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Abstract

Stenotrophomonas maltophilia strain C6, capable of utilizing phenanthrene as a sole source of
carbon and energy, was isolated from creosote-contaminated sites at Hilo, Hawaii. Twenty-two
metabolites of phenanthrene, covering from dihydrodiol to protocatechuic acid, were isolated and
characterized. Phenanthrene was degraded via an initial dioxygenation on 1,2-, 3,4-, and 9,10-C,
where the 3,4-dioxygenation and subsequent metabolisms were most dominant. The metabolic
pathways were further branched by ortho- and meta-cleavage of phenanthrenediols to produce 1-
hydroxy-2-naphthoic acid, 2-hydroxy-1-naphthoic acid, and naphthalene-1,2-dicarboxylic acid.
These intermediates were then transformed to naphthalene-1,2-diol. 1-Hydroxy-2-naphthoic acid
was also degraded via a direct ring cleavage. Naphthalene-1,2-diol underwent primarily ortho-
cleavage to produce trans-2-carboxycinnamic acid and then to form phthalic acid, 4,5-
dihydroxyphthalic acid and protocatechuic acid. Accumulation of salicylic acid in prolonged
incubation indicated that a limited extent of meta-cleavage of naphthalene-1, 2-diol also occurred.
This is the first study of detailed phenanthrene metabolic pathways by Stenotrophomonas
maltophilia.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are aromatic hydrocarbons with two or more
fused benzene rings from natural and anthropogenic sources (Haritash and Kaushik, 2009).
PAHSs have attracted particular research attentions for decades because of their prolonged
persistence, recalcitrance, potential mutagenic and carcinogenic properties (Arulazhagan and
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Vasudevan, 2011; Feng et al. 2012;). On the basis of their abundance, toxicity and intrinsic
chemical stability to various transformation processes, 16 PAHs have been identified by the
U.S. Environmental Protection Agency as priority pollutants (Keith and Telliard, 1979).
Phenanthrene, a simple PAH with three-fused rings in an angular fashion, is commonly used
as a model compound for PAH biodegradation studies (Seo et al. 2009; Roy et al. 2012).

Three bacteria strains were first isolated and reported in 1928 for their degradation of
phenanthrene (Evans et al. 1965), which initiated studies of bacterial degradation of PAHSs.
Evans et al. (1965) proposed metabolic pathways of phenanthrene by pseudomonas
aeruginosa through 3,4-dioxygenation to form 1,2-dihydroxynaphthalene which then enters
into the naphthalene pathway. Since then, a wide range of bacteria have been reported for
their biodegradation functions. For example, the gram-negative bacteria include Alcaligenes
sp. (Deveryshetty and Phale 2010; John et al. 2012), Anthrobacter sp. (Kallimanis et al.
2007; Kallimanis et al. 2009), Burkholderia sp. (Dandie et al 2004; Seo et al. 2007b),
Martelella sp. (Feng et al. 2012), Micrococcus sp. (John 2012), Ochrobacterum sp. (Ghosal
et al. 2010), Pseudomonas sp. (Rodrigues et al. 2005; Zhao et al. 2009), Sphingomonas sp.
(Pinyakong et al. 2000; Roy et al.2012), Staphylococcus sp. (Mallick et al. 2007) and
Stenotrophomonas sp. (Juhasz et al. 2000). The gram-positive bacteria include
Brevibacterium sp. (Samanta et al. 1999 ), Mycobacterium sp. (Moody 2001; Hennessee et
al. 2009 ), and Rhodococcus sp. (Song et al. 2011). Metabolic pathways of phenanthrene and
other PAHSs by different bacterial species have been documented (Meckenstock 2004; Seo et
al. 2009). The initial dioxygenation often takes place at 1,2-, 3,4- and 9,10-carbon positions
of phenanthrene. Subsequent meta-cleavage of the resultant diols from 1,2- and 3,4-
dioxygenations led to the formation of 2-hydroxy-1-naphthoic acid and 1-hydroxy-2-
naphthoic acid, respectively (Seo et al. 2009).

