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Extensive biodegradation of TNT (2,4,6-trinitrotoluene) by the white rot fungus Phanerochaete chrysos-
porium was observed. At an initial concentration of 1.3 mg/liter, 35.4 + 3.6% of the [14C]TNT was degraded
to 14C02 in 18 days. The addition of glucose 12 days after the addition of TNT did not stimulate mineralization,
and, after 18 days of incubation with TNT only, about 3.3% of the initial TNT could be recovered.
Mineralization of [14C]TNT adsorbed on soil was also examined. Ground corncobs served as the nutrient for
slow but sustained degradation of [14C]TNT to 4CO2 such that 6.3 + 0.6% of the [14C]TNT initially present
was converted to 14CO2 during the 30-day incubation period. Mass balance analysis of liquid cultures and of
soil-corncob cultures revealed that polar [14C]TNT metabolites are formed in both systems, and high-
performance liquid chromatography analyses revealed that less than 5% of the radioactivity remained as
undegraded ['4C]TNT following incubation with the fungus in soil or liquid cultures. When the concentration
of TNT in cultures (both liquid and soil) was adjusted to contamination levels that might be found in the
environment, i.e., 10,000 mg/kg in soil and 100 mg/liter in water, mineralization studies showed that 18.4 ±
2.9% and 19.6 + 3.5% of the initial TNT was converted to 14C02 in 90 days in soil and liquid cultures,
respectively. In both cases (90 days in water at 100 mg/liter and in soil at 10,000 mg/kg) approximately 85%
of the TNT was degraded. These results suggest that this fungus may be useful for the decontamination of sites
in the environment contaminated with TNT.

The compound TNT (2,4,6-trinitrotoluene) is the predom-
inant conventional explosive used by military forces (27).
Unfortunately, past practices for the disposal of TNT-
containing wastes generated during the production of TNT
and of military ordnance which use TNT have led to soil,
sediment, and water contamination (24, 27). This is of
concern because exposure to TNT is known to cause pan-
cytopenia, a disorder of the blood-forming tissues character-
ized by a pronounced decrease in the number of leukocytes,
erythrocytes, and reticulocytes in humans and other mam-
mals (12). Also, TNT is toxic to fathead minnows (Pime-
phales promelas) and bluegills (Lepomis macrochirus) at
concentrations of 2 to 3 ,ug/ml (13, 26). It is also toxic to
certain green algae (Selenastrum capricornutum, Microcys-
tis aeruginosa, Chlamydomonas reinhardtii), tidepool cope-
pods (Tigriopus californicus), and oyster (Crassostrea gigas)
larvae (13, 26, 28). Additionally, TNT is a mutagen as
assayed by the Ames test (28).
Recent studies have shown that the wood-rotting fungus,

Phanerochaete chrysosporium, possesses remarkable bio-
degradative properties (1-11, 20). This fungus is one of the
relatively few microorganisms known to be able to degrade
lignin, a naturally occurring and recalcitrant biopolymer, to
carbon dioxide (3, 14, 16, 17, 21). P. chrysosporium is also
able to degrade a wide variety of environmentally persistent
xenobiotics to carbon dioxide, including a number of chlori-
nated hydrocarbons such as DDT [1,1,1-trichloro-2,2-bis
(4-chlorophenyl)ethane], lindane (1,2,3,4,5,6-hexachlorocy-
clohexane), chloroanilines, and polychlorinated biphenyls
(1-11). Recent evidence suggests that the ability to degrade
such a diverse group of compounds is dependent on the
nonspecific and nonstereoselective lignin-degrading system
which is expressed by this organism under nutrient (nitro-
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gen, carbon, or sulfur)-limiting conditions (1-11, 14, 17). It
has recently been shown that lignin peroxidases from this
fungus are also able to catalyze the initial oxidation of a
number of environmentally persistent xenobiotics (7, 10, 11,
25). However, Kohler et al. observed that lignin peroxidases
of P. chrysosporium have no role in the initial oxidation of
DDT (19).
The purpose of this investigation was to determine

