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ABSTRACT 

Uranium contamination is widespread in subsurface sediments at mining and milling sites 

across North America, South America, and Eastern Europe. In the U.S. alone, the Department of 

Energy (DOE) is responsible for the remediation of 7,280 km
2
 of soils and groundwater 

contaminated due to processes associated with uranium extraction for nuclear weapons 

production. As a result of waste disposal practices, subsurface sediments at these sites are often 

co-contaminated with nitric acid, sulfuric acid, and toxic metals. Oxidized uranium, U(VI), is 

highly soluble and toxic, and thus is a potential contaminant to local drinking water reservoirs. 

The most promising strategy for in situ uranium bioremediation is immobilization through the 

biological reduction of U(VI) to insoluble U(IV) by indigenous microbial communities. 

However, the development of effective U(VI) bioremediation strategies is limited by our current 

understanding of the composition, metabolic potential and physiological requirements of in situ 

microbial communities. 

A polyphasic approach employing microbiological and geochemical techniques was used 

in this dissertation to link the structure and function of microbial communities in subsurface 

sediments of the U.S. Department of Energy’s Oak Ridge Field Research Center (ORFRC), in 

Oak Ridge, Tennessee. Subsurface sediments at the ORFRC site are cocontaminated with high 

levels of U(VI) and nitrate and microbial activity is limited by carbon availability and variable 

pH. The conditions at the ORFRC site are representative of many radionuclide-contaminated 

sites; therefore, results from this dissertation will have broader significance for development of 

bioremediation strategies that can be employed worldwide.    

To develop effective bioremediation strategies for radionuclide contaminants, the 

composition and metabolic potential of microbial communities need to be further understood, 

especially in highly contaminated subsurface sediments for which little cultivation-independent 

information is available. Thus, the metabolically active and total microbial communities 

associated with uranium contaminated subsurface sediments were characterized along 

geochemical gradients (Chapter 1). DNA and RNA were extracted and amplified from four 

sediment depth intervals representing moderately acidic (pH 3.7) to near neutral (pH 6.7) 

conditions. Phylotypes related to the Proteobacteria (α−, β−, δ−, and γ−Proteobacteria), 

Bacteroidetes, Actinobacteria, Firmicutes and Planctomycetes were detected in DNA- and RNA-
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derived clone libraries. Diversity and numerical dominance of phylotypes were observed to 

correspond with changes in sediment geochemistry and rates of microbial activity, suggesting 

geochemical conditions have selected for well-adapted taxa. Sequences closely related to known 

nitrate-reducing bacteria, comprised 28 and 43% of clones from the total and metabolically 

active fractions of the microbial community, respectively. Chapter 1 provides the first detailed 

analysis of total and metabolically active microbial communities in radionuclide contaminated 

subsurface sediments. The microbial community analysis, in conjunction with rates of microbial 

activity, points to several groups of nitrate-reducers that appear to be well adapted to 

environmental conditions common to radionuclide-contaminated sites. 

To elucidate the potential mechanisms of U(VI) reduction for optimization of 

bioremediation strategies, the structure-function relationships of microbial communities were 

investigated in microcosms of subsurface materials cocontaminated with radionuclides and 

nitrate (Chapter 2). A polyphasic approach was used to assess the functional diversity of 

microbial populations likely to catalyze electron flow under conditions proposed for in-situ 

uranium bioremediation. The addition of ethanol and glucose as supplemental electron donors 

stimulated microbial nitrate and Fe(III) reduction as the predominant terminal electron accepting 

processes (TEAPs). U(VI), Fe(III), and sulfate reduction overlapped with time in the glucose 

treatment, whereas U(VI) reduction was concurrent with sulfate reduction but preceded Fe(III) 

reduction in the ethanol treatments. Phyllosilicate clays were shown to be the major source of 

Fe(III) for microbial respiration using variable-temperature Mössbauer spectroscopy. Nitrate- 

and Fe(III)-reducing bacteria (NRB and FeRB) were abundant throughout the shifts in TEAPs 

observed in biostimulated microcosms and were affiliated with the genera Geobacter, 

Tolumonas, Clostridium, Arthrobacter, Dechloromonas, and Pseudomonas. Up to two orders of 

magnitude higher counts of FeRB and enhanced U(VI) removal were observed in ethanol-

amended as compared to glucose-amended treatments. Quantification of citrate synthase (gltA) 

levels demonstrated a stimulation of Geobacteraceae activity during metal reduction in carbon 

amended microcosms with the highest expression observed in the glucose treatment. 

Phylogenetic analysis indicated that the active FeRB share high sequence identity with 

Geobacteraceae members cultivated from contaminated subsurface environments. The results 

show that the functional diversity of  populations capable of U(VI) reduction is dependent upon 

the choice of electron donor.   
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Metabolic activity and phylogenetic structure of microbial communities mediating U(VI) 

bioimmobilization were directly linked in microcosms constructed with contaminated subsurface 

sediments using a stable isotope probing (SIP) approach (Chapter 3). Ethanol and acetate are the 

electron donors that have been shown in previous bioremediation studies to promote microbially 

mediated U(VI) reduction. Therefore, microcosms were amended with 
13

C-labeled ethanol or 

acetate, as supplemental electron donors, and molybdate was added to select treatments as an 

inhibitor of sulfate reduction. Activity was assessed by monitoring terminal electron accepting 

processes (TEAPs) (e.g., NO3
-
, SO4

2-
, Fe(II) and U(VI) concentrations) and electron donor 

utilization. 
13

C incorporation into community DNA was examined by density gradient 

centrifugation along with PCR amplification and terminal restriction fragment length 

