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Cyclic nitramines released into all environmental compartments through 

anthropogenic activities are toxic and possibly carcinogenic and mutagenic. Soils on 

military ranges, located throughout the world in various climatic regions and close to 

human activities, are especially susceptible to cyclic nitramine contamination. The 

properties of soils on military ranges will directly affect the cyclic nitramine 

contamination and biodegradation; however, studies in this area are limited. Previous 

related research was mainly focused on monitoring the temporal and spatial changes in 

nitrate explosive concentrations and various in situ and ex situ remediation techniques. 

Anaerobic biodegradation of cyclic nitramines in soils is scarce, but appears to be a 

more efficient means of bioremediation than aerobic techniques; however, most 

published research has not been applied in situ as there are numerous hindrances to 

applications in the field. The present research therefore aims to study the feasibility of 



ruminal bioremediation as an inexpensive, ecologically conscious, and viable means to 

remediate soils on military ranges contaminated with cyclic nitramines by (1) 

determining if RDX degradation in whole ovine rumen fluid occurs and isolating and 

identifying organisms capable of degradation through enrichments; (2) evaluating the 

ability of 24 commonly isolated bacteria from the rumen to degrade RDX and 

determining the metabolite pathway by capable isolates, as well as by consortia in 

whole rumen fluid; and (3) exploring HMX degradation in whole ovine rumen fluid 

and identifying the HMX-degradation pathway in whole rumen fluid and by capable 

isolates tested.  

Bioremediation is of great interest in the detoxification of soil contaminated 

with residues from explosives such as hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). 

Although there are numerous forms of in situ and ex situ bioremediation, ruminants 

would provide the option of an in situ bioreactor that could be transported to the site of 

contamination. Bovine rumen fluid has been previously shown to transform 2,4,6-

trinitrotoluene (TNT), a similar compound, in 4 h. In this study, RDX incubated in 

whole ovine rumen fluid was nearly eliminated within 4 h. Whole ovine rumen fluid 

was then inoculated into five different types of media to select for archaeal and 

bacterial organisms capable of RDX biotransformation. Cultures containing 30 µg 

mL-1 RDX were transferred each time the RDX concentration decreased to 5 µg mL-1 

or less. Time point samples were analyzed for RDX biotransformation by HPLC. The 

two fastest transforming enrichments were in methanogenic and low nitrogen basal 

media. After 21 days, DNA was extracted from all enrichments able to partially or 



completely transform RDX in 7 days or less. To understand microbial diversity, 16S 

rRNA-gene-targeted denaturing gradient gel electrophoresis (DGGE) finger- printing 

was conducted. Cloning and sequencing of partial 16S rRNA fragments were 

performed on both low nitrogen basal and methanogenic media enrichments. 

Phylogenetic analysis revealed similar homologies to eight different bacterial and one 

archaeal genera classified under the phyla Firmicutes, Actinobacteria, and 

Euryarchaeota. After continuing enrichment for RDX degraders for 1 year, two 

consortia remained: one that transformed RDX in 4 days and one which had slowed 

after 2 months of transfers without RDX. DGGE comparison of the slower 

transforming consortium to the faster one showed identical banding patterns except 

one band. Homology matches to clones from the two consortia identified the same 

uncultured Clostridia genus in both; Sporanaerobacter acetigenes was identified only 

in the consortia able to completely transform RDX. This is the first study to examine 

the rumen as a potential bioremediation tool for soils contaminated with RDX, as well 

as to discover S. acetigenes in the rumen and its potential ability to metabolize this 

energetic compound. 

The ability of ruminal microbes to utilize the explosive compound RDX, in 

both ovine whole rumen fluid and 24 individual bacterial isolates from the rumen was 

examined. Compound degradation was determined by high performance liquid 

chromatography (HPLC) analysis, followed by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) identification of metabolites. Organisms in whole rumen 

fluid microcosms were able to degrade 180 µM RDX within 4 h. In whole rumen 



fluid, the concentrations of all mono-, di-, and tri-nitroso intermediates formed due to 

reduction of the nitro groups on RDX amounted to approximately 9 uM at 24 hours, 

which represented one pathway to ring cleavage. The appearance of peak m/z 175, 

hexahydro-1,3-dinitro-1,3,5-triazine, represented a second pathway that RDX 

followed after reduction to the first nitroso intermediate, MNX. Ruminal isolates were 

able to degrade RDX between ranges of 34 to 256 µM in 120 hours to unidentified 

ring cleavage metabolites. Clostridium polysaccharolyticum and Desulfovibrio 

desulfuricans subsp. desulfuricans were able to degrade RDX when it was 

supplemented in addition to nitrogen and carbon. Anaerovibrio lipolytica, Prevotella 

ruminicola and Streptococcus bovis IFO were able to degrade RDX when 

supplemented as a sole source of nitrogen. This data indicated that while several 

rumen bacterial strains may have the individual ability to degrade RDX, 

bioremediation in whole rumen fluid was more efficient. We proposed a pathway of 

RDX degradation by ruminal microbes under anaerobic conditions that involved the 

reduction of RDX to MNX, with trace amounts further reduced to DNX and TNX. 

The majority of the MNX was further degraded via a second pathway to hexahydro-

1,3-dinitro-1,3,5-triazine (peak m/z 175), which appeared to be an unstable molecule 

that resulted in rapid ring cleavage and degradation to unidentified metabolites. This 

was the first study to demonstrate that whole rumen fluid would be a more efficient 

means of bioremediation than individual ruminal isolates, based on the speed and 

completion of degradation of RDX; and that several ruminal isolates had the ability to 

degrade RDX in vitro. 



The octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) molecule is an 

eight-membered ring of alternating carbon and nitrogen atoms, with a nitro group 

attached to each nitrogen atom. The ability of ruminal microbes to degrade HMX as 

consortia in whole rumen fluid and as 23 common ruminal isolates was examined by 

LC-MS/MS analysis. The initial concentration of HMX was 27 µM and whole rumen 

fluid was incubated with HMX for 24 hours under anaerobic conditions in the dark, 

while the isolates were incubated with 17 µM HMX for 120 hours, along with 

negative controls. All experiments were repeated in triplicate. Our results 

demonstrated that HMX was nearly completely degraded in whole rumen fluid in four 

hours. Peaks at m/z 149 and m/z 193 suggest ring cleavage through the mono-nitroso 

intermediate, (1-NO-HMX), reduction pathway; and via hydroxylamino-HMX 

derivatives, as a second pathway. None of the 23 ruminal isolates tested were able to 

degrade HMX when supplemented in either a low carbon basal medium or low 

nitrogen basal medium in pure culture in 120 hours under the conditions specified. 

This is the first study to prove ruminal microbes can degrade HMX and to propose 

metabolic pathways, which could lead to the application of ruminal bioremediation on 

contaminated military soils.  

In summary, the present research revealed that ruminal organisms were not 

only capable of degrading the cyclic nitramines, RDX and HMX, in less than 24 

hours, but the efficiency of degradation in the strongly reduced environment of the 

rumen surpassed other means of remediating explosive compounds through aerobic or 

alternate anaerobic techniques. 
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Chapter 1 Introduction 

 
1.1 General Introduction 

 
Cyclic nitramines are a group of nitrate explosives consisting of a ring with 

alternating carbon and nitrogen atoms and amines substituted at N with a nitro group 

(a contracted form of N-nitroamines); they are thus amides of nitric acid, and the class 

is composed of nitramide, O2NNH2, and its derivatives are formed by substitution 

(Budavari and O'Neil 1989). The direct nitration of hexamine with ammonium nitrate 

and nitric acid in an acetic acid/acetic anhydride solvent is the main mechanism used 

to generate cyclic nitramines (Budavari and O'Neil 1989). They are released into all 

environmental compartments through anthropogenic emissions, mostly from military 

industrial activities (Agency for Toxic Substances and Disease Registry 1995; Agency 

for Toxic Substances and Disease Registry 2010). These compounds have drawn 

increasing attention and research interests because they are toxic and possibly 

carcinogenic and mutagenic. There has been one cyclic nitramine member listed as a 

priority pollutant and others listed as contaminants of concern for environmental 

monitoring by the United States Environmental Protection Agency (US EPA) (U.S. 

Environmental Protection Agency 1988). 

Because of their low water solubility and hydrophobicity, cyclic nitramines are 

persistent in the environment and tend to exist as particulates in air and water, with 

sediments and ground water becoming their ultimate repository. High cyclic nitramine 

concentrations have been found near industrial manufacturing plants in the soil and  
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ground water. The concentration of cyclic nitramines in soil, water and sediment may 

range over several orders of magnitude (from a few µg mL-1 up to g kg-1), depending 

on the proximity of the medium to industrial activity, water currents and water usage 

(U.S. Environmental Protection Agency 1990). Waste run-off from manufacturing, 

storage leaks, sewage discharges, and atmospheric detonation of these explosives are 

all potential sources of contamination. Accumulation of cyclic nitramine residues has 

been recorded in soils (U.S. Environmental Protection Agency 1988). 

Among the various methods for removing cyclic nitramines, bacterial 

biodegradation is a suitable means for contaminant destruction because they possess 

enzymes that allow them to use environmental contaminants as food; additionally, 

because microorganisms are so small, they are able to contact contaminants easily 

(Levett 1990). Although both aerobic and anaerobic bacteria have the ability to 

degrade cyclic nitramines, anaerobic degradation seems to be more efficient (Spain, 

Hughes et al. 2000; Sunahara, Guilherme et al. 2009). Recent results have 

demonstrated that some cyclic nitramines can be degraded by bacteria anaerobically 

using electron acceptors, such as nitrate, sulfate and Fe(III), instead of oxygen (Kwon 

and Finneran 2006). 

Owing to the unique features of soils on military ranges, including varying 

concentrations of several nitrate explosives over thousands of acres of permeable soil 

(Axtell, Johnston et al. 2000) and close proximity to aquifers, wetlands and creeks 

(Environmental Protection Agency 2011), often in heavily populated areas (Clausen, 

Robb et al. 2004), military ranges have higher contamination than many other 
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ecosystems, and urgently require the biotransformation and removal of toxic 

chemicals (Environmental Protection Agency 2011). Aerobic biodegradation of cyclic 

nitramines in explosives contaminated soils has been studied in several aspects, 

including: composting (Williams, Ziegenfuss et al. 1992; Pennington, Hayes et al. 

1995); inoculation with various white rot fungi (Bayman, Ritchey et al. 1995; Axtell, 

Johnston et al. 2000); enrichment, isolation and identification of cyclic nitramine 

degrading bacteria (Coleman, Spain et al. 2002; Seth-Smith, Rosser et al. 2002; 

Fournier, Halasz et al. 2004; Fournier, Halasz et al. 2004; Indest, Crocker et al. 2007); 

and establishment of the metabolic pathways (Hawari, Halasz et al. 2000).  

However, studies on anaerobic biodegradation of cyclic nitramines in soils on 

military ranges have been conducted less extensively than aerobic biodegradation 

studies. The research is still scarce despite results from previous studies indicating that 

anaerobic degradation of cyclic nitramines is more efficient than aerobic techniques 

due to increased redox-potential (Boopathy, Manning et al. 1998; Boopathy 2001; 

Arnett and Adrian 2009). Anaerobic respiration, which occurs under low-oxygen 

conditions, was found to share similar ring cleavage end products in the 

biodegradation pathways as those under oxygen conditions (Hawari, Beaudet et al. 

2000; Hawari, Halasz et al. 2000). To the best knowledge of the author, only a few 

papers on anaerobic biodegradation of the cyclic nitramines, RDX and HMX, in soils 

on military ranges have been published (Hawari, Halasz et al. 2000; Zhao, Greer et al. 

2004; Fuller, McClay et al. 2009), and no studies have been conducted on cyclic 

nitramine biodegradation under anaerobic conditions in the rumen.  
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1.2 Aim and Objectives 

 
The present study aims to investigate the biodegradation of the cyclic nitramines, 

RDX and HMX, by microbes in the ovine rumen under non-oxygen conditions as part 

of an overall agricultural solution, called “phytoruminal bioremediation,” for 

remediating soils on military ranges contaminated with explosives.  

The detailed objectives are as follows: 

1. To determine if RDX degradation in whole ovine rumen fluid occurs and to 

isolate and identify organisms capable of degradation through enrichments. 

2. To evaluate the ability of 24 commonly isolated bacteria from the rumen to 

degrade RDX and identify the metabolite pathway by capable isolates, as 

well as by consortia in whole rumen fluid. 

3.  To determine if HMX degradation in whole ovine rumen fluid occurs and 

identify the HMX-degradation pathway in whole rumen fluid and by 

capable isolates tested.  

 
1.3 Layout of Thesis  

 
The thesis consists of six chapters. Chapter 2 is a literature review on the 

properties and toxicity of cyclic nitramines, their removal and biodegradation by 

anaerobic bacteria and the contamination and biodegradation of cyclic nitramines in 

soils on military ranges. Chapter 3 summarizes the enrichment of anaerobic RDX-

degrading bacterial consortia from the ovine rumen. Chapter 4 presents the metabolic 
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pathway for RDX degradation in whole rumen fluid as well as by pure culture rumen 

organisms under anaerobic conditions. The degradation pathway for HMX in whole 

rumen fluid and by individual isolates under non-oxygen conditions is reported in 

Chapter 5. A general discussion and conclusions of the present study are summarized 

in Chapter 6.  
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Chapter 2 Literature Review 

 
2.1 General Property and Toxicity of Cyclic Nitramines  

  
2.1.1 Physical and Chemical Properties 

  
Cyclic nitramines are the most recently introduced class of organic nitrate 

explosives. The most prominent member of this class is RDX (royal demolition 

explosive; hexahydro-1,3,5-trinitro-1,3,5 triazine, which is also known as cyclonite); 

HMX (high melting explosive; octahydro-1,3,5,7-tetranitro-1,3,5,7 tetrazocine), 

nitroguanidine, and tetryl are also significant nitramines. Generally, nitramines are 

classified into two groups, low molecular weight (LMW) and high molecular weight 

(HMW) compounds. In a class of explosives like nitramines, the higher density, bigger 

molecules will produce more power because more realizable energy can be packed 

into the same space through the formation of covalent bonds forcing atoms closer 

together (Sunahara, Guilherme et al. 2009).  

The physical and chemical properties of cyclic nitramines vary with the 

number of nitro groups attached to the nitrogen atoms in the ring, and the shape (ring 

linkage pattern) of the individual molecule (Budavari and O'Neil 1989). Of different 

physical and chemical properties, solubility and vapor pressure are major factors that 

control their distribution between soluble and particle components of atmosphere, 

hydrosphere, and biosphere (Agency for Toxic Substances and Disease Registry 1995; 

Agency for Toxic Substances and Disease Registry 2010). The solubility of nitramines 
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in water decreases and hydrophobicity increases significantly with increasing 

molecular size, which conforms to its octanol-water partition coefficients (Kow). Their 

low Kow indicates a relatively low potential for adsorption to suspended particles in air 

and in water and for bioconcentration in organisms (Sunahara, Guilherme et al. 2009). 

Soil adsorption and vapor pressure is low, which can cause nitramines to leach into the 

ground water from contaminated soil, and also terrestrial and aquatic plants (Bhadra, 

Wayment et al. 2001; Vila, Lorber-Pascal et al. 2007; Vila, Mehier et al. 2007; 

Rocheleau, Lachance et al. 2008). Nitramines are solid crystalline powders at room 

temperature and have high melting and boiling points. In general, as the temperature 

increases, the solubility decreases, while as the pressure increases, the solubility 

increases. They are all highly explosive, which can be initiated by impact, temperature 

and friction. Some physical properties and chemical structures of cyclic nitramines 

classified as public health hazards by the U.S. EPA are listed in Table 2.1. 
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Table 2.1 Physical and chemical properties of individual cyclic nitramines (Budavari 
and O'Neil 1989; Agency for Toxic Substances and Disease Registry 1995; Agency 
for Toxic Substances and Disease Registry 2010). 
 
 

Name Abbreviation Molecular 
Weight 

Structure Water 
Solubility 
(mg L-1) 

Log 
Kow 

Vapor 
Pressure 

(mm 
Hg) 

Melting 
Temp 
(ºC) 

Density 
(g mL-1) 
(20ºC) 

Cyclonite RDX 222.12 

 

38-60 0.87 1x10-9 204-206 1.8 

Octogen HMX 296.12 

 

6.6 0.26; 
0.06 

3.3x10-14 276-286 1.9 

 

In natural environments, nitramines are generally found in soil and ground 

water at Army ammunition plants, where they are manufactured, and at military 

bombing ranges and storage facilities (Agency for Toxic Substances and Disease 

Registry 1995; Agency for Toxic Substances and Disease Registry 2010). Although 

contamination has appeared in soil and ground water near some ammunition plants, 

nitramines’ low solubility in water has limited its migration in most cases. The half-

lives of the two cyclic nitramines investigated in the present study in water and 

sediment matrices are summarized in Table 2.2. The long half-lives mean that they are 

more persistent in the environment and have slow biodegradation rates. The half-lives 

were dependent on concentration, temperature, sunlight, and dilution effects of 

running water, (i.e. river), versus stagnant water, (i.e. lagoon).  
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Table 2.2 Half-lives of two cyclic nitramines in water and sediment environments 
(Agency for Toxic Substances and Disease Registry 1995; Jenkins, Bartolini et al. 
2003; Agency for Toxic Substances and Disease Registry 2010). 
 

Cyclic Nitramine Water Soil 

RDX 9 hours-7 days 456-2,100 days 

HMX 17-7,900 days 133-2,310 days 

 

  
2.1.2 Formation and Sources of Cyclic Nitramines 

  
Cyclic nitramines can be formed several ways, but the most common method 

of manufacture used in the United States is the continuous Bachmann process. The 

Bachmann process involves reacting hexamine with nitric acid, ammonium nitrate, 

glacial acetic acid, and acetic anhydride (Budavari and O'Neil 1989). The crude 

product is filtered and recrystallized to form RDX. The direct nitration of octahydro-

1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), has also been used to manufacture RDX, 

but has not yielded a percentage as high as that produced in the Bachmann process. 

HMX is produced by the nitration of hexamine with ammonium nitrate and nitric acid 

in an acetic acid/acetic anhydride solvent at 44°C (Budavari and O'Neil 1989). The 

raw materials are mixed in a two-step process and the product is purified by 

recrystallization. This is a modification of the Bachmann Process used to produce 

RDX.  
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Cyclic nitramines are not naturally present in the environment, therefore 

human activities are considered to be the major source of release. Anthropogenic 

sources are limited, but result in emissions of cyclic nitramines into all environmental 

compartments. Current production of RDX in the United States is restricted to several 

Army ammunition plants in Tennessee, Louisiana, Texas and Iowa; however since 

World War II, there have been many other production facilities throughout the United 

States (Agency for Toxic Substances and Disease Registry 1995). HMX is currently 

produced at only one facility in the United States, in Tennessee (Agency for Toxic 

Substances and Disease Registry 2010) . Production of RDX peaked in the 1960s 

when it was ranked third in explosive production by volume in the United States 

(Etnier 1989). The average volume of RDX produced from 1969 to 1971 was 15 

million pounds per month, with a steady decrease to 16 million pounds per year by 

1984 (Agency for Toxic Substances and Disease Registry 1995). Estimated production 

volume of HMX was about 30 million pounds annually between 1969 and 1971 

(Agency for Toxic Substances and Disease Registry 2010). No records on current 

production volume were located, but it is estimated that its use is increasing. RDX and 

HMX are currently used on all military compounds throughout the U.S. as well as in 

other parts of the world, where we maintain bases or are embroiled in war.  

RDX can be utilized as a propellant, gunpowder, or high explosive. As a 

military explosive, RDX can be used alone as a base charge for detonators or mixed 

with another explosive such as TNT or HMX, to produce a bursting charge for aerial 

bombs, mines, and torpedoes (Stokinger 1982; Sax and Lewis 1989). RDX is also 
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used as the main ingredient in plastic explosives, such as C-4. Domestic sources of 

RDX, mainly coming from use in fireworks and demolition blocks are geographically 

widespread, and the emissions are largely unregulated.  

HMX is used to catalyze fissionable reactions in nuclear devices to achieve 

maximum explosion potential, and as a component of plastic-bonded explosives, solid 

fuel rocket propellants, and as burster chargers in military munitions (U.S. 

Environmental Protection Agency 1988). The use of HMX as a propellant and in 

extreme-performance explosives is increasing (Parker, Jenkins et al. 1989). Data on 

quantities of HMX currently consumed for these uses was not located.  

RDX and HMX manufacturing results in sludge from wastewater runoff, 

which is classified as hazardous and subject to regulations by the EPA (U.S. 

Environmental Protection Agency 1990). Forms of these cyclic nitramines, including 

propellants and explosives, have been disposed of through burning, decomposition, re-

use, recovery, and wastewater treatment (Bohn, Schweppe et al. 1998). There are 

indications that, in recent years, as much as 80% of waste munitions and propellants 

have been disposed of by incineration (Agency for Toxic Substances and Disease 

Registry 1995). The primary disadvantage of open burning or incineration is that 

explosive contaminants are often released into the air, water, and soils (Etnier 1989). 

RDX has also been disposed of in the past by dumping into deep seawater 

(Hoffsommer and Rosen 1973). 
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2.1.3 Environmental Fate of Cyclic Nitramines 

 
With the exception of very small amounts of cyclic nitramines, which 

volatilize from water or soil slowly, they are relatively non-volatile and have low to 

negligible solubility in water (Budavari and O'Neil 1989). In air, soil, sediment and 

water, RDX and HMX are not significantly adsorbed onto particulate matter, unless 

there is high clay content (Ryon, Pal et al. 1984). Because degradation is very slow in 

sediment and water unexposed to sunlight, these media are the major environmental 

sinks for cyclic nitramines (Ryon, Pal et al. 1984). Cyclic nitramines in the air 

primarily are associated with suspended particles that can be transported over long 

distances before they are removed from the atmosphere through dry deposition to soil 

or water, or through chemical transformation (U.S. Environmental Protection Agency 

1990). Water is the main medium of transport for these energetic compounds (Parker, 

Jenkins et al. 1989). RDX, and likely HMX, can be transported from soil or water into 

terrestrial and aquatic plants, including agricultural crops (Vila, Lorber-Pascal et al. 

2007; Vila, Mehier et al. 2007). As in air, cyclic nitramines in the water column 

generally exist as particulates (Parker, Jenkins et al. 1989). Photolysis, alkaline 

hydrolysis and biodegradation followed by sedimentation are the main processes 

governing the fate of cyclic nitramines in water (Agency for Toxic Substances and 

Disease Registry 1995). 

Soil, sediment, and water are the final environmental sinks for cyclic 

nitramines where they persist and transform very slowly. Half-lives of 

environmentally bound RDX and HMX range from a few hours in water exposed to 
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bright sunlight, to 22 years in sediment unexposed to sunlight (Agency for Toxic 

Substances and Disease Registry 1995; Jenkins, Bartolini et al. 2003; Agency for 

Toxic Substances and Disease Registry 2010). Cyclic nitramines in sediments are 

relatively stationary. Nonetheless, sediments may be partially re-suspended and are 

then subject to transport processes. The partitioning between water and suspended 

particulate matter, followed by particle sedimentation, regulates the transport of 

nitramines to sediments. The concentration of cyclic nitramines in soil, water and 

sediment may range over several orders of magnitude (from a few µg mL-1 up to 

g kg-1), depending on the proximity of the medium to industrial activity, water currents 

and water usage (U.S. Environmental Protection Agency 1990).  

 
2.1.4 Toxicity of Cyclic Nitramines 

  
It is well known that cyclic nitramines are toxic and are labeled as Class C 

carcinogens by the EPA, which means they have the demonstrated ability to cause 

cancer in mice, but data does not yet exist for humans (U.S. Environmental Protection 

Agency 1988; Environmental Protection Agency 2011). RDX and HMX exhibit toxic 

properties at very low concentrations and there is still much unknown about effects 

from chronic exposure to these chemicals. These compounds present a risk to the 

environment, especially when they come into contact with humans by inhalation, 

dermal contact, and ingestion (U.S. Environmental Protection Agency 1988; 

Environmental Protection Agency 2011). 
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RDX has been shown to produce a number of toxic effects in humans in the 

gastrointestinal, hematological, neurological and renal systems through inhalation 

(Kaplan, Berghout et al. 1965; Ketel and Hughes 1972). The most commonly exposed 

subjects in this scenario are workers in manufacturing plants inhaling contaminated 

dust particles or soldiers using C-4 as a cooking fuel. Common symptoms reported 

included transient oliguria and proteinuria, renal failure, headache, dizziness, 

vomiting, convulsions and unconsciousness (Kaplan, Berghout et al. 1965; Ketel and 

Hughes 1972). Reproductive, developmental, and cancerous effects on humans and 

animals by inhalation of RDX are unknown.  

A second scenario for exposure is through dermal contact with manufactured 

waste or contaminated soil or water (i.e. from a river or shower) near a manufacturing 

site. Dermatitis is the only known effect by this exposure in both humans and animals 

(Kaplan, Berghout et al. 1965).  

Oral ingestion has been shown to produce cardiovascular, gastrointestinal, 

hematological, renal, and hepatic effects; however, the neurological system is the 

target organ by this route of exposure (Agency for Toxic Substances and Disease 

Registry 1995). Seizures and convulsions are the main signs of toxicity from oral 

ingestion. Data is pooled from case studies of soldiers in Vietnam after accidental 

ingestion of RDX (Ketel and Hughes 1972; Hollander and Colbach 1969). 

Reproductive and developmental toxicity data is unavailable for humans, and 

inconclusive for animals by oral exposure (Agency for Toxic Substances and Disease 

Registry 1995). Carcinogenic effects have only been proven in mice chronically 
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exposed to a low dose of RDX by a significant increase in the incidence of 

hepatocellular adenomas and carcinomas (Parker, Reddy et al. 2006).  

