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Abstract Groundwater at many military factory, muni-

tion storage and maneuver sites is contaminated by

explosives chemicals that were released into the subsur-

face. The 2,4,6-trinitrotoluene (TNT) is among the most

common explosive pollutants. In this study, two TNT-de-

grading strains, isolated from TNT-contaminated soils and

wastewater sludge, were applied for TNT biodegradation.

Based on the 16S rDNA sequence analyses, these two

bacterial strains were identified as Achromobacter sp. and

Klebsiella sp. via biochemical and DNA analyses. Micro-

cosm study was conducted to evaluate the feasibility and

efficiency of TNT biodegradation under aerobic conditions.

Results indicate that TNT degradation by-products were

detected in microcosms (inoculated with Achromobacter

sp. and Klebsiella sp.) with cane molasses addition. Kleb-

siella sp. and Achromobacter sp. used TNT as the nitrogen

source and caused completely removal of TNT. Two pos-

sible TNT biodegradation routes could be derived: (1) part

of the TNT was transformed to nitrotoluene then trans-

formed to nitrobenzene followed by the nitro substitute

process, and trinitrobenzene, dinitrobenzene, and

nitrobenzene were detected; and (2) TNT was transformed

via the nitro substitute mechanism, and dinitrotoluene

followed by nitrotoluene isomers were detected. The initial

TNT degradation involved the reduction or removal of the

nitro substitute to an amino derivative or free nitrite.

Results show that the second route was the dominant TNT

biodegradation pathway. The produced by-products were

also degraded without significant accumulation during the

degradation process. These findings would be helpful in

designing a practical system inoculated with isolated TNT

degradation strains for the treatment of TNT-contained

groundwater.
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Introduction

Over the past century, millions of tons of nitroaromatic

explosives have been produced for military applications

and activities leading to accidental release of energetic

materials to the environment (Zou et al. 2014). Soils and

groundwater at many of these military factories, munition

storages, and maneuver sites are usually contaminated by

the explosives chemicals that were released into the sub-

surface either intentionally or accidentally (Nishino et al.

2010; Douglas et al. 2012). These compounds include

2,4,6-trinitrotoluene (TNT). TNT and its by-products [e.g.,

2,6-dinitrotoluene (2,6-DNT), 2,4-dinitrotoluene (2,4-

DNT), nitrobenzene (NB)] are reported as highly toxic and

carcinogenic (Sheibani et al. 2011), and these chemicals

are very difficult to be removed from the environment.

Among these explosive compounds, TNT has been exten-

sively used worldwide. Due to its long persistence in the

environment and its toxic effects on organisms, efforts

have been put to develop effective remediation techniques

for TNT-contaminated sites.
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Treatment of TNT by physical and chemical treatment

processes could increase its water solubility and avail-

ability in environments, and more toxic by-products might

be produced (Islam et al. 2015). Some of the TNT-con-

taminated sites applied traditional ex situ remediation

methods such as incineration and landfill dumping. How-

ever, incineration would destroy soil structure and disrupt

ecology and dumping only displaces untreated media to

another site (Das et al. 2013). Zhang et al. (2011) inves-

tigated the feasibility of using vacuum distillation and

activated coke to treat TNT-contained red water. Their

results show that most chemical oxygen demand (COD)

and DNTs in TNT red water could be removed by this

technique (Zhang et al. 2011); however, the fraction and

saturated activated coke left were the hazardous wastes and

needed to be further treated. Some researchers have

investigated the TNT removal by activated carbon and

further degradation (Fu et al. 2012). Hwang et al. (2005)

conducted laboratory-scale experiments on the alkaline

hydrolysis of TNT followed by thermal treatment of the

hydrolysates.

Researchers also applied advanced oxidation processes

(AOPs) as potential methods for TNT removal from con-

taminated environment (Matta et al. 2007), Most of these

AOP processes are associated with the generation of radi-

cal species mainly hydroxyl radicals (OH•) (Rodrigues

et al. 2009) for TNT oxidation. Adsorption and wet air

oxidation were also applied by researchers for TNT

removal (Hao et al. 1993; Lewis et al. 2004; Fu et al. 2012;

Islam et al. 2015). However, chemical methods are rela-

tively more expensive and less environmental-accept-

able compared to biological technologies and often require

additional ex situ treatment systems, which may also pro-

duce new chemical by-products or waste gas emissions

(Fuller et al. 2005; Ayoub et al. 2010; Douglas et al. 2012;

Islam et al. 2015).