whether P. chrysosporium would grow in the presence of a
highly toxic contaminant like TNT at concentrations that
occur in the environment and whether it would degrade the
TNT. Because P. chrysosporium has the ability to degrade a
wide variety of environmentally persistent organopollutants
to carbon dioxide, we have suggested that this microorgan-
ism may be useful in certain hazardous waste treatment
systems (8). In this study, the ability of P. chrysosporium to
degrade TNT-contaminated water and soil was investigated
by adjusting the TNT concentration equivalent to contami-
nation levels found in the environment. The results of this
study indicate that biological treatment systems that utilize
P. chrysosporium could be used as effective and efficient
methods for remediation of TNT-contaminated water and
soil.

MATERIALS AND METHODS
Organism. P. chrysosporium BKM-F-1767 was obtained

from the Forest Products Laboratory, U.S. Department of
Agriculture, Madison, Wis. The organism was maintained at
room temperature on 2% (wt/vol) malt agar slants. Subcul-
tures were routinely made every 30 to 60 days.

Chemicals. Radiolabeled TNT (ring labeled; specific activ-
ity, 21.58 mCi/mmol) was purchased from Chemsyn Science
Laboratories (Lenexa, Kans.), and the nonradioactive TNT
was obtained from the U.S. Army Toxic and Hazardous
Materials Agency (Aberdeen, Mo.) and from Chem Service,
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Inc. (West Chester, Pa.). Two dinitrotoluene congeners
(2,4-dinitrotoluene and 2,6-dinitrotoluene) and 2-, 4-, and
6-nitrotoluene were purchased from Aldrich Chemical Co.,
(Milwaukee, Wis.). The purity of the chemicals was deter-
mined by thin-layer chromatography and high-performance
liquid chromatography (HPLC) and was found to be greater
than 98% in all cases.

Culture conditions. P. chrysosporium was incubated in
liquid medium composed of 56 mM glucose, 1.2 mM ammo-
nium tartrate (nitrogen limited), trace metals, and thiamine
(1 mg/liter) in 20 mM 2,2'-dimethylsuccinate (sodium) buffer
(pH 4.2) (6, 8, 17). The culture medium was sterilized by
filtration through a cellulose acetate membrane filter (pore
size, 0.22 ,um). Culture bottles were sterilized by autoclaving
at 121°C and 15 lb/in2 for 20 min. Samples of the culture
medium (9 ml) were dispensed into each of several 250-ml
Wheaton bottles equipped with a gas exchange manifold
with a Teflon seal (8). Cultures were inoculated with a spore
suspension of P. chrysosporium (1 ml; 0.5 absorbance unit at
650 nm) and grown at 39°C. Control cultures contained
culture medium minus P. chrysosporium inoculum. The
cultures were grown under ambient atmosphere for 6 days.
On day 6, 57.9 nmol (13 ,ug) of [14C]TNT was added to each
culture; then, at 3-day intervals thereafter, the headspaces
were flushed with oxygen (99.9%) and the liberated CO2 was
passed through a volatile organic trap consisting of 10 ml of
scintillation cocktail (Safety Solve; Research Products Inter-
national Corp., Mt. Prospect, Ill.) prior to passage through a
vial containing 10 ml of CO2 trap. The CO2 trap was a
mixture of ethanolamine in methanol and scintillation cock-
tail (1:4:5; vol/vol/vol). The volatile organic trap was used to
ensure that the radiolabeled material trapped in the CO2 trap
was not contaminated with volatile organics as a result of air
stripping during flushing. The amount of radioactivity in
each trap was determined by liquid scintillation spectrome-
try.
To perform mass balance analyses on liquid cultures

incubated with ['4C]TNT, the contents of each 250-ml
Wheaton bottle were extracted three times with 30 ml of
dichloromethane and 30 ml of water (1:1; vol/vol). The
dichloromethane extracts were combined and concentrated
by evaporation under a gentle stream of nitrogen. Following
these extractions, particulate matter, i.e., fungal mat, was

