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Under ligninolytic conditions, the white rot basidiomycete Phanerochaete chrysosporium mineralizes
2,4-dinitrotoluene (I). The pathway for the degradation of I was elucidated by the characterization of fungal
metabolites and oxidation products generated by lignin peroxidase (LiP), manganese peroxidase (MnP), and
crude intracellular cell extracts. The multistep pathway involves the initial reduction of I to yield 2-amino-4-
nitrotoluene (II). II is oxidized by MnP to yield 4-nitro-1,2-benzoquinone (XII) and methanol. XII is then
reduced to 4-nitro-1,2-hydroquinone (V), and the latter is methylated to 1,2-dimethoxy-4-nitrobenzene (X).
4-Nitro-1,2-hydroquinone (V) is also oxidized by MnP to yield nitrite and 2-hydroxybenzoquinone, which is
reduced to form 1,2,4-trihydroxybenzene (VII). 1,2-Dimethoxy-4-nitrobenzene (X) is oxidized by LiP to yield
nitrite, methanol, and 2-methoxy-1,4-benzoquinone (VI), which is reduced to form 2-methoxy-1,4-hydroqui-
none (IX). The latter is oxidized by LiP and MnP to 4-hydroxy-1,2-benzoquinone, which is reduced to
1,2,4-trihydroxybenzene (VII). The key intermediate 1,2,4-trihydroxybenzene is ring cleaved by intracellular
cell extracts to produce, after reduction, ,1-ketoadipic acid. In this pathway, initial reduction of a nitroaromatic
group generates the peroxidase substrate II. Oxidation of II releases methanol and generates 4-nitro-1,2-
benzoquinone (XII), which is recycled by reduction and methylation reactions to regenerate intermediates
which are in turn substrates for peroxidase-catalyzed oxidation leading to removal of the second nitro group.

Thus, this unique pathway apparently results in the removal of both aromatic nitro groups before ring cleavage
takes place.

Nitroaromatics are very important feedstocks for the
synthesis of a wide range of industrial chemicals, including
munitions, pesticides, herbicides, and dyes (14, 26). In
particular, 2,4- and 2,6-dinitrotoluene are used extensively in
the production of polyurethane and explosives. In 1982, the
United States alone produced approximately 720 million lb
(ca. 327 million kg) of dinitrotoluenes (14). Dinitrotoluenes
have been found to be mutagenic in bacterial and mammalian
assay systems and carcinogenic in animal studies (39, 46).
Because of the large-scale use and toxic nature of dinitrotol-
uenes, these compounds have been classified as priority
pollutants (28).
The white rot basidiomycete fungus Phanerochaete chrys-

osporium is capable of effectively degrading polymeric lignin
and lignin model compounds (22, 32). Two extracellular
heme peroxidases, lignin peroxidase (LiP) and manganese
peroxidase (MnP), as well as an H202-generating system, are
thought to constitute the major components of this organ-
ismn's lignin-degradative system (22, 32). The degradation of
a variety of environmentally persistent pollutants by P.
chrysosporium has been reported as well (6, 7, 24, 27). In
several of these reports, the use of 14C-labeled compounds
demonstrated mineralization of the pollutant. Recently, we
reported the complete pathway for the degradation of 2,4-
dichlorophenol by P. chrysosporium and suggested that both
LiP and MnP, as well as intracellular enzymes, are involved
in this degradation (47). Although the mineralization of
14C-labeled trinitrotoluene by P. chrysosporium has been
reported (18), the pathway and mechanisms for the degrada-
tion of nitroaromatic compounds by this organism have not
been elucidated previously. In this report, we examine the
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reactions involved in the degradation of 2,4-dinitrotoluene
and propose a pathway for the fungal metabolism of this
important pollutant.

MATERIALS AND METHODS

Chemicals. 2,4-Dinitrotoluene (I), 2-amino-4-nitrotoluene
(II), 4-amino-2-nitrotoluene (III), 2,4-diaminotoluene (IV),
4-nitrocatechol (V), 1,2,4-trihydroxybenzene (VII), 2,5-di-
hydroxy-1,4-benzoquinone (VIII), 2-methoxy-1,4-hydroqui-
none (IX), hexafluorophosphoric acid, tetramethyltin, pal-
ladium diacetate, 2,4-dinitroaniline, chromotropic acid,
3,5-dinitrobenzoic acid, sulfanilimide, N-(1-naphthyl)-ethyl-
enediamine dihydrochloride, and levulinic acid were
obtained from Aldrich or Lancaster (Windham, N.H.).
U-_4C-fing-labeled 2,4-dinitroaniline (8.2 mCi/mmol) and
3-ketoadipic acid (XIII) were obtained from Sigma.
2-Methoxy-1,4-benzoquinone (VI). Compound VI was pre-

pared by the oxidation of compound IX with Ag2O as
described elsewhere (23).