polymorphism (TRFLP) analysis. Incorporation of 
13

C into microbial DNA was detected by day 

3, corresponding with the onset of TEAPs and carbon utilization.  Metal reduction commenced 

only with removal of nitrate and U(VI)-reduction preceded Fe(III)-reduction. Fe(III)-reduction 

occurred in all treatments, regardless of electron donor or presence of molybdate. Sulfate 

reduction rates were most rapid in the ethanol-amended treatments, whereas little to no sulfate 

reduction occurred in the acetate- or molybdate- amended treatments. Microbial community 

composition was affected by treatment and changed with shifts in TEAPs. The metabolically 

active denitrifying microorganisms were identified as members of the Betaproteobacteria, 

whereas, members of the Deltaproteobacteria, Actinobacteria, Firmicutes and Bacteroidetes 

were active during sulfate- and/or metal-reduction. Our data showed that carbon from 

supplemental ethanol is coupled to microbial growth either by direct utilization or secondary 

carbon flow from oxidation end products or dead 
13

C-biomass. Application of the SIP technique 

allowed for the definitive identification of metabolically active microbial populations and 

identification of their role in the separate TEAPs occurring in uranium-contaminated subsurface 

sediments. 

 A combination of biogeochemical rate measurements and robust microbial community 

characterization was used to determine the metabolic potential of microbial groups affecting 

U(VI) reduction in the subsurface. The composition, distribution, and metabolic potential of in 

situ microbial communities at the ORFRC site varies with subsurface geochemistry and will 

impact the success of U(VI) bioremediation. Ethanol is an effective electron donor for 

biostimulation of indigenous microbial communities at the ORFRC site and promotes complete 
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nitrate-reduction and U(VI) removal. U(VI) reduction was observed to overlap with alternative 

TEAPs, e.g., sulfate- or Fe(III)-reduction and microbial populations involved in these TEAPs 

included members of the Firmicutes and Deltaproteobacteria. This research provides necessary 

data for the future optimization of in situ bioremediation practices in uranium-contaminated 

sediments at the ORFRC.  
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INTRODUCTION 

 Uranium is a radionuclide that occurs naturally throughout the earth’s crust. Although not 

dangerous in mineral form, through anthropogenic activities, several isotopes of this common 

element have been released into the environment and now pose a serious human health risk. The 

three isotopes of uranium (
238

U, 
235

U, and 
234

U) are radioactive with half-lives of 4.5 billion, 7.13 

million and 247,000 years, respectively (NABIR 2003) and affect human health both through 

ionizing radiation and chemical toxicity which damage living cells, causing cancer and affecting 

organ function. Major sources of human exposure to uranium contamination include the mining, 

milling, and enrichment processes required for producing nuclear weapons and fuel. Over the 

last 60 years, these processes have contaminated subsurface sediments and groundwater on a 

global scale. The contamination problem is further exacerbated by the long half-life and high 

solubility of oxidized U(VI) in groundwater (Abdelouas et al. 1998; NABIR 2003).   

 The legacy of uranium contamination from weapons production begins in the United 

States in 1942 and ends in the early 1990’s with the passing of the Cold War era. In 1942, the 

United States initiated the Manhattan Project to develop nuclear weapons, necessitating the 

construction of sites for the enrichment of weapons-grade uranium (Legacies 1997). Processing 

of uranium includes the extraction of ore from the earth’s crust and the chemical processing to 

prepare a uranium concentrate (U3O8) (Legacies 1997; Abdelouas et al. 1998). Uranium ore used 

weapons production by the U.S. was first mined and imported from Canada, Africa, Australia, 

and Portugal and was later supported by the domestic uranium industry (Legacies 1997; 

Abdelouas et al. 1998). The mining, milling, and refinement processes generated large quantities 

of mill tailings contaminated with radionuclides and processing chemicals at these sites. 

Uranium enrichment is necessary for the production of nuclear weapons and nuclear reactor fuel 

because naturally-occurring uranium contains too little (0.7%) of the fissionable uranium-235 

isotope. The first uranium enrichment facilities in the U.S. were located in Oak Ridge, 

Tennessee, which produced uranium concentrates containing at least 20% of the 
235

U isotope. 

Enrichment produced large quantities of radionuclide wastes necessitating the development and 

construction of disposal and storage facilities (Legacies 1997). 

 The United States Department of Energy (DOE) is charged with managing nuclear legacy 

waste sites where the disposal and storage of radionuclides was insufficient for long-term 
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containment. Lack of containment resulted in the contamination of > 7,200 km
2
 of sediments and 

groundwaters surrounding approximately 120 research and laboratory sites run by the U.S. DOE 

(Riley and Zachara 1992; Legacies 1997; NABIR 2003). In the oxidized U(VI) state, uranium is 

highly soluble, has traveled long distances in subsurface groundwater plumes, and will 

eventually threaten public drinking water reservoirs (Brooks 2001; NABIR 2003; Moon et al. 

2006).  