separated from the aqueous fraction by filtration through
glass wool. The amount of 14C w.hich was bound to the
fungal mat and not extractable by organic solvent was

determined by combustion in a Harvey Biological Oxidizer
(R. J. Harvey Instrument Corp., Hillsdale, N.J.), and mea-

surement of radioactivity in the evolved CO2 was deter-
mined by liquid scintillation spectrometry. The aqueous
fraction was also assayed for radioactivity by liquid scintil-
lation spectrometry.
HPLC analyses were performed by using a system

equipped with a Spectra-Physics model SP 8810 pump (Spec-
tra-Physics, San Jose, Calif.), a Rheodyne injector (Rheo-
dyne Inc., Cotati, Calif.), a reverse-phase column (5 ,um; 4.6
by 250 mm; Rsil C-18; Beckman Instruments, Inc., San
Ramon, Calif.), and a Spectra-Physics model SP 8450 (Spec-
tra-Physics) variable wavelength absorbance detector.
Isocratic elution was performed with methanol-water (50:50,
vol/vol) at a flow rate of 1 ml/min. The retention time for
TNT was determined by monitoring elution at 254 nm. For
the mass balance studies, 20-,ul samples of the concentrated
organic extracts were used for injection into the HPLC.
Fractions (1 ml) were collected in scintillation vials. Safety

Solve (9 ml) was added to each fraction, and radioactivity
was determined as described above.
The ability of P. chrysosporium to degrade [14C]TNT in

soil was also examined. An agricultural silt loam soil (sand,
19%; silt, 54%; and clay, 27%) was used in this study. The
organic matter content of the soil was 3.62%, of which 2.10%
was organic carbon. Total nitrogen was 0.19%, and the soil
pH was 6.4. The cation exchange capacity was 23.6 meq/100
g. Ten grams of soil was placed in 250-ml Wheaton bottles.
Then, 57.9 nmol of [14C]TNT dissolved in 160 ,ul of acetone
was added to the soil. The acetone was allowed to evapo-
rate, and the soil was then mixed with 6.7 g of corncobs that
had been previously inoculated (10 days earlier) with P.
chrysosporium. Preinoculated corncobs were made by auto-
claving the corncobs (121°C; 15 lb/in2) for 30 min and
inoculating them aseptically with P. chrysosporium. The
moisture content of the soil was adjusted (40%, wt/wt) by
adding unsterilized water. Unlike the conditions used in the
liquid culture experiment, sterile conditions were not used in
the soil culture experiment. Also, cultures were not buffered
or supplemented with trace metals or other nutrients. Cul-
tures were incubated at 39°C for 30 days. Control cultures
contained identical culture parameters, and, instead of inoc-
ulated comcobs, they contained 6.7 g of uninoculated corn-

cobs. Every 3 days, the headspaces of the culture bottles
were flushed with oxygen, liberated CO2 was trapped, and
the amount of radioactivity in the CO2 and in the volatile
organic trap was determined by liquid scintillation spectrom-
etry as described above.
Mass balance analyses were also performed on soil cul-

tures by extraction procedures previously described by
Jenkins and Walsh (15). The contents of each 250-ml
Wheaton bottle were extracted three times with 30 ml of
acetonitrile. The soil-corncob-acetonitrile mixtures were dis-
persed by mixing on a vortex mixer (Scientific Industries,
Inc., Bohemia, N.Y.) for 10 min, followed by sonication in
an ultrasonic bath (Branson Equipment Company, Shelton,
Conn.) for 18 h. The acetonitrile extracts were combined and
concentrated by evaporation under a gentle stream of nitro-
gen. The concentrated extract was then centrifuged for 5 min
at 1,500 rpm, and the clear supernatant (10 ml) was removed
with a volumetric pipette and mixed with an equal volume of
water in a glass scintillation vial (15). The contents of the vial
were thoroughly mixed, allowed to stand for 15 min, and
then filtered through a Gelman Sciences 0.45-pum-pore-size
ARCO LS-25 disposable filter assembly. Twenty microliters
of the organic extract was used for HPLC analysis as

described above. Fractions (1 ml) were collected, and radio-
activity was determined as described above. Radiolabeled
compounds which were retained in the soil-corncob-fungal
matrix and which were not recovered by organic solvent
extraction were combusted to CO2 in a Harvey Biological
Oxidizer, and radioactivity was measured by liquid scintil-
lation spectrometry.

