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Mycobactenium sp. strain PYR-1, previously shown to extensively mineralize high-molecular-weight polycy-
clic aromatic hydrocarbons in pure culture and in sediments, degrades fluoranthene to 9-fluorenone-1-
carboxylic acid. In this study, 10 other fluoranthene metabolites were isolated from ethyl acetate extracts of the
culture medium by thin-layer and high-performance liquid chromatographic methods. On the basis of
comparisons with authentic compounds by UV spectrophotometry and thin-layer chromatography as well as
gas chromatography-mass spectral and proton nuclear magnetic resonance spectral analyses, the metabolites
were identified as 8-hydroxy-7-methoxyfluoranthene, 9-hydroxyfluorene, 9-fluorenone, 1-acenaphthenone,
9-hydroxy-1-fluorenecarboxylic acid, phthalic acid, 2-carboxybenzaldehyde, benzoic acid, phenylacetic acid,
and adipic acid. Authentic 9-hydroxyfluorene and 9-fluorenone were metabolized by Mycobacterium sp. strain
PYR-1. A pathway for the catabolism of fluoranthene by Mycobacterium sp. strain PYR-1 is proposed.

Fluoranthene is one of the principal polycyclic aromatic
hydrocarbons (PAHs) in contaminated sediments (12). Since
PAHs such as fluoranthene are increasingly widespread
environmental pollutants and have been shown to be cyto-
toxic, mutagenic, and, in many cases, carcinogenic (4-6,
20-23, 27, 34-37), there is considerable interest in the fate of
these compounds in the environment. Although microbial
metabolic pathways for the degradation of PAHs containing
up to three rings have been proposed (7, 11), until recently,
little information has been available concerning the ability of
microorganisms to metabolize the larger, more recalcitrant,
high-molecular-weight PAHs (28). Biotransformation of the
tetracyclic PAH fluoranthene by eukaryotes has been re-
ported previously (1, 2, 31, 32), and bacteria that are able to
oxidize or cooxidize fluoranthene have been isolated (3, 10,
13, 24, 26, 29, 30, 38, 39).
Research in this laboratory has demonstrated the ability of

Mycobacterium sp. strain PYR-1 (15-18, 25, 33) to substan-
tially mineralize fluoranthene in pure culture (24, 26) and
significantly enhance mineralization of fluoranthene in sedi-
ments containing indigenous microorganisms (24). Recently,
we reported the isolation and characterization of 9-fluo-
renone-1-carboxylic acid resulting from the oxidation and
subsequent ring fission of fluoranthene by Mycobactenum
sp. strain PYR-1 (26). In this report, additional metabolites
are identified and the possible modes of degradation of
fluoranthene by Mycobacterium sp. strain PYR-1 are dis-
cussed.

MATERIALS AND METHODS
Chemicals. Fluoranthene was purchased from Fluka AG,

Buchs, Switzerland. 9-Hydroxyfluorene, 9-fluorenone, 9-hy-
droxy-1-fluorenecarboxylic acid, and 9-fluorenone-1-carbox-
ylic acid were obtained from Aldrich Chemical Co., Mil-
waukee, Wis. Bacteriological media and reagents were

purchased from Difco Laboratories, Detroit, Mich.; all sol-
vents and other chemicals used were of the highest purity
available.
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Culture conditions. The degradation of fluoranthene by
Mycobacterium sp. strain PYR-1 has been described in
detail previously (24). To monitor the disappearance of
9-fluorenone-1-carboxylic acid, 9-fluorenone, and 9-hydrox-
yfluorene, fluoranthene-adapted Mycobacterium cultures
were incubated at 24°C in 125-ml flasks containing 30 ml of
mineral salts medium with nutrients (18) and 250 ,ug of each
of the test chemicals. Autoclaved controls were used in all
experiments. The flasks were incubated in the dark for 1
week with shaking at 150 rpm. For each chemical tested,
three replicate flasks and one control flask were sacrificed at
various time intervals and extracted with ethyl acetate (24).