The U.S. DOE created the Environmental Remediation Sciences Program (ERSP) to 

provide a scientific foundation for the remediation of radionuclide contaminants in subsurface 

environments.  The goal of the ERSP is to understand complex physical, chemical, and 

biological properties of sites contaminated with subsurface metal and radionuclide contamination 

(http://www.esd.ornl.gov/nabirfrc/). Supporting this research is the Oak Ridge Field Research 

Center (ORFRC) in Oak Ridge, Tennessee, adjacent to the Y-12 National Security Complex. The 

Y-12 Complex was constructed in 1943 as part of the Manhattan Project for uranium-235 

enrichment (http://www.y12.doe.gov/). Liquid wastes, including uranium, metals, and nitric acid, 

from the plant were stored in four unlined ponds, the S-3 ponds, until 1983 when they were 

drained and capped with a parking lot (http://www.esd.ornl.gov/nabirfrc/) (Fig. 1.1). The S-3 

ponds site is the source of an extensive uranium and nitric acid contaminant plume, which 

currently extends approximately 7 km along a hydrological gradient east and west of the ponds 

to a depth of > 150 m (Brooks 2001; Yin et al. 2003)  (Fig. 1.1). Other contaminants in the 

ORFRC plume include another radionuclide (technetium), toxic metals (nickel, aluminum, 

barium, chromium, and mercury), chelating agents (EDTA), chlorinated hydrocarbons 

(tetrachloroethylene and perchloroethylene), polychlorinated biphenyls, and fuel hydrocarbons 

(toluene and benzene) (http://www.esd.ornl.gov/nabirfrc/) (Riley and Zachara 1992; Brooks 

2001; Jardine et al. 2003). Characteristics of the ORFRC contamination plume are representative 

of other nuclear legacy waste sites throughout the U.S. and Eastern Europe.  The goal of the 

ORFRC is to provide the infrastructure to support multidisciplinary field research on the 

processes that influence the transport, bioremediation, and natural attenuation of radionuclides, 

heavy metals and co-contaminants. Interdisciplinary research at the ORFRC site includes studies 

of the in situ hydrological, geochemical, physical and microbiological processes across scales 

ranging from the molecular to watershed level. 

http://www.esd.ornl.gov/nabirfrc/
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 In general, bioremediation utilizes the natural ability of organisms, such as fungi, plants 

and bacteria, to reduce, eliminate, or contain hazardous contaminants. The ability of bacteria to 

degrade a wide range of compounds has been employed to remove soil contaminants, such as 

chlorinated hydrocarbons and crude oil. Highly soluble and mobile U(VI)-carbonate complexes 

(Suzuki and Banfield 1999; NABIR 2003) typically found in contaminated groundwater can be 

immobilized in situ by reducing U(VI) to insoluble U(IV), forming the mineral uraninite (Suzuki 

and Banfield 1999; NABIR 2003). Naturally-occurring microorganisms capable of catalyzing 

metal reduction provide a promising strategy for the in situ uranium bioremediation (Lovley 

1991; Gorby and Lovley 1992; Lovley and Phillips 1992; Lovley 1995; Truex et al. 1997; 

Abdelouas et al. 1998; NABIR 2003).  

 A phylogenetically diverse assemblage of respiratory and fermentative microbial groups 

have been shown to catalyze the biological reduction of U(VI) (Lovley et al. 2004; DiChristina 

2005). Respiratory microbial groups, such as iron- and sulfate-reducing prokaryotes, reduce and 

precipitate uranium through an enzymatic process (Gorby and Lovley 1992; Lovley and Phillips 

1992). In pure culture studies with the iron-reducing bacteria Geobacter metallireducens and 

Shewanella oneidensis, uranium reduction was coupled to oxidation of acetate or H2 and 

provided sufficient energy for growth (Lovley 1991). Sulfate-reducing bacteria within the genus 

Desulfovibrio also rapidly catalyze uranium reduction in pure culture; however, energy 

generation has not been shown to be sufficient to support growth (Lovley 1995). Fermentative 

bacteria, such as members of the genus Clostridium, also catalyze uranium reduction (Francis et 

al. 1994; Lovley 2000).  

 Indigenous microbial communities in the subsurface of uranium contaminated sites 

include but are not limited to the aforementioned U(VI)-reducing genera. For example, at the 

ORFRC site, microbial community characterization studies have revealed a diverse assemblage 

of microbes encompassing all phyla within the domain Bacteria (Petrie et al. 2003; Yan et al. 

2003; North et al. 2004; Peacock et al. 2004; Reardon et al. 2004; Fields et al. 2005; Wan et al. 

2005). The metabolism of these communities is believed to be limited by labile carbon, acidic 

pH, and co-contaminants such as nitrate and toxic metals (Al, Ni) (DiChristina 1992; Finneran et 

al. 2002; Anderson et al. 2003; Petrie et al. 2003; Istok et al. 2004; Loffler and Edwards 2006). 

In laboratory and in situ bioremediation experiments, microbial communities indigenous to 

uranium contaminated sites successfully reduced and immobilized U(VI) with the addition of 
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carbon substrates (Holmes et al. 2002; Senko et al. 2002; Anderson et al. 2003; Istok et al. 2004; 

North et al. 2004; Wan et al. 2005). Tests of in situ bioremediation at a former uranium-mining 

site in Rifle, CO monitored uranium reduction and characterized the microbial communities in 

groundwater during biostimulation with acetate as an electron donor (Anderson et al. 2003). 

Biostimulation of the indigenous microbial community resulted in concurrent reduction of U(VI) 

and Fe(III) and an initial enrichment of the Geobacteraceae family, specifically Geobacter 

strains that have since been shown to enzymatically reduce U(VI) (Anderson et al. 2003; 

Shelobolina et al. 2008). U(VI) concentrations were observed to rebound after two months of 

acetate addition and was correlated with an increase in the abundance of sulfate-reducing 

bacteria within the family Desulfobacteriaceae. Members of the Geobacteraceae family and the 

Azoarcus genus increased in abundance during acetate bioremediation experiments performed in 

a contaminated aquifer in Shiprock, NM (Holmes et al. 2007). The increase in Geobacteraceae 

corresponded to U(VI) and Fe(III) reduction; suggesting that this family is coupling acetate 

utilization to reductive processes in contaminated groundwater (Holmes et al. 2007). Microbial 

community characterization during bioremediation studies at the ORFRC site has shown a 

significant enrichment of U(VI)-reducing bacteria within the genera Acidovorax, Azoarcus, 

Anaeromyxobacter, Geobacter, and Pseudomonas (Petrie et al. 2003; North et al. 2004; Fields et 

al. 2005; Nyman et al. 2006; Michalsen et al. 2007; Cardenas et al. 2008). Microbial community 

characterization studies at the ORFRC site have focused on groundwater or manipulated 

sediments during bioremediation experiments (Chang et al. 2001; Petrie et al. 2003; North et al. 

