
AN ABSTRACT OF THE DISSERTATION OF  
 
 
 
 

Marthah De Lorme for the degree of Doctor of Philosophy in Microbiology 
presented on April 25, 2008. 
Title: Biotransformation of 2,4,6-Trinitrotoluene by Ruminal Organisms 
 
 
Abstract approved: 
 
 
 ________________________________________________  

A. Morrie Craig 
 

2,4,6-Trinitrotoluene (TNT) has been the common munitions used in the 

world and is an environmental contaminant that is amendable to reductive 

transformation reactions. The rumen is an extremely reductive environment 

containing diverse microbial populations. There are 21 pure culture ruminal 

bacteria species in culture collection, these were tested for the ability to 

degrade TNT. Of the 21 bacterial strains tested, 12 showed > 90% 

degradation of TNT, 5 strains showed 80-90% degradation, 3 strains only 

had low TNT degrading ability and one organism was completely inhibited 

by TNT concentrations of 100 mg/l. Of the 12 strains able to transform 

>90% of the TNT, 7 showed evidence of degradation of 

aminodinitrotoluene (ADNTs) and were subsequently tested for the ability 

to degrade ADNTs and diaminonitrotoluene (DANTs). Four were able to 

completely transform all these compounds, one was able to degrade all but 

2,4-diaminonitrotoluene and the remaining two were able to degrade the 

ADNTs but were unable to transform the DANTs at a concentration of 50 



  
 
mg/l. Degradation constants ranged from 0.31-11.39 h-1 and the Michaelis-

Menten constant ranged from 20-739 mg/l. Inhibition was detected for two 

of the organisms tested at levels of TNT higher than 50 mg/l. In order to 

determine the effect of TNT on rumen bacterial populations, rumen fluid 

was collected from three sheep before and after feeding TNT at a dose of 

35.5 mg/day and compared to a control animal. Clone libraries were 

constructed for each rumen fluid sample and compared for changes in 

microbial populations. Several clones from the pre-TNT clustered with 

clones from the end of the experiment.  The diversity and richness indices 

reveal that the number of clones sequenced were not enough to 

completely describe the populations found in the rumen. A limited number 

of shifts in populations between the pre- and post-treatment were detected 

within animals. However, there was no pattern in population fluxes 

detected in relationship to TNT treatment. These results indicate that a 

broad range of ruminal bacteria can degrade TNT and that feeding TNT at 

levels found in plant material to sheep does not affect the bacterial 

populations. 
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Biotransformation of 2,4,6-Trinitrotoluene by ruminal 
organisms. 

 
Overall Hypothesis: 
 
2,4,6-trinitrotoluene (TNT) is metabolized in the rumen by microbes to 
2,4,6-triaminotoluene (TAT) or other polar metabolites.  
 

1 Literature review: 

1.1 The problem 

2,4,6-trinitrotoluene (TNT) was first synthesized by Willbrand in 

1863 by stepwise nitration of toluene (Davis, 1943).  The first industrial 

scale production of TNT occurred in 1891 by Chemische Fabrik Griesheim. 

After 1901, the use in military explosives increased rapidly due to the low 

melting temperature, low sensitivity to impact, friction and high 

temperatures, and relatively safe manufacturing process (Urbanski, 1964). 

During World War II, Germany alone produced 800,000 tons of TNT (Daun 

et al., 1998); the peak in worldwide production of TNT occurred near the 

end of the war with an estimated production of 150,000 tons per month 

(Snellinx et al., 2002). Contaminated soils and water resulted from the 

manufacturing, handling and disposal, via open burning and open 

detonation, as well as the testing and training with explosives (Stenuit et 

al., 2005). In the United States, the Army has estimated that there is over 

1.2 million tons of soil that has been contaminated with explosives and 

other countries face similar contamination problems (Lewis et al., 2004).  
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1.1.1 Toxicity of TNT  

1.1.1.1  Humans  

The toxicity of TNT to humans has been shown in several studies 

with workers in munitions factories (Woollen et al., 1986) and is classified 

as a Group C carcinogen (EPA, 1993). TNT can be absorbed through the 

gastrointestinal tract, skin, and lungs; the distribution of TNT in the body is 

primarily to the liver, kidneys, lungs, and fat (El-Hawari et al., 1981). After 

exposure, TNT persists in the body. TNT metabolites have been detected 

in the urine of explosive factory workers after 17 days away from the work 

place, indicating TNT and/or its metabolites are slowly excreted from the 

body (Woollen et al., 1986).  

Signs of TNT toxicity include anemia, hemolysis, impairment of the 

nervous system, cataracts, and liver toxicity. The toxic action of TNT on 

mammalian cells is commonly caused by the single electron reduction of 

the nitro groups (Purohit and Basu, 2000) leading to oxidative stress 

(Kumagai et al., 2004; Peres and Agathos, 2000). This single electron 

reduction is mediated by type II (oxygen sensitive) nitroreductase 

(Sarlauskas et al., 2004) found both in bacterial and mammalian cells (Ask 

et al., 2004). In the presence of oxygen, the nitro anion radical reacts with 

oxygen forming a superoxide anion radical and the original nitro group 

(Peterson et al., 1979). This reaction has been termed as a ‘futile cycle’ 

because reducing equivalents are oxidized without net reduction in the 
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nitro groups (Schenzle et al., 1999). In addition to the oxidative stress 

caused by the futile cycling of one-electron reductions, partially reduced 

TNT products can bind covalently to proteins and DNA (Sarlauskas et al., 

2004). For example, Bakhtiar et al. (1997) found TNT can form heme 

adducts in vitro when the TNT was reduced to a nitrosodinitrotoluene by 

sodium hydrosulfite. No heme adducts were detected when TNT was not 

reduced. The final way that TNT is believed to exhibit toxicity is via the 

oxidation of hemoglobin iron (Peres and Agathos, 2000). 

1.1.1.2   Animals 

TNT toxicity has been studied with several animal models, including 

rats, mice, guinea pigs, rabbits, dogs and fish. As with humans, TNT can 

be absorbed through the GI tract or dermally. The rate of dermal 

absorption varied with rabbits having the highest rate of absorption 

followed by mice, rats, and dogs (El-Hawari et al., 1981). Oral dosing 

resulted in ambiguous results making the species specific rate of oral 

absorption impossible to accurately assess (El-Hawari et al., 1981).  

Dilley et al (1982) investigated the effect of TNT on dogs, rats and 

mice given different levels of TNT for 13 weeks. Results showed anemia to 

be the first indicator of toxicity, with both the high and intermediate levels of 

TNT resulting in anemia whereas the other signs of toxicity were only 

observed at the high dose. These latter signs included enlarged spleens 

and livers, depressed body weight, elevated blood cholesterol and 
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depressed serum glutamic-oxaloacetic transaminase. Testicular atrophy 

was also observed but only in rats. While the majority of the signs of 

toxicity were reversible after four weeks of recovery, the testicular atrophy 

in rats was not (Dilley et al., 1982). 

Fish are very sensitive to TNT and have a low LC50. Behavior 

effects of TNT have also been observed in fish within a few minutes of 

exposure, including shock reaction (gasping at the surface and lethargy) 

and loss of motor control (Smock et al., 1976).  

1.1.2 Stability of TNT 

The structure of TNT makes the molecule recalcitrant and persistent 

in the environment. The major mode of catalysis of aromatic compounds is 

oxidative attack of the ring (Gibson, 1976). The electron-withdrawing 

character of the nitro groups on TNT acts to shield the aromatic ring from 

oxidative attack, making the molecule more amendable to reductive 

transformation. Reduction of one of the nitro-groups to an amine group is a 

common process that can even be partially accomplished in an abiotic 

fashion. Exposing TNT to sunlight results in the conversion of a small 

amount (< 10%) of TNT to aromatic photoproducts with the major 

photoproducts being 2,4,6-trinitrobenzaldehyde, 2,4,6-trinitrobenzonitrile, 

1,3,5-trinitobenzene, azo and azoxy oligomers (with ≥ 2 aromatic rings), as 

well as monoamine metabolites (Kaplan et al., 1975; Kearney et al., 1983; 

Lang et al., 1998; Schmelling and Gray, 1995; Zeng et al., 2004). The 
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reduction of one of the nitro groups is a common process seen in a wide 

variety of organisms, including bacteria, plants, fungi, worms, fish and 

mammals. Complete reduction of all nitro groups only occurs in strict 

anaerobic conditions where the redox potential is < -200 mV.  

1.1.3 TNT contaminated sites 

TNT contaminated sites occur all over the world and primarily 

consists of former and current manufacturing sites, storage sites and 

munitions ranges. Sites that were contaminated during World War II still 

contain high levels of TNT (Eisentraeger et al., 2007).  

1.2 Bioremediation of TNT  

Many different types of organisms have demonstrated the ability to 

bioremediate TNT with varying success, which will be discussed in the 

following sections. Complete mineralization of TNT has not been reported 

to date. Some organisms are able to mineralize TNT to some degree, but 

no more than 20%. Due to the lack of mineralization, research has shifted 

to immobilization of the contaminate (Heiss and Knackmuss, 2002). TNT 

and its metabolites are capable of binding to the soil matrix and humic 

material (Haderlein et al., 2000). The more reduced the metabolite, the 

tighter it binds to the soil (Achtnich et al., 2000). With the most reduced 

metabolite, triaminotoluene (TAT), the binding to the humic material 

appears to be irreversible via covalent bonding. This process makes TAT 

an important metabolic end product of TNT bioremediation.  
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1.2.1 Prokaryote organisms 

Biotransformation of TNT by bacteria can generally be classified into 

aerobic and anaerobic bacterial transformation. Further subdivision of 

these categories into pure culture versus mixed (undefined) bacteria is 

often found in the literature and will be discussed in the following sections. 

1.2.1.1  Aerobic bacteria 

Oxygenolytic metabolism of TNT does not occur by bacteria due to 

the chemical properties of TNT that were discussed earlier. Instead aerobic 

bacteria tend to reduce one or two of the nitro groups. The resulting 

hydroxylamino or amino metabolites then accumulate in the culture media 

without further metabolism (Esteve-Nunez et al., 2001). The hydroxylamino 

metabolites are extremely reactive and, in the presence of oxygen, react to 

form recalcitrant azoxytetranitrotoluene (Haidour and Ramos, 1996). The 

azoxy compound metabolites cause a higher mutation rate than the parent 

compound (Banerjee et al., 1999; Brooks et al., 1997; George et al., 2008; 

Honeycutt et al., 1996; Spanggord et al., 1995; Tadros et al., 2000) and are 

not metabolized by any known organism (Esteve-Nunez et al., 2001).  

There have been a few reported organisms capable of using TNT as 

a nitrogen or carbon source; however mineralization of TNT was very low, 

with less than 5% of the radiolabel [14C]TNT recovered as 14CO2 (Duque et 

al., 1993; French et al., 1998; Kalafut et al., 1998; Montpas et al., 1997; Oh 

and Kim, 1998). Nitrate or ammonia often accumulates in the culture media 
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of these organisms. It is believed that the release of nitrogen occurs via a 

TNT-Meisenheimer complex (Duque et al., 1993; Haidour and Ramos, 

1996). A TNT-Meisenheimer complex is formed from the addition of a 

hydride ion onto the ring of TNT. Nitrate is then released when the 

aromaticity of the ring is restored. Not all organisms that can form a 

Meisenheimer complex are able to denitrify TNT. For example, a 

Rhodococcus erythropolis isolate capable of utilizing 2,4,6-trinitrophenol 

(picric acid) as a nitrogen source was able to form Meisenheimer complex 

with picric acid leading to denitrification (Lenke and Knackmuss, 1992). 

