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Abstract Anaerobic bacteria have been used to pro-

duce 2,4-dihydroxylamino-nitrotoluene (2,4DHANT), a

reductive metabolite of 2,4,6-trinitrotoluene (TNT).

Here, an aerobic TNT biodegrader Pseudomonas sp.

strain TM15 produced 2,4DHANT as evidenced by

the molecular ion with m/z of 199 identified from

LC-TOFMS analyses. TNT biodegradation with a

high cell concentration (109 cells/ml) led to a signif-

icant accumulation of 2,4DHANT in the culture

medium, as well as hydroxylamino-dinitrotoluenes

(HADNTs), although these products were not accu-

mulated when a low cell concentration was used;

also, the accumulation of diamino-nitrotoluene and of

an unidentified metabolite were observed in the

culture medium with the high cell concentration

(1010 cells/ml). 2,4DHANT overproduction was a

function of the aeration speed since cultures with low

aeration speeds (30 rpm) had a 19-fold higher

DHANT productivity than those aerated with high

speeds (180 rpm); this indicates that molecular

oxygen was related to the formation of 2,4DHANT.

The quantification of dissolved oxygen (DO) in the

media demonstrated that the productivity of

2,4DHANT was increased at low DO values. More-

over, supplying oxygen to the culture media produced

a remarkable decrease of 2,4DHANT accumulation;

these results clearly indicate that high 2,4DHANT

production was a consequence of the oxygen deficit

in the culture medium. This finding is useful for

understanding the TNT biodegradation (bioremedia-

tion technology) in an anoxic environment.
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Introduction

Highly explosive 2,4,6-trinitrotoluene (TNT) has

been extensively used for military purposes, and its

synthesis reached a maximum during World War II

(Harter 1985). High concentrations of TNT and its

analogs are still found in soil and groundwater at

former manufacturing sites (Fernando et al. 1990;

Electronic supplementary material The online version of
this article (doi:10.1007/s10532-008-9182-6) contains supple-
mentary material, which is available to authorized users.

A. Kubota � T. Maeda (&) � N. Nagafuchi � H. I. Ogawa

Department of Biological Functions and Engineering,

Graduate School of Life Science and Systems

Engineering, Kyushu Institute of Technology,

2-4 Hibikino, Wakamatsu-ku,

Kitakyushu 808-0196, Japan

e-mail: toshi.maeda@life.kyutech.ac.jp

K. Kadokami

Aqua Research Center, Graduate

School of Environmental Engineering, The University

of Kitakyushu, 1-2-1 Shinike, Tobata-ku,

Kitakyushu 804-0082, Japan

123

Biodegradation (2008) 19:795–805

DOI 10.1007/s10532-008-9182-6

http://dx.doi.org/10.1007/s10532-008-9182-6


Hawari et al. 2000; Lewis et al. 2004; Maeda et al.

2006a). The persistence of these pollutants in the

environment indicates that TNT and its analogs are

recalcitrant to microbial biodegradation (Rieger and

Knackmuss 1995) although some bacteria are che-

motactic toward nitroaromatic compounds

(Leungsakul et al. 2005). Also, TNT, its analogs,

and its metabolites have strong cytotoxicity and

mutagenicity for various organisms (Ahlborg et al.

1988; Berthe-Corti et al. 1998; Letzel et al. 2003;

Padda et al. 2003; Saka 2004; Tan et al. 1992; Won

et al. 1976); thereby, developing bioremediation

technologies for TNT and its analogs is significant.

The TNT biotransformation pathway by aerobic or

anaerobic bacteria has been described (Esteve-Nunez

et al. 2001; Hawari et al. 2000; Snellinx et al. 2002);

commonly, TNT is biotransformed by converting

nitro groups into nitroso, hydroxylamino and amino

groups. Thus, because of its high electron deficiency,

initial microbial transformations of TNT are charac-

terized by reductive rather than by oxidative reactions

(Barrows et al. 1996). In several bacterial species, the

major reduction metabolites from TNT are hydrox-

ylamino-dinitrotoluenes (HADNTs) and amino-

dinitrotoluenes (ADNTs) that are formed by reducing

one of three nitro groups (Ahmad and Hughes 2002;

