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Cyclic nitramines are a class of compounds that include most of the 

commonly used explosives today. These are among the most common toxicants 

released into the environment as a result of human activity, generated on military 

ranges, battlefields, and production sites. Of these, hexahydro-1,3,5-trinitro-1,3,5-

triazine (RDX) is of particular interest, due to its high stability and utility. This 

compound carries renal, hepatic, and neurological effects, and is suspected of being a 

carcinogen. In terms of remediation, RDX is readily drawn up by plants, which will 

either suffer toxic effects or will concentrate the compound but be unable to degrade 

it. 

The cyclic nitramines bear chemical similarities to plant toxins, in particular 

the pyrrolizidine alkaloids (PAs). PAs are interesting from the standpoint that they are 

only toxic to some species of ruminants – cattle are severely affected, while sheep 

and goats are not. This difference comes down to ruminal bacteria populations – that 

is, the bacteria that populate the sheep and goat rumen are capable of detoxifying 



 

 

PAs, while those that populate cattle rumens are not. Considering the chemical 

similarities, then, it was proposed that a potential solution for RDX degradation from 

contaminated sites would be to use grasses to draw it up and to use sheep to consume 

the grass, using their ruminal microbiota to detoxify the compound. 

Initial trials of aspects of this methodology were successful; ruminal isolates 

were capable of degrading several common cyclic nitramines including 

trinitrotoluene (TNT) and RDX. This document, then, aims to add to the body of 

research on this combined system in several ways. First, to further study effects of 

common plant toxins on ruminants through use of gene expression profiling via 

spotted microarray; second, to determine shifts in bacterial populations in the rumen 

via high-throughput 16S amplicon sequencing in an attempt to isolate sources of 

activity; thirdly, to study the whole genome of an RDX degrader via whole genome 

sequencing.  

The effects of the endophytic alkaloid ergovaline were studied in a host of 

cattle. In this study, four cattle were provided feed containing ergovaline over an 

extended period and liver samples taken at the start and end of the trial. Samples had 

mRNA extracted, which was used in a dual hybridization experiment to spotted 

microarrays for the bovine transcriptome. Top results were validated with RT-PCR. 

This study found responses in genes associated with intracellular transport, apoptosis, 

and RNA transcription control. 

In the second study, shifts in the population of sheep rumens in response to 

RDX were examined via sampling sheep rumen fluid, introducing a spike of RDX to 

each, and extracting whole DNA at several time points in order to amplify 16S rRNA 



 

 

genes. 16S amplicons were sequenced and OTU counts were contrasted between 

experimental and control groups via use of a linear mixed model (LMM) with logit 

transformation. This study found that individual animal contributed more to observed 

populations than any other factor, necessitating the use of the LMM to remove it as a 

random effect. Once this effect was countered, a clear pattern emerged of relative 

population increases in the phylum Bacteroietes, and more specifically, within taxa of 

Paraprevotellaceae. 

Finally, to study a RDX degrader in detail, genomic DNA from 

Sporanaerobacter acetigenes was sequenced. This species was previously found to 

degrade RDX, and so it was thought that a draft genome would aid in understanding 

processes of RDX detoxification in the rumen. While the draft genome was 

completed, however, initial results indicating degradation could not be reproduced, 

leading to development and validation of a new extraction method for RDX from 

anaerobic bacterial growth media. 

In summary, this research examined the Phyto-Ruminal-Biodegradation 

system on multiple levels, from that of the animal to ruminal populations as a whole 

to an individual species.  
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Chapter 1: Introduction and Literature Review 

1.1 General Introduction 

This document contains the corpus of my research on the topics of ruminants, 

ruminant microbiology, and biodegradation of the explosive compound Royal 

Demolition eXplosive (RDX), also known by the names Research Department 

eXplosive or cyclonite. It is divided into this, an introductory and literature review 

chapter providing background of research topics, and is followed by research 

chapters. 

There are three major research topics covered. The first is a toxicological 

study that explores bovine gene response in liver tissue to challenge by feed 

containing ergovaline, a common mycotoxin generated by endophytic grass fungi. 

The second study explores changes in ruminal bacterial populations in response to 

introduction of RDX. The final study is a draft genome assembly of 

Sporanaerobacter acetigenes, a bacterium previously implicated in RDX breakdown. 

These studies offer a synthesis of multiple disciplines – veterinary medicine, 

microbiology, molecular biology, genetics, and toxicology – and cover the gamut 

from the animal itself down to an individual bacterium found in it. 

In order to place research chapters into their proper context, this first review 

chapter provides background on common explosive chemistry and toxicity, previous 

methods of remediation, ruminal biology and microbiology, and how these are 

connected for purposes of understanding this topic. A brief primer of technologies 
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involved with the experiments is also provided for clarification of terms and methods 

used. 

1.2 Toxicants and Toxicant Definitions 

How does one define a toxicant? The National Cancer Institute defines it as 

“A poison that is made by humans or that is put into the environment by human 

activities” (National Cancer Institute 2015). The Centers for Disease Control and 

Prevention (CDC) define it as “A toxicant is any chemical that can injure or kill 

humans, animals, or plants; a poison. The term “toxicant” is used when talking about 

toxic substances that are produced by or are a by-product of human-made activities” 

(CDC/ATSDR 2009). In short, a toxicant is any man-made substance or compound 

with the potential to cause significant harm. 

In these United States, the Environmental Protection Agency (EPA) maintains 

multiple definitions of what is considered toxic from a regulatory standpoint. Perhaps 

the most well known of the EPA’s work are Superfund sites – sites forced under 

remediation for contamination by various pollutants deemed toxic. The list used for 

Superfund is defined in 40 CFR §401.15, and covers 55 categories of chemicals and 

agents. In addition to the legally defined list, there is also the Toxic Release Inventory 

(TRI) program, which mandates the reporting of the release of any substance on a 

second list into the environment. The TRI list contains 594 individually-listed 

chemicals as well as 31 categories of other agents (OEI US EPA). Finally, there is the 

Integrated Risk Information System (IRIS), a third list containing a mixed set of 558 

chemicals and substances deemed toxic and known risk information pertaining to 

them (ORD US EPA). 
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1.3 Cyclic Nitramines 

1.3.1 Military explosive use and toxicant generation 

There are 1322 active Superfund sites in the United States. Of these, almost 

exactly one-tenth – 132 – are current or former military facilities. Military sites 

produce a number of toxicants in normal operation, but one of the most ubiquitous are 

the various forms of explosives and explosive byproducts. Nitrophenol and 2,4-

dinitrotoluene (2,4-DNT) are explicitly listed in both the TRI and IRIS lists, while 

many other ones fall under three main categories – nitrophenols, nitramines, and 

nitrobenzenes (ORD US EPA). These three categories are collectively known as the 

nitroaromatics, and are characterized by the appearance as a crystalline white powder 

with a tendency to be highly explosive, though degree of sensitivity can vary.  

1.3.2 General chemistry and effects 

Nitroaromatics have as a common structural motif a ring structure surrounded 

by nitro (-NO2) groups. Despite the name, nitroaromatic rings are not always 

aromatic; some chemicals in this category contain alternating carbon and nitrogen 

atoms instead. Some texts thus instead refer to this group of compounds as “cyclic 

nitramines” (Budavari and O’Neil 1989: 428), which this document will use 

henceforth for purposes of clarity. The ring structure confers significant stability and 

resists many chemical and environmentally based means of degradation. This effect is 

further enhanced by the fact that most members of this group are possessed of poor 

solubility in water and are frequently highly hydrophobic. Because of this, cyclic 

nitramines are persistent in the environment; most nitroaromatics remain stable even 
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after decades exposed to the elements, borne out by the countless cases of unexploded 

ordnance (UXOs) around the world, some dating back to the World Wars 

(Pennington and Brannon 2002). In addition, some explosives are inefficient and can 

leave up to 15% of material unreacted after a blast (Kelleher 2002), which can lead to 

soil and water contamination though the generation of persistent particulates that 

accumulate in soil and sediment, as well as leaching into groundwater and affecting 

terrestrial and aquatic plants (Vila, Lorber-Pascal, et al. 2007; Rocheleau et al. 2008). 

Most of the cyclic nitramines are toxic to varying degrees, with effects being 

primarily renal and hepatic. The most common symptoms observed have been from 

acute effects, which usually involve seizures, convulsions, dermatitis, and in rare 

cases, death. This class of compounds is considered a Class C carcinogen  – in other 

words, they are suspected of being carcinogenic in humans, but experiments have so 

far only been performed in animals to support this (Abadin et al. 2012). 

1.3.3 RDX 

Royal Demolition eXplosive (RDX) is a white, crystalline solid that is almost 

water-insoluble. It is used as an explosive, having roughly twice the power of TNT 

per unit volume, and is, for an explosive, incredibly stable, requiring either heavy 

physical or electrical shock to detonate. If set on fire, RDX will burn instead of 

explode. These traits have made RDX the mainstay of military and certain demolition 

explosives since World War I (Hawari et al. 2000). It is the primary explosive in 

artillery and airdropped bombs, and with a plasticizer added, becomes Semtex, one of 

the most common plastic explosives. Explosive properties can be enhanced in some 
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situations via creating a mix of RDX with other cyclic nitramines such as 

trinitrotoluene (TNT) or High Melting eXplosive (HMX). 

Due to this, RDX is one of the most heavily-produced explosives in the 

United States; current data for production are unavailable, but the last year where it 

was reported saw the production of 16 million pounds per year as of 1984 (Abadin et 

al. 2012). With current world instability and multiple wars since that time, it can be 

inferred that production has likely increased. 

RDX, as typical of the cyclic nitramines, is primarily toxic through renal and 

hepatic damage, and like the other compounds in this group, is also a suspected 

carcinogen. Symptoms typically present as convulsions, vomiting, tachycardia, and 

dysrhythmia, though dermatitis and rarely death are not unknown (Talmage et al. 

1999; Küçükardali et al. 2003; Ju and Parales 2010). While not very soluble in water, 

RDX can still reach toxic concentrations, making contamination of groundwater a 

worry due to propagating rapidly though topsoil with extremely long half-life for 

removal at roughly 2,100 days (Jenkins et al. 2003; Jenkins et al. 2006) as well as 

large amounts of RDX-saturated water being produced as part of the manufacturing 

process (Ju and Parales 2010). Even very low concentrations of RDX can kill many 

bacteria in culture (Eaton et al. 2011). The long half life can mean that RDX persists 

in the environment for even decades after being deposited (Pennington and Brannon 

2002).  

1.4 Bioremediation of Nitroaromatics 

Traditional disposal of RDX has been through burning (Bohn et al. 1998). 

Removal of RDX from contaminated water has traditionally been through filtering 
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water through activated carbon columns and then burning the columns (Wujcik et al. 

1992). This, however, is still inefficient enough that noncombusted or incompletely 

combusted explosive has been detectably released into air, water, and soil (Etnier 

1989). In addition to this, RDX, due to its low solubility and a tendency to bind to soil 

or other solid material, has a tendency to accumulate in sediments under anoxic 

conditions like at the bottom of bodies of water or below ground (Abadin et al. 2012). 

Phytoremediation (that is, the uptake and breakdown of a substance through 

the use of plants) is a more recent development. In phytoremediation, toxicants in soil 

are drawn up through the roots and either broken down with cytochromes P450, 

conjugated by glutathione, and/or compartmentalized/sequestered into various plant 

leaf and stem tissues. It is most effective on hydrophobic compounds, and has shown 

most success at detoxifying chlorinated compounds (Dietz and Schnoor 2001). 

Early efforts to phytoremediate explosives focused on the use of poplar. In 

these studies, it was found that uptake and behavior varied based off of explosive – 

TNT, for instance, would concentrate in the root tissues and would undergo gradual 

degradation to 2,6-dinitrotoluene, while RDX would be distributed throughout the 

plant’s aerial parts, especially the leaves, but would not be transformed much, if at all 

(Thompson et al. 1998; Thompson et al. 1999). Later studies (Just and Schnoor 2004; 

Yoon et al. 2006; Brentner et al. 2010) would confirm the behavior and identify 

similar behavior in reed canary grass and switchgrass.  

A complication arises in that not all plants are able to tolerate explosives, 

especially RDX. Winfeld, et al. tested sunflowers for ability to uptake RDX and 

found significant developmental effects occurring from RDX exposure, regardless of 

6



life stage or exposure duration (Winfield et al. 2004). Vila, et al. in 2007 attempted to 

test the ability of common agronomic crops (maize, wheat, rice, soybean) to degrade 

TNT and RDX (Vila, Lorber-Pascal, et al. 2007; Vila, Mehier, et al. 2007). Rice and 

soybeans, in particular, suffered from rapid bleaching and tissue necrosis upon 

exposure to RDX. To date, the most successful plants for uptake of RDX have been 

grasses, such as orchardgrass (Dactylis glomerata), ryegrass (Lolium perenne), and 

tall fescue (Festuca arundinacea) (Duringer et al. 2010). RDX thus poses an 

interesting problem from a phytoremediation standpoint: not all plants can safely 

uptake it and those that do uptake it will concentrate it but cannot degrade it. 

RDX is, however, amenable to degradation by microorganisms, especially in 

anaerobic environments. Addition of anaerobic municipal sludge is known to be able 

to rapidly degrade RDX, as is the fungus Phanaerocheate chrysosporium, observed to 

degrade over 50% of RDX in a sample within 60 days (Hawari et al. 2000). 

Rhodococcus DN22 is known to be able to use RDX as a sole nitrogen source. 

Various Clostridium species were found to be enriched in extended, anaerobic culture 

with RDX and were capable of transforming it at rates varying from 5.0 to 24.0 

µmol/h (Zhao et al. 2003). Several genera of bacteria have been shown to utilize 

RDX as a sole carbon or nitrogen source (Van Aken et al. 2004; Thompson et al. 

2005). 

RDX degradation by microorganisms can proceed aerobically or 

anaerobically. Known pathways for RDX to smaller metabolites include denitration, 

reduction, and direct ring cleavage. Certain proteins and related genes have also been 

isolated that seem to confer ability to degrade RDX to bacteria. These genes include 
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xenA/xenB (Fuller et al. 2009), xplA/xplB (Rylott et al. 2011), diaA (Bhushan et al. 