Biological treatment has been widely used in wastewater

treatment due to its high efficiency and low cost (Qiao et al.

2013; Gao et al. 2014). The most widely used bioremedi-

ation procedure is the biostimulation of microorganisms

degraders through the addition of nutrients. Primary sub-

strates, electron donors, inorganic nutrients, and trace

minerals could stimulate and enhance the degrading

activity of the intrinsic microorganisms (Li et al. 2014),

and the biodegradation efficiency could be affected

according to the amounts of substrate added. In the recent

years, the search for a cost-effective, ecologically safe and

environmentally sound remediation technique has led to

the development of in situ bioremediation processes using

TNT-degrading bacteria (Nyanhongo et al. 2005; Lin et al.

2013a).

TNT is one of the toxic explosive chemicals due to its

symmetric location of the nitro groups on the aromatic

ring, which results in the limited enzyme attack involved in

the metabolism of aromatic compounds (Toshinari et al.

2006). Bioremediation of TNT has met with mixed success

due to the variability in binding of TNT to various soil

types (Larson et al. 2008). Biological processes for

degradation of nitroaromatics can be classified as being

either aerobic or anaerobic (Lin et al. 2013a). Fungi,

anaerobic bacteria, aerobic bacteria and phytoremediation

using TNT accumulating plants have been studied to

identify efficient techniques for the in situ bioremediation

of TNT (Hannink et al. 2002; Gumuscu and Tekinay 2013;

Lin et al. 2013a). Muter et al. (2012) added varying con-

centrations of a nutrient amendment consisting of inorganic

salts, plant extracts, and molasses to soil and liquid media

and their results show that enhanced TNT bioremediation

was achieved and increase in nutrient amendment con-

centration leads to an increase in TNT degradation. Muter

et al. (2012) found both liquid and soil show the stimu-

lating effect of nutrients on overall microbial activity, as

well as on TNT biodegradation.

The recent discovery of nitro explosive-degrading bio-

catalysts (enzymes or redox-active biomolecules) opened

new perspectives for the development and design of

bioremediation systems (Stenuit and Agathos 2013).

Researchers have reported that beneficial TNT biodegra-

dation pathways with (1) the production of the metaboliz-

able compound 2,4-DNT from monohydride meisenheimer

complex of TNT (Ziganshin et al. 2010a) and (2) the evi-

dence using stable isotope probing (SIP) of assimilation of

15 N and 13C from TNT into bacterial DNA (Gallagher

et al. 2010).

Taking advantage of the catabolic capabilities of the

yeasts Yarrowia lipolytica and Geotrichum candidum and

the acidification of the culture medium through the pro-

duction of organic acids, Ziganshin et al. (2010a, b)

reported that the transformation of TNT under acidic

conditions (pH\ 4.2) to 2,4-DNT with concomitant

release of nitrite. Gallagher et al. (2010) have reported the

utilization of TNT as both carbon and nitrogen sources

under anaerobic conditions by a Lysobacter taiwanensis

strain initially present in anaerobic organic-rich estuarine

sediments. However, the incorporation of TNT into

Lysobacter cell biomass as either a primary substrate or a

co-substrate (cometabolism) remained to be elucidated.

Gumuscu and Tekinay (2013) found rapid microbial-me-

diated degradation of TNT-contaminated soils by a novel

strain, Achromobacter spanius STE 11. Complete removal

of 100 mg/L of TNT was achieved within 20 h under

aerobic conditions by the isolate (Gumuscu and Tekinay

2013).

In recent years, molecular biological techniques [e.g.,

PCR-DGGE (polymerase chain reaction-denatured gradi-

ent gel electrophoresis)] have been used to evaluate the

1358 Int. J. Environ. Sci. Technol. (2016) 13:1357–1366

123



microbial diversity and dominant bacteria in the environ-

ment when it is exposed to the toxic substances. (Kao et al.