When tested with TNT, a TNT-Meisenheimer complex was formed but no 

denitrification was detected (Vorbeck et al., 1998). 

The best-studied aerobic bacteria capable of biotransformation TNT 

are Pseudomonas strains, with several isolates capable of transforming 

TNT (Boopathy et al., 1994; Duque et al., 1993; Fiorella and Spain, 1997; 

Kalafut et al., 1998; Martin et al., 1997; McCormick et al., 1976; Pak et al., 

2000; Schackmann and Muller, 1991; Traxler et al., 1974). Other aerobic 

bacteria have also demonstrated the ability to degrade TNT, such as a 

Bacillus isolate (Kalafut et al., 1998), Enterobacter species (French et al., 

1998), Mycobacterium species (Vanderberg et al., 1995; Vorbeck et al., 

1994; Vorbeck et al., 1998), Rhodococcus erythropolis (Vorbeck et al., 

1998), Serratia marcensens (Montpas et al., 1997), Staphylococcus specie 

(Kalafut et al., 1998) and Stenotrophomonas maltophilia (Oh and Kim, 
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1998). The majority of these aerobic organisms can only partially reduce 

the nitro groups and can lead to the formation of highly toxic azoxy 

compounds (Esteve-Nunez et al., 2001). 

Mixed aerobic bacterial cultures have been studied for their ability to 

transform TNT. A mixed culture maintained on medium with crude oil or 

other hydrocarbons as the carbon source was able to degrade TNT into 

ADNTs and azoxy compounds and a large amount (~80%) of the initial 

TNT was not recovered (Popesku et al., 2004). The use of radiolabeled 

TNT showed less than 5% of the TNT was mineralized; unfortunately the 

authors did not investigate the large unaccounted for portion of TNT using 

radiolabel TNT; therefore the identification of these metabolites remain a 

mystery (Popesku et al., 2004). Another example of undefined aerobic 

bacterial transformation is by windrow-composting (Rodgers and Bunce, 

2001). Windrow-composting uses thermophilic aerobic bacteria for 

bioremediation with temperatures reaching as high as 75 °C. Windrow-

composting does not lead to complete reduction of TNT to TAT and the 

metabolites are not tightly bound and a portion of them can be extracted 

(Heiss and Knackmuss, 2002). 

1.2.1.2  Anaerobic bacteria 

Transformation of TNT by anaerobic bacteria has not been studied 

to the extent as the aerobic bacteria. An anaerobic process has the 

potential to rapidly reduce all of the nitro groups, which minimizes or 
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eliminates the formation of the azoxy compounds (Haidour and Ramos, 

1996). The first evidence of anaerobic degradation of TNT was reported by 

McCormick et al. (1976), which showed that Veillonella alkalescens could 

transform TNT into triaminotoluene (TAT). The widest studied anaerobic 

bacteria able to degrade TNT belong to the Clostridium and Desulfovibrio 

genera. The ability to reduce TNT to TAT appears to be a common 

occurrence in the Clostridium genera via the cometabolism of TNT with an 

energy substrate (Ederer et al., 1997; Esteve-Nunez et al., 2001).  The 

mechanism of this reduction appears to be via an oxygen-insensitive 

nitroreductase (type I), which adds electrons as pairs instead of a one 

electron addition that is catalyzed by type II nitroreductase (Kutty and 

Bennett, 2005).  Along with TAT, aromatic compounds lacking nitrogen 

substitutes have been recovered in the culture fluid of Clostridium cultures 

(Crawford, 1995). However, there is some debate as to whether these 

aromatic compounds are the result of TAT degradation or metabolites of 

aromatic amino acids, such as tryptophan (Shen et al., 2000).  

Desulfovibrio strains have also been extensively studied, due to 

their ability to use TNT as a sole nitrogen source or produce TAT. 

Boopathy and Kulpa (1992) isolated a strain of Desulfovibrio that used TNT 

as a sole nitrogen source and accumulated toluene in the culture medium. 

The authors hypothesized that the nitro groups were reduced, forming TAT 

which was further broken down; however there is little direct evidence for 
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this due to the fact the authors never recovered TAT in the culture medium 

or provided any other evidence of deamination (Boopathy and Kulpa, 

1992). Other Desulfovibrio isolates have been obtained that formed TAT 

from TNT but no toluene was recovered from the culture medium of these 

isolates (Drzyzga et al., 1998; Preuss et al., 1993).  

Mixed, undefined anaerobic cultures have been shown to 

completely reduce TNT. The inoculum for these cultures has been primarily 

soil in origin but other sources have been used. Soil as an inoculum (soil 

slurry) results in the reduction of the nitro groups and binding of the 

metabolites to humic material. Transformation of TNT is via cometabolism; 

therefore an energy substrate must be added to the soil slurry before 

transformation can occur. The metabolites appear to be tightly bound with 

>90% of radiolabel being unextractable after 51 days of anaerobic 

conditions followed by an aerobic treatment of 31 days (Achtnich et al., 

2000).  

1.2.2 Eukaryote organisms 

Eukaryotes capable of biotransformation of TNT include plants 

(phytoremediation) and some fungi (mycoremediation). There are several 

advantages and disadvantages to the use of each of these types of 

remediation, which will be discussed in the next sections. 
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1.2.2.1  Phytoremediation 

Phytoremediation is divided into several categories: 

phytoaccumulation/phytoextraction, phytodegradation/phytotransformation, 

phytostabilization, and phytovolatilization (Susarla et al., 2002).  

Phytoaccumulation/phytoextraction is where plants take up a contaminant 

and do not degrade it, leading to accumulation of the contaminant in the 

plant biomass.  This process is best demonstrated by the 

hyperaccumulation of metals, such as nickel, by certain plants (Chaney et 

al., 1997).  Phytostabilization is similar to phytoaccumulation except the 

plant does not take up the contaminant. Instead the plant root exudates 

cause metals to precipitate thus reducing the bioavailability of the 

contaminant.  Phytovolatilization is best demonstrated by the conversion of 

selenium to dimethyl-selenide a less toxic and more volatile form (Terry et 

al., 1995).  Phytoremediation of TNT is achieved via 

phytotransformation/phytodegradation where the contaminant (TNT) is 

transformed into ADNTs or into unknown metabolites, often bound to plant 

biomass. The properties of these unknown metabolites formed by plants 

during phytoremediation have been a concern due to the potential of 

bioaccumulation along the food chain (Susarla et al., 2002). 

Plants metabolize xenobiotics in three main phases; phase I 

(conversion), phase II (conjugation), and phase III (compartmentation; 

(Ohkawa et al., 1999; Sandermann, 1994). Phase I reactions include 
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oxidation, reduction and hydrolysis, with oxidation being the most common 

reaction except in the case of some compounds such as nitroaromatics 

where reductive reactions are more favorable (Hannink et al., 2002). Phase 

II reactions involve the conjugation of the xenobiotic to a sugar moiety or a 

tripeptide. For example, chlorinated phenols can be conjugated by O-

glucosyltransferase (Pflugmacher and Sandermann, 1998). Both N- and S-

glucosyltransferase has been found in many plants (Pflugmacher and 

Sandermann, 1998). The conjugated products are generally more stable, 

less toxic, more polar and have a larger molecular weight than the parent 

compound (Edwards, 1998; Wolfe and Hoehammer, 2003). In phase III, 

xenobiotics-conjugates are converted to insoluble bound residues that are 

deposited in the vacuole or other compartments of the plant cell (Ohkawa 

et al., 1999). Signs of TNT toxicity to plants are chlorosis (yellowing of the 

leaf tissue), abnormal root development, growth suppression and, in high 

concentrations, death (Pavlostathis et al., 1998). 

Considerable research has been conducted using aquatic plants to 

transform TNT. The two main plants used in research of aquatic plants are 

parrot feather (Myriophyllum periwinkle) and eurasian watermilfoil 

(Myriophyllum spicatum). The major unbound transformation product 

detected from aquatic plants is 4-amino-2,6-dinitrotoluene (4-ADNT) with 2-

amino-4,6-dinitrotoluene (2-ADNT) being in low amounts and the diamino 

metabolites found in the lowest concentration, if at all (Best et al., 1999; 
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Hannink et al., 2002). Studies with radiolabeled TNT have shown more 

than half the radiolabel to be bound in the plant tissue (Best et al., 1999).  

Terrestrial plants have also demonstrated the ability to take up and 

transform TNT. The ability of plants to tolerate, transform and translocate 

TNT varies by species with no indication of a division between dicots and 

monocots. Research on the effect of TNT on terrestrial plants has included 

yellow nutsedge (Palazzo and Leggett, 1986), bush bean (Scheidemann et 

al., 1998; Schneider et al., 1996), chive (Gorge et al., 1994), carrots, 

radishes, kale, lamb lettuce (Schneider et al., 1996), hybrid poplar trees 

(Thompson et al., 1998), lupin, purple fringe, meadow foxtail, bromegrass, 

turfgrass, cat’s tail (Scheidemann et al., 1998), wheat (Scheidemann et al., 

1998; Whitford et al., 1998), perennial ryegrass (Rocheleau et al., 2006; 

Scheidemann et al., 1998), cress, turnip, oat (Whitford et al., 1998), 

smooth bromegrass, tall fescue (Krishnan et al., 2000), eastern 

gammagrass, annual ryegrass (Sung et al., 2004), onion (Oh and Kim, 

1998), alfalfa (Gorge et al., 1994; Rocheleau et al., 2006; Scheidemann et 

al., 1998), and Japanese millet, (Rocheleau et al., 2006). Susceptibility to 

TNT toxicity varies widely, ranging from 50 mg/kg for lettuce and barley 

(Robidoux et al., 2003) to 1,600 mg/kg for oats (Whitford et al., 1998). The 

age of the soil tested also appears to affect phytotoxicity. For example the 

toxicity of TNT to alfalfa (Medicago sativa) varied depending on the age of 

the soil, with freshly amended soil with TNT being less toxic than aged and 
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weathered soil (Rocheleau et al., 2006). The transformation of TNT results 

in similar products in terrestrial plants as in aquatic plants, with 4-ADNT 

being the major metabolite formed (Hannink et al., 2002; Snellinx et al., 

2002).  

Transgenic plants have been engineered with bacterial 

nitroreductases (French et al., 1998) and show a greater ability to tolerate 

and transform munitions than non-genetically engineered plants (Hannink 

et al., 2002; Hannink et al., 2001); however no mineralization has been 

detected and the politics of implementing a transgenic plant on a 

widespread basis casts doubts on the feasibility of this technology 

(Meagher, 2006).  

1.2.2.2  Mycoremediation 

1.2.2.2.1 Aerobic 

Ligninolytic white rot fungi are known to degrade and even, in some 

cases, mineralize a variety of organic pollutants (Bumpus and Aust, 1987; 

Paszczynski and Crawford, 1995). This ability to degrade xenobiotics is 

correlated with the fungi’s ability to metabolize lignin (Barr and Aust, 1994). 

It is believed that both processes are performed by the secretion of 

nonspecific oxidative enzymes, such as lignin peroxidases (Kuwahara et 

al., 1984) and manganese-dependent peroxidases (Tien and Kirk, 1983; 

Van Aken et al., 1999).  
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There are several species of white-rot fungi that have demonstrated 

the ability to degrade and mineralize a portion of TNT, including 

Phanerochaete chrysosporium, Phlebia radata, and Nematoloma frowardii. 