1,2-Dimethoxy-4-nitrobenzene (X). 4-Nitrocatechol (V)
(500 mg) was methylated with dimethyl sulfate-K2CO3 in
refluxing acetone for 5 h as described previously (17). The
acetone was evaporated, 50 ml of water was added, the
product mixture was extracted with chloroform, and the
product was purified by preparative thin-layer chromatogra-
phy (the solvent system was CHCl3).

4-Nitro-1,2-benzoquinone (XII). XII was prepared from
4-nitro-1,2-dihydroxybenzene (50 mg) by using 1 equivalent
of NaIO4 in water (5 ml) (at room temperature for 2 min) (1).
The reaction mixture was extracted with ethyl acetate. The
organic fraction was dried over Na2SO4, and the quinone
was isolated via silica gel chromatography (the solvent
system was CHCl3).

221



APPL. ENVIRON. MICROBIOL.

1,2,4,5-Tetrahydroxybenzene (XI). XI was prepared from
2,5-dihydroxy-1,4-benzoquinone (VIII) as previously de-
scribed (47).

U-14C-ring-labeled 2,4-dinitrotoluene (I). The specific ac-
tivity of the U-14C-labeled 2,4-dinitroaniline was adjusted to
4.5 nCi/lImol. The diazonium salt of the '4C-labeled 2,4-
dinitroaniline was prepared by adding a slight molar excess
of NaNO2 solution to labeled 2,4-dinitroaniline in HCl (1.75
N) at -10°C with vigorous stirring. Subsequently, 2 equiv-
alents of hexafluorophosphoric acid (60%) were added, the
mixture was stirred for 5 h, and the hexafluorophosphate
diazonium salt of 2,4-dinitroaniline was collected by centrif-
ugation and dried under nitrogen (41). The diazonium
hexafluorophosphate (15 mg) thus prepared was added to
tetramethyltin (0.5 ml), a catalytic amount of palladium
diacetate, and dry CH3CN (1 ml), and the mixture was
stirred at room temperature for 3 h (30). The reaction
mixture was added to 10 ml of water and extracted with
CHCl3. The organic fraction was dried over Na2SO4, and the
final product was purified by preparative thin-layer chroma-
tography (the solvent system was CHCl3). The final product,
which was essentially pure, had chromatographic properties
identical to those of the unlabeled standard on gas chroma-
tography (GC) (retention time = 12.67 min) and high-pres-
sure liquid chromatography (HPLC) (retention time = 7.2
min). The yield of the final product was 15%.

Culture conditions. The organism was grown from a conid-
ial inoculum at 38°C in 25-ml stationary cultures as described
elsewhere (16, 21). Unless indicated otherwise, the medium
used in this study was as previously described (21, 33) with
2% glucose and either 1.2 or 12 mM ammonium tartrate as
the carbon and nitrogen sources, respectively. The medium
was buffered with 20 mM sodium 2,2-dimethyl succinate (pH
4.5). Cultures were incubated under air for 3 days, after
which they were purged with 99.9% 02 every 3 days.

Mineralization of 2,4-dinitrotoluene (I). '4C-labeled sub-
strate (4.5 x 104 cpm, 4.5 nCi/p.mol) in N,N-dimethylforma-
mide (25 pI) was added to three replicate cultures on day 6 to
avoid inhibition of growth by I. Flasks were fitted with ports
which allowed periodic purging with 02 and trapping of
14CO2 (21, 33) in a basic scintillation fluid as previously
described (33). The efficiency of 14CO2 trapping after purging
for 10 min was greater than 98%. Counting efficiency (>70%)
was monitored with an external standard.

