This initial report has stimulated many other

investigators to show that the lignin-degrading system ofdihydrodiol, 1-naphthol, 2-naphthol, 4-hydroxy-1-tetralone
and 1,2- and 1,4-naphthoquinones [30]. Subsequent studiesP. chrysosporium, which includes lignin peroxidase and

manganese peroxidase, is important in PAH degradationshowed thatC. elegansalso formed 1-naphthylglucuronide
and 1-naphthyl sulfate [26]. A collaborative investigation [3,15]. Lignin peroxidases are extracellular enzymes that

are induced during secondary metabolism under nutrient-in 1978 with Paul Szaniszlo’s laboratory at the University
of Texas at Austin showed that the ability of fungi to meta- deficient culture conditions. It has been shown that the lig-

nin peroxidases oxidize a variety of PAHs with ionizationbolize naphthalene was widespread among the five major
fungal taxa [35]. The zygomycetes generally have the high- potentials below 7.56 eV. Lignin peroxidases ionize aro-

matic compounds to create aryl cation radicals, whichest degradative ability amongst the fungi screened, which
could be linked to cytochrome P450 involvement in ergo- undergo further oxidation to form quinones [4,10–

14,46,47,53,60–63,83,84]. For example, Hammelet al [61]sterol biosynthesis and fatty acid oxidation.
Further mechanism studies in 1983 in my laboratory at showed that intact cultures ofP. chrysosporiumformed

anthraquinone from anthracene. The anthraquinone wasthe National Center for Toxicological Research indicated
that naphthalene 1,2-oxide was an intermediate of naphtha- further metabolized to phthalic acid and carbon dioxide.

Purified forms of lignin peroxidase and manganese peroxi-lene oxidation catalyzed by cytochrome P450 monooxygen-
ase via an NIH shift mechanism [22]. Experiments with dase have also been shown to be capable of oxidizing

anthracene, pyrene, fluorene and benzo[a]pyrene to the cor-18O2 indicated that the naphthalenetrans-1,2-dihydrodiol
that was formed contained one atom of molecular oxygen, responding quinones [12,60–63,104] (Figure 5).

Recently other basidiomycetes, such asCrinipellis stipit-which indicated a monooxygenase catalyzed reaction, while
similar incubation with naphthalene and H2

18O indicated aria [71,73–75], and white-rot fungi, such asTrametes ver-
sicolor [42,67], Bjerkanderasp [69] andPleurotus ostre-that the other oxygen atom in naphthalenetrans-1,2-dihyd-

rodiol was derived from water. Since these earlier studies,atus[5–8,72], have been shown to metabolize PAHs, such
as phenanthrene, anthracene, pyrene, benzo[a]pyrene andwe have learned thatC. eleganscannot utilize PAHs as

sole sources of carbon and energy; however, it can cometa- fluorene. Interestingly, since in some cases these organisms
produce little or no lignin peroxidase and manganese per-bolize in a stereo- and regioselective manner a wide variety

of PAHs, including acenaphthene [88], naphthalene oxidase, several enzymatic mechanisms could be used by
white-rot fungi to degrade PAHs. For examples, Collinset[22,30], phenanthrene [23,41], anthracene [19,41], fluorene

[89], fluoranthrene [87,90], chrysene [91], pyrene [36], al [43] have shown that purified laccase isozymes fromT.
versicolor oxidized anthracene and benzo[a]pyrene.benzo[a]pyrene [31–33,37], benzo[e]pyrene [86],

benz[a]anthracene [25,34], and dibenzothiophene [96], as Anthraquinone was identified as the major end product of
anthracene oxidation. Similarly, PAHs with ionizationwell as methylated [28,29,79,80] and nitro-substituted