2002), and nsfI (Kitts et al. 2000). More likely exist in the environment, and as a 

result, absence of these specific genes does not necessarily indicate lack of activity. 

Combination of these two methods has primarily focused around genetic 

modification of plants to give them bacterial mechanisms for RDX degradation. This 

is a process requiring isolation of bacterial genes responsible for degradation and 

translocating them into plants (Rylott and Bruce 2009). Some success has been met in 

this process (Van Aken 2009), and genes and mechanisms have been isolated in a few 

cases, such as the XplA/XplB complex (Rylott and Bruce 2009; Rylott et al. 2011). 

Methods used by some of these processes are detailed in section 1.6.4. 

Given RDX’s propensity for concentration into leaves and stems of plants, 

however, half of the work is effectively done. The work of removing the RDX from 

soil has been performed – all that is left is disposing of the RDX safely. Possibilities 

include the usual solution of incineration, or alternately running a bioreactor to 

culture RDX-degrading microbes. Given the tendency for grasses to be the most 

tolerant of RDX while being able to successfully draw it out of anoxic zones in soil, 

however, another, simpler possibility presents itself. 

1.5 Ruminants 

Some background on ruminants is needed for background before returning to 

the main subject of RDX biodegradation. Ruminants are animals that are capable of 

breaking down cellulose, normally an extremely recalcitrant substance, through the 

use of specialized digestive chambers that host cellulolytic microorganisms. 
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Cellulose is the most-produced biological substance on Earth. It is a structural 

material created by plants to form stems, branches, and other support structures. 

Cellulose chains can be cross-linked to increase mutual strength, and this is usually 

the case in woods and other highly-fibrous plant material (McNamara et al. 2015). 

Cellulose is extremely resistant to damage or degradation, and most breakdown in 

nature must occur in anaerobic environments. In addition, because it is insoluble, it 

cannot be absorbed directly by bacteria or fungi, but rather is usually broken down 

exocellularly via excreted enzymes (Leschine 1995).  

1.5.1 Types of ruminants 

Broadly speaking, ruminants can be divided into foregut and hindgut varieties. 

The two names refer to where fermentative activity occurs. In foregut ruminants, this 

is early on in the digestive process, usually in a forestomach chamber called the 

rumen. In hindgut ruminants, this takes place towards the end of the digestive 

process, usually in an enlarged and heavily modified cecum (Mackie 2002). 

There are over 300 species of foregut ruminants, with nearly all classified in 

the order Artiodactyla. This includes sheep, cattle, deer, antelopes, camelids, and 

other related animals. There are a few exceptions – the sloth, the Colobus monkey, 

and the hoatzin (a type of bird that achieves fermentation with a modified crop) are 

all species outside of this order (Mackie 2002).  

Hindgut ruminants possess a similar facility for breaking down plant matter, 

but do it via an enlarged cecum that replicates some of the functions of an actual 

rumen. Being placed after the stomach, this is generally less efficient as a means of 

deriving nutrition from cellulose, but can still be effective enough to digest highly 
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cross-linked materials like wood, as in the case of the North American and European 

beavers (Hume 1997). While not ruminants, termites also utilize a hindgut strategy 

for cellulose digestion (Brune 2014). 

1.5.2 Artiodactyl ruminal biology 

The Artiodactyla are the group of ruminants that is most relevant to the 

studies detailed. Most members of this taxon possess four-chambered stomachs. The 

most notable stomach chamber is the rumen, a stomach forechamber in which plant 

matter is broken down via the use of microbes. In effect, the rumen is a biological 

fermentation vat that takes in cellulose and outputs volatile fatty acids (VFAs) for 

consumption by the animal. From the rumen, feed is filtered and processed through 

two other stomach chambers (the reticulum and omasum) before reaching a true 

mammalian stomach (the abomasum) (Dehority 1997). 

The rumen itself is effectively an anaerobic environment separated into three 

phases: solid, liquid, and gas, with different populations of bacteria living within 

each. The solid phase is comprised of consumed plant material and is where much of 

the cellulose degradation takes place. The liquid phase contains water and initial 

digesta, and is where secondary metabolism takes place. The gaseous phase does not 

support populations directly, but instead is an environment favoring bacteria living on 

the surface of the rumen itself (Chiba 2014). 

Also of interest are internal conditions of the rumen. The rumen is one of the 

most reducing environments on Earth, with an electronegative potential of -480 mV 

(Waghorn 1991). In part, these conditions are necessary for the breakdown of 

cellulose, but this potential could also possibly enable other reactions to take place 
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that would not be possible in soil or water. These conditions also can shift, heavily 

influencing the microbiome. 

1.5.3 Ruminal microbiology 

1.5.3.1 Ruminal microbe roles and functions 

Functionally, most bacteria in the rumen serve some fixed role in maintaining 

the environment – degrading cellulose, degrading starch, using hydrogen gas evolved 

during some of the reactions of other bacteria as an energy source, and so on (Stewart 

and Bryant 1988). 

As the rumen is an anaerobic environment, most of its residents are obligate or 

facultative anaerobes. The most numerous members of the rumen population are 

members of Prevotella, Ruminococcus, Eubacterium, Lactobacillus, Bifidobacterium, 

Spirochaetes, and various mycoplasmas, though even these groups only begin to 

capture the total diversity in this environment. The rumen is an environment where 

diversity is in abundance; even within a given genus, there are many species and 

strains (Stewart and Bryant 1988). Traditional culturing techniques can only capture a 

small portion of this diversity due to both culture conditions and the sheer number. As 

a result, molecular techniques are of critical importance in estimating both species 

present and their relative abundance (Krause and Russell 1996). 

Bacteria and archaea are not the only categories of microbes in this 

environment. Fungi and protists are also common, and also serve major roles in the 

rumen ecosystem. Fungi in particular are participants in direct cellulose breakdown 

(Orpin and Joblin 1988). 
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1.5.3.2 Ruminal microbe diversity and variability 

The microbiome of a rumen is a highly diverse, highly dynamic environment. 

Due to fluctuations caused by feed intake, type of feed, water intake, animal activity, 

and other variables, the microbiome was known to shift diurnally since at least the 

1970s. This constant turnover results in changes in populations in the range of 

multiple orders of magnitude through the course of the day (Leedle et al. 1982).  

Attempts have been made to characterize the ruminal population and the 

number of species resident in it. The earliest, and one of the most well-known 

attempts at characterizing the rumen microbiome was by Robert Hungate, who used 

most probable number analysis based on cultured species and determined a range of 

30-300 possible species, narrowing down on 22 “primary” species present. This paper 

also defined the biochemical pathways through which cellulose is converted into 

useful VFAs for use by the host animal, and noted extreme population shifts that 

could occur depending on feed provided (Hungate 1960). For decades, that was the 

best picture obtained of this environment.  

The advent of molecular techniques such as 16S rRNA fingerprinting, 

however, would allow for far more detail to be captured. It was soon proposed that 

ruminal microbiota diversity was greatly underestimated after initial experiments with 

ruminal bacteria and PCR indicated significantly divergent 16S sequences within 

different isolates made of a given “species” (Krause and Russell 1996). Other early 

16S-based studies in this environment used random sequencing of separated PCR 

clones from rumen bacteria, and concluded that there was tenfold to a hundredfold 

more species present than previously believed, based on the fact that nearly all 

12



sequences acquired were of novel and previously uncultured species (Whitford et al. 

1998; Tajima et al. 1999).  

There have been several subsequent studies of rumen microbe population with 

more modern techniques including pyrosequencing and other high-throughput 

methodologies, but usually with an aim and objective of understanding the effect of 

dietary changes (such as varying the level of protein in the diet). For instance, de 

Menezes, et al. contrasted the populations of ruminal bacteria in dairy cows fed total 

mixed ration feed as opposed to pasture-fed (de Menezes et al. 2011), while Ellison, 

et al. contrasted populations in sheep fed forage-based diets as opposed to grain-

heavy diets (Ellison et al. 2014). At this point, the number of species comes down to 

how stringent one is willing to set a cutoff on genetic similarity and the method used 

to compute that similarity – for instance, in the de Menezes paper, rarefaction curve 

analysis of OTUs generated by clustering at 97% similarity yielded an estimate of 

over 12,000 OTUs. while in the Ellison paper, between 349 and 992 OTUs were 

detected using a methodology where groups of pairwise-linked genes with >97% 

similarity were binned as a single OTU. 

The most recent project with regards to the ruminal microbiome is the 

Hungate1000 project, which seeks to sequence, annotate, and catalog the genomes of 

the 1000 most common ruminal microbes, including bacteria, archaea, fungi, and 

viruses. As of this writing, 234 genomes are complete or in process as part of this 

project (RMG Network 2015). 
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1.5.4 Complications of large animal work 

There are several problems when running any large animal based experiment 

that ruminal studies will nearly always encounter. First, large animals are expensive – 

they cost significant amounts for the animal itself, for feed and housing, and also for 

any care required; this economic pressure limits the total number of samples that can 

be used in any experiment. Should this somehow not be a factor, the size and 

potential danger of these animals provides a restriction on time in that it takes 

significant amounts of time to process each animal, even if working in parallel. To 

acquire a liver sample from a calf, for instance, requires locking the animal in a chute, 

ultrasound to locate the liver, then the use of a professional veterinarian to actually 

make an incision, insert the biopsy needle, and extract the sample, then seal the 

incision site afterwards; this process takes no less than 30 minutes per animal. For 

time-sensitive samples such as rumen contents (whose populations shift over the 

course of a day), this places very strict limits on number of animals that can be 

sampled at a time. 

1.6 Ruminant Toxicants and Biodegradation 

The rumen, as we have established, is a strongly reductive environment that 

should be conducive to the breakdown of various materials (Waghorn 1991). What 

can be digested, however, depends heavily on the microbial makeup of the rumen in 

question. What can be easily degraded in one may be recalcitrant in another, and this 

is most clearly demonstrated in responses to plant alkaloids. 
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1.6.1 Senecio jacobaea and pyrrolizidine alkaloids 

Variable degradability was first demonstrated in the differing responses to 

senecionine, one of the primary toxins in tansy ragwort (Senecio jacobea), between 

cattle and sheep. Tansy ragwort is a weed endemic to the western United States that 

can be accidentally consumed by grazing animals. This causes severe liver toxicity 

and in many cases death. Cattle are heavily affected by consumption of even small 

amounts of senecionine, while sheep demonstrated tolerance of far higher doses, 

approaching 200 mg/kg body mass (Craig et al. 1986).  

In a major experiment whereby sheep and cattle were directly infused with 

senecionine and compared against animals that were provided similar doses in feed, it 

was demonstrated that sheep resistance to senecionine was caused by their ruminal 

microbiota. Transferring sheep ruminal fluid to cattle conferred temporary resistance 

to tansy toxicosis, further reinforcing that the ruminal microflora was the determining 

factor (Blythe and Craig 1986; Craig et al. 1986). 

1.6.2 Plant endophyte toxins 

Another source of plant toxins is endophytic fungi. Endophytes are 

mutualistic fungi that confer drought and insect resistance to plants in exchange for 

using the plant’s intercellular cell spaces as a growth medium. Endophytes are 

transmitted vertically and are contained in seeds (Schardl 2001). As a result, most 

modern cultivars of grass contain endophytes due to selection for faster growing, 

hardier plants by farmers and deliberate choice of endophyte-infected strains by 

major grass seed producers in North America, which has led to endophyte alkaloid 
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toxicosis becoming a semi-regular problem for livestock producers here and 

worldwide (Miyazaki et al. 2001).  

Insect resistance in grass gained via endophytes is often conferred through 

production of mycotoxins with a variety of effects, some of which are deleterious to 

non-target animals. The lolitrems, for instance, are indole-diterpine alkaloids that act 

as neurotoxins that interfere with calcium channel activation; these are produced by 

endophytes of the genii Epichloë or Neotyphodium inhabiting ryegrass (Guerre 2015). 

Consumption of grass containing endophytes producing lolitrems can cause a 

syndrome called ryegrass intoxication in cattle and sheep, which lose coordination 

and stagger (Blythe et al. 1993). Ergovaline is one of the ergot alkaloids and is 

another common endophyte toxin, produced by endophytes of the genus Epichloë in 

tall fescue; the primary mode of action is through vasoconstriction (Klotz et al. 2010). 

Ergovaline toxicosis in affected animals usually generates the observed effects of 

overheating in the summer (known as summer syndrome) or necrosis and loss of 

extremities (hooves, ears, tails, etc.) in the winter (Tor-Agbidye et al. 2001). 

One of the avenues being pursued in reducing the effects of endophyte 

mycotoxicosis is the development of a probiotic. This would be a suspension 

containing bacterial strains capable of degrading mycotoxins, similar to how 

transplantation of ruminal fluid from sheep to cattle conferred resistance to tansy 

ragwort toxicosis. Some work has been done isolating bacteria in the environment 

capable of ergovaline and pyrrolizidine alkaloid breakdown; so far, likely candidates 

have been isolated from soil and in the gut of the common earthworm (Rattray and 

Craig 2007; Rattray et al. 2010). As most of these are obligate anaerobes, traditional 
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probiotic preparation techniques are ineffective, therefore one of the pursuits by our 

group has been development of anaerobic encapsulation methods for delivery of these 

microbes. 

1.6.3 The connection between plant toxins and explosives 

One more factor of note is that the active compounds in tansy are 

pyrrolizidine alkaloids, notable for a ring of alternating carbon and nitrogen atoms as 

a central feature. It was noted that many explosive compounds bear structural 

resemblances to the pyrrolizidine alkaloids, particularly in the alternating carbon-

nitrogen ring (Fleischmann et al. 2004). A few of these compounds are compared in 

Figure 1.1. Given that some bacteria have been demonstrated to be able to break 

down pyrrolizidine alkaloids, it was posited that similar breakdown might be possible 

for explosive compounds, especially as ring cleavage is the rate-limiting step in both 

reactions (Hawari et al. 2000). Some work has been done in this area; previous 

experiments have demonstrated both cattle and sheep are capable of degrading 

explosives such as RDX, HMX, TNT, and DNT (Fleischmann et al. 2004; Eaton et al. 