Much less information has been realized about HMX. The effects of HMX on 

humans and animals by inhalation are mostly unknown. Several studies in animals 

indicate that acute and intermediate oral exposure to HMX can be lethal (Cuthbert, 

D'Arcy-Burt et al. 1985; Greenough and McDonald 1985). The authors concluded that 

HMX was relatively nontoxic to rats, slightly toxic to mice, and toxic to rabbits 

(Cuthbert, D'Arcy-Burt et al. 1985); no human data was located. HMX targets the 

neurological and hepatic systems in animals, causing hyperkinesia, convulsions, 

hemorrhaging of blood vessels in the brain, and hepatocyte hyperplasia (Agency for 

Toxic Substances and Disease Registry 2010). Dermal exposure of HMX has caused 

death in rabbits (Cuthbert, D'Arcy-Burt et al. 1985), but there is no data on humans.  

Toxicokinetic data for RDX suggests ready absorption by the lungs and 

gastrointestinal tract, but data for HMX is very limited (U.S. Environmental Protection 

Agency 1988; Environmental Protection Agency 2011). A small number of in vitro 

studies report that RDX and HMX are not mutagenic (Whong, Speciner et al. 1980; 

Tan, Ho et al. 1992; Pan, San Francisco et al. 2007); however, other genotoxic end-

points have not been studied. A genotoxic event is postulated as a required step in the 

carcinogenicity process and may play a role in some forms of developmental toxicity. 
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2.2 Removal of Cyclic Nitramines 

 
2.2.1 Physical/Chemical Methods 

  
 The methods to remove cyclic nitramines released into the environment could 

be separated as physical/chemical methods and biodegradation methods. The former 

includes burning, decomposition, re-use, and recovery (Bohn, Schweppe et al. 1998). 

Byproducts of military explosives such as cyclic nitramines have also been openly 

burned in many Army ammunition plants in the past. Wastes containing RDX and 

HMX have been incinerated by grinding the explosive wastes with a flying knife 

cutter and spraying the ground material with water to form a slurry (Pal and Ryon 

1986). The types of incineration used to dispose of waste munitions containing RDX 

and HMX include rotary kiln incineration, fluidized bed incineration, and pyrolytic 

incineration (Pal and Ryon 1986).  

Cyclic nitramines have been removed from munitions wastewaters and 

contaminated ground water by activated carbon columns (Bricka and Sharp 1992; 

Wujcik, Lowe et al. 1992). Once carbon columns were saturated with explosives, open 

burning traditionally destroyed them. This practice is no longer allowed in many areas, 

hence other disposal alternatives for spent carbons, such as thermal reactivation for 

reuse, oxidative incineration with ash burial, and thermal deactivation with carbon 

burial, have been investigated (Balasco, Cheng et al. 1987). In a feasibility study, 

ultraviolet irradiation was found to provide effective treatment of RDX- and HMX-

contaminated ground water (Bricka and Sharp 1992; Environmental Protection 
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Agency 2011). Problems associated with these techniques include low efficiency, 

concern over secondary contamination and high cost.  

 
2.2.2 Bioremediation Methods 

  
Bioremediation methods refer to utilizing or stimulating the activities of 

different organisms (microbes, plants and animals) to degrade, adsorb/absorb or 

transform cyclic nitramine pollutants in the environment (Axtell, Johnston et al. 2000). 

Comparing with physical/chemical approaches, bioremediation methods have 

significant advantages. First, cyclic nitramine contamination can be treated on site by 

providing supplementary nutrients into the contaminated environment, saving 

removal-disposal costs that the conventional remediation technologies incur (Talley 

and Sleeper 1997). Second, bioremediation methods are environmentally friendly 

technologies by avoiding secondary pollution to the largest extent. Bioremediation has 

become a rapidly developing area of environmental biotechnology due to its low cost 

and low harm to ecosystem integrity.  

Bioremediation processes include bioattenuation, biostimulation and 

bioaugmentation (Röling and van Verseveld 2002). Bioattenuation is a natural clean-

up process and relies on the indigenous microorganisms in the contaminated 

environment for decontamination (Alleman and Leeson 1999). However, this process 

is not efficient enough to remove a large amount of pollutants (Vila, Lorber-Pascal et 

al. 2007; U.S. Environmental Protection Agency 2009). Biostimulation is a technique 

that stimulates the indigenous microbial degradation by supplying the environment 
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with nutrients, oxygen and/or substrates. This process has been broadly applied in 

ground water, soil and sediment contaminated with cyclic nitramines (Zhao, Greer et 

al. 2004; Kwon and Finneran 2006; Schaefer, Lowey et al. 2007) and other pollutants 

like petroleum hydrocarbons, chlorinated compounds, polycyclic aromatic 

hydrocarbons and metals (Alleman and Leeson 1999; Quagraine, Peterson et al. 2005; 

Hamdi, Benzarti et al. 2007). It can be considered as an engineered system to increase 

the intrinsic biodegradation rate to reduce the contaminants. During biostimulation 

processes, electron acceptors (oxygen, sulfate, nitrate, iron and manganese) and 

electron donors (organic carbon and hydrogen) are often added to improve the activity 

of in situ organisms (Lovley 1995; Head 1998). Bioaugmentation involves the 

addition of external microbes (indigenous or exogenous), which have the ability to 

degrade the target toxic molecules (Lovley 2003). A pre-requisite for bioaugmentation 

is to isolate microorganisms, particularly bacteria, with a high degrading ability or to 

construct genetically engineered microbes. Bioaugmentation has been utilized 

successfully in the area where in situ biodegradation potential is lacking, and the 

seeded microbes can grow and become the dominant group numerically of the 

microbial community in the contaminated matrix (Lovley 2003; El Fantroussi and 

Agathos 2005). The interactions between the inocula and the environment require 

more in-depth research before application because the survival of the inocula and their 

impact on the environment are still a controversy (El Fantroussi and Agathos 2005). 

These three bioremediation processes can occur simultaneously, especially in 

the case of amendments using active organic residues that may contain microbial 
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strains capable of metabolizing pollutants (Hamdi, Benzarti et al. 2007). Recent 

research has reported that during the removal of cyclic nitramines by bioremediation 

methods, biostimulation increased the activity of indigenous populations by adding 

nutrients and/or a terminal electron acceptor to enhance the populations already 

present at this site (Zhao, Greer et al. 2004; Kwon and Finneran 2006; Schaefer, 

Lowey et al. 2007), while bioaugmentation needs further research. 

 
2.2.2.1 Bioremediation by Microorganisms 

  
Microorganisms are ideally suited to the task of contaminant destruction 

because they possess enzymes that allow them to use environmental contaminants as 

food; and because they are so small, they are able to contact contaminants from many 

angles easily. Microbial transformation of organic contaminants normally occurs 

because the organisms can use the contaminants for their own growth and 

reproduction. Organic contaminants serve two purposes for the organisms: they 

provide a source of carbon, which is one of the basic building blocks of new cell 

constituents, and they provide electrons, which the organisms can extract to obtain 

energy (Alleman and Leeson 1999). 

The key players in bioremediation are bacteria, microscopic organisms that 

live virtually everywhere. Bacteria are widely investigated in the field of cyclic 

nitramine bioremediation (Alleman and Leeson 1999). Both aerobic and anaerobic 

bacteria have the ability to degrade nitramine compounds. For aerobic bacteria, they 

transform organic pollutants with the aid of oxygen, while for anaerobic bacteria, they 
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dissipate contaminants by using other primary substrates, such as nitrate (NO3
-), 

sulfate (SO4
2-), metals such as iron (Fe(III)) and manganese (Mn(IV)), or even CO2 

(Levett 1990). Anaerobic bacteria have different respiratory systems and can live in 

unusual environments, such as underground or flooded areas to degrade compounds 

that are toxic or not beneficial to other organisms (Levett 1990). The detailed 

properties and biodegradation of cyclic nitramines by anaerobic bacteria are described 

in section 2.3, Chapter 2. The present part just reviews biodegradation of cyclic 

nitramines by aerobic organisms.  

A variety of aerobic organisms that can use cyclic nitramines as nitrogen or 

carbon and energy sources have been isolated from contaminated environments 

(Table 2.3).  
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Table 2.3 Aerobic bacterial and fungal species reported to degrade cyclic nitramines 
in recent years. 
 
 

Organisms Cyclic 
Nitramine 

References 

Citrobacter freundii NS2 RDX, HMX (Kitts, Cunningham et al. 
1994) 

Gordonia sp. KTR9 RDX (Thompson, Crocker et al. 
2005) 

Methylobacterium sp. JS178 RDX (Fournier, Trott et al. 2005) 

Methylobacterium sp. BJ001 RDX, HMX (Van Aken, Yoon et al. 2004) 

Methylobacterium extorquens RDX, HMX (Van Aken, Yoon et al. 2004) 

Methylobacterium organophilum RDX, HMX (Van Aken, Yoon et al. 2004) 

Methylobacterium rhodesianum RDX, HMX (Van Aken, Yoon et al. 2004) 

Phanerochaete chrysosporium RDX, HMX (Sheremata and Hawari 
2000; Fournier, Halasz et al. 
2004; Fournier, Halasz et al. 
2004) 

Providencia rettgeri B1 RDX, HMX (Kitts, Cunningham et al. 
1994) 

Rhodococcus sp. DN22  RDX (Coleman, Nelson et al. 
1998) 

Rhodococcus rhodochrous sp. 11Y RDX (Seth-Smith, Rosser et al. 
2002) 

Stenotrophomonas maltophila PB1 RDX (Binks, Nicklin et al. 1995) 

Williamsia sp. KTR4 RDX (Thompson, Crocker et al. 
2005) 

 

Several bacterial genera are capable of utilizing the cyclic nitramines, RDX and HMX, 

as the sole nitrogen, or carbon and energy source. The most common genera are 

Methylobacterium and Rhodococcus (Van Aken, Yoon et al. 2004). Relatively few 
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bacterial genera have been observed to mineralize the nitramine rings (Seth-Smith, 

Rosser et al. 2002; Thompson, Crocker et al. 2005; Yoon, Van Aken et al. 2006).  

 Ligninolytic fungi have the ability to oxidize or reduce cyclic nitramines. 

Fungi, like some of the aerobic bacteria listed above, employ cytochrome P450 

monooxygenases to attack xenobiotics to mineralize the compounds to CO2 and N2O 

(Fritsche, Scheibner et al. 2000). The ligninolytic fungi can secrete extracellular 

oxidative enzymes, which enable lignin degradation (Prescott, Harley et al. 2005). 

Lignin is an amorphous and complex biopolymer whose aromatic structure is similar 

to the aromatic molecular structure of some environmental pollutants, such as cyclic 

nitramines, pesticides, polychlorinated biphenyls and polycyclic aromatic 

hydrocarbons (Prescott, Harley et al. 2005). The resemblance of the structures makes 

it possible to use white-rot fungi to treat soils contaminated with recalcitrant 

compounds (Aust 1995).  

 Phanerochaete chrysosporium is a white rot fungus capable of mineralizing 

RDX and HMX. The fungus mineralized 52.9% of an initial RDX concentration in 60 

days in liquid culture to mainly CO2 and N2O (Sheremata and Hawari 2000); and 20% 

of an initial HMX concentration in 58 days when added to soil slurries of ammunition 

contaminated soil, to yield the same end products (Fournier, Halasz et al. 2004). In the 

RDX study, manganese peroxidase (MnP) activity was correlated to the degradation of 

RDX; lignin peroxidase (LiP) activity was absent in all microcosms (Sheremata and 

Hawari 2000). The MnP enzyme may have reduced RDX to MNX because it has been 

found to catalyze reduction reactions in the presence of hydroquinones and 



  
	  

23	  

Mn2+(Fritsche, Scheibner et al. 2000). Because quinone (an oxidation product of 

hydroquinone) is present in all cells, Sheremata et al., hypothesized that hydroquinone 

may have acted with MnP to reduce RDX to MNX, a nitroso intermediate metabolite. 

Conversely, the MnP enzyme may have contributed to the oxidation of RDX due to 

the generation of Mn(III), a highly reactive intermediate, from Mn(II) (Sheremata and 

Hawari 2000). Mn(III) is stabilized by chelating organic acids (i.e., oxalate) produced 

by fungi (Fritsche, Scheibner et al. 2000). As well as being mobile, the chelated 

Mn(III) is a strong oxidizer, capable of one electron transfers (Fritsche, Scheibner et 

al. 2000). The fact that the authors did not observe RDX biodegradation products, 

aside from low levels of CH3OH, is consistent with the observation that the one 

electron-transfer process of the lignin-degrading enzyme system gives rise to 

“enzymatic combustion” (Sheremata and Hawari 2000). Chemical studies have shown 

that unlike nitroaromatic compounds (i.e., TNT), once the nonaromatic cyclic 

nitramines (i.e., RDX or HMX) undergo a change in their molecular structure, the ring 

collapses to produce small nitrogen- (N2O, NO2, NH3) and carbon- (HCHO, HCOOH, 

and CO2) containing molecules (Fritsche, Scheibner et al. 2000).  

Several studies have confirmed that HMX is more recalcitrant than RDX 

because it does not transform by any of the following known RDX degradation 

systems: a commercial cytochrome P450, an RDX-induced Rhodococcus sp. strain 

(Coleman, Nelson et al. 1998), a manganese peroxidase assay performed by using 

either commercial or MnP rich P. chrysosporium extracellular fluid (Sheremata and 

Hawari 2000), or an abiotic system composed of manganese (III) oxalate and oxygen 
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(Van Aken, Yoon et al. 2004). Researchers have postulated that HMX could be 

transformed by a similar reduction-based mechanism, dependent on a nonspecific 

plasma membrane redox system (Aust 1995) or catalyzed by a membrane-associated 

nitroreductase (Fournier, Halasz et al. 2004). Nevertheless, researchers suggest that in 

order to be an effective remediation strategy, additional carbon sources such as 

glucose, would need to be supplemented in heavily contaminated soils as an additional 

energy source for the fungi (Fournier, Halasz et al. 2004). 

 
2.2.2.2 Bioremediation by Plants (Phytoremediation) 

  
Bioremediation by plants, also called phytoremediation, the use of vegetation 

for in situ treatment of contaminated soils and sediments (Schnoor, Light et al. 1995) 

has been explored as an emerging technology for remediation of explosives-

contaminated soils in the last decade. The key plant based processes involve 

phytoextraction, phytodegradation and phytostabilization of contaminants (Garbisu 

and Alkorta 2001). The specific mechanism by which the plant drives remediation is 

dependent on the type of contaminated media and the nature of the contaminant (i.e., 

whether it is an organic or inorganic compound) (Garbisu and Alkorta 2001). For 

organic contaminants, mainly heavy metals, the key process is phytoextraction from 

soil followed by sequestration of the pollutant within vegetative tissues (Lasat 2002). 

On the other hand, organic contaminants are biodegraded by plants either directly 

through vegetative metabolic processes (phytotransformation), or indirectly by 

stimulation of rhizosphere bacteria that metabolize target compounds (Schnoor, Light 
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et al. 1995). Plants can contribute to the dissipation of organic contaminants, 

particularly in soil adjacent to the roots (rhizosphere soil). Rhizosphere soil contains 

both increased microbial numbers and populations, which is due in part to the 

presence of plant exudates and sloughed tissue serving as sources of energy, carbon 

and nitrogen (Madigan and Martinko 2006). 

 The experimental use of plants to clean up soil and sediment contaminated 

with cyclic nitramine residues has been well documented in recent literature. Poplar 

trees, agronomic crops, and different grasses have been studied as potential 

phytoremediators. In hybrid poplar trees, (Populus deltoides and Populus nigra), up to 

60% of the RDX and 45.5% of the HMX taken up by the tree, accumulated in leaf 

tissues (Thompson, Ramer et al. 1999; Yoon, Van Aken et al. 2006). Analysis of plant 

extracts by high-performance liquid chromatography equipped with radiochemical 

detection indicated that RDX and HMX were not significantly transformed during 

exposure periods of up to seven days (Thompson, Ramer et al. 1999).  

Similar results have been reported in agronomic crops, such as rice, corn, soy, 

wheat and maize (Vila, Lorber-Pascal et al. 2007; Vila, Mehier et al. 2007). The parent 

compound is translocated into the aerial tissues of the plants, where accumulation 

becomes phytotoxic and leads to necrosis (Vila, Lorber-Pascal et al. 2007; Vila, 

Mehier et al. 2007). Agronomic crops are dichotomous, which means the RDX-laden 

plant tissue eventually returns to the ground, releasing the unchanged RDX back into 

the soil upon decomposition; no phytoremediation occurred. The pattern of HMX 

accumulation for alfalfa (Medicago sativa), bush bean (Phaseolus vulgaris), canola 
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(Brassica rapa), wheat (Triticum aestivum), and perennial ryegrass (Lolium perenne) 

grown in a controlled environment on contaminated soil from an anti-tank firing range 

was similar to that observed for plants (wild bergamot (Monarda fistulosa), western 

wheat grass (Agropyron smithii), brome grass (Bromus sitchensis), koeleria (Koeleria 

gracilis), goldenrod (Solidago sp.), blueberry (Vaccinium sp.), anemone (Anemone 

sp.), common thistle (Circium vulgare), wax-berry (Symphoricarpos albus), western 

sage (Artemisia gnaphalodes), and Drummond's milk vetch (Astragalus drummondii)) 

collected from the range (Groom, Halasz et al. 2001). No direct evidence of plant-

mediated HMX (bio)chemical transformation was provided by the available analytical 

methods (Groom, Halasz et al. 2001). The dominant mechanism for HMX 

translocation and accumulation in foliar tissue was concluded to be aqueous 

transpirational flux and evaporation (Groom, Halasz et al. 2001). The accumulation of 

HMX in the leaves of most of the selected species to levels significantly above soil 

concentration is relevant to the assessment of both phytoremediation potential and 

environmental risks (Groom, Halasz et al. 2001). 

Grasses, such as orchardgrass (Dactylis glomerata), perennial ryegrass (Lolium 

perenne), and tall fescue (Festuca arundinacea) have shown the most promise with 

nitroaromatic explosives, like TNT, but have not been sufficiently explored with the 

cyclic nitramines. Nitroaromatics are less mobile than cyclic nitramines and more apt 

to bind to clay or roots structures of grasses, where they are partially phytoremediated 

by the plant and do not become phytotoxic. From the initial soil dose of [14C]-TNT, 

1.3%, 0.9%, and 0.8% was removed by orchard grass, perennial ryegrass, and tall 
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fescue, respectively (Duringer, Craig et al. 2010). Soil TNT was gradually reduced to 

aminodinitro-toluenes and then further to an unidentified metabolite(s) (Duringer, 

Craig et al. 2010). Overall, orchardgrass appeared to be the most efficient species at 

taking up TNT (Duringer, Craig et al. 2010). Studies by Craig et al. are on going to 

determine if this technique would have similar results with cyclic nitramines.  

Natural aquatic systems of Myriophyllum aquaticum and axenic hairy root 

cultures of Catharanthus roseus have demonstrated: HMX, no transformation by 

aquatic plants, and minimal biological activity by axenic roots; and RDX, removal by 

both plant systems (Bhadra, Wayment et al. 2001). In the case of RDX exposure to 

axenic roots, since 14C-RDX was included, removal was confirmed by the 

accumulation of 14C-label in the biomass (Bhadra, Wayment et al. 2001). The 

intracellular 14C-label in these RDX studies was detected in two forms: intact RDX 

and bound unknown(s) (Bhadra, Wayment et al. 2001). The bioaccumulation of cyclic 

nitramines may be an important concern for phytoremediation efforts. 

 
2.3 Cyclic Nitramine Biodegradation by Anaerobic Bacteria 

 
2.3.1 Properties of Anaerobic Bacteria 

 
 Anaerobic bacteria are organisms that do not require oxygen for growth. 

Different from aerobic bacteria that respire with oxygen, the anaerobic bacteria have a  

different respiratory system called anaerobic respiration or fermentation (Prescott, 

Harley et al. 2005). Aerobic respiration requires molecular oxygen (O2) as the electron 
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acceptor in order to generate energy, while anaerobic respiration can occur using other 

molecules as electron acceptors instead of oxygen (Zehnder 1988).  

 All organisms obtain energy by transferring electrons from an electron donor 

to an electron acceptor. During this process, known as the electron transport chain, the 

electron acceptor is reduced and the electron donor is oxidized (Zehnder 1988). An 

electron acceptor is a chemical entity that accepts electrons transferred to it from 

another compound; it is an oxidizing agent that, by virtue of its accepting electrons, is 

itself reduced in the process (Madigan and Martinko 2006). During the respiratory 

process, unlike aerobic bacteria which depend on a single electron acceptor (O2), 

anaerobic bacteria can use different electron acceptors, such as nitrate, iron (III), 

manganese (IV), sulfate and carbon dioxide (Madigan and Martinko 2006).  

 
2.3.2 Classification of Anaerobic Bacteria 

 
 Generally, anaerobic bacteria can be classified by two criteria. First, anaerobic 

bacteria can be separated into obligate anaerobes and facultative anaerobes by their 

tolerance to oxygen (Prescott, Harley et al. 2005). Obligate anaerobic bacteria are 

those organisms that cannot grow in the presence of atmospheric oxygen. Facultative 

anaerobic bacteria are organisms that can grow under both aerobic and anaerobic 

conditions; they can use oxygen when it is present. Second, anaerobic bacteria can be 

classified in terms of compounds used as electron acceptors (Madigan and Martinko 

2006). The common electron acceptors utilized by anaerobic bacteria are NO3
-, 

Mn(IV), Fe(III), SO4
2-, and CO2; the anaerobic bacteria can be classified as nitrate 
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reducer, manganese reducer, iron reducer, sulfate reducer and methanogen (now 

reclassified as archaea, a group quite distinct from bacteria), respectively (Madigan 

and Martinko 2006). Additionally, some anaerobic bacteria have the ability to carry 

out photosynthesis; they inhabit anaerobic environments and convert light energy to a 

chemically usable form (Zehnder 1988). 

 Anaerobic bacterial activity has a close relationship with the redox potential 

(Eh), expressed as volts or millivolts (mv), and defines the tendency of an 

environment to receive or supply electrons (Zehnder 1988). From higher to lower 

redox environments, the bacteria distribution order is nitrate reducer, manganese 

reducer, iron reducer, sulfate reducer and methanogen (Zehnder 1988). As Eh 

decreases, a sequence of reactions can be observed, with a decreasing energy yield 

(Table 2.4); the more positive the potential, the greater the species' affinity for 

electrons and tendency to be reduced. 
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Table 2.4 The redox potential (Eh) and released energy during different electron 
reactions (pH=7) (Zehnder 1988). 
 

Reduction Reaction Eh (mV) Released Energy (kJ) 

O2 to H2O 812 29.9 

NO3
- to NO2

- 747 28.4 

Mn4+ to Mn2+ 526 23.3 

Fe3+ to Fe2+ -47 10.1 

SO4
2+ to H2S -221 5.9 

CO2 to CH4 -244 5.6 

  

 
2.3.3 Significance of Anaerobic Biodegradation of Cyclic Nitramines 
 
  

Because of their hydrophobic property and low vapor pressure, cyclic 

nitramines tend to accumulate in sediment rather than dissolving in water or 

suspending in air (Agency for Toxic Substances and Disease Registry 1995; Agency 

for Toxic Substances and Disease Registry 2010). Although cyclic nitramines are 

degraded under oxic conditions, most contaminated sediments are anoxic. Hence, 

anaerobic bacteria should play a more important role in biodegradation of cyclic 

nitramines in the natural environment (Levett 1990). Further, in situ sediment 

treatments using aerobic methods face many technical problems. The pure oxic zone 

of polluted sediments typically makes up only the surficial 1-10 mm, and compounds 

spend 90-99% of the time under anoxic conditions (Aller 1990). Consequently, 
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treatment below this zone would require the introduction of oxygen into the sediment, 

which is technically difficult due to the buoyancy of air and the low solubility of 

oxygen in water (Prescott, Harley et al. 2005). Therefore, cyclic nitramine degradation 

in aerobic environments is not generally applicable to sediment bioremediation.  

 Anaerobic biological treatment may provide solutions to the above problems. 

Recent research has demonstrated that cyclic nitramines could be degraded without 

oxygen, and anaerobic electron acceptors, such as NO3
-, SO4

2- and Fe(III) could be 

used by bacteria to biodegrade contaminants (Kwon and Finneran 2006).  

Furthermore, anaerobic biodegradation is the preferential pathway of converting cyclic 

nitramines because the nitro groups must be reduced prior to ring cleavage and 

mineralization to CO2 under anaerobic or aerobic conditions (Kwon and Finneran 

2006). Aerobic biodegradation by indigenous microbes is simply not quick enough to 

prevent the movement of unadulterated cyclic nitramines through the aerobic portions 

of soil into the ground water and anaerobic sediment, where it poses threat to humans. 

   
2.3.4 Research Progress on Anaerobic Biodegradation of Cyclic  

Nitramines 
 
  

Laboratory studies have been conducted to study the feasibility of removing 

explosives in contaminated soil under anaerobic conditions. Anaerobic enrichment 

cultures have been prepared from soil samples under various electron-accepting 

conditions, but have been most capable of degradation under sulfate-reducing and 
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methanogenic conditions. There have been considerably more studies on RDX than 

HMX. 

 
2.3.4.1 Nitrate-reducing Condition 
 

 
Relatively little research has been located on cyclic nitramine degradation 

under nitrate-reducing conditions and efficiency has been a controversial subject. One 

study, which examined anoxic sediments in an RDX contaminated aquifer, found that 

RDX mineralization could be increased above 85% under nitrate-reducing conditions 

compared to native conditions (Bradley and Dinicola 2005).  

On the other hand, researchers have investigated the poor removal of RDX 

from anoxic filters in sewage treatment plants under nitrate-reducing conditions to 

conclude nitrate was inhibitory to RDX-degradation (Freedman and Sutherland 1998). 