Physical and chemical analyses. Reversed-phase high-pres-
sure liquid chromatographic (HPLC) analysis was performed
with two HPLC pumps (model 100A; Beckman Instrument
Co., Berkeley, Calif.), a 5-,um C18 Ultrasphere column (4.6
mm by 25 cm), and a spectrophotometer (model 100-40;
Hitachi Scientific Instruments, Mountain View, Calif.). The
mobile phase was a linear gradient of methanol-water (35 to
95% methanol [vol/vol]) over 40 min at 1.0 ml/min. For
separation of acidic metabolites, 1% acetic acid was used in
the mobile phase. UV absorbance was measured at 254 nm,
and peak areas were integrated with an integrator (model
C-R1A; Shimadzu Scientific Instruments, Columbia, Md.).

UV-visible absorption spectra were determined in metha-
nol with a Beckman model DU-7 spectrophotometer. HPLC
on-line absorbance spectra were obtained by using a 1040A
diode array spectrophotometer (Hewlett-Packard, Inc., Palo
Alto, Calif.) attached to the above-mentioned HPLC system.

Fluoranthene metabolites for chemical and physical anal-
yses and identification were isolated as reported previously
(26).
For gas chromatography-mass spectrometry (GC-MS)

analysis, the acid-extractable residues were derivatized ei-
ther by acetylation with acetic anhydride and pyridine or by
methylation with diazomethane (19).
The metabolites and authentic compounds were analyzed

by electron impact mass spectrometry via direct exposure
probe (DEP-EI) and GCMS with a Finnigan MAT (San Jose,
Calif.) model 4023 quadrupole mass spectrometer. The mass
spectrometer was operated at 70 V of electron energy and a
270°C ion source temperature for all analyses. The DEP-EI
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TABLE 1. Metabolites identified from the degradation of fluoranthene by Mycobacterium sp. strain PYR-1

R, (min)b
Compound (metabolite) Mol wt UV Xm,x (nm) RH RL GCi MS/

HPLC GC-MS

Fluoranthene 202 357, 341, 321, 285, 275, 233 0.93 42.4
9-Fluorenone-1-carboxylic acid (I) 224 258, 254, 207 0.71 23.8
9-Hydroxyfluorene (II) 182 269, 233, 225 0.63 25.1
9-Fluorenone (III) 180 313, 295, 255 0.88 29.7
7-Methoxy-8-hydroxy-fluoranthene (IV) 248 366, 349, 323, 290, 281, 238 0.68 33.7
2-Carboxybenzaldehyde (V) 150 282, 272, 231 5.8
Phthalic acid (VI) 166 278, 225 6.9 9:08
Adipic acid (VII) 146 6:18
9-Hydroxy-1-fluorenecarboxylic acid (VIII) 226 317, 271, 227 24.6
Phenylacetic acid (IX) 136 257, 229 5:44
Benzoic acid (X) 122 273, 238 8:26
1-Acenaphthenone (XI) 168 250, 343 28.3

a Values were obtained by thin-layer chromatography with the solvent benzene-ethanol (9:1), except for metabolite I for which benzene-acetone-acetic acid
(85:15:5) was used.

b R,, retention times were obtained with acidified solvents by HPLC and for methyl esters by GC-MS.

analyses employed a platinum wire probe and a Vacumetrics
(Ventura, Calif.) DCI current programmer. The GC-MS
analyses used a DB-1 (J & W Scientific, Rancho Cordova,
Calif.) capillary column (0.25-mm diameter by 15 m) with 10
lb/in2 of He head pressure. The column temperature was
held at 50°C for 1 min and then programmed to 250°C at
10°C/min. All analyses were performed on samples dissolved
in methanol.
'H nuclear magnetic resonance (NMR) spectra were ob-