2011; Perumbakkam and Craig 2012a). 
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FIGURE 1.1 Chemical structures for several explosives and plant toxins. Note the 
common presence of aromatic rings and nitrogen-containing rings. 
 

 

 

Other ruminants, however, must be tested for this capability if they are to be 

used in this capacity. It is hoped that for ruminants without native RDX metabolizing 

activity, related strains of ruminal bacteria might be introduced from species that do, 

and so some of the research from endophyte toxin research applies in this situation as 

well. 

1.6.4 Chemistry of cyclic nitramine degradation 

In most studied systems to date, the end products of cyclic nitramine 

degradation are a variety of smaller compounds, but always with some measure of 

N2O or CO2 production (Fritsche et al. 2000). As such, some form of oxidation 

reaction is occurring, perhaps with enzymatic acceleration of the process. In fungi, 

cyclic nitramine degradation is known to occur via extracellularly-excreted oxidative 

compounds, hypothesized to normally be used for purposes of lignin degradation in 
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the environment (Aust 1995). Degradation in these cases is known to take place with 

a half-life of 60 days for RDX (Sheremata and Hawari 2000). 

Systems in xenobiotic response that induce oxidation reactions include, but 

are not limited to, the cytochromes P450 (CYPs) and flavin-containing 

monooxygenases (FMOs). Such systems are typically used to catalyze addition of 

oxygen to organic substrates, often generating water as a primary byproduct (Hrycay 

and Bandiera 2015). The typical result of this happening in a cyclic nitramine is 

destabilization and subsequent loss of the central ring structure (Fritsche et al. 2000). 

XplA, one of the known RDX-degrading enzymes, falls under this category, being a 

CYP-flavodoxin fusion enzyme that works to degrade RDX via this type of 

monooxygenase activity (Bui et al. 2012; Zhu et al. 2015). 

In anaerobic environments, however, oxygen will be scarce, and other 

electron acceptors may be required to catalyze degradation. Common acceptors used 

in anaerobic bacteria are NO3
-, S0, SO4

2-, Mn(IV), and Fe(III); methanogens utilize 

CO2 (Madigan and Martinko 2006: 557–558). In a purely anaerobic degradation 

system, enzymes that can break cyclic nitramines down with similar activity to CYPs 

and FMOs may utilize one of these acceptors instead for purposes of oxidizing the 

central ring. 

1.7 Phyto-Ruminal-Bioremediation 

As previously noted, some explosives such as RDX as readily taken up by 

plants, but cannot be degraded within plants; in some, this causes no harm except for 

the concentration of the explosive, but it can be toxic in others. Cool-season grasses 

have been found to fall into the former category (Duringer et al. 2010), drawing up 
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TNT, RDX, and other explosives into their stems and leaves. It was noted in the 

previous section that these compounds bear certain resemblances to plant toxins, 

which some ruminants are capable of mitigating, and that these compounds are, 

indeed, degraded in the ruminal environment. All of this taken together, then, would a 

solution to degradation of explosive compounds be to phytoremediate to concentrate 

them, and then to simply feed the plants containing concentrated explosives to 

ruminants? This combined concept is called phyto-ruminal-biodegradation. 

Our group has been instrumental in development of this technique. It was first 

observed that ruminal microbes from sheep and cattle are able to break down TNT 

and RDX in vitro (Fleischmann et al. 2004; Eaton et al. 2011). This was further 

elaborated with studies in sheep in vivo, and enrichment studies isolated both specific 

strains and potential groups of interest (Eaton et al. 2011; Perumbakkam and Craig 

2012b). Stable isotope probing yielded different results (Perumbakkam et al. 2011) in 

terms of actual utilization of metabolized material, strongly suggesting a multi-stage 

process involving multiple species. 

1.8 Detection and Quantification Methods for RDX 

Quantification of RDX from samples can be problematic. Pure RDX is solid, 

but as found in the environment, may be in solution or bound to a variety of 

substrates. The very first problem encountered, then, is separating RDX from 

substrates for accurate detection. This is followed by quantitation via either high-

pressure liquid chromatography (HPLC) or liquid chromatography coupled to mass 

spectroscopy (LC-MS) to determine abundance. 
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1.8.1 Extraction of RDX 

In environmental surveys for RDX contamination, EPA Method 8330A is 

typically used to isolate the compound for testing. This method involves salting out 

RDX from aqueous solution (or alternately, from a diluted soil sample) through the 

use of acetonitrile and sodium chloride (U.S. Environmental Protection Agency 

2007). However, this method is not commonly used for the evaluation of RDX levels 

in a scientific setting as it involves large sample sizes (770 mL per extraction) and 

generates a large amount of waste from the organic solvents used. 

In scientific studies of RDX, the primary methodology used for extraction of 

RDX from soil has been the solid-phase extraction (SPE) method, which utilizes 

syringes packed with a binding agent and a vacuum manifold to draw the RDX-

containing solution through (Walsh and Ranney 1998; Halasz et al. 2002; Monteil-

Rivera et al. 2004). While accurate for most uses, this method proved to be 

ineffective when used with RDX in high concentration in liquid bacterial growth 

media or whole rumen fluid. RDX levels, as detected via HPLC and LC-MS, would 

indicate a decline, yet mass spectrometry results would indicate that there were no 

metabolites detected. Coupled with requirements for sample volume requirements (3 

mL/extraction) and high cost for SPE cartridges, this proved to be infeasible for 

experiments that our group was performing. 

In response to this issue, our group has developed and validated an updated, 

liquid-liquid method for extraction of RDX from these substrates. This was published 

in Journal of Chromatography B as “Validation of a novel extraction method for 

studying hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) biodegradation by ruminal 
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microbiota” (Giarrizzo et al. 2013). As I had contributed to significant portions of this 

document and the method is critical to explaining the reasoning behind the 

experiment in Chapter 4, a modified excerpt of the Materials and Methods section 

along with results generated by and specific to my own research has been included as 

Appendix A. 

1.8.2 Quantification of RDX 

Extraction’s primary purpose is to separate RDX along with a significant 

number of its metabolites to allow for quantification without interference from other 

materials in the substrate, which can be related back to the original sample and used 

to determine the original concentration. Detection of RDX afterwards must be via 

means that can reliably quantify it at low levels, as RDX can be toxic to bacteria at 

even nanomolar concentrations in solution (Eaton et al. 2011). 

The primary methods used for this are HPLC and LC-MS. Both methods will 

allow for quantification of RDX levels, but only LC-MS will allow for capture of 

potential RDX metabolites at the same time. This latter functionality is important in 

that the process of RDX breakdown can proceed in multiple ways, and which 

metabolites are produced can give an insight as to the type of activity that is occurring 

in a sample. In this way, it is possible to narrow possible candidates for a potential 

RDX-degrading gene through predicted ability. 

1.9 Molecular Techniques and High Throughput Technologies 

The past few decades have given us advances in both identification and in 

sequencing of entire genomes through advances in the two fields of computational 
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and in molecular biology. The tools available have allowed for the generation of 

massive quantities of data in short amounts of time, and much of it is oriented 

towards the ability to sequence or probe genetic data. This section details the basic 

theory and usage of two of the more commonly-used ones as of this writing, 

microarrays and high-throughput sequencing. Both methods are used in the following 

chapters. 

1.9.1 Microarrays 

Microarrays were one of the first truly high-throughput means of screening a 

mixed genetic sample. Their concept is fairly simple: starting with a glass slide, bond 

a series of short, single-stranded DNA sequences (probes) to them in the form of 

droplets. From here, a sample labeled with a fluorescent dye is hybridized against the 

array, with DNA matching probe sequences bonding to those probes. Afterwards, 

wash the slide to remove excess, unbound sample and use a laser scanner to detect 

which of the original spots fluoresce and how intensely. It is possible to screen tens of 

thousands of sequences in this way in a single experiment (Schena et al. 1995). 

The primary applications of microarrays are in gene expression studies and 

population screening. In gene expression studies, the array is spotted with 

representative sequences for all of the known transcripts produced by an organism. 

Hybridization of labeled sample would show levels of transcript present in that 

sample at that time. Combined with the ability to hybridize multiple samples, each 

labeled with a different fluorescent dye, it becomes possible to contrast relative levels 

between chosen samples and produce a sort of heat map on the array itself. In 

population screening, probes are set up to match unique sequences from either desired 
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species or for desired genetic variants (Gentry et al. 2006). As microarray binding is 

sequence-specific, it is even possible to identify single nucleotide polymorphisms 

(SNPs) through observations of binding levels (Szelinger et al. 2011). 

Microarrays possess a major drawback in the form of a limited resolution. 

Changes detectable via this method are limited to roughly fold-level ones due to 

extremely high levels of noise and variability in even the best microarray chips; 

preprocessing can greatly affect results (Owzar et al. 2011). For this reason, 

microarrays work best when used to detect either presence or absence of a sequence, 

or to detect massive, gross-level shifts in transcription. 

In the first research chapter, microarrays are used to perform an initial survey 

of gene response in bovine hepatic tissues biopsied from animals provided feed 

containing ergovaline, one of the common grass endophyte mycotoxins. In this 

situation, the experiment was started with the hypothesis that increases in expression 

of cytochromes P450 would be detectable via mRNA probing. 

As previously noted, a regular problem that occurs with large animal work, 

namely the issue of restricted animal numbers possible, limited the possible statistical 

power of this experiment, and so a second, larger experiment was required to 

determine more details. As less was known about the lolitrems at the time, the study 

was shifted to look at ryegrass and lolitrem levels as opposed to fescue and ergovaline 

levels. This second experiment was ultimately published in World Mycotoxin Journal 

as “Bovine hepatic differential gene expression in response to perennial ryegrass 

staggers” (Li et al. 2015). As this was illustrative of the upper limits of large animals 

24



that can be handled per day from a logistical standpoint in an experiment, however, it 

may be beneficial to briefly review this study. 

In this experiment, 18 steers were fed one of three levels of lolitrem-

containing ryegrass over the course of a 64-day trial. Biopsies of liver tissue were 

taken at the start and end of the trial, and mRNA was extracted and preserved. mRNA 

extractions were hybridized to microarray and the results contrasted. After 

preprocessing, a linear model was generated and fit to log-normalized results to 

determine differentially-expressed transcripts. Additional data-mining was then 

performed based on linked Gene Ontology data for each probe.  

In this case, with three functional levels of lolitrem exposure, this gave n=6 

for each level. Sample collection in this case took upwards of 10 hours to process all 

animals at each time point, permissible only because the study was looking at long-

term effects of exposure. Had this been a trial dependent on rumen activity, data 

would not have been useful due to the varying times. 

1.9.2 High-throughput sequencing 

From inception to delivery of the initial draft, the Human Genome Project 

took 11 years (Lander et al. 2001). One of the elements which allowed it to finish 

more quickly than expected was the development of several techniques, including that 

of whole-genome shotgun sequencing by a rival effort by Craig Venter and Celera 

(Venter et al. 2001). This method involved fragmenting the genome and then 

randomly sequencing fragments from both ends, deriving some level of information 

on relative position on top of raw sequence data (Roach et al. 1995).  
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High-throughput sequencing methods developed in the last decade share a 

similar approach to shotgun sequencing – rather than generate a single long read, they 

generate hundreds of thousands to millions of randomized short reads that vary from 

a few dozen bases to several hundred. Reassembly of segments is then performed via 

computer, usually using De Brujin graph-based methods (McPherson 2014). 

There are three primary applications of HTS at the time of this writing. Whole 

genome assembly, RNAseq/expression analysis, and amplicon-based evaluation of 

community structure. In the first, DNA source material is used to generate a 

sequencing library, from which sequencing takes place and a whole or partial genome 

is reconstructed. In the second, mRNA source material is used, reverse transcribed 

into DNA, and then sequenced. Reassembly can take place, but alternately, 

comparison of the number of hits to a list of known genes averaged over gene length 

can be used to contrast against a second sample to evaluate changes in transcription 

levels, much as with older microarray-based technology. Finally, 16S rRNA 

amplification via PCR can be performed on an unknown population, and sequencing 

can be used to reveal population characteristics (McPherson 2014). 

1.9.3 Special statistical considerations 

Some consideration must be made for a certain aspect common to both 

microarray- and HTS-based experiments. Specifically, both technologies allow for 

testing a large number of comparisons simultaneously. This leads to a major problem 

as the number of false positives are dependent on the number of tests on a given 

dataset – in other words, increasing the number of simultaneous tests increases the 

likelihood that any single result will be a false positive. 
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Several mitigation measures have been proposed over the years. One of the 

most commonly used, and also one of the most severe, is the Bonferroni correction. 

Here, the correction is to simply divide the desired error rate α with m, the number of 

tests being run, to generate an effective estimate of the family-wise error rate (FWER) 

(Dunn 1961). This makes the assumption that all tests are independent, which 

unfortunately is not the case; all results in such a multiple comparison trial tend to be 

positively correlated, making Bonferroni give extremely conservative results when 

applied to any given dataset. At high m (such as in HTS or microarray datasets), 

becomes so small that the test is effectively impossible to pass, rendering the dataset 

useless if this correction is applied (Nadon and Shoemaker 2002). 

A more useful correction for the multiple comparisons problem came from the 

false discovery rate (FDR), which allows for estimation of the total rate of false 

discoveries in a set of results, and by extension, the likelihood that a given result 

within a set of results is a false positive. The first test of this sort was the Benjamini-

Hochberg (B-H) test (Benjamini and Hochberg 1995), but in the biological sciences, 

the Storey q-value test (Storey and Tibshirani 2003) is the current preferred method 

for dealing with multiple hypothesis testing.  