2004; Peacock et al. 2004; Reardon et al. 2004; Fields et al. 2005; Wan et al. 2005). These 

studies provided little information on the metabolically active indigenous microbial population 

associated with contaminated sediments. An in depth knowledge of the sediment associated 

microbial communities has been limited by the efficiency of nucleic acid extraction techniques, 

which were unsuccessful in early attempts to recover DNA from non-biostimulated ORFRC 

sediments (Reardon et al. 2004). Microbial populations associated with contaminated sediments 

may be important for bioremediation and therefore need to be investigated more closely to 

determine their metabolic potential for U(VI)-reduction. 

 Currently, the optimization of bioremediation strategies is limited by our understanding 

of the composition, metabolic potential, and distribution of populations of microbes within the 

uranium contaminated subsurface. The overall objective of this work is to determine the potential 
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of in situ microbial communities for bioremediation by directly linking their physiological 

function with phylogenetic composition and diversity. To address this objective, the following 

hypotheses were tested: (1) in the contaminated subsurface, microbial communities are well-

adapted to the harsh geochemical conditions imposed by contamination, (2) the structure of 

microbial communities, such as diversity and phylogenetic composition, is directly tied to the 

overall function of the microbial community, and (3) the physiological requirements of microbial 

populations affect the potential for U(VI) bioremediation. 

 This dissertation directly links the composition of indigenous microbial communities in 

uranium contaminated subsurface sediments with environmental parameters, e.g., pH and 

contaminant concentrations, and the potential for mediating U(VI) bioreduction. A polyphasic 

approach, employing microcosm incubations, cultivation-dependent enumeration techniques, and 

state-of-the-art cultivation-independent techniques, was used to link the structure and function of 

microbial communities in subsurface sediments at the ORFRC. Microcosm incubations were 

used to assess microbial activity, by monitoring terminal electron accepting processes (TEAPs) 

and carbon utilization, under conditions similar to those proposed for in situ bioremediation. 

Iron- and nitrate-reducing bacteria were enumerated and characterized during microcosm 

incubations using a combination of cultivation-dependent and –independent techniques. State-of-

the-art cultivation-independent techniques targeting microbial SSU rRNA targets, messenger 

RNA (mRNA) of functional gene markers, and incorporation of isotopically labeled carbon 

substrates into microbial biomass were used to characterize the metabolically active microbial 

populations in ORFRC sediments. By determining the structure-function relationships of 

indigenous microbial communities, the results of this work can be used to determine the 

appropriate targets for effective in situ uranium bioremediation in contaminated subsurface 

sediments. 
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Figure 1. Map showing the location of the ERSP Oak Ridge Field Research Center (ORFRC) 

adjacent to the Y-12 National Security Complex in Oak Ridge, Tennessee. Inset indicates the 

location of the working field plots within the contaminated region. The contaminated plume 

extends eastward from the S-3 ponds approximately 7 km and to a depth of > 150 m below the 

surface.  
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CHAPTER 1. METABOLICALLY ACTIVE MICROBIAL COMMUNITIES IN URANIUM-CONTAMINATED 

SUBSURFACE SEDIMENTS 

Denise M. Akob, Heath J. Mills, and Joel E. Kostka 

Published in FEMS Microbiology Ecology (2007) volume 59, pages 95–107. 

ABSTRACT 

To develop effective bioremediation strategies for radionuclide contaminants, the 

composition and metabolic potential of microbial communities need to be further understood, 

especially in highly contaminated subsurface sediments for which little cultivation-independent 

information is available. In this study, we characterized metabolically active and total microbial 

communities associated with uranium contaminated subsurface sediments along geochemical 

gradients. DNA and RNA were extracted and amplified from four sediment depth intervals 

representing moderately acidic (pH 3.7) to near neutral (pH 6.7) conditions. Phylotypes related to 

Proteobacteria (α−, β−, δ−, and γ−Proteobacteria), Bacteroidetes, Actinobacteria, Firmicutes 

and Planctomycetes were detected in DNA- and RNA-derived clone libraries. Diversity and 

numerical dominance of phylotypes were observed to correspond with changes in sediment 

geochemistry and rates of microbial activity, suggesting geochemical conditions have selected 

for well-adapted taxa. Sequences closely related to nitrate-reducing bacteria, comprised 28 and 

43% of clones from the total and metabolically active fractions of the microbial community, 

respectively. This study provides the first detailed analysis of total and metabolically active 

microbial communities in radionuclide contaminated subsurface sediments. Our microbial 

community analysis, in conjunction with rates of microbial activity, points to several groups of 

nitrate-reducers that appear to be well-adapted to environmental conditions common to 

radionuclide-contaminated sites. 