2010). In this study, TNT-contaminated soils collected

from a munition factory site and aerobic activated sludge

collected from the wastewater treatment plant of this

studied munition factory were used for TNT-degrading

bacteria isolation and microcosm study. Moreover, cane

molasses was used as a primary substrate for microorgan-

isms. Cane molasses, a waste product of the sugar industry,

is rich in carbon and relatively inexpensive, making it a

good substrate for enhancing the biodegradation process

(Liang et al. 2013).

The main objectives of this study were to (1) isolate and

identify the TNT-degrading bacteria from the TNT-con-

taminated soils and wastewater sludge, (2) conduct aerobic

microcosm experiments to evaluate the feasibility of

bioremediation of TNT-contaminated groundwater using

the isolated TNT-degrading bacteria, (3) evaluate the TNT

biodegradation mechanisms and pathways under aerobic

conditions, and (4) determine the dominant microorgan-

isms in microcosms through microbial identification via

PCR, DGGE, and nucleotide sequence methods.

Materials and methods

Isolation of TNT-degrading bacteria

Results from our previous studies indicate that soil and

groundwater samples collected from a munition factory site

located in southern Taiwan were contaminated by TNT

(Lin 2014). A wide spread TNT plume was also discov-

ered, and thus, the groundwater contamination needed to be

remediated and the plume migration needed to be con-

trolled to protect the downgradient receptors and ecosys-

tem. The detected TNT concentrations ranged from 2 lg/L
to 8 mg/L in collected groundwater samples at the con-

taminated site (Lin 2014). TNT-contaminated soils were

collected from the subsurface of the TNT-contaminated

site and wastewater sludge was also collected from the final

clarifier of the wastewater treatment plant of this munition

factory for TNT-degrading bacteria isolation.

TNT-contaminated soils (3 g) or wastewater sludge

(3 mL) were added to 100 mL of basal salt medium (BSM)

(Rahal and Lobna 2011) containing 10 mg of TNT per

liter. The BSM broth contained the following components

at the specified concentrations (units are in g/L of water):

D-glucose, 0.9; Mg2SO4�7H2O, 7; KH2PO4, 0.2; sodium

acetate, 1; sodium citrate, 0.4. After 14 days of incubation

at 30 �C (160 rpm) in a Gyrotory Shaker, 1 mL of the

enrichment culture was transferred to 100 mL of BSM

broth containing 20 mg of TNT per liter. This medium was

incubated at 30 �C (160 rpm) for 14 days. The above

procedures were repeated until the concentration of TNT in

the medium reached 200 mg/L.

After the incubation processes, serial dilutions were

plated on the defined medium containing inorganic salts,

200 mg of TNT per liter, and 15 g of BSM agar (Noble

class, Difco) per liter. Each separate colony appearing on

the defined agar after 2 weeks of incubation at 30 �C was

transferred to the liquid nutrient medium (containing

200 mg/L of TNT) separately for further enrichment of the

TNT degraders.

PCR analysis and gene identification

One and a half mL of cell suspensions (containing bacterial

liquid and liquid medium broth) from each enrichment

medium were extracted with DNA Purification kit (Gene-

Mark Co., Taiwan). Bacterial fragments [200 base pairs

(bp)] of 16S rDNA V3 region were amplified with the

primer sets [341f, forward: 50-CCTACGGGAGGCAG-
CAG-30 containing a guanine-cytosine (GC) clamp of

40-nucleotide GC-rich sequence; 534r, reversed: 50-
ATTACCGCGGCTGCTGG-30] (Elazhari-Ali et al. 2013).

The mixtures of PCR contained 10 ng of DNA extract,

4 pmol of each primer, and 5 U of Taq DNA polymerase

(Takara, Shiga, Japan) in final concentrations of 2.5 mM of

MgCl2 and 0.12 mM of deoxyribonucleoside triphosphates

in PCR buffer. The PCR amplification was conducted for

35 cycles: denaturation at 94 �C for 1 min, annealing

temperature was initially 65.8 �C, and it was decreased by

1 �C per cycle until it was 55.8 �C, after which 25 addi-

tional cycles were carried out at 55.8 �C; and extension at

72 �C for 2 min. The PCR-amplified products were elec-

troeluted from gel and then sequenced by MdBio Inc. in

Taiwan. Those sequences were compared to the GenBank

database using the BLAST algorithm (Hesham et al. 2011).