[27,82] analogs, to formtrans-dihydrodiols, phenols, quin- potentials below 7.45 eV, such as anthracene and
benzo[a]pyrene, could be oxidized by laccase, whereasones, and dihydrodiol-epoxides (Figure 4). These metab-

olites are similar to phase I metabolites of xenobiotics for- fluorene and phenanthrene were not oxidized. Sutherland
et al [102] also suggested another pathway in the metab-med by mammalian enzyme systems. However, a major

difference betweenC. elegansand mammals is that the olism of phenanthrene byP. chrysosporium through
cytochrome P450 monooxygenase and epoxide hydrolasemajor enantiomer of the dihydrodiols formed byC. elegans

has anS,Sabsolute configuration compared to the predomi- to form phenanthrenetrans-9,10-dihydrodiol. Recently, a
cytochrome P450 gene has been cloned and identified inP.nant R,R enantiomer formed by rat-liver microsomes

[22,29,37,41,79,100]. The phase I enzymes, cytochromechrysosporium[70].
A collaboration between my laboratory and that ofP450 and epoxide hydrolase, have been detected in mycel-

ial extracts ofC. elegans[105,112]. However, the bio- Yitzhak Hadar at the Hebrew University of Jerusalem,
Rehovot, has indicated that the edible basidiomycete,Pleu-chemical characterization, genetic regulation and endogen-

ous functions have yet to be determined. We also foundrotus ostreatus(the oyster mushroom), can degrade a wide
range of PAHs that include anthracene, phenanthrene,that the initial hydroxylation products could undergo phase

II biotransformation to form glucuronides, sulfates and pyrene, fluorene, and benzo[a]pyrene [5–8].P. ostreatus
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Figure 4 Pathways for the fungal metabolism of polycyclic aromatic hydrocarbons.

Figure 5 Oxidation of polycyclic aromatic hydrocarbons by ligninolytic fungi.

differs from P. chrysosporiumin its lignin degradation basic mechanisms for the oxidation of PAHs. The predomi-
nant pathway in the initial oxidation of PAHs is a cyto-mechanism, since it does not have lignin peroxidase

activity. Based on the isolation of chemical intermediates, chrome P450/epoxide hydrolase catalyzed reaction leading
to the formation of trans-dihydrodiols. These metabolicenzyme assays, inhibitor studies and18O2 incorporation

experiments, we suggested thatP. ostreatushas at least two steps are similar to those found in non-ligninolytic fungi,
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Compound Organisms Reference

Acenaphthene Cunninghamella elegans

Anthracene Bjerkanderasp, Cunninghamella elegans, Naematoloma frowardii, Phanerochaete [1,5,11,19,41,43,52,61,67,69,88,
chrysosporium, Phanerochaete laevis, Pleurotus ostreatus, Pleurotus sajor-caju, 93,95,103]
Ramariasp, Rhizoctonia solani, Trametes versicolor

Phenanthrene Aspergillus niger, Cunninghamella elegans, Naematoloma frowardii, [5,11,15,17,23,41,42,47,62,83,84,
Phanerochaete chrysosporium, Phanerochaete laevis, Pleurotus ostreatus, 93–95,102,104]
Syncephalastrum racemosum, Trametes versicolor

Fluoranthene Cunninghamella elegans, Naematoloma frowardii, Laetiporus sulphureus, [87,88,93,95]
Penicillium sp, Pleurotus ostreatus

Fluorene Cunninghamella elegans, Laetiporus sulphureus, Phanerochaete chrysosporium, [8,12–14,42,53,89,93]
Pleurotus ostreatus, Trametes versicolor

Pyrene Aspergillus niger, Agrocybe aegerita, Candida parapsilopsis, Crinipellis maxima, [5,36,63,66,71–76,92,94,95,110]
Crinipellis perniciosa, Crinipellis stipitaria, Crinipellis zonata, Cunninghamella
elegans, Fusarium oxysporum, Kuehneromyces mutablis, Marasmiellus ramealis,
Marasmius rotula, Mucorsp, Naematoloma frowardii, Penicillium janczewskii,
Penicillium janthinellum, Phanerochaete chrysosporium, Pleurotus ostreatus,
Syncephalastrum racemosum, Trichoderma harzianum