INTRODUCTION 

Uranium contamination is widespread in subsurface sediments at mining and milling sites 

across North America, South America, and Eastern Europe (Abdelouas et al. 1998). In the U.S. 

alone, the Department of Energy (DOE) is responsible for the remediation of 7,280 km
2
 of soils 
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and groundwater contaminated due to processes associated with uranium extraction for nuclear 

weapons production (Riley and Zachara 1992; NABIR 2003). As a result of waste disposal 

practices, subsurface sediments at these sites are often co-contaminated with nitric acid and toxic 

metals (Brooks 2001; Moon et al. 2006). Oxidized uranium, U(VI), is highly soluble and toxic, 

and thus is a potential contaminant to local drinking water reservoirs (NABIR 2003). A 

promising strategy for in situ uranium bioremediation is immobilization through the biological 

reduction of U(VI) to insoluble U(IV) by indigenous microbial communities (Lovley 1995; 

Truex et al. 1997).  

A phylogenetically diverse assemblage of respiratory and fermentative microbial groups 

were demonstrated to catalyze U(VI) reduction (Lovley et al. 2004; DiChristina 2005). These 

communities are broadly distributed in subsurface environments (Lovley 1995), however, their 

metabolism is believed to be limited by labile carbon, acidic pH, and co-contaminants such as 

nitrate and toxic metals (Al, Ni) (Anderson et al. 2003; Istok et al. 2004). High nitrate 

concentrations inhibit the reduction of U(VI) by serving as a competing and more energetically 

favorable terminal electron acceptor for microorganisms (DiChristina 1992; Finneran et al. 

2002). Therefore, to appropriately design U(VI) bioremediation strategies, the overall 

phylogenetic diversity and the impact of geochemical conditions, including pH and nitrate 

concentrations, on indigenous microbial communities must be assessed (Lovley 1995; NABIR 

2003; Istok et al. 2004).  

In situ bioremediation experiments have successfully employed carbon substrate 

amendments to stimulate the reduction and immobilization of U(VI) by indigenous microbial 

communities (Senko et al. 2002; Anderson et al. 2003; Istok et al. 2004; North et al. 2004). To 

date, cultivation-independent studies have begun to describe the microbial communities present 

in uranium-rich subsurface environments by focusing primarily on groundwater (Chang et al. 

2001; Anderson et al. 2003; Peacock et al. 2004; Reardon et al. 2004; Fields et al. 2005), 

sediment incubations in the laboratory, (Holmes et al. 2002; Wan et al. 2005) or environments 

manipulated during bioremediation experiments (Senko et al. 2002; Istok et al. 2004; North et al. 

2004). However, the optimization of bioremediation strategies is dependent on knowing the in 

situ microbial populations within the subsurface available for bioremediation, i.e., the 

bioremediation potential prior to biostimulation. In addition, by characterizing the metabolically 

active fraction of the microbial communities within these subsurface environments, the taxa 
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currently able to survive and remain active within the contaminant plume can be identified and 

potentially targeted for bioremediation (Whiteley and Bailey 2000; Hurt et al. 2001; Mills et al. 

2005).   

 Our overall objective was to elucidate the community composition and metabolic 

potential of microbial communities along spatial geochemical gradients in radionuclide 

contaminated subsurface sediments. We hypothesized that contaminants, such as nitric acid and 

radionuclides, within the subsurface act as a selective pressure, altering the microbial community 

composition across small spatial scales. This study was conducted in parallel with a series of 

microcosm experiments designed to measure the potential metabolic rates of sediment-associated 

microbial communities (Edwards et al. 2007). Molecular techniques targeting bacterial SSU 

rRNA genes (DNA) and SSU rRNA (RNA) enabled us to compare the composition and diversity 

of the total and metabolically active microbial communities. Specifically, clonal analysis 

revealed an abundance of Proteobacteria-related sequences closely related to known nitrate-

reducing taxa. In addition, a comparison of DNA- and RNA-derived libraries indicated that the 

nitrate-reducing taxa available for bioremediation changed across the contamination gradient 

studied.  

MATERIALS AND METHODS 

Site and sample description.  

The Oak Ridge Field Research Center (ORFRC), located adjacent to the Y-12 industrial 

complex within the Oak Ridge National Laboratory (ORNL) reservation in Oak Ridge, 

Tennessee was designated in 2000 by the U.S. Department of Energy for the Environmental 

Remediation Sciences Program (ERSP). Waste products from uranium enrichment processes at 

the Y-12 complex, including but not limited to uranium and nitric acid, were collected and stored 

in three unlined ponds until 1988 when the ponds were pumped and capped by a parking lot 

(Brooks 2001). Subsurface groundwater flow created a contaminant plume originating from the 

pond site, that currently extends approximately 7 km along a geological strike east and west of 

the ponds to a depth of >150 m (Brooks 2001). For a detailed site description refer to the 

ORFRC webpage (http://www.esd.ornl.gov/nabirfrc/).   
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Sediments were sampled from borehole FB61, 2-6 m below the surface and within the 

saturated zone of ORFRC Area 1 on 10 July 2003 using a Geoprobe equipped with PVC-80 

sleeves lining the corer. Cores (0.083 m dia., 0.61 m in length) were aseptically sectioned under 

strictly anoxic conditions in a Coy anaerobic chamber. Four core sections from distinct depths 

(Table 1.1) were subsectioned and either frozen on dry ice for cultivation-independent analysis 

or stored anaerobically at 4°C for microcosm studies prior to overnight shipment to Florida State 

University.  

 Groundwater and solid phase chemical constituents (pH, nitrate, Fe(II), and Fe(III)) were 

analyzed in sediment core and microcosm samples according to previous methods (Petrie et al. 