DGGE analyses

Total bacterial DNA from groundwater samples was

extracted for a DGGE analyses. Before the DGGE analysis,

the V3 region of the 16S rDNA was amplified with PCR

primer sets (Baldwin et al. 2003). DGGE was performed

following the procedures described in Yanru et al. (2005).

The equal concentration of each amplified PCR products

(2500 ng) was furthermore performed with DGGE using a

Bio-Rad D-CodeTM universal mutation detection system

(Bio-Rad Lab., USA), as described by the manufacturer.

The 10 % polyacrylamide gel with a 30–60 % denaturant

gradient was used and electrophoresis was performed at

60 �C and 70 V for 14 h. The gels were then stained with

SybrGreen I and photographed. This was the effective way

to overcome biased amplification by Taq DNA polymerase

with multi-template DNA samples for quantitative
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structure of the community. The gels were then stained

with SybrGreen and photographed (Yanru et al. 2005;

Elazhari-Ali et al. 2013). Those sequences were compared

to the GenBank database using the BLAST algorithm

(Elazhari-Ali et al. 2013).

Biodegradation of TNT: microcosm experiments

Microcosm experiments were conducted to examine the

feasibility of TNT biodegradation under aerobic condi-

tions. The inocula used in this microcosm study were iso-

lated TNT-degrading bacteria from the contaminated soils

and wastewater sludge. Cane molasses (0.9 or 8 g/L) was

added in the microcosms used as the carbon source for the

bacterial growth. Each microcosm was constructed with

35 mL of mineral medium, TNT (with final concentration

of 100 mg/L), and 20 mL of isolated bacterial solution

(with OD = 0.5) as inocula in a 120-mL bottle sealed with

Teflon-lined rubber septa. The medium solution was

autoclaved before use. The pH of the microcosm solution

was 7.5. The mineral medium contained the following

components at the specified concentrations (units are in mg

per liter of water): KH2PO4, 326.4; Na2HPO4, 1263.8;

Mg2SO4�7H2O, 98.6; CaCl2�2H2O, 44.1; plus 3.35 mg of

trace elements which include FeSO4�7H2O, 1; MnSO4-

4H2O, 1; Na2B4O7�10H2O, 0.25; CoCl2�6H2O, 0.25;

CuCl2�2H2O, 0.25; ZnCl2, 0.25. TNT was the only nitrogen

in the microcosm.

No inocula were added in the control microcosms, and

nutrient solution was autoclaved before use. Duplicate

microcosms were killed at each time point and analyzed for

TNT and by-product concentrations. TNT and its degra-

dation by-products were analyzed in accordance with

USEPA Method 8330A and Taiwan EPA Method

M804.00B using a high-performance liquid chromatogra-

phy (HPLC) with a separation module (L-2130, HITACHI,

Japan) and a UV–VIS detector (L-2200, HITACHI, Japan)

with a Thermo Scientific AcclaimTM Explosives E2 col-

umn (Dionex, USA). At each time point, results are aver-

ages of duplicate microcosm samples.

Results and discussion

PCR-DGGE analysis and bacteria identification

To determine the variations in microbial community pat-

terns in collected soil and sludge samples, the PCR-DGGE

techniques were performed to investigate the dominant

microorganisms in the samples. Figure 1 presents the

DGGE patterns produced by different DNA polymerases

for soil and sludge samples. Table 1 shows the comparison

of the nucleotide sequences of 16S rDNA of 28 specific

microorganisms with the database from GenBank. Table 2

presents the functions of the identified bacteria in micro-

cosms. Results from the DGGE profiles show that both

samples had many DGGE bands, and more than 12 and 18

dominant bands were observed in sludge and soil samples,

respectively. This indicates that many bacteria existed in

the TNT-containing environment.