Metabolism of 2,4-dinitrotoluene and metabolic intermedi-
ates. After 6 days of incubation, the substrates in acetone (20
pul) were added to duplicate cultures to a final concentration
of 250 pLM. After the indicated additional intervals (2, 24, or
48 h), cultures were filtered through a Buchner funnel. The
mycelial mat and the extracellular medium were then ex-
tracted separately with ethyl acetate (21). The total organic
fraction was washed with 10 ml of water, dried over sodium
sulfate, and evaporated under reduced pressure. The prod-
ucts were dissolved in methanol (250 pl), and the quinone
products were reduced with sodium dithionite. The products
were analyzed either directly or after derivatization. Tri-
methylsilylation of the reduced products was carried out
in bis(N,O-trimethylsilyl)trifluoroacetimide-pyridine (2:1).
Acetylation of reduced products was carried out in acetic
anhydride-pyridine (1:1).

Peroxidases. LiP and MnP were purified from the extra-
cellular medium of an acetate-buffered agitated culture of P.
chrysosporium OGC101 (2) as described elsewhere (19, 20,
48, 49). The LiP concentration was determined at 408 nm by
using an extinction coefficient of 133 mM-1 cm-' (20). The
specific activity of the purified LiP was 18 nmol .g-1 min-1

by the veratryl alcohol oxidation assay (20, 32). The MnP
concentration was determined at 406 nm by using an extinc-
tion coefficient of 129 mM-' cm-' (19). The specific activity
of the purified MnP was 85 nmol Rg-1 min-' by the Mn(II)
lactate assay (19, 48).

Intracellular enzyme preparation. Six-day-old cells grown
under nitrogen-limiting conditions were filtered and washed
with ice-cold 0.5% NaCl. The cells (10 g [wet weight]) were
ground with 15 g of acid-washed sand with a mortar and
pestle. Subsequently, 50 mM sodium phosphate buffer (pH
7.0) (20 ml) was added and the mixture was stirred at 4°C for
15 min. The crude extract was centrifuged at 15,000 x g, and
the supernatant was concentrated by ultrafiltration with an
Amicon PM-10 membrane. The final protein concentration
was determined to be 1 mg/ml (43).
Enzyme reactions. LiP reaction mixtures (2 ml) consisted

of enzyme (5 ,ug), substrate (100 ,uM), and H202 (100 pLM) in
20 mM sodium succinate (pH 3.0). MnP reaction mixtures
consisted of enzyme (5 ,ug), substrate (100 FLM), MnSO4 (100
,uM), and H202 (200 p.M) in 50 mM sodium malonate (pH
4.5). Reactions were carried out at 30°C for 15 min. Enzyme
reactions were conducted in duplicate.

Ring cleavage of 1,2,4-trihydroxybenzene. The reaction
mixture (10 ml) contained 1 ml of concentrated cell extract,
1,2,4-trihydroxybenzene (25 pmol), NADPH (10 p.mol),
glucose 6-phosphate (25 V.mol), and glucose 6-phosphate
dehydrogenase (15 U) in 50 mM sodium phosphate (pH 7.0).
The reaction mixture was stirred slowly at 28°C for 30 min as
described elsewhere (9). At the end of the reaction, the pH
was adjusted to 2.0 and the mixture was immediately ex-
tracted with ethyl acetate. The organic fraction was washed
with water, dried over sodium sulfate, and evaporated. After
silylation, the product was analyzed by GC-mass spectrom-
etry. Control reactions with boiled extracts were also con-
ducted.

Detection of methanol released in enzyme reactions. Two
different procedures were used to detect methanol as a
product of the enzyme reactions. (i) Reaction mixtures
contained substrate (500 VjM), MnSO4 (500 ,uM), MnP (25
p.g), and H202 (1 mM) in 5 ml of 50 mM sodium malonate
(pH 4.5). Reactions were carried out at 30°C for 60 min.
Control reactions in which either MnP or H202 was omitted
were also conducted. Subsequently, 500 ,u1 of H2SO4 (18 M)
followed by 3,5-dinitrobenzoic acid (500 pFM final concentra-
tion) was added to form the corresponding methyl benzoate.
The reaction mixture was incubated at 90°C for 3 h. The
mixture was extracted with ethyl acetate, washed with
water, dried over Na2SO4, evaporated under reduced pres-
sure, and analyzed for methyl-3,5-dinitrobenzoate (29). (ii) A
0.5-ml volume of 5% phosphoric acid and 1.0 ml of 5%
KMnO4 were added to 1 ml of the reaction mixture described
above. The solution was stirred slowly at room temperature
for 10 min to ensure the oxidation of methanol to formalde-
hyde. Sodium bisulfite (saturated solution) was added drop-
wise to remove the excess KMnO4. The solution was cooled
in an ice bath, after which 4 ml of concentrated H2SO4
followed by 0.5 ml of 2% chromotropic acid was added. The
mixture was incubated at 60°C for 15 min, the A570 was
measured, and the amount of methanol generated was deter-
mined as described elsewhere (3).