1.10 The Experiments 

As has been described, to get to this point has required a multidisciplinary 

approach combining veterinary medicine, toxicology, microbiology, molecular 

biology, and statistics in order to describe the problems, connections, and possible 

solutions behind munitions and plant alkaloid compound toxicity. From these 

disparate components, we reach the experiments utilizing them. 
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The first research chapter describes an experiment in which microarray 

technology is used to evaluate transcriptional-level changes in bovine liver samples 

from cattle fed ergovaline-containing feed. Here, each animal is used as its own 

control, and time 0 samples are used to contrast against samples taken later on in the 

feeding trial. 

The second research chapter details an experiment where rumen fluid is 

incubated with and without a spike of the explosive RDX and sampled at fixed 

timepoints. High throughput sequencing of 16S amplicons from each sample coupled 

with LC-MS quantification of RDX levels allowed for the determination of 

population shifts in the rumen fluid in response to the introduction of RDX. In this 

way, it was hoped that increases in population could be correlated to ability to use 

RDX as a substrate. 

The final research chapter is a genome announcement for a partially-

assembled genome of Sporanaerobacter acetigenes, a bacterium previously isolated 

in enrichments of rumen fluid for RDX degradative ability. Due to the fact that it was 

not known that SPE methodology was ineffective for RDX extraction from rumen 

fluid and certain bacterial media, however, it was eventually found and verified that 

this species does not natively degrade RDX (Giarrizzo et al. 2013). Nonetheless, the 

sequence may be of interest due to the strain’s high tolerance for RDX, which is toxic 

to a great majority of species. 
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2.1 Introduction 

In ruminants, ‘fescue toxicosis’ is induced via consumption of ergot alkaloids 

produced by an endophytic fungus (Neotyphodium coenophialum) in tall fescue 

(Festuca arundinacea). The most common effect is vasoconstriction, which can lead 

to ischemia and necrosis of the extremities in cold weather (fescue foot); and a 

reduced ability to thermoregulate during hot weather, resulting in decreased weight 

gain since less time is spent grazing as the animal seeks shade or water to cool itself 

(summer syndrome) (Bacon 1995).  Reproductive abnormalities have been correlated 

with consumption of endophyte-infected grasses as well, including reduced birth rate 

and milk production (Bacon 1995, Strickland et al. 2009).  Ergovaline is the ergot 

alkaloid most often associated with causing fescue toxicosis, as it is the ergot alkaloid 

found in highest abundance in tall fescue (Lyons 1990). 

To date, no survey of gene response to endophyte toxicity has been performed 

in cattle, though similar studies have been performed in rat and mouse models 

(Settivari et al. 2006, Bhusari et al. 2006, Settivari et al. 2009).  These studies 

demonstrated that genes involved with energy production, growth, development, and 

detoxification were differentially expressed in hepatic tissue from rodents exposed to 

ergovaline.  We hypothesized a similar response would occur in liver tissue from 

cattle, as well as a response from genes associated with vasoconstriction. Thus, the 

goal of this study was to determine if bovine transcriptional response to fescue 

toxicosis was similar to previously observed changes in monogastric model 

organisms. 
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2.2 Materials and Methods 

2.2.1 Feeding trial and sample collection 

A full description of the feeding trial and experimental procedures associated 

with it can be found in Merrill et al. (2007).  Briefly, four yearling (200 +/- 6 kg) 

Angus × Hereford steers were fed chopped, high-alkaloid (579 ng/g ergovaline) tall 

fescue straw over 29 d, an effective dosage of 11.52 μg/kg body weight per day. Liver 

biopsies were taken by fine needle biopsy using a sterile, 14 gauge Allegiance Tru-

Cut biopsy needle on d 0 (pre-exposure) and d 29 (post-exposure). The biopsy area 

was shaved, washed with disinfectant, iodine and alcohol after which a small incision 

was made and the biopsy needle inserted for liver sampling. Tissue was preserved 

immediately in RNAlater solution (Qiagen, Valencia, CA, USA), then stored at -20ºC 

until RNA extraction.   

2.2.2 RNA extraction and probe preparation 

RNA was extracted and purified with the RNeasy extraction kit (Qiagen).  

Quantitation and purity determination were performed on an ND-1000 

spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA); A260/A280 ratio 

was at least 2.0 and graph shape was smooth and even for all samples.  Extracted 

whole RNA was amplified via the TargetAmp 1-round RNA amplification kit 

(Epicentre, Madison, WI, USA) using ~500 ng of each of the 8 samples, with 3 

separate amplifications created for each sample.  Integrity of the sample was 

confirmed by gel electrophoresis. 
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Quantified RNA were normalized to a uniform concentration, then an equal 

volume of each sample was subjected to reverse transcription and Cy3/Cy5 labelling 

(GE Healthcare, Piscataway, CA, USA) using an Atlas PowerScript fluorescent 

labelling kit (Clontech, Mountain View, CA, USA).  To control for dye variability, a 

dye swap was performed on 1 of 3 whole RNA extract amplifications.  

2.2.3 Hybridization 

Three technical replicates of each probe pair were created for each of the 4 

biological replicates (i.e. 3 replicates for d 0 and d 29 for each individual steer).  

Probes created from pre- and post-exposure whole RNA extracts with opposing dye 

types were combined and purified using BD Chroma Spin (Clontech) columns.  

Probes concentrated to 6 μL via vacuum centrifugation and reconstituted in deionized 

water were diluted into 35 μL SlideHyb hybridization buffer #3 (Ambion, Austin, 

TX, USA), incubated for 5 min at 70°C, and applied to a prepared bovine microarray 

slide (National Bovine Functional Genomics Consortium (NBFGC) EST microarray 

(Suchyta et al. 2003)). 

Slides were placed in a hybridization chamber and maintained at 55°C for 15 

h, then subjected to 5 post-hybridization washes (0.5% SDS, two washes of 0.1x 

saline-sodium citrate buffer, SSC + 0.01% SDS and 0.1x SSC).  A final rinse in 18 

MΩ water was performed and slides were dried on a C1303-T slide spinner (Labnet 

International, Woodbridge, NJ, USA).  Slides were immediately scanned using a 

GenePix Professional 4200A slide scanner (Molecular Devices, Sunnyvale, CA, 

USA) at 10 μm resolution. Features were extracted with GenePix Pro 6.0 software 

(Molecular Devices Software, Downington, PA, USA).  
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2.2.4 Data analysis 

Median intensity data were extracted and normalized via a print-tip lowess 

regression in the MAANOVA R package (Wu et al. 2003) to account for within-slide 

variation and spatial effects, then normalized for between-slide variation via median 

centring.  Spots that were uniformly of low intensity were filtered.  Bad spots, as 

flagged by GenePix, were identified and substituted via K-nearest-neighbour 

imputation using the Bioconductor IMPUTE package (k = 10).  Upregulation and 

downregulation values were determined using a weighted average, giving flagged bad 

spots (now imputed) a weight of 0.1, as opposed to a full weight of 1.0 for good 

spots.   

The normalized, collapsed data were then converted via ad hoc R scripts for 

Extraction of Differential Gene Expression (EDGE) (Leek et al. 2006, Storey et al. 

2007) and Significance Analysis of Microarrays (SAM) (Tusher et al. 2001).  For 

EDGE, which lacks a built-in means of handling technical replicates, the 3 technical 

replicate results for each of the 4 experimental samples were collapsed into a single 

result via median calculation.  False discovery rate (FDR) analysis was performed 

with 1,000 permutations. 

Spots where the conditions p < 0.05 and q < 0.15 were met for both analysis 

packages were compared with the NBFGC's database of BLAST results for array 

sequences (GeneLink), and a list identifying these results was generated 

(supplementary data).  Additional annotation was generated using BLAT alignment 

(Kent 2002) of NBFGC array sequences and the Ensembl library of human cDNA 

sequences (Hubbard et al. 2007; downloaded July 2009) via translated sequence.  Due 
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to time constraints, no comprehensive study was done on the sensitivity of the 

NBFGC array with our modified hybridization protocol to levels of change; probe 

entries were left as-is with no explicit fold-level filtering performed.  

Subsequent lookup of Gene Ontology (GO; Gene Ontology Consortium file 

dated 7/1/2009 (Ashburn et al. (2000)) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG; file downloaded 7/1/2009) pathway annotation was performed via 

a series of Perl scripts.  In this case, lists were determined by comparing all 

differentially expressed genes with q < 0.15, then clustering by both GO annotation 

codes and KEGG pathways via R scripts.  Accuracy of homolog identification was 

performed via a Perl script that compared GO and KEGG descriptions and tallied 

overlaps in description codes. An R script was utilized to identify over-expressed GO 

and KEGG annotations by comparing the number of hits for each term in significant 

results against a permutation-based (n=10,000) probability generated from the array 

annotation database, minus control spots.  Additional verification was performed via 

comparison against a hypergeometric distribution against the full set of annotated 

probes as a further check for overexpression. 

2.2.5 Quantitative RT-PCR validation 

Validation of randomly selected spots (filtered for high statistical significance 

in all differential expression analyses (p < 0.05 and q < 0.15), extremity of changes 

(fold change > 1.5), and existence of notation information) was performed using 

quantitative reverse transcription polymerase chain reaction (qRT-PCR).  Some 

exceptions were made on selection: NBFGC_BE752999, NBFGC_BE721581 and 

NBFGC_AW353561 represented transcripts of interest and so were added to the list 
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directly. β-actin was chosen as an endogenous control due to consistent expression 

and intensity across arrays. The reaction used was the one-step RNA-to-Ct kit for 

TaqMan chemistry (Applied Biosystems); an ABI Prism 7500 thermocycler was used 

to collect data.  Control efficacy was determined by running duplex reactions with 

other probes at multiple levels of dilution and confirming a consistent ratio.  Probe 

and primer sequences were generated using IDT SciTools 

(http://www.idtdna.com/Scitools/Applications/RealTimePCR/), with manual 

screening of results for product length, annealing temperatures, and presence of 

hairpins (primers available upon request).  Resulting sequences were compared 

against the nr non-redundant BLAST database (Pruitt et al. 2007) to ensure 

specificity. Products of each primer pair produced single bands on an agarose gel, 

supporting single product formation.  

Each probe was measured in triplicate for each original, unamplified RNA 

extract in a duplex reaction with the β-actin control to normalize experimental 

readings.  The resulting Ct values were used for pre- and post-exposure state 

comparison via a paired 2-sided t-test with assumption of unequal variance as 

performed in R 2.7.1. 

2.3 Results and Discussion 

Ergot alkaloids induce heat sensitivity via vasoconstrictive effects and 

reproductive problems that can range from spontaneous abortion to reduced fecundity 

(Porter & Thompson 1992).  In addition, more minor effects can include changes to 

the immune system, fat necrosis, and alteration in insulin regulation (Jang 1987; 

Bacon 1995).  Hormonally, ergot alkaloids act as D2 dopamine receptor agonists, 

43



which inhibit the release of prolactin, a hormone important for lactogenesis 

(Strickland 2009).  Thus, suppressed serum prolactin levels are often used to diagnose 

cases of fescue toxicosis.  Little is known about the molecular-level mechanisms that 

mediate these toxic sequelae; a better understanding of these mechanisms could aid in 

the development of more effective preventative or therapeutic measures.  Previous 

genomic studies in other organisms are useful, but may not capture a fully accurate 

picture due to the use of monogastrics (rat and mouse models (Settivari et al. (2006 

and 2009) and Bhusari et al. (2006), respectively), which have fundamentally 

different digestive systems than ruminants. Therefore, this study aimed to better 

understand the aetiology of fescue toxicosis in cattle exposed to toxic levels of 

ergovaline, and determine if the results concurred with what has been observed in 

rodent models. 

2.3.1 Gene expression analysis 

Due to the low sample number, it was intended that the intersection of two 

methods for determining differential gene expression (SAM and EDGE) would give 

the most accurate data.  For both methodologies, downregulated transcripts (12,791 of 

18,816 spots (68%)) were predominant, but the largest number of overlaps occurred 

in probes for upregulated transcripts (Figure 2.1).  This may be due to the relative 

paucity of upregulated results, coupled to the fact that such results are shared. 

Correlation between the 2 lists reinforced the conclusion of differential expression for 

each overlapping probe.  

44



Figure 2.1 Venn diagram comparing results of Significance Analysis of Microarrays 
(SAM) to Extraction of Differential Gene Expression (EDGE) methods of data 
analysis. 

 

Overlapping probes with EDGE-calculated significance values and BLAT-

extrapolated annotations can be found in Table 2.1 (at end), sorted by q value. An 

abbreviated list of the 20 most significant results is given in Table 2.1. Results were 

filtered to remove all but 1 of the GAPDH control spots, which dominated 

downregulated transcripts. This eliminated it as an endogenous control, in favour of 

β-actin.  This choice is reinforced by Robinson et al. (2007), who found GAPDH and 

β-actin to be the best candidates for bovine endogenous controls. The BLAT search 

against the bovine genome yielded 9,336 annotations, of which 5,133 were unique 

and not in the original GeneLink database.  Accuracy was extrapolated by comparing 

GO description codes of the new hits against existing GO codes in GeneLink. Within 

4,528 annotated sequences, 4,016 had a majority (>50%) of their ontology codes 
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overlap. The 512 hits that did not match tended to have a single GO code assigned to 

the NBFGC GeneLink annotation, the Ensembl annotation, or both, though the gene 

descriptions were frequently similar. This suggested that annotation was not detailed 

enough to gain an accurate picture of gene function. As annotation improves, these 

512 transcripts could contribute additional information as to the molecular events 

occurring in response to ergovaline ingestion. 