Microcosms were set-up with RDX-contaminated wastewater under nitrate-reducing 

conditions. As long as nitrate was present, no decrease in RDX (15 µM) occurred; as 

soon as nitrate was depleted and some primary substrate was still available, RDX was 

rapidly biotransformed to metabolites that included mononitroso, dinitroso, and 

trinitroso derivatives (Freedman and Sutherland 1998). The disappearance of nitrate, 

followed by biotransformation of RDX, coincided with a decrease in redox potential to 

below -200 mV (Freedman and Sutherland 1998).  
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2.3.4.2 Mn(IV)-reducing Condition 

 
 Little research has been found on cyclic nitramine degradation under Mn(IV)-

reducing conditions. One probable reason is that Mn(IV) is easily reduced by a variety 

of naturally occurring organic compounds in addition to being utilized by Mn(IV)-

reducing bacteria (Madigan and Martinko 2006). A shallow, RDX-contaminated 

aquifer at Naval Submarine Base Bangor has been characterized as predominantly 

manganese-reducing and anoxic with local pockets of oxic conditions (Bradley and 

Dinicola 2005). Greater than 85% mineralization of RDX to CO2 was observed in 

aquifer sediment microcosms under native, manganese-reducing, anoxic conditions 

(Bradley and Dinicola 2005). Significant increases in the mineralization were 

observed in anoxic microcosms under Mn(IV)-amended conditions (Bradley and 

Dinicola 2005). The authors concluded that microbial degradation of RDX might 

contribute to natural attenuation in manganese-reducing aquifer systems. 

 
2.3.4.3 Fe(III)-reducing Condition 

 
Fe(III) is of particular interest as it is the most abundant electron acceptor in 

soil and subsurface environments (Lovley 1995) and consequently has the potential to 

be important in intrinsic biodegradation. A novel approach for the remediation of 

RDX-contaminated environments using microbially mediated electron shuttling has 

been investigated (Kwon and Finneran 2006). Extracellular electron shuttling 

encompasses all reactions that are catalyzed by microbial reduction of the shuttles, 
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whether it is direct interaction with the reduced shuttle or with Fe(II) resulting from 

the reaction (Madigan and Martinko 2006). 

 Fe(III)- and humic substance (HS)-reducing microorganisms have been 

identified in shallow and deep aquifer material, freshwater and marine sediment soil, 

and extreme environments such as hot springs and volcanic sediment (Kwon and 

Finneran 2006). A few recent reports suggest that RDX was transformed by reactive 

Fe(II), the product of Fe(III) respiration (Gregory, Larese-Casanova et al. 2004; 

Williams, Gregory et al. 2005). The ubiquity of Fe(III)- and HS-reducing 

microorganisms increases the likelihood that remediation strategies based on their 

physiology will be successful in many subsurface environments; however, RDX 

reduction in the presence of poorly crystalline Fe(III) was relatively slow and 

metabolites transiently accumulated (Kwon and Finneran 2006). Adding humic 

substances or anthrquinone-2,6-disulfonate (AQDS) to Fe(III)-containing incubations 

increased the reduction rates (Kwon and Finneran 2006). The authors suggested that 

extracellular electron shuttle-mediated RDX transformation was not organism specific, 

but rather was catalyzed by multiple Fe(III)- and humic-reducing species (Kwon and 

Finneran 2006).  

The research presented above describes a novel approach for RDX reduction: 

targeting humic substances and/or Fe(III) reduction by adding soluble electron shuttles 

to promote extracellular electron transfer from Fe(III)/ HS-reducing biomass to RDX 

(and its nitroso intermediates) (Kwon and Finneran 2006). Targeting a group of 

microorganisms known to be ubiquitous in their distribution would eliminate the need 
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for specific organisms capable of direct RDX reduction; however, the efficiency of 

this process is less desirable than under sulfate-reducing and methanogenic conditions 

and effects on HMX have not been investigated.  

 
2.3.4.4 Sulfate-reducing Condition 

 
The sulfate-reducing condition was shown to be an efficient anaerobic 

condition, when compared with others, in removing all nitrate explosive compounds 

from the soil (Boopathy, Manning et al. 1998; Boopathy 2001; Arnett and Adrian 

2009). Due to the abundance of sulfate in marine environments, bioremediation of 

cyclic nitramine contaminants, in some instances, may be most effective under sulfate-

reducing conditions. Many researchers succeeded in observing the enhancement of 

nitrate explosives removal with the addition of sulfates. One sulfate-reducing 

consortium removed 75 to 95% of RDX and HMX, within 21 days of incubation 

(Boopathy, Manning et al. 1998). The consortium used explosive compounds as the 

nitrogen source, but not as the sole carbon source (Boopathy, Manning et al. 1998). 

Another study on the biodegradation of HMX under various electron-acceptor 

conditions was investigated using enrichment cultures developed from the anaerobic 

digester sludge of Thibodaux sewage treatment plant (Boopathy 2001). The results 

indicated that the HMX was biodegraded under sulfate reducing, nitrate reducing, 

fermenting, methanogenic, and mixed electron accepting conditions (Boopathy 2001). 

However, the rates of degradation varied among the various conditions studied. The 

fastest removal of HMX (from 99 µM on day 0 to <0.2 µM on day 11) was observed 
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under mixed electron-acceptor conditions, followed in order by sulfate reducing, 

fermenting, methanogenic, and nitrate reducing conditions (Boopathy 2001). HMX 

was converted to methanol and chloroform under mixed electron-acceptor conditions 

(Boopathy 2001). This study showed evidence for HMX degradation under anaerobic 

conditions in a mixed microbial population system similar to contaminated field sites, 

where a heterogeneous population exists. 

 A sulfate-reducing bacterium isolated from an RDX-degrading enrichment 

culture was studied for its ability to grow on RDX as a sole source of carbon and 

nitrogen and for its ability to mineralize RDX in the absence of a co-substrate (Arnett 

and Adrian 2009). The results showed a novel species of Desulfovibrio, having a 

95.1% sequence similarity to Desulfovibrio desulfuricans, degraded 140 µM RDX in 

63 days when grown on RDX as a carbon source (Arnett and Adrian 2009). When the 

isolate was incubated with RDX as sole source of nitrogen it degraded 160 µM RDX 

in 41 days (Arnett and Adrian 2009). Radiolabeled studies under carbon limiting 

conditions with 14C-RDX confirmed mineralization of the cyclic nitramine (Arnett and 

Adrian 2009). 

This research has demonstrated that under anaerobic conditions, sulfate-

reducing bacteria can be useful in the bioremediation of contaminated soil with RDX, 

HMX and other nitrate explosives.  
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2.3.4.5 Methanogenic Condition 

 
Biodegradation of cyclic nitramine contaminated environments under 

methanogenic conditions could be important since methanogenic cultures are expected 

to exist in the most reductive environments (Eh in the -200 to -600 mV range) with 

high organic carbon loads. Microcosms containing a basal medium and mixed cultures 

have been amended with ethanol, propylene glycol (PG), butyrate and hydrogen gas as 

the electron donor and a mixture of RDX (25 mM) and HMX (8 mM) (Adrian, Arnett 

et al. 2003). After 29 days RDX was completely transformed to unidentified end-

products in the bottles amended with ethanol, hydrogen, or PG, while 53%, 40%, and 

22% of the HMX was transformed, respectively; there was no loss of RDX or HMX in 

the electron donor unamended control bottles (Adrian, Arnett et al. 2003).  

Research has shown that the addition of H2 or electron donors that produce H2 

may be a useful strategy for enhancing the anaerobic biodegradation of explosives in 

contaminated ground water and soils (Adrian, Arnett et al. 2003). However, the 

addition of hydrogen to ground water and anoxic sediment may prove as technically 

difficult as the supplementation of oxygen.  

 
2.3.5 Facultative and Micro-aerophilic Anaerobic Biodegradation of  

Cyclic Nitramines 
 
 

Typically, small amounts of dissolved oxygen can be found at great depths in 

subsurface sediment in the saturated zone. Aerobic zones near the surface may become 

micro-aerophilic or anaerobic as oxygen is depleted by highly contaminated sediment 
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(Barcelona, Holm et al. 1989). Because facultative and micro-aerophilic bacteria can 

exist under both aerobic and anaerobic conditions, or under low oxygen (0% < O2 

content < 10%) conditions, it is possible to achieve more stable population sizes and 

metabolic activity within a wide oxidation-reduction potential range (Reguera and 

Leschine 2001). These bacteria are expected to play important roles in biodegradation 

of organic matters in wetland sediment whose dissolved oxygen is usually lower than 

1 mg mL-1, corresponding to O2 partial pressure of 2-3% (Barcelona, Holm et al. 

1989). The low oxygen environment (2-3%) was considered an anaerobic condition 

and was characterized by the presence of some micro-aerophilic bacteria that also 

carried out anaerobic respiration (Reguera and Leschine 2001). Because the supply of 

oxygen is limited, biodegradation of contaminated sediment and ground water under 

mixed electron acceptor conditions may prove more feasible than bioremediation 

under strict aerobic or anaerobic zones (Wilson and Bouwer 1997; Zhao, Greer et al. 

2004). Previous studies have shown that low-oxygen (0%-10% O2 partial pressure) 

and non-oxygen conditions shared the same biodegradation pathways, which were 

different from the aerobic ones (Zhao, Greer et al. 2004; Crocker, Indest et al. 2006; 

Sunahara, Guilherme et al. 2009).  

The aliphatic nitramine 4-nitro-2,4-diazabutanal (NDAB) is a ring cleavage 

metabolite that accumulates during the aerobic degradation of RDX by various 

Rhodococcus spp. (Fournier, Trott et al. 2005). NDAB is also produced during the 

alkaline hydrolysis of either RDX or HMX and during the photolysis of RDX 

(Sunahara, Guilherme et al. 2009). Traces of NDAB have been observed in soil 
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sampled from an ammunition-manufacturing facilities contaminated with both HMX 

and RDX. Methylobacterium sp. strain JS178, which is a facultative organism, 

degraded NDAB as a sole nitrogen source under aerobic conditions (Fournier, Trott et 

al. 2005).  

A feasible biological treatment process for RDX-contaminated wastes was 

demonstrated in a bench-scale system, using real wastewater of a munitions factory 

(Ronen, Brenner et al. 1998). The purpose of the study was to remove both RDX and 

nitrate in order to prevent ground water contamination. A two-stage reactor system 

including an anoxic stage followed by an aerobic one was tested (Spain, Hughes et al. 

2000). The anoxic stage was aimed at removing nitrate by denitrification; further 

removal of residual organic was achieved in the aerobic stage together with total 

mineralization of RDX (Spain, Hughes et al. 2000). Complete removal of nitrate in the 

anoxic stage was found to be crucial to RDX mineralization in the aerobic stage, since 

RDX was used solely as a nitrogen source (Ronen, Brenner et al. 1998). Additional 

carbon sources were also required in the aerobic stage to assure complete removal of 

RDX (Ronen, Brenner et al. 1998). The treatment scheme tested may be a cost-

effective alternative to physico-chemical treatments such as carbon adsorption and UV 

destruction, commonly applied for explosives-contaminated wastes (Ronen, Brenner 

et al. 1998; Spain, Hughes et al. 2000). 
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2.3.6 Factors Affecting Anaerobic Biodegradation of Cyclic  
Nitramines 

 

 The efficiency of biodegradation of a cyclic nitramine compound depends on a 

multitude of factors including: the physiology of the microbes involved; structure and 

composition of microbial communities and their adaptation; bioavailability of cyclic 

nitramines; molecular weight and chemical structure of the nitramine explosives; 

interaction with other individual explosive compounds (if present); and nutrient level, 

pH, temperature, salinity, redox condition, etc. (Spain, Hughes et al. 2000; Sunahara, 

Guilherme et al. 2009). 

 
2.3.6.1 Adaptation to Cyclic Nitramine Environment 

 
 Adaptation may be defined as changes in the microbial community, as well as 

in cell physiology, that are brought about by exposure of organisms to a selected 

substrate and environment to result in more rapid and efficient utilization of that 

substrate (Prescott, Harley et al. 2005). Pre-exposure and adaptation of microbes to 

cyclic nitramines in soil or sediment could enhance degradation rates and the 

beneficial effects of pre-exposure may neutralize the inhibitory effects of toxic 

pollutants or pollutant metabolites (Beaulieu, Becaert et al. 2000). The 

microorganisms used in most remediation projects were often isolated from a 

contaminated environment and thus are more likely to enhance the biodegradation rate 

of cyclic nitramines (Spain, Hughes et al. 2000; Sunahara, Guilherme et al. 2009).  
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2.3.6.2 Bioavailability of Cyclic Nitramines 

 
 Bioavailability of cyclic nitramines depends on their aqueous-phase 

concentration. Nitrate explosives adhere to the solid phase due to their low water 

solubility (Table 2.1), which presents a potential problem for bioremediation of 

explosives contaminated sites. However, low water solubility does not necessarily 

mean slow biodegradation. It is the rate of dissolution that governs the rate of 

biodegradation of organic chemicals in natural ecosystems (Spain, Hughes et al. 

2000). The type of soil also affects bioavailability of cyclic nitramines, with strongest 

binding potential to clay and weakest binding potential to sandy soils (Environmental 

Protection Agency 2011).  

 
2.3.6.3 Nutrients 

 
 Cyclic nitramines are devoid of phosphorous (P), sulfur (S), and other trace 

elements needed for microbial growth; although they contain the required carbon (C), 

nitrogen (N), hydrogen (H), and oxygen (O). Nevertheless, these nutrients may be 

present, although not always in sufficient quantities, in the surrounding soil or 

sediment environment (Prescott, Harley et al. 2005). Nutrients may also be derived 

from fermentation of organic materials present in soil or sediment (Madigan and 

Martinko 2006). As discussed in section 2.3.4, the addition of nitrates, sulfates, 

hydrogen, iron, etc. had various effects on the degradation of RDX and HMX.  
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2.3.6.4 pH, Salinity, Temperature, and Redox Potential Factors 

  
 The pH range for satisfactory microbial activity was 5.5 to 8.5, and the 

optimum for biological activity is expected at pH values between 6.5 and 8.5 (Wilson 

and Bouwer 1997; Lynch, Myers et al.). The rates of mineralization of RDX and HMX 

have not been positively correlated with salinity in estuarine sediment, but high 

salinity (35 ppt) has been shown to inhibit the growth of some polycyclic aromatic 

hydrocarbon (PAH) degrading bacterial strains isolated from contaminated sediments 

(Tam, Chong et al. 2002).  

 Temperature not only influences the growth of microorganisms, but also the 

physical nature and chemical composition of cyclic nitramines in the environment. For 

example, an increase in temperature could result in an evident increase in diffusion 

rates of organic compounds, which may enhance the degradation of these compounds 

(Environmental Protection Agency 2011). Elevated temperatures are not likely to 

increase volatilization and solubility, although possible, which may enhance their 

toxicity; such an increase in toxicity could inhibit the growth of degrading 

microorganisms and delay the onset of degradation (Environmental Protection Agency 

2011). Cyclic nitramine degradation has been explored at a range of temperatures from 

cold marine sediments (Zhao, Greer et al. 2004) to compost piles (Bayman, Ritchey et 

al. 1995; Wilson and Bouwer 1997) and sludge reactors (Freedman and Sutherland 

1998), to incineration (Agency for Toxic Substances and Disease Registry 1995; 

Agency for Toxic Substances and Disease Registry 2010).  
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 Redox potential (Eh) decides the dominant reducing condition during 

anaerobic biodegradation (Table 2.4), and different anaerobic bacteria dominate in 

different Eh ranges. Because of the relatively short research history of anaerobic 

biodegradation of cyclic nitramines, the detailed effect of Eh and its optimal range is 

basically unknown; however, because the explosive compounds are so highly 

oxidized, a powerfully reductive environment would seem logical to obtain the most 

efficient biodegradation. As discussed in section 2.3.4, the more reduced environments 

such as sulfate-reducing (Boopathy, Manning et al. 1998; Boopathy 2001; Arnett and 

Adrian 2009) and methanogenic (Adrian, Arnett et al. 2003) were more effective at 

degrading cyclic nitramines than the less reduced environments containing nitrates 

(Freedman and Sutherland 1998; Bradley and Dinicola 2005) and iron (Kwon and 

Finneran 2006).  

  
2.3.6.5 Solid Ratio and Sediment Type 

 
 Solid to water ratio may have a significant effect on the bioavailability of 

cyclic nitramines for biological attack. Research has demonstrated 1:1 (volume of 

water: volume of sediment) slurry enhanced the biodegradation rate compared with a 

0:1 ratio (Boopathy, Manning et al. 1998; Beaulieu, Becaert et al. 2000). The sediment 

types also play an important role in the distribution of microorganisms and their 

degradation of pollutants. Research has reported the activity of cyclic nitramine-

degrading organisms was influenced by sediment properties (Spain, Hughes et al. 

2000; Sunahara, Guilherme et al. 2009). The composition and active bacterial 
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community in sediment were primarily determined by sediment type and the effects of 

sediment texture and structure on xenobiotic metabolism by sediment were noted 

(Aller 1990).  

 
2.4 Cyclic Nitramine Contamination and Biodegradation in Soils on  

Military Ranges 
 

2.4.1 Contamination of Cyclic Nitramines 

 
Contamination of military ranges with nitrate explosives residue is an 

international problem. There are an estimated 50 million acres contaminated by these 

chemical compounds through manufacturing, storage, bombing and training in the 

USA alone (Armstrong 1999; Armstrong 1999). Furthermore, the USA maintains 

responsibility for firing ranges in countries and climates as diverse as Germany and 

Panama (Armstrong 1999; Armstrong 1999). The severity of contamination at 

virtually all of these sites is unknown, hampering their use for additional training, 

remediation, and in some cases, release for public access (Clausen, Robb et al. 2004). 

Management of these sites is hampered by the exorbitant cost of research involved in 

comprehensive environmental assessments. Drinking water supplies near military 

bases have been contaminated and ensuing investigations have received a very high 

level of regulatory and public scrutiny, especially when the bases are located in 

heavily populated areas (Clausen, Robb et al. 2004; Environmental Protection Agency 

2011).  
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Soils on military ranges can vary depending on geographical location, but 

many consist of fine to coarse-grained sands overlying very coarse sands and gravels 

that reside at the top of the saturated zone (Crocker, Thompson et al. 2005). Silt and 

clay comprise the base of the saturated zone that overlies relatively impermeable 

bedrock located at a depth of 285 to 365 feet below ground surface; depth-to-water 

over most of the site is approximately 100 ft. (Clausen, Robb et al. 2004). Some 

training and impact areas of the bases overlie major ground water recharge areas and 

aquifers, from which  ground water flows radially in all directions (Environmental 

Protection Agency 2011), or lie adjacent to wetlands and creeks (Axtell, Johnston et 

al. 2000). Except for drainage slopes in this type of soil, surface water runoff is 

virtually nonexistent due to the highly permeable nature of the soils and aquifer 

materials (Head 1998). 

Military ranges consist of regions designated for certain purposes, such as 

impact areas, guns and mortar firing positions, rocket ranges, and demolition areas. 

Due to the multiplicity of explosive compounds used, a variety of contaminants are 

spread out over the entire range. Several chemicals, such as 2,4,6-trinitrotoluene 

(TNT), dinitrotoluene (DNT), RDX, HMX, and perchlorate can be expected in the soil 

at any given location in varying amounts (Jenkins, Grant et al. 1996). In general, 

concentrations of explosive compounds tend to decrease rapidly with depth and 

distance from detonation (Jenkins, Grant et al. 1996). Concentrations of nitrate 

explosives in soil and ground water range from a few µg mL-1 up to g kg-1 (U.S. 

Environmental Protection Agency 1990; Jenkins, Walsh et al. 1997).  
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2.4.2 Biodegradation of Cyclic Nitramines 

 
 As military ranges are vulnerable habitats to cyclic nitramine contamination, 

the microorganisms living in this environment consequently suffer from nitrate 

explosives passively, through the activities of indigenous chronic exposure. There 

have been several obstructions on the path to bioremediating these soils. First, 

evolutionary history has taught that microbes living in these contaminated soils would 

evolve abilities to utilize the nitrate explosives as substrates for survival (Madigan and 

Martinko 2006); however, the indigenous microbes do not possess sufficient biomass 

or metabolic activity to degrade these xenobiotics before they leach through soils 

polluting  ground water (U.S. Environmental Protection Agency 1990; Jackson, Rylott 

et al. 2007). Second, bioremediation techniques that involve inoculating non-

indigenous microbes into contaminated zones for degradation are generally out-

competed by the indigenous bacteria, unless large amounts of substrates are added 

(Axtell, Johnston et al. 2000; Spain, Hughes et al. 2000). Third, there is more than one 

compound in the soil, which may prevent degradation if one or more compounds or 

metabolites present are toxic to the indigenous microbiota (Jenkins, Grant et al. 1996; 

Prescott, Harley et al. 2005). Biodegradation of cyclic nitramines in soils on military 

ranges has involved both aerobic and anaerobic bacteria. 
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2.4.2.1 Aerobic Biodegradation of Cyclic Nitramines 

 
 White rot fungi have been proposed for use in the bioremediation of 

contaminated soil and water. Strains of Phanerochaete chrysosporium and Pleurotus 

ostreatus have been studied with regard to their ability to degrade TNT, RDX and 

HMX in contaminated soils (Bayman, Ritchey et al. 1995; Axtell, Johnston et al. 

2000). In soil amended with growth substrate and P. ostreatus, concentrations of TNT, 

HMX and RDX were reduced from 194.0 + 50, 61 + 20 mg/kg and 118.0 + 30 to 3 + 

4, 18 + 7 and 5 + 3 mg/kg, respectively, during a 62-day incubation period (Axtell, 

Johnston et al. 2000). Interestingly, in soil that was amended with this substrate 

mixture, but not with P. ostreatus, the concentrations of TNT, HMX, and RDX were 

also reduced substantially from 283 + 100, 67 + 20, and 144 + 50 mg/kg to 10 + 10, 

34 + 20, and 12 + 10 mg/kg, respectively, during the same period (Axtell, Johnston et 

al. 2000). Several researchers have concluded that the addition of amendments that 

enhance the growth and activity of indigenous microorganisms was sufficient to 

promote extensive degradation of these compounds in soil (Coleman, Nelson et al. 

1998; Axtell, Johnston et al. 2000; Adrian, Arnett et al. 2003; Fournier, Halasz et al. 

2004); however, results have been inconsistent in determining the metabolites or 

whether mineralization occurred. Bayman et al. (1995) concluded that no 

mineralization was evident for the fungal species Cladosporium resinae, 

Cunninghamella echinulata var elegans, Cyathus pallidus or Phanerochaete 

chrysosporium. 
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 Composting has been investigated as an economical bioremediation 

technology for cleanup of sediments contaminated with explosives and propellants 

(Williams, Ziegenfuss et al. 1992; Pennington, Hayes et al. 1995). Tests were 

conducted in thermophilic and mesophilic aerated static piles. The thermophilic and 

mesophilic half-lives were 11.9 and 21.9 days for TNT, 17.3 and 30.1 days for RDX, 

and 22.8 and 42.0 days for HMX, respectively (Williams, Ziegenfuss et al. 1992). No 

volatile organic compounds were produced from the transformation of TNT to 

metabolites (Pennington, Hayes et al. 1995). 

Indigenous bacteria, such as Rhodococcus sp. strain DN22, which was isolated 

from contaminated soil on a military range, have also been shown to have degradative 

abilities, but first require the addition of substrates, such as oat chaff or molasses 

(Fournier, Halasz et al. 2004; Fournier, Halasz et al. 2004). Genetic study revealed 

RDX biodegradation in strain DN22 appears to involve a plasmid-encoded 

cytochrome P450 enzyme, which means that plasmid-borne RDX degradation genes 

could potentially be transferred between bacteria (Coleman, Spain et al. 2002). The 

functional gene, XplA, was found to be involved in the breakdown and transformation 

of RDX in Rhodococcus rhodochrous strain 11Y, Gordonia sp. KTR9 and Williamsia 

sp. KTR4, and codes for a fused flavodoxin-cytochrome P450 protein (Seth-Smith, 

Rosser et al. 2002; Indest, Crocker et al. 2007). This gene was found in a gene cluster 

with an adrenodoxin reductase homologue, xplB (Seth-Smith, Rosser et al. 2002). The 

mechanism of action of XplA on RDX is thought to involve initial denitration followed 

by spontaneous ring cleavage and mineralization (Seth-Smith, Rosser et al. 2002). 
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These researchers suggested that the capacity to monitor the presence of specific 

microorganisms and/or genes coding enzymes involved in nitrate explosives 

transformation and breakdown in complex environmental samples will be critical for 

bioremediation strategies targeting explosives that rely on in situ bioaugmentation and 

monitored natural attenuation (Seth-Smith, Rosser et al. 2002; Indest, Crocker et al. 

2007). 

 
2.4.2.2 Anaerobic Biodegradation of Cyclic Nitramines 

 
The anaerobic biodegradation of cyclic nitramines has not been studied as 

extensively as the aerobic technique. Actually, anaerobic degradation work in soils is 

still scarce although very important to military ranges since anaerobic degradation has 

generally proved more efficient than aerobic techniques (Spain, Hughes et al. 2000; 

Sunahara, Guilherme et al. 2009). Many previous studies demonstrated that cyclic 

nitramines could be biodegraded under different reducing conditions, as discussed in 

section 2.3.4, but relatively few papers exist on anaerobic biodegradation in 

contaminated soils.  

The biodegradation of RDX and HMX in liquid cultures with municipal 

anaerobic sludge showed that at least two degradation routes were involved in the 

disappearance of RDX (Hawari, Halasz et al. 2000), however, this technique has not 

been applied in situ or ex situ to contaminated soils with HMX or other explosives. 