2003; North et al. 2004). A detailed description of the sediment microcosm experiments is 

presented in Edwards  (2006). In brief for this study, sediments from two of the four core 

sections, representing the lowest and highest sediment pH (sections 61-01-00 and 61-03-25, 

respectively; Table 1.1) were homogenized inside a Mecaplex anaerobic chamber (100% N2 

atmosphere). Microcosms were constructed using 30 g of homogenized sediment and 60 ml of 

deionized water in gas tight anaerobic serum bottles. Treatments included those amended with 

ethanol or glucose to 20 mM final concentration and control bottles to which no carbon substrate 

was added (Table 1.2). To examine the impact of pH on potential rates, a second set of 

incubations was constructed in which acidic sediments from core 61-03-25 were neutralized with 

bicarbonate. Bottles were mixed thoroughly, sealed with butyl rubber stoppers, purged with 

sterile argon, incubated statically at 28°C in the dark, and sampled over a two month period. 

Potential rates of microbial activity in microcosms were calculated by regression of the change in 

concentration of chemical constituents with time.  

Nucleic acid extraction and amplification.  

Prior to nucleic acid extraction, potential contaminating RNases were removed from 

solutions and solids as described previously by Mills (2004). Total nucleic acids were extracted 

from 2 g aliquots of ORFRC sediments as described by Hurt  (2001). RNA and DNA were 

separated and purified using the QIAGEN RNA/DNA Midi Kit according to the manufacturer’s 

instructions (Qiagen, Valencia, CA). Residual DNA was removed from RNA extracts with 5 U 

of RQ1 RNase-free DNase (Promega, Madison, WI) according to the manufacture’s instructions, 

with the addition of RNasin ribonuclease inhibitor (Promega, Madison, WI).  
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Aliquots of purified DNA were PCR amplified using the Bacteria domain-specific SSU 

rRNA gene primers 27F (5’-AGR CTT TGA TCM TGG CTC AG-3’) (Johnson 1994) and 

1392R (5’-ACG GGC GGT GTG TAC-3’) (Wilson et al. 1990). The PCR mixture contained 10 

to 50 ng of DNA, 1 × PCR buffer (10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2; 

TaKaRa Mirus Bio, Madison, WI), 200 µM deoxynucleoside triphosphates, 0.5 µM of each 

forward and reverse primer, and 0.03 U µl
-1

 rTaq polymerase (TaKaRa Mirus Bio, Madison, 

WI). Thermocycling was performed with a 95°C incubation for 5 min, followed by 35 cycles of 

95°C for 1 min, 55°C for 1 min and 72°C for 1 min, with a final extension step at 72°C for 10 

min.  

Aliquots of rRNA were reverse transcribed to cDNA using Moloney Murine Leukemia 

Virus Reverse Transcriptase (M-MLV RT) and Bacteria domain-specific SSU rRNA reverse 

primer 518R (5’-CGT ATT ACC GCG GCT GCT GG-3’) (Nogales et al. 2007) or 1392R 

(Wilson et al. 1990) according to the manufacturer’s instructions (Promega, Madison, WI). The 

10 to 50 ng of cDNA was then used in a standard PCR reaction using Bacteria domain-specific 

27F (Johnson 1994) and 518R (Nogales et al. 1999) or 1055F (5’-ATG GCT-GTC GTC AGC T-

3’) (Amann et al. 1995) and 1392R (Wilson et al. 1990). PCR amplification included an initial 

denaturing step of 95°C for 5 min, followed by 30 cycles of denaturation at 95°C for 30 s, 

annealing at 50°C for 27F/518R or 53°C for 1055F/1392R for 30 s and elongation at 72°C for 30 

s, with a final extension step at 72°C for 10 min. DNA contamination of RNA extracts was 

routinely monitored by PCR amplification of RNA extracts that had not been reverse transcribed. 

No contaminating DNA was detected in any of these reactions. Amplicons from both DNA- and 

RNA-based reactions were visualized by gel electrophoresis on 0.7% agarose gels, stained with 

ethidium bromide and UV illuminated. 

Environmental clone library construction and phylogenetic analysis.  

DNA- and RNA-derived SSU rRNA amplicons were pooled from three to five PCR or 

RT-PCR reactions, respectively, and purified using the QIAquick PCR purification kit 

(QIAGEN, Valencia, CA). Purified PCR product was cloned into the TOPO TA cloning vector 

pCR 2.1 according to manufacturer’s instructions (Invitrogen, Carlsbad, CA). RNA-derived 

clone libraries from depth intervals 61-01-00 and 61-01-24, amplified with primers 

1055F/1392R, were designated with “RR”. RNA-derived libraries from depth intervals 61-01-00, 
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61-03-00 and 61-03-25, amplified with 27F/518R, were designated with an “R”. Cloned inserts 

were PCR amplified using the vector specific primers (M13F/R) and digested with the restriction 

enzymes HaeIII (0.25 U µl
-1

) (New England Biolabs, Beverly, MA) and MspI (1 U µl
-1

) 

(Promega, Madison, WI) for 2 h at 37ºC. Clones were grouped into phylotypes according to 

restriction fragment length polymorphism (RFLP) banding patterns, and representative clones 

were sequenced bidirectionally at the Florida State University Sequencing Facility using a Big-

Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA) on an Applied 

Biosystems 3100 Genetic Analyzer with Capillary Electrophoresis. RFLP grouping of 

phylotypes containing multiple members was verified by sequencing two or more representative 

clones for each phylotype. Sequences were assembled using Sequencher v4.5 (Gene Codes 

Corp., Ann Arbor, MI). Prior to comparative phylogenetic analysis, vector sequences flanking 

the SSU rRNA gene or cDNA inserts were removed. Previously identified sequences with high 

sequence similarity to the clones obtained in this study were determined using the BLAST 

algorithm against the GenBank database available from National Center for Biotechnology 

Information (NCBI) (Altschul et al. 1990). Clone sequences were checked for chimeras using the 

program Chimera Check from the Ribosomal Database Project II (Cole et al. 2003). All clone 

sequences and reference sequences were aligned in the ARB software package using the Fast 

Aligner algorithm, incorporating ribosomal secondary structure data (Strunk and Ludwig 1997). 