Borch et al. 2005; Fleischmann et al. 2004; Huang

et al. 2000; Kroger et al. 2004; Vorbeck et al. 1998;

Yin et al. 2005). Also dihydroxylamino-nitrotoluene

(DHANT) is accumulated in some anaerobic bacteria

during TNT metabolism (Ahmad and Hughes 2002;

Borch et al. 2005; Fleischmann et al. 2004; Lewis

et al. 1996; Yin et al. 2005); aerobically, DHANT is

only produced by Pseudomonas pseudoalcalogenes

JS52 (Fiorella and Spain 1997), which is a sponta-

neous mutant derived from strain JS45 (Nishino and

Spain 1993). P. pseudoalcalogenes produces

DHANT by the conversion of two nitro groups into

two hydroxylamino groups. Why different reduction

metabolites are produced from the diverse TNT-

metabolizing bacteria performing the same TNT

reduction reaction is unknown; therefore, an under-

standing of the mechanism of the TNT reduction

reaction is significant for developing TNT bioreme-

diation technologies since the initial step for TNT

biodegradation is a reduction reaction.

Pseudomonas sp. strain TM15 was isolated from

the TNT-contaminated soil in the Yamada Green

Zone, Kitakyushu, Japan (Maeda et al. 2006a). This

strain aerobically produces HADNTs and ADNTs

from TNT, as previously described (Maeda et al.

2006a, c), and it was found that HADNTs accumulate

in the culture medium using a high cell density

(108 cells/ml) in comparison with low cell densities

(107 cells/ml) (Maeda et al. 2006b). This implies that

TNT degradation at high cell density may trigger

different TNT-biodegradation patterns. This phenom-

enon is important for the TNT bioremediation

because it requires specific bacteria with high activity

for TNT degradation and enables more rapid decon-

tamination of TNT-polluted sites. The goal of this

paper is to examine the accumulation pattern of TNT

reduction metabolites in various conditions such as

different cell numbers, shaking speeds and oxygen

concentrations.

Materials and methods

Chemicals

2,4,6-Trinitrotoluene (TNT) was obtained from

Chugoku Kayaku Co. Ltd., Hiroshima, Japan and 2-

hydroxylamino-4,6-dinitrotoluene (2HADNT), 4-

hydroxylamino-2,6-dinitrotolulene (4HADNT), 2,4-

diamino-nitrotoluene (2,4DANT) were kindly pro-

vided by Dr. R. Spanggord (Chemical Sciences and

Technology Department, SRI International, Melno

Park, CA). 2-Amino-4,6-dinitrotoluene (2ADNT),

and 4-amino-2,6-dinitrotolulene (4ADNT) were pur-

chased from AccuStandard, Inc., New Haven, USA.

All chemicals used were of the highest purity

commercially available.

Bacterial strains, growth and total protein

determination

Pseudomonas sp. strain TM15 was isolated from the

soil in the Yamada Green Zone, Kitakyushu, Japan

(Maeda et al. 2006a). Cells were initially streaked

from -80�C glycerol stocks on Luria-Bertani (LB)

agar plates (Sambrook et al. 1989) containing

100 mg/l TNT and incubated at 30�C. After growth

on the LB agar plates, Pseudomonas sp. strain TM15

was cultured from a fresh single colony in LB

medium (Sambrook et al. 1989) supplemented with

100 mg/l TNT at 30�C in the dark with shaking at

120 rpm (MM-10, TAITEC Co. Ltd., Saitama,
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Japan). Then, the cells were harvested by centrifuga-

tion at 5000 9 g for 5 min at 4�C, washed twice in

50 mM autoclaved phosphate buffer (pH 7.0), and

resuspended in the same phosphate buffer. The cell

suspensions were used for TNT biodegradation

experiments. Cell growth was measured using tur-

bidity at 600 nm with a UV/vis Spectrophotometer

(V-530, JASCO Co. Ltd., Tokyo, Japan), and total

protein for Pseudomonas sp. TM15 was determined

by the following formula: 0.20 mg/OD/ml.