The in situ degradation of two nitramine explosives, RDX and HMX, was evaluated 

using a mixture of RDX and HMX, incubated anaerobically at 10°C with marine 
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sediment from a previous military dumping site of unexploded ordnance (UXO) in 

Halifax Harbor, Nova Scotia, Canada (Zhao, Greer et al. 2004). The RDX 

concentration (66 µM) in the aqueous phase was reduced by half in 4 days, while 

reduction of HMX concentration (4 µM) by half required 50 days (Zhao, Greer et al. 

2004). Supplementation with the carbon sources glucose, acetate, or citrate did not 

affect the removal rate of RDX but improved removal of HMX, and optimal 

mineralization of RDX and HMX was obtained in the presence of glucose (Zhao, 

Greer et al. 2004). HMX mineralization reached only 13%-27% after 115 days of 

incubation in the presence or absence of the carbon sources (Zhao, Greer et al. 2004). 

Some psychrotrophic sediment isolates were capable of degrading RDX under 

conditions similar to those used for sediments (Zhao, Greer et al. 2004). The authors 

concluded that an initial reduction to the corresponding mononitroso derivative, 1-NO-

HMX, followed by denitration and ring cleavage, was the main degradation pathway 

for cyclic nitramines by sediment microbes (Zhao, Greer et al. 2004).  

 Xenobiotic reductases XenA and XenB (and the bacterial strains harboring 

these enzymes) under both aerobic and anaerobic conditions have recently been 

assessed. Under reduced oxygen, but not fully anaerobic conditions, the aerobic 

bacteria Pseudomonas fluorescens I-C (XenB) degraded RDX faster than 

Pseudomonas putida II-B (XenA), and transformation occurred when the cells were 

supplied with sources of both carbon (succinate) and nitrogen (NH4+), but not when 

only carbon was supplied (Fuller, McClay et al. 2009). Degradation of two other 

cyclic nitramines, HMX and 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
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hexaazaisowurtzitane (CL-20) was also observed. Transformation was always faster 

under reduced oxygen conditions compared to aerobic conditions, with both enzymes 

exhibiting an O2 concentration-dependent inhibition of transformation, and XenB 

exhibiting broader substrate range overall (Fuller, McClay et al. 2009). The results 

indicate that these two xenobiotic reductases may be important in the degradation of 

cyclic nitramines under anaerobic conditions; however, these two organisms were not 

isolated from contaminated ranges and their degradative ability in contaminated soils 

was not explored. Due to the limited study on anaerobic cyclic nitramine 

biodegradation in soils on military ranges, the biological processes involved in such an 

environment are still not understood and further research is urgently needed. 
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Chapter 3 Ovine Ruminal Microbes are Capable of Biotransforming 
Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) 
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3.1 Introduction 

 
Explosives have been manufactured and employed in artillery since the 1930s, 

leading to the contamination of land and ground water at over 2,000 U.S. military sites 

(Talley and Sleeper 1997; Bhadra, Wayment et al. 2001; Sunahara, Guilherme et al. 

2009). Two frequently used compounds are 2,4,6-trinitrotoluene (TNT) and 

hexahydro-1,3,5-trinitro-1,3,5-triazine, also known as Royal Demolition Explosive 

(RDX). RDX is a cyclic nitramine that is toxic to a wide variety of plants and 

mammals and is classified by the U.S. Environmental Protection Agency (EPA) as a 

Group C possible human carcinogen (Rylott, Jackson et al. 2006; U.S. Environmental 

Protection Agency 2009). Wastewater resulting from the production and improper 

disposal of explosives has collected in lagoons and serves as a source of highly 

concentrated RDX (Vila, Lorber-Pascal et al. 2007; U.S. Environmental Protection 

Agency 2009).  Storage and testing of these energetic compounds has resulted in 

residual low concentrations (1.3 mg kg-1 of soil) dispersed over large land areas, 

composed of soil and plant material (Daniels and Knezovich 1994; Burken 2001; Vila, 

Mehier et al. 2007). Due to its relative inability to cling to soil particles and its high 

mobility and slow volatilization from water, RDX contamination threatens drinking 

water supplies underneath contaminated soil beds (Hawari, Halasz et al. 2000; U.S. 

Environmental Protection Agency 2009).  

Bioremediation refers to the use of biological agents to degrade or render 

various types of hazardous waste to a non-hazardous or less-hazardous state (Talley 

and Sleeper 1997) and has become an increasingly popular form of environmental 
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detoxification in our progressively “green” society. Historically, in situ treatments 

such as pump-and-treat and bioventing, which treat the contaminated soils in place, 

have had problems succeeding in an uncontrolled environment (Agency for Toxic 

Substances and Disease Registry 1995). Controlled environments using ex situ 

treatments such as excavation and incineration or composting have successfully 

remediated sites but are too costly and not feasible for low concentrations of RDX 

polluting larger land masses (Vila, Lorber-Pascal et al. 2007; U.S. Environmental 

Protection Agency 2009). Microbial degradation of RDX is one example of in situ 

biotreatment. Metabolic pathways in aerobic and anaerobic microorganisms have been 

discovered that efficiently break down RDX to complete mineralization (Zhao, Paquet 

et al. 2003), yet RDX contamination remains a problem in surface and  ground water 

(U.S. Environmental Protection Agency 2009). The EPA has set the recommended 

drinking water guideline to 2 ppm for RDX; concentrations up to 36 ppm are found in 

contaminated water (Agency for Toxic Substances and Disease Registry 1995). This 

would suggest that indigenous soil microbes and fungi are incapable of complete 

transformation, perhaps due to the accumulation of toxic metabolites or the low 

bioavailability of soil RDX (Rylott, Jackson et al. 2006). 

Removing contaminated soil and plants for incineration is not only expensive, 

but also poses health risks because of the aerosolization of RDX particles (Agency for 

Toxic Substances and Disease Registry 1995). Bringing a bioreactor to the site of 

contamination would be ideal. Ruminants such as sheep, cows, goats, and deer have 

recently been studied for the reductive power of their rumen (Hobson and Stewart 
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1997; Fleischmann, Walker et al. 2004; Rattray and Craig 2007; De Lorme and Craig 

2008; Smith, Craig et al. 2008), which can be viewed as an easily transported 

bioreactor contained in a controlled anaerobic environment. Whole bovine rumen 

fluid, which is composed of bacteria, archaea, fungi, and protozoa, has been shown to 

either immobilize or transform TNT in 4 hours to an unidentified polar metabolite 

(Fleischmann, Walker et al. 2004).  Another study fed radio-labeled TNT to sheep to 

examine the metabolic fate of TNT and its toxicity to sheep (Smith, Craig et al. 2008). 

This study demonstrated that reduction within the rumen led to substantial conversion 

of residues covalently bound to organic matter, which are not readily bioavailable 

(Smith, Craig et al. 2008). Toxicity was not experienced by the sheep, thus making the 

techniques of phytoremediation combined with microbial degradation in the rumen, or 

“phytoruminal bioremediation,” a viable alternative (Smith, Craig et al. 2008).  

In this study, we aimed to: 1) determine if RDX can be consistently 

biotransformed in ovine whole rumen fluid and 2) enrich for and identify bacterial 

and/or archaeal species capable of transforming RDX. 

 
3.2 Materials and Methods 

3.2.1 Whole Rumen Fluid (WRF) Collection 

 
Ovine whole rumen fluid was collected from three cannulated male sheep, 

done according to OSU IACUC, maintained at the Oregon State University (OSU) 

Sheep Center (Corvallis, OR). The WRF was pooled in a sterile, pre-warmed thermos, 
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which was filled completely to the top to maintain an anaerobic environment, followed 

by immediate transport to the lab. The thermos was then placed into an anaerobic 

glove box (Coy, Grass Lake, MI) with an atmosphere of CO2:H2 (9:1). The thermos 

was gently inverted and a 25 mL portion was poured into a sterile beaker and used for 

all inoculation experiments. WRF was collected twice daily: in the morning before 

feeding and six hours after feeding, on three separate days. The sheep were fed a high 

forage diet of alfalfa hay twice daily. 

 
3.2.2 Incubation Conditions for AM/PM RDX Degradation  

Experiment 
 

 
WRF (5 mL) was inoculated into sterile, anaerobically prepared screw-capped 

tubes. RDX was added to each tube for a final concentration of 35 µg mL-1. Tubes 

were incubated anaerobically in the dark at 39°C on a rotary shaker (150 rpm) for 24 

hours. Samples (0.2 mL) were collected every hour for the first five hours, and at 24 

hours. Samples were frozen at -20˚C until prepared for analysis by high performance 

liquid chromatography (HPLC), as described below. Autoclaved tubes of WRF were 

used as controls. All experiments were performed in triplicate.  

3.2.3 Enrichment for RDX-degraders from WRF 

 
3.2.3.1 WRF Collection and Media Preparation 

 
Ovine WRF was collected as previously described from three different sheep 

once on three separate days. 1 mL of WRF was used to inoculate anaerobically 
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prepared tubes of five different types of media: complex, easy, medium E, 

methanogenic and low nitrogen basal media (see Supplemental material). Media 

components were combined in a round bottom flask, brought to a pH of 7.0 using 10 

N NaOH, then boiled for 5 min and purged of oxygen by sparging with a N2:CO2 

(75:25) gas mixture for 30 min. The media were then corked and immediately placed 

into an anaerobic glove box and aliquotted to serum bottles, which were sealed with 

butyl rubber stoppers and aluminum crimp caps. Anaerobically prepared reducing 

agents (3.8 mM sodium bicarbonate solution, 0.3 mM sodium sulfide, 0.2 mM 

cysteine hydrochloride) were added to each bottle of medium before use. The sealed 

media and reducing agents were autoclaved for 35 min at 120° C and stored until use 

with RDX in appropriate culture tubes. All experiments were performed in triplicate.  

Media were dispensed as 3 mL aliquots into sterile, pre-reduced and 

autoclaved screw-capped tubes. All media were reduced with 0.2 mL sterile reducing 

agent (1.25% cysteine sulfide) and filter sterilized. A 0.1 mL B-vitamins solution (see 

Supplemental material) was added to complex medium, medium E, and easy medium. 

Dilutions of WRF (10-1 and 10-2) were made for each type of medium by diluting 

WRF in anaerobic diluent prior to inoculation (per liter of anaerobic diluent: 0.23 g 

potassium phosphate, dibasic; 0.08 g sodium citrate, dihydrate; 0.45 g sodium 

chloride; 0.45 g ammonium sulfate; 0.23 g potassium phosphate, monobasic; 0.06 g 

calcium chloride, dihydrate; 0.09 g magnesium sulfate, heptahydrate; 0.75 g sodium 

citrate; 1.0 mL 0.1% resazurin; 70 mL sodium bicarbonate (9.1% w/v). Inoculations of 

WRF and dilutions of WRF were performed for all five types of media. Hexahydro-
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1,3,5-trinitro-1,3,5-triazine (RDX)  (Cambridge Isotope Laboratories, Inc., Andover, 

MA) was added to each tube to a final concentration of 18 µg mL-1 (0.1 mL of 1,000 

mg L-1 RDX  in acetonitrile stock solution). A positive control consisted of 18 µg mL-1 

RDX without the addition of whole rumen fluid. Positive controls were not transferred 

daily; instead a 0.5 mL sample was taken at each sampling time point for the 

experiment period. Fresh tubes of positive control were made when cultures were 

transferred to a different medium. A negative control consisted of the specific types of 

media with rumen fluid and the addition of 0.1 mL acetonitrile. Negative and positive 

controls and samples were run in triplicate. A zero hour sample (0.5 mL) was 

collected and processed by HPLC analysis as described below. 

 
3.2.3.2 Enrichment Process 

 
Cultures were incubated anaerobically in the dark at 39°C on a rotary shaker 

(150 rpm) for 1-7 days between transfers. After 18-24 hours a sample was taken for 

HPLC analysis and 0.5 mL of culture was re-transferred to fresh medium containing 

reducing agent, vitamins and RDX, if the concentration of RDX had decreased to 5 µg 

mL-1 in 7 days or less. This process was repeated every 24 hours until enrichments had 

been transferred a minimum of three times. At each sampling time, 0.5 mL of culture 

was collected. All samples were centrifuged at 4° C and 16,100 x g for 3 min. 

Supernatant was removed and filtered through a 0.2 µm PTFE membrane filter (VWR 

International, Brisbane, CA) for analysis immediately by HPLC.  
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3.2.4 High Performance Liquid Chromatography Conditions  

 
HPLC analyses were carried out using Environmental Protection Agency 

(EPA) method 8330 (U. S. Environmental Protection Agency 2006). In brief, 

separations were performed using an Acclaim Explosive E1 column (250 mm x 4.6 

mm i.d., 5 µm particle size) (Dionex Corporation, Sunnyvale, CA), eluting under 

isocratic conditions with water and methanol (43:57) at 32°C and a flow rate of 1 mL 

min-1, with a total run time of 30 min. The HPLC system consisted of a Perkin–Elmer 

(Waltham, MA) Series 200 pump equipped with a Perkin–Elmer ISS 200 autosampler 

and Perkin–Elmer Series 200 photodiode array detector monitoring at 254 nm. 

TotalChrom software (Perkin–Elmer) was used to quantify HPLC data. 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. 

 
3.2.5 Genomic and Plasmid Nucleic Acid Extraction 

 
After 21 days, and a minimum of three transfers after the initial inoculation, 

genomic DNA was extracted from overnight cultures using a Gentra PureGene DNA 

Isolation kit (Gentra Systems, Minneapolis, MN), following the manufacturer’s 

protocol for body fluids. DNA was again extracted from the remaining consortia after 

1 year of the enrichment process. 
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Plasmid miniprep was carried out using the alkaline lysis method (Engebrecht, 

Brent et al. 2001). Briefly, 1.5 mL of overnight culture was centrifuged for 20 seconds 

at 10,000 x g and the supernatant was discarded. Pellets were re-suspended in 100 µL 

glucose-tris-EDTA (GTE solution) and 1.5 µL RNase and allowed to sit for 5 minutes 

at room temperature. Next, 200 µL of 0.2 N NaOH/ 1% SDS solution was added and 

the tubes were mixed by gently tapping. After 5 min on ice, 150 µL potassium acetate 

solution was added. Tubes were vortexed for 2 sec and placed on ice for 5 min. Tubes 

were then centrifuged for 3 min and the supernatant was transferred to a fresh tube 

containing 0.8 mL 95% ethanol and allowed to sit for 2 min to precipitate nucleic 

acids. After centrifuging, pellets were washed with 70% ethanol and dried in a Savant 

Integrated Speed Vac System ISS 100 (GMI, Inc., Ramsey, MN) before re-suspension 

in 30 µL TE buffer. 

 
3.2.6 DGGE Analysis of Genomic DNA Samples from RDX   

Enrichments and Plasmid DNA Samples from Clones 
 

3.2.6.1 Polymerase Chain Reaction Conditions 

 
To construct the DGGE profiles for bacteria, a primer set was used to amplify 

the hypervariable or V3 region of 16S rRNA through the polymerase-chain reaction 

(PCR) (Rattray and Craig 2007). Thermocycling conditions for genomic DNA 

template reactions consisted of a 10 min denaturation cycle at 95°C followed by 25 

cycles of 30 s at 95°C, 30 s at 63°C, and 45 s at 72°C, with a final elongation cycle of 

72°C for 5 min. To construct the DGGE profiles for archaea, the universal primer set 
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for archaea and a touchdown PCR method described previously was used to target the 

16S rRNA gene (Hwang, Shin et al. 2008).  

 
3.2.6.2 Denaturing Gradient Gel Electrophoresis Conditions 

 
The DCode system for DGGE (BioRad, Hercules, CA) was used according to 

the manufacturer’s recommendations. For the separation of 16S rRNA DGGE 

products, a 16 x16 cm, 8% polyacrylamide (37.5:1, acrylamide/bis-acrylamide, (Bio-

Rad)) gel with a linear denaturing gradient of 35–65% (100% denaturing in 7 M urea 

with 40% formamide (Mallinckrodt Baker Inc., Phillipsburg, PA)) was polymerized 

using a final concentration each of 0.09% (v/v) ammonium persulfate (Mallinckrodt 

Baker Inc.) and TEMED (Promega Corp., Madison, WI). All purified PCR products 

were mixed with 10 µL of 2x loading dye (0.05% bromophenol blue, 0.05% xylene 

cyanol, 70% glycerol, 29.9% 18 MΩ water) and brought up to a final volume of 20 

mL in TE (pH 8.0, 10 mM TrisHCl, 1 mM EDTA) before loading. One hundred 

nanograms of 16S rRNA PCR products were loaded next to separated WRF 

fragments. Seventy-five nanograms of plasmid DNA was loaded next to separated 

total genomic DNA from enrichment consortia. Gels were run for 16 h at 60 V in 1x 

Tris–acetate–EDTA (TAE) (0.4 M Tris base, 0.2 M acetic acid, glacial, 50 mM 

EDTA, pH 8.0) at 60˚C. Following electrophoresis, gels were stained using the Silver 

Stain Plus kit (BioRad) according to the manufacturer’s instructions. Gels were 

visualized on a fluorescent light box (Star X-ray, Amityville, NY). Gel images were 

captured using a Kodak DC120 digital camera. Kodak 1D image analysis software 
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v.3.6.3 (Eastman Kodak Scientific Imaging Systems, Rochester, NY) was used to 

analyze the resulting bands.  

 
3.2.7 16S rRNA-based Clone Library Construction 

  
3.2.7.1 PCR Conditions 

 
 
PCR was used to amplify partial 16S rRNA regions from genomic DNA 

extracted from RDX-degrading consortia (see Table 3.1 for primers and protocols 

used). All PCR thermocycling was carried out using a PTC-200 thermocycler (MJ 

Research Inc., Watertown, MA). Each 50 µL PCR reaction contained: approximately 

50 ng of purified genomic DNA, 2.5 mM of each deoxynucleotide triphosphate 

(dNTP), 5 µL of GeneAmp 10X PCR Buffer, 5 µL of 25 mM MgCl2, 100 nM of each 

primer, 0.25 U Amplitaq Gold DNA Polymerase (Applied Biosystems, Foster City, 

CA) and 31.75 mL sterile 18 MΩ water. Full-length PCR products (~1500 bp for 

bacteria and 293 bp for archaea) were purified using the QIAquick PCR purification 

kit (Qiagen Inc., Valencia, CA) according to the manufacturer’s recommendations. 

Concentrations of purified products were determined using a NanoDrop 1000 UV 

spectrophotometer (NanoDrop Technologies, Wilmington, DE).  

 
3.2.7.2 Cloning Procedure 

 
Cloning and transformation of competent Escherichia coli cells using PCR 

products from the D1f/P2r and GC-ARC787f/ARC1059r reactions was performed 
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with the TOPO® TA Cloning Kit for Sequencing (Invitrogen Corporation, Carlsbad, 

CA) according to the manufacturer’s recommendations. Ninety-six colonies per 

consortia were randomly picked and incubated overnight at 37°C with shaking at 250 

rpm in 300 µL Luria–Bertani (LB) broth (EMD Chemicals Inc., Gibbstown, NJ) with 

50 mg mL–1 kanamycin.  

 
Table 3.1 Primers and protocol references for amplification of target groups via PCR 
and DGGE. 
 

 

 
3.2.8 Restriction Fragment Length Polymorphism (RFLP) Analysis  

 
Restriction digests of clone library plasmid-derived PCR products were carried 

out using restriction enzymes Hae II and Hae III (New England Biolabs, Ipswich, 

MA) according to the manufacturer’s protocol. Digestion products were run out on a 

3% (w/v) agarose gel at 80 V for 2.5 h. Gels were stained with ethidium bromide and 
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photographed using a Kodak DC120 digital camera. Banding patterns were analyzed 

as described for DGGE. Clones with unique banding patterns were prepared for 

sequencing.  

 
3.2.9 Sequencing and Phylogenetic Analysis of Clone Inserts  

 
Cycle sequencing was performed using the ABI Big Dye Terminator system 

(Applied Biosystems), and the resultant products were analyzed with an Applied 

Biosystems capillary 3730 Genetic Analyzer. Sequencing of clone inserts was 

accomplished by elongation from the T3 primer and T7-terminator sites on the 

TOPO® TA vector to obtain overlapping reads of the whole 16S insert for bacteria. 

Sequencing archaeal clone inserts was accomplished by elongation from the T7- 

promoter only. Partial sequencing reads of the clone inserts were made into contiguous 

sequences using the CAP3 tool available in-house at the Center for Gene Research and 

Bioinformatics, (http://bioinfo.cgrb.oregonstate.edu/CGRB_CAP3_Server.html), OSU 

(http://bioinfo.cgrb.oregonstate.edu). Database homology searches for these sequences 

were performed using the BLAST (Altschul, Madden et al. 1997) program in the 

National Center for Biotechnology Information (NCBI) database. Only reference 

sequences of named organisms from the Genbank database (Benson, Karsch-Mizrachi 

et al. 2005) with the highest homology scores (97-99%) to the query sequences were 

chosen for phylogenetic comparison. GenBank reference sequences and clone library 

sequences selected for comparison to DGGE band sequences were aligned to query 

sequences using the Smith-Waterman algorithm of the “Align 2” tool found on the in-
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house bioinformatics website (Smith and Waterman 1981; Pearson 1991). Partial 16S 

rRNA clone and reference sequences were aligned using the CLUSTAL W 

(Thompson, Higgins et al. 1994) multiple sequence alignment algorithm. Phylogenetic 

analysis was performed using the PHYLIP phylogeny (Felenstein 2004) inference 

package. The two parameter model of Kimura was used for construction of neighbor 

joining trees. Bootstrap analysis was performed by using 1000 replicates to determine 

the confidence values for tree branches.  

 
3.3 Results 

 
3.3.1 Biotransformation of RDX in Whole Rumen Fluid (WRF) 

 
Incubations of RDX in WRF (n=18) consistently showed the disappearance of 

RDX from a concentration of 20 µg mL-1, to a concentration of less than 5 µg mL-1, in 

3 hours (Fig. 3.1). Difference in the rates of RDX biotransformation in WRF samples 

collected in the morning, before feeding, and in the evening, after feeding, was not 

statistically significant (p = 0.91). The morning samples transformed RDX at a rate of 

0.69 ± 0.3 µg mL-1 hr-1 compared to the autoclaved control rate of -0.02 ± 0.02 µg mL-

1 hr-1, over a 24 hour period (p = 0.03). The evening samples had a transformation rate 

of 0.71 ± 0.23 µg mL-1 hr-1 that differed from the autoclaved control rate of 0.06 ± 

0.02 µg mL-1 hr-1 (p = 0.03). These results indicated that a biotic reaction was 

responsible for the disappearance of RDX. Since there was no difference in the rates 

of transformation in the autoclaved controls for morning and evening (p = 0.56), only 
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the averages of the morning control replicates on three different days are shown in 

Figure 3.1. The RDX transformation rates did not vary between the three days of 

collection for the morning WRF samples (p = 0.25), or the evening WRF samples (p = 

0.25). In the first three hours, the transformation rates were 5.07 ± 1.87 and 4.94 ± 

1.26 µg mL-1 hr-1 for morning and evening, which equaled elimination of 83% and 

74% of the starting RDX concentration, respectively (Fig. 3.1). After the first three 

hours, the rate of transformation slowed, decreasing another 6% for morning samples 

and 9% for evening samples over the remaining 21 hours to an average final 

concentration of 2.49 ± 1.39 µg mL-1 (Fig. 3.1). 
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Figure 3.1 RDX concentrations during 24 hour incubations in whole rumen fluid 
(WRF) collected before (AM) and after (PM) feeding. Animals were on a high forage 
diet consisting of alfalfa hay. RDX concentration was measured via HPLC with 
UV/VIS detection. Error bars represent the standard deviations from the averages of 
three replicates on three different days per time point. 
 
 
3.3.2 Enrichments for RDX-degraders from Whole Rumen Fluid 

 
Five types of media were used to enrich for bacteria and/or archaea capable of 

RDX biotransformation from inoculations of WRF and dilutions of WRF. The only 

dilutions of WRF that were capable of RDX biotransformation were in methanogenic 

medium; both dilutions (WRF x 10-1 to WRF x 10-2) transformed in the same time 

period as the WRF inoculations (data not shown). The type of medium used was 
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expected to affect selection and therefore the rate and/or capability of RDX 

biotransformation. In general, only the low nitrogen basal and methanogenic media 

were successful in selecting for RDX transformers (Fig. 3.2). The low nitrogen basal 

and methanogenic media consortia were able to eliminate 100% of the 15 µg mL-1 

RDX in 4 days (Fig 3.2B). All WRF inoculations were transferred a minimum of three 

times in each type of medium in an attempt to select only for RDX utilizers. 
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Figure 3.2 The disappearance of RDX in the methanogenic medium enrichment over 
a 72 hour incubation period as determined by HPLC analysis. (A) HPLC 
chromatogram showing the disappearance of RDX in the methanogenic medium 
enrichment over a 72 hour incubation period. RDX eluted at 8.6 minutes. (B) 
Concentration of RDX in selected media. Rates shown are at 21 days from inoculation 
with a minimum of three transfers for each typed of medium. 
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Figure 3.2 The disappearance of RDX in the methanogenic medium enrichment over 
a 72 hour incubation period as determined by HPLC analysis. 
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3.3.2.1 DGGE of Total DNA from Enrichments at 21 Days 

 
  At 21 days of the enrichment process, total DNA was extracted from each 

enrichment. To monitor the decrease in microbial diversity of the enrichments over 

time in the various types of media, universal sequences specific for the 16S rRNA 

gene of bacteria and archaea were the target of amplification for DGGE analysis 

(Table 3.1). As expected, banding patterns on the gel were different for each type of 

medium, which was determined by visually counting bands and comparing relative 

distances traveled in each lane (Fig. 3.3).  