tained at 500 MHz with a Bruker AM500 spectrometer at
29°C, with a sweep width of 7 or 3 kHz, a datum size of
32,000, a flip angle of 800, and a relaxation delay of 0 s. For
spectra recorded under quantitative conditions, a 10-s relax-
ation delay was used. The number of scans for the metabo-
lites was typically 600, except when a nuclear Overhauser
effect (NOE) experiment was performed on one of the
metabolites and 16,000 scans were acquired for each spec-
trum. A 2-s saturation time was used for the NOE measure-
ment. The metabolites were dissolved in deuterated acetone.
The data were processed with a Lorenzian-to-Gaussian
resolution enhancement, with Bruker parameters of -0.5
and 0.17, except for the NOE measurement, where expo-
nential filtering that produced line broadening of 2 Hz was
used. 'H resonance assignments are based on chemical shift
and coupling constant measurements, integrations, selective
decoupling experiments, and NOE measurements. 'H chem-
ical shifts are reported in parts per million by assigning the
residual acetone resonance to 2.05 ppm.

RESULTS

Isolation and characterization of metabolites. The extensive
degradation of fluoranthene to CO2 has been discussed
previously (24). Approximately 78% of the added 14C-
fluoranthene was mineralized to 1'CO2 after 5 days of
incubation. Minor amounts of acidic ethyl acetate-soluble
metabolites and water-soluble metabolites increased
steadily, while metabolites in neutral extracts decreased
rapidly in the first 48 h, because of the rapid degradation of
fluoranthene. Fluoranthene metabolites were detected in
both the acidic and neutral fractions collected from the
HPLC eluate. The respective HPLC and GC-MS retention
times and UV absorption maxima of these metabolites are
presented in Table 1. The acidic ethyl acetate fraction (4%)
yielded the predominant metabolite, 9-fluorenone-1-carbox-

ylic acid (0.65%) (Table 1, metabolite I) (26). An HPLC
profile of the neutral ethyl acetate extract (20%), containing
metabolites II, III, and IV, as well as the remaining fluoran-
thene, is presented in Fig. 1. These compounds were further
purified by thin-layer chromatography, with benzene-etha-
nol (9:1) as the solvent.
The mass spectrum of metabolite II has a molecular ion at

an mlz of 182 and fragment ions at mlz's of 181 [M+ - 1], 165
[M+ - 17], 152 [M+ - 30], and 76. The base peak is at an mlz
of 181. The losses correspond to [M+ - H], [M+ - OH], and
[M+ - H2CO], respectively (Fig. 2a). DEP-EI mass spectral
analysis of authentic 9-hydroxyfluorene produced a spec-
trum similar to that of metabolite II.
The 'H NMR spectrum of metabolite II is in full agree-

ment with the structure of 9-hydroxyfluorene (Fig. 3a). The
'H NMR chemical shifts for metabolite II are 81 and 8, 7.62
ppm; 82 and 7, 7.31 ppm; 83 and 6, 7.37 ppm; 84 and 5, 7.74
ppm; and 89, 5.56 ppm. All ortho coupling constant J values
are equal to 7.4 Hz.

Metabolite III was identified as 9-fluorenone by direct
comparison of its HPLC retention time and UV (Table 1) and
mass spectra with those of an authentic standard. The
compound had a molecular ion at an mlz of 180 and fragment
ions at mlz's of 154 and 74.

Metabolite IV had a UV absorption spectrum similar to
that of fluoranthene (Table 1). TheR value of metabolite IV
was 0.68 in benzene-ethanol (9:1). The structure of metabo-
lite IV was determined by MS (Fig. 2b) and 'H NMR
spectroscopy (Fig. 3b). DEP-EI analysis of metabolite IV
showed an apparent molecular ion [M+] at an mlz of 248,
fragment ions at mlz's of 233 [M+ - 15] and 205 [M+ - 43],
corresponding to probable losses of CH3 and CO + CH3,
respectively, and a base peak at an mlz of 248. Fragment ions
at m/z's of 176, 103, and 88 were also observed for this
metabolite. The molecular weight and fragmentation pattern
suggested that metabolite IV might be a methoxy derivative
of fluoranthene.
The 500-MHz 'H NMR spectrum of metabolite IV con-