TNT biodegradation

The cells (106–1010 cells/ml) were inoculated in M8

minimal medium (200 ml), which is M9 minimal

medium without NH4Cl (Sambrook et al. 1989),

including acetate (10 mM) and 100 mg/l TNT as

carbon and nitrogen sources. The mixtures were

aerobically incubated at 30�C in the dark with

shaking (30, 60, 120 or 180 rpm; MM-10, TAITEC

Co. Ltd.).

Measurement of TNT metabolites

Cells were removed by centrifugation at 5000 9 g

for 20 s, and then the culture fluid was filtered with

membrane filters (0.2 lm, Toyo Roshi Kaisha Ltd.,

Tokyo, Japan). TNT and its metabolites (2HADNT,

4HADNT, 2ADNT, 4ADNT, DANT, and unidenti-

fied metabolite (2,4DHANT)) were determined by

high-performance liquid chromatography (HPLC;

Shimadzu Co. Ltd., Kyoto, Japan) without sample

concentration. HPLC measurements were performed

on an Inertsil ODS-2 column (4.0 mm 9 150 mm;

GL Sciences Inc., Tokyo, Japan) with acetonitrile-

water (40:60) as the mobile phase, with a flow rate of

0.4 ml/min. All compounds were detected at 254 nm

with a Shimadzu SPD-10AVP UV–vis detector.

Productivity for 2,4DHANT was indicated as peak

area/h/mg-protein from the 2,4DHANT proportional

production time because standard chemical of

2,4DHANT was not available (i.e. it was impossible

to determine the concentration for 2,4DHANT).

Extraction, thin-layer chromatography,

and detection

The culture fluid (200 ml) was extracted twice with

50 ml of dichloromethane and/or diethyl ether, then

the extracts were dried over anhydrous sodium

sulfate, and excess solvent was removed by rotary

evaporation (R-114-EW-3, Sibata Scientific Technol-

ogy Ltd., Tokyo, Japan). Thin-layer chromatography

(TLC) was performed to analyze the TNT metabo-

lites extracted in organic solvents. The samples

(20 ll) were spotted on a TLC sheet (10 cm 9 20

cm; Silica gel 60 TLC aluminum sheet, Merck

KGaA, Darmatadt, Frankfurt, Germany), and subse-

quently developed once by the ascending method

with a solvent system consisting of ethanol–benzene–

hexane (1:2:2 by volume) for a distance of 16 cm

(total time 2 h). Spots indicating TNT metabolites

were visualized at 254 nm under UV illumination

(LPR-33/JM, TAITEC Co. Ltd.).

Purification of metabolites and LC/TOF–MS

instrumentation

To purify 2,4DHANT from various TNT metabolites,

the target compounds were extracted into acetonitrile

by collecting the spots. Purity of the purified metab-

olite was immediately assayed by HPLC. To obtain

the mass spectra of this compound, the samples were

measured by liquid chromatography/time-of-flight

mass spectrometer (LC/TOF–MS; Agilent 6210 LC/

MS time-of-flight mass spectrometer, Agilent Tech-

nologies, Santa Clara, CA, USA). LC/TOF–MS

measurements were performed on a ZORBAX SB-

Aq column (4.6 mm 9 150 mm; Agilent Technolo-

gies Japan, Ltd., Tokyo, Japan) with acetonitrile–

water (the gradient program was 0% acetonitrile for

5 min at 0.4 ml/min, and then 2.5% acetonitrile/min

to reach up to 50% (for 20 min)) as the mobile phase,

with a flow rate of 0.4 ml/min. Ionization to obtain

mass spectrum was the ESI system with 150 V and

positive mode.

Calculation of composition formula

The LC/TOF–MS system allows accurate mass anal-

yses in the molecular ion peak and fragment ion peak;

hence, composition formula can be obtained from the

accurate mass in the peak. The instrument software

constantly corrects the measured masses of all the

spectra using the known masses as reference. LC/MS

accurate mass spectra were recorded across the range

m/z 90–1100. The full-scan data recorded was

processed with Applied Biosystems/MDS-SCIEX
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Analyst QS software (Frankfurt, Germany) with

accurate mass application-specific additions from

Agilent MS TOF software.