 

Figure 3.3 Denaturing gradient gel electrophoresis of RDX enrichments on day 21. 
Primers specific for the 16S rRNA gene sequences of (A) archaea (GC-ARC) and (B) 
bacteria (V3-DGGE) were used to compare the community composition of each 
enrichment. COMP (complex medium), EM (easy medium), ME (medium-E), LNB 
(low nitrogen basal medium), MM (methanogenic medium); 1=WRF + medium + 
RDX, 2= (WRF x 10-1) + medium + RDX; 3= (WRF x 10-2) + medium + RDX. 
 

B         Bacteria (16S rRNA 

   COMP     EM1     EM2       ME1      ME2      LNB1     LNB2  MM1   COMP  EM1 EM2   ME1    ME2   LNB1 LNB2  MM1 MM2  MM3 

A         Archaea (16S rRNA 
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3.3.2.2 Identification of Phylotypes from RDX Enrichments 

 
Universal bacterial primers encompassing a large portion of the 16S rRNA 

gene (Table 3.1) were selected for the generation of clone libraries from total DNA 

extracted from the two transforming enrichments in low nitrogen basal (LNB) and 

methanogenic media (MM). Three hundred eighty-four clones from the four resulting 

clone libraries were screened by restriction fragment length polymorphism (RFLP) 

analysis (data not shown). It was determined that nine different banding patterns were 

present; clones representative of different RFLP profiles were sequenced and 

phylogenetic analysis was performed (Fig. 3.4). 

 
3.3.2.2.1 Low Nitrogen Basal Medium Enrichment 

 
Four different RFLP profiles were determined in the low nitrogen basal 

medium (data not shown). Figure 3.4 shows that clone GU169431 was highly related 

(99%) to an uncultured methanogenic archeaeon, within the phylum Euryarchaeota, 

with the closest cultured match (98%) being Methanobrevibacter sp. within the class 

Methanobacteria (nomenclature used by the NCBI). Clone GU169432 was related 

(98%) to the Olsenella genera within the phylum Actinobacteria. Analysis of clone 

GU169430 showed 99% homology to an unclassified rumen bacterium that was most 

closely related (97%) to the genus Actinomyces within the phylum Actinobacteria. 

Clone GU169429 matched 99% homology to Lactobacillus vitulinus within the 
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phylum Firmicutes. Organisms from the phylum Actinobacteria were the majority 

selected for in this type of medium (Fig. 3.4).   

  
3.3.2.2.2 Methanogenic Medium Enrichment 

 
Five unique RFLP profiles were identified in the methanogenic medium (data 

not shown). Clone GU169436 was highly related (98%) to the Olsenella genera (Fig. 

3.4). Clone GU169434 matched (99%) to the Clostridium genera within the phylum 

Firmicutes, showing closest homology (98%) to Clostridium tetani. Clone GU169435 

matched 100% homology to Sporanaerobacter acetigenes within the phylum 

Firmicutes. Analysis of clone GU169437 showed 98% homology to an unclassified 

rumen bacterium, which was highly related (98%) to the Streptococcus genera within 

the phylum Firmicutes. Finally, clone GU169433 was highly related (99%) to 

Streptococcus bovis. This type of medium enriched for organisms predominantly from 

the phylum Firmicutes (Fig. 3.4).   
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Figure 3.4 Phylogenetic analysis of 16S rRNA sequences amplified from total DNA 
from low basal nitrogen and methanogenic media enrichments with RDX on day 21. 
Relationships between some of our clones (in bold) and representative members of 
different bacterial phyla are illustrated by an unrooted phylogenetic tree. Branch 
lengths were generated using the maximum likelihood method. Numbers at the nodes 
of the tree indicate bootstrap values for each node of 1000 bootstrap resamplings. The 
scale bar represents 0.02 base changes per nucleotide position. 
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Figure 3.4 Phylogenetic analysis of 16S rRNA sequences amplified from total DNA 
from low basal nitrogen and methanogenic media enrichments with RDX on day 21. 
 



 

	   	  

76	  

3.3.2.3 Isolation of Non-RDX Degraders from Methanogenic Medium    
Consortium 

 
 
The enrichment process was continued for one year with the methanogenic 

medium consortium (RDXMM+), which continued to transform 100% of RDX in 4 

days. A comparative culture for function and phylogenetic diversity was made by 

consecutively transferring the transforming consortium into methanogenic medium 

with no RDX for a period of two months in order to enrich for non-degraders 

(RDXMM-). Our hypothesis was that, after a length of time, the non-degraders would 

outcompete the RDX-degraders if there were no RDX present to act as a substrate or a 

potential toxin. After a period of two months, with transfers every three days, the new 

enrichment for non-degraders had noticeably decreased in growth and RDX 

metabolism (Fig. 3.5A, B). The RDXMM+ consortia attained an O.D. at 600 nm of 

1.3 in 3 days, while RDXMM- only reached 0.1 O.D (Fig. 3.5A); the RDX 

biotransformation rate of the RDXMM- consortia was reduced by two-thirds. 

RDXMM+ reduced RDX from 30 µg mL-1 to 0 µg mL-1 in three days, while 

RDXMM- only reduced RDX from 26 µg mL-1 to 15 µg mL-1 for the same time period 

(Fig. 3.5 B). The rate of biotransformation of RDXMM+ was 10 µg mL-1 day-1, while 

RDXMM- had a rate of 3.7 µg mL-1 day-1. The isolation process for non-degraders 

was continued for an additional two months, but the rate of RDX biotransformation 

did not change from 3.7 µg mL-1 day-1, which led us to conclude that the microbial 

species in the consortium had reached equilibrium.  
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3.3.2.4 DGGE of Methanogenic Enrichments at 1 Year 

 
To monitor changes in the populations of the enrichments, the DGGE 

sequences described previously were the target of amplification for DGGE analysis 

(Table 3.1). As expected from the dissimilar rates of growth and RDX elimination, the 

banding patterns of the 16S rRNA gene on the gel were different between RDXMM+ 

and RDXMM- (Fig. 3.5C). RDXMM- had lost one of the two species in RDXMM+ 

(Fig. 3.5C). There was no PCR amplification with the archaeal (GC-ARC) 16S rRNA 

gene primers as had occurred at day 21 of the enrichment process. This indicated that 

any organisms, which had previously been amplified by these primers, were no longer 

present after one year of enrichment.  

 
3.3.2.5 Identification of Phylotypes in RDXMM+ and RDXMM-   

 
Total DNA from each consortium was processed for amplification of 16S 

rRNA sequences at approximately 365 days of enrichment, as was performed with the 

21 day enrichments. The PCR products were cloned. Fifty clones from each library 

were screened by DGGE against the total DNA from each consortium. All 100 clones 

screened migrated to one of two total positions on the gel. Several bands with identical 

migration distances to each band in the total DNA samples were selected for cloning. 

Representative clones were sequenced and phylogenetic analyses were performed. All 

clones sequenced were identical to one of two clone sequences previously identified in 

the 21 day enrichments. Clone RDX-D6 represented the only sequence found in 
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RDXMM- and was identical to clone GU169434 from the 21 day enrichment, which 

was highly related (99%) to the genus Clostridium (Fig. 3.4). RDXMM+ also 

contained identical sequences to clone GU169434.  In addition, all other sequences 

matched clone RDX+B1, which had 100% homology to Sporanaerobacter acetigenes 

strain Lup33, as did clone GU169435 from the day 21 enrichments (Fig. 3.4). These 

results indicate that S. acetigenes plays a definite role in RDX biotransformation in the 

methanogenic medium enrichment. To our knowledge, this is the first study to have 

discovered S. acetigenes in the rumen (Table 3.2) and to suggest a capacity for RDX 

biotransformation.   
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Figure 3.5 (A) Growth curves of the original methanogenic medium enrichment (○) 
versus the enrichment with decreased RDX elimination (●) during 72 hour incubations 
with RDX. (B) Concentration of RDX in the original methanogenic medium 
enrichment (○) versus the enrichment with decreased RDX elimination (▼) during 72 
hour incubations. Error bars represent the standard deviation of three replicate samples 
per time point. (C) Comparison of 16S rRNA gene between RDXMM+ and RDXMM- 
by DGGE. Total DNA of the original methanogenic medium enrichment from WRF 
(RDXMM+) after 1 year of the enrichment process versus total DNA of the 
enrichment with decreased RDX elimination (RDXMM-) after two months of serial 
transfers with no RDX. Enrichment samples were screened against individual clones 
by DGGE analysis of the V3-region of the 16S rRNA gene. Arrows indicate 
homology of 1 year enrichment sequences to clone sequences from 21 day 
enrichments.  
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Figure 3.5 Metabolic and genetic comparison of RDXMM+ and RDXMM- consortia. 
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3.4 Discussion 

 
3.4.1 Cyclic Nitramine Contamination  

  
Explosive residues have been a source of environmental contamination since 

World War II, when the production, storage, and testing of these materials commenced 

(Talley and Sleeper 1997), and is a concern of international importance (Sunahara, 

Guilherme et al. 2009). Energetic chemicals such as RDX and TNT can cause toxicity 

to plants and microorganisms which inhabit directly polluted areas, and those regions 

exposed to contamination by offsite migration of these compounds (Sunahara, 

Guilherme et al. 2009). Contaminated sites generally contain explosive materials in 

varying concentrations in soil, sediment, and  ground water; this can have direct or 

indirect effects on human health (Sunahara, Guilherme et al. 2009). Many developing 

countries lack either the money or technology to clean up the pollution from munitions 

residues (Vila, Lorber-Pascal et al. 2007; Vila, Mehier et al. 2007; Sunahara, 

Guilherme et al. 2009).  

 
3.4.2 RDX-degrading Potential Under Anaerobic Conditions  

 
Anaerobic biodegradation of explosives has been well documented and studied 

as a potential remediation strategy for sites contaminated with explosive residues 

(Hawari, Beaudet et al. 2000; Hawari, Halasz et al. 2000; Adrian, Arnett et al. 2003; 

Zhao, Paquet et al. 2003; Fleischmann, Walker et al. 2004; Fournier, Trott et al. 2005; 

Sunahara, Guilherme et al. 2009). Research on anaerobic bioremediation of RDX has 
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mainly focused on soil environments, which have an oxidation–reduction potential 

(Eh) of between -200 and -300 mV. The rumen is a complex ecosystem with 

continuous anaerobic fermentation of digesta by microbial communities composed of 

bacteria, protozoa, and fungi (Hobson and Stewart 1997). This environment would be 

beneficial to efficient bioremediation not only because of the more powerful redox 

potential ranging between -250 and -450 mV (Fleischmann, Walker et al. 2004), but 

also because it is a feasible, easily transportable and self-contained anaerobic 

environment. Bovine rumen fluid has been previously shown to reduce TNT first to 

the metabolites 2,4-diamino-6-nitrotoluene and 2,4-dihydroxyamino-6-nitrotoluene, 

and then further to an unidentified polar metabolite within 24 hours (Fleischmann, 

Walker et al. 2004; Smith, Craig et al. 2008).   

 
3.5 Conclusions  

 
In this study, we examined the potential for bioremediation of RDX through 

the ovine rumen. By combining classic anaerobic culturing techniques with analytical 

chemistry and molecular biology we were able to not only discover organisms capable 

of the biological transformation of a toxic molecule, but also to identify the key genera 

involved. By extracting total DNA from enrichments at different time points, we were 

able to monitor changes in the bacterial diversity that occurred during the enrichment 

process over the course of one year through techniques involving cloning, DGGE, and 

sequencing.  



 

	   	  

83	  

Diet has been shown to influence diversity and community composition of 

microbial populations in the rumen (Sejrsen, Hvelplund et al. 2006).  In general, the 

rumen of animals on high forage diets will be enriched for different bacterial 

communities in comparison to animals on high grain diets (Tajima, Aminov et al. 

2001). In this experiment, we hypothesized that RDX would be transformed in WRF, 

but wanted to explore if degradation would be dependent on whether or not the sheep 

had eaten close to the time when WRF was pulled for incubation experiments. Results 

from HPLC analysis showed that RDX incubated with whole rumen fluid was nearly 

eliminated within 4 hours, whether the sample had been collected before or after 

feeding (Fig. 3.1). Our data showed that RDX was consistently transformed pre- and 

post-prandially with nearly identical rates, which lead us to infer that the organisms 

responsible for transformation were not dependent on eating cycles for an increase in 

population and are likely stable and perhaps prominent residents of the rumen. This 

experiment also indicated that the elimination of RDX was not caused by an abiotic 

reaction, as no degradation occurred in the autoclaved controls (Fig. 3.1).    

The employment of various types of media for enrichment influenced the 

capability and rates of RDX biotransformation (Fig. 3.2). All initial inoculations of 

rumen fluid into each type of medium produced RDX elimination within 24 hours, but 

with each successive transfer, the rates became increasingly slower until they stopped 

in all but two types of media. Possible reasons for these results could be explained by 

cultures expiring due to a build-up of toxic metabolites, which reduced the viability of 

the RDX-degrading organisms, or caused inhibition of transformation, as has been 
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suggested in a previous study with ruminal isolates and TNT (Hawari, Beaudet et al. 

2000; Coppotelli, Ibarrolaza et al. 2008; De Lorme and Craig 2008). It is also possible 

that some of the RDX-metabolizing organisms could not be sustained under our 

specific culture conditions. The only continuously transforming enrichments which 

survived at least three transfers were in the methanogenic and low nitrogen basal 

media, which eliminated RDX in three and four days, respectively (Fig. 3.2). Our 

results show that organisms existing in the rumen at lower populations, such as 

Actinobacteria at 105 to 106 cells mL-1 as opposed to Firmicutes at 109 to 1010 cells 

mL-1 (Hobson and Stewart 1997; Ozutsumi, Tajima et al. 2005) were able to sustain 

viability under our laboratory conditions and metabolize RDX.  Because the 

elimination of RDX slowed from 24 hours to 72 hours after three weeks of the 

enrichment process, and the elimination of RDX in WRF in 4 hours was consistent, 

we conclude that co-metabolism of RDX occurs in the rumen; and if an organism did 

not survive each successive transfer in the media enrichments, this does not indicate 

its inability to contribute to the degradation of RDX and/or metabolites inside the 

rumen.  

In microbiology, we are discovering with the application of genomics, that 

most microbes evade laboratory culture (Tajima, Aminov et al. 1999). In the rumen, 

these organisms are most commonly phylogenetically identified by the marker 

sequences for ribosomal ribonucleic acid (rRNA), or its coding sequence, ribosomal 

deoxyribonucleic acid (rDNA) (Tajima, Aminov et al. 2001). Comparison of 16S 

rRNA sequence migration patterns of the total DNA from each enrichment at 21 days 
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by DGGE, showed each type of medium selected for a unique consortium (Fig. 3.3). 

This was not surprising because results from the HPLC analysis showed vastly 

differing rates of RDX elimination between the types of media (Fig. 3.2), which 

would suggest that there was significant dissimilarity between the enrichments. From 

our results, we speculated that archaeal and bacterial species may be involved in RDX 

degradation, and that several organisms may exist in both the low nitrogen basal and 

methanogenic media enrichments.  

Phylogenetic analysis of 16S rRNA clones from the low nitrogen basal and 

methanogenic media revealed one predominant phyla in each type of medium (Fig. 

3.4). The phylum Actinobacteria (high G+C ratio) was dominant in the low nitrogen 

basal medium. Some species of Actinobacteria are recognized as colonizers of human 

and animal oral cavities as well as inhabitants of soil environments (An, Cai et al. 

2006; Ventura, Canchaya et al. 2007). They are notorious secondary metabolite 

producers (Ventura, Canchaya et al. 2007) and represent only about 2% of rumen 

bacteria (Ozutsumi, Tajima et al. 2005). Actinobacteria are prevalent in other 

biodegradation consortia containing polycyclic aromatic compounds (Long, Lappin-

Scott et al. 2009; Zrafi-Nouira, Guermazi et al. 2009), but their ability to degrade 

cyclic nitramines has not been previously demonstrated. Euryarchaeota have not been 

associated with biodegradation of polycyclic aromatic compounds or cyclic nitramines 

(Roling, Couto de Brito et al. 2004; Saia, Damianovic et al. 2007), so it was surprising 

to have found one organism that fell into this phylum in the predominantly 

Actinobacteria consortium. All clones from the methanogenic medium were classified 
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under the phylum Firmicutes (low G+C Gram-positives). Firmicutes is considered to 

be the most prominent phylum in the rumen at 59.7% (Ozutsumi, Tajima et al. 2005). 

Ruminal Firmicutes are not linked to diet-dependent population shifts, and associate 

more closely with hay particles than rumen fluid (Tajima, Aminov et al. 1999), which 

would likely benefit the efficiency of bioremediation if sheep were to ingest grass 

containing RDX accumulated from contaminated soil; a part of our overall agricultural 

solution, phytoruminal bioremediation (Fleischmann, Walker et al. 2004; De Lorme 

and Craig 2008; Smith, Craig et al. 2008). Firmicutes have been previously associated 

with the degradation of polycyclic aromatic compounds, as well as the energetic 

compounds TNT and RDX (Zhao, Paquet et al. 2003; Alfreider and Vogt 2007; De 

Lorme and Craig 2008; Long, Lappin-Scott et al. 2009; Sunahara, Guilherme et al. 

2009).  

While there was no methanogen in this consortium, an acetogen was identified 

as Sporanaerobacter acetigenes; this organism had been previously isolated from 

anaerobic sludge banks in Mexico and was described as facultatively sulfur-reducing 

(Hernandez-Eugenio, Fardeau et al. 2002). The medium used to enrich for this 

organism was designed for growing methanogens and acetogens; and it does contain 

sulfur in various forms, including as a reducing agent (see supplemental material). In a 

prior study, a pathway of anaerobic degradation for RDX was determined from 

samples pulled from a municipal sludge reactor (Hawari, Halasz et al. 2000). Although 

no organisms were identified, the researchers thought there were likely methanogens 

and acetogens in the sludge (Hawari, Halasz et al. 2000). Acetogens are known to 
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exist in the rumen, but in relatively small numbers as they are usually out-competed by 

methanogens for substrates (Joblin 1999; Dworkin, Falkow et al. 2006). This is the 

first study to discover S. acetigenes strain Lup33 in the rumen, and to associate it with 

the degradation of explosives. Table 3.2 lists the nine previously isolated acetogens 

from the rumen. Five of the known organisms were isolated from sheep, with three 

isolates coming from steers, and one from a deer.  

 
Table 3.2 Acetogenic bacteria previously isolated from the rumen. Adapted from 
Dworkin et al., 2006. 
 

 

 
As the enrichment process was continued for approximately one year with the 

fastest RDX-transforming consortium in methanogenic medium, the population 

diversity continued to decrease, but the RDX elimination rate remained constant (Fig. 

3.5B, C). When selective pressure was applied to the transforming consortium for 

non-degraders by consecutively transferring into media without RDX, the number of 

species and metabolic capability decreased (Fig. 3.5B, C). The evolved changes in the 

bacterial community could be interpreted as the natural selection of an organism with 

a different metabolic capacity corresponding to the lack of RDX and metabolites. 
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Isolation of the organisms was attempted on agar plates, so that each individual 

organism could be tested for RDX biotransformation, but was unsuccessful. From our 

results, we can see that the clone which was similar to the Clostridium sp. has some 

RDX biotransformation ability, because the concentration of RDX was decreased in 

RDXMM-, although at 2/3 the rate of the two organisms in co-culture (Fig. 3.5B). 

Zhao et al., (2003) showed that C. bifermentans HAW-1 was capable of anaerobic 

RDX degradation in a sludge reactor (Zhao, Paquet et al. 2003), so it is not surprising 

that one of the organisms we found in the rumen is highly related (99%) to a 

Clostridial species. We also observed that S. acetigenes has the ability to transform 

RDX in co-culture with the Clostridial genus. It remains unknown at this time, 

whether S. acetigenes could eliminate RDX in isolation or at an equivalent rate as in 

co-culture with the Clostridial-like organism. We hypothesize that RDX is 

transformed to the nitroso intermediates and then degraded to the ring cleavage 

products defined by Zhao et al., (2003) because the two organisms defined in our 

enrichment are under anaerobic conditions, and are closely related to Clostridial 

organisms; however, the metabolite pathway and whether mineralization occurs 

remains unspecified at this time. We acknowledge that the metabolites and enzymes 

involved in the pathway are important to understand; therefore future studies will 

focus on these unanswered questions. 

In summary, this study recovered a unique set of microbes from the ovine 

rumen, which are highly related to Clostridium sp. and Sporanaerobacter acetigenes, 

and have the ability to transform RDX, potentially to a non-toxic metabolite, under 
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anaerobic conditions. This is the first study to discover S. acetigenes in the rumen, 

adding to the relatively short list of known acetogens that exist in this matrix (Liu, 

Finegold et al. 2008). Despite the disappearance of the energetic compound from our 

enrichments, the fate of the chemical and its biotransformed, or degraded, metabolites 

remain to be determined. Studies utilizing isotope tracing and supporting 

spectroscopic data from LC-MS/MS are necessary to unequivocally determine if 

degradation occurs and to identify the products. 

 
3.6 Supplemental Material 

 
3.6.1 Media and Anaerobic Solutions 

 
Complex medium 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, mol/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; 0.12 g magnesium sulfate, heptahydrate; 1.1 g sodium citrate, dehydrate; 20 mL 

1.25% cysteine sulfide; and 10 mL B-vitamins). 

Methanogenic medium (per liter: 50 mL clarified rumen fluid; 4.0 g trypticase; 2.0 g 

yeast extract; 0.45 g potassium phosphate, dibasic; 0.9 g sodium chloride; 0.45 g ammonium 

sulfate; 0.45 g potassium phosphate, monobasic; 0.12 g calcium chloride, dihydrate; 0.18 g 
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magnesium sulfate, heptahydrate; and 1.65 g sodium citrate, dehydrate), sodium acetate 2.0 g; 

sodium formate 2.0 g; 1.0 mL 0.1% ferrous sulfate solution; and 4.0 g sodium carbonate).  

Low basal nitrogen medium (per liter: 0.48 g potassium phosphate, dibasic; potassium 

phosphate, monobasic; 0.45 g sodium sulfate; 0.96 g sodium chloride; 0.13 g calcium 

chloride, dihydrate; 0.2 g magnesium sulfate, heptahydrate; and 1.76 g sodium citrate, 

dehydrate), 2.0 g sodium acetate; 2.0 g sodium formate; 1.0 mL 0.1% ferrous sulfate solution; 

4.0 g sodium carbonate; 5 mg tetrasodium EDTA; 2 mg ferrous sulfate, heptahydrate;  2 mg 

manganese chloride, tetrahydrate; 10 mg zinc sulfate, heptahydrate; 30 mg boric acid; 12 mg 

cobalt chloride, sextahydrate; 1 mg cupric chloride, dihydrate; 2 mg nickel chloride, 

sextahydrate; 30 mg sodium molybdate, dehydrate; 50 mg sodium selenite; 1 mg hemin; 2.5 

mg 1,4-napthoquinone; 1.0 mL resazurin; 3.1 mL VFA solution as described for complex 

medium; 4.0 g sodium carbonate; and 0.2 mL 25% (w/v) sterile glucose).  

Wolfe’s B-vitamin 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) [45]. 

Easy medium (per liter: 50 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; 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; and 1.1 g sodium citrate, dihydrate). 

Medium-E (per liter: 0.24 g potassium phosphate, dibasic; 0.88 g sodium citrate, 

dihydrate; 0.48 g sodium chloride; 0.48 g ammonium sulfate; 0.24 g potassium phosphate, 
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monobasic; 0.06g calcium chloride, dihydrate; 0.1 g magnesium sulfate, heptahydrate; 11.4 

mL VFA solution; 5 mg EDTA disodium salt; 2 mg ferrous sulfate, heptahydrate;   2 mg 

manganese sulfate, monohydrate; 0.11 mg zinc sulfate, heptahydrate; 0.34 mg boric acid; 0.14 

mg cobalt chloride, hexahydrate; 0.01 mg cupric chloride, dihydrate; 0.02 mg nickel chloride, 

hexahydrate; and 0.34 mg sodium molybdate, dehydrate; 1.1 mL 0.1% resazurin, 1.1 mL 

hemin, 100 mL clarified rumen fluid (Rattray and Craig 2007). 
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Chapter 4 Bioremediation of RDX via the Rumen: A Comparison 
Between Metabolism in Ovine Whole Rumen Fluid and 24 Ruminal 

Isolates 
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4.1 Introduction 

 
Since World War II, the use of energetic compounds by the military has 

resulted in large volumes of soil that are contaminated with explosives residue 

(Agency for Toxic Substances and Disease Registry; Clausen, Robb et al.). 

Compounds such as hexahydro-1,3,5-trinitro-1,3,5-triazine, (RDX), have been well-

documented as primarily exhibiting toxic effects in humans on the central nervous 

system (Agency for Toxic Substances and Disease Registry 1995; Brooks, Jacobson et 

al. 1997; Banerjee, Verma et al. 1999; U.S. Environmental Protection Agency 2009). 

Exposure can cause convulsions, loss of consciousness, vomiting, skin lesions, or even 

death (Hesselmann and Stenstrom 1994). RDX is classified as a group C possible 

human carcinogen and a priority pollutant by the US EPA. Residues from use of 

manufacturing and storage facilities and bombing and training ranges remain in soil at 

up to 16,000 military bases in the United States (Environmental Protection Agency 

1993; U.S. Environmental Protection Agency 2009). Cyclic nitramines, such as RDX, 

are resistant to degradation in soil and are highly mobile, thus threatening human 

health by leaching into ground water or to offsite locations, such as farmland (Daniels 

and Knezovich 1994; Sunahara, Guilherme et al. 2009) .  

The RDX molecule is a six-membered ring of alternating carbon and nitrogen 

atoms, with a nitro group attached to each nitrogen atom (Fig. 4.1). Although RDX is 

not planar, all three nitro groups are directed towards the same side of the molecule 

(Qasim, Moore et al. 2007). This particular geometric configuration makes it possible 
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for positive ions to electrostatically attract the oxygen atoms of the nitro groups, 

making them good leaving groups for nucleophilic reactions (Qasim, Moore et al. 