However, the munition wastewater might contain higher

concentrations of toxic chemicals (including TNT) and

might inhibit and limit the microbial growth, which

resulted in less microbial species in the sludge. To deter-

mine the meaning of representatives for bacterial species,

the bands of DGGE profiles were eluted and then amplified

and sequenced for their nucleotide sequences of 16S rDNA

variable V3 regions.

The following bacteria, which could tolerate higher

concentrations of TNT, were isolated from the tested soils

Fig. 1 DGGE patterns of the soil (right) and sludge (left) samples
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and sludge. Identification of the bacteria by analyzing its

16S rDNA sequence with the 16S rDNA database in

GenBank showed 99 % homologies with Dyella sp.,

Pseudomonas sp., Iron-reducing bacterium, Thiobacillus

sp., Geobacter lovleyi, Rhodanobacter sp., Geothrix sp.,

Nitrospira sp., Chloroflexi sp., Cupriavidus sp., Mycobac-

terium sp., Methylibium petroleiphilum, alpha proteobac-

terium, beta proteobacterium, Klebsiella sp. and

Achromobacter sp.

Among them, Pseudomonas sp., Mycobacterium sp.,

Klebsiella sp. and Achromobacter sp. have been reported as

the bacteria with capability of TNT biodegradation (Limane

et al. 2011; Muter et al. 2012; Gumuscu and Tekinay 2013).

Table 1 Comparison of the nucleotide sequences of 16S rDNA of 28

specific microorganisms with the database from GenBank

Clone

no.

Closest GenBank match Identity

(%)

1 Uncultured Geothrix sp. 99

Uncultured Acidobacterium group 99

Geothrix fermentans strain H5 99

Uncultured delta proteobacterium 99

Holophaga foetida strain TMBS4 96

2 Uncultured bacterium clone BN104 95

Uncultured Acidobacteria/Holophaga group

bacterium clone Cart-N4

97

3 Uncultured prokaryote clone Td4-4 99

Uncultured Chlorobi bacterium clone Z53M30B 99

4 Geobacter lovleyi strain Geo7.4B 98

Uncultured bacterium clone Carex04C 98

Uncultured Trichlorobacter sp. 98

5 Uncultured Nitrospira sp. clone L1-83 99

Candidatus Nitrospira defluvii 99

6 Uncultured bacterium clone EA01 99

Uncultured Nitrospirae bacterium clone

Z17M13B

96

7 Thiobacillus sp. 99

Uncultured Hydrogenophilales bacterium clone

3H3

99

Rhodocyclaceae bacterium FTL11 99

8 Thiobacillus thioparus strain THI 115 99

Uncultured Hydrogenophilaceae bacterium clone

D10_45

99

9 Dyella sp. 99

Uncultured Xanthomonadaceae bacterium clone

DMS34

99

10 Uncultured Chloroflexi bacterium clone HG-

B0248

99

11 Rhodanobacter sp. 99

Dyella sp. 99

Dyella ginsengisoli 99

Luteibacter yeojuensis 99

Fulvimonas sp. 99

12 Uncultured Rhodanobacter sp. clone sen297 99

Uncultured Acidobacteria bacterium clone

MBMV1

99

Frateuria sp. 99

Uncultured Xanthomonadales bacterium clone

MP10A34

99

13 Uncultured Acidobacteria bacterium clone 98

14 Ruminococcaceae bacterium HZ254R 96

15 Mycobacterium sp. 99

Mycobacterium cosmeticum 99

Mycobacterium frederiksbergense 99

Mycobacterium neoaurum 99

Mycobacterium diernhoferi 99

Mycobacterium aubagnense 99

Table 1 continued

Clone

no.