sisted of eight aromatic protons and a three-proton singlet in
the aliphatic region (Fig. 3b). Decoupling experiments indi-
cated the presence of the three aromatic ring systems of
fluoranthene, with substituents at C-7 and C-8. The chemical
shift of the aliphatic singlet and the lack of any small
long-range couplings to the aromatic protons were consistent
with the presence of a methoxyl group and in agreement with
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FIG. 1. HPLC profile of the neutral ethyl acetate extract from fluoranthene degradation by Mycobacterium sp. strain PYR-1 (Insets)

Mycobacterium sp. incubated with 9-hydroxyfluorene (A) or 9-fluorenone (B). Lower band, live cells; upper band, autoclaved controls.
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FIG. 2. Mass spectra of 9-hydroxyfluorene (a) and 8-hydroxy-7-methoxyfluoranthene (b) formed from fluoranthene degradation. RA,
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FIG. 3. Resolution-enhanced 500-MHz 1H NMR spectra of 9-hydroxyfluorene (a) and 8-hydroxy-7-methoxyfluoranthene (b) formed from
the metabolism of fluoranthene. Each sample was dissolved in deuterated acetone and is shown with the structure and resonance assignments.

the mass spectral data. The key experiment in elucidating
the site of the methoxyl group was an NOE on H-6 as a result
of selective saturation of the methoxy protons. This estab-
lished that the methoxyl group was attached at C-7 of the
fluoranthene ring system. The large upfield shifts of 0.5 and
0.4 ppm for H-9 and H-10, respectively, compared with the
data reported for fluoranthene (31), are in good accord with
ortho- andpara-substituent effects from hydroxyl and meth-
oxyl groups. 1H NMR chemical shifts (b in parts per million)
and ortho-coupling constants (J in hertz) for metabolite IV
are 81, 7.91; 82, 7.62; 83, 7.81; b4, 7.88; 85, 7.68; 86, 8.13; 89,
6.96; 810, 7.61; and J12, 7.0; J23, 8.4; J45, 8.4; J5s6 7.0; Jg10,
8.0, respectively.

Additionally, GC-MS analysis of acetylated and methyl-
ated residues of ethyl acetate extracts of the acidified aque-
ous phase revealed the presence of low-molecular-weight
acids, including phthalic acid (metabolite VI). The phthalic
acid methyl ester had a molecular ion at an mlz of 194, with

fragment ions at mlz's of 77 and 133, and a base peak at an
mlz of 163 [M+ - OCH3]. Additional minor acidic com-
pounds found in the extract were the methyl esters of
phenylacetic acid (metabolite IX), benzoic acid (metabolite
X), and adipic acid (metabolite VII) (Table 1). The mass
spectra of all of these compounds were identified by com-
parison to the National Institute of Standards and Technol-
ogy mass spectral library.

Metabolites XI, V, and VIII were identified as 1-acenaph-
thenone, 2-carboxybenzaldehyde, and 9-hydroxy-1-fluor-
enecarboxylic acid by comparison of their GC and HPLC
retention times and UV (Table 1) and mass spectra to those
of authentic standards.

Biotransformation studies. Incubation of Mycobacterium
sp. strain PYR-1 with 9-fluorenone-1-carboxylic acid re-
sulted in the disappearance of this compound from the
medium. The compound did not disappear from autoclaved
controls. Although decarboxylation of the carboxylic acid
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FIG. 4. Pathways proposed for the metabolism of fluoranthene by Mycobactenum sp. strain PYR-1. Compounds in brackets were not

identified.

moiety should yield 9-fluorenone, neither 9-fluorenone nor
9-fluorenol was found in those extracts because of the rapid
metabolism. However, both of these compounds were
present in the neutral ethyl acetate extracts from fluoran-
thene metabolism. When the Mycobacterium sp. was incu-
bated with commercially available 9-fluorenone, 9-fluorenol
was formed. Conversely, 9-fluorenol incubated with Myco-
bacterium sp. strain PYR-1 resulted in the formation of
9-fluorenone (Fig. 1).