2007; Sunahara, Guilherme et al. 2009), such as those catalyzed through enzymatic 

attacks by microorganisms (Prescott, Harley et al. 2005).  

Past research suggests that anaerobic degradation of RDX by microorganisms 

is more efficient than aerobic degradation (Coleman, Nelson et al. 1998; Hawari, 

Beaudet et al. 2000; Hawari, Halasz et al. 2000; Crocker, Indest et al. 2006; Sunahara, 

Guilherme et al. 2009). The rumen is a powerfully reductive, anaerobic and natural 

bioreactor (Hobson and Stewart 1997), which we hypothesize could be used in the 

bioremediation of energetic compounds. This remediation technique, named 

“phytoruminal bioremediation”, would be cost-effective, in addition to providing a 

“green” solution to the current methods of soil removal and ex situ incineration, which 

release unburned explosive chemicals into the air, soil and water (Axtell, Johnston et 

al. 2000; Qasim, Moore et al. 2007). This technique would utilize cool-season grasses 

to accumulate explosives residue from the soil into the shoots (Duringer, Craig et al. 

2010), on which ruminants would graze. The microbes in the rumen would degrade 

the compounds in the grasses (Smith, Craig et al. 2008; Eaton, De Lorme et al. 2011), 

and over time, the soil would be remediated.  

Our previous study examining ovine whole rumen fluid as a means to 

bioremediate RDX was successful in determining that the microbial community in 

whole rumen fluid and the resulting culturable consortia could biotransform RDX, but 

neither the metabolite pathway of the rumen fluid nor the cultured organisms was 
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elucidated (Eaton, De Lorme et al. 2011). In this study, we determined the metabolic 

fate of RDX, in both whole rumen fluid and by 24 of the most commonly isolated 

individual bacteria from the rumen. We hypothesized from the results of our previous 

study that RDX would be degraded in rumen fluid faster and more completely than by 

the isolates, but that, by examining isolates, we would gain insight into which 

organisms would be crucial in identifying genes responsible for RDX breakdown. 

These objectives were accomplished by high performance liquid chromatography 

(HPLC) analysis of spent culture supernatants to identify possible degraders, followed 

by the quantification and identification of metabolites by liquid chromatography-

tandem quadrupole mass spectrometry (LC-MS/MS).  

 
4.2 Materials and Methods  

4.2.1 Chemicals and Reagents 

 
Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) (99% purity) was purchased 

from ChemService (West Chester, PA). Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine 

(MNX) (99% purity), hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX) (55% 

purity +17% MNX + 23% TNX), hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX) 

(>99% purity), 4-nitro-2,4-diazabutanal (4-NDAB) (98% purity) and 

methylenedinitramine (MEDINA) (98% purity) were provided by R.J. Spanggord 

from SRI International (Menlo Park, CA). Solvents were of HPLC and LC-MS/MS 

grade. Reagents were of analytical grade and were purchased from Sigma–Aldrich (St. 
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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. 

 
4.2.2 Organisms, Media, and Growth Conditions 
 
 
 Pure cultures listed in Table 4.1 were maintained by our lab or obtained from the 

German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, 

Germany). Some strains required species-specific media, instead of a general complex 

medium, for optimal growth. These included Desulfovibrio medium (DSMZ medium 

63), Clostridium polysaccharolyticum (DSMZ medium 140), Lactobacillus ruminus 

(DSMZ medium 232), and Wolinella succinogenes (DSMZ medium 157). The 

remaining cultures were grown in a complex medium 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% reazurin; 10.0 mL VFA solution 

[concentration, µmol mL-1: 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; 

0.12 g magnesium sulfate, heptahydrate; and 1.1 g sodium citrate, dihydrate). All 

media were dispensed as 9.7 mL aliquots into balch tubes. The media were reduced 

with 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 
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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) prior to inoculation. Cultures were 

grown at 39°C with shaking (150 rpm) for 18–24 h between transfers. Cultures were 

transferred at least three times before beginning degradation experiments. 

 
Table 4.1 Strains and sources of ruminal bacteria tested for RDX degradation ability.  
 
 
Organism Strain Source 
 
Anaerovibrio lipolytica 

  
ATCC 33276 

Butyrivibrio fibriosolvens D1 ATCC 19171 
 nyx ATCC 51255 
Clostridium bifermentans  ATCC 17836 
Clostridium pasteurianum 5 ATCC 6013 
Clostridium polysaccharolyticum B ATCC 33142 
Desulfovibrio desulfuricans subsp. desulfuricans 
Eubacterium ruminantium 
Fibrobacter succinogenes 
Lactobacillus ruminus 
Lactobacillus vitulinus 
Megasphaera elsdenii 
Peptococcus heliotrinreducens 
Prevotella albensis 
Prevotella bryantii 
Prevotella ruminicola 
Selenomonas ruminantium 
 
Streptococcus bovis 
 
Streptococcus caprinus 
Succinovibrio dextrinosolvens 
Veillonella parvula 
Wolinella succinogenes 

MB 
GA 195 
S85 
RF1 
T185 
T-81 
 
M384 
B14 
 
HD4 
PC18 
IFO 
JB1 
2.2 
0554 
TE3 
FDC 602 W 

ATCC 27774 
ATCC 17233 
ATCC 19169 
ATCC 27780 
ATCC 27783 
ATCC 17753 
ATCC 29202 
DSMZ 13370 
DSMZ 11371 
ATCC 19189 
ATCC 27209 
ATCC 19205 
ATCC 15351 
ATCC 700410 
ATCC 700065 
ATCC 19716 
ATCC 10790 
ATCC 29543 
 



 

	   	  

98	  

4.2.3 Whole Rumen Fluid (WRF) Microcosms with RDX and TNX 

 

4.2.3.1 Whole Rumen Fluid Collection 

 
Ovine whole rumen fluid was collected from three cannulated male sheep 

maintained at the Oregon State University (OSU) Sheep Center (Corvallis, OR) in 

accordance with International Animal Care and Use Committee (IACUC) regulations. 

WRF was pooled in a sterile, pre-warmed thermos, which was filled to the top to 

maintain an anaerobic environment, followed by immediate transport to the lab. The 

thermos was then placed into an anaerobic glove box (Coy, Grass Lake, MI) with an 

atmosphere of CO2:H2 (9:1). The thermos was gently inverted and a 25 mL portion 

was poured into a sterile reagent basin and used for all inoculation experiments. The 

sheep were fed a high forage diet of alfalfa hay twice daily.  

 
4.2.3.2 WRF Microcosms with RDX and TNX 

 
WRF (7 mL) was inoculated into sterile, anaerobically prepared screw-capped 

tubes. RDX was added to each tube for a final concentration of 180 µM, which is the 

lower limit of solubility at 180-270 µM (Hesselmann and Stenstrom 1994). Tubes 

were incubated anaerobically in the dark at 39°C on a rotary shaker (150 rpm) for 24 

hours. Autoclaved tubes of WRF were used as controls. This experiment was repeated 

with one of the RDX metabolites, TNX, at a concentration of 82 µM. All experiments 

were performed in triplicate. 
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Samples were collected every hour for the first five hours, and at 24 hours. 

Samples were then frozen at -20˚C until prepared for LC-MS/MS analysis, as 

described below.  

 
4.2.4 Rumen Isolate Incubations with RDX 

 
Each isolate was incubated with a concentration of RDX equal to that of the 

WRF incubations, 180 µM, in low nitrogen (LNB) and low carbon basal (LCB) media 

(Eaton, De Lorme et al. 2011). This amount of RDX was toxic to 22 organisms. We 

then determined the limit of toxicity for each organism by progressively decreasing or 

increasing the amount of RDX until growth and elimination of RDX, as seen by 

HPLC, was observed. The concentration of RDX each organism started with is listed 

in Table 4.2. Cultures were incubated anaerobically, in the dark at 39°C on a rotary 

shaker (150 rpm) for 120 hours. A media control consisted of 256 µM RDX, as this 

was the highest concentration used, in both LNB and LCB without the addition of test 

organism. A solvent control consisted of both types of media with 1.0 mL of overnight 

culture of the test organism and the addition of 0.1 mL acetonitrile. All controls and 

tests were repeated in triplicate.  

 
4.2.5 Sample Preparation for Chromatography 

 
Samples were collected every 24 hours and then frozen at -20˚C until prepared 

for HPLC and LC-MS/MS analysis through solid phase extraction using Waters Oasis 

HLB cartridges 3 cc / 60 mg 30 µm (Milford, Massachusetts)  per the manufacturer’s 
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instructions. In brief, WRF samples were treated 1:1 (v/v) with a basified water diluent 

consisting of 40 µL of concentrated ammonium hydroxide in 1 mL of water. Samples 

were vortexed and then centrifuged at 8,000 x g for 10 minutes. The generic extraction 

method was completed by evaporation of the final eluant in a Savant Integrated Speed 

Vac System ISS 100 (GMI, Inc., Ramsey, MN) at 43˚C, followed by reconstitution in 

methanol:water 55:45 (v/v). Isolate samples were not extracted, but centrifuged at 

16,000 x g at 4°C for 3 min. Supernatant was removed, filtered through a 0.2 µm 

PTFE membrane filter (VWR International, Brisbane, CA), and diluted 1:1 (v/v) with 

acetonitrile for immediate analysis by HPLC. 
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Table 4.2 Degradation of RDX by ruminal isolates during a series of incubations in 
which RDX was supplemented as either the sole source of nitrogen (LNB) or in 
addition to carbon and nitrogen (LCB). 
 
 

Organism Initial RDX 
concentration 

(µM) 

%RDX 
degradation  

in LNB 

     %RDX   
degradation 
      in LCB 

Anaerovibrio lipolytica 85           70 5 
Butyrivibrio fibriosolvens D1 34 37 15 
Butyrivibrio fibriosolvens nxy 34 7 18 

Clostridium bifermentans 34 19 29 
Clostridium pasteurianum 34 3 49 

Clostridium polysaccharolyticum 186 40 65 
Desulfovibrio desulfuricans subsp. 

desulfuricans 
Eubacterium ruminantium 
Fibrobacter succinogenes 

Lactobacillus ruminus 
Lactobacillus vitulinus 
Megasphaera elsdenii 

Peptococcus heliotrinreducens 
Prevotella albensis 
Prevotella bryantii 

Prevotella ruminicola 
Selenomonas ruminantium HD4 
Selenomonas ruminantium PC18 

Streptococcus bovis IFO 
Streptococcus bovis JB1 
Streptococcus caprinus 

Succinovibrio dextrinosolvens 
Veillonella parvula 

Wolinella succinogenes 
Control a 

256 
 

34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
39 
34 
34 
34 
34 
34 
256 

3 
 

32 
0 
6 
39 
33 
0 
19 
25 
96 
33 
41 
86 
12 
49 
0 
2 
14 
19 

88 
 
6 
3 
0 
0 
27 
14 
7 
4 
3 
34 
25 
18 
20 
18 
18 
21 
7 
20 

 
Note: Data expressed as average percent degradation of initial RDX concentration 
(µM) during 120 h incubations in low nitrogen (LNB) and low carbon basal (LCB) 
media. Average obtained from three replicates for each organism. aControl is reduced 
medium with RDX and no bacteria.  
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4.2.6 Analytical  

 
4.2.6.1 High Performance Liquid Chromatography Conditions 

 
HPLC analyses were carried out using Environmental Protection Agency (U.S. 

Department of Health and Human Services) method 8330A (U. S. Environmental 

Protection Agency 2007). In brief, separations occurred on a Phenomenex Ultracarb 

ODS (20) column (250 mm x 4.6 mm i.d., 5 µm particle size) (Phenomenex, Torrance, 

CA), eluting under isocratic conditions with water and methanol (55:45 v/v) at 28.3°C 

and a flow rate of 0.8 mL min-1, with a total run time of 30 min. The HPLC system 

consisted of a Perkin–Elmer (Waltham, MA) Series 200 pump equipped with a 

Perkin–Elmer ISS 200 autosampler and Perkin–Elmer Series 200 UV/VIS detector, 

monitoring at 250 nm. TotalChrom software (Perkin–Elmer) was used to quantify 

HPLC data.  

 
4.2.6.2 Mass Spectrometry Conditions      

 
LC-MS/MS analyses were performed on an ABI/SCIEX (Applied Biosystems, 

Foster City CA) 3200 QTRAP LC-MS/MS system using atmospheric pressure 

chemical ionization (APCI) in the negative ion mode. A Phenomenex Ultracarb ODS 

(20) column (250 mm x 4.6 mm i.d., 5 µm particle size) was used to separate RDX 

and its metabolites at a flow rate of 0.65 mL min-1 over 35 minutes using a mobile 

phase consisting of 0.6 mM ammonium acetate in water (A) and methanol (B) in a 

gradient program as follows: 10% B at 0-5 min, 20% B at 8 min, 25% B at 10 min, 
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30% B at 12 min, 35% B at 14 min, 40% B at 20 min, 45% B at 25-30 min, and 58% 

B at 35 min. Data was acquired using multiple reaction monitoring (MRM), using 

281→46 and 281→59 (RDX + CH3COO-), 265→46 and 265→59 (MNX + CH3COO-

), 249→46 and 249→59 (DNX + CH3COO-), 233→59 (TNX + CH3COO-), 135→61 

(MEDINA) and 118→61 (4-NDAB) as transitions. Curtain gas was set at 10 psi, gas 1 

at 35 psi, gas 2 at 0 psi, temperature at 275°C, nebulizer current at -8 V, and dwell 

time to 75 msec. Declustering potential, entrance potential, collision entrance 

potential, collision energy and collision exit potential were as follows for each 

compound: RDX (-5, -2, -22.05, -6, 0); MNX (-5, -2, -14, -16, 0) for 265→46 and (-5, 

-2, -14, -38, 0) for 265→59 transition; DNX (-5, -2, -14, -16, 0) for 249→46 and (-5, -

2, -14, -38, 0) for 249→59 transition; TNX (-5, -3, -12, -22, 0); MEDINA (-10, -2.5, -

10, -20, 0); NDAB (-5, -3.5, -6, -10) .   

Data used to identify possible new metabolites was acquired using enhanced 

mass spectra (EMS) and enhanced product ion (EPI) scans via information dependent 

acquisition experiments developed using Analyst 1.4.2 software (Applied 

Biosystems). RDX and possible metabolites were separated using the same conditions 

in the MRM method with the exception of a different gradient of: 0-5 minutes 20% B, 

5-30 minutes 50% B, 30-50 minutes 100% B, and 50-70 minutes 100% B. Curtain gas 

was set at 10 psi, nebulizer gas at 35 psi, nebulizing current at -8 µA, temperature at 

275ºC, declustering potential at -20 V, entrance potential at -10 V, collision energy at -

10 V, scan rate to1000 amu s-1, dynamic fill time and a mass range of 50 to 400 amu 

(Borton and Olson 2006). Final EMS data was analyzed using LightSight 2.0 (Applied 
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Biosystems) and ChemDraw Ultra 12.0 (CambridgeSoft, Cambridge, MA) software to 

capture and interpret data and possible metabolites.  

 
4.3 Results 
 
 
4.3.1 Degradation of RDX and TNX in Ovine Whole Rumen Fluid 
(WRF) 

 

4.3.1.1 RDX 

 
Ovine whole rumen fluid spiked with 180 µM RDX was incubated for a 24 h 

time period. Samples taken at 0, 1, 2, 4, 5, and 24 h were analyzed by LC-MS/MS as 

previously described. An MRM analysis of the typical separation of RDX and the 

standards of the nitroso intermediates and ring cleavage products produced by 

anaerobic degradation pathways are illustrated in Fig. 4.1.  
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Figure 4.1 LC-MS/MS separation of RDX standards and metabolites with elution 
times and chemical structures. 28 minutes, hexahydro-1,3,5-trinitro-1,3,5-triazine 
(RDX); 25 minutes, hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX); 22 
minutes, hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX); 19 minutes, 
hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX); 4 minutes, methylenedintramine 
(MEDINA); 4 minutes, nitramine 4-nitro-2,4-diazabutanal (NDAB). 
 

 
An MRM analysis of the whole rumen fluid samples showed the degradation 

of 180 µM RDX to 4.5 µM RDX in 24 hours to the nitroso intermediates, hexahydro-
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1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), and hexahydro-1,3-dinitroso-5-nitro-1,3,5-

triazine (DNX), and hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX) (Fig. 4.2). Within 

1 hour in the live cultures, RDX had decreased by 30% and the reduction products 

MNX and DNX were visible. The other nitroso intermediate, TNX, appeared by 5 

hours and was present through 24 h. The amounts of DNX and TNX formed were 

small (Fig. 4.2). At 24 h, microbes in WRF had degraded 94% of the RDX; the ring 

cleavage products methylenedinitramine (MEDINA) and nitramine 4-nitro-2,4-

diazabutanal (NDAB) were not detected. Not all of the initial RDX concentration 

could be accounted for by MRM analysis; hence we performed an enhanced multiple 

ion scan to identify other possible ring cleavage products. 
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Figure 4.2 RDX and metabolite concentrations as determined by MRM quantification 
over 24 hours in whole rumen fluid microcosms. RDX (hexahydro-1,3,5-trinitro-1,3,5-
triazine); MNX (hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine); DNX (hexahydro-
1,3-dinitroso-5-nitro-1,3,5-triazine); TNX (hexahydro-1,3,5-trinitroso-1,3,5-triazine). 
Error bars represent the standard deviation of three replicate samples per time point. 
 
 
The EMS time course analysis of RDX metabolism in WRF is illustrated in Fig. 4.3. 

We compared the 0 hour and 24 hour WRF samples to the WRF method blank 

(extracted WRF with no RDX), to look for possible ring cleavage products. The 

analysis showed a decrease in a peak of m/z 193 and an increase in m/z 229, which 
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appear to be metabolites, since they were not visible in the method blank (Fig. 4.3). 

Through LightSight and ChemDraw analysis, peak m/z 193 is consistent with a double 

loss of oxygen plus hydration, which could be DNX; this could also represent a ring 

cleavage product plus an acetate adduct (59 amu). Other peaks were also visible in 

LightSight: m/z 207 represents loss of one oxygen and gain of two hydrogens, which 

could be MNX. Peak m/z 175 was seen in the 0 and 24 hour samples, which could 

represent loss of a whole nitro group from MNX into hexahydro-1,3-dinitro-1,3,5-

triazine; this metabolite represents a second possible pathway to the nitroso 

intermediates that would also result in ring cleavage. Peaks after 40 minutes were 

noted (Fig. 4.3), however further method development is needed to separate the 

method blank m/z values from possible metabolite m/z values. A further analysis with 

heavy or radioisotopes would definitively determine the chemical composition of 

these peaks. 
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Figure 4.3 The total ion chromatogram (TIC) of RDX in WRF at 0 hours on the left 
and 24 hours on the right, in the top row. Below each TIC is the corresponding LC-
MS spectrum, obtained using enhanced mass spectra, of the most abundant metabolite 
peaks. For 0 hour samples: at 18.9 minutes (m/z 149); 24.8 minutes (m/z 193); 29.6 
minutes (m/z 229).  For 24 hour samples: 18.2 minutes (m/z 149); 24.3 minutes (m/z 
193); and 28.7 minutes (m/z 229.2).  
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4.3.1.2 TNX 

  
In the RDX incubations, we saw the concentrations of MNX increase and 

decrease, but DNX and TNX increased to about 9 uM at 5 hours, then plateaued until 

24 hours. To investigate if TNX was a dead-end metabolite, we performed WRF 

incubations with TNX. Ovine whole rumen fluid spiked with 82 uM TNX was 

incubated for a 24 h time period. Samples taken at 0, 1, 2, 4, 5, and 24 h were analyzed 

by LC-MS/MS as previously described. The MRM analysis quantified the 0 hour at an 

average of 37 ± 1.7 uM, with a coefficient of variation of 4.9%, in autoclaved controls. 

The WRF samples had an average of 17 ± 3.4 uM, with a coefficient of variation of 

21.1%. LightSight analysis of the 0 hour WRF samples determined possible 

conjugation metabolites of dehydrogenation and glycine; tridemethylation and 

glutamine; taurine conjugation; loss of NO, oxidation and glutamine; and loss of the 

cyclohexyl ring, trioxidation and glucose. In 24 hours, there were less possibly 

conjugated metabolites, which included dioxidation and taurine; loss of cyclohexyl 

ring, oxidation, and glucuronidation; and taurine. The TNX concentration did not 

decrease further after the 0 hour samples, so no metabolite analysis was performed.  

 
4.3.2 Degradation of RDX by Ruminal Isolates 

 
 Twenty-four bacterial isolates from the rumen were tested for their ability to 

degrade RDX (Table 4.1). Of these, two demonstrated greater ability to degrade RDX 

within 120 h (Table 4.2).  Desulfovibrio desulfuricans subsp. desulfuricans was able 
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to degrade 88% of the 256 µM RDX to MNX and unknown intermediates in low 

carbon basal medium; and C. polysachharolyticum was able to degrade 65% of the 

186 µM RDX, in the same medium (Fig. 4.4). Of the other four bacterial species that 

demonstrated significant degradation of RDX, A. lipolytica was able to degrade 70% 

of the 85 µM RDX to MNX and unknown intermediates in low nitrogen basal medium 

(Fig. 4.4). The other organisms capable of degradation of RDX in low nitrogen basal 

medium were S. caprinus, with moderate ability (50%); S. bovis IFO, with high RDX-

degrading ability (86%); and Prevotella ruminicola, with high-degrading ability 

(96%), but at a lower initial concentration of RDX at around 37 µM (Fig. 4.4). Eight 

more organisms exhibited low RDX-degrading ability (30-45%) in one or both types 

of media (Table 4.2). Ten of the organisms appeared to be unable to grow when 

incubated with RDX at a concentration of 34 µM in both types of media; no visible 

growth was observed after 24 h and RDX degradation was similar to that in reduced 

media with RDX which was ≤ 25% (Table 4.2). In general, controls (reduced media 

without bacteria) resulted in a minor decrease in RDX concentration after 24 h (Table 

4.2). Solvent controls did not appear to inhibit growth of any organism (data not 

shown). The extent of degradation appeared the same for each species tested, but the 

level of toxicity was different for several organisms. The six bacteria with moderate to 

high RDX-degrading ability processed the RDX molecule to trace amounts of the 

nitroso intermediate, hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), and 

unknown intermediate metabolites, that likely resulted in ring cleavage due to 

instability in the chemical structure (McCormick, Cornell et al. 1981; Hawari, Halasz 
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et al.), in 120 hours. Metabolites were identical for both types of media. All of the 

capable isolates were successful at degrading the nitramine ring, although further 

studies with labeled isotopes would be necessary to determine the final fate of the 

RDX molecule. 

 

 
 
 
Figure 4.4 RDX concentration as determined by multiple reaction monitoring 
quantification over 120 hours from incubations with ruminal isolates most capable of 
degradation. 
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4.4 Discussion 
 

 
This study examined the possibility of using the rumen as a bioreactor for the 

remediation of the energetic compound RDX. We examined whole rumen fluid, the 

matrix in which the remediation would occur, to define the fate of RDX and ensure it 

would be degraded in the rumen within 16-20 hours, which would prevent absorption 

into the bloodstream of the animal and toxicity. We also examined the capability of 24 

commonly isolated ruminal bacteria to utilize RDX in low carbon and low nitrogen 

basal media to gain an understanding of which bacteria may be responsible for RDX 

degradation in the rumen. Successful isolates would then be identified for future 

studies to determine genes involved in RDX metabolism.  

 
4.4.1 The Rumen Matrix 

 
The rumen is the first of four chambers in the stomach of a ruminant, which 

includes deer, goats, cows, and sheep. Continuous fermentation and mixing occur in 

the rumen through contractions every few minutes, which would benefit the 

remediation of xenobiotic compounds by maximizing bioavailability to the fungi, 

protozoa, bacteria, and archaea inhabiting this niche.  Previous research has shown this 

idea of ruminal bioremediation to be viable with TNT (Fleischmann, Walker et al. 

2004; De Lorme and Craig 2008; Smith, Craig et al. 2008).   
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4.4.2 RDX Metabolite Pathways 
 
 

RDX can easily be reduced into its mono-, di- and tri-nitroso-derivatives 

(Qasim, Moore et al. 2007). Protonation of the oxygen atom on the nitro-group, 

followed by the loss of a water molecule will first transform the nitro-group into a 

nitroso group, and then into the less stable hydroxylamine derivative (Qasim, Moore et 

al. 2007; Sunahara, Guilherme et al. 2009). The trihydroxylamine derivatives of RDX 

are similar to the trinitroso derivatives, but the trihydroxylamines have less steric 

energy—indicating that further RDX transformations are more likely to proceed via 

this pathway (Qasim, Moore et al. 2007). Several sites on the RDX molecule are 

subject to chemical attack by nucleophiles, free radicals, or proton extraction, 

including the oxygen atoms on the nitro groups, as well as the N-N and C-N bonds 

(Fleischmann, Walker et al. 2004; Qasim, Moore et al. 2007; Sunahara, Guilherme et 

al. 2009).    

   
4.4.3 Ruminal Fermentation 

 
The microbes in the rumen ferment about 75 percent of the carbohydrates 

ingested by ruminants, during which volatile fatty acids, ammonia, methane, and CO2 

are released (Hobson and Stewart 1997). Ruminal bacteria can use various sources of 

nitrogen, primarily ammonia, some amino acids, and peptides, in addition to minerals 

and energy derived from fermentation for growth (Hobson and Stewart 1997). 

Ammonia deficiency in the rumen reduces the efficiency of bacterial growth and may 
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reduce the rate and extent of digestion of organic matter in the rumen, which may 

reduce feed intake (U.S. National Research Council 1984). Ammonia is derived from 

degradation of protein or non-protein nitrogen (NPN) in the rumen. Most ruminal 

species can survive by utilizing ammonia as their sole source of nitrogen, but added 

protein generally increases growth rates (U.S. National Research Council 1984). NPN 

can be substituted as a less costly form of ammonia. Grass, which has accumulated 

RDX from the soil, could be fed to sheep as a NPN source for ruminal microbes.  