Major overrepresented categories affected in cattle livers exposed to 

ergovaline-containing forage are listed in Table 2.2 (at end). The main functional GO 

categories identified were heart contraction, intracellular transport, apoptosis, and 

RNA transcription control.  Significant KEGG pathways found were inositol 

metabolism and oxidative phosphorylation, confirming previous results (Settivari et 

al. 2006 and 2009).  Results of validation via qRT-PCR are outlined in Figure 2.2a, 

and were used to confirm microarray results.  They generally followed the pattern of 

microarray results, but suffered from high sample-to-sample variance, indicating a 

large degree of variation existed between animals.  Examining results on an array-by-

array basis, however, revealed fairly close matches between arrays from the same 

biological sample, and frequent overlaps resulting in p > 0.05 (for example, 

glutathione S-transferase mu 1 (GSTM1), Figure 2.2b). 
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Figure 2.2a Mean microarray expression vs. mean quantitative real-time PCR expression of 8 selected genes. 
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Figure 2.2b Microarray vs. quantitative real-time PCR results for glutathione S-
transferase mu 1 (NGFGC_BE752999 (GSTM1)) measured separately for each 
animal; error bars represent mean of 4 replicates ± SE. 

 

Vasoconstriction is the root cause of 2 sequelae contributing to ergot-based 

cattle losses.  Ergot alkaloids act as α-adrenergic and serotenergic agonists which 

stimulates smooth-muscle contraction, resulting in an inability to regulate blood flow 

to extremities, which is important in thermoregulation. This can manifest in a number 

of ways, as previously described (Porter 1995; Strickland 2009). In this study, there 

were an unusually large number of genes associated with cardiac development and 

action (supplementary data available upon request); that heart contraction and 

regulation of the force of heart contraction as categories were significant (Table 2.2) 
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suggests a response to vasoconstriction.  Interestingly, one of our downregulated 

probes (NBFGC_BF193711) matched sequence most closely for a heat shock 

response transcription factor, indicating ergovaline possibly plays a more direct role 

in heat-induced cardiac stress via reducing effectiveness of HSP production.  This 

interpretation might be supported by significant downregulation found in heat shock 

proteins in Settivari’s 2006 rat study, though in that case, the most significantly 

changed was crystalline alpha B. In addition, the expression of genes regulating 

inositol phosphate metabolism and the phosphatidylinositol signalling system (Table 

2.2) could be related to vasoconstriction as well, as inositol and its phosphates play a 

role in modulation of serotonin activity and themselves modulate cardiac activity (van 

Heugten et al. 1996); Dyer (1993) indicated serotonin receptors were activated by 

ergovaline, which may contribute to the vascular effects seen in fescue toxicosis. 

There was a strong expectation that cytochrome P450s (CYPs) would be 

differentially expressed.  Settivari et al. (2006 and 2009) and Bhusari et al. (2006) 

established this in mouse and rat models, and biochemical assays performed by 

Moubarak & Rosenkrans (2000), Moubarak et al. (2003), and Settivari et al. (2008) 

also indicated that this was part of the mammalian xenobiotic response to ergot 

alkaloids. Unexpectedly, only 3 transcripts were determined via ontology data to be 

related to detoxification.  Of these, there were 2 CYP and 1 glutathione pathway-

related transcripts.  One of the CYPs was a putative protein similar to CYP4F6 

(NBFGC_BE721581).  In rats, the main observed biochemical activity of CYP4F6 

was in the metabolism of leukotriene B4, a lipid mediator with a role in inflammatory 

response (Bylund 2003).  The other CYP transcript was CYP2E1 
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(NBFGC_AW353561), a hepatic hydroxylase (Johansson 1988).  In rats and humans, 

this enzyme was upregulated after exposure to a variety of xenobiotic compounds, 

including ethanol (Caro and Cederbaum 2004). The resulting oxidative stress is 

thought to contribute to liver damage (Kessova and Cederbaum 2003).  The 

upregulation of these CYPs support previous findings of CYP upregulation in fescue 

toxicosis (Settivari et al. 2006), but appear to run in the face of later work, which 

found the inverse (Settivari et al. 2009).  Differences in animal health, dosage, and 

environmental conditions (e.g. animals in the second study were under heat stress) 

may account for this variability, but further investigation into the role these enzymes 

play in development of fescue toxicosis is warranted. 

The categories of cell cycle control and RNA processing were consistently 

significant in both the list of differential genes expressed and the GO pathways 

identified. Of the transcripts related to RNA processing, SNW1 

(NBFGC_BG690396) was one of the most significant results obtained in this study.  

This gene transcribes part of the spliceosome and plays a role in transcription 

regulation and RNA splicing (Prathapam et al. 2001).  Its human homolog, SKIP, is 

considered of interest in both oncogenesis (Prathapam et al. 2002) and HIV-1 

propagation (Brès et al. 2009).  This was upregulated, which was unexpected, given 

that it normally acts as a promoter activator and the majority of transcripts were 

downregulated.  It is possible that activity of this particular protein was masked by 

other downregulation signals, or that what it promotes is not involved with 

downregulated categories.  Four other results appeared in this category as well 
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(NBFGC_BF655006, NBFGC_BE809185, NBFGC_BE751726, 

NBFGC_AW668709); however, annotation on these entries was limited. 

The wider net cast in performing the GO and KEGG analyses (Table 2.2) 

yielded a number of results suggesting enrichment of apoptosis-related and fatty acid 

oxidation transcripts.  These are notable for matching prior findings (Settivari et al. 

2006, Settivari et al. 2009). Excessive apoptosis results in tissue necrosis, which is a 

contributing factor in fescue foot. In addition, oxidation of fatty acids is the process 

by which fatty acids are broken down to provide energy in the cell (Mathews et al. 

2000). 

2.3.2 Summary and future directions 

This was the first study to examine changes in gene expression in cattle 

exposed to ergovaline. As sample number was restricted due to the high cost of 

running a large-animal study, statistical power was addressed using a combination of 

statistical programs. The experiment also showed high animal-to-animal variability in 

array results, which was confirmed with qRT-PCR validation (Figures 2.2a and 2.2b).  

This may be due to the borderline toxic levels of ergovaline used (576 ng/g; 400-700 

ng/g is the threshold of toxicity (Tor-Agbidye et al. 2001)).  In addition, individual 

variability in xenobiotic metabolism could account for this, as exemplified by the 

presence of poor to ultra-rapid metabolizers present in a given population. This 

results in dramatically different induction/inhibition of xenobiotic metabolizing 

enzymes, causing varying levels of metabolic conversion for a particular toxin 

(Ogilvie et al. 2008).  For example, when examining expression on an array-by-array 

basis for the enzyme GSTM1, a close relationship existed between array and qRT-
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PCR results from the same biological sample (Figure 2.2b); standard error bars 

always overlapped, indicating a Student’s t-test of p > 0.05. Consequently, there may 

be additional differentially expressed genes of interest in response to ergovaline 

exposure which could be identified in future studies using higher levels of ergovaline 

in the feed and an increased number of experimental animals. Additionally, the 

examination of cardiac and vascular tissues and post-translational confirmation of 

differentially expressed proteins in general could provide information for the 

refinement of the etiology of fescue toxicosis. 

2.4 Conclusions 

Lowess normalization and use of 2 data analysis methods for determining 

differential expression provided a glimpse into the complex changes in hepatic gene 

expression that occur at the onset of fescue toxicosis. Namely, heart contraction and 

cardiac development, apoptosis, cell cycle control, and RNA processing genes were 

significantly altered in response to ergovaline-containing forage consumed by cattle 

over a 29 day period.  These data serve to support prior results found in rats and mice, 

reinforcing the relevance of those models should they be needed, or more accessible, 

for experiments. Future studies can refine these findings through the use of better 

annotated arrays, information derived from completion of the bovine genome, and 

existence of technologies such as RNAseq, which promise to provide a far more 

detailed picture of transcriptional changes.  
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TABLE 2.1 20 most differentially expressed genes in hepatic tissue from steers fed 579 ng/g ergovaline over 29 d listed by FDR-corrected 
significance. 

Probea GENE_IDb Description Ensemblc 
p 
valued 

q 
valued 

log (fold 
change) 

NBFGC_BF775357 NA NA NA <0.001 0.003 4.15 
NBFGC_BE899799 618232 similar to PC2-glutamine-rich-

associated protein ENSBTAP00000029374 <0.001 0.003 3.68 

NBFGC_BF600471 506860 similar to 6-pyruvoyl 
tetrahydrobiopterin synthase 
precursor 

NA <0.001 0.003 3.36 

NBFGC_BF652151 507901 similar to G-2 and S-phase 
expressed 1 NA <0.001 0.003 2.22 

NBFGC_AW668942 767882 hypothetical protein LOC767882 ENSBTAP00000005656 <0.001 0.003 2.15 
NBFGC_BE752002 789168 similar to ligand-gated ion channel ENSBTAP00000051245 <0.001 0.003 2.15 
NBFGC_BE810106 NA NA ENSBTAP00000017949 <0.001 0.003 2.07 
NBFGC_BF889822 NA NA NA <0.001 0.003 2.06 
NBFGC_BF655238 NA NA NA <0.001 0.003 0.97 
NBFGC_BF193682 NA NA NA <0.001 0.003 0.79 
NBFGC_AW668885 526516 hook homolog 2 ENSBTAP00000043388 <0.001 0.003 0.4 
NBFGC_BE723767 407121 nebulin ENSBTAP00000053811 <0.001 0.003 -2.57 
NBFGC_BE899799 618232 similar to PC2-glutamine-rich-

associated protein ENSBTAP00000029374 <0.001 0.003 -4.85 

NBFGC_BF602720 NA NA NA <0.001 0.004 4.02 
NBFGC_BG690396 326578 SNW domain containing 1 ENSBTAP00000035416 <0.001 0.004 2.86 
NBFGC_AW668803 513924 similar to CD2 binding protein 1 

long form; CD2BP1L ENSBTAP00000028179 <0.001 0.004 2.81 
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NBFGC_BF606553 535372 β-sarcoglycan (Beta-SG) ENSBTAP00000052639 <0.001 0.004 2.68 
NBFGC_AW668882 618184 KDELR1 KDEL (Lys-Asp-Glu-

Leu) endoplasmic reticulum protein 
retention receptor 1 

ENSBTAP00000013035 <0.001 0.004 2.65 

NBFGC_AW655532 NA NA NA <0.001 0.004 2.63 
NBFGC_BE754415 540396 HIVEP2 human immunodeficiency 

virus type I enhancer binding 
protein 2 

ENSBTAP00000015933 <0.001 0.004 2.55 

 

a National Bovine Functional Genomics Center probe accession number. 
b Entrez accession number. 
c Ensembl protein accession number. 
d p- and q-values listed from EDGE calculation. 
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TABLE 2.2 Patterns of gene expression identified using Gene Ontology and Kyoto Encyclopedia of Genes and Genomes databases in hepatic 
tissue from steers fed 579 ng/g ergovaline over 29 d 
 
 
 
 
 
 
Gene Ontology Term Counta %b p valuec 
GO:0007507~heart development 7 1.63% 0.002 
GO:0006412~translation 24 5.58% 0.012 
GO:0006396~RNA processing 15 3.49% 0.012 
GO:0060047~heart contraction 4 0.93% 0.015 
GO:0043068~positive regulation of programmed cell death 7 1.63% 0.017 
GO:0043065~positive regulation of apoptosis 7 1.63% 0.017 
GO:0042398~amino acid derivative biosynthetic process 4 0.93% 0.019 
GO:0016071~mRNA metabolic process 10 2.33% 0.024 
GO:0002026~regulation of the force of heart contraction 3 0.70% 0.032 
GO:0016072~rRNA metabolic process 5 1.16% 0.035 
GO:0006364~rRNA processing 5 1.16% 0.035 
GO:0043009~chordate embryonic development 5 1.16% 0.035 
GO:0019395~fatty acid oxidation 3 0.70% 0.042 
GO:0048193~Golgi vesicle transport 5 1.16% 0.043 
GO:0012502~induction of programmed cell death 5 1.16% 0.043 
GO:0006357~regulation of transcription from RNA polymerase II 
promoter 6 1.40% 0.046 
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Kyoto Encyclopedia of Genes and Genomes Term Counta %b p valuec 
bta00562:Inositol phosphate metabolism 6 1.40% 0.002 
bta00190:Oxidative phosphorylation 13 3.02% 0.004 
bta04070:Phosphatidylinositol signaling system 7 1.63% 0.005 
bta03050:Proteasome 4 0.93% 0.07 

aNumber of transcripts in larger superset falling into a given category 
bPercentage of transcripts out of significant results 

cSignificance of results as determined via a hypergeometric distribution comparison against the full set of transcripts on the array
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3.1 Introduction 

Ruminants possess the unique status of being able to digest cellulosic material 

via fermentation in their largest stomach chamber. The rumen is an environment with 

high reductive potential and large numbers and varieties of anaerobic microbes that 

assist in the digestion of these normally recalcitrant materials (Russell and Hespell 

1981). As a result, the microbiome of the rumen is of interest on multiple fronts, from 

basic microbiological science to applied research aims such as increasing livestock 

output via improved nutrition, biofuel production, and bioremediation of toxic 

compounds in soils or plant material. However, one of several challenges in this field 

of veterinary and livestock microbiology is an accurate and comprehensive 

understanding of how the rumen microbiome changes under fluctuating conditions. 

This is because of the high microbial species variability of the rumen among animal 

species, even within individual animals of the same cohort. For example, Edwards et 

al. (2004) performed a 16S data meta-analysis of previously sequenced PCR and 

RFLP clone libraries to estimate the bacterial diversity in the rumen. In that study, it 

was estimated that there were 341 ruminal OTUs (based on 95% similarity and Chao1 

estimation of total diversity) of which 89% were previously uncultivated. Between 

clone libraries studied, only 13% of OTUs were found in more than one library, 

indicating high between-sample variation (Edwards et al. 2004). In a more recent 

study by Ellison, et al. (2014) involving the analysis of 16 sheep rumen 

metagenomes, a roughly three-fold increase in total OTUs (~1,000) was observed 

after the addition of located sequences, indicating far greater numbers of unknown 

taxa than previously suspected (Ellison et al. 2014). Importantly, both methodologies 
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found that most individual OTUs in the rumen were low-abundance -- Edwards found 

that the most populous OTU present possessed a relative abundance of only 5%. 

Another recent effort in understanding ruminal microbial diversity is the 

Hungate1000 project, which aims to produce a reference set of genomes for ruminal 

microbiota (Creevey et al. 2014). 