In general, the degradation of TNT by white-rot fungi involves a two step 

process. The first step, similar to other TNT degrading organisms, is 

reduction of TNT to an ADNT or DANT metabolite (Bumpus and Tatarko, 

1994; Fernando et al., 1990). This reaction is believed to occur inside of 

the fungal cells, with reduced metabolites excreted out of the cell (Barr and 

Aust, 1994). The second step occurs outside of the fungal cells and is the 

nonspecific degradation via the nonspecific lignin degrading enzymes 

secreted by the fungi.  

1.2.2.2.2 Anaerobic fungi 

To date there is no data on the ability of any anaerobic fungi to 

transform or degrade TNT.  

1.3 Current methods of remediation  

The remediation of TNT contaminated sites typically involves 

removal of the contaminated soil, followed by incineration or 

bioremediation.  The cost of these methods can be high due, in part, to the 

cost of removing the soil.  To date there is no in situ method of TNT 

remediation. The methods of remediation that have been used in field-

scale remediation include incineration, composting, soil slurry (SABRE), 

DARAMEND, WMI-TOSS and fungal based.  The end result of most 
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methods of bioremediation does not include complete mineralization of the 

contaminant to CO2. Recent work has focused on the fate of TNT 

metabolites in the soil as discussed previously. 

Windrow-composting involves placing compost in long rows that are 

mixed by a commercial windrow turner. Contaminated soil is evacuated, 

screened to remove rocks and other debris, and mixed with the 

amendments. Amendments fall into three categories: bulking agents, 

nutrient source and an inoculum. Bulking agents are added to allow air 

movement through the compost and are typically composed of wood chips 

or yard waste. Nutrient source varies by location and can include alfalfa, 

starch (corn or potato), hay, silage, and food processing wastes (potato 

waste, corn mash, etc.). The best source of an inoculum is from animal 

(especially cow) manure. After the contaminated soil is mixed with the 

amendments and laid in windrows it is turned several times a week and 

monitored for temperature. Thermophilic temperatures are critical to 

successful composting and are typically obtained a few days after 

construction of the windrows. Composting does not lead to mineralization 

of TNT. Instead it appears that the reduced metabolites of TNT bind to the 

soil matrix and humic material (Heiss and Knackmuss, 2002). One of the 

major concerns with composting is the increase in mass of contaminated 

(with metabolites) material through the addition of amendments, primarily 

the bulking agents.  
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Simplot anaerobic bioremediation (SABRE™) is a proprietary 

process that was developed by J.R. Simplot Company, Pocatello ID and 

the University of Idaho originally for the remediation of dinoseb (2-sec-

buytl-4,6-dinitrophenol). This process involves soil evacuation, slurry 

preparation, biotreatment in a biocell (lagoon) and slurry disposal. The 

slurry preparation involves washing soil and adding amendments. Key 

points in the biotreatment step include a specific pH with a preferred range 

between 6 and 7. The redox potential needs to be below –200 mV to 

maintain strict anaerobic conditions. Soil slurry methods have been 

successfully used to remediate highly contaminated soils (~10,000 mg/kg 

TNT; (Clark and Boopathy, 2007))`.  

DARAMEND® is a patented bioremediation process developed by 

Grace Bioremediation Technologies, Mississauga, Ontario. It involves the 

mixing of contaminated soil with proprietary amendments and cycles of 

anaerobic and aerobic treatment. The number and frequency of treatment 

cycles varies by contaminate type and concentration.  

WMI-TOSS is a commercial service involving a two-stage soil 

(TOSS) off site process that was developed by Waste Management, Inc. 

(WMI), Cincinnati, OH. In the first stage, contaminated soil is mixed with 

animal manure and/or anaerobic digester sludge (inoculum), a 

carbohydrate (nutrient source) and water (70-95% of water holding 

capacity to achieve anaerobic conditions). The resulting mixture is placed 
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in a pile and maintained under anaerobic conditions. In the second stage, 

the treated soil is mixed with previously composted yard waste and 

aerated. This process can result in greater than 98% removal of 

contaminates after 39 weeks of anaerobic-aerobic treatment (Green et al., 

1999). WMI-TOSS is the only commercially available service for 

bioremediation of explosive contaminated soil; however it involves the 

evacuation and transport of the soil to the processing site. 

Fungal based remediation is an ex situ treatment process using 

white-rot fungi as the inoculum. Contaminated soil is mixed with inoculum 

(10-60% dry weight basis) and a nutrient source for the fungus, typically 

inexpensive substrates such as cottonseed hulls, sawdust, straw, etc. The 

resulting mixture is treated in a forced aeration biopile. Aeration is essential 

to control temperature via the removal of metabolic heat produced by the 

fungi and to supply oxygen to the fungi. Only soil with lower levels of 

contamination can be used with this method due to the sensitivity of the 

white-rot fungus to TNT.  

Phytoremediation has the potential of being an in situ remediation of 

TNT contaminated soils especially for sites with low to moderate 

contamination levels where the evacuation of soil is impractical (i.e. areas 

with underground utilities, etc.). Studies have shown that plants can take 

up and translocate TNT into the leaves and shoots of plants as unknown 

conjugated metabolites primarily associated with the cell wall component 
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(Adamia et al., 2006). The properties of these unknown metabolites formed 

by plants have been a concern due to the potential of bioaccumulation 

along the food chain (Susarla et al., 2002). Ruminants have the potential to 

eliminate this concern.  

The ruminant animal is a host to a complex microbiota that assists in 

the metabolism of consumed plant material. Figure 1-1 shows some of the 

complex relationship between ruminal microorganisms during the digestion 

of plant material. The rumen environment is reductive with a redox 

potential often reaching values less than –400 mV. Previous research has 

shown that whole rumen fluid is able to rapidly degrade TNT into unknown 

polar metabolites (Fleischmann et al., 2004). Therefore the degradative 

ability and rate of transformation of pure culture ruminal bacteria was 

conducted to insure the degradation of TNT is rapid enough to prevent the 

absorption of non-metabolized compounds by the host animal. In addition, 

the ruminal bacterial populations were analyzed using culture independent 

methods for sheep consuming TNT. 



Figure 1-1 Microbial interactions in the rumen 
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2.1 Abstract 

The rumen bacteria Ruminococcus albus 7, Ruminococcus 

flavefaciens C94, Prevotella bryantii, Prevotella albensis, Prevotella 

ruminicola, Prevotella brevis, Selenomonas ruminantium, Anaerovibrio 

lipolytica, Succinivibrio dextrinosolvens, Megasphaera elsdenii, 

Eubacterium ruminantium, Lactobacillus vitulinus, Streptococcus bovis, 

Streptococcus caprinus, Butyrivibrio fibrisolvens, Fibrobacter 

succinogenes, Treponema bryantii, Clostridium polysaccharolyticum, 

Ruminobacter amylophilus, Lactobacillus ruminis, Wolinella succinogenes, 

and Desulfovibrio desulfuricans subsp. desulfuricans were tested for their 

ability to degrade TNT. Butyrivibrio fibrisolvens, Fibrobacter succinogenes, 

Lactobacillus vitulinus, Selenomonas ruminantium, Streptococcus 

caprinus, Succinivibrio dextrinosolvens were able to degrade 100 mg/l 

2,4,6-trinitrotoluene (TNT) with less than 5% of the TNT was recovered as 

identifiable metabolites. Eubacterium ruminantium, Lactobacillus ruminis, 

Ruminobacter amylophilus, Streptococcus bovis, and Wolinella 

succinogenes were able to degrade 100 mg/l TNT with 23-60% of the TNT 

recovered as aminodinitrotoluene and/or diaminonitrotoluene metabolites. 

Clostridium polysaccharolyticum, Megasphaera elsdenii, Prevotella 

bryantii, Prevotella ruminicola, Ruminococcus albus, and Ruminococcus 

flavefaciens were able to degrade 80-90% of 100 mg/l TNT. Desulfovibrio 

desulfuricans subsp. desulfuricans, Prevotella albensis and Treponema 
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bryantii degraded 50-80% of the TNT in 24 hours. Anaerovibrio lipolytica 

was completely inhibited by 100 mg/l of TNT. These results indicate a 

variety of rumen bacteria are capable of transforming TNT into an unknown 

polar metabolite.  

2.2 Introduction 

2,4,6-Trinitrotoluene (TNT) is used as a high explosive in military 

armaments (Spain et al., 2000). The production and use of TNT for military 

applications, especially during World War II, has resulted in severe 

contamination of former TNT manufacturing and handling sites as well as 

munitions ranges (Yinon, 1990). The toxic effect of TNT has been well 

demonstrated and it is considered a Group C carcinogen (EPA, 1993). The 

chemical structure of TNT contributes to its stability and persistence in the 

environment. The electron withdrawing properties of the nitro groups acts 

to shield the aromatic ring from oxidative attack, making a reductive 

reaction more favorable (Vorbeck et al., 1998). Due to the recalcitrant 

nature of TNT in aerobic environments, high levels of the contaminant can 

still be found in the soil. Current methods of remediation of contaminated 

soil are all ex situ treatments (Spain et al., 2000). The relatively high cost of 

removing the contaminated soil for remediation has led to the search for an 

in situ remediation method.  

Bioremediation has been the focus of recent research, with a range 

of ecosystems being examined for microbes that can aid in the remediation 
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of TNT (Esteve-Nunez et al., 2001; Fleischmann et al., 2004; Spain et al., 

2000). Mineralization of TNT by bacteria has remained elusive and 

research is now focused on immobilization-based remediation, where TNT 

metabolites are covalently bound to the soil (Heiss and Knackmuss, 2002).  

TNT and its metabolites are capable of interacting with the soil matrix and 

humic material (Haderlein et al., 2000). The more reduced the metabolite 

the tighter it associates with the soil (Achtnich et al., 2000). The most 

reduced metabolite, triaminotoluene (TAT) binds to the humic material with 

covalent bonds (Knicker et al., 2001).  Aerobic bacteria can partially reduce 

TNT into aminodinitrotoluenes (ADNT) and occasionally 

diaminonitrotoluenes (DANTs) isomers but have been unable to reduce all 

of the nitro groups (Esteve-Nunez et al., 2001). Anaerobic bacteria have 

demonstrated the ability to completely reduce TNT into TAT or unknown 

polar metabolites.  

A wide range of anaerobic systems have been investigated for the 

ability to degrade TNT, from activated sludge and soil slurries to pure 

cultures of Clostridium and Desulfovibrio species. Recently the 

biotransformation of TNT by whole rumen fluid was shown to be rapid and 

complete, with no residue metabolites being detected after 24 hours 

(Fleischmann et al., 2004). The rumen is an extremely reductive 

environment inhabited by a complex microbiota. The rumen microbiota is 

comprised of very diverse organisms ranging from protozoa and anaerobic 
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fungi to methanogens and bacteria. In culture collections there are 

approximately 21 pure culture ruminal bacteria. In order to determine which 

microorganisms are involved in the biotransformation of TNT, pure cultures 

of major rumen bacteria were tested for degradation of TNT and its 

metabolites. 

2.3 Materials and Methods 

Table 2-1 Strains of ruminal bacteria tested for TNT degradation ability. 