Measurement of dissolved oxygen

Dissolved oxygen (DO) in samples (50 ml) was

measured by using DO meter (DO-14P, TOA elec-

tronics Ltd., Tokyo, Japan).

Sparging with oxygen gas

To examine the effect of oxygen on the production of

DHANT, oxygen gas (Itochu Industrial Gas Co. Ltd.,

Tokyo, Japan) was supplied into the TNT culture

medium at a flow rate of 50 ml/min while TNT was

degraded by Pseudomonas sp. strain TM15. TNT and

its metabolites were analyzed by HPLC as described

above.

Results

Accumulation of TNT metabolites

from Pseudomonas sp. strain TM15

Pseudomonas sp. strain TM15 produced 2ADNT and

4ADNT from TNT as previously described (Maeda

et al. 2006a). Also, TNT biodegradation using higher

cell densities (more than 109 cells/ml) showed that

Pseudomonas sp. strain TM15 accumulates one

unidentified metabolite which has a 4.5 min retention

time with HPLC (Fig. 1a), as well as accumulates

HADNTs up to 9-fold at high cell density (over

108 cells/ml) compared to the low cell density

(107 cells/ml) (Maeda et al. 2006b). As shown in

Fig. 1b, TNT completely disappeared after a 2-h

cultivation with 109 cfu/ml. On the other hand, the

concentration of HADNTs reached a maximum

during the 2-h cultivation then gradually decreased.

Also, the unidentified metabolite reached a maximum

after 6 h with Pseudomonas sp. TM15, and the

amount of this metabolite was constant for 6- to 10-h

cultivation (Fig. 1b).

Identification of the unknown metabolite

TNT metabolites were extracted into dichlorometh-

ane and/or diethyl ether in order to isolate the

unknown product with the 4.5 min retention time;

this enabled us to identify this metabolite by using

infrared resonance spectroscopy and LC–MS. This

unknown metabolite was not extracted with dichlo-

romethane whereas it was extracted with diethyl ether

as shown in Fig. 2, while other metabolites were

extracted with both organic solvents. Therefore, a

two-step extraction was performed for isolating the

unknown product; first an extraction with dichloro-

methane was performed in order to extract other

metabolites except the unidentified metabolite, and

then a second extraction step was done with diethyl

ether in order to extract the remaining metabolites;

thereby, the unknown metabolite was found in diethyl

ether and not in dichloromethane. As expected, this

two-step extraction clearly showed that the uniden-

tified product could be extracted without

contamination (Fig. 2). The unknown metabolite

was purified by collecting the spots on TLC plate

and by extracting into acetonitrile (Supplementary
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Fig. 1 Accumulation of TNT reduction metabolites by Pseu-
domonas sp. strain TM15. (a) HPLC chromatogram of 2,4,6-

trinitrotoluene (TNT), hydroxylamino-dinitrotoluenes (HAD-

NTs) and an unidentified metabolite (retention time: 4.5 min).

(b) Time course of TNT (d), HADNTs (m) and an unidentified

metabolite (RT 4.5) (j) during TNT biodegradation. The cells

(109 cfu/ml) were inoculated into M8 minimal medium

including TNT (100 mg/l) and then aerobically incubated at

30�C with shaking (120 rpm)
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Fig. 1), and then the purity was measured by HPLC.

HPLC analyses indicated that purity of the unknown

product was 99.5 ± 1.0%. Then, this purified sample

was measured by IR analysis (Supplementary Fig. 2)

and LC/MS analysis (Supplementary Fig. 3). Fur-

thermore, LC/TOF–MS analysis was conducted to

reveal what the unidentified metabolite is. The mass

spectrum (conducted by using a high voltage

(150 V)) showed a m/z 200 ([M+H]+) for the

molecular ion and the typical M-17 ion loss (m/z

183), which is specific for nitro groups ortho in

nitroaromatics harboring a methyl group (Fig. 3).