Given that the rumen is one of the most reductive biological environments on 

Earth with a redox potential that can reach -480 mV (Waghorn 1991), the capability 

of resident microbes to degrade many recalcitrant compounds has been of academic 

and industrial interest. However, this ability varies by host species: for instance, 

certain pyrrolizidine alkaloids in plants are thought to be only degraded in an ovine 

rumen. These toxic compounds are passaged through bovine rumens, leading to 

alkaloid toxicosis in cattle. However, transplantation of ovine ruminal microbes lends 

temporary protection from pyrrolizidine alkaloids to cattle (Craig et al. 1992), 

indicating that it is the microbial composition of the rumen and not host physiology 

that contributes to the breakdown of these compounds.  

Many of these toxic alkaloids have a ring structure containing alternating 

carbon and nitrogen atoms. Given that ring breakage is the rate limiting step of this 

degradation pathway (Hawari et al. 2000), compounds with similar ring structures 

could, hypothetically, be metabolized by the same rumen bacteria. Thus, researchers 

have explored the applicability of ruminant-driven remediation of other toxic 

compounds with these chemical structures. One such compound is the explosive 

compound 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) (Fleischmann et al. 2004; 

Eaton et al. 2011). 
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RDX is one of the most common military explosives in use since World War I 

and is found in a variety of munitions such as air-dropped bombs, plastic explosives, 

and artillery shells (Hawari et al. 2000). Detonation of explosive mixes containing 

RDX is inefficient, leaving 10-15% behind in the surrounding environment as residue 

(Kelleher 2002). Due to its stability, RDX is persistent in the environment and 

remains in significant quantities even decades after it was deposited (Pennington and 

Brannon 2002). In addition, continued manufacturing of RDX produces RDX-

contaminated groundwater (Ju and Parales 2010). RDX pollution is of concern 

because it is a suspected carcinogen that can also produce several clinical symptoms 

after acute exposure including severe dermatitis, convulsions, vomiting, and death (Ju 

and Parales 2010; Talmage et al. 1999).  

Thus, we aimed to test if ruminant animals known to break down plant toxins 

also have bacterial communities that can metabolize RDX. RDX metabolism in the 

rumen has been confirmed in experiments (Eaton et al. 2011), where RDX was 

successfully degraded once introduced to ruminal fluid or live ruminal cultures and 

isolates. This degradation was rapid, completing breakdown of introduced RDX 

within a matter of hours rather than of days (Eaton et al. 2013), as was seen in earlier 

studies with soil microbes (Hawari et al. 2000). Whole rumen fluid possessed the 

greatest degradation activity, but several isolates, as well as various DSMZ and 

ATCC cultures, chosen by similarities to previously identified isolates, were also 

capable of varying levels of RDX biodegradation (Perumbakkam and Craig 2012; 

Eaton et al. 2013). More recently, we used metagenomics to successfully identify the 

presence of sequences homologous to genes implicated in RDX degradation (diaA, 
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xenA, xenB, xplA, xplB) (Li et al. 2014). Shifts in overall functional categories during 

the course of RDX degradation were also identified. However, while this was one of 

the deepest metagenomic studies of the rumen to date, community structure 

differences were not identified, and specific genera and categories of RDX degraders 

remained elusive. Thus, in an effort to determine (and ideally enrich and isolate for 

future use) which community members are responsible for the degradation of these 

explosives, we conducted a ruminal fluid experiment involving RDX degradation and 

evaluated shifts in community structure using 16S gene amplicon analysis. 

3.2 Materials and Methods 

Details of the original in vitro ruminal trial are described in Li, et al. (Li et al. 

2014). In this experiment, seven sheep were sampled for 100 mL of rumen fluid 

immediately after slaughter with a sterile aluminum cannula attached to a 50 mL 

syringe. Samples were placed in Dewar flasks at 39° C and immediately taken to the 

lab for processing. In anaerobic conditions, 20 mL of each sample was trialed for 

RDX degradation at a concentration of 40 μg/μL of RDX in butyl rubber stoppered 

Balch tubes, while another 20 mL was used as a control and spiked with deionized 

water. Rumen fluid was sampled at 5, 60, and 150 minutes post treatment for DNA 

extraction, but at additional time points for LC-MS/MS analysis. RDX levels were 

measured via LC-MS/MS according to standard protocols (Eaton et al. 2013). Total 

DNA was extracted using a QIAAmp DNA stool kit (Qiagen, Valencia, CA) with 

modifications as described previously (Li et al. 2014). Samples from animal 3 were 

lost during transport for sequencing, leaving six animals in the final dataset; these 

have been designated animals a-f to maintain contiguous labeling. 
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Duplicate amplifications of the 16S gene V6 region were performed using 40 

ng of DNA with primers 917F and 1061R. PCR was performed as previously 

described, at 95° C for 2 min followed by 22 cycles of 95° C for 30 s, 50° C for 30 s, 

and 72° C for 60 s. PCR products were purified using AMPure XP beads (Beckman 

Coulter, Indianapolis, IN), and amplicon purity was verified with a BioAnalyzer 2100 

(Agilent, Santa Clara, CA). Samples were pooled based on 6-bp adaptors and 

sequenced at 2x100 on an Illumina HiSeq2000 platform, multiplexed four to a lane. 

In all, 36 samples were sequenced representing 6 animals, 3 time points, and 2 

treatments.  

Sequences were deposited with the NCBI’s Sequence Read Archive (SRA) 

under BioProject number PRJNA299216 and linked under BioSamples 

SAMN04195697 through SAMN04195732. SRA accession number for the set is 

SRP065019. 

Pairs were quality filtered using an average quality score > 20, merged, and 

primer sequences removed from 5’ and 3’ ends. After merging, mean insert size was 

125.6 bp. An even random subset of 200,000 reads from each time point and 

treatment were used for identification and analysis where possible; this value was 

chosen after multiple trials as a balance between memory usage and granularity of 

data acquired. Three of the samples (Animal 1 control time 5, animal 6 control time 5, 

animal 6 +RDX time 60), contained fewer than 200,000 sequences after quality 

filtering and joining, and therefore were excluded from analysis. 

Processed reads were imported into the QIIME (v. 1.8.0) analysis pipeline (J 

Gregory Caporaso et al. 2010) for the next series of steps. Open reference operational 
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taxonomic unit (OTU) picking was performed with USEARCH 6.1 (Edgar 2010). 

Chimeric sequences were removed via USEARCH. OTUs with fewer than 36 total 

reads across the whole library were also removed. Initial clustering and gross level 

analysis was performed via USEARCH 6.1 (Edgar 2010; Edgar 2013) and PyNAST 

(J. Gregory Caporaso et al. 2010) using the Greengenes 97% dataset (version 12_10) 

(DeSantis et al. 2006; McDonald et al. 2012) at a sequence identity of 97%. 

Data were exported to R for final differential expression analysis. Zeroes were 

normalized via the addition of 0.00001. A logit transformation was performed on the 

altered data, and a linear mixed model was utilized via the glmmADMB package in R 

to model the relationship of treatment, animal, and time on abundance (Fournier et al. 

2012), imposing animal as a random effect. Final confidence scores were corrected 

via Storey’s q-value (Storey and Tibshirani 2003). 

3.3 Results 

In an effort to determine how individual microbial taxa respond to the addition 

of the explosive RDX, sheep ruminal fluid was collected and either kept in isolation 

or exposed to RDX for 4 hours. In total, 36 ruminal fluid samples were sequenced, 

representing six animal replicates over three time points (5, 60, and 150 minutes). 

RDX levels were verified as decreasing in experimental samples at rates consistent 

with those observed in rumen fluid per previous studies (Eaton et al. 2013), declining 

to the limits of detection by the end of 240 min, as detailed in Li, et al. (Li et al. 

2014).  

After rarefaction, 5,227,923 sequences were used for all downstream analyses. 

The mean number of unique sequences per sample was 153,762 ± 29,454. The mean 
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number of OTUs per sample was 4,321 ± 662 or approximately four times what was 

previously found. Across all samples, 13,519 unique OTUs were observed, 

representing 204 microbial genera. A majority of these OTUs were not present in all 

samples -- table sparsity was 0.32 after filtering, indicating a high proportion of zero 

values even after removing the lowest-abundance reads.  

Of OTUs present in all samples, 332 were detected in all samples, 1302 were 

detected in 75% of samples, and 2829 were detected in 50% of samples. In control 

samples, 396 OTUs were detected in all samples, 1437 were detected in 75% of 

samples, and 3031 were detected in 50% of samples (Table 3.1). 

3.3.1 Diversity levels are strongly animal-dependent 

Species accumulation curves (Chao1, Figure 3.1A) showed a slight reduction 

in species abundance in the RDX-treated ruminal fluid, although this is within the 

bounds of error. There was a notable difference in the number of microbial species or 

alpha diversity when comparing within-animal and between animal populations 

(Figure 3.1B); between animals demonstrated much greater diversity, regardless of 

time or treatment. Individual samples were not significantly different in terms of 

Chao1 estimated diversity, with the exception of animal d. However, the means (from 

2804 to 4258 possible OTUs) and variances (which fluctuated from 6.41 x 104 to 2.07 

x 105) broadly fluctuated. 

Overall community structure varied by animal (Figure 3.1C) but not time 

(Figure 3.1D). Further weighted PCoA analysis (Figure 3.2A) indicated that the 

strongest explanatory factor for differences in the ruminal microbiome was the 

individual animal host rather than time or treatment, suggesting high inter-animal 
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variation in rumen microbiomes. However, when recolored to account for RDX-

treated vs. control samples, clustering of sample points by treatment was apparent 

(Figure 3.2B), suggesting that RDX amendment does shift the microbiome within all 

sets of treated animal ruminal fluid over time. 

Beta-diversity estimates also supported significant between-animal variation 

(Figure 3.3). Although within-animal β-diversity was roughly uniform (mean 

distances 0.02-0.04, ± SEM), between-animal comparisons were significantly larger 

(mean distances 0.08- to 0.10, ± SEM). Comparing all within-animal and all between-

animal beta diversity values with 1000 Monte Carlo permutations, results were 

extremely significant with a p-value of 0.001. This further demonstrates that inter-

animal variation in the ovine rumen is large, thus requiring alternative approaches to 

evaluate the effects of time and treatment on the system.  

3.3.2 RDX treatment significantly alters the abundance of key ruminal bacteria 

In order to disentangle the effects of treatment, time and interanimal 

variability, we used a linear mixed model with logit transformation to determine 

which taxa became more or less abundant in response to RDX. This model revealed 

that while there were no clearly apparent changes in the community structure as a 

whole (Figure 3.2), individual OTUs did respond to the RDX treatment (Table 3.2). 

Out of 231 genera, 20 significantly changed in relative abundance due to RDX 

treatment. Increases in relative abundance were observed in five genera, while the 

remaining 15 decreased (Table 3.2). All OTUs corresponding to members of the same 

phylum tended to shift in the same direction in response to RDX treatment. All 

genera that were elevated in response to RDX fell within the phylum Bacteroidetes, 
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while genera that decreased were in multiple phyla including: Fibrobacteres, 

Firmicutes, Lentisphaerae, Spirochaetes, Tenericutes, and Verrucomicrobia. There 

was no statistically significant change in any genus across time after multiple 

hypothesis correction, and time categories could not be differentiated from each other 

via a linear mixed model analysis or via diversity measurements. 

3.4 Discussion 

3.4.1 RDX treatment significantly increases members of the Bacteroidetes  

The central aim of this project was to identify microbial taxa that responded to 

RDX treatment, and thus may be involved in metabolism of this and other similarly 

structured toxic compounds. Using a sheep model and 16S amplicon data, we found 

20 RDX responsive microbial taxa. Importantly, all of the OTUs that increased after 

RDX addition abundance fell within the phylum Bacteroidetes with two falling 

within a single taxonomic group, the Paraprevotellaceae, suggesting that these five 

OTUs are similarly responsive to this toxin. Bacteroidetes contains a variety of 

carbohydrate and protein degraders and are normally resident in the ovine hindgut 

where they aid in further digestion of processed plant material (Shah and Gharbia 

1993) 

The phylum Firmicutes contains most of the taxa that were reduced in relative 

abundance after RDX treatment. Many of these taxa are known members of the 

rumen microbiome. Ruminococcus, for instance, is a genus of bacteria that performs 

the function of cellulose degradation via anchoring onto structures and extruding 

enzymes (Miron et al. 2001). The detected families Erysipelotrichaceae (Liu et al. 
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2015) and Streptococcaceae (Herrera et al. 2009) are also well-known normal 

inhabitants of the rumen. Phyla Fibrobacteres (Ransom-Jones et al. 2012) and 

Spirochaetes (Paster and Canale-Parola 1982) also contain a significant number of 

cellulose degraders and are likewise reduced in response to RDX amendment. 

Further, the Lentisphaerae and Verrucomicrobia are two closely related phyla found 

in a wide variety of environments; Verrucomicrobia, in particular, is also known for 

cellulose degradation (Martinez-Garcia et al. 2012). Tenericutes is another phylum 

reduced by RDX, yet these rumen inhabitants are mostly believed to be parasites that 

rely on host cells for nutrients; in the rumen, they appear to be associated with fungi 

(Kudo et al. 1990). Finally, members of the phylum Cyanobacteria are also known 

rumen inhabitants, and have been detected in at least two previous studies (Li et al. 

2012; Piao et al. 2014). 

3.4.2 RDX and the rumen 

RDX has previously been demonstrated to be toxic to a large variety of 

bacteria (Eaton et al. 2011). Therefore, it is not unexpected that a majority of taxa 

changed in the negative direction. While our methodology prevented collecting data 

in a way that allowed for estimation of absolute abundance (i.e. qPCR), the outcome 

that detected changes favored losses in relative abundance still supports the idea that 

RDX is toxic. 