Organism Name Strain ATCC #
Anaerovibrio lipolytica  33276 
Butyrivibrio fibrisolvens nxy 51255 
Clostridium polysaccharolyticum  33142 
Desulfovibrio desulfuricans subsp. desulfuricans MB 27774 
Eubacterium ruminantium GA 195 17233 
Fibrobacter succinogenes S85 19169 
Lactobacillus ruminis RF1 27780 
Lactobacillus vitulinus T185 27783 
Megasphaera elsdenii  T-81 17753 
Prevotella albensis  11370* 
Prevotella brevis  19188 
Prevotella bryantii B14 11371* 
Prevotella ruminicola  19189 
Ruminobacter amylophilus VPI 2502B 29744 
Ruminococcus albus  7 27210 
Ruminococcus flavefaciens C94 19208 
Selenomonas ruminantium HD4 27209 
Streptococcus bovis JB1 700410 
Streptococcus caprinus 2.3 700065 
Succinivibrio dextrinosolvens  19716 
Treponema bryantii  1801* 
Wolinella succinogenes FDC 602W 29543 
* Designation number refers to DSM not ATCC collection 
 

2.3.1 Organisms, media and growth conditions 
Pure cultures listed in Table 2-1 were maintained by our lab or 

obtained from the German Collection of Microorganisms and Cell Cultures 
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(DSM, Braunschweig, Germany). The majority of the cultures were grown 

in a complex media with 40% clarified rumen fluid (per liter: 400 ml clarified 

rumen fluid; 2.0 g trypticase; 1.0 g yeast extract; 4.0 g cellobiose; 4.0 g 

sodium carbonate; 1.0 ml 0.1% resazurin; 10.0 ml VFA solution 

(concentration μmol/ml: 67.2 glacial acetic acid, 40.0 propionic acid, 20.0 

butyric acid, 5.0 isobutyric acid, 5.0 2-methylbutyric acid, 5.0 valeric acid, 

5.0 isovaleric acid); 0.3 g potassium phosphate, dibasic; 0.6 g sodium 

chloride; 0.3 g ammonium sulfate; 0.3 g potassium phosphate, monobasic; 

0.08 g calcium chloride, dihydrate; 0.123 g magnesium sulfate, 

heptahydrate; 1.1 g sodium citrate, dihydrate). The remaining cultures were 

grown in specie specific media. Specie specific media was: Desulfovibrio 

media (DSM medium 63), Clostridium polysaccharolyticum (DSM medium 

140), Lactobacillus ruminus (DSM medium 232), Treponema bryantii (DSM 

medium 159), Wolinella succinogenes (DSM medium 157), and 

Ruminobacter amylophilus (DSM medium 147).  All media was dispensed 

in 9.7 ml aliquots into balch tubes, 0.2 ml reducing agent (1.25% cysteine 

sulfide) and 0.1 ml B-vitamins solution (per 100 ml: 20 mg thiamin HCl, 20 

mg D-pantothenic acid, 20 mg nicotinamide, 20 mg riboflavin, 20 mg 

pyridoxine HCl, 1.0 mg p-aminobenzoic acid, 0.25 mg biotin, 0.25 mg folic 

acid, and 0.1 mg cyanocobalamin) was added prior to inoculation. Cultures 

were grown at 39°C with shaking (150 rpm) for 18-24 hours between 
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transfers. Cultures were transferred at least twice before degradation 

experiments.  

2.3.2 Chemicals 

2,4,6-Trinitrotoluene (TNT), 4-amino-2,6-dinitrotoluene (4-ADNT), 

and 2-amino-4,6-dinitrotoluene (2-ADNT) were purchased from Chem 

Service (West Chester, PA). 2,4-Diamino-6-nitrotoluene (2,4-DANT) and 

2,6-diamino-4-nitrotoluene (2,6-DANT) were purchased from AccuStandard 

(New Haven, CT). Solvents were HPLC grade and were purchased from 

Fisher Scientific (Tustin, CA). Reagents were of analytical grade and were 

purchased from Sigma–Aldrich (St. Louis, MO). An ELGA Ultra PureLab 

(Cary, NC) reverse osmosis water purification system was used to 

generate Milli-Q (resistance >18.2 MΩ-cm) quality water for all aqueous 

solutions. 

2.3.3 TNT degradation experiments 

A stock solution of TNT was prepared in methanol at a 

concentration of 10 mg/ml and stored in the dark.  Each organism was 

cultured in triplicate, with the following controls: media control (media with 

TNT) and solvent control (media with organism and approximately 0.1 ml 

methanol). After the media was reduced, TNT stock solution was added to 

the media to a concentration of 100 mg/l followed by 1.0 ml of overnight 

culture. After mixing, a 0.5 ml sample was removed, centrifuged at 16,100 

x g for 5 minutes then frozen until HPLC analysis. Cultures were grown for 
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24 hours at 39°C with shaking (150 rpm), in the dark. After incubation, 

cultures were visually inspected for signs of growth and a 0.5 ml sample 

was removed, centrifuged at 16,100 x g for 5 minutes and placed into 

HPLC vials for analysis.  B. fibrisolvens culture resulted in a viscous fluid 

even after centrifuging so the samples were extracted in equal volumes of 

ethyl acetate, twice. Ethyl acetate was evaporated under nitrogen gas, and 

then the sample was reconstituted in 50 μl methanol and 450 μl Milli-Q 

quality water. Standards were extracted at the same time for HPLC 

quantitation. 

2.3.4 Metabolite degradation experiments 

Organisms that showed greater than 90% degradation of TNT and 

had indication of monoamine metabolite reduction (i.e. diamino metabolites 

were formed or no detectable metabolites) were tested for the ability to 

degrade the major TNT metabolites. Stock solutions of the major TNT 

metabolites (2-amino-4,6-dinitrotoluene (2-ADNT), 4-amino-2,6-

dinitrotoluene (4-ADNT), 2,4-diamino-6-nitotoluene (2,4-DANT) and 2,6-

diamino-4-nitotoluene (2,6-DANT)) were prepared in methanol at a 

concentration of 1 mg/ml and kept in the dark. Experiment was done in 

triplicate with similar controls as for the TNT degradation experiment. 

Sterile, anaerobic, screw cap tubes (100 mm x 12 mm) were used for all 

metabolite experiments. Media was reduced prior to addition to the tubes: 

0.1 ml of the stock metabolite was added to 1.0 ml of reduced media, and 
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then 1.0 ml of a 1:10 dilution of overnight culture was added bringing final 

concentration of metabolite to approximately 50 mg/l. After mixing, a 0.5 ml 

sample was removed, centrifuged at 16,100 x g for 5 minutes, then frozen 

until HPLC analysis. Cultures were grown for 24 hours at 39°C with 

shaking (150 rpm) in the dark. After 24 hours, cultures were visually 

inspected for signs of growth and 0.5 ml sample was removed, centrifuged 

at 16,100 x g for 5 minutes and placed into HPLC vials for analysis. B. 

fibrisolvens samples were processed as described for the TNT degradation 

experiment. 

2.3.5 HPLC conditions 

HPLC analyses were carried out by a modification of the method 

described by Khan et al. (1997). Separations were performed using a 

guard column hand packed with Pellicular C8 material and a Nova-Pak C8 

analytical column (150mm x 3.9mm id, 4 μm particle size, Waters, Milford, 

MA). The column was eluted under isocratic conditions with water and 2-

propanol (82:18) at a flow rate of 1 ml/min with a total run time of 24 min. 

The HPLC system consisted of a Perkin–Elmer Series 200 Pump equipped 

with a Perkin–Elmer ISS 200 autosampler and photodiode array detector 

(Perkin–Elmer Series 200) monitoring at 230 nm. TotalChrome software 

(Perkin-Elmer) was used to analyze and quantify HPLC data.  
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2.3.6 Phylogenic relationship  
Phylogenic tree was constructed to show the relationship of the 

cultured organisms. Sequence data was obtained from public database 

(GenBank). Sequences were aligned using ClustalW and a phylogenic tree 

was constructed using Geneious software (Drummond et al., 2007) with 

1000 bootstrap resampling 

2.4 Results 

In general, controls (reduced media without bacteria) resulted in 

minor degradation and only the monoamino metabolites were detected 

after 24 hours (data not shown). Only one organism, Anaerovibrio 

lipolytica, appeared to be inhibited by TNT at a concentration of 100 mg/l. 

No visible growth was observed after 24 hours and TNT degradation was 

similar to reduced media with TNT. Solvent controls did not appear to 

inhibit growth of any organism (data not shown).  

Of the remaining 20 bacterial strains, 11 showed > 90% degradation 

of TNT in 24 hours, 5 strains showed 80-90% degradation and the 

remaining 3 strains only had low TNT degrading ability (20-50%; Table 

2-2). The extent and site of reduction varied by specie. Removal of TNT 

and all metabolites (<5% of original TNT recovered as a metabolite) 

occurred for B. fibrisolvens, Sel. ruminantium, F. succinogenes, 

Lactobacillus vitulinus, Strep. caprinus, and Suc. dextrinosolvens.   
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Metabolite degradation testing was performed on B. fibrisolvens, F. 

succinogenes, Lactobacillus vitulinus, Sel. ruminantium, Strep. bovis, 

Strep. caprinus and Suc. dextrinosolvens. The monoamine metabolites 

were degraded by all of the organisms tested (Table 2-3). The diamino 

Table 2-2 Degradation of 2,4,6-trinitrotoluene (TNT) by rumen bacteria in 24 hours 

Organism Degrade 2ADNT 4ADNT 24DANT 26DANT 
B.  fibrisolvens +++ 0% 0% 0% 2% 
E. ruminantium GA195 +++ 7% 20% 0% 0% 
F. succinogenes S85 +++ 0% 0% 0% 0% 
L. ruminis  +++ 18% 16% 0% 0% 
L. vitulinus T185 +++ 0% 0% 0% 0% 
Ruminobacter 
amylophilus +++ 23% 37% 0% 0% 

Sel. ruminantium HD4 +++ 0% 0% 0% 2% 
Strep. bovis IFO 12057 +++ 0% 0% 23% 0% 
Strep. caprinus 2.2 +++ 0% 0% 0% 4% 
Suc. dextrinosolvens +++ 0% 0% 0% 0% 
W. succinogenes  +++ 28% 19% 0% 12% 
C. polysaccharolyticum  ++ 20% 19% 0% 0% 
M. elsdenii T-81 ++ 5% 37% 0% 11% 
P. bryantii B1 4 ++ 26% 18% 0% 0% 
P. rumincola GA33 ++ 0% 41% 0% 0% 
Ruminococcus albus 8 ++ 32% 13% 0% 0% 
Ruminococcus 
flavefaciens  ++ 10% 52% 0% 0% 

D. desulfuricans ssp 
desulfuricans  + 21% 34% 0% 0% 

P. albensis + 22% 13% 0% 0% 
T. bryantii  + 4% 14% 0% 0% 
A. lipolytica 7553 -     
+++: >90% degradation; ++ 80-90% degradation; +: 50-80% degradation; 
-: no degradation. 
Data expressed as percentage of TNT equivalent after 24hrs; initial TNT 
concentration was 100 mg/l 
2ADNT: 2-amino-4,6-dinitrotoluene; 4ADNT: 4-amino-2,6-dinitrotoluene; 
24DANT: 2,4-diaminonitrotoluene; 26DANT: 2,6-diaminonitrotoluene 
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metabolites were more resistant to degradation than the monoamine 

metabolites.  