Additionally, accurate mass analyses showed the m/z

was 200.0661 for the molecular ion, revealing that

the composition of the unknown was C7H10N3O4,

which is identical to that of 2,4DHANT. Also, the

fragment ion peak (m/z 183.0632 obtained by the 17

ion loss) was 183.0632, indicating C7H9N3O3 as the

composition; hence, judging from the result of LC/

TOF–MS spectra, we propose this unknown metab-

olite is 2,4DHANT. The results were absolutely

confirmed by Dr. Robin Gerlach (Montana State

University, Bozeman, MT), who had a low amount of

2,4DHANT and who analyzed our purified sample to

reveal whether our unknown product was 2,4DHANT

(Supplementary Fig. 4). Hence, we identified the

undetermined metabolite showing a 4.5 min of

retention time was without a doubt 2,4DHANT for

the subsequent experiments.

Accumulation pattern of DHANT according

to cell number increase

To reveal if the accumulation pattern of 2,4DHANT

depended on cell number, the amount of TNT and the

metabolites in the culture medium at various cell

densities (105, 106, 107, 108, 5 9 108, 109, and

1010 cfu/ml) were measured. Increasing cells in the

culture certainly elevated the TNT biotransformation

rate (Table 1). TNT biodegradation with high cell

densities (more than 109 cells/ml) significantly accu-

mulated 2,4DHANT after 6- to 10-h cultivation and

after 0.5- to 1-h cultivation in the cultures containing

109 and 1010 cfu/ml of cells, respectively (Fig. 4). In

addition, 2,4DHANT produced from 1010 cfu/ml

cells gradually decreased with time and then

2,4DANT accumulated in the culture medium,

although it was not observed in the condition with

109 cfu/ml cells.

Effect of aeration speed in the production

of DHANT

To further investigate the accumulation pattern of

2,4DHANT, TNT and its metabolites were measured

using cultures with different aeration speeds (30, 60,

120, and 180 rpm). TNT biodegradation rates were

almost the same with 30, 60, 120 and 180 rpm

(Table 2); however, production of HADNTs and

2,4DHANT showed a different accumulation pattern

for each aeration speed. Notably, TNT biodegrada-

tion at low aeration speeds (30 and 60 rpm) increased

the accumulation of 2,4DHANT as shown in Fig. 5

with the maximum amount of the 2,4DHANT

accumulated at 30 rpm (11.4 times higher than that

Fig. 2 Thin-layer chromatogram of standard chemicals (lanes

1–3) and samples (lanes 4–6). TLC was utilized with the

ascending method with a solvent system consisting of ethanol–

benzene–hexane (1:2:2 by volume) for a distance of 16 cm

(total time 2 h). Standard chemicals were TNT (lane 1),

2HADNT (lane 2) and 4HADNT (lane 3). TNT metabolites

produced by Pseudomonas sp. strain TM15 were extracted by

dichloromethane (lane 4) or diethyl ether (lane 5) or both

solvents (lane 6) from the TNT reaction solution after 6-h

cultivation at 30�C with shaking (120 rpm)
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with an aeration speed of 180 rpm) (Table 2).

Similarly 2,4DHANT productivity remarkably

decreased as aeration speed increased, indicating that

oxygen may relate to the accumulation of

2,4DHANT. On the other hand, TNT degradation

with low aeration (30 rpm) and high cell density

(109 cells/ml) formed 2,4DANT after the decrease of

2,4DHANT at 2 h (Fig. 6). Furthermore, a new

unidentified metabolite which has 5.5 min of reten-

tion time was detected after the 2,4DANT decrease

after 6 h. The accumulation of this unknown metab-

olite (RT 5.5) was not observed for the culture

incubated at 120 or 180 rpm. Taking together, our

results showed that high cell density and low aeration

Fig. 3 HPLC

chromatogram (a) and mass

spectrum (b) for

2,4DHANT. Samples were

measured by using LC/

TOF–MS analyses

Table 1 TNT biodegradation and accumulation of HADNTs and 2,4DHANT using various cell numbers in Pseudomonas sp. strain

TM15 with shaking at 120 rpm

Number of cells inoculated (cfu/ml)