Neighbor-joining trees incorporating a Jukes-Cantor distance correction were created from the 

alignments using the ARB software package (Strunk and Ludwig 1997). Bootstrap data 

represented 1,000 samplings.  

Statistical analysis.  

Statistical analyses were used to determine the sampling efficiencies and diversity 

differences within and between clone libraries based upon RFLP analysis. Rarefaction curves 

were calculated using Analytic Rarefaction 1.3 (Heck et al. 1975; Holland 2003). EstimateS 

(Colwell et al. 2004) was used to estimate species richness non-parametrically with Chao1 and to 

calculate the Shannon-Wiener and the reciprocal of Simpson’s (1/D) indices. Percent coverage 

was calculated using a standard equation (Begon et al. 1990). Clone library sequence data was 

used to compare phylogenetic diversity between samples. Clone sequence diversity indices for 
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gene and nucleotide diversity (Nei 1987), and θ(π) (Tajima 1983) were calculated using Arlequin 

(Schneider et al. 2000).  

Nucleotide sequence accession numbers.  

The 74 SSU rRNA gene and SSU rRNA sequences presented in this study have been 

deposited in the GenBank database under the accession numbers DQ316797 to DQ316870.  

RESULTS 

Sediment geochemistry and potential rates of microbial metabolism.  

The sediment pH in core sections of borehole FB61 ranged from moderately acidic (pH 

3.7) to near neutral (pH 6.7; Table 1.1). Nitrate concentration was inversely proportional to 

sediment pH and was over two orders of magnitude higher in acidic pH (17.8 – 40.1 µmol g
-1

) 

compared to neutral pH samples (0.1 – 0.6 µmol g
-1

). Iron mineral content varied by a factor of 

two between samples but did not show any trend with pH or nitrate concentration (Table 1.1). 

Current biomass estimates from contaminated subsurface sediments of the ORFRC site are 

approximately 10
3
 to 10

4 
cells g

-1
 (E.L. Brodie, personal communication; P.A. Sobecky, personal 

communication). Though we recognize that nitrate and pH vary with depth below surface, we 

henceforth refer to sediment pH when comparing and contrasting microbial communities across 

spatial gradients.  

Nitrate reduction rates remained low and no Fe(III) reduction activity was observed in 

microcosms at acidic pH even after the addition of glucose or ethanol (Table 1.2) (Edwards et al. 

2007). In contrast, rapid nitrate and Fe(III) reduction rates were observed in sediment 

microcosms at neutral pH or those neutralized with bicarbonate. Low nutrient levels limited 

microbial activity as determined by nitrate reduction rates being an order of magnitude higher in 

carbon-amended treatments in comparison to no carbon amended controls. Iron(III) reduction 

activity was only observed after nitrate was depleted at neutral pH (Table 1.2). Porewater 

manganese, sulfide and methane levels remained below detection in all microcosms during the 

incubation period.  



 14

RFLP and statistical analysis of clone libraries.  

From four depth intervals of borehole FB61, total nucleic acids were successfully 

extracted and clone libraries were constructed from amplified SSU rRNA gene (DNA-derived; 

337 clones) and SSU rRNA (RNA-derived; 159 clones) targets (Tables 1.4 and 1.5). RFLP 

analysis of the DNA-derived clones indicated 42 different phylotypes with only two phylotypes 

containing representative clones in all four libraries analyzed (Table 1.4). Although rarefaction 

curves from each DNA-derived library (Figure 1.1A) did not indicate saturation, i.e., the slope 

was greater than zero (Heck et al. 1975), percent coverage ranged from 88.3% for 61-01-24 to 

97.3% for 61-03-25 (Table 1.3). Although additional sampling of clones would be necessary to 

fully describe the overall diversity, numerically dominant RFLP groups from multiple lineages 

were obtained (Table 1.3). Species richness and Shannon-Wiener diversity indices, based on 

RFLP clone data, indicated higher diversity in the DNA-derived clone libraries from neutral pH 

sediments compared to those from acidic pH sediments (Table 1.3). However, a comparison of 

DNA-derived clone sequence data indicated that the acidic pH sediment sample 61-03-25 had 

the highest diversity, as demonstrated by gene and nucleotide diversity, θ(π), and Simpson’s 

diversity (1/D) index (Table 1.3).  

A total of five RNA-derived clone libraries were generated for the four depth intervals of 

borehole FB61. The 159 clones from these RNA-derived clone libraries grouped into 33 different 

phylotypes with 12 phylotypes identified in RR61-01-00 and RR61-01-24 and 21 phylotypes 

identified in clone libraries R61-01-00, R61-03-00 and R61-03-25 (Table 1.5). Rarefaction 

curves from RNA-derived clone libraries from all depth intervals and primer sets indicated 

saturation of sampling, i.e., the slope nears a value of zero (Heck et al. 1975), with the exception 

of library R61-03-00 (Figure 1.1B). Due to the utilization of two primer sets for RNA clone 

library construction, cross-library comparisons with robust statistical analysis were not possible. 