Benz[a]anthracene Candida krusei, Cunninghamella elegans, Phanerochaete chrysosporium, [1,11,25,34,78]
Phanerochaete laevis, Pleurotus ostreatus, Rhodotorula minuta, Syncephalastrum
racemosum, Trametes versicolor

Benzo[a]pyrene Aspergillus ochraceus, Bjerkandera adusta, Bjerkanderasp, Candida maltosa, [5,11,16,24,27,31–
Candida maltosa, Candida tropicalis, Chrysosporium pannorum, Cunninghamella 33,43,45,52,56,60,64,76,77,
elegans, Mortierella verrucosa, Naematoloma frowardii, Neurospora crassa, 95,107–109]
Penicillium janczewskii, Penicillium janthinellum, Phanerochaete chrysosporium,
Phanerochaete laevis, Pleurotus ostreatus, Ramariasp, Saccharomyces cerevisiae,
Syncephalastrum racemosum, Trametes versicolor, Trichodermasp, Trichoderma
viride

Chrysene Cunninghamella elegans, Penicillum janthinellum, Syncephalastrum racemosum [68,91]

Benzo[e]pyrene Cunninghamella elegans [86]

such asC. elegans. For example,P. ostreatusformed basidiomycetesPhanerochaete chrysosporium, Pleur-
otus ostreatus, Trametes versicolor, and Bjerkanderaanthracenetrans-1,2-dihydrodiol [8] predominantly in the

S,Sconfiguration, but pyrenetrans-4,5-dihydrodiol [8] and sp and the brown rot basidiomyceteLentinus lepideus
have exhibited significant potential to metabolizephenanthrenetrans-9,10-dihydrodiol [7] in theR,R con-

figurations when metabolizing anthracene, pyrene and PAHs.
(2) Fungi do not utilize PAHs as the sole source of carbonphenanthrene, respectively. These results indicated thatP.

ostreatusinitially metabolized PAHs by reactions similar and energy, and therefore the medium must be sup-
plemented with an additional carbon source to allowto those previously reported forC. elegans. However, in

contrast to non-ligninolytic fungi,P. ostreatushas another fungi to metabolize them.
(3) The initial metabolism of PAHs by nonbasidiomyceteoxidative pathway that can cleave the aromatic ring and

mineralize the PAHs, as do ligninolytic fungi such asP. fungi has been shown to result only in the oxidation
of the PAHs; generally, PAHs are not mineralized bychrysosporium. The roles of laccases, manganese peroxi-

dase and other ring cleavage enzymes in PAH degradation these strains.
(4) Some white-rot basidiomycetes have the ability toby P. ostreatusremain to be determined.

Since the initial studies in Dave Gibson’s laboratory, a cleave the aromatic rings and mineralize PAHs.
(5) Generally, non-ligninolytic fungi metabolize PAHs toconsiderable amount of data have been reported by many

laboratories on the importance of fungi in the metabolism dihydrodiols, phenols, quinones and dihydrodiol epox-
ides. Conjugation products, like glucuronides, xylo-of PAHs [20,21,39,85,99,101]. A summary of our current

knowledge is listed below: sides, glucosides and sulfates have also been reported.
Conjugation pathways lead to detoxification, whereas
the oxidation products like quinones or dihydrodiol
epoxides may be bioactive and toxic.(1) A wide variety of fungi have been shown to metabolize

PAHs that range in size from two to six rings (Tables (6) Several enzymatic systems are involved in the fungal
metabolism of PAHs. They include intracellular1 and 2). From the many PAH-degrading strains, the

zygomyceteCunninghamella elegans, the ascomycetes cytochrome P450 and extracellular lignin peroxidase,
manganese peroxidase and laccase.Aspergillus niger and Penicillium sp, the white-rot
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Compound Metabolites References

Acenaphthene 1-Acenaphthenone, [88]
1,2-Acenaphthenedione,
cis-1,2-Dihydroxyacenaphthene,
trans-1,2-Dihydroxyacenaphthene,
1,5-Dihydroxyacenaphthene,
6-Hydroxyacenaphthenone