1 9 105 1 9 106 1 9 107 1 9 108 1 9 109 1 9 1010

TNT biodegradation rate (lM/h) 21 ± 5 22 ± 5 31 ± 5 98 ± 7 216 ± 9 438 ± 6

Maximum concentration of HADNTs (lM) N.D.a N.D. 15 ± 2 138 ± 6 281 ± 11 57 ± 3

Relative (HADNTs) N.A.b N.A. 1 9.2 18.7 3.8

Maximum accumulation of DHANT (peak area 9 108) N.D. N.D. N.D. N.D. 501 ± 7 397 ± 4

Relative (DHANT) N.A. N.A. N.A. N.A. 1.3 1

DHANT productivity (peak area 9 106 /h/mg-protein) N.A. N.A. N.A. N.A. 146 ± 2 242 ± 2

a Not detected
b Not applicable
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speed during TNT biodegradation leads to a high

accumulation of 2,4DHANT.

Effect of oxygen in production of 2,4DHANT

To reveal the mechanism for forming 2,4DHANT,

the effect of oxygen in TNT biotransformation was

tested. First, we measured dissolved oxygen (DO) in

the culture medium with the different conditions

(Table 3). After 10-h of cultivation, the culture media

of the bacteria with high aeration speeds (120 and

180 rpm) clearly showed higher DO values than

those with slow aeration (30 and 60 rpm); hence, this

experiment showed that DO in the culture medium is

responsible for high productivity of 2,4DHANT.

Next, to directly reveal the effect of oxygen in

producing 2,4DHANT, we ascertained production of

2,4DHANT while sparging the culture medium with

oxygen gas during TNT biodegradation, and found

the supply of oxygen dramatically decreased the

accumulation of 2,4DHANT (Fig. 7). These two

experiments showed clearly that the molecular oxy-

gen concentration was related to the high production

of 2,4DHANT.

Discussion

The persistence of TNT and its metabolites is an

environmental concern because they may be cyto-

toxic and genotoxic to many living organisms

(Ahlborg et al. 1988; Berthe-Corti et al. 1998; Letzel

et al. 2003; Sun et al. 2005); therefore, it is imper-

ative to construct an effective remediation technology

for TNT as soon as possible. Recently, it has been

reported that TNT treatment in strictly anaerobic

bioreactors results in tight binding of TNT reduction

products to soil organic matter and that TNT

mineralization is due to an aerobic treatment rather

than the anaerobic TNT degradation (Newcombe and

Crawford 2007); hence, TNT degradation by aerobic

bacteria hold promise for mineralizing TNT. In

addition, discoveries of bacteria possessing a high
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Fig. 4 Metabolic dynamics of TNT and its metabolites (TNT

(d), HADNTs (m), 2,4DHANT (j) and 2,4DANT (¤)) during

TNT biodegradation using cells at 109 cfu/ml (a) and 1010 cfu/

ml (B) with shaking at 120 rpm

Table 2 Effect of shaking speeds on TNT biodegradation and accumulation of HADNTs and 2,4DHANT by Pseudomonas sp. strain

TM15 (5 9 108 cfu/ml)

Shaking speed (rpm)

30 60 120 180

TNT biodegradation rate (lM/h) 437 ± 2 433 ± 3 430 ± 5 433 ± 3

Maximum concentration of HADNTs (lM) 138 ± 12 263 ± 23 243 ± 14 268 ± 25

Relative (HADNTs) 1 1.9 1.8 1.9

Maximum accumulation of DHANT (peak area 9 108) 461 ± 9 452 ± 7 316 ± 6 40.6 ± 0.9

Relative (DHANT) 11.4 11.1 7.8 1

DHANT productivity (peak area 9 106 /h/mg-protein) 279 ± 7 203 ± 4 160 ± 4 14.3 ± 0.6

Relative (DHANT productivity) 19.5 14.2 11.2 1
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potential for TNT degradation and the use of high cell

concentrations that enable rapid degradation of TNT

will be necessary for constructing a complete TNT-

degradation. Based on this concept, aerobic TNT

degradation using a high cell density was conducted

herein, and the results show that HADNTs and

2,4DHANT accumulate significantly in the culture

medium and the accumulation is due to low levels of

oxygen. Hence, our results are helpful for developing

TNT-degradation technologies that can mineralize

TNT completely since we have shown here the

possibility that an anoxic environment is generated

by consuming molecular oxygen by bacteria during

aerobic degradation.