DISCUSSION

The observations that 9-fluorenone-1-carboxylic acid was
apparently easily metabolized and did not accumulate to
significant amounts, coupled with the metabolites found in
the HPLC extracts, suggest that this compound is a metab-
olite of one of several pathways of fluoranthene mineraliza-
tion by Mycobacterium sp. strain PYR-1.
The formation of 9-fluorenone-1-carboxylic acid (26) indi-

cates an initial attack on the fused aromatic ring portion of
the fluoranthene molecule, probably mediated by a dioxyge-
nase in positions 1 and 2 via a dihydroxylated fluoranthene
intermediate with subsequent meta cleavage of this interme-
diate (Fig. 4).
Although the abiotic conversion of a 9-fluorenone to

9-hydroxyfluorene is possible in the presence of a strong
nucleophile, only minimal abiotic oxidation/reduction was
observed in autoclaved controls. Therefore, the reaction was
catalyzed enzymatically. The possible action of a reductase
is suggested because it has been reported that NADPH-
cytochrome P-450 reductase in the presence of NADPH was
responsible for the reduction/oxidation of 9-fluorenone "
9-hydroxyfluorene by rat liver microsomes (8).

The detection of 8-hydroxy-7-methoxyfluoranthene and
1-acenaphthenone also suggests that dihydroxylation of the
single benzene ring on the fluoranthene molecule occurred at
positions 7,8 and 9,10. Dioxygenation at the 9,10 positions is
speculated to lead to mineralization of fluoranthene by
Alcaligenes denitrificans (39). Weissenfels et al. (39) identi-
fied 3-hydroxymethyl-4,5-benzocoumarin and acenaphthe-
none as intermediate compounds in the mineralization path-
way of that bacterium. A similar pathway seems to occur in
Mycobacterium sp. strain PYR-1. The dehydrogenation of a
transient fluoranthene cis-7,8-dihydrodiol to form 7,8-dihy-
droxyfluoranthene with 0-methylation at carbon 7 would
form 7-methoxy-8-hydroxylfluoranthene. 0-methylation of
chlorinated phenols by a Mycobactenum sp. has been re-
ported previously (14). Alternatively, cytochrome P-450
monooxygenation, followed by enzymatic hydration result-
ing in trans-7,8-dihydro-7,8-dihydroxyfluoranthene, and
subsequent dehydrogenation and methylation of the hy-
droxyl moiety at C-7, could result in the formation of small
amounts of 7-methoxy-8-hydroxyfluoranthene (Fig. 4). Mo-
nooxygenation is consistent with previous studies of pyrene
and naphthalene degradation by Mycobactenium sp. strain
PYR-1 (18, 25), which suggest the formation of small
amounts of trans-dihydrodiol metabolites from the metabo-
lism of PAHs. Methylation of a dihydroxylated intermediate
could be brought about by a catechol O-methyltransferase
(9).
The identification and isolation of metabolites that retain

the intact fluorene configuration, as well as the identification
of an initial oxygenated metabolite in which the single
benzene ring has been attacked, indicate that several path-
ways operate simultaneously on the degradation of fluoran-
thene by Mycobactenium sp. strain PYR-1 (Fig. 4). The
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ability of this microorganism to mineralize fluoranthene
rapidly has been thoroughly demonstrated previously (24).
The relatively low concentrations of metabolites, the rapid
evolution of carbon dioxide, and the rapid disappearance of
fluoranthene from the medium provide concrete evidence of
the usefulness of this Mycobactenum sp. strain PYR-1 for
bioremediation of some PAHs.
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