Table 2-3 Degradation of trinitrotoluene metabolites by selected organisms 

Organism 2ADNT 4ADNT 24DANT 26DANT 
Control 93(2.7) 95(3.8) 87(3.0) 89(1.1) 
Sel. ruminantium 0(0) 0(0) 88(4.1) 90(5.3) 
F. succinogenes 0(0) 0(0) 85(15) 99(9.3) 
Strep. bovis 0(0) 0(0) 90(19) 0(0) 
L. vitulinus 0(0) 0(0) 9.2(2.3) 0(0) 
B. fibrisolvens 0(0) 0(0) 2(0.7) 8(2.2) 
Suc. dextrinosolvens 0(0) 0(0) 0(0) 0(0) 
Strep. caprinus 0(0) 0(0) 0(0) 0(0) 
Data presented as mean (SD) percentage remaining after 24 hours (n = 
3); starting concentration was 50 mg/l for each compound.  
Control is reduced media with test compounds and no bacteria. 2ADNT: 
2-amino-4,6-dinitrotoluene; 4ADNT: 4-amino-2,6-dinitrotoluene; 
24DANT: 2,4-diaminonitrotoluene; 26DANT: 2,6-diaminonitrotoluene 

 
Reduction of 2-ADNT can follow 2 paths with either the site of the 

second reduction occurring at either the 4-position (resulting in 2,4-DANT) 

or the 6- position (forming 2,6-DANT). On the other hand, there is only one 

possible site for the second reduction site for 4-ADNT, since the 2 and 6 

position of 4-ADNT are equivalent.  Degradation of 2-ADNT by Sel. 

ruminantium resulted in 48 ± 6% 2,4-DANT and 34 ± 5% 2,6-DANT, with 

total recovery of 82±11%. Degradation of 4-ADNT resulted in complete 

removal of 4-ADNT and the formation of 2,4-DANT (56 ± 20% of initial 4-

ADNT equivalent). F. succinogenes showed a similar trend with no 

metabolites detected in the TNT test and no degradation of DANTs. The 

monoamino metabolite, 2-ADNT was transformed to 2,4-DANT (20 ± 1%) 

and 2,6-DANT (12 ± 1%) and 4-ADNT was transformed into 2,4-DANT (22 
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± 6%). Strep. bovis had a similar degradation pattern of the metabolites as 

was seen with the TNT experiment, where only 2,4-DANT was not 

degraded. Both monoamino metabolites formed 2,4-DANT at levels of 

approximately 28 mg/l (30 ± 3 mg/l from 2-ADNT and 26 ± 4 mg/l from 4-

ADNT), which is similar to the amount of 2,4-DANT observed in the TNT 

experiment. L. vitulinus also formed only 2,4-DANT from the ADNTs but at 

a lower concentration than Strep. bovis (10 ± 3% from 2-ADNT and 4 ± 

0.1% from 4-ADNT), no 2,6-DANT was detected in the 2-ADNT treatment 

after 24 hours (data not shown).  B. fibrisolvens showed a similar pattern in 

the degradation of the metabolites as was observed in the TNT test. The 

only metabolite recovered from the 2-ADNT incubation was very low level 

of 2,6-DANT (1.2 ± 0.2%), 4-ADNT incubations had no recoverable 

metabolites. Strep. caprinus and Suc. dextrinosolvens completely 

degraded all of the metabolites tested and no metabolites from the ADNTs 

were recovered. 

2.5 Discussion 

Twenty-one rumen bacteria strains were tested for their ability to 

degrade TNT. Of these, 13 demonstrated the ability to completely (>90%) 

degrade 100 mg/l TNT within 24 hours. Seven of the organisms that had 

high degradative ability (>90%) also showed indications of being able to 

degrade the partially reduced metabolites and were subsequently tested 

for their ability to degrade the metabolites. The degradation that occurred 
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in the controls was due to the reductive nature of the culture media and 

was less than 15 mg/l for TNT or 10 mg/l for metabolites (data not shown). 

The DANT metabolites had a lower recovery than the ADNT metabolites in 

the control experiment but were still approximately 90% or greater of the 

initial concentration.  

The fast growing, simple sugar fermenting bacteria were able to 

degrade all of the TNT. This is not surprising, since other fast growing, 

simple sugar fermenting bacteria have demonstrated the ability to reduce 

TNT (Ederer et al., 1997; Spain et al., 2000). The cellulose degrading 

bacteria also were able to transform TNT. The Ruminococcus species 

showed moderate degradation and F. succinogenes completely 

metabolized TNT. This is the first report of cellulolytic bacteria being able to 

transform TNT.  

Sel. ruminantium showed only small amounts of DANT metabolites 

from the TNT experiments; however the metabolite experiments showed 

no degradation of the DANTs when compared to the controls and the 

formation of DANTs that were not degraded completely from the ADNTs. 

This suggests either a novel pathway for the degradation of TNT or the 

concentrations of DANTs used in the metabolite tests were toxic to Sel. 

ruminantium. A similar trend was observed for F. succinogenes in that 

there were no metabolites recovered from the TNT degradation experiment 

yet the DANTs were not degraded in the metabolite experiment. The 
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metabolite degradation results were as expected for Strep. bovis based on 

the TNT experiment where the only metabolite that was not degraded was 

the 2,4-DANT. This indicates that 2,4-DANT is a dead-end product for 

Strep. bovis metabolism of TNT. 

Despite other strains of Desulfovibrio being able to degrade TNT to 

TAT (Drzyzga et al., 1998; Preuss et al., 1993), the rumen isolated strain 

showed low levels of ability to degrade and only one of the nitro groups 

was reduced. It is possible that a longer incubation period or a media with 

a lower sulfate concentration would result in greater degradation. 

Clostridium strains have shown a general ability to rapidly reduce TNT 

(Spain et al., 2000). However this trend was not observed for the 

cellulolytic clostridium from the rumen, where C. polysaccharolyticum had 

only moderate degradative ability. The slow growth rate of C. 

polysaccharolyticum versus other Clostridium species (Khan et al., 1997) 

could account for these results.  
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The ability to completely reduce TNT into an unknown polar 

metabolite is not dependent on substrate preference of the organisms, with 

some cellulolytic bacteria metabolizing TNT to the same extent as some 

starch fermenting bacteria. Degradative ability was not correlated with 

phylogenetic relationship (Figure 2-1) with the exception of possible the 

class of Bacilli where all the cultured ruminal strains were able to transform 

TNT. This is likely related to the substrate preference of these organisms, 

where these organisms prefer simple sugars and have fast growth rates. 

Taken together, these results demonstrate that the ability to biotransform 

Figure 2-1 Phylogenetic relationship between pure culture ruminal bacteria tested 
for the ability to degrade TNT. Methanobrevibacter, an archea was used to root 
the tree and was not tested for the ability to degrade TNT. Black circles: >90% 
degradation, Grey circles 80-90% degradation; White circles: 50-80% degradation 
of 100 mg/l TNT in 24 hours. Underlined indicates organisms tested for the 
degradation of the partially reduced TNT metabolites 
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TNT into reduced metabolites is a general property of many ruminal 

bacteria. 
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3.1 Abstract 

Seven pure culture ruminal bacteria were used for the 

biodegradation of 2,4,6-trinitrotoluene (TNT). The rate and extent of 

biodegradation were quantified at different initial TNT concentrations 

between 0 and 100 mg l-1. The initial rate of biodegradation of TNT 

increased linearly with the initial concentrations for Butyrivibrio fibrisolvens 

nxy, Selenomonas ruminantium HD4, Streptococcus bovis JB1, 

Streptococcus caprinus 2.2, and Succinivibrio dextrinosolvens. For 

Fibrobacter succinogenes S85 and Lactobacillus vitulinus T185, the initial 

rate of biodegradation of TNT increased linearly with the initial 

concentrations up to 75 mg l-1 where it then maintained at a similar rate or 

decreases slightly. A substrate kinetic model was used to correlate the 

experimental data and to determine the kinetic constants for each 

organism. The biodegradation rate constants were 5.63 (B. fibrisolvens), 

0.49 (F. succinogenes), 1.75 (L. vitulinus), 2.34 (Sel. ruminantium) 0.31 

(Strep. bovis) 0.74 (Strep. caprinus) and 11.39 (Suc. dextrinosolvens) per 

106 cells. 

3.2 Introduction 

Among the pollutants unique to military installations are those 

arising from the manufacturing, handling and demilitarization of munitions. 

2,4,6-Trinitrotoluene (TNT) is one of the commonly found contaminants 

found at these sites. TNT represents an environmental hazard because it 
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has toxicologic effect on numerous organisms (Eisentraeger et al., 2007; 

El-Hawari et al., 1981; Yinon, 1990), is mutagenic (Purohit and Basu, 

2000) and classified as a class C carcinogen (EPA, 1993).  

The initial steps in the metabolism of TNT are the stepwise 

reduction of the nitro groups to amino groups (Haidour and Ramos, 1996). 

The electron withdrawing properties of the nitro groups acts to shield the 

aromatic ring from oxidative attack, making a reductive reaction more 

favorable (Vorbeck et al., 1998). Several biological systems have been 

investigated for organisms that can aid in the bioremediation of TNT 

(Esteve-Nunez et al., 2001; Fleischmann et al., 2004; Spain et al., 2000). 

Aerobic metabolism of TNT results in the formation of aminodinitrotoluenes 

(ADNT) and occasionally diaminonitrotoluenes (DANTs) isomers but has 

been unable to reduce all of the nitro groups (Esteve-Nunez et al., 2001). 

The last nitro group is only reduced under low redox potential (<-200 mV) 

making strict anaerobic conditions necessary for the complete reduction of 

TNT into TAT (Esteve-Nunez et al., 2001) or unknown polar metabolites 

(Fleischmann et al., 2004).  

Phytoremediation has showed the potential to bioremediate 

contaminated soil especially sites where the removal of contaminated soil 

is impractical due to things like underground utilities (Ramos et al., 2005). 

The translocation of TNT metabolites into the leaves and stems of plants 

and the binding of the metabolites to the plant biomass has been 
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demonstrated (Adamia et al., 2006). The properties of these unknown 

metabolites formed by plants during phytoremediation have been a 

concern due to the potential of bioaccumulation along the food chain 

(Susarla et al., 2002). 