Stenotrophomonas maltophilia (formally known as pseudomonas maltophilia) can degrade
PAHSs. S. maltophilia strain VUN 10,003 is highly capable of degrading not only low
molecular weight PAHS (i.e., 2-3 rings), but also high molecular weight PAHSs (= 4 rings)
such as benzo[a]pyrene, dibenz[a,h]anthracene, and coronene (Juhasz et al. 1996, 2000,
2002). Some other species in the genus of Stenotrophomonas can also degrade
acenaphthylene, phenanthrene, chloroanilines and chlorocatechol (Andreoni et al. 2004;
Radianingtyas et al. 2003; Nayak et al. 2009). To our knowledge, bacterial degradation of 6-
7 rings PAHs was reported only with S. maltophilia (Juhasz et al. 2000). Stenotrophomonas
sp. can degrade acenaphthylene via 1,2-dihydroxy-naphthalene, salicylate and catechol
(Nayak et al. 2009). Recent studies suggested that S. maltophila may have at least two
different dioxygenases (NCBI access number : AY588578.1, and AY588576.1), which are
highly homologous with naphthalene dioxygenases from other gram-negative bacteria.
However, detailed metabolism of phenanthrene is still uncertain in Stenotrophomonas spp.

Our previous preliminary study with S. maltophilia Cé indicated that this strain could utilize
phenanthrene (Seo et al. 2007a). In the present study, we have focused the isolation and
identification of metabolites of phenanthrene and described a detailed metabolic map. In
addition to the previously reported pathways, strain C6 can metabolize phenanthrene via
multiple pathways. To our knowledge, this is the first study of detailed metabolic pathway
of phenanthrene by S. maltophilia. Understanding of metabolic pathways may lead to
development of better bioremediation technologies for cleaning up PAH contaminated sites.

2. Materials and methods
2.1 Chemicals

Phenanthrene (>98% purity) and metabolites were purchased from Sigma-Aldrich
(Milwaukee, WI), Fisher Scientific (Morris Plains, NJ), or TCI America (Portland, OR). All
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chemicals used for media were of at least reagent grade. Ethyl acetate and other solvents
were highest grade commercially available.

2.2 Bacterial strain and growth conditions

Stenotrophomonas maltophilia strain C6 was isolated from a soil sample from a former oil
gasification company site in Hilo, Hawaii (19° 49" 20” N latitude, 155° 05" 01” W
longitude) via an enrichment cultivation in mineral medium (MM) supplemented with
phenanthrene (50 mg/50 ml of MM) (Seo et al. 2007a). Strain C6 was cultured in LB
medium to an exponential growth period. An aliquot of 3 ml of the C6 LB culture was
centrifuged at 10000 rpm and the pellet was then washed 6 times with MM (Bastiaens et al.
2000). The washed strain C6 was re-suspended in 1 ml of MM. For degradation studies and
cell growth detection, 100 pl of the strain C6 suspension was added into 5 ml MM
supplemented with phenanthrene (50 pg/ml), a mixture of phenanthrene (50 pg/ml) and
glucose (50 pg/ml), or glucose (50 pg/ml).

For metabolite isolation and characterization studies, an aliquot of 10 ml of the C6 LB
culture was centrifuged. The C6 cell pellet was washed, re-suspended in 500 ml mineral
medium supplemented with phenanthrene (500 mg/1.5 |) as a sole source of carbon, and
then cultured at 28 °C and 150 rpm (C4 Rotary shaker, New Brunswick Scientific, NJ). All
degradation studies were performed in triplicate. The dead C6 cells, boiled for 5 min at 100
°C, was used as the control.

2.3 Extraction and analysis of phenanthrene

Cell growth was spectrophotometrically determined at 600 nm (OD600) after periods of
incubation. Phenanthrene in the cultures after varying periods of incubation was extracted
with an equal volume of ethyl acetate for three times. The extracts were combined, dried
over through anhydrous sodium sulfate, and concentrated to near dryness, followed by
reconstitution of the residue in 1 ml of acetone. Phenanthrene was analyzed on a Shimadzu
LC-10AS high performance liquid chromatograph connected to a fixed wavelength UV
detector at 254 nm and a Hypersil Green PAH column (5 pm 100 x 4.6 mm) (Thermo
Scientific, West Palm Beach, FL). Phenanthrene was eluted by linearly increasing 40% (v/v)
aqueous acetonitrile to 100% (v/v) acetonitrile in 25 min at a flow rate of 1.6 ml/min.

A pseudo first-order rate model was applied to calculate the biodegradation rate constant (k)
and half life (t1,), C = Cg exp (—kt), ty;» = In 2/k, where Cy is the initial phenanthrene
concentration, and C is the phenanthrene concentration at the time t. All experiments were
done in triplicate unless stated otherwise.