Detection of nitrite released in enzyme reactions. The reac-
tion mixture used for the detection of nitrite was identical to
that used for the detection of CH30H. Identical control
reactions in which either MnP or H202 was omitted were
also carried out. A 100-p.l volume of sulfanilamide (1.7% in 2
N HCI) was added at the end of the enzymatic reaction, and
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FIG. 1. Effect of nitrogen concentration on the mineralization of

U-_[4C]-ring-labeled-2,4-dinitrotoluene. Triplicate stationary cul-
tures containing 1.2 mM (0) and 12 mM (0) ammonium tartrate
were inoculated with conidia and incubated for 6 days at 37°C, after
which radiolabeled substrate was added ( . ). Flasks were purged
with 02, and evolved 14C02 was trapped and counted as described in
the text. Results are averages obtained from triplicate cultures.
Variance in individual flasks from the average was less than 10% of
the radioactivity counted.

the resultant mixture was incubated at room temperature for
5 min. Subsequently, N-(1-naphthyl)-ethylenediamine dihy-
drochloride was added, and the A540 was measured after 10
min. The concentration of N02- was determined by using a
standard curve (25).
Chromatography and spectrometry. GC-mass spectrome-

try was performed at 70 eV on a VG Analytical 7070E mass
spectrometer fitted with an HP 5790A gas chromatograph
and a 25-m-long fused silica column (DB-5; J & W Science).
The oven temperature was programmed from 80 to 320°C at
10°C/min. Quantitation of aromatic products was carried out
on an HP gas chromatograph with a flame ionization detector
and calculated by using standard curves. Substrates and
products were also analyzed by HPLC with a Beckman C8
ultrasphere column and a linear gradient from 30% methanol
in water to 100% methanol. The 4-nitro-1,2-benzoquinone
was analyzed by HPLC (retention time = 2.8 min) and
quantitated by using standard curves.

RESULTS

Mineralization of 2,4-[14C]dinitrotoluene (I) by cultures of
P. chrysosporium is demonstrated in Fig. 1. After a 24-day
incubation period, approximately 34% of the substrate was
degraded to 14CO2 in nitrogen-limited (1.2 mM ammonium
tartrate) cultures, whereas only about 7% of the substrate
was mineralized in nitrogen-sufficient (12 mM ammonium
tartrate) cultures.
Metabolism of substrates. Products and yields obtained

from the P. chrysosporium metabolism of various substrates
and intermediates are diagrammed in Fig. 2. Three aromatic
products were identified as P. chrysosporium metabolites of
I: 2-amino-4-nitrotoluene (II), 4-amino-2-nitrotoluene (III),
and 2,4-diaminotoluene (IV). Since 2-amino-4-nitrotoluene
was found in the greatest yield, the metabolism of this
intermediate was examined further. As shown in Fig. 2,
4-nitrocatechol (V), 1,2-dimethoxy-4-nitrobenzene (X), and
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FIG. 2. Metabolites identified from the degradation of 2,4-dini-
trotoluene and pathway intermediates. Duplicate cultures were
incubated and extracted, and products were analyzed as described
in the text. HPLC and GC were used to determine yields. Average
mole percent yields from duplicate cultures of products or remaining
substrate for incubations of 2 h (in braces), 24 h (in parentheses),
and 48 h (in brackets) are indicated. Variance from the average was
less than 10%.