A range of anaerobic systems have been investigated for the ability 

to degrade TNT, from activated sludge and soil slurries to pure cultures of 

Clostridium and Desulfovibrio species. The biotransformation of TNT by 

whole rumen fluid has been shown to be rapid and complete, with no 

residual metabolites being detected after 24 hours (Fleischmann et al., 

2004). The rumen is an extremely reductive environment inhabited by a 

complex microbiota. The rumen microbiota is responsible for the 

degradation and metabolism of complex polymers and compounds present 

in plant material. Several pure cultures of rumen bacteria have 

demonstrated the ability to transform TNT and is metabolites (ADNTs and 

DANTs) into an unknown polar metabolite (DeLorme, 2008) within 24 

hours. Recently it was shown, using radiolabeled TNT, that the metabolites 

are absorbed from the rumen of sheep (Smith et al., 2008). These identity 

of these metabolites remain unknown but did not induce symptoms of TNT 

toxicosis; therefore it is important to know the TNT degradation kinetics of 

rumen bacteria to insure the formation of nontoxic metabolites is rapid 

enough to prevent the absorption of TNT from the digestive tract.  
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3.3 Material and Methods  

3.3.1 Cultures and media 

Cultures that were previously found to degrade >90% of 100 mg/l 

TNT in 24 hours and showed the ability to transform the monoanimo 

metabolites were used for kinetic experiments (Table 3-1). The cultures 

were grown in a complex 

media with 40% clarified 

rumen fluid (per liter: 400 

ml clarified rumen fluid; 

2.0 g trypticase; 1.0 g 

yeast extract; 4.0 g 

cellobiose; 4.0 g sodium carbonate; 1.0 ml 0.1% resazurin; 10.0 ml VFA 

solution (concentration μmol/ml: 67.2 glacial acetic acid, 40.0 propionic 

acid, 20.0 butyric acid, 5.0 isobutyric acid, 5.0 2-methylbutyric acid, 5.0 

valeric acid, 5.0 isovaleric acid); 0.3 g potassium phosphate, dibasic; 0.6 g 

sodium chloride; 0.3 g ammonium sulfate; 0.3 g potassium phosphate, 

monobasic; 0.08 g calcium chloride, dihydrate; 0.123 g magnesium sulfate, 

heptahydrate; 1.1 g sodium citrate, dihydrate). All media was dispensed in 

9.7 ml aliquots into balch tubes prior to autoclaving; 0.2 ml reducing agent 

(1.25% cysteine sulfide) and 0.1 ml B-vitamins solution (per 100 ml: 20 mg 

thiamin HCl, 20 mg D-pantothenic acid, 20 mg nicotinamide, 20 mg 

riboflavin, 20 mg pyridoxine HCl, 1.0 mg p-aminobenzoic acid, 0.25 mg 

Table 3-1 Bacterial strains used for 
degradation kinetic experiment 
Organism Name ATCC # 
Butyrivibrio fibrisolvens nxy  51255 
Fibrobacter succinogenes S85 19169 
Lactobacillus vitulinus T185 27783 
Selenomonas ruminantium HD4 27209 
Streptococcus bovis JB1 700410 
Streptococcus caprinus 2.3 700065 
Succinivibrio dextrinosolvens 19716 
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biotin, 0.25 mg folic acid, and 0.1 mg cyanocobalamin) was added prior to 

inoculation. Cultures were grown at 39°C with shaking (150 rpm) for 18-24 

hours between transfers. Cultures were transferred at least twice before 

degradation kinetic experiments to insure actively growing cells were used.  

3.3.2 Chemicals 

2,4,6-Trinitrotoluene (TNT), 4-amino-2,6-dinitrotoluene (4-ADNT), 

and 2-amino-4,6-dinitrotoluene (2-ADNT) were purchased from Chem 

Service (West Chester, PA). 2,4-Diamino-6-nitrotoluene (2,4-DANT) and 

2,6-diamino-4-nitrotoluene (2,6-DANT) were purchased from AccuStandard 

(New Haven, CT). Solvents were HPLC grade and were purchased from 

Fisher Scientific (Tustin, CA). Reagents were of analytical grade and were 

purchased from Sigma–Aldrich (St. Louis, MO). A ELGA Ultra PureLab 

(ELGA Inc., Cary, NC) reverse osmosis water purification system was used 

to generate Milli-Q (resistance >18.2 MΩ-cm) quality water for all aqueous 

solutions. 

3.3.3 Kinetic Experiments 

For kinetic experiments eight concentrations of TNT were used: 0, 

10, 20, 30, 40, 50, 75, 100 mg/l. Experiments were conducted in a Coy 

anaerobic glovebox (Coy Inc., Grass Lake, MI) with H2 gas level at 7-8%, 

the remaining gas was CO2. A time course sampling was done hourly for 

six hours with a final sampling time point at 24 hours to confirm earlier 

results. Cultures were grown in microtiter plates (Becton Dickinson 
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Labware, Franklin Lakes, NJ.) in 200 μl volumes. Within each plate, each 

concentration of TNT was done in triplicate along with the controls of media 

with TNT, but with no bacteria. At each time point, there were three plates 

that were sacrificed for analysis. Time from culture addition to the 0 hr 

sample was approximately 30 min. Experiments where complete 

degradation of the lower levels of TNT occurred before the 0 hr samples 

were repeated with half of the culture innoculum used in the first 

experiment. Triplicate samples within a plate were pooled; a 10 μl sample 

was removed for bacterial cell concentration determination, the remaining 

sample was centrifuged for 5 minutes at 16,000 x g and ran by HPLC. B. 

fibrisolvens culture resulted in a viscous fluid even after centrifuging, so the 

samples were extracted in equal volumes of ethyl acetate, twice. Ethyl 

acetate was evaporated under nitrogen gas, and then the sample was 

reconstituted in 50 μl methanol and 450 μl Milli-Q quality water. Standards 

were extracted at the same time for HPLC quantitation. 

 Bacterial concentrations for the 0 hr sample were determined by 

direct counting using a Petroff-Hausser Counter for sperm and bacteria 

(Hausser Scientific Partnership, Horsham, PA) following manufacturer’s 

protocol.   

3.3.4 HPLC conditions 

HPLC analyses were carried out by a modification of the method 

described by Khan et al. (1997). Separations were performed using a 
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guard column hand packed with Pellicular C8 material and a Nova-Pak C8 

analytical column (150mm x 3.9mm id, 4 μm particle size, Waters, Milford, 

MA). The column was eluted under isocratic conditions with water and 2-

propanol (82:18) at a flow rate of 1 ml/min with a total run time of 24 min. 

The HPLC system consisted of a Perkin–Elmer Series 200 Pump equipped 

with a Perkin–Elmer ISS 200 autosampler and photodiode array detector 

(Perkin–Elmer Series 200) monitoring at 230 nm. TotalChrome software 

(Perkin-Elmer) was used to analyze and quantify HPLC data.  

3.3.5 Calculations 

The following equation was used to calculate the biodegradation 

constant and the Michaelis-Menten constant: 

RS0 = k*X0*S0   (1) 
         Km + S0      

or 

RX0 = RS0  =    kS0  (2) 
         X0        Km + S0 

Where RS0 is the initial rate of TNT degradation (mg TNT l-1 h-1), S0 

is the initial TNT concentration (mg l-1), Km is the Michaelis-Menten 

constant, X0 is the initial biomass concentration (106 cells l-1), k is the 

biodegradation constant for TNT (h-1). RS0 is determined by using the initial 

TNT degradation rate as RS0 = ΔS/Δt, where ΔS is (S0 – S1) and Δt is 1 h.  

RX0 is the specific rate of TNT degradation (mg TNT 106 cells-1 h-1) and is 
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determined as RS0/X0 in a double reciprocal form Eq. 2 can be written as 

follows: 

   1   = 1 + Km  1  (3) 
 RX0     k    k    S0 

A plot of 1/RX0 versus 1/S0, or Lineweaver-Burk plot, yields a line 

with a slope of Km/k and an intercept of 1/k. Inhibition was tested by plotting 

the specific rate of degradation versus the initial TNT concentration. A 

linear line indicated no inhibition and a curved line indicated inhibition. 

When inhibition was detected the concentrations that formed the linear 

portion of the line was used in the Lineweaver-Burk plot for calculations.  

3.4 Results and Discussion 

All organisms tested demonstrated Michaelis-Menten kinetics with a 

linear relationship on the Lineweaver-Burk plot (r2 > 0.92 for all organisms, 

data not shown). Controls without bacteria had less than 15% removal of 

TNT with the primary metabolite recovered being 4-ADNT and a lower level 

of 2-ADNT, total recovery was >90% of initial TNT (data not shown).  

B. fibrisolvens completely removed the TNT by 4 hours (Figure 3-1) 

in all levels of TNT tested. The metabolites detected were 2-ADNT, 4-

ADNT and 2,4-DANT. The ADNT were present in the 0 hour sample and 

reached maximum levels at 3 hours and then decreased. 2,4-DANT was 

not detected until all of the TNT was removed from the culture medium. By 

24 hours no metabolites were detected. The degradation rate and 
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Michaelis-Menten constants for B. fibrisolvens were some of the highest of 

the organisms tested (Table 3-2).  
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Figure 3-1 Degradation and metabolite pattern for B. fibrisolvens 

F. succinogenes degraded the TNT completely in 24 hours even at 

the highest concentration tested (Figure 3-2). Complete TNT removal was 

faster for concentrations below 75 mg/l where as 6 hours were needed for 

removal (data not shown), at the higher levels TNT was not completely 

Table 3-2 Kinetic parameters for the degradation of TNT by rumen bacteria  

Organism  Type of linea r2 kbc Km
bd 

B. fibrisolvens nxy Linear 0.9260 5.63 155.1 
F. succinogenes S85 Quadratic 0.9123 0.49 20.7 
L. vitulinus T185 Quadratic 0.9861 1.75 158.3 
Sel. ruminantium PC-18 Linear 0.9391 2.34 261.3 
Strep. bovis JB1 Linear 0.9863 0.31 35.0 
Strep. caprinus 2.2 Linear 0.9854 0.74 76.2 
Suc. dextrinosolvens Linear 0.9716 11.39 739 
a: Inhibition was determined by plotting the initial concentration of TNT vs. the initial 
degradation rate, a linear trend indicated no inhibition and a quadratic line indicated an 
inhibition. b: values calculated per million cells; c: degradation constant, units h-1; d: 
Michaelis-Menten constant, units mg l-1 
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removed until after 6 hours but before 24 hours (Figure 3-2). The 

metabolites detected were 2-ADNT, 4-ADNT and 2,6-DANT; 2,4-DANT 

was not detected at any time point. The ADNTs levels stayed low with 4-

ADNT being found at a higher concentration than 2-ADNT (Figure 3-2). 

2,6-DANT was only detected in the 24 hour sample at less than 5 mg/l in 

any TNT level. A similar trend of degradation and metabolite pattern was 

observed in the other levels of TNT as seen in Figure 3-2. Inhibition was 

detected only at the highest level for F. succinogenes (Figure 3-3) and the 

100 mg/l concentration was not included in calculating the degradation rate 

and Michaelis-Menten constants. The degradation rate and Michaelis-

Menten constant was one of the lowest of the organisms tested (Table 

3-2).  

Figure 3-2 Degradation and metabolite pattern for F. succinogenes at the 100 mg/l 
TNT level. 
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Figure 3-3 Variation of the 
initial rates of TNT 
degradation by F. 
succinogenes. Initial 
degradation rate was 
calculated for the first hour 
using the equation RS0 = 
ΔS/Δt, where ΔS is (S0 – S1) 
and Δt is 1 hr 

 

 

 

L. vitulinus degraded TNT within 3 hours; all of the metabolites were 

detected at different times over the course of the experiment (Figure 3-4). 

The ADNTs peaked at 2 hours then declined until 5 hours. The DANTs 

were not detected until all of the TNT was removed and no metabolites 

were detected by 24 hours.  Inhibition was observed at TNT concentrations 

higher than 50 mg/l for L. vitulinus (Figure 3-5) only the concentrations 50 

mg/l or less were used for Lineweaver-Burk plot.  