Anthracene Anthracenetrans-1,2-Dihydrodiol [8,19,41,42,52,61,67,103]
1-Anthrol, 9,10-Anthraquinone, Phthalate, Glucuronide, Sulfate
and Xyloside conjugates of hydroxylated intermediates

Phenanthrene Phenanthrenetrans-1,2-dihydrodiol [7,17,23,41,62,94,95,102,104]
Phenanthrenetrans-3,4-dihydrodiol
Phenanthrenetrans-9,10-dihydrodiol
Glucoside conjugate of 1-phenanthrol
1-,2-,3-,4-, and 9-phenanthrol
1-methoxyphenanthrene,
Phenanthrene-9,10-quinone
2,2′-Diphenic acid

Fluoranthene Fluoranthenetrans-2,3-dihydrodiol, [87,90]
8 and 9-Hydroxyfluoranthenetrans-2,3-dihydrodiols,
Glucoside conjugates of hydroxylated intermediates

Chrysene 2-Chrysenyl sulfate [68,91]
2-Hydroxy-8-chrysenylsulfate
Chrysenetrans-1,2-dihydrodiol

Benz[a]anthracene Benz[a]anthracenetrans-3,4-dihydrodiol, [25,34]
Benz[a]anthracenetrans-8,9-dihydrodiol,
Benz[a]anthracenetrans-10,11-dihydrodiol,
Phenolic and tetrahydroxy derivatives of benz[a]anthracene,
Glucuronide and Sulfate conjugates of hydroxylated intermediates

Fluorene 9-Fluorenone [8,12,89]
9-Fluorenol
2-Hydroxy-9-fluorenone

Pyrene 1,6-Pyrenequinone [8,36,63,75,76,94,110]
1,8-Pyrenequinone
Glucoside conjugates
1-Pyrenol
1,6-dihydroxypyrene
1,8-dihydroxypyrene
1-Pyrene sulfate
1-Hydroxy-8-pyrenyl sulfate
6-Hydroxy-1-pyrenyl sulfate
Pyrenetrans-4,5-Dihydrodiol

Benzo[a]pyrene Benzo[a]pyrenetrans-4,5-dihydrodiol [31–33,37,60,76,77,108]
Benzo[a]pyrenetrans-7,8-dihydrodiol
Benzo[a]pyrenetrans-9,10-dihydrodiol
Benzo[a]pyrene-1,6-quinone
Benzo[a]pyrene-3,6-quinone
Benzo[a]pyrene-6,12-quinone
3-Hydroxybenzo[a]pyrene
9-Hydroxybenzo[a]pyrene
7b,8a,9a,10b-tetrahydrobenzo[a]pyrene,
7b,8a,9a,10b-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene,
Benzo[a]pyrene 7,8-dihydrodiol-9,10-epoxide,
Glucuronide and Sulfate conjugates of hydroxylated intermediates

Benzo[e]pyrene 3-Benzo[e]pyrenyl sulfate [86]
10-Hydroxy-3-benzo[e]pyrenyl sulfate
Benzo[e]pyrene-3-0-b-glucopyranoside
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331cyclic aromatic hydrocarbons by the white rot fungusPleurotus ostre-(7) Fungal metabolism of PAHs is highly regio- and ster-
atus. Appl Environ Microbiol 62: 292–295.eoselective and in many cases is similar to mam-

6 Bezalel L, Y Hadar and CE Cerniglia. 1997. Enzymatic mechanisms
malian metabolism. involved in phenanthrene degradation by the white rot fungusPleur-

(8) Fungi do not metabolize or mineralize PAHs as rap- otus ostreatus. Appl Environ Microbiol 63: 2495–2501.
7 Bezalel L, Y Hadar, PP Fu, JP Freeman and CE Cerniglia. 1996.idly as bacteria.