2,4-diaminotoluene (IV) were identified as fungal metabo-
lites of 2-amino-4-nitrotoluene (II). Several of the metabo-
lites identified above were also added to fungal cultures.
4-Nitrocatechol (V) was metabolized to 1,2-dimethoxy-4-
nitrobenzene (X) and 1,2,4-trihydroxybenzene (VII). 1,2-
Dimethoxy-4-nitrobenzene (X) was metabolized to 2-meth-
oxy-1,4-hydroquinone (IX) and 1,2,4-trihydroxybenzene
(VII). Finally, 2-methoxy-1,4-hydroquinone (IX) was metab-
olized to 1,2,4-trihydroxybenzene (VII) and 1,2,4,5-tetrahy-
droxybenzene (XI). Metabolites were identified by compar-
ing their retention times on GC and by comparing their mass
spectra with standards. The mass spectra and GC retention
times of these metabolites and enzyme reaction products or
their derivatives are listed in Table 1. In all cases, the mass
spectra and retention times of metabolites and enzyme
reaction products were essentially identical to those of
chemically synthesized standards.
Enzymatic oxidation of substrates and metabolic intermedi-

ates. The peroxidase oxidation products of 2-amino-4-nitro-
toluene (II) and several identified metabolites are dia-
grammed in Fig. 3. MnP, but not LiP, oxidized 2-amino-4-
nitrotoluene (II) to 4-nitro-1,2-benzoquinone. Methanol was
also detected as a product of this reaction. The release of
methanol was detected via the formation of methyl-3,5-
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TABLE 1. Mass spectra of fungal metabolites and enzyme reaction products and their derivatives'

Substrate or metabolite GC retention Mass spectrum m/z (relative intensity)time (min)

2,4-Dinitrotoluene (I) 12.67 182 (16), 165 (100), 119 (10.6), 89 (36.2), 77 (13.8), 63 (19.1)
2-Amino-4-nitrotoluene (II) 13.50 152 (100), 106 (70.2), 94 (7.5), 79 (38.3), 77 (44.6)
4-Amino-2-nitrotoluene (III) 12.78 152 (100), 135 (64.9), 122 (13.8), 107 (72.3), 94 (7.5), 79 (36.2), 77 (79.7)
2,4-Diaminotoluene (IV) 10.70 122 (100), 121 (89.4), 105 (13.8), 94 (13.8), 77 (10.6), 67 (5.3), 61 (8.5), 57 (8.5)
4-Nitro-1,2-di(TMS)benzeneb 15.40 299 (10.6), 284 (8.5), 269 (6.4), 104 (6.4), 74 (41.5), 73 (100)
1,2-Diacetoxy-4-nitrobenzene 15.78 239 (14.9), 197 (100), 155 (71.3), 139 (21.3), 125 (33), 109 (14.9), 79 (45.7)
1,2-Dimethoxy-4-nitrobenzene (X) 13.54 183 (100), 168 (5.3), 152 (16), 137 (22.3), 125 (10.6), 107 (25.5), 92 (36.2), 79

(100), 77 (87.2), 63 (35)
2-Methoxy-1,4-di(TMS)benzene 12.84 284 (72), 269 (122), 254 (80), 239 (10.2), 112 (10.2), 89 (9.1), 73 (100)
1,4-Diacetoxy-2-methoxybenzene 14.11 224 (5.2), 182 (15.2), 140 (100), 135 (26.2), 97 (10.2), 69 (15.2)
1,2,4-Tri(TMS)benzene 13.43 342 (28.6), 327 (26), 312 (1.2), 239 (12.1), 73 (100)
1,2,4-Triacetoxybenzene 15.20 252 (3.2), 210 (10.6), 197 (10.6), 168 (25.5), 155 (7.4), 126 (100), 97 (53)
1,2,4,5-Tetra(TMS)benzene 15.45 430 (26.9), 415 (2.0), 355 (1.5), 342 (2.6), 215 (4.6), 179 (4.6), 147 (21.9), 73 (100)
1,2,4,5-Tetraacetoxybenzene 18.23 310 (10.6), 268 (20.2), 226 (69.1), 184 (84.0), 142 (100), 113 (10.6), 69 (20)
,-Ketoadipic acid [tri(TMS) 14.84 376 (15.4), 361 (73), 317 (15.4), 286 (38.5), 259 (15.4), 231 (38.5), 169 (88.5),

derivative] (XIII)C 147 (65.4), 125 (15.4), 73 (100)

aProducts identified from the P. chrysosporium metabolism of 2,4-dinitrotoluene and intermediates. Cultures were incubated and extracted and products were
analyzed as described in the text. Also, products from the oxidation of various intermediates by LiP, MnP, and crude cell extracts were identified. Reaction
conditions and analysis were as described in the text. In all cases, the retention times and mass spectra of standard compounds were essentially identical to those
of the substrates and metabolites.