 
4.4.4 Ruminal Bioremediation of RDX 

 
Our data showed that rumen microorganisms, as a community under anaerobic 

conditions, readily transformed the nitro groups of RDX to the corresponding nitroso 

groups (Fig. 4.3). RDX was not degraded to the ring cleavage products 

methylenedinitramine (MEDINA) and nitramine 4-nitro-2,4-diazabutanal (4-NDAB), 

suggesting transformation or complete destruction of the ring of RDX did not follow 

this pathway (Hawari, Halasz et al. 2000). The concentrations of all mono-, di-, and 

tri-nitroso intermediates formed due to reduction of the nitro groups amounted to 

approximately 9 uM at 24 hours (Fig. 4.4). This does not account for the total initial 

concentration of RDX. The appearance of peak m/z 175, hexahydro-1,3-dinitro-1,3,5-

triazine, represents a second pathway that RDX followed after reduction to MNX, as 

described by Fuller et al. (Fuller, McClay et al. 2009). We did not see any further 

transformation of this compound, likely due to its instability and rapid degradation to 

ring cleavage products (Fuller, McClay et al. 2009). We think that most of the RDX 
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was degraded via this pathway, and only small amounts were transformed to the 

nitroso intermediates, but we need further chemical analyses with heavy or 

radioisotopes to confirm this hypothesis. The rate of disappearance of 180 µM RDX in 

whole rumen fluid within 4 h (Fig. 4.2) is considerably faster than microbial species 

currently used to degrade RDX in via composting, which takes several weeks 

(Williams, Ziegenfuss et al. 1992); and treatment by municipal sludge, in which 

degradation of 45 µM RDX took 48 hours (Hawari, Halasz et al. 2000). When 

compared to bioremediation techniques by organisms in contaminated soil or sludge 

digesters (Bayman, Ritchey et al. 1995; Boopathy, Manning et al. 1998; Axtell, 

Johnston et al. 2000; Hawari, Halasz et al. 2000; Crocker, Thompson et al. 2005; 

Fuller, Lowey et al. 2005), the rumen not only increases access to the compound 

through continuous mixing, but the environment is more reductive (Hobson and 

Stewart 1997), which could aid in faster degradation of RDX.  

 We also examined the ability of whole rumen fluid to degrade TNX, the last 

nitroso intermediate in published anaerobic pathways of RDX metabolism (Zhao, 

Paquet et al. 2003; Crocker, Indest et al. 2006). The amount of TNX we quantified in 

our RDX incubations with WRF was very small, and previous research has 

hypothesized that TNX, if further reduced, becomes a highly unstable molecule that 

spontaneously reacts or breaks down to ring cleavage products (McCormick, Feeherry 

et al. 1976; Zhao, Paquet et al. 2003; Fuller, McClay et al. 2009). Perhaps the 

reductive environment in the WRF microcosms was enough to reduce TNX to the 

point where it degraded abiotically. While it is possible that TNX breaks down in 
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WRF because of the metabolite seen with the loss of the cyclohexyl ring, its ability to 

form conjugates with various amino acids and phase two metabolites has not been 

fully investigated. Because the concentration of TNX in the WRF incubations 

quantified by the LC-MS/MS was less than half of that initially added, we agree with 

estimates in published literature that TNX lacks stability and reacts abiotically with its 

surroundings (Zhao, Paquet et al. 2003; Crocker, Indest et al. 2006; Fuller, McClay et 

al. 2009). This part of the experiment was inconclusive and we would need to utilize 

radio-labeled TNX to confirm if the parent molecule degraded in whole rumen fluid or 

formed conjugates, but because DNX and TNX amounted to no more than 9 µM, 

transformation through the nitroso-intermediates is either not the major route of 

metabolism, or the reduction of DNX and TNX occurred too rapidly for 

quantification.   

 Of the five isolates that demonstrated RDX-degradation ability (Table 4.2), both 

Clostridium sp. and Desulfovibrio sp., both non-predominant sulfate-reducers in the 

rumen (Hobson and Stewart 1997) have demonstrated RDX degradation previously 

(Zhao, Paquet et al. 2003; Arnett and Adrian 2009). Streptococcus bovis IFO has been 

a member of consortia in an enrichment for RDX-degraders from the rumen (Eaton, 

De Lorme et al. 2011) and have been classified as some of the highest proteolytically 

active ruminal bacteria (Hobson and Stewart 1997). Anaerovibrio lipolytica, a 

liplolytic organism, has been previously shown to degrade TNT (De Lorme and Craig 

2008), but not RDX.  

  Ruminal isolates were able to degrade RDX between a range of 34 to 256 µM in 
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120 hours, compared to near complete degradation of 180 µM RDX within 24 hours in 

whole rumen fluid. This data indicates that while several rumen bacterial strains may 

have the individual ability to degrade RDX, bioremediation in whole rumen fluid is 

more efficient. This is undoubtedly due to the volume of culturable and unculturable 

organisms within the rumen fluid that had access to RDX and its metabolites, as well 

as an abundance of other substrates, which organisms could utilize in co-metabolism. 

Since the RDX was nearly completely degraded within 24 hours in whole rumen fluid, 

we suspect this compound would be safe for sheep to ingest since the passage time in 

the rumen is 16-20 hours (Hobson and Stewart 1997), if the amounts of the nitroso-

intermediates that are generated are not toxic; this will require further investigation 

through feeding trials to determine where the nitroso-intermediates are translocated to 

(i.e. fat, muscle, brain, liver, feces, etc.). 

 
4.4.5 Proposed RDX Metabolite Pathway in the Rumen 

 
The reduction and mineralization of cyclic nitramines by microorganisms 

under anaerobic conditions have been described previously (Boopathy, Manning et al. 

1998; Hawari, Beaudet et al. 2000; Adrian, Arnett et al. 2003; Fournier, Trott et al. 

2005; Crocker, Indest et al. 2006; Arnett and Adrian 2009). Several possible routes for 

microbial degradation have been reported, including reductive or substitutive removal 

of the nitro group from the ring (Sunahara, Guilherme et al. 2009). Results from this 

study have led us to propose a pathway for the degradation of RDX by ruminal 

microbes under anaerobic conditions (Fig. 4.5). We propose that RDX is reduced to 
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MNX and trace amounts are further reduced to DNX and TNX. The majority of the 

MNX is further degraded via a second pathway to hexahydro-1,3-dinitro-1,3,5-triazine 

(peak m/z 175), which is an unstable molecule that results in rapid ring cleavage and 

degradation (Fuller, McClay et al. 2009). The fate of the nitroso derivatives is 

unknown because they are produced transiently and in trace amounts, which makes it 

difficult to determine the mechanism of transformation without the employment of 

heavy or radioisotopes. 
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Figure 4.5 Proposed biodegradation pathway for hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) by ruminal microbes under anaerobic conditions as determined by 
enhanced mass spectra and LightSight analysis. Hexahydro-1-nitroso-3,5-dinitro-
1,3,5-triazine (MNX); hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX); 
hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX). 
 
 
4.4.6 Factors Affecting Ruminal Bioremediation of Explosives 
 
  
 RDX degradation could be affected by such environmental conditions as the 

presence of other explosives; adsorption, binding capacity and complexation of media; 
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and reactivities of proliferated transformation products (Qasim, Moore et al. 2007; 

Sunahara, Guilherme et al. 2009). All of these factors must be considered when 

proposing a remediation strategy. Many techniques will succeed in the laboratory, but 

fail on larger scale trials because the expected outcome will be thwarted by factors 

impossible to control, such as weather (Talley and Sleeper 1997). The benefit of the 

rumen is that it is a natural, transportable bioreactor, that is contained and unaffected 

by weather; it is the ultimate combination of in situ and ex situ treatments. However, 

the reaction of RDX with other explosives in the rumen still needs to be determined. If 

grass will translocate multiple explosive residues out of the soil for grazing sheep, we 

need to study if degradation of one compound such as RDX, is affected by the 

presence of others, such as TNT, octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine 

(HMX), and dinitrotoluene (DNT). Further, the efficiency of the ruminal microbes to 

extract the munitions from the ingested explosive-laden plant material needs to be 

investigated.  

 
4.5 Conclusions 

  
 Environmental contamination by explosive compounds such as TNT and RDX is 

an international concern, and many countries lack the money and technology to 

remediate dangerous sites. The bioremediation technique discussed in this paper, 

“phytoruminal-bioremediation,” would provide a low maintenance, affordable, and 

“green” way to rid unwanted contamination, provided grass can be grown to pull 

compounds out of the soil for grazing sheep (Duringer, Craig et al. 2010). We are 



 

	   	  

122	  

currently exploring how much of each compound can be accumulated in plants from 

contaminated military soils and which species of grass (or alternative plant species) 

grow best under various soil and climatic conditions to better understand how the 

phytoremediation part of our scheme would function. This study, however, presents 

the first direct evidence of successful bioremediation of RDX by ruminal microbes.  
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Chapter 5 Bioremediation of HMX by Ovine Ruminal Microbes 
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5.1 Introduction 

 
Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, otherwise known by the 

acronym HMX, for high melting explosive, is a man-made nitramine synthesized from 

hexamine, ammonium nitrate, nitric acid, and acetic acid (Agency for Toxic 

Substances and Disease Registry 2010). HMX explodes violently at high temperatures 

(534°F and above), which makes it ideal for use in nuclear devices, plastic explosives, 

rocket fuels, and burster chargers (Sunahara, Guilherme et al. 2009). The amount of 

HMX made and used in the United States at present is not known, but it is believed to 

be greater than 30 million pounds per year (Agency for Toxic Substances and Disease 

Registry 2010).  

 The global manufacturing, storage, testing, and disposal of this energetic 

compound results in discharge into soil and water. A very small percentage of HMX 

will evaporate into the air and remain attached to suspended particles or dust, until 

landing on soil or water (Agency for Toxic Substances and Disease Registry 2010). 

Research has shown that HMX is likely to move from soil into ground water, 

particularly in sandy soils (Clausen, Robb et al. 2004; Sunahara, Guilherme et al. 

2009). For most soils the movement of HMX into ground water is expected to be 

slow, but exactly how long HMX will remain in the environment is not known. 

However, HMX in soil and ground water is noticeably recalcitrant (Agency for Toxic 

Substances and Disease Registry 2010). It is also unknown if plants, fish, or animals 
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living in areas contaminated with HMX build up high levels of the chemical in their 

tissues (Agency for Toxic Substances and Disease Registry 2010). 

Inhaling contaminated dust particles or swallowing contaminated ground water may 

expose military personnel and residents living near places that manufacture or use 

HMX. Information on the adverse health effects of HMX is limited. Studies in rats, 

mice, and rabbits indicate that HMX may be harmful to the liver and central nervous 

system if it is swallowed or has contact with the skin (Sunahara, Guilherme et al. 

2009; Agency for Toxic Substances and Disease Registry 2010). The lowest dose 

producing effects in animals was 100 milligrams per kilogram of body weight per day 

(mg/kg/day) orally and 165 mg/kg/day dermally (Environmental Protection Agency 

2011). Limited evidence suggests that even a single exposure to these dose levels is 

harmful to rabbits. The mechanism by which HMX causes adverse effects on the liver 

and nervous system is not understood. The reproductive and developmental effects of 

HMX have not been well studied in humans or animals, and currently, the information 

needed to determine if HMX causes cancer is insufficient (Agency for Toxic 

Substances and Disease Registry 2010). Due to the lack of information, EPA has 

determined that HMX is not classifiable as to its human carcinogenicity. The EPA 

recommends that the concentration of HMX in an adult's drinking water be less than 

0.40 milligrams per liter (mg/L) for a lifetime exposure (Environmental Protection 

Agency 2011).  

Because HMX remains in the soil for long periods of time, it is not expected 

that soil-dwelling bacteria can remediate the compound to a large extent. Some studies 
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have shown biodegradation of HMX in sewage sludge (Hawari, Beaudet et al. 2000; 

Boopathy 2001) and cold marine sediments (Zhao, Greer et al. 2004). Indigenous soil-

dwelling bacteria and fungi have also been investigated as degraders of HMX (Axtell, 

Johnston et al. 2000; Monteil-Rivera, Groom et al. 2003; Crocker, Indest et al. 2006). 

Conclusions from these studies indicate that in many instances, selection and addition 

of an appropriate substrate to enhance growth and biodegradation of contaminants in 

soil by indigenous microorganisms is a superior strategy to the introduction of 

nonindigenous microorganisms (Axtell, Johnston et al. 2000). However, this example 

of in situ bioremediation cannot circumvent decreased efficiency due to inclement 

weather and the fact that HMX biodegradation proves more efficient in an anaerobic 

environment (Boopathy 2001; Zhao, Greer et al. 2004; Crocker, Indest et al. 2006). 

Many of the contaminated sites still contain unexploded bombs and landmines that 

personnel avoid; therefore the frequent reapplication of nutrients, such as molasses, to 

large areas of soil is not only expensive, but also impractical.   

Phytoremediation for HMX has also proven an unworthy strategy. Aquatic 

plants (Bhadra, Wayment et al. 2001), and several indigenous and agricultural species 

have shown no transformation of the parent compound, but only translocation into the 

aerial tissues above ground (Groom, Halasz et al. 2001). We have been researching a 

technique called “phytoruminal bioremediation,” in which cool-season grasses, which 

are accustomed to high levels of nitrates, can be seeded over explosives-containing 

soil to accumulate energetic compounds into the shoots (Duringer, Craig et al. 2010) 

for grazing by sheep, where the microbes in the rumen then complete degradation of 
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the explosives (Fleischmann, Walker et al. 2004; De Lorme and Craig 2008; Smith, 

Craig et al. 2008; Eaton, De Lorme et al. 2011). This technique provides the best of in 

situ and ex situ bioremediation methods by leaving the contaminated soil in situ, but 

utilizing grasses and grazing sheep to remove the compounds to the ex situ rumen, 

which is a cheap and controlled anaerobic environment---non-susceptible to changes 

in weather.  

In this study, we determine the metabolic fate of HMX, in both whole rumen 

fluid and by 23 of the most commonly isolated individual bacteria from the rumen. We 

hypothesize that HMX will be degraded in whole rumen fluid faster and more 

completely than by the isolates, but that by examining isolates, we will better 

understand which organisms may be crucial for identifying novel genes responsible 

for HMX breakdown. These objectives were accomplished by high performance liquid 

chromatography (HPLC) analysis of spent culture supernatants to identify possible 

degraders, followed by the quantification and identification of metabolites by liquid 

chromatography-tandem quadrupole mass spectrometry (LC-MS/MS).  

 
5.2 Materials and Methods  

5.2.1 Chemicals and Reagents 

 
Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) (99% purity) was 

purchased from ChemService (West Chester, PA). 4-nitro-2,4-diazabutanal (4-

NDAB) (98% purity) and methylenedinitramine (MEDINA) (98% purity) were 
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provided by R.J. Spanggord from SRI International (Menlo Park, CA). Solvents were 

of HPLC and LC-MS/MS grade. 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. 

 
5.2.2 Organisms, Media, and Growth Conditions 
 
 
 Pure cultures listed in Table 5.1 were obtained from the American Type Culture 

Collection (Rockville, MD) or the German Collection of Microorganisms and Cell 

Cultures (DSMZ, Braunschweig, Germany). Some strains required species-specific 

media, instead of a general complex medium, for optimal growth. These included 

Desulfovibrio medium (DSMZ medium 63), Clostridium polysaccharolyticum (DSMZ 

medium 140), and Lactobacillus ruminus (DSMZ medium 232). The remaining 

cultures were grown in a complex medium 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% reazurin; 10.0 mL VFA solution [concentration, 

µmol mL-1: 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; 0.12 g 

magnesium sulfate, heptahydrate; and 1.1 g sodium citrate, dihydrate). All media were 

dispensed as 9.7 mL aliquots into balch tubes. The media were reduced with 0.2 mL 
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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) prior to inoculation. Cultures were grown at 39°C 

with shaking (150 rpm) for 18–24 h between transfers. Cultures were transferred at 

least three times before beginning degradation experiments. 

 
Table 5.1 Strains and sources of ruminal bacteria tested for HMX degradation ability.  
 
 
Organism Strain Source 
 
Anaerovibrio lipolytica 

  
ATCC 33276 

Butyrivibrio fibriosolvens D1 ATCC 19171 
 nyx ATCC 51255 
Clostridium bifermentans  ATCC 17836 
Clostridium pasteurianum 5 ATCC 6013 
Clostridium polysaccharolyticum B ATCC 33142 
Desulfovibrio desulfuricans subsp. desulfuricans 
Eubacterium ruminantium 
Fibrobacter succinogenes 
Lactobacillus ruminus 
Lactobacillus vitulinus 
Megasphaera elsdenii 
Peptococcus heliotrinreducens 
Prevotella albensis 
Prevotella bryantii 
Prevotella ruminicola 
Selenomonas ruminantium 
 
Streptococcus bovis 
 
Streptococcus caprinus 
Succinovibrio dextrinosolvens 
Veillonella parvula 
 

MB 
GA 195 
S85 
RF1 
T185 
T-81 
 
M384 
B14 
 
HD4 
PC18 
IFO 
JB1 
2.2 
0554 
TE3 
 

ATCC 27774 
ATCC 17233 
ATCC 19169 
ATCC 27780 
ATCC 27783 
ATCC 17753 
ATCC 29202 
DSMZ 13370 
DSMZ 11371 
ATCC 19189 
ATCC 27209 
ATCC 19205 
ATCC 15351 
ATCC 700410 
ATCC 700065 
ATCC 19716 
ATCC 10790 
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5.2.3 Ovine Whole Rumen Fluid (WRF) Incubations with HMX 

 
5.2.3.1 WRF Collection 

 
Ovine whole rumen fluid was collected from two cannulated male sheep 

maintained at the Oregon State University (OSU) Sheep Center (Corvallis, OR) in 

accordance with International Animal Care and Use Committee (IACUC) regulations. 

WRF was pooled in a sterile, pre-warmed thermos, which was filled to the top to 

maintain an anaerobic environment, followed by immediate transport to the lab. The 

thermos was then placed into an anaerobic glove box (Coy, Grass Lake, MI) with an 

atmosphere of CO2:H2 (9:1). The thermos was gently inverted and a 25 mL portion 

was poured into a sterile reagent basin and used for all inoculation experiments. The 

sheep were fed a high forage diet of alfalfa hay twice daily.  

 
5.2.3.2 WRF Microcosms with HMX 

 
WRF (7 mL) was inoculated into sterile, anaerobically prepared screw-capped 

tubes. HMX was added to each tube for a final concentration of 27 µM. Tubes were 

incubated anaerobically in the dark at 39°C on a rotary shaker (150 rpm) for 24 hours.  

 
5.2.3.3 Sample Collection and Preparation for Chromatography 

 
Samples were collected every hour for the first five hours, and at 24 hours. 

Samples were then frozen at -20˚C until prepared for LC-MS/MS analysis through 
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solid phase extraction using Waters Oasis HLB cartridges 3 cc / 60 mg 30 µm 

(Milford, Massachusetts) per the manufacturer’s instructions. In brief, WRF and 

isolate samples were treated 1:1 (v/v) with a basified water diluent consisting of 40 µL 

of concentrated ammonium hydroxide in 1 mL of water. Samples were vortexed and 

then centrifuged at 8,000 x g for 10 minutes. The generic extraction method was 

followed with the end step entailing evaporation of final elute in a Savant Integrated 

Speed Vac System ISS 100 (GMI, Inc., Ramsey, MN) at 43˚C, followed by 

reconstitution in methanol: water 55:45 (v/v). Autoclaved tubes of WRF were used as 

controls. All experiments were performed in triplicate.  

 

5.2.4 Isolate Incubations with HMX  

 
Each isolate was incubated with a concentration of 17 µM HMX, which is 

roughly three-quarters of the limit of solubility (22 µM), (Hesselmann and Stenstrom 

1994; Agency for Toxic Substances and Disease Registry 2010), in low nitrogen 

(LNB) and low carbon basal (LCB) media (Eaton, De Lorme et al. 2011). A media 

control consisted of 17 µM HMX in both LNB and LCB without the addition of test 

organism. A solvent control consisted of both types of media with 1.0 mL of overnight 

culture of the test organism and the addition of 0.1 mL acetonitrile. Cultures were 

incubated anaerobically, in the dark, at 39°C on a rotary shaker (150 rpm) for 120 

hours. Samples were collected at 0, 1, 4, and 7 days and processed for analysis by 

HPLC and LC-MS/MS. All samples were extracted through the solid phase extraction 

procedure described above for WRF samples. Extracted samples were analyzed 
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immediately by HPLC or frozen at -20˚C until LC-MS/MS analysis. All controls and 

tests were repeated in triplicate.  

 
5.2.5 Analytical  

 
5.2.5.1 High Performance Liquid Chromatography Conditions 

	  
HPLC analyses were carried out using Environmental Protection Agency (U.S. 

Department of Health and Human Services) method 8330A (U. S. Environmental 

Protection Agency 2007). In brief, separations occurred on a Phenomenex Ultracarb 

ODS (20) column (250 mm x 4.6 mm i.d., 5 µm particle size) (Phenomenex, Torrance, 

CA), eluting under isocratic conditions with water and methanol (55:45 v/v) at 28.3°C 

and a flow rate of 0.8 mL min-1, with a total run time of 15 min. The HPLC system 

consisted of a Perkin–Elmer (Waltham, MA) Series 200 pump equipped with a 

Perkin–Elmer ISS 200 autosampler and Perkin–Elmer Series 200 UV/VIS detector, 

monitoring at 250 nm. TotalChrom software (Perkin–Elmer) was used to quantify 

HPLC data.  

   
5.2.5.2    Mass Spectrometry Conditions 

 
LC-MS/MS analyses were performed on an ABI/SCIEX (Applied Biosystems, 

Foster City CA) 3200 QTRAP LC-MS/MS system using atmospheric pressure 

chemical ionization (APCI) in the negative ion mode. A Phenomenex Ultracarb ODS 

(20) column (250 mm x 4.6 mm i.d., 5 µm particle size) was used to separate HMX 



 

	   	  

133	  

and its metabolites at a flow rate of 0.65 mL min-1 over 20 minutes using a mobile 

phase consisting of 0.6 mM ammonium acetate in water (A) and methanol (B) in a 

gradient program as follows: 10% B at 0-5 min, 20% B at 8 min, 58% B at 20 min. 

Data was acquired using multiple reaction monitoring (MRM), using 355→46 and 

355→147 (HMX + CH3COO-), 135→61 (MEDINA) and 118→61 (4-NDAB) as 

transitions. Curtain gas was set at 10 psi, gas 1 at 35 psi, gas 2 at 0 psi, temperature at 

275°C, nebulizer current to -8 V, and dwell time of 75 msec. Declustering potential, 

entrance potential, collision entrance potential, collision energy and collision exit 

potential were as follows for each compound: HMX (-10, -2.5, -16, -58, 0); MEDINA 

(-10, -2.5, -10, -20, 0); NDAB (-5, -3.5, -6, -10, 0). Data used to identify possible new 

metabolites was acquired using an enhanced mass spectra (EMS) and enhanced 

product ion (EPI) scan via information dependent acquisition experiments developed 

using Analyst 1.4.2 software (Applied Biosystems). HMX and possible metabolites 

were separated using the same conditions in the MRM method with the exception of 

the gradient which was 0 - 5 minutes 20% B, 5-30 minutes 50% B, 30-50 minutes 

100% B, and 50 - 70 minutes at 100% B. Curtain gas was set at 10 psi, nebulizer gas 

at 35 psi, nebulizing current at -8 µA, temperature at 275ºC, declustering potential at -

20 V, entrance potential at -10 V, collision energy at -10 V, scan rate to 1000 amu s-1, 

dynamic fill time and a mass range of 50 to 400 amu (Borton and Olson 2006). Final 

EMS data was analyzed using LightSight 2.0 (Applied Biosystems) and ChemDraw 

Ultra 12.0 (CambridgeSoft, Cambridge, MA) software to capture and interpret 

possible metabolites. 
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5.3 Results  
 
 
5.3.1 Degradation of HMX in ovine whole rumen fluid (WRF) 
 
 

Ovine whole rumen fluid spiked with 27 µM HMX was incubated for a 24 h 

time period. Samples taken at 0, 1, 2, 4, 5, and 24 h were analyzed by LC-MS/MS as 

previously described. A typical separation of standards of HMX and ring cleavage 

products is shown in Fig. 5.1 Representative time course analysis of HMX metabolism 

in ovine WRF is illustrated in Fig. 5.2.  
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Figure 5.1 LC-MS/MS separation of HMX standards and metabolites with elution 
times and chemical structures acquired using MRM. 14 minutes, octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX); 3.5 minutes, methylenedintramine (MEDINA); 
4 minutes, nitramine 4-nitro-2,4-diazabutanal (NDAB). 
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Figure 5.2 HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) concentration over 
24 hours in whole rumen fluid (WRF) microcosms, as determined by multiple reaction 
monitoring quantification, compared to autoclaved controls. Error bars represent the 
standard deviation of three replicate samples per time point. 
 

The HMX concentration decrease from 0 to 24 hours in live rumen microbial 

cultures showed near complete degradation of HMX, whereas the autoclaved control 

showed little change of HMX concentration after 24 hours (Fig. 5.2).  Within 1 hour in 

the live cultures, HMX was detectable and the degradation metabolites of HMX, peaks 

m/z 149, 193 and 229 appeared (Fig. 5.3). After 4 h, peaks m/z 193 and 229 continued 

to increase until 24 hours, while peak m/z 149 increased, then decreased over 24 hours 
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(Fig. 5.3). At 24 hours, EMS showed ring cleavage product peak m/z 134 seen with an 

acetate adduct (peak m/z 59); and peak m/z 149, which also suggests ring cleavage 

from either a reduction product or a hydroxylamino derivative of HMX (Fig. 5.3). 