Metabolism of phenanthrene by the white rot fungusPleurotus ostre-(9) If the initial ring oxidation reaction is the rate-limiting
atus. Appl Environ Microbiol 62: 2547–2553.step for the bacterial degradation of PAHs, production 8 Bezalel L, Y Hadar, PP Fu, JP Freeman and CE Cerniglia. 1996.

of hydroxylated intermediates by fungi will be Initial oxidation products in the metabolism of pyrene, anthracene,
fluorene, and dibenzothiophene by the white rot fungusPleurotusimportant for the bioremediation of PAH-polluted
ostreatus. Appl Environ Microbiol 62: 2554–2559.sites, since it could accelerate the mineralization of

9 Blumer M. 1976. Polycyclic aromatic hydrocarbons in nature. Scithese compounds.
Am 234: 34–44.

(10) Besides mineralization of PAHs, fungi produce 10 Bogan BW and RT Lamar. 1995. One-electron oxidation in the degra-
metabolites with higher water solubility and enhanced dation of creosote polycyclic aromatic hydrocarbons byPhanero-

chaete chrysosporium. Appl Environ Microbiol 61: 2631–2635.chemical reactivity, which could enhance the min-
11 Bogan BW and RT Lamar. 1996. Polycyclic aromatic hydrocarbon-eralization of these compounds by indigenous soil

degrading capabilities ofPhanerochaete laevisHHB-1625 and itsbacteria. extracellular ligninolytic enzymes. Appl Environ Microbiol 62:
(11) Mineralization and formation of bound residues 1597–1603.

12 Bogan BW, RT Lamar and KE Hammel. 1996. Fluorene oxidationin(humification) of PAHs by fungi might be considered
vivoby Phanerochaete chrysosporiumand in vitro during manganesea detoxification process, since they either completely
peroxidase-dependent lipid peroxidation. Appl Environ Microbiol 62:degrade the PAH or have the potential to render them
1788–1792.

unavailable and therefore lessen the human toxicity. 13 Bogan BW, B Schoenike, RT Lamar and D Cullen. 1996. Manganese
peroxidase mRNA and enzyme activity levels during bioremediation
of polycyclic aromatic hydrocarbon-contaminated soil withPhanero-From the early studies in Dave Gibson’s laboratory to
chaete chrysosporium. Appl Environ Microbiol 62: 2381–2386.the present, we know that non-ligninolytic and ligninolytic

14 Bogan BW, B Schoenike, RT Lamar and D Cullen. 1996. Expressionfungi could be efficacious in the bioremediation of PAH- of lip genes during growth in soil and oxidation of anthracene by
contaminated wastes. Efficient and cost-effective bioremed- Phanerochaete chrysosporium. Appl Environ Microbiol 62: 3697–
iation should include either complete mineralization of the 3703.

15 Bumpus JA. 1989. Biodegradation of polycyclic aromatic hydro-PAHs or at least biotransformation to less hazardous com-
carbons byPhanerochaete chrysosporium. Appl Environ Microbiolpounds. Generally fungal rates of degradation of PAHs are
55: 154–158.slow and inefficient compared to bacteria; however, since16 Bumpus JA, M Tien, D Wright and SD Aust. 1985. Oxidation of

fungi have the ability to hydroxylate a wide variety of persistent environmental pollutants by a white-rot fungus. Science
228: 1434–1436.PAHs, their ecological role could be significant since these

17 Casillas RP, SA Crow Jr, TM Heinze, J Deck and CE Cerniglia.polar intermediates can be mineralized by soil bacteria or
1996. Initial oxidative and subsequent conjugative metabolites pro-detoxified to innocuous compounds [66]. Furthermore,
duced during the metabolism of phenanthrene by fungi. J Indfungi have an advantage over bacteria since the fungal Microbiol 16: 205–215.

mycelium could grow into the soil and distribute itself 18 Cavalieri EL and EG Rogan. 1992. The approach to understanding
aromatic hydrocarbon carcinogenesis. The central role of radical cat-through the solid matrix to degrade the PAHs. To optimize
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