b TMS, trimethylsilyloxy.
Under the basic conditions used in derivatization, P-ketoadipic acid exists in its enolic form, 3-hydroxy-hex-2-ene-1,6-dioic acid; hence, we obtain the

tri(TMS) derivative of B-ketoadipic acid for both the experimentally produced and the standard compounds.

dinitrobenzoate. Mass spectrum mlz (relative intensity) val-
ues are 226 (10.7), 197 (32), 195 (100), 183 (1.9), 149 (15.2), 75
(38), and 74 (10). No methanol was detected when either
enzyme or H202 was omitted from the reaction mixture. A
quantitative spectrophotometric assay demonstrated that 0.8
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FIG. 3. Products identified from the oxidation of 2-amino-4-nitrotoluene and several other intermediates by purified LiP and MnP.
Reaction conditions and identification of products were as described in the text. Mole percent product yields from the reaction with MnP (in
parentheses) and LiP (in brackets) are indicated. No oxidized aromatic products, N02-, or methanol was detected when either H202 or
enzyme was omitted from the reactions.
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trihydroxybenzene (VII). NO2- was also detected as a
product of this reaction. Under the conditions used, LiP was
not able to oxidize either of the metabolic intermediates (II
or V). Because of their instability, no attempt was made to
detect 2-hydroxy-1,4-benzoquinone or 4-hydroxy-1,2-benzo-
quinone prior to reduction and derivatization.

LiP, but not MnP, slowly oxidized 1,2-dimethoxy-4-nitro-
benzene (X) to 4-nitro-1,2-benzoquinone (XII) and 2-me-
thoxy-1,4-benzoquinone (VI). Both methanol and N02-
were detected as products of the reaction. Finally, both LiP
and MnP oxidized 2-methoxy-1,4-hydroquinone (IX) to
4-hydroxy-1,2-benzoquinone and 2,5-dihydroxy-1,4-benzo-
quinone (VIII). Methanol was also detected as a product of
this reaction. For each of the reactions described above, no
oxidized aromatic product, NO2-, or methanol was detected
when H202 or enzyme was omitted from the reaction mix-
ture or when the enzyme was boiled for 2 min prior to the
reaction.
When the oxidation of 1,2,4-trihydroxybenzene was car-

ried out with the crude cell extract in the presence of
NADPH and an NADPH-regenerating system, the formation
of 3-ketoadipic acid was demonstrated by GC-mass spec-
trometry (Table 1). The yield of P-ketoadipic acid was -24
mol% of the starting substrate. A small amount (1.9 mol%) of
levulinic acid was also obtained. Mass spectrum mlz (rela-
tive intensity) values for di(trimethylsilyloxy) derivative are
260 (9.5), 245 (4.3), 143 (83), and 73 (100). The same ratio of
,3-ketoadipic acid to levulinic acid was observed when
standard P-ketoadipic acid was incubated in the reaction
buffer and then extracted under identical conditions. The
nonenzymatic decarboxylation of ,-ketoadipic acid to lev-
ulinic acid has been reported previously (12).

DISCUSSION

White rot basidiomycetous fungi are primarily responsible
for the initiation of the depolymerization of lignin in wood
(11, 22, 32). The best-studied white rot fungus, P. chryso-
sporium, degrades lignin during secondary metabolic (id-
iophasic) growth (11, 22, 32). Under ligninolytic conditions,
P. chrysosporium secretes two heme peroxidases (LiP and
MnP) in addition to an H202-generating system (22, 32).
These two peroxidases appear to be primarily responsible
for the oxidative depolymerization of this heterogeneous,
random phenylpropanoid polymer. Recent work has also
demonstrated that P. chrysosporium is capable of mineral-
izing many persistent environmental pollutants (6, 7, 15, 24),
including trinitrotoluene (18). However, to date, only the P.
chrysosporium degradation pathway for the pollutant 2,4-
dichlorophenol has been elucidated in detail (47). In our
report, we showed that oxidative, reductive, and methyl
transfer reactions were involved in the degradation of 2,4-
dichlorophenol (47).
The metabolism of 2,4-dinitrotoluene in both mammalian