Closest GenBank match Identity

(%)

16 Uncultured alpha proteobacterium clone SI-

2M_B02

97

Uncultured Hyphomicrobiaceae bacterium clon 97

17 Alpha proteobacterium 96

18 Pseudomonas aeruginosa 99

Pseudomonas mendocina 99

Pseudomonas fluorescens 99

Pseudomonas otitidis 99

19 Iron-reducing bacterium 99

Methylibium petroleiphilum PM1 99

20 Uncultured bacterium clone Filt_MembF08 99

21 Uncultured alpha proteobacterium clone

AKYH996

99

22 Alpha proteobacterium 99

Uncultured Phenylobacterium sp. clone

XZXXH161

98

Caulobacter sp. 98

Brevundimonas sp. 97

23 Cupriavidus sp. 99

Cupriavidus metallidurans 99

24 Chryseobacterium bovis 97

25 Cupriavidus necator 99

Wautersia numazuensis 99

Cupriavidus taiwanensis 99

Stenotrophomonas maltophilia 99

Uncultured Burkholderiales bacterium clone

IFU_Y1

99

Ralstonia eutropha 99

26 Pseudomonas putida 99

Pseudomonas corrugata 99

Pseudomonas thivervalensis 99

Pseudomonas chlororaphis 99

27 Gamma proteobacterium 99

28 Uncultured beta proteobacterium clone P-R40 97
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During the process of TNT-degrading bacteria isola-

tion, a total of 30 colonies were found on the agar plate

when the TNT concentration was 200 mg/L. All of the 30

high TNT concentration resistant colonies were trans-

ferred to the liquid medium separately for further

enrichment. Then the DNA of each of the 30 colonies was

extracted and the sequences were compared to the Gen-

Bank database using the BLAST algorithm for microbial

identification. After sequencing process, five different

bacterial strains were identified and two of them [Kleb-

siella sp. (isolated from soils) and Achromobacter sp.

(isolated from sludge)] had the capability for TNT

biodegradation. Thus, these two bacteria were applied for

the following microcosm study.

Microcosm experiments

Figure 2 presents the variations in TNT concentrations in

microcosms with mixed Klebsiella sp. and Achromobacter

sp. inoculation (cane molasses = 0.9 mg/L). Results show

that up to 48 % of TNT removal was observed in micro-

cosms with Klebsiella sp. and Achromobacter sp. inocu-

lation after 21 days of operation when 0.9 g/L of cane

molasses was added as the carbon source. This indicates

that TNT removal was not effective although different

inocula and cane molasses were added. However, signifi-

cant increase in TNT removal was obtained when 8 g/L of

cane molasses was added with Klebsiella sp. and Achro-

mobacter sp. as the inocula.

Figure 3 presents the variations in TNT concentra-

tions in microcosms with Klebsiella sp. or Achro-

mobacter sp. inoculation (cane molasses = 8 g/L). Up to

99.9 % of TNT removal was observed within two days

of incubation. Results reveal that high concentrations of

cane molasses addition could activate the bacterial

activities and enhance the biodegradation of TNT.

Results also show that no significant TNT removal was

observed in control microcosms. Thus, the TNT removal

was due to the microbial processes. In the microcosms,

TNT was served as the nitrogen source (no other nitro-

gen was added in the nutrient solution), and thus,

microbial processes required higher concentrations of

nitrogen when higher concentrations of carbon source

was added.

Other researchers indicate that high concentrations

([3 g/L) of glucose molasses addition could enhance TNT

degradation processes and shorted the required biodegra-

dation time (Lin et al. 2013b). Sheibani et al. (2011) also

reported that 95.2 % of TNT removal was obtained when

6.25 g/L of glucose was supplied. Wang et al. (2010)

suggested that the C–N ratio was the key parameter

affecting the biodegradation rate of TNT. Wang et al.

(2010) proposed that the optimal C/N ratio was 12 to 20 for

heterotrophic bacteria. Results from this study imply that

sufficient carbon substrate addition is required to enhance

TNT biodegradation under aerobic conditions.

Figure 4 presents the variations in TNT and its degra-

dation by-products using mixed Klebsiella sp. and Achro-

mobacter sp. as the inocula in microcosms during the

operational period (cane molasses = 0.9 mg/L). Figure 5

presents the variations in TNT and its degradation by-

products using Klebsiella sp. as the inocula in microcosms

during the operational period (cane molasses = 8 mg/L).

Figure 6 shows the variations in TNT and its by-products

concentrations in microcosms with Achromobacter sp. as

inocula (cane molasses = 8 mg/L). Results indicate that

several TNT degradation by-products were detected in

microcosms with high and low concentrations of cane

molasses addition. The production of by-products also

confirmed the occurrence of TNT biodegradation.