To date, many TNT-metabolizing bacteria have

been reported (Esteve-Nunez et al. 2001; Hawari

et al. 2000; Heiss and Knackmuss 2002; Snellinx

et al. 2002); usually aerobic and anaerobic bacteria

metabolize TNT via reductive pathways, producing

hydroxylamino-, amino-compounds or a combina-

tion of both substituted compounds. The

impossibility of an oxidative attack, which occur

with other nitroaromatics such as mono- and dini-

trotoluenes, stems from the extremely small electron

density on the aromatic ring of TNT because three

symmetrically arranged nitro groups of TNT cover

the aromatic ring (creating steric hindrance), and

more important, reduce the electron density of the

ring by resonance (Barrows et al. 1996). Therefore,

most organisms produce HADNTs, ADNTs and

DANT as common metabolites. Under strictly

anaerobic conditions, further reduction of TNT to

triaminotoluene is possible (Esteve-Nunez et al.

2001; Hawari et al. 2000). On the other hand, some

TNT-metabolizing anaerobes (Ahmad and Hughes

2002; Borch et al. 2005; Fleischmann et al. 2004;

Huang et al. 2000; Lewis et al. 1996) and one

aerobic bacterium (Pseudomonas pseudoalcaligenes

JS52) (Fiorella and Spain 1997) are able to convert

two of three nitro groups into hydroxylamino-

substituted compounds, resulting in the production

of 2,4DHANT. Nitroreductase, which catalyzes the

conversion of nitro groups into nitroso, hydroxyla-

mino and amino groups, is responsible for producing

a variety of reductive TNT metabolites (Hannink

et al. 2001); however, why different reduction

metabolites are produced during TNT biotransfor-

mation by various bacteria is unclear.

Table 3 Dissolved oxygen (DO) during TNT biodegradation and 2,4DHANT accumulation by Pseudomonas sp. strain TM15

(5 9 108 cfu/ml)

Shaking speed (rpm)

30 60 120 180

Initial DO (mg/l) 6.9 ± 0.1 7.04 ± 0.09 7.08 ± 0.07 6.9 ± 0.1

DO in 10 h (mg/l) 0.12 ± 0.08 0.05 ± 0.06 3.9 ± 0.3 4.5 ± 0.3

DHANT productivity (peak area 9 106/h/mg-protein) 279 ± 7 203 ± 4 160 ± 4 14.3 ± 0.6
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Fig. 5 Productivity of 2,4DHANT by Pseudomonas sp. strain

TM15 (5 9 108 cfu/ml) with various aeration speeds (30 rpm,

d; 60 rpm, s; 120 rpm, m 180 rpm, D)
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Fig. 6 Metabolic dynamics of TNT and its metabolites (TNT

(d), HADNTs (s), 2,4DHANT (m), 2,4DANT (D), and

unidentified metabolite (RT 5.5, j) in TNT biodegradation

using cells at 109 cfu/ml with shaking (30 rpm)
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Our results show that TNT biodegradation with a

high cell density of Pseudomonas sp. strain TM15

can provide rapid degradation of TNT (Table 1).

Also, TNT metabolism with a high cell density and

with low aeration speeds produced high amounts of

HADNTs and 2,4DHANT in the culture medium

(Tables 2 and 3), as well as ADNTs that is a mutagen

(Banerjee et al. 2003; Tan et al. 1992; Won et al.

1976). HADNTs are strong mutagens (Maeda et al.

2006a; Padda et al. 2003); it has been reported that

these compounds cause oxidative DNA damage

(formation of 8-oxo-7,8-dihydro-20-deoxyguanosine)

in the presence of NADH and Cu(II) (Homma-

Takeda et al. 2002), although these chemicals have

no cytotoxicity (Maeda et al. 2006a). HADNTs may

be toxic to living organisms because they may induce

many mutations for DNA without themselves being

directly cytotoxic. On the other hand, 2,4DHANT has

higher mutagenicity than HADNTs (Padda et al.

2003), although it is unknown whether this compound

is cytotoxic; hence, we will have to consider this

while developing effective TNT bioremediation

technologies. Our results are significant for handling

this problem and may contribute to the development

of TNT-biodegradation technology.