The highest concentration of TNT tested is unlikely to be 

encountered in the rumen unless that animal was to consume highly 

contaminated water or soil, this would indicate that lower concentrations of 

TNT consumption should not inhibit fiber degradation. L. vitulinus showed 

the greatest inhibition by TNT. However, this organism is only a minor 

member of the rumen microbial population under high forage diets and the 

concentrations that demonstrated inhibition are unlikely to be found in the 

rumen of animals consuming TNT contaminated plant material. 
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Figure 3-4 Degradation and metabolite pattern for L. vitulinus at the 100 mg/l TNT 
level 

 

 
 
Figure 3-5 Variation of the 
initial TNT degradation rate 
of L. vitulinus. Initial 
degradation rate was 
calculated for the first hour 
using the equation RS0 = 
ΔS/Δt, where ΔS is (S0 – S1) 
and Δt is 1 h 

 
 

 

 

Sel. ruminantium rapidly degraded the TNT and all of the 

metabolites by 3 hours (Figure 3-6). 4-ADNT was detected in the 0 hour 

sample and the TNT level was less than the calculated level indicating that 

degradation occurred during the 30 minutes from time of inoculation to the 
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0 hour sampling point. The DANTs were not detected at any time point. No 

inhibition was detected (Table 3-2). The degradation rate constant was 

among the highest observed and the Michaelis-Menten constant was the 

second highest calculated.  
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Figure 3-6 Degradation and metabolite pattern for Sel. ruminantium at the 100 mg/l 
TNT level 

Strep. bovis completely metabolized TNT within 3 hours at the 

highest concentration tested. The metabolites detected were 2-ADNT, 4-

ADNT and 2,4-DANT. 2-ADNT was only found in low levels, typically > 

10% of the initial concentration. 4-ADNT metabolite was detected at the 

highest concentration and peaked at 2 hours; it then declined to an 

undetectable concentration by 24 hours for all concentrations of TNT 

except the 10 mg/l TNT where 4-ADNT was removed by 6 hours (data not 

shown). The metabolite 2,4-DANT was not detected until all of the TNT 

was removed from the culture medium and increased until it was the only 
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metabolite remaining. The total recovery of identified compounds 

decreased until 4 hours, it then remained steady until the end of the 

experiment (Figure 3-7). Similar trends in metabolite pattern were seen for 

the other concentrations of TNT (data not shown). No inhibition was 

detected for Strep. bovis (Table 3-2). Strep. bovis had the lowest 

degradation constant of the organisms tested (Table 3-2), despite the rapid 

removal of TNT by Strep. bovis seen in Figure 3-7. The rapid removal of 

TNT was due to the high initial bacteria concentration and growth rate of 

Strep. bovis under these experimental conditions (data not shown).  
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Figure 3-7 Degradation and metabolite pattern for Strep. bovis.  

 
Strep. caprinus also degraded all of the TNT by 3 hours. The 

metabolites detected were 2-ADNT, 4-ADNT, and 2,4-DANT. The 2-ADNT 

metabolite was detected in low levels and peaked at 2 hours, then 

declined. The 4-ADNT metabolite was the found in the greatest 

concentration, peaked at 3 hours, and then declined. By 24 hours, the only 
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metabolite recovered was 2,4-DANT at less than 6% of the starting TNT 

level. Similar trends were seen for the other levels of TNT (data not 

shown). No inhibition was detected and the biodegradation rate constant 

was similar to Strep. bovis (Table 3-2).  
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Figure 3-8 Degradation and metabolite pattern for Strep. caprinus at the 100 mg/l 
TNT level 

 
Suc. dextrinosolvens had the fastest removal of TNT of any of the 

organisms tested. The experiment had to be repeated with half the 

biomass due to the complete degradation of TNT in the lower levels before 

the 0 hour sample was taken (approximately 30 minutes after inoculation). 

Even at a reduced biomass, TNT was still completely removed by 2 hours 

in all levels (Figure 3-9). The metabolites observed were 2-ADNT, 4-ADNT 

and 2,6-DANT and they were completely metabolized by 5 hours. The 

biodegradation rate and Michaelis-Menten constants were the highest 
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observed. Suc. dextrinosolvens could be an important organism in the 

degradation of TNT residuals found in plant material from 

phytoremediation. With the high biodegradation rate constant, ability to 

grow on grass levans (Scardovi, 1963) and its role in nitrogen metabolism 

(Hobson and Stewart, 1997) this organism warrants further study. 

 
Figure 3-9 Degradation and metabolism pattern for Suc. dextrinosolvens at the 100 
mg/l TNT level 

3.5 Conclusions 

Biodegradation of TNT by seven pure culture ruminal bacteria was 

investigated for degradation kinetics. These seven were chosen based on 

previous work (DeLorme, 2008) and had the ability to reduce the majority 

of the metabolites formed from TNT metabolism. The initial TNT 

concentration varied between 10 and 100 mg l-1. The rate and extent of 

TNT degradation, as well as the metabolite profile, were quantified after a 

24 hour incubation period. TNT was completely removed by 24 hours. 
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Inhibition was detected for Fibrobacter succinogenes S85 and 

Lactobacillus vitulinus T185 at levels above 50 mg l-1. The biodegradation 

rate constants were determined from experimental data and ranged from 

0.31 to 11.39 h-1 per 106 cells.  

Phytoremediation has demonstrated the potential to be an in situ 

remediation method for the cleanup of TNT contaminated sites (Hannink et 

al., 2002). However, plants partially reduce TNT then bind it to the cell wall 

component, leaving residue in the plant material (Adamia et al., 2006; 

Hannink et al., 2002). These residues have raised issues regarding the 

safety of the plant material to animals and the environment due to the 

unknown toxicological effect of the bound residues (Susarla et al., 2002). 

The results presented here indicate that these cultures were effective for 

the biodegradation of TNT at concentrations below 50 mg l-1, which is 

much higher than the concentration found in plant material used for 

phytoremediation of TNT (Adamia et al., 2006) and can alleviate the 

concerns regarding the TNT residuals found in plant tissue.  
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4.1 Abstract 

The cleanup and degradation of munitions wastes is a growing concern as 

environmental restrictions increase. One of the major munitions wastes in 

the United States is 2,4,6-trinitrotolulene (TNT). Previous work has shown 

that whole bovine rumen fluid is capable of rapidly degrading TNT in vitro. 

In this study we evaluated the population changes of ruminal bacteria in 

response to TNT in the diet for twenty-one days compared to baseline 

samples (pre-TNT feeding). Rumen fluid samples were obtained from three 

sheep before and after receiving 33.5 mg TNT/day for 3 weeks as well as a 

control sheep not receiving TNT. DNA was extracted using published 

methods, amplified with PCR using universal 16S bacterial primers and 

cloned to form eight libraries. Clones from each library were randomly 

picked and sequenced. Operational taxonomic units (OTU) were defined 

as having more than 95% sequence similarity.  Phylogenetic trees were 

constructed; Shannon-Wiener, Chao1 and Ace indices were calculated for 

each library. Most of the sequences had similarities <97% with cultured 

representatives. Several clones from the pre- and post-TNT libraries 

clustered together for each animal. Pre-TNT libraries had 33/76, 45/77 and 

35/82 OTUs/clones for TNT treated animals and 42/69 for the control 

animal. Post-TNT had 38/66, 40/72 and 42/69 OTUs/clones for TNT 

treated animals and 39/67 for the control animal. Shannon-Wiener indices 

were 2.87, 3.63, 3.30 and 2.35 (control animal) for pre-TNT and 3.39, 3.40, 
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3.44 and 3.41 (control animal) for post-TNT. Chao1 estimates were 102, 

75, 54 and 55 (control animal) for pre-TNT and 155, 78, 120 and 174 

(control animal) for post-TNT. Ace estimates were 122, 80, 60 and 55 

(control animal) for pre-TNT and 104, 111, 142 and 175 (control animal) for 

post-TNT. Feeding TNT for 3 weeks did not significantly change the 

diversity. Trends in richness values varied by indices and tended to 

increase; however the sample size was too low to accurately estimate 

specie richness. Taken together these results indicate that consuming low 

levels of TNT did not adversely affect the rumen microbiota. 

4.2 Introduction 

Environmental contamination of munitions is a large problem not 

only in the United States but worldwide as well. In the US, the majority of 

the contamination is located at former manufacturing and storage sites as 

well as some munitions ranges (Spain et al., 2000). One of the principle 

munitions waste is 2,4,6-trinitrotoluene (TNT). The toxicity of TNT has been 

well established (Dilley et al., 1982; El-Hawari et al., 1981; Smock et al., 

1976), is mutagenic (Honeycutt et al., 1996) and is classified as a class C 

carcinogen (EPA, 1993). The physical properties of TNT make it 

recalcitrant and persistent in the environment (Spain et al., 2000). 

Currently there are only a few methods used in the cleanup of 

contaminated sites, including incineration, soil slurry and phytoremediation. 

Incineration is the most commonly used method for cleanup and is an 
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expensive process involving the removal and transportation of the 

contaminated soil to the incinerator as well as the cost of incineration 

(Spain et al., 2000). Soil slurry bioremediation is less expensive than 

incineration but still involves the evacuation and movement of the soil 

(Crawford, 1995). In some cases the evacuation of the soil is not only 

expensive but impractical as well.  

Phytoremediation has showed the potential to bioremediate 

contaminated soil, especially sites where the removal of contaminated soil 

is difficult due to things like underground utilities (Meagher, 2006; Ramos 

et al., 2005). The translocation of TNT metabolites into the leaves and 

stems of plants and the binding of the metabolites to the plant biomass has 

been demonstrated (Adamia et al., 2006). The properties of these bound 

residuals formed by plants during phytoremediation have been a concern 

due to the potential of the contaminants entering the food web through the 

consumption of plant material (Schoenmuth and Pestemer, 2004; Susarla 

et al., 2002). Previous research has shown the metabolism of TNT by 

ruminal microorganisms into unknown polar metabolites (Fleischmann et 

al., 2004) and that feeding TNT to sheep at levels found in plant tissue 

(Adamia et al., 2006) had no detrimental effect on the sheep (Smith et al., 

2008). Here we examine the effect of consuming TNT by sheep on the 

microbial populations of their rumens using culture independent 

techniques.  
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4.3 Materials and Method 

4.3.1 Animals and Sampling  

Whole rumen fluid was collected via a stomach tube from 4 (3 

treatment animals and 1 control) yearling wether sheep before the start of 

treatment and after 14 or 21 days. The animal portion of this study was 

carried out at USDA ARS Biosciences Research Laboratory in Fargo North 

Dakota as previously described (Smith et al., 2008). Briefly, sheep 

allocated for TNT treatment received daily TNT-fortified grain supplements 

for a minimum of 14 consecutive days and a maximum of 21 consecutive 

days; each sheep in the treatment group received approximately 33.5 mg 

of TNT per day.  The TNT-fortified grain supplement was prepared before 

the start of the trial by dissolving approximately 3,350 mg of TNT in 

approximately 50 mL of acetone; acetone aliquots (10 mL) were added 

sequentially to 50 kg of grain within in a ribbon mixer and the acetone were 

allowed to evaporate. After each addition/evaporation cycle, the grain was 

mixed for approximately 10 min. The grain was stored at room temperature 

in a covered container for the duration of the trial. All rumen fluid samples 

were taken prior to feeding.  

4.3.2 DNA extraction 

Frozen rumen fluid samples (10-50 ml) were shipped to Oregon 

State University overnight on dry ice.  Samples were thawed at 4C, mixed 

and a subsample of 1 ml was taken for DNA extraction.  DNA was 
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extracted using the Puregene kit (Gentra Systems, Minneapolis, MN) 

following the body fluid protocol with the following modifications: 0.25 ml 

rumen fluid as starting material was centrifuged for 1 min and the 

supernatant removed; 750 µl of Cell Lysis Solution and 4.5 ul of Proteinase 

K Solution were used to resuspend the bacteria pellet. The samples were 

then incubated at 55°C for 1 h. All reagents were scaled to correspond to 

the 750 µl Cell Lysis Solution volume. DNA was hydrated with 200 µl DNA 

Hydration Solution at room temperature overnight. All DNA extracts were 

visualized for purity on a 1% argarose gel stained with ethidium bromide 

under UV light and photographed.  