In other experiments, P. chrysosporium was tested for its
ability to mineralize ['4C]TNT in both liquid and soil at
levels that might be encountered in the environment, i.e.,
100 mg/liter in water (22, 24) and 10,000 mg/kg in soil.
Culture conditions were as described above except for the
concentration of TNT and the time of incubation. Unless
otherwise stated, all studies were performed in quadrupli-
cate. Rates of mineralization were obtained, and mass bal-
ance analyses were performed as described above after 30,
60, and 90 days for the liquid and the soil cultures. One
culture was extracted at each time except for the 90-day time
point for soils, in which case two cultures were used.
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FIG. 1. Mineralization of [14C]TNT in nutrient nitrogen-limited

cultures of P. chrysosporium. Each culture contained 57.9 nmol of
['4C]TNT. Datum points represent the mean ± standard deviation (n
= 4). Arrows indicate addition of [14C]TNT and supplemental
glucose.

RESULTS

P. chrysosporium mineralized 35% of the [14C]TNT during
12 days of incubation (Fig. 1). Supplemental glucose (equiv-
alent to 56 mM), added to the cultures on day 18, did not
affect the evolution of 14CO2, so the experiment was termi-
nated after 24 days of incubation and a mass balance analysis
was performed. A total of 35.4 ± 3.6% of the total radioac-
tivity was evolved as 14CO2, 25.1% was present as water-
soluble metabolites, 15.7% was found in the methylene
chloride fraction, and 17.3% was associated with the myce-
lial fraction. A total mass recovery of 93.5% was achieved.
HPLC analysis (Fig. 2) of the methylene chloride extract
demonstrated that only about 3.3% of the [14C]TNT initially
present might be identified as undegraded TNT. The remain-
ing 12.4% represented unidentified metabolites formed dur-
ing the 18-day incubation period. Almost all of the uniden-
tified metabolites remaining in the methylene chloride
extract were more polar than TNT. None of the metabolites
corresponded to mono- or dinitrotoluenes. In control cul-
tures incubated under the same culture conditions but not
inoculated with P. chrysosporium, 98% of the radioactivity
added was found in the methylene chloride fraction and was
unmetabolized [14C]TNT.

Biodegradation was also examined in a system in which
[14C]TNT was adsorbed onto soil and mixed with corncobs
previously inoculated (10 days earlier) with P. chryso-
sporium. In this soil-corncob mixture, 6.3 + 0.6% of the
[14C]TNT initially present was degraded to 14CO2 during 30
days (Fig. 3). Mass balance analysis of cultures of P.
chrysosporium incubated with [14C]TNT in a soil-corncob
matrix for 30 days revealed that 6.3 + 0.6% of the recovered
radioactivity was evolved as 14CO2, 63.6% was present in
the acetonitrile extract, and 25.2% was unextractable and
was present in the soil-corncob matrix. This material could
not be identified as it could not be extracted from the matrix.
A total mass recovery of 95.1% was achieved. HPLC
analysis (Fig. 4) of the radiolabeled material in the acetoni-
trile extract revealed that only about 2.2% of the [14C]TNT
initially present might be identified as undegraded TNT.
At the end of 30, 60, and 90 days, liquid and soil cultures

contaminated with 100 mg ofTNT per liter and 10,000 mg of
TNT per kg, respectively, were extracted and mass balance
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FIG. 2. HPLC elution profile of a methylene chloride extract of
a nutrient nitrogen-limited culture of P. chrysosporium that was
incubated with [14C]TNT (57.9 nmol) for 18 days. Authentic
[14C]TNT eluted from the column at about 13 min. DPM, Disinte-
grations per minute.