TNT biodegradation with a high cell density and

with low aeration speeds showed high accumulation

of HADNTs and 2,4DHANT and these accumula-

tions are responsible for decreasing molecular oxygen

in the culture medium (Fig. 7); these conditions will

create an anoxic environment in the culture medium

through bacterial oxygen consumption. Also,

supplying oxygen gas to the culture medium remark-

ably repressed the accumulation of 2,4DHANT

whereas TNT degradation rates were the same under

both conditions; this means that the presence of

oxygen affects the reductive metabolism from TNT.

The accumulations of HADNTs, ADNTs and

2,4DANT were almost the same between the oxic

and anoxic conditions; hence, the oxygen supply may

promote the subsequent metabolism of 2,4DHANT or

may lead to other metabolic pathways (e.g., oxidation

pathway; production of 2,4,6-trinitrobenzoic acid as

well as benzoic acid production from toluene) (Chen

et al. 2005; Liou et al. 2004). We will have to

investigate whether TNT metabolism under aerobic

or anaerobic conditions proceed with the same or

different pathways, although our latest results showed

the same pathway between these conditions; hence,

we need to further characterize other metabolites

produced during the TNT metabolism. On the other

hand, since HADNTs are spontaneously converted

into tetranitroazoxytoluene in the presence of molec-

ular oxygen (Haidour and Ramos 1996; Maeda et al.

2007a); 2,4DHANT may be converted into azoxytol-

uene-related compounds through the same pathway.

However, to date, such metabolites from 2,4DHANT

have been not found. It has been reported that

DHANT was stable in anoxic aqueous solutions, and

in the presence of oxygen, was converted to yellow

polar metabolites having absorbance maxima at 258,

325, and 405 nm (Fiorella and Spain 1997). Such

metabolites having three absorbance maxima were

not detected from the culture medium sparged with

oxygen although the accumulation of 2,4DHANT

was decreased by supplying molecular oxygen.

Hence, our results here are not the same as the

previous study and it is proposed that the different

TNT degradation will happen in oxic or anoxic

conditions.

We hypothesize that the production of significant

amounts of 2,4DHANT by Pseudomonas sp. strain

TM15 in an anoxic environment may be due to non-

specific electron transfer to TNT; namely, it suggests

that the electrons created from the respiratory chain

that usually react with molecular oxygen in oxic

conditions (which has -80 mV of a single reduction

potential compared to -565 mV for TNT (Maeda

et al. 2007b)); in the anoxic environment created

through the bacterial oxygen consumption, the elec-

trons could attack TNT instead of oxygen (it may be
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Fig. 7 Effect of oxygen supply in metabolic dynamics of TNT

and its metabolite (TNT (d, s), HADNTs (m, D) and

2,4DHANT (j, h)) in TNT biodegradation by Pseudomonas
sp. strain TM15 (cells: 109 cfu/ml and shaking speed: 60 rpm).

The TNT solutions were sparged with (open) or without (solid)

pure oxygen gas as described in Section ‘‘Materials and

methods’’
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irrelevant for the reduction reaction by nitroreductase

enzymes), enhancing the 2,4DHANT production.

Actually, in situ bioremediation may create anoxic

environments by using a high bacterial concentration

to degrade chemical pollutants (i.e., low oxygen

concentration generated by bacterial oxygen con-

sumption); hence, our finding that showed the

different TNT degradation patterns in anoxic envi-

ronment provides substantial information to develop

bioremediation technologies for various chemical

pollutants.

Conclusions

TNT biodegradation with high cell densities or with

low aeration speeds led to a significant accumulation

of 2,4DHANT using the aerobic TNT degrader

Pseudomonas sp. strain TM15. The accumulation is

clearly responsible for molecular oxygen; the pres-

ence or absence of oxygen in culture medium showed

differences in the accumulation pattern of TNT

reductive metabolites such as HADNTs, 2,4DHANT,

and 2,4DANT. Our finding contributes to an under-

standing of TNT metabolism in anoxic environments

that is created through oxygen consumption by TNT-

metabolizing bacteria.
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