2.4 Extraction and identification of metabolites

After incubation for 3, 7, and 14 d, the cultures were filtered through glass wool and
centrifuged (6,000 x g, 10 min). Supernatant was acidified to pH 2-3 with 6 N HCI and
extracted with ethyl acetate (3 x 500 ml). The combined organic layer was extracted with
aqueous sodium hydroxide (10 mM, 3 x 500 ml,). The remaining organic phase was dried
over anhydrous sodium sulfate and concentrated to 5 ml of ethyl acetate (neutral fraction).
The aqueous layer was acidified to pH 2-3 and extracted with ethyl acetate (3 x 500 ml,
acidic fraction) (Seo et al. 2007b).

Metabolites in the neutral fraction after derivatization or no derivatization were
characterized with gas chromatography-mass spectrometry (GC-MS) (Seo et al. 2007b). For
the detection of diol and cis-dihydrodiols, after removal of ethyl acetate the residue was
dissolved in acetone (10 ml) containing n-butylboronic acid (50 mg). After refluxing for 30
min, the mixture was concentrated to 1 ml and analyzed by GC-MS. The residue was further
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derivatized with methyl iodide and re-analyzed with GC-MS. Metabolites in the acidic
fraction were derivatized with diazomethane or methyl iodide (Seo et al. 2007b).

GC-MS analysis was performed on a Varian 3800 gas chromatograph (GC) - Saturn-2000
ion trap mass spectrometer system (ITMS) (Varian Inc., Walnut Creek, CA), equipped with
a ZB-1 column (60 m, 0.25 um, Phenomenex, Torrance, CA). An aliquot of 2.0 uL of
sample was injected in splitless mode with an AS8400 autosampler. The purge valve was
activated 3 min after the sample injection. Helium was the carrier gas as a flow rate of 2 ml/
min. The column temperature was started at 120 °C for 2 min, programmed to 280 °C at a
rate of 2 °C/min, and held 280 °C for 10 min. Injector and analyzer temperatures were set to
270 and 280 °C, respectively. The mass spectrometer was operated in electron impact
mode(70 eV) (Seo et al., 2007Db).

3. Results

3.1 Degradation kinetics of phenanthrene by S. maltophilia strain C6

S. maltophilia strain C6 could completely degrade phenanthrene in 14 days. No trace of
phenanthrene was detected after 14 days (Fig. 1A). The degradation followed a pseudo first-
order kinetic reaction. The degradation constant and half-life of phenanthrene were 0.177
day~1 and 2.42 days, respectively under the cultured conditions. Strain C6 can utilize
phenanthrene for growth, while the boiled C6 could not grow (Fig. 1B). Strain C6 grew well
in the culture supplemented with glucose and a mixture of phenanthrene and glucose.

3.2 Metabolite identification and metabolic map of phenanthrene

Twenty-two metabolites (P1-P22) were identified in acidic and neutral fractions (Figs. 2 and
3). Three dihydrodiols [P1, P2, and P3; GC retention time (tg) = 53.41, 50.78, and 51.34
min, respectively] were detected in the neutral fraction after an incubation of 3 to 14 days,
while the highest concentrations of P1 and P3 occurred at day 3 (Fig. 2A). Their mass
spectra [n-butylboromate ester; m/z 278 (M*), 221, 194, 178, 165] were consistent with
those published in the literature (Krivobok et al. 2003) and authentic standard (n-
butylboromate ester of cis-phenanthrene-9, 10-dihydrodiol). Although phenanthrene diols
were not found, several ring cleavage products were detected as dominant metabolites in the
first 3-d incubation period. Two benzocoumarins [P4 and P5; Rt = 41.02 and 39.81 min,
respectively; m/z 196 (M%), 168, 139] were found in the acidic fraction. P4 and P5 were 5,6-
and 7,8-benzocoumarin, respectively. The concentration of P5 was approximately 7-fold of
P4 at day 3, whereas it decreased to an half of P4 at day 7 (Fig. 2B). Benzocoumarins are
considered as rearrangement products of o-hydroxynaphthyl-a.-oxobutenoate (Pinyakong et
al. 2000).