It is of note that RDX degraders in the rumen environment here differed 

significantly from those found in soil. Species of Rhodococcus (of the phylum 

Actinobacteria) feature prominently in biodegradation of RDX in soils, specifically 

those expressing the xplA and xplB genes, which are considered the primary means of 
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biodegradation of this compound (Bhushan et al. 2003). No OTUs clustering with the 

Actinobacteria phylum were found to be significantly altered in our own study. The 

various Proteobacteria are also considered to be significant contributors to this 

process in soils (Bhushan et al. 2003) but were also not observed to respond to RDX 

in this study.  

The lack of detectable response in the vast majority of the OTUs screened 

indicates either a proportional effect on populations, or that there was no significant 

effect at all to the increased levels of RDX. Decreased relative abundance was 

detected in only a few OTUs that clustered to normal ruminal residents and cellulose 

degraders. Importantly, increased abundance was only seen in members of the 

phylum Bacteroidetes, known primarily for protein degradation activity. It is a 

possibility that increases in relative abundance of Bacteroidetes members may be the 

result of greater decreases elsewhere. Another, more enticing and parsimonious 

explanation is that metabolism of RDX is occurring in members of this clade, 

especially as all but one of the OTUs in question align down to the order level. 

3.4.3 A clade of Bacteroidales can degrade and utilize RDX in vitro and in vivo  

We previously performed a pair of enrichment studies on ruminal fluid and 

RDX biodegradation, where we observed differences in bacterial populations before 

and after RDX enrichment (Eaton et al. 2011; Perumbakkam and Craig 2012). We 

also attempted to identify RDX metabolites from multiple strains of ruminal isolates 

to establish putative breakdown pathways. In our 2013 Eaton et al. study, isolates of 

Anaerovibrio lipolyticus, Prevotella ruminocola, and Streptococcus bovis IFO were 

shown to be able to efficiently utilize RDX as a sole source of nitrogen (Eaton et al. 
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2013). Clostridium polysaccharolyticum and Desulfovibrio desulfuricans were also 

demonstrated to be the most efficient RDX degraders overall from ruminal isolates, 

but required supplemental carbon and nitrogen. Prevotella ruminocola is of particular 

interest in this case; it utilized 96% of added RDX within 120 h under low nitrogen 

conditions, a feat unmatched by other bacteria and an indication that it is able to use 

RDX as a substrate. This P. ruminocola taxon that has been shown to utilize RDX in 

vitro is also a close relative of the Bacteroides Paraprevotella taxa we showed to 

respond positively to RDX here.  

Rapid degradation of RDX in our current experiment indicates a high level of 

activity occurring in each sample. To that end, activity may be diverted towards the 

usage of RDX as a nitrogen source or as energy for reproduction; in either case, a 

relative increase in abundance of a species capable of using RDX would be 

anticipated, especially given RDX’s known toxicity to many species of bacteria. Of 

our significant results, all OTUs with increased abundance clustered in the phylum 

Bacteroidetes and all but one clustered down to the order level as Bacteroidales. This 

corresponds with our previous finding of rapid degradation by P. ruminocola, 

suggesting that a significant amount of RDX nitrogen metabolism is occurring in this 

clade. This also supports a study which found an increase in the number of 16S gene 

sequences associated with Prevotella after 8 h of incubation in ovine ruminal fluid 

with RDX (Perumbakkam and Craig 2012). 

3.4.4 Future work on RDX in the ovine rumen and other considerations 

The level of animal to animal microbiome differences was far greater than 

expected. As noted in PCoA analysis, primary clustering ended up being by animal, 
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even when changing factors chosen for display. Part of this variability can be 

explained by the fact that the animals’ rumen populations were not allowed to reach 

equilibrium after they were introduced to each other at the abbatoir. These data 

appear to be in accordance to Ellison, et al. (2014), which also found high animal-to-

animal variation and a strong dependence on feed type on rumen taxonomic 

composition (Ellison et al. 2014). Ruminal bacterial populations are sensitive to 

multiple variables such as feed intake, animal health, time of day, and a multitude of 

other factors. Some of these variables can be minimized for experimentation while 

others cannot. For example, standardization of factors such as food being provided at 

the same time and of the same type, and sampling at the same time each day. Animals 

can also be preselected for relatedness to eliminate possible genetic factors resulting 

in microbiota differences. Yet regardless of these normalizations, this large intra-

animal rumen variability remains in most studies. Further, work with large animals in 

any capacity is expensive and time-consuming; the number of raw biological samples 

will always be fewer than for one utilizing smaller animals for a given budget. In 

sum, the magnitude of the differences between animals here and in previous studies 

(Ellison et al. 2014) suggests that future research should account for potentially high 

levels of animal to animal variation and thus augment the experimental design 

accordingly. 

The lack of an identified temporal component in our data may be indicative of 

several things. First, the limited number of biological replicates in this study limits 

possible power that may be derived from a test; it may be that a temporal component 

lies below the threshold of detection, especially once the relatively large animal 
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component is considered. Second, the first sampling in this study was performed at 5 

minutes after introduction of RDX. While brief, this amount of time may have been 

enough to already effect changes to the bacterial population that persisted through 

subsequent time points. This observation also suggests that the perturbation from the 

introduction of RDX is persistent across much of the experiment and may 

fundamentally alter the structure of the rumen microbiota by killing some taxa while 

enriching for RDX metabolizing taxa, at least in situ. Future studies with live animals 

should determine if this is the case. 

3.4.5 Conclusions 

Using a linear mixed modelling with logit transformation approach on 16S 

amplicon data, we were able to identify population shifts in ovine ruminal fluid as a 

result of RDX addition. All OTUs upregulated in RDX-enriched samples relative to 

the controls clustered with the phylum Bacteroidetes, with all but one clustering to 

the order level with Bacteroidales. These results suggest RDX degrading activity is 

present in the Bacteroidales, which supports previous findings of both Prevotella 

enrichment in incubated ovine rumen fluid supplemented with RDX (Perumbakkam 

and Craig 2012) and rapid RDX breakdown and utilization by Prevotella species 

(Eaton et al. 2013). 
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FIGURE 3.1 Population contrasts. Figure A contrasts the rarefaction curves for RDX vs. 
control samples. Figure B depicts Chao1 alpha diversity distributions by animal. Figures 
C and D depict change in populations at an order level by animal and time, respectively.
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A: Rarefaction curves for RDX-treated samples and control samples did not differ significantly, but a
possible trend is visible that may be better apparent with greater sample numbers. B: Chao1 alpha
diversity figures were within the bounds of error across most animals, though animal d is an outlier;
notable here is that distribution for each animal is visibly distinct. C: Change in populations on an
order level by animal; major species remain the same between animals, but proportions fluctuate. D:
Change in populations on an order level divided by time; no significant changes can be observed in
major taxa over the course of the experiment.
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FIGURE 3.2 PCoA results. Figure A colors samples by animal; Figure B highlights RDX-
treated samples.
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PCoA analysis reveals a clustering effect strongly associated with individual animals. Once control
samples are shaded differently as in 2B, RDX-treated samples cluster away from control samples,
with the effect dwarfed by the animal effect.
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FIGURE 3.3 Beta diversity (Chao1) between-animal and within-animal. Between-animal 
differences tend to be significantly greater than within-animal variation. 
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TABLE 3.1 Comparison of counts of OTUs shared between all, control, and RDX-
exposed samples 

 

 Present in 50% of 
samples 

Present in 75% of 
samples 

Present in 100% 
of samples 

All 2829 1302 332 
Control 3031 1437 396 
RDX-exposed 3004 1345 439 
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TABLE 3.2 Significantly changed bacteria sorted by identified genera

Taxon 

log2 
(Mean 

change) 
Residual SD p-

value 
q-

value 

p:Bacteroidetes; c:Bacteroidia; 
o:Bacteroidales 0.130 -0.143 0.034 0.001 0.013 
p:Bacteroidetes; c:Bacteroidia; 
o:Bacteroidales; f:[Paraprevotellaceae] 0.297 -0.169 0.041 0.001 0.013 
p:Bacteroidetes; c:Bacteroidia; 
o:Bacteroidales; f:[Paraprevotellaceae]; 
g:CF231 0.311 -0.189 0.060 0.007 0.040 
p:Bacteroidetes; c:Bacteroidia; 
o:Bacteroidales; f:RF16 0.439 -0.260 0.076 0.004 0.029 
p:Bacteroidetes; c:Sphingobacteriia; 
o:Sphingobacteriales; f:Sphingobacteriaceae 0.942 -0.489 0.157 0.007 0.042 
      
p:Cyanobacteria; c:4C0d-2; o:YS2 -0.364 0.282 0.082 0.004 0.029 
p:Fibrobacteres; c:Fibrobacteria; 
o:Fibrobacterales; f:Fibrobacteraceae; 
g:Fibrobacter -0.970 1.055 0.234 0.001 0.011 
p:Firmicutes; c:Bacilli; o:Bacillales; 
f:Thermoactinomycetaceae -1.828 0.444 0.137 0.006 0.036 
p:Firmicutes; c:Bacilli; o:Lactobacillales; 
f:Streptococcaceae; g:Streptococcus -1.112 0.401 0.115 0.004 0.029 
p:Firmicutes; c:Clostridia; o:Clostridiales; 
f:Ruminococcaceae; g:Ruminococcus -0.337 0.197 0.058 0.004 0.029 
p:Firmicutes; c:Erysipelotrichi; 
o:Erysipelotrichales; f:Erysipelotrichaceae; 
g:RFN20 -0.389 0.317 0.059 <0.001 0.005 
p:Lentisphaerae; c:[Lentisphaeria]; 
o:Victivallales; f:Victivallaceae -1.165 0.510 0.111 <0.001 0.011 
p:Lentisphaerae; c:[Lentisphaeria]; o:Z20; 
f:R4-45B -1.143 0.871 0.128 <0.001 0.001 
p:Spirochaetes; c:Spirochaetes; 
o:Sphaerochaetales; f:Sphaerochaetaceae; 
g:Sphaerochaeta -0.854 0.413 0.103 0.001 0.014 
p:Spirochaetes; c:Spirochaetes; 
o:Spirochaetales; f:Spirochaetaceae -0.713 0.380 0.089 0.001 0.013 
p:Tenericutes; c:Mollicutes -1.145 0.428 0.128 0.005 0.031 
p:Tenericutes; c:Mollicutes; 
o:Anaeroplasmatales; 
f:Anaeroplasmataceae; g:Anaeroplasma -0.443 0.433 0.093 <0.001 0.011 
p:Tenericutes; c:RF3; o:ML615J-28 -0.947 0.498 0.116 0.001 0.013 
p:Verrucomicrobia; c:Opitutae; o:HA64 -0.541 0.539 0.146 0.002 0.023 
p:Verrucomicrobia; c:Verruco-5; 
o:WCHB1-41; f:RFP12 -0.394 0.303 0.076 0.001 0.014 
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Chapter 4: Draft assembly of the genome of Sporanaerobacter acetigenes Lup33, 
an obligate Gram-negative anaerobe suspected of RDX degradation ability 
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4.1 Main Text 

Sporanaerobacter acetigenes Lup33 is a Gram-negative obligate anaerobe 

originally isolated from a sludge bank in Mexico (Hernandez-Eugenio et al. 2002). 

This species came to our attention after a previous enrichment study involving the 

breakdown of the explosive compound 1,3,5-trinitro-1,3,5-triazacyclohexane (Royal 

Demolition Explosive or RDX) in ovine ruminal fluid (Eaton et al. 2011) identified a 

bacterial strain with an identical 16S sequence. A subsequent study using the actual 

DSMZ strain cited by Hernandez-Eugenio, among other isolates, appeared to 

demonstrate similar breakdown capabilities initially (Eaton et al. 2013), but a 

subsequent trial with a different extraction method was not able to reproduce these 

results for this strain (Giarrizzo et al. 2013). During the initial trial, Illumina 

sequencing was performed with the goal of acquiring a list of genes for further 

exploration should the trial be successful. This paper is to announce a draft assembly 

and annotation of these reads. 

A pure culture of S. acetigenes Lup33 was obtained from the German 

Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). 

All work with the organism was conducted in an anaerobic glove box (Coy, Grass 

Lake, MI) with an atmosphere of CO2:H2 (9:1). Overnight culture (1.0 mL) of S. 

acetigenes was inoculated into prepared Balch tubes of methanogenic medium (Eaton 

et al. 2011). Cultures were incubated anaerobically, in the dark at 39 °C on a rotary 

shaker (150 rpm) for 120 hours. 

Genomic DNA was extracted from pure S. acetigenes overnight cultures using 

the Gentra PureGene DNA Isolation Kit (Gentra Systems, Minneapolis, MN), 
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following the manufacturer’s protocol for body fluids. Samples were prepared as a 

paired end library with a 300 bp insert using a NEBNext Next Generation Sequencing 

kit (New England Biolabs, Ipswich, MA) using the paired end protocol with Illumina 

primers and added barcode. Samples were initially fragmented through digestion with 

NEBNext DNA fragmentase (New England Biolabs) and size selected with agarose 

gel electrophoresis. Insert size was targeted at a range of 300-400 bp and both insert 

size and probe size were verified with a Bioanalyzer 2100 system (Agilent 

Technologies, Santa Clara, CA). Sequencing was performed on an Illumina GAIIX 

sequencer (performed by the Center for Genome Research and Biocomputing core 

facility, Oregon State University, Corvallis, OR) in paired end mode, but due to call 

errors generated due to the inserted barcode, was reprocessed in single-read mode. 

Reads were quality filtered (FastQC 0.52) and trimmed, then assembled de novo 

using Velvet 1.2.10 (Zerbino and Birney 2008) and Edena 3.131028 (Hernandez et al. 

2008 May 1). A final assembly incorporating both sets of contigs was performed 

using the ngopt pipeline (Tritt et al. 2012). Annotation was performed with the 

Prokka pipeline (Seemann 2014 Mar 18) set to use RNAmmer to search for rRNA 

sequences. 

This resulted in 84 scaffolds with a total size of 2,930,044 bp, N50 statistic of 

99,578, and mean G+C content of 31.2%. There are 2,987 predicted protein coding 

sequences, 2 rRNA sequences, and 33 tRNA sequences, with tRNAscan-SE finding 

an additional tRNA pseudogene. 