analyses were performed as described above. The results
(Table 1) of mass balance analysis of 100 mg ofTNT per liter
of contaminated liquid cultures showed that 19.6 + 3.5% of
the recovered radioactivity was evolved as 14CO2, 22.7%
was found in the methylene chloride extract, 50.1% was
present as water-soluble compounds, and 2.2% was bound to
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FIG. 3. Mineralization of [14C]TNT in soil-corncob cultures of
P. chrysosporium. Each culture contained 57.9 nmol of [14C]TNT.
Datum points represent the mean ± standard deviation (n = 4).
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the fungal mat after a period of 90 days of incubation. A total
mass recovery of 94.6% was achieved. When the methylene
chloride fraction was analyzed by HPLC, the amounts of
unmetabolized [14C]TNT remaining in liquid cultures were

22.1, 14.9, and 12.3% over a period of 30, 60, and 90 days of
incubation, respectively. In control cultures, which were

incubated under the same conditions but which were not

inoculated with P. chrysosporium, greater than 99% of the
radioactivity was found in the methylene chloride extract

and was identified as TNT by HPLC.
The results of mass balance analysis of soil cultures

contaminated with 10,000 mg of TNT per kg showed that
18.4 + 2.9% was evolved as 14CO2, 62.6% was found in the
acetonitrile extract, and 11.5% was bound to the soil-
corncob-fungal matrix after 90 days (Table 1). The total mass
recovery was 92.5% after a period of 90 days of incubation.
When the acetonitrile extracts of the 30-, 60-, and 90-day
cultures were analyzed by HPLC, they showed that the
amounts of residual ['4C]TNT that was not degraded to
14CO2 or intermediates were 50.8, 29.3, and 14.9%, respec-

tively. In control cultures incubated under the same nonster-
ile conditions but not inoculated with P. chrysosporium,
greater than 99% of the radioactivity was found in the
acetonitrile fraction and was unmetabolized [14C]TNT. The
assay for radioactivity in the volatile organic trap revealed
that less than 0.5% of the [14C]TNT was volatilized or air
stripped during the flushing of the cultures with oxygen. In
some experiments, CO2 was trapped in Ba(OH)2 rather than
in the ethanolamine-based scintillation cocktail to show that
the radioactivity was quantitatively precipitated with BaCO3
(data not shown).

DISCUSSION

This study shows that the wood-rotting (white rot) fungus
P. chrysosporium is able to cause extensive degradation of
[14C]TNT in a reasonably short period of time. Degradation
was demonstrated by mineralization of [14C]TNT, metabo-
lite formation, and mass balance analyses. Biodegradation of
[14C]TNT was also shown to occur in a soil-corncob mixture
inoculated with P. chrysosporium. Compared with liquid
cultures, in soil cultures, substantially less [14C]TNT was

converted to 14CO2. However, it is worth noting that in
liquid cultures, mineralization of [14C]TNT virtually ceased
after 15 days, whereas in soil cultures, it continued through-
out the 90-day incubation period at a nearly continuous,
albeit relatively slow, rate. This suggests that the extent of
mineralization in soil-corncob matrices could be extended
simply by increasing the incubation period. However, in
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FIG. 4. HPLC elution profile of an acetonitrile extract of a

soil-corncob culture incubated with P. chrysosporium and [14C]TNT
(57.9 nmol) for 30 days. Authentic [14C]TNT eluted from the column
at 13 min. DPM, Disintegrations per minute.

liquid cultures, addition of supplemental glucose after 12
days of incubation did not stimulate the mineralizations as

we observed with the degradation of other xenobiotics by P.
chrysosporium (3, 6). Xenobiotic degradation studies in
liquid cultures with P. chrysosporium and glucose have
revealed that after 9 to 12 days of incubation, the rate of
mineralization is reduced. The reason for this could be either
depletion of glucose or the chemical being degraded from the
culture medium. The results of TNT degradation in liquid
cultures verified the possibility of depletion of the chemical
from the culture medium instead of glucose when the mass

balance results revealed that the amount of TNT remaining

TABLE 1. Mass balances for 2,4,6-trinitrotoluene metabolism by P. chrysosporium in soil and liquid cultures