Results show that the following by-products were

detected during the TNT degradation process: 2-amino-2,6-

dinitrotoluene (2-A-2,6-DNT), 4-amino-2,6-dinitrotoluene

(4-A-2,6-DNT), 1,3,5-trinitrobenzene (1,3,5-TNB), 1,3-

dinitrobenzene (1,3-DNB), NB, 2,6-DNT, 2,4-DNT, 2-ni-

trotoluene (2-NT), 3-nitrotoluene (3-NT) and 4-nitro-

toluene (4-NT). Results also indicate that the produced by-

products were also degraded without significant accumu-

lation during the degradation process.

Because cane molasses is a waste of sugar industry, the

application of cane molasses as the carbon source could

effectively reduce the operational and maintenance cost for

the future practical application.

TNT biodegradation routes and by-product analyses

The trends of by-products production indicate that two

possible TNT biodegradation routes could be derived: (1)

During the TNT biodegradation, part of the TNT was

transformed to nitrotoluene then transformed to nitroben-

zene followed by the nitro substitute process, and small

amount of TNB, DNB, and NB were detected (Fig. 6a);

and (2) during the TNT biodegradation, TNT was trans-

formed via the nitro substitute mechanism, and DNT fol-

lowed by NT isomers were detected (Fig. 6b).

Results also show that the second route could be the

dominant TNT biodegradation pathway. The initial TNT

degradation involved the reduction or removal of the nitro

substitute to an amino derivative or free nitrite. The iden-

tified amino derivatives included 2-A-2,6-DNT and 4-A-

2,6-DNT.

Researches had been done to elucidate the pathways of

TNT transformation under aerobic conditions (Cohen

et al. 2007). The most effective route of TNT reduction

involves the conversion of nitro groups into nitroso,

hydroxylamino and amino groups. Several by-products
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and metabolites such as 2,4-DNT, 2,6-DNT, 2-A-2,6-

DNT, and 4-A-2,4-DNT were formed during this process.

Other studies demonstrated that the complete TNT

degradation by aerobic bacteria resulted in accumulation

of ADNTs as key metabolites (Solyanikova et al. 2012).

Recent studies found that Achromobacter spanius STE 11

Table 2 Functions of the identified bacteria in aerobic and anaerobic microcosms

Microorganism Metabolism References

Mycobacterium vaccae 50 % radioactivity from [14C]TNT incorporated into lipids Vanderberg et al. (1995)

Mycobacterium sp. Strain

HL4NT-1

Cells grown in 4-nitrotoluene transformed TNT to hydride and dihydride

Meisenheimer complex

Vorbeck et al. (1994)

Pseudomonas aeruginosa Nitrite releasing from TNT and transformed to 2A-4NT Kalafut et al. (1998)

Pseudomonas fluorescens NADPH flavoprotein oxidoreductase catalyzing multiple transformations, generating

ArNHOH, H-TNT and H2-TNT

Pak et al. (2000)

Pseudomonas

pseudoalcaligenes

Reduction of nitro groups and nitrite releasing from 2,4-dihydroxylamino-6-

nitrotoluene

Fiorella and Spain (1997)

Pseudomonas savastanoi Denitration of TNT to release nitrite and reduction of nitro group to amino Martin et al. (1997)

Pseudomonas sp. TNT as a sole nitrogen source; transformation of TNT to 2ADNT and 4ADNT Jones et al. (1995)

Rhodococcus rythropolis Cells growing on picric acid catalyze ring hydrogenation, forming hydride and

dihydride TNT-Meisenheimer complexes

Vorbeck et al. (1994)

Serratia marcensens TNT as a sole carbon and energy source in the presence of Tween 80 Montpas et al. (1997)

Staphylococcus sp. Nitrite releasing from TNT and transformation of TNT to 2A4NT Kalafut et al. (1998)

Pseudomonas sp. strain

JLR11

TNT as a nitrogen source; TNT as a final electron acceptor Esteve-Núñez et al. (2001)

Clostridium sp. Bamberger rearrangement of dihydroxylaminodinitrotoluene Hughes et al. (1997)