and microbial systems has been examined previously (39).
Reduction of the ortho and the para nitro groups by rat
hepatic postmitochondrial supernatant and microsomal frac-
tions has been reported (13, 34). However, the major 2,4-
dinitrotoluene metabolite in rats appears to be 2,4-dini-
trobenzyl alcohol, which is excreted as its glucuronide
conjugate (13, 40). Both the yeast Rhodotorula glutinis (34)
and the fungus Microsporium sp. (36) reduced 2,4-dinitrotol-
uene to 2-amino-4-nitrotoluene and 4-amino-2-nitrotoluene.
Thus, in these studies an important first step in the metabo-
lism of 2,4-dinitrotoluene is reduction of the 2- or 4-nitro
group to the amino function. Beyond this initial step, little

has been reported previously about the degradation of this
compound.
Our results demonstrate that P. chrysosporium exten-

sively mineralizes 2,4-dinitrotoluene only under nutrient
nitrogen-limiting conditions (Fig. 1), suggesting that the
lignin-degradative system is (at least in part) responsible for
the degradation of this pollutant. Sequential identification of
the primary metabolites produced during 2,4-dinitrotoluene
degradation and subsequent identification of the secondary
metabolites after addition to cultures of synthesized pri-
mary metabolites have enabled us to propose a pathway for
the degradation of 2,4-dinitrotoluene. The first step in the
pathway is the reduction of I to either 2-amino-4-nitrotolu-
ene (II) or 4-amino-2-nitrotoluene (III). The subsequent
reduction of the monoamino-mononitrotoluenes apparently
also takes place, since we have identified 2,4-diaminotoluene
(IV) as a P. chrysosporium metabolite of I. Presumably, the
organism takes up the substrate and the reduction takes
place intracellularly. Enzymes involved in the reduction of
aromatic nitro groups have been characterized from micro-
organisms (4, 5, 31). In addition, oxygen-insensitive and
oxygen-sensitive aromatic nitroreductases from Escherichia
coli (38) and mammalian microsomes (37) have been studied.
The oxygen-sensitive enzymes catalyze the one-electron
reduction of the substrate to form the nitroaromatic-anion
free radical which reacts with molecular oxygen to form
superoxide and the parent nitroaromatic in a futile cycle (38).

P. chrysosporium cultures convert 2-amino-4-nitrotoluene
to 4-nitro-1,2-benzoquinone (XII) and 4-nitro-1,2-dime-
thoxybenzene (X), suggesting that 2-amino-4-nitrotoluene
(II) is oxidized by either LiP or MnP. Results of enzyme
reactions (Fig. 3) confirmed that MnP oxidizes 2-amino-4-
nitrotoluene (II) to 4-nitro-1,2-benzoquinone (XII). Nitroqui-
nones are not substrates for either LiP or MnP, and, like
chloroquinones, they are strong oxidizing agents. Thus, the
nitroquinone intermediates in fungal cultures could be con-
verted to the corresponding hydroquinone either nonenzy-
matically or enzymatically. Methylation of hydroquinone
intermediates was previously observed in our study of
2,4-dichlorophenol degradation (47).
Both 4-nitro-1,2-hydroquinone (V) and 1,2-dimethoxy-4-

nitrobenzene (X) are metabolized by P. chrysosporium (Fig.
2), suggesting that they are substrates for either LiP or MnP.
MnP oxidizes 4-nitro-1,2-hydroquinone to 4-nitro-1,2-benzo-
quinone (XII) and to 2-hydroxy-1,4-benzoquinone, releasing
N02- in the process. LiP oxidizes, 1,2-dimethoxy-4-ni-
trobenzene (X) to 4-nitro-1,2-benzoquinone (XII) and
2-methoxy-1,4-benzoquinone (VI), also releasing N02 and
methanol in the process. This demonstrates that LiP is
capable of oxidizing nitrodimethoxybenzenes and chlo-
rodimethoxybenzenes (47), although at a rate lower than that
for dimethoxybenzene (29).