% Extracted in % Adsorbed to
Incubation % % Metabolites in acetonitrilea or soil-comcoba % Mass % TNT

Matrix period (days) Mineralized water fraction methylene chlo- or fungal mat recovery remaining

ride' fraction fraction

Soil' (10,000 mg/kg) 30 9.8 ± 1.9 69.5 14.4 93.7 50.8
60 17.1 ± 2.2 59.8 15.3 92.2 29.3
90 18.4 ± 2.9 62.6 11.5 92.5 14.9

Liquid' (100 mg/liter) 30 18.4 ± 2.4 52.0 12.1 11.0 93.5 22.1
60 19.0 ± 3.0 51.6 19.5 5.1 95.2 14.9
90 19.6 ± 3.5 50.1 22.7 2.2 94.6 12.3

aIn soil cultures, 57.9 nmol of [14C]TNT and 100 mg ofTNT, dissolved in acetone, were adsorbed onto 10 g of nonsterile soil. The acetone solvent was allowed

to evaporate, 6.7 g of preinoculated corncobs was added, and the water content was adjusted to 40% (wt/wt). Mass balances were quantitated as described in
Materials and Methods.

b In liquid cultures, 6-day-old ligninoytic cultures of P. chrysosporium contained 57.9 nmol of [14C]TNT and 1 mg of TNT. Mass balances were quantitated as

described in Materials and Methods.
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in the culture medium was less than 3%, and the additional
supply of glucose had no effect on the restoration of miner-
alization.

Previous research has shown that, in general, TNT is quite
resistant to biodegradation by most bacteria and fungi (22).
Typically, the aromatic ring is not cleaved and degradation
to CO2 does not occur. This is not to say that TNT is totally
refractory to biodegradation, since a number of microorgan-
isms have been isolated that mediate substantial biodegra-
dation of this compound. For example, Won et al. (29) have
reported that pseudomonas-like bacteria could cause exten-
sive degradation ofTNT to several intermediates, all but two
(2-amino-4,6-dinitrotoluene and 2-nitro-4,6-diaminotoluene)
of which were further degraded.

Similarly, a number of fungi have been shown to be able to
degrade TNT as assayed by TNT disappearance from cul-
ture (18, 23). Of particular note is the fungus Rhizopus
stolonifer, which was able to mediate near complete disap-
pearance of TNT from cultures containing 100 mg of TNT
per liter (18).
A major objective of our research is the development of

bioremediation systems by using P. chrysosporium to treat
water, soils, sediments, and other materials that are contam-
inated with toxic or recalcitrant organopollutants or both. In
this study, we have shown that P. chrysosporium is able to
extensively degrade [14C]TNT. Of particular interest is the
fact that substantial amounts of [14C]TNT can be converted
to 14CO2 by this fungus.
The concentration of [14C]TNT used in the liquid culture

experiments was of the same magnitude as that found in
waters contaminated by TNT in the environment (22, 24).
The concentration of TNT in effluents from TNT manufac-
turing processes is, on average, about 20 mg/liter (22), and
the concentration of TNT in contaminated soil may be as
high as 10,000 mg/kg. Interestingly, high concentrations of
TNT were not lethal to the fungus in these experiments and
considerable quantities of TNT were degraded. We have
suggested that P. chrysosporium may be useful in the
biodegradation of hazardous wastes in waste treatment
systems (8). When compared with costly and tedious phys-
ical decontamination processes, the P. chrysosporium sys-
tem used in this study reveals that a versatile organism such
as P. chrysosporium may provide a more economical bio-
logical treatment system that could be applied to in situ
decontamination processes when the conditions are adapted
for the growth of the fungus. The enzymes involved in the
degradation of TNT and the identities of the intermediates
are under investigation.
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