Peaks visible after 40 minutes in Figure 5.3 were found in the method blank in 

addition to samples, with the exception of peak m/z 227 and peak m/z 241 at 52.5 

minutes and 53 minutes respectively. Fluctuations in the occurrence of these possible 

metabolites were noted and will need further separation and analysis to clarify the 

chemical composition.  
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Figure 5.3 (A) The total ion chromatogram (TIC) of HMX in WRF at 0 hours on the 
left, and 24 hours on the right, in the top row. Below each TIC is the corresponding 
LC-MS spectrum, obtained using enhance mass spectra, of the most abundant peaks. 
For 0 hour samples: at 18.9 minutes (m/z 149); 24.4 minutes (m/z 193); and 28.8 
minutes (m/z 229). For 24 hour samples: 18.9 minutes (m/z 149); 24.4 minutes (m/z 
193); and 28.8 minutes (m/z 229.2). (B) Peak areas for the three most abundant m/z 
values, obtained from LightSight, showing the increase from 0 to 24 h in WRF.  
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A 

 
Figure 5.3 (A) The total ion chromatogram (TIC) of HMX in WRF at 0 hours on the 
left, and 24 hours on the right, in the top row. 
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B 

 
 

Figure 5.3 (Continued) (B) Peak areas for the three most abundant m/z values, 
obtained from LightSight, showing the increase from 0 to 24 h in WRF.  
  
 
5.3.2 Degradation of HMX by Ruminal Isolates 

 
 Twenty-three bacterial isolates from the rumen were tested for their ability to 

degrade HMX, in low carbon and low nitrogen basal media, in 120 hours (Table 5.1). 
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None of the isolates were capable of HMX transformation or degradation in the 

specified time frame. There were no metabolites identified by LC-MS/MS. In general, 

controls (reduced media without bacteria) resulted in a minor decrease in HMX 

concentration after 120 hours (data not shown). Solvent controls did not appear to 

inhibit growth of any organism. 

 These results demonstrated that HMX is more recalcitrant to degradation than 

the explosives TNT and RDX, which several ruminal organisms have been able to 

degrade in pure cultures (De Lorme and Craig 2008).  

 
5.4 Discussion  
 

 
This study examined the possibility of using rumen microbes in the 

phytoruminal bioremediation of the energetic compound HMX. We examined whole 

rumen fluid, the matrix in which the remediation would occur, to define the fate of 

HMX and ensure it would be degraded in the rumen within 16-20 hours, to prevent 

absorption into the bloodstream of the animal and possible toxic side effects. We also 

examined the capability of 23 commonly isolated rumen bacteria to utilize HMX as a 

sole source of carbon or nitrogen to gain an understanding of the organisms that may 

be responsible for HMX degradation in the rumen. Successful isolates would then be 

available for future studies involving the identification of genes coding for enzymes 

involved in cyclic nitramine degradation. 
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5.4.1 The Matrix for Remediation 

 
The rumen is the first chamber of four that comprise the stomach-system of a 

ruminant, which includes animals such as deer, goats, cattle, and sheep. Continuous 

mixing and fermentation occur in the rumen because muscles contract every two 

minutes, which could benefit the remediation of xenobiotic compounds by maximizing 

bioavailability to the fungi, protozoa, bacteria, and archaea inhabiting this niche. Not 

only does the rumen harbor one of the most reductive environments with an eV of -

400, but also the organisms are accustomed to nitrogen-rich substrates (U.S. National 

Research Council 1984; Hobson and Stewart 1997). Ruminal bacteria utilize protein 

and non-protein sources of nitrogen for assimilation into biomass (U.S. National 

Research Council 1984; Hobson and Stewart 1997). Previous research has shown our 

idea of ruminal bioremediation to be viable with two other commonly used explosive 

compounds, 2-4-6-trinitrotoluene (TNT) (Fleischmann, Walker et al. 2004; De Lorme 

and Craig 2008; Smith, Craig et al. 2008) and hexahydro-1.3.5-trinitro-1,3,5-triazine 

(RDX) (Eaton, De Lorme et al. 2011).  

 This study, combined with past research on ruminal bacteria and the degradation 

of explosives, has elucidated the differences in metabolism for each nitrate explosive 

although they are structurally similar. P. ruminicola is the most prevalent organism in 

the rumen and has been previously isolated from whole rumen fluid enrichments for 

RDX-degraders (Eaton, De Lorme et al. 2011); in pure culture, it was shown to 

degrade 50% of RDX in 7 days as a source of nitrogen, but was incapable of TNT or 

HMX degradation. Removal of TNT and all metabolites (<5% of original TNT 
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recovered as a metabolite) occurred for B. fibriosolvens, F. succinogenes, L. vitulinus, 

S. ruminantium, S. caprinus, and S. dextrinosolvens (De Lorme and Craig 2008). A. 

lipolytica and D. desulfuricans were inhibited by TNT (De Lorme and Craig 2008) 

and HMX, but not by RDX. S. caprinus and the Clostridia organisms have shown 

general degradative ability for TNT and RDX compounds, but not HMX (Zhao, 

Paquet et al. 2003; De Lorme and Craig 2008). Lactobacillus vitulinus tends to favor 

TNT over RDX, although it can degrade both (De Lorme and Craig 2008), while L. 

ruminus degrades no energetic compounds.  

 Few researchers have discovered genes responsible for the anaerobic 

degradation of cyclic nitramines, such as RDX and HMX. Xenobiotic reductases, 

XenA and XenB, under anaerobic conditions, appear to be involved in the degradation 

of cyclic nitramines. Under reduced oxygen, but not fully anaerobic conditions, the 

aerobic bacteria Pseudomonas fluorescens I-C (XenB) degraded RDX faster than 

Pseudomonas putida II-B (XenA), and transformation occurred when the cells were 

supplemented with sources of carbon (succinate) and nitrogen (NH4+), but not when 

only carbon was supplied (Fuller, McClay et al. 2009). Degradation of two other 

cyclic nitramines, HMX and 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane (CL-20) was also observed. Transformation was always faster 

under reduced oxygen conditions compared to aerobic conditions, with both enzymes 

exhibiting an O2 concentration-dependent inhibition of transformation, and XenB 

exhibiting broader substrate range overall (Fuller, McClay et al. 2009). The results 

indicate that these two xenobiotic reductases may be important in the degradation of 
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cyclic nitramines under anaerobic condition and although the energetic compounds are 

structurally similar, different genes are required to produce the necessary enzymes for 

degradation of the rings. However, these two organisms were not isolated from 

contaminated ranges and their degradative ability in contaminated soils was not 

explored. The ruminal isolates tested in this study may not have genes capable of 

HMX degradation, despite some of them possessing genes capable of TNT and RDX 

degradation. The media used in this experiment may not have provided the appropriate 

conditions for degradation of HMX; however, in addition to a media with HMX as the 

sole source of nitrogen, we also tested degradative ability in media supplemented with 

nitrogen and carbon along with HMX, as has been suggested as necessary for 

degradation to occur (Fuller, McClay et al. 2009), and still saw no transformation or 

degradation. Future work may focus on enriching for organisms capable of HMX 

degradation in the complex consortia that comprises whole rumen fluid to identify 

isolates which may possess these xenobiotic reductase genes, or perhaps something 

novel.  

 
5.4.2 Proposed Degradation Pathway for HMX 

 
We have shown that near complete degradation of HMX occurs in whole 

rumen fluid in 24 hours. Peaks at m/z 149 and m/z 193 suggest ring cleavage through 

the mono-nitroso intermediate, (1-NO-HMX), reduction pathway proposed by Zhao et 

al. (Zhao, Greer et al. 2004) and via hydroxylamino-HMX derivatives as seen by 

McCormick et al. (McCormick, Cornell et al. 1981) (Fig. 5.4). The fate and 
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concentrations of the nitroso derivatives are unknown because they are produced 

transiently and in trace amounts by complex microbial consortia, which makes it 

difficult to determine the mechanism of transformation without the employment of 

heavy or radioisotopes.  
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Figure 5.4 Proposed biodegradation pathway for octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) by ruminal microbes under anaerobic conditions as determined by 
EMS and LightSight analysis. Brackets represent hypothetical transformations.  
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5.5 Conclusions 

 
  Our results demonstrated that 27 µM HMX was almost completely degraded in 

whole rumen fluid in 24 hours, and 0 of the 23 ruminal isolates tested were able to 

degrade the initial concentration of HMX (17 µM) when supplemented in low carbon 

and low nitrogen media in pure culture, to any extent, in 120 hours. We found the 

isolate results surprising since ruminal isolates have been identified in the past as 

capable degraders of TNT and RDX.  

Past and present research illustrates that there are likely several enzymes and 

genes involved in the degradation of nitroaromatics and cyclic nitramines in the 

rumen. With a vast array of facultative and obligate anaerobes, along with fungi and 

protozoa, surely there is more than one mechanism to break down these nitrogen-rich 

xenobiotics. By studying isolates, we have gained insight into which organisms may 

or may not have pertinent, and perhaps novel enzymes, and our data directs us to the 

uncultured bacteria for HMX degradation in the rumen. The dissimilarities in the 

degradation ability of different species of the same genus are interesting, and should 

provide good reference genomes for comparison when mining for answers to 

variances in metabolic capabilities. 

The general trend we have observed is that microbes from the rumen, while 

seldom capable as individuals, excel as a community in the bioremediation of 

explosives. “Phytoruminal bioremediation” is a technique we are proving to be viable 

for the remediation of energetic compounds, which now includes TNT, RDX, and 

HMX.  
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Chapter 6 General Discussion and Conclusions 

 
Significant contamination is pronounced in soils on military ranges around the 

world due to huge discharges of industrial wastes from the manufacturing, storing, and 

testing of nitrate explosive compounds, such as cyclic nitramines. For instance, Camp 

Edwards, which is located within the northern portion of the Massachusetts Military 

Reservation (MMR) located near Falmouth, MA (USA) has been considered a model 

for other military bases (Environmental Protection Agency 2011).  

MMR is a 21,000-acre facility located on Cape Cod, Massachusetts. Soils at 

the site are sandy, and therefore permeable, with bedrock located at a depth of 285 to 

365 feet below ground surface (Clausen, Robb et al. 2004). Camp Edwards Training 

Ranges and Impact Area are positioned over the Sagamore Lens, a major ground water 

recharge area and the most productive portion of the Cape Cod Aquifer (Clausen, 

Robb et al. 2004). The apex of the Sagamore Lens is located at the southeast corner of 

the Impact Area from which ground water flows radially in all directions and the 

ocean surrounds the aquifer on three sides (Clausen, Robb et al. 2004).  

The Training Ranges and Impact Area at Camp Edwards encompass 

approximately 14,000-acres (Environmental Protection Agency 2011). The 

approximately 2,200-acre Impact Area contains artillery and mortar targets that have 

been used for training activities since 1911 (Environmental Protection Agency 2011). 

Surrounding the Impact Area are numerous firing ranges, artillery and mortar 

positions, and training areas (Agency for Toxic Substances and Disease Registry 

1995; Campbell, Ogoshi et al. 2003; Clausen, Robb et al. 2004; Agency for Toxic 
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Substances and Disease Registry 2010). TNT (2,4,6-trinitrotoluene) was the primary 

explosive used prior to WWII while RDX combined with smaller amounts of TNT has 

been commonly used post-WWII (Agency for Toxic Substances and Disease 

Registry). Another explosive compound, HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine), has gained popularity in recent years (Sunahara, Guilherme et al. 2009). 

Additional contaminants such as perchlorate, a component of rocket propellant and 

some explosive munitions, and dinitrotoluene, a component of black gunpowder are 

also present at this site (Campbell, Ogoshi et al. 2003; Clausen, Robb et al. 2004). 

Ground water contamination at Camp Edwards by cyclic nitramines leached from soils 

elicited a highly public investigation and much concern due to its location in a heavily 

populated area (Environmental Protection Agency 2011). 

Because the microorganisms living in this environment consequently suffer 

passively from nitrate explosives through the activities and indigenous chronic 

exposure (Madigan and Martinko 2006), soils on military ranges may have harbored 

diverse groups of cyclic nitramine-degrading microbes that have the potential for 

remediation. However, history has demonstrated that the indegenous microbiota are 

not efficient enough at the degradation of cyclic nitramines to prevent large amounts 

from moving into ground water (Spain, Hughes et al. 2000; Sunahara, Guilherme et al. 

2009). Additionally, the permeable properties of the soils on military ranges will 

directly inhibit cyclic nitramine biodegradation (Agency for Toxic Substances and 

Disease Registry 1995; Jenkins, Bartolini et al. 2003; Agency for Toxic Substances 

and Disease Registry 2010). The present research focuses on an overall agricultural 
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solution to this problem called phytoruminal bioremediation, in which cool-season 

grasses are planted in contaminated soils to accumulate nitrate explosive residues into 

the shoots (Duringer, Craig et al. 2010), whereby grazing sheep ingest the grass, and 

the microbes in the rumen degrade the chemical contaminants (Smith, Craig et al. 

2008).  

 
6.1 Ovine Ruminal Microbes are Capable of Biotransforming  

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) 
  

Bioremediation is of great interest in the detoxification of soil contaminated 

with residues from explosives such as hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). 

Although there are numerous forms of in situ and ex situ bioremediation, ruminants 

would provide the option of an in situ bioreactor that could be transported to the site of 

contamination. Bovine rumen fluid has been previously shown to transform 2,4,6-

trinitrotoluene (TNT), a similar compound, in 4 hours (Fleischmann, Walker et al. 

2004).  

The present research revealed that RDX incubated in whole ovine rumen fluid 

was nearly eliminated within 4 hours. Whole ovine rumen fluid was then inoculated 

into five different types of media to select for archaeal and bacterial organisms capable 

of RDX biotransformation. Cultures containing 30 µg mL-1 RDX were transferred 

each time the RDX concentration decreased to 5 µg mL-1 or less. Time point samples 

were analyzed for RDX biotransformation by HPLC. The two fastest transforming 

enrichments were in methanogenic and low nitrogen basal media. After 21 days, DNA 
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was extracted from all enrichments able to partially or completely transform RDX in 7 

days or less.  

To understand microbial diversity, 16S rRNA-gene-targeted denaturing 

gradient gel electrophoresis (DGGE) finger- printing was conducted. Cloning and 

sequencing of partial 16S rRNA fragments were performed on both low nitrogen basal 

and methanogenic media enrichments. Phylogenetic analysis revealed similar 

homologies to eight different bacterial and one archaeal genera classified under the 

phyla Firmicutes, Actinobacteria, and Euryarchaeota. After continuing enrichment for 

RDX degraders for 1 year, two consortia remained: one that transformed RDX in 4 

days and one which had slowed after 2 months of transfers without RDX. DGGE 

comparison of the slower transforming consortium to the faster one showed identical 

banding patterns except one band. Homology matches to clones from the two 

consortia identified the same uncultured Clostridia genus in both; Sporanaerobacter 

acetigenes was identified only in the consortia able to completely transform RDX.  

This is the first study to examine the rumen as a potential bioremediation tool 

for soils contaminated with RDX, as well as to discover S. acetigenes in the rumen and 

its potential ability to metabolize this energetic compound. 

 
6.2 Bioremediation of RDX via the Rumen: A Comparison Between  

Metabolism in Ovine Whole Rumen Fluid and 24 Ruminal 
Isolates 
 
 
The ability of ruminal microbes to utilize the explosive compound RDX, in 

both ovine whole rumen fluid and 24 individual bacterial isolates from the rumen was 
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examined. Compound degradation was determined by high performance liquid 

chromatography (HPLC) analysis, followed by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) identification of metabolites.  

Organisms in whole rumen fluid microcosms were able to degrade 180 µM 

RDX within 4 hours. In whole rumen fluid, the concentrations of all mono-, di-, and 

tri-nitroso intermediates formed due to reduction of the nitro groups on RDX 

amounted to approximately 9 uM at 24 hours, which represented one pathway to ring 

cleavage. The appearance of peak m/z 175, hexahydro-1,3-dinitro-1,3,5-triazine, 

represented a second pathway that RDX followed after reduction to the first nitroso 

intermediate, MNX.  

Ruminal isolates were able to degrade RDX between ranges of 34 to 256 µM 

in 120 hours to unidentified ring cleavage metabolites. Clostridium 

polysaccharolyticum and Desulfovibrio desulfuricans subsp. desulfuricans were able 

to degrade RDX when it was supplemented in addition to carbon and nitrogen. 

Anaerovibrio lipolytica, Prevotella ruminicola and Streptococcus bovis IFO were able 

to degrade RDX when supplied as a sole source of nitrogen. This data indicated that 

while several rumen bacterial strains may have the individual ability to degrade RDX, 

bioremediation in whole rumen fluid was more efficient.  

We proposed a pathway of RDX degradation by ruminal microbes under 

anaerobic conditions that involved the reduction of RDX to MNX, with trace amounts 

further reduced to DNX and TNX. The majority of the MNX was further degraded via 

a second pathway to hexahydro-1,3-dinitro-1,3,5-triazine (peak m/z 175), which was 
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an unstable molecule that resulted in rapid ring cleavage and degradation to 

unidentified metabolites.  

This was the first study to demonstrate that whole rumen fluid would be a 

more efficient means of bioremediation than individual ruminal isolates, based on the 

speed and completion of degradation of RDX; and that several ruminal isolates had the 

ability to degrade RDX in vitro. 

 
6.3 Bioremediation of HMX by Ovine Ruminal Microbes 
 

 
Since World War II, the employment, storage, and manufacturing of 

explosives around the world have resulted in large volumes of soil contaminated with 

residue (Agency for Toxic Substances and Disease Registry 1995; Agency for Toxic 

Substances and Disease Registry 2010). Nitramines, such as octahydro-1,3,5,7-

tetranitro-1,3,5,7-tetrazocine (HMX), are resistant to degradation in soil and are highly 

mobile, which threatens human health by leaching into  ground water or to offsite 

locations, such as farmland (Agency for Toxic Substances and Disease Registry 2010). 

The HMX molecule is an eight-membered ring of alternating carbon and nitrogen 

atoms, with a nitro group attached to each nitrogen atom (Budavari and O'Neil 1989).  

The ability of ruminal microbes to degrade HMX as consortia in whole rumen 

fluid and as 23 common ruminal isolates was examined by LC-MS/MS analysis. The 

initial concentration of HMX was 27 µM and whole rumen fluid was incubated with 

HMX for 24 hours under anaerobic conditions in the dark, while the isolates were 
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incubated with 17 µM HMX for 120 hours, along with negative controls. All 

experiments were repeated in triplicate.  

Our results demonstrated that HMX was nearly completely degraded in whole 

rumen fluid in four hours. Peaks at m/z 149 and m/z 193 suggest ring cleavage through 

the mono-nitroso intermediate, (1-NO-HMX), reduction pathway; and via 

hydroxylamino-HMX derivatives, as a second pathway. None of the 23 ruminal 

isolates tested were able to degrade HMX when supplemented as either a sole source 

of nitrogen, or in addition to carbon and nitrogen, in 120 hours under the conditions 

specified.  

This is the first study to prove ruminal microbes in whole rumen fluid can 

degrade HMX and to propose metabolic pathways, which could lead to the application 

of ruminal bioremediation on contaminated military soils.  

 
6.4 Contributions to Our Knowledge 

  
• The present study revealed the potential for the rumen to be utilized as a 

bioremediation tool for soils contaminated with the cyclic nitramines, RDX and 

HMX. This is the first study to isolate and identify anaerobic bacteria with RDX-

degrading ability from ovine whole rumen fluid. The strains identified were an 

uncultured Clostridial sp. and Sporanaerobacter acetigenes. This enriched 

consortium was successfully applied in RDX-degradation experiments and was 

capable of degrading RDX in 72 hours. This is the first study to discover the 
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acetogen, S. acetigenes, in the rumen, as well as to learn of its ability to metabolize 

RDX. 

• This is the first study to compare the degradation of RDX in whole rumen fluid to 

individual isolates from the rumen. We demonstrated that whole rumen fluid 

would be a more efficient means of bioremediation than individual ruminal 

isolates, based on the speed and completion of degradation of RDX; and that 

several ruminal isolates had the ability to degrade RDX to unidentified ring 

cleavage metabolites in vitro. Clostridium polysaccharolyticum and Desulfovibrio 

desulfuricans subsp. desulfuricans were able to degrade RDX when the isolate was 

supplied with carbon and nitrogen in the medium. Anaerovibrio lipolytica, 

Prevotella ruminicola and Streptococcus bovis IFO were able to degrade RDX 

when supplied as a sole source of nitrogen in the medium. Because the RDX was 

nearly completely degraded in 24 hours in whole rumen fluid, we suspect that it 

would be metabolized in the rumen before it was able to pass into the bloodstream 

of the animal (16-20 hours post-ingestion), thus preventing toxicosis. This is the 

first study to propose metabolic pathways for degradation of RDX by ruminal 

bacteria under anaerobic conditions. 

 
• This is the first time to study the anaerobic degradation of HMX in the rumen. Our 

results demonstrated that HMX was nearly completely degraded in whole rumen 

fluid in four hours. Peaks at m/z 149 and m/z 193 suggest ring cleavage through the 

mono-nitroso intermediate, (1-NO-HMX), reduction pathway; and via 

hydroxylamino-HMX derivatives, as a second pathway. None of the 23 ruminal 



 

	   	  

156	  

isolates tested were able to degrade HMX. This is the first study to prove ruminal 

microbes in whole rumen fluid can degrade HMX and to propose metabolic 

pathways for ruminal microbes under anaerobic conditions. 

 
6.5 Limitations of Present Study and Future Researches 

 
• The present study only estimated the anaerobic cyclic nitramine-degrading ability 

in the rumen. The in vivo degradation of grasses contaminated with cyclic 

nitramines in the rumen has not been investigated. High importance is placed on 

extending the research from laboratory to field applications. A military site with 

cyclic nitramine-contaminated soils should be selected as a model for examining 

the overall scheme of phytoruminal bioremediation.  

• The present study was only able to identify culturable organisms capable of RDX 

degradation. Likely, a host of bacteria can degrade RDX in the rumen, but they 

were not culturable in the laboratory under our specified conditions.  

• The present study only examined isolates abilities to degrade RDX and HMX 

under two conditions: as a sole source of nitrogen or in addition to alternate 

sources of carbon and nitrogen. Therefore, it remains possible that more isolates 

than the few identified with degrading abilities in this study, are actually capable 

of degradation of one or both cyclic nitramines.  

• The present study only focused on the degradation of one explosive compound per 

whole rumen fluid microcosm or isolate. Soils contaminated on military ranges 

contain a plethora of different nitrate explosives in varying concentrations 



 

	   	  

157	  

depending on the sampling area. This aspect needs to be explored if ruminal 

bioremediation is going to be proven a viable alternative for cleaning up military 

ranges. We do not know if the presence of one explosive, such as TNT, will inhibit 

RDX or HMX-degraders, etc.; and if the inhibition of the degradation of one 

contaminant will lead to toxicity in the sheep due to the untouched parent 

molecules passing into the bloodstream of the animal. 

• The information in this study on the degradation pathways of cyclic nitramines by 

ruminal microbes is limited by the fact that we cannot trace the final destination of 

all of the carbons and nitrogens from the molecules. Further studies with heavy or 

radioisotopes would be necessary to definitively determine the final metabolites.  

 
6.6 Conclusions 

 
• The rumen shows strong potential as a bioreactor for the remediation of the cyclic 

nitramines, RDX and HMX. A consortium of anaerobic bacteria with RDX-

degrading ability were isolated from ovine whole rumen fluid and identified. The 

strains identified were an uncultured Clostridia sp. and Sporanaerobacter 

acetigenes. This enriched consortium was successfully applied in RDX-

degradation experiments and was capable of degrading RDX in 72 hours. A newly 

discovered acetogen, S. acetigenes, and its ability to metabolize RDX, was found 

in the rumen for the first time. 

• Whole rumen fluid is a more efficient means of bioremediation than individual 

ruminal isolates, based on the speed and completion of degradation of RDX, but 
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several ruminal isolates had the ability to degrade RDX to unidentified ring 

cleavage metabolites in vitro. Clostridium polysaccharolyticum and Desulfovibrio 

desulfuricans subsp. desulfuricans were able to degrade RDX when supplied in 

addition to other source of carbon and nitrogen. Anaerovibrio lipolytica, 

Prevotella ruminicola and Streptococcus bovis IFO were able to degrade RDX 

when supplied as a sole source of nitrogen. Because the RDX was nearly 

completely degraded in 24 hours in whole rumen fluid, we suspect that it would be 

metabolized in the rumen before it was able to pass into the bloodstream of the 

animal (16-20 hours post-ingestion), thus preventing toxicosis. By ruminal 

microbes under anaerobic conditions, RDX is reduced to MNX and trace amounts 

are further reduced to DNX and TNX. The majority of the MNX is further 

degraded via a second pathway to hexahydro-1,3-dinitro-1,3,5-triazine (peak m/z 

175), which is an unstable molecule that results in rapid ring cleavage and 

degradation. 

• HMX was nearly completely degraded in whole rumen fluid in 24 hours. Peaks at 

m/z 149 and m/z 193 suggest ring cleavage through the mono-nitroso intermediate, 

(1-NO-HMX), reduction pathway; and via hydroxylamino-HMX derivatives, as a 

second pathway. None of the 23 ruminal isolates tested were able to degrade 

HMX.  

• In summary, the present research revealed that ruminal organisms were not only 

capable of degrading the cyclic nitramines, RDX and HMX, in 24 hours, but under 

the strongly reduced conditions simulating the rumen, the rapidity of degradation 
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surpassed other means of remediating cyclic nitramines through aerobic or 

alternate anaerobic techniques. 
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