P. chrysosporium also rapidly metabolizes 4-nitro-1,2-
hydroquinone (V) to 1,2-dimethoxy-4-nitrobenzene (X) and
1,2,4-trihydroxybenzene (VII), confirming that 2-amino-4-
nitrotoluene is probably first oxidized to 4-nitro-1,2-benzo-
quinone (XII) by MnP and then the latter is reduced to the
hydroquinone (V). Subsequently, 4-nitro-1,2-hydroquinone
(V) is oxidized by MnP to yield 2-hydroxy-1,4-benzoqui-
none, which is reduced to form 1,2,4-trihydroxybenzene
(VII) (Fig. 4). V is also methylated to yield 1,2-dimethoxy-
4-nitrobenzene (X), which is in turn a substrate for LiP.
Oxidation of 1,2-dimethoxy-4-nitrobenzene (X) by LiP
yields 2-methoxy-1,4-benzoquinone (VI) (Fig. 3), which is
subsequently reduced to the hydroquinone (IX) (Fig. 2). This
intermediate is oxidized by both LiP and MnP to 2-hydroxy-
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FIG. 4. Proposed pathway for the degradation of 2,4-dinitrotoluene by P. chrysosporium.

1,4-benzoquinone (Fig. 3), which is subsequently reduced to
1,2,4-trihydroxybenzene (VII). Using a crude intracellular
enzyme preparation, we confirmed (9) that trihydroxyben-
zene is ring cleaved by a 1,2-dioxygenase to produce, after
subsequent reduction, ,B-ketoadipic acid. The likely interme-
diate maleylacetic acid, not identified in this crude system
because of its presumed instability, was probably reduced to
yield 1-ketoadipic acid (9, 44, 45). 3-Ketoadipic acid would
be readily metabolized to CO2. The biodegradation of 4-ami-
no-2-nitrotoluene (III) and 2,4-diaminotoluene (IV) by P.
chrysosporium cultures was not pursued, but presumably
similar reactions are involved.
Our results suggest that P. chrysosporium elaborates a

general pathway for the degradation of nitroaromatic com-
pounds which involves the initial reduction of an aromatic
nitro group to an aromatic amine. Subsequent oxidation of
the amine by MnP generates 4-nitro-1,2-benzoquinone (XII).
This intermediate undergoes a cycle of reduction and me-
thylation generating 4-nitro-1,2-hydroquinone (V) and 1,2-
dimethoxy-4-nitrobenzene (X). The former is a substrate for
MnP, and the latter is a substrate for LiP. Oxidation of
compound V by MnP yields 2-hydroxy-1,4-benzoquinone,
which is reduced to form 1,2,4-trihydroxybenzene (VII).
Oxidation of X by LiP yields 2-methoxy-1,4-benzoquinone
(VI), which is subsequently metabolized to VII.
Presumably, parts of the proposed pathway evolved for

the degradation of lignin metabolites. For example, the
oxidative decarboxylation of the lignin metabolite vanillic
acid yields 2-methoxy-1,4-hydroquinone (8, 50) and 2-me-
thoxy-1,4-benzoquinone (35). 2-Methoxy-1,4-benzoquinone
(VI) is also a product of the LiP-catalyzed oxidation of the P.
chrysosporium metabolite veratryl alcohol (42). Reduction
of 2-methoxy-1,4-benzoquinone to its corresponding hydro-
quinone (IX) in cell extracts has been measured (10). It is
likely that the peroxidase oxidations described above would
also result in the formation of oligomeric products. How-
ever, P. chrysosporium is well adapted to degrade the
aromatic polymer lignin. Thus, it is likely that any oligomers
which are formed would be degraded subsequently.

In the pathway described above, both nitro groups are
removed before ring cleavage by a 1,2-dioxygenase occurs.
An initial reduction of one nitro group to an aromatic amine
activates the pollutant for attack by a peroxidase. The
oxidized product, an orthoquinone, undergoes a cycle of
reduction and methylation which again generates several
peroxidase substrates. A second oxidation of 4-nitro-1,2-
hydroquinone (V) by MnP removes the second nitro group
from the ring. Alternatively, a second oxidation of the
intermediate 1,2-dimethoxy-4-nitrobenzene (X) by LiP re-
moves the second nitro group from the ring. We recently
demonstrated P. chrysosporium activation of compounds by
cycles of reduction and methylation in the degradation of
2,4-dichlorophenol (47). Preliminary results (47a) suggest
that 2,4,6-trinitrotoluene is degraded via similar pathways.
We are attempting to isolate and characterize the nitroreduc-
tase(s), quinone reductase(s), methyltransferase(s), and 1,2-
dioxygenase(s) implicated by the results of this study.
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