Analysis of the predicted coding sequences agrees with previous RDX 

degradation experiments, as this strain lacks any of the six RDX degrading genes 
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described in Li, et al. – diaA, xenA, xenB, xplA, xplB, and nsf1 (Li et al. 2014) – as 

determined via translated BLAST search of these sequences against translated CDSs. 

While S. acetigenes strain Lup33 failed to degrade RDX in the second trial, this strain 

demonstrates uncommon tolerance to high concentrations of explosives (200 µg mL-1 

in rumen fluid or media), rendering it of interest for future studies.  

Nucleotide sequence accession number. The draft genome sequence for 

Sporanaerobacter acetigenes Lup33 was deposited with GenBank under the 

BioSample accession ID SAMN04543773.  

4.2 Additional Information 

As this chapter was originally a submission to Genome Announcements, 

which has a strict word count and content limit, this section was added to detail 

additional information concerning the genome and its assembly that would not fit in 

the original limits. 

Of identified coding sequences (excluding tRNA and rRNA genes), 1288 

(45.6%) do not align significantly with any sequence in the NCBI nr database. If not 

false positives, then a large minority of the products produced by this species are thus 

novel with unknown function. 

There were a large number of variants of oligopeptide-binding domain genes 

out of annotated data (11 different sequences were identified as oppA, for instance), 

and in each case, multiple copies of each sequence was present. This pattern was also 

seen for oppB, oppC, and oppD, though not to the extent oppA variants were detected. 

The opp genes produce membrane components used to discriminate for specific short 

peptide sequences and are notable for being selective on amino acid composition but 
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not sequence (Guyer et al. 1986; Tame et al. 1994); variations may indicate 

differences in physiological requirements (Berntsson et al. 2009).  

The only other identified sequence in the S. acetigenes assembly exhibiting 

this type of variation was gsiC, a glutathione importer (Suzuki et al. 2005). Given 

glutathione’s primary role of scavenging oxygen species (Pompella et al. 2003), this 

may be an important part of S. acetigenes’ ability to survive in environments like the 

sludge bank it was originally isolated from (as it tolerates but does not grow well in 

oxygen).  
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Chapter 5: Concluding Remarks 
 

Through the course of this document, we have explored various aspects of the 

breakdown and metabolism of heterocyclic molecules in the ruminal environment. 

We have looked at this system of degradation of explosive compounds and plant 

toxins from the level of the animal itself to the microbiome to an individual bacterium, 

involving disparate fields ranging from veterinary medicine to microbiology to 

toxicology to chemistry. The multidisciplinary nature of this research presents a high 

barrier for entry to further study, but that study can still be potentially rewarding. 

5.1 Endophyte toxin responses in cattle parallel those in mice, but not on an 

individual transcript level 

Plant and plant endophyte toxicity has been a growing problem both in the 

United States and worldwide. Ergovaline, a product of an endophyte of ryegrass, 

significantly reduces production via reduced feed intake and hyperthermia in animals 

in the summer and via extremity necrosis in the winter. In addition, vasoconstrictive 

effects induce abortions in pregnant animals. As the ryegrass endophyte involved, 

Neotyphodium lolii, also confers significant drought and insect resistance, E+ 

ryegrass has come to dominate production (Tor-Agbidye et al. 2001). In an attempt to 

see whether monogastric (rodent) models were a truly effective basis for studying 

effects in cattle, a microarray-based study of effects on mRNA transcript levels in 

cattle liver was another study pursued in this document, as detailed in Chapter 2.  

This study was the first detailing responses in cattle rather than in monogastric 

models. Here, we found that while general categories of transcripts fit to expectations 
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produced by previous rodent studies, individual transcripts did not match significantly 

at all. Thus, depending on level of detailed desired in studying effects of ergovaline 

toxicosis, a rodent model may suffice, or may require a full-on bovine or ovine model 

if a later researcher desires detail on the level of individual transcripts/proteins. 

5.2 Biodegradation of RDX: population shifts, genomics 

Phyto-ruminal-biodegradation, the term given to the proposed process of 

having ruminants consume explosives concentrated by plants to allow for degradation 

in the ruminal environment, is in its infancy as of this writing. Enough testing has 

occurred to confirm that it works from a mechanistic standpoint (Fleischmann et al. 

2004; Eaton et al. 2011; Perumbakkam and Craig 2012), but mechanisms remain 

elusive. Species involved, proteins involved, biochemical pathways involved – all of 

these have only been touched in a limited fashion. This document details research into 

attempting to elucidating details of species via 16S amplicon sequencing in Chapter 3 

and initially attempted to look at proteins via combining the whole genome sequence 

of Sporanaerobacter acetigenes with RNAseq and LC-MS metabolite data in Chapter 

4.  

While the first objective was successful and the increase in the 

Paraprevotellaceae corroborated previous studies, the second did not meet original 

project expectations owing to the detailed problems in extraction protocol. Having 

developed an alternate, validated extraction technique as described in Appendix A, 

this problem is avoidable in the future for any researcher that wishes to pursue a 

similar experiment again. S. acetigenes ultimately did not degrade RDX, as verified 

with LC-MS and the new extraction method; this does not mean that the entire 
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process is necessarily a failure, but highlights the need for validation of existing 

methods on new media and leaves an opening to pursue future study of RDX 

degrading isolates via similar methods. 

5.3 Future studies 

The study detailed in Chapter 2 was greatly restricted in terms of animal 

number, owing to samples being derived from another experiment (Merrill et al. 

2007) combined with cost of large animal work. While this was followed up on in a 

subsequent study with similar methods but significantly greater numbers of biological 

replicates (Li et al. 2015), microarray technology is limited to detection of fold-level 

changes of known transcripts. In addition, the presence of genetic variants such as 

SNPs is known to significantly change microarray spot intensity. A more detailed 

study of transcript-level effects of ergovaline might be pursued with RNAseq 

technology, which lacks the drawbacks of sensitivity and requiring known transcripts 

to probe. 

The 16S amplicon study detailed in Chapter 3 also was restricted in biological 

replicate number, but not to the extent of the study from Chapter 2. Useful 

information was acquired, but the outsize animal effect detected was larger than it 

could have been owing to using animals from a processing plant, which are not 

controlled for feed intake and were grown on different facilities before being brought 

in for processing, which would result in more divergent microbiomes. A more 

controlled study would use animals from the same herd given controlled, identical 

feed. Also of potential future interest in this study is that only bacteria and archaea 

were studied; the rumen is also host to a sizable population of fungi and protists 
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(Orpin and Joblin 1988; Williams and Coleman 1988), and RDX degradation activity 

may be contributed from these in addition to effect from the prokaryotes. The known 

efficacy of white rot fungus in degrading cyclic nitramines, for instance, has been 

known for over a decade (Aust 1995). 

The whole genome sequencing detailed in Chapter 4 was to be cross-

correlated with metabolite and RNAseq studies to acquire a better picture of the 

process of biodegradation of RDX in the rumen environment. That study and that 

goal remain, but the subsequent verification that S. acetigenes did not degrade RDX 

as detailed in Appendix A made this species a poor choice to pursue the original 

objective with. Validation of another bacterial strain with this activity would allow 

this project to continue. 
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Appendix A: Extraction Technique for RDX from Rumen Fluid and Several 
Types of Anaerobic Culture Media 

 

 

This section is a modified excerpt from a previous paper of which I was a 

partial author (Giarrizzo et al. 2013). It describes an effective liquid-liquid extraction 

method for RDX from whole rumen fluid as well as several anaerobic growth media; 

explicitly tested in the original paper was methanogenic medium, but this has been 

subsequently validated against Clostridial, low basal carbon, and low basal nitrogen 

media. 

As some sentences are essential but were not written by me, I have offset 

them into separate paragraphs; these can be assumed to be written by Dr. Juan 

Giarrizzo unless noted otherwise. 
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A.1 Materials and Methods 

Under anaerobic conditions (Eaton et al. 2011) WRF from 

each of the three animals was supplemented with RDX at 40 µg mL-

1. For the experimental procedures, 20 mL of the solution was 

placed into glass tubes and sealed with butyl rubber stoppers. The 

solution was incubated at 39˚ C on a tray shaker and samples were 

removed at several time points (10 min, 1 h, 2 h, 2.5 h, 3 h and 4 h) 

by sterile puncture of the butyl rubber stoppers. The samples were 

immediately extracted with the liquid–liquid extraction method 

described below. 

Experiments with Sporanaerobacter acetigenes were performed in 

methanogenic medium (Rychlik and May 2000). Three sealed Balch tubes of 10 mL 

of methanogenic medium in a CO2:H2 (90:10) gas mixture were each inoculated with 

1 mL of S. acetigenes culture (drawn from a 24 h culture in exponential-phase 

growth). RDX was added to a final concentration of 40 µg mL-1 to these tubes, as 

well as to a set of three control tubes. Incubation was performed at 39˚ C with 

shaking for over 96 h. Samples from each tube were drawn at 12 h, 24 h and every 6 

h thereafter. The samples were then immediately extracted. Optic density (OD) 

readings were tracked every 12 h.  

WRF (2 mL) was centrifuged at 10,000 rpm for 5 min. The 

resulting supernatant (300 µL) was distributed into glass vials and 

mixed with 300 µL of a 0.34 M ammonium hydroxide solution. 
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Basified samples were transferred to 2 mL screw cap micro-

centrifuge tubes, mixed with 1 mL of hexane:ethyl acetate (1:1) 

solution, and shaken vigorously for 10 s. An 800 µL volume of the 

organic phase was transferred to a separate tube; for each sample, 

this procedure was repeated three times and the organic phase was 

pooled to a final volume of 2.4 mL of organic phase in a 

hexane:ethyl acetate (1:1). The pooled extracted organic phase 

from the samples was dried using a constant N2 flow and stored at 

−20˚ C until HPLC–UV and LC–MS/MS analysis. Samples from 

methanogenic media and deionized water were treated identically, 

as described for WRF. 

Extraction efficiency was determined by measuring the percentage of 

recovery from the three different aqueous matrices at 40 µg mL-1 (low) and 200 µg 

mL-1 (high) RDX. Comparison of mean recoveries between experimental matrices 

was determined using the Student’s t-test after first assessing the equality of variances 

using Fisher’s exact test. All statistical analyses were performed using R software 

(version 2.15.1). Data are expressed as mean values (M) ± standard deviations (SD) 

(n = 10, unless otherwise stated).  

HPLC–UV/vis analyses were carried out using the method 

described by Eaton et al., 2011, with minor modifications (Eaton et 

al. 2011). In brief, separations were performed using an Ultra carb 

ODS column (250 mm × 4.6 mm; 5 µm particle size (Phenomenex, 
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Inc., Torrance, CA)). RDX eluted at 10 min under isocratic 

conditions with water and methanol (55:45, v/v) at 28˚ 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 Series 200 autosampler 

and Perkin-Elmer Series 200 UV/VIS detector monitoring at 250 

nm. TotalChrom software was used to quantify HPLC data. 

LC–MS/MS analyses were performed according to Eaton et 

al., 2013 (Eaton et al. 2013). Briefly, an ABI/SCIEX 3200 QTRAP 

LC–MS/MS system (Applied Biosystems, Foster City, CA) using 

atmospheric pressure chemical ionization in the negative ion mode 

and multiple reaction monitoring (MRM) was used to detect RDX, 

MNX, DNX, TNX, MEDINA and 4-NDAB, under a flow rate of 0.65 

mL min-1 for 35 min using a mobile phase consisting of 0.6 mM 

ammonium acetate in water (A) and methanol (B). Quantitation of 

RDX was performed by establishing a calibration curve in Analyst 

1.4.2 (Applied Biosystems) using a linear regression from WRF, 

methanogenic media or deionized water spiked with 40–200 µg mL-

1 RDX. (Paragraph written by Lia Murty.) 

A.2 Results and Discussion 

In this study, WRF, methanogenic culture media and 

deionized water were spiked with two concentrations of RDX. RDX 
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at concentration of 40 µg mL-1 was selected as the lower limit 

because it has proven to be below toxic levels to bacterial systems, 

RDX has also been used at a concentration of 200 µg mL-1 as a 

nitrogen source (Hawari et al. 2000), this concentration was used 

as the high level concentration. Both concentrations were used to 

estimate RDX recovery and potential interferences from the 

matrices. 

As shown in Table A.1, after using the extraction method proposed in the 

present work, average recoveries calculated from HPLC–UV data were similar in all 

matrices with values from 92.0 to 96.3%, 81.0 to 92.0% and 100.0 to 101.0%, for 

whole rumen fluid, methanogenic media and deionized water, respectively.  

Incubations of a commercial strain of S. acetigenes in methanogenic media 

culture did not show evidence of RDX biodegradation (Figure A.1); however, the 

extraction method showed acceptable recovery percentages and variability in this 

complex culture media used for anaerobic bacteria cultures. Deionized water 

extractions showed the highest percentage of recovery (100–101%) with very low 

variability.  

These results suggest that the new method developed is 

efficient for simple aqueous matrices and a good alternative for 

small volume sampling. Further it allows for more replicates per 

sample and, therefore more statistical robustness. 
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TABLE A.1 Efficiency of liquid – liquid extraction of RDX in three aqueous 
matrices using different organic solvents, measured by HPLC-UV. 
 

 Water   WRF   Methanogenic 
Concentration 

(μg/ml) 
% 

Recovery * 
% 

CV 
 % 

Recovery 
% 

CV 
 % 

Recovery 
% 

CV 
40 100 ± 0.8 6.9  96.3 ± 1.1 7.7  81 ± 0.6 3.7 
200 101 ± 1.7 2.7  92 ± 16.2 29.1  92 ± 5.8 3.7 

         
* Results expressed as average ± the standard deviation of n = 5 
replicates. 
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FIGURE A.1 Degradation of RDX under anaerobic conditions by S. acetigenes in 
methanogenic culture media with 3 replicates per time point (A) and by WRF (B) 
using an initial RDX concentration of 40 μg/mL. RDX was quantitated using LC-
MS/MS MRM analysis.  
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