Among the metabolites, derivatized with diazomethane, P6 showed a similar GC retention
time and mass spectrum [tg = 54.34 min, m/z 270 (M*, 23), 239 (100), 211 (53), 196 (57),
168 (34), 152 (8), 139 (19)] with the standard methyl trans-4-(1-methoxy-2-naphthyl)-2-
oxobut-3-enoate. P7 was found in the cultures on day 4 and 7, but not in day 14 (data not
shown). The mass spectrum of P7 [tg = 50.12 min, m/z 270 (M*, 9), 239 (10), 211 (100),
196 (7), 179 (10), 168 (15), 151 (18), 139 (10)] was very similar with that of the synthetic 1-
carboxyvinyl-2-naphthoate dimethyl ester [m/z 270 (M+, 10), 239 (7), 211 (100), 196 (7),
179 (15), 168 (12), 151 (13), 139 (7)], but with a different retention time (tr = 49.57 min).
Although the mass spectrum resembled with those of fully methylated o-hydroxynaphthyl-
a-oxobutenoates (HNOBA), the base peak of HNOBA was m/z 239, which corresponds to
the loss of methoxy group. According to these results, P7 was tentatively identified as 2-
carboxyvinyl-1-naphthoate (CVNA). P8 from 7- and 14-days acidic fraction (tgr = 36.78
min) was confirmed as diphenic acid. A trace amount of two o-hydroxynaphthaldehydes (P9
and P10, tg = 31.64 and 25.80 min, respectively) were found in 7-days samples (data not
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shown). P9 and P10 were 2-hydroy-1-naphthaldehyde and 1-hydroxy-2-naphthaldehyde,
respectively. P9 and P10 are presumably oxidized to 2-hydroxy-1-naphthoic acid (P11) and
1-hydroxy-2-naphthoic acid (P12), respectively.

Both P11 and P12 were found in the acidic fraction with different abundance (Fig. 2C). The
concentration of P12 was 20-fold higher than P11 at day 7. P12, however, was rapidly
degraded, while P11 was relatively persistent to degradation (Fig. 2C). At day 14, the
concentration of P12 was very low, while the concentration of P11 was quite high.
Metabolites P13 [as dimethyl ester, tg = 39.54 min, m/z 244 (M*, 47), 229 (1), 213 (100),
198 (2), 170 (8), 154 (7)] was confirmed with the standard naphthalene-1,2-dicarboxylic
acid. Although the concentrations were much lower than o-hydroxynaphthoic acids
(approximately 10%), P13 was continuously found during the entire experiment.

The mass spectrum of P14 [tg = 35.45 min, m/z 218 (M™, 22), 186 (100), 158 (53), 130 (29),
102 ( 53) was very similar with that of 1,5-dihydroxy-2-naphthoic acid methyl ester
(Pinyakong et al. 2000). Naphthalene 1,2-diol (P15, tg = 33.40 min) was detected during the
entire experiment in the neutral fraction. P16 (tg = 38.25 min) was found to be 2-
carboxybenzalpyruvate [dimethyl ester, m/z 248 (M* 1), 217 (2), 189 (100), 161 (38), 145
(68), 130 (22)]. P17 (tgr = 15.34 min) was coumarin. The concentrations of P15 and P16
reached maximum (approximately 29 and 22 M) after 3 days of incubation and P15 and
P16 were much more dominant than P17 and P18 (Fig. 2D). The metabolite P18 (tr = 28.48
min) was confirmed as 2-carboxycinnamic acid, while P19 (tg = 12.64 min) was 2-
formylbenzoic acid. Both P18 and P19 were found in a trace level. P18, however, was
continuously accumulated till the end of experiment to 4 uM at day 14. The concentrations
of salicylic acid (P20, tg = 8.23 min) were below the limit of detection at day 3. It was,
however, accumulated exponentially and comprised 0.1% and 1% of total identified
metabolites at day 7 and day 14, respectively (Fig. 2E). No trace of gentisic acid and
catechol were found during the entire experiment. Phthalic acid (P21, tg = 15.63 min)
detected in the acidic fraction was rapidly accumulated and comprised approximately 42%
of the total metabolites at day 14. Concentrations of protocatechuic acid [(P22), tgr = 21.83
min] detected in the acidic fraction also increased over the incubation.