Desulfovibrio sp. Transformation of TNT into TAT and DANT Drzyzga et al. (1998)

Lactobacillus sp. Reduction of TNT to TAT Ederer et al. (1997)

Methanococcus sp. strain

B

Reduction of TNT to DANT Boopathy et al. (1998)

Clostridium sordelii Reduction of TNT to TAT Ederer et al. (1997)

Clostridium bifermentans

LJP-1

Transformation of TNT into TAT and phenolic compounds Lewis et al. (2004)

Clostridium

acetobutylicum

Reduction of TNT to TAT Ederer et al. (1997), Khan

et al. (1997)
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strain could transform TNT completely through denitrifi-

cation and nitro group reduction. The results showed that

TNT could be incorporated into the cell biomass and

reduced to DNT and ADNT isomers together with an

unknown metabolite through enzymatic reactions (Gu-

muscu and Tekinay 2013).

Results from this study indicate that the nitro groups in

TNT molecule were reduced on the ring to their amino

analogs via a hydroxylamine intermediate, and 4-A-2,6-

DNT and 2-A-4,6-DNT were the main intermediates. The

results matched with the findings from Maeda et al. (2006),

who indicated that 4-A-2,6-DNT and 2-A-4,6-DNT were

detected during the TNT biodegradation by the isolated six

strains (five pseudomonas sp. and one Sphingomonas sp.)

from soils polluted by TNT. Esteve-Nunez et al. (2001)

also reported that most but not all aerobic microorganisms

reduced TNT to the corresponding amino derivatives via

the formation of hydroxylamine intermediates. This result

confirmed that the nitrate reductase was induced by the

presence of TNT. Results from this study show that both

Klebsiella sp. and Achromobacter sp. consumed TNT as

sole source of nitrogen and possibly produced nitrate

reductase enzyme, which converted the nitro group to

amino derivatives.

Conclusion

In this study, two TNT-degrading bacteria were isolated

from the TNT-contaminated soils and wastewater sludge

and identified as Klebsiella sp. and Achromobacter sp. via

biochemical and DNA analyses. Conclusions of this study

include the following:

(1) Results from the batch microcosm experiments indi-

cate that Klebsiella sp. and Achromobacter sp. used

TNT as the nitrogen source and caused completely

removal of TNT with the supplement of cane

molasses as the carbon and energy source.
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(2) Results indicate that TNT degradation by-products

including 2,4-DNT, 2-A-2,6-DNT, 4-A-2,6-DNT,

1,3,5-TNB, 1,3-DNB, NB, 2,6-DNT, 2,4-DNT,

2-NT, 3-NT, and 4-NT were detected in microcosms.

The production of these by-products confirmed the

occurrence of TNT biodegradation. Results also

indicate that the produced by-products were degraded

without significant accumulation during the degrada-

tion process.

(3) Two possible TNT biodegradation routes could be

derived: (1) During the TNT biodegradation, part of

the TNT was transformed to nitrotoluene then

transformed to nitrobenzene followed by the nitro

substitute process, and small amount of TNB, DNB,

and NB were detected; and (2) during the TNT

biodegradation, TNT was transformed via the nitro

substitute mechanism, and DNT followed by NT

isomers were detected. Results show that the second

route was the dominant TNT biodegradation path-

way. The initial TNT degradation involved the

reduction or removal of the nitro substitute to an

amino derivative or free nitrite, and the identified

amino derivatives included 2-A-2,6-DNT and 4-A-

2,6-DNT.

(4) Results from the microbial analyses indicate that

more than 28 different TNT-degrading bacteria were

observed in soils and sludge indicating that bioreme-

diation could be a feasible technology for site

cleanup.

(5) Results imply that the in situ or on-site aerobic

bioremediation using the isolated TNT-degrading

bacteria would be a feasible technology to clean up

TNT-contaminated sites if sufficient carbon sources

(e.g., cane molasses) could be supplied. Results from

this study will be useful in designing a scale-up in situ

or on-site TNT bioremediation system (e.g., enhanced

in situ bioremediation, on-site bioreactor) for field

application.
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