4.3.3 Library formation  

Two clone libraries were generated for each individual (before and 

after treatment) for a total of 8 libraries.  Products for cloning were 

generated using general bacterial 16S primers D1f and P2r (Tajima et al., 

2001). Products were cloned into the pCR 4 TOPO vector for sequencing 

(Invitrogen) following manufacture’s directions.   Plasmids were purified 

using an alkaline lyses mini prep.  Plasmids were visualized for purity on a 

1% argarose gel stained with ethidium bromide under UV light. Plasmids 

were sequenced by the Center for Genome Research and Biocomputing, 

Oregon State University. Analysis of clone libraries was conducted with the 

Ribosomal Database Project online Library Compare program (Cole et al., 

2003 ). Sequences from all libraries were assigned to a taxonomical 
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hierarchy using a naïve Bayesian rRNA classifier using the default 

classification reliability threshold value of 80% (Wang et al., 2007). 

Sequences were checked for chimeras using both Bellerophon (Huber et 

al., 2004) and Pintail. Sequences were aligned with ClustalW and 

phylogenetic trees were constructed using Geneious software with 1000 

bootstrap resampling (Drummond et al., 2007).  Diversity and richness 

indices were calculated using DOTUR (Schloss and Handelsman, 2005).  

4.4 Results 

Libraries from the pre-TNT treatment yielded 76, 77 and 82 usable 

sequences for the treatment animals and 69 for the control animal. Post 

treatment libraries had 66, 72, and 69 sequences for the treatment animals 

and 67 for the control animal. Most sequences recovered in the clone 

libraries were less than 95% similar to cultured representatives (data not 

shown). In general, the best BLAST hits were for sequences from other 

published clone libraries from the rumen.  

The diversity indices were higher for the post treatment than the pre 

treatment for all animals including the control animal (Table 4-1). The Ace 

index resulted in a higher estimate of number species than the Chao1 

index, but with either index the 95% confidence intervals overlapped 

showing no difference in richness. The diversity index, Shannon-Weaver, 

showed an increase in diversity for treatment animal 1 and the control 
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animal (animal 4) from the pre-treatment to the post treatment, the other 2 

animals were not different (Table 4-1). 

Table 4-1 Diversity and richness estimates for clone librariesa 
Animal Day  OTUs Chao1 95% CI Ace 95% CI Shannon 95% CI 

1 Pre 33 102 56-242 122 67-268 2.87 2.58-3.16
2 Pre 45 75 56-123 80 59-130 3.63 3.45-3.81
3 Pre 35 54 41-94 60 44-103 3.30 3.09-3.50
4b Pre 42 55 34-128 55 35-118 2.35 2.00-2.70
1 Post 38 155 76-396 104 64-201 3.39 3.18-3.61
2 Post 40 78 51-158 111 70-209 3.40 3.18-3.62
3 Post 42 120 71-249 142 84-277 3.44 3.22-3.67
4 Post 39 174 89-413 175 97-363 3.41 3.17-3.64

a: DOTUR was used for calculating values  
b: control animal 

 
The majority of the sequences from the libraries belonged to either 

the Bacteroidetes or Firmicutes phylums (Figure 4-1). Sequences 

belonging to the Planctomycetes phylum were detected in low numbers (0-

1 clone per library) for five of the eight libraries. Clones in the Spirochaetes 

phylum were also detected in five of the eight libraries with a slightly higher 

amount than the Planctomycetes (0-2 clones per library). A single clone 

from animal 1, post-TNT was related to the TM7 phylum. Sequences in the 

Actinobacteria phylum were only observed for animal 3, in both pre- and 

post-TNT libraries (Figure 4-1).  
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Figure 4-1 Distribution of taxonomical assignment, A: animal 1; B: animal 2; 
C: animal 3; D: control animal  
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The library comparison showed a shift in the number of sequences 

belonging to the Firmicutes phylum to the Bacteroidetes phylum for animal 

1 (Table 4-2). Sequences belonging to the Clostridiaceae family were 

higher for the pre-treatment than the post-treatment for animal 1 but the 

opposite trend was seen for animal 2 (Table 4-2). The genus Prevotella 

decreased for animal 3 but increased for animal 4.  

Table 4-2 Library comparison of raw OTU numbers from all animals 

Animal OUT group Pre  Post p-value 
1 Phylum Firmicutes 37 19 0.02 
 Phylum Bacteroidetes 29 36 0.037 
 Family Clostridiaceae 23 6 0.002 
 Family Aciaminococcaceae 1 6 0.04 

2 Family Clostridiaceae 6 14 0.03 
3 Genus Prevotella 24 6 0.001 
 Family Porphyromonadaceae 0 7 0.004 
 Genus Sporobacter 2 8 0.04 

4 Genus Quinella 8 0 0.004 
 Genus Prevotella 8 21 0.008 

 
Figure 4-2 shows the clustering of animal 1 with sequences from the 

pre-treatment (1T0) clusters and sequences from post-treatment (1T21). 

Figure 4-3 shows the relationship between sequences from pre and post 

treatment for animal 2. Figure 4-4 shows the clustering for animal 3 with 

sequences from libraries from both time points. Figure 4-5 shows the 

relationship between sequences for the control animal. 
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Figure 4-2 Phylogenic tree of “animal 1”. Sequences starting with 1T0 are pre-TNT 
and 1T21 are post-TNT 
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Figure 4-3 Phylogenic tree of “animal 2”. Sequences starting with 2T0 are pre-TNT 
and 2T21 are post-TNT 
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Figure 4-4 Phylogenic tree of “animal 3”. Sequences starting with 3T0 are pre-TNT 
and 3T21 are post-TNT 



  
 

72

 
Figure 4-5 Phylogenic tree of “control animal”. Sequences starting with 4T0 are pre-
TNT and 4T14 are post-TNT 
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4.5 Discussion 

The animals used in this study did not exhibit signs of TNT toxicity 

and the majority of the dosed TNT was excreted in the feces (76.6%) as 

bound residues or in the urine (17.1%) as unknown polar metabolites that 

are not the metabolites found in non-ruminants (Smith et al., 2008). All 

extraction data indicated no toluene ring structures were detected. This 

indicates TNT was metabolized in the rumen prior to absorption and the 

majority of the metabolites formed were bound to the digestive contents. 

The 21-day adaptation period between the pre- and post-TNT samples 

would allow the rumen to adapt to the feeding conditions and form a stable 

microbial population.  

The diversity and richness indices reveal that the number of clones 

sequenced were not enough to completely describe the populations found 

in the rumen. Other studies have found a slight higher value for the 

Shannon-Wiener index for the rumen than was observed in this study 

(Larue et al., 2005). This difference is likely related to the OTU definition; 

where Larue and colleagues used a 99% sequence similarity as an OTU 

and this study had a 95% sequence similarity defined as the OTU. The 

95% sequence similarity definition of an OTU that was used in this study 

has been used by others for diverse ecosystems where little sequence 

similarity is expected (Hughes et al., 2001).  
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The majority of the sequences in this study were <97% similar to 

cultured representatives. This is in agreement with other culture-

independent analysis of the rumen (Larue et al., 2005; Nelson et al., 2003; 

Tajima, 2000; Tajima et al., 1999; Whitford et al., 1998) where the 

sequences recovered are more closely related to other clone libraries from 

the rumen rather than cultured isolates. In previous research, 21 cultured 

ruminal isolates were tested for their ability to degrade TNT (DeLorme, 

2008). Eleven of these organisms were able to completely degrade TNT at 

levels more than 10 times the concentration used in this study. With the 

exception of Anaerovibrio lipolytica, the remaining cultures were able to 

degrade at least 50% of the TNT (10X the concentration used in this study) 

indicating TNT biotransformation is a process common to ruminal bacteria 

The majority of the sequences analyzed belonged to either the 

Firmicutes or Bacteroidetes phylum. A few sequences from animal 3 (1 

from pre- and 3 from the post-library) belonged to the Actinobacteria 

phylum. A single sequence belonging to the Planctomycetes phylum was 

detected in each library except animal 3 post- and the control animal 

(animal 4) in either pre- or post- libraries.  Sequences belonging to the 

Spirochaetes phylum were found in low abundance (0-2 clones per library) 

in libraries for each animal, no observable pattern was observed in 

relationship to TNT treatment.  A single sequence from animal 1 post- 

library was placed in the candidate division TM7. Bacteria belonging to the 
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TM7 division are oral in origin (Marcy et al., 2007). The TM7-like sequence 

found in this study is likely a transitional microbe or a contamination from 

the oral cavity during the sample collection.  

Shifts in community composition between the pre- and post-

treatment libraries were detected using the Library Compare program (Cole 

et al., 2003 ) and revealed a limited number of population fluxes within an 

animal (Table 4-2). However, no patterns in population fluxes were 

detected in relationship to TNT treatment. The differences between the 

pre- and post-treatment were far less dramatic than shifts in soil microbial 

populations exposed to TNT (George et al., 2008). The significant 

differences detected are likely related to the number of clones sequenced. 

If more clones were sequenced, these differences are likely to decrease.   

These results indicate that feeding TNT to sheep, at the levels found 

in plant materials from phytoremediation, does not greatly alter the 

microbial populations found within the rumen. Therefore the use of 

ruminants, in conjunction with plants, is a viable method for the in situ 

bioremediation of TNT contaminated sites.  
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5 Conclusions 
Phytoremediation has the potential of being an in situ remediation of 

TNT contaminated soils especially for sites with low to moderate 

contamination levels and where the evacuation of soil is impractical (i.e. 

areas with underground utilities, etc.). Studies have shown that plants can 

take up and translocate TNT into the leaves and shoots of plants as 

unknown conjugated metabolites primarily associated with the cell wall 

component (Adamia et al., 2006). The properties of these unknown 

metabolites formed by plants have been a concern due to the potential of 

entering the food chain via consumption of contaminated plant material 

(Susarla et al., 2002). Ruminants have the potential to eliminate this 

concern. The ruminant animal is a host to a complex microbiota that 

assists in the metabolism of consumed plant material.  

The data presented here demonstrates that the ability to 

biotransform TNT into reduced metabolites is a general property of ruminal 

bacteria. The ability to completely reduce TNT into an unknown polar 

metabolite is not dependent on substrate preference of the organisms, with 

some cellulolytic bacteria metabolizing TNT to the same extent as some 

starch fermenting bacteria. Even though all of the strains of ruminal 

bacteria were unable to completely reduce TNT, several organisms were 

able to metabolize the partially reduce compounds. The kinetic 
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experiments showed some inhibition of select organisms but at a level 

higher than would be encountered in the plant material of plants used for 

bioremediation. The biodegradation rate constants ranged from 0.31 to 

11.39 h-1 per 106 cells. Culture independent analysis of rumen fluid from 

sheep consuming TNT at levels similar to those found in plant material 

from phytoremediation (Adamia et al., 2006) revealed only minor changes 

in ruminal populations. Significant shifts in community composition 

between the pre and post-treatment detected using the Library Compare 

program (Cole et al., 2003 ) revealed a limited number of population fluxes 

within an animal. However, no patterns in population fluxes were detected 

in relationship to TNT treatment. The differences between the pre- and 

post-treatment were far less dramatic than shifts in soil microbial 

populations exposed to TNT (George et al., 2008). The significant 

differences detected are likely related to the number of clones sequenced, 

where as if more clones were sequenced, these differences are likely to 

decrease.  

These results indicate that feeding TNT to sheep at the levels found 

in plant materials from phytoremediation does not greatly alter the 

microbial populations found within the rumen. Using ruminants in 

conjunction with plants is a viable method for in situ bioremediation of TNT 

contaminated sites. 
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