3.3 Comparison among 1,2-, 3,4- and 9,10-dioxygenations of phenanthrene

S. maltophilia strain C6 can degrade phenanthrene via 1,2-, 3,4-, and 9,10-dioxygenations
(Fig. 2). Fig. 4 shows the concentration profiles of metabolites in the upper metabolic
pathways. P1, P4, P9, and P11 are products of 1,2-dioxygenation, while P2, P5, P6, P7, P12
and P13 are 3,4-dioxygenation metabolites. Because of a trace amount of P9 and tentative
identification of P6 and P7, the amounts of P9, P6 and P7 were not included in the
calculation. P3 and P8 represent 9,10-dioxygenation. The concentration of 3,4-
dioxygenation metabolites was approximately 6 times of 1,2-dioxygenation metabolites and
146 times of 9,10-C metabolites after 3 days of incubation. Up to 7 days, 3,4-C metabolites
reached the highest concentration. After 14 days of incubation, the concentration of 3,4-C
metabolites P2, P5, P12, P13 decreased to 4% of the concentration on the 7" day. The
concentrations of the 1,2-C metabolites (P1, P4, and P11) and 9,10-C metabolites (P3 and
P8) were gradually accumulated over the incubation period, although the concentrations of
9,10-C metabolites were low. The results suggest that the 3,4-dioxygenation of
phenanthrene is significantly more dominant than 1,2- and 9,10-dioxygenations in S.
maltophilia strain C6.
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4. Discussion

Strain C6 showed to utilize phenanthrene for slow growth (Fig. 1). It grew in a similar rate
utilizing glucose as a mixture of phenanthrene and glucose (Fig. 1B), which suggests that
phenanthrene is not toxic to strain C6.

Strain C6 can decompose phenanthrene through very complex metabolic pathways (Fig. 3).
Initial dioxygenations occurred at 1,2-, 3,4- and 9,10-C positions of phenanthrene.
Dioxygenations in multiple positions are common in PAH metabolism by Mycobacterium
spp. and Sphingomonas spp. (Kim et al. 2005; Pinyakong et al. 2000; Seo et al. 2012).
Although either dihydrodiols or diols were found, 3,4-dioxygenation was the major pathway
since the metabolites of consecutive reactions were dominant during the initial incubation
period (3-7 days, Fig. 4). In comparison with metabolites from 3,4-dioxygenation and
subsequent reactions, the amount of 1,2-dioxygenation related products gradually increased
over the incubation period. 5,6-Benzocoumarin (P4) was accumulated till day 7, but rapidly
decreased to a trace level at day 14. 2-Hydroxy-1-naphthaldehyde (P9) was detectable at day
7, but not at day 14. These results suggest that at least, enzymes in upper PAH metabolism,
from dihydrodiols (P1, P2) to o-hydroxynaphthaldehydes (P9, P10), can decompose
metabolites both from 1,2- and 3,4-dioxygenations. Rapid accumulation of 2-hydroxy-1-
naphthoic acid (P11) in a prolonged experiment period indicates that there may be no
catabolic enzymes for P11 or the specificity of enzymes may be limited. A common
bacterial metabolite of 9,10-dioxygenation of phenanthrene is diphenic acid (P8), which is
usually the most dominant metabolites from the culture of Mycobacteriumsp. (Vila et al.
2001; Kim et al. 2005). Although strain C6 could produce P8, the amount was very limited
in comparison with other metabolites and no possible degradation product of P8 was
detected (e.g., biphenyl-2-carboxylic acid, dihydroxybiphenyl-2-carboxylic acid). These
results suggest that this pathway has a minor role in phenanthrene degradation. Among the
well-established initial metabolic pathways of phenanthrene diols, meta-cleavage (also
called extradiol cleavage) is known as the most dominant degradation pathways of 3,4- (or
1,2-) diol, which produce o-hydroxynaphthyl-a.-oxobut-3-enoate (e.g., P6). In this
experiment, high concentrations of benzocoumarins (P4, P5) also revealed the same ring
opening (i.e., meta-cleavage). Ring opening of phenanthrene-9,10-diol, however,
predominantly occurred via ortho-cleavage.

Two metabolic pathways of 1-hydroxy-2-naphthoic acid (P12) have been proposed (Adachi
et al. 1999; Balashova et al. 2001; Seo et al. 2009). Those are (1) dioxygenation and ortfio-
cleavage to 2-carboxybenzapyruvate (P16) and (2) decarboxylation and hydroxylation by
salicylate monooxygenase to naphthalene-1,2-diol (P15). Concentration profiles of P15 and
P16 show that strain C6 could use both pathways in a nearly similar extent (Fig. 2D). As
how phenanthrene diols degraded, naphthalene-1,2-diol (P15) can also undergo ortho-
(Annweiler et al. 2000; Vila et al. 2001) and meta-cleavage (Eaton and chapman 1992),
from which the products are 2-carboxycinnamic acid (P18) and 2-hydroxybenzalyruvate.
Although 2-hydroxybenzapyruvate was not detected, the presence of coumarin (P17) and
salicylic acid (P20) revealed that strain C6 could use meta- and ortho-cleavage to break
naphthalene-1,2-diol.

Based the metabolite profiles, 2-formylbenzoic acid (P19), a precursor of phthalic acid
(P21), can be produced from naphthalene-1,2-diol (P15) and 2-carboxybenzalpyruvate (P16)
and the contribution of P15 and P16 are approximately equal on the production of P19. The
amount of phthalic acid (P21) increased up to 42% of the total identifiable metabolites by
the end of experiment (14 d), which suggests a limited degradation. However, a concomitant
increase of protocatechuic acid (P22) showed that phthalic acid is an intermediate of further
metabolism. The concentration of salicylic acid (P20) also increased. No metabolites of
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salicylic acid (e.g., gentisic acid and catechol), however, were detected during the entire
experiment. These results suggest that salicylic acid and related metabolites are not major
metabolites and enzymes in strain C6 may have a limited degradation potential for
salicylates.

5. Conclusion

Phenanthrene can be completely degraded by S. maltophilia strain C6 through 1,2-, 3,4-, and
9,10-dioxygenations. 3,4-Dioxygenation and subsequent metabolisms were most dominant.
Phenanthrene diols were transformed to o-hydroxynaphthoates or naphthalene-1,2-
dicarboxylic acid via ortho-, and meta-cleavage. Subsequent metabolism of these acids
produced naphthalene-1,2-diol or 2-carboxybenzalpyruvate, which is further degraded to
protocatechuic acid and salicylic acid. The metabolite profiles suggest involvement of many
enzymes in PAH metabolism in this strain. Complex metabolic pathways indicate that S.
maltophilia C6 has been well adapted to use phenanthrene as a substrate and it has
application potentials for bioremediation of PAHs contamination.
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Fig. 1.
Degradation kinetics of phenanthrene (A) by and growth curve (B) of S. maltophilia strain
C6. Error bars represent the standard deviations of triplicate samples. Phe, phenanthrene.
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Concentration profiles of metabolites. (A) cis-phenanthrene dihydrodiols (P1, P2, P3); (B)
benzocoumarins (P4, P5) and diphenic acid (P8); (C) o-hydroxynaphthoic acids (P11, P12)
and naphthalene-1,2-dicarboxylic acid (P13); (D) naphthalene-1,2-diol (P15), 2-
carboxybenzalpyruvate (P16), coumarin (P17) and 2-carboxycinnamic acid (P18); (E) 2-

formylbenzoic acid (P19), salicylic acid (P20) and phthalic acid (P21). Results were average

values of two separate experiments. The metabolites P6, P7, P9, P10 and P14 were not

shown in Fig. 2.
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Proposed metabolic pathways of phenanthrene by S. maltophilia strain C6. Carbon atoms in
phenanthrene was numbered. The compounds are 1,2-dihydroxyphenanthrene (P1), 3,4-
dihydroxyphenanthrene (P2), cis-9,10-hidroxyphenanthrene (P3), 5,6-benzocoumarin (P4),
7,8-benzocoumarin (P5), methyl trans-4-(1-methoxy-2-naphthyl)-2-oxobut-3-enoate (P6), 2-
carboxyvinyl-1-naphthoate (P7), 2-2”-diphenic acid (P8), 2-hydroxy-1-naphthaldehyde (P9);

1-hydroxy-2-naphthaldehyde (P10); 2-hydroxy-1-naphthoic acid (P11); 1-hydroxy-2-

naphthoic acid (P12); naphthalene-1,2-dicarboxylic acid (P13), 1,4-dihydroxy-2-naphthoic

acid methyl ester (P14), naphthalene-1,2-diol (P15), 2-carboxybenzalpyruvate (P16),

coumarin (P17), 2-carboxycinnamic acid (P18), 2-formylbenzoic acid (P19), salicylic acid
(P20), phthalic acid (P21), and protocatechuic acid (P22). Bold and thin arrows: major and
minor pathways, respectively; dotted line arrow, tentative pathway. Metabolites in brackets,

not detected.
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Fig. 4.

Concentration profiles of metabolites in upper metabolic pathways. 1,2-C, 3,4-C, and 9,10-C
denote the metabolites from the dioxygenations on corresponding positions and subsequent
metabolism. Metabolites included for the concentration calculation were P1, P4, P9 and P11
for 1,2-dioxygenation; P2, P5, P6, P7, P12 and P13 for 3,4-dioxygenation; and P3 and P8 for
9,10-dioxygenation.
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