Sequences of RNA-derived phylotypes generated with the two primer sets were compared to 

common relatives and were shown to be greater than 92% similar to either the 5’- or 3’-end of 

the SSU rRNA gene sequence. Comparative analysis of DNA- and RNA-derived libraries 

indicated a total of 33% of phylotype sequences obtained from RNA-derived clone libraries had 

greater than 92% sequence similarity to DNA-derived phylotype sequences, with 15% greater 

than 95% similar (data not shown). Although inherent biases are associated with the molecular 
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techniques used in this study, we are confident that the techniques used provide a valid indication 

of the overall composition of sediment associated microbial communities in borehole FB61.  

Phylogenetic analysis of the clone libraries.  

Sequenced DNA- and RNA-derived clones from FB61 were most closely related to 

members of the Proteobacteria (classes α−, β-, δ- and γ-Proteobacteria), Bacteroidetes, 

Actinobacteria, Firmicutes, and Planctomycetes lineages. In the DNA-derived clone libraries, the 

most frequently detected lineage was α-Proteobacteria (31% of all clones) with β- and γ-

Proteobacteria each comprising 21% of the total DNA-derived clones (Figure 1.2). Phylotypes 

related to the class α-Proteobacteria were only detected in neutral pH sediment-derived clone 

libraries and represented 59% and 67% of the 61-01-00 and 61-01-24 DNA-derived clone 

libraries, respectively (Figure 1.2). Clones related to the class β- and γ-Proteobacteria were 

detected more frequently in the acidic pH sediment DNA-derived clone libraries compared to the 

neutral pH sediment-derived libraries (Table 1.4; Figure 1.2). In the RNA-derived clone libraries, 

the Proteobacteria-related clones represented 83% of the clones and grouped within the classes 

α-Proteobacteria (3% of total), β-Proteobacteria (44% of total), δ-Proteobacteria (1% of total), 

and γ-Proteobacteria (34% of total) (Figure 1.2). RNA-derived α- and β-Proteobacteria-related 

phylotypes had greater than 92% sequence similarity to phylotypes detected in DNA-derived 

clone libraries (data not shown). 

Adaptations to low nutrient environments, nitrate-reduction, and metal resistance are 

characteristics of lineages within the α-, β-, and γ- Proteobacteria that were frequently detected 

in this study. Phylotypes within the α-Proteobacteria were only detected in neutral pH sediment 

derived clone libraries and clustered within three families; Caulobacteraceae, 

Methylobacteriaceae, and Sphingomonadaceae (Figure 1.3). Sphingomonadaceae-related 

phylotypes were detected in both RNA- and DNA-derived clone libraries (Tables 1.4 and 1.5; 

Figure 2.3) and members of this group are capable of growth in low nutrient environments and 

nitrate reduction (Balkwill et al. 2003). The genus Methylobacterium, adapted for growth in low 

nutrient environments (Kayser et al. 2002), was closely related to the most frequently detected 

DNA-derived phylotype (76 out of a total of 337 clones screened) (Table 1.4; Figure 1.3).  

A total of 71 β-Proteobacteria-related clones which grouped into 12 phylotypes within 

Oxalobacteraceae and Comamonadaceae families were detected in DNA-derived clone libraries. 
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The Comamonadaceae family included the most frequently detected β-Proteobacteria-related 

phylotype, 61-05-22c311 (26 clones) which was closely related to the denitrifying, low nutrient 

adapted Acidovorax genus (Wen et al. 1999; Khan et al. 2002) (Table 2.4; Fig. 2.3). 

Interestingly, this lineage also included a phylotype derived from the acidic pH sediment clone 

library, 61-03-25, which was 95% similar to ORFRC clone 005C-F01, retrieved from a previous 

study of contaminated groundwater at the ORFRC site (Fields et al. 2005) (Table 1.4; Figure 

1.3). Nine phylotypes, representing 44% of the total RNA-derived clones, were related to the 

class β-Proteobacteria and grouped into two families, Alcaligenes and Burkholderiaceae, both 

characterized with nitrate reduction and metal resistance capabilities (Goris et al. 2001; 

Konstantinidis et al. 2003; Mergeay 2003; Busse and Stolz 2004). Phylotypes related to 

Alcaligenes sp. Ho-11 (unpublished; GenBank accession number AB166879) (Table 1.5) 

represented the most frequently detected clones in the 61-01-24 RNA-derived library (14 

clones). In contrast, the most frequently detected phylotype in the acidic pH sediment RNA-

derived library of 61-03-25 (86% of the 61-03-25 clones) was most closely related (99%) to the 

metal-resistant, nitrate-reducing sediment isolate Ralstonia sp. 13A (Goris et al. 2001; 

Konstantinidis et al. 2003; Mergeay 2003) (Table 1.5; Figure 1.3).  

Phylotypes related to the class γ-Proteobacteria in the DNA-derived clone libraries, 

grouped into four families (Moraxellaceae, Pseudomonadaceae, Xanthomonadaceae and 

Pasteurellaceae), whereas those detected in RNA-derived clone libraries clustered mainly within 

the family Xanthomonadaceae. Phylotypes related to the metal-resistant, nitrate-reducing group 

Acinetobacter (Dhakephalkar and Chopade 1994; Boswell et al. 2001) were detected in both 

acidic pH and neutral pH sediment-derived libraries (Table 1.4; Figure 1.3).  

Phylotypes related to the Bacteroidetes, Firmicutes and Actinobacteria phyla were 

detected less frequently than Proteobacteria-related phylotypes in DNA- and RNA-derived clone 

libraries. The Bacteroidetes represented 17% of the total DNA-derived clones, with greater 

abundance in the acidic pH sediment clone libraries (Figure 1.2). Interestingly, acidic pH 

sediment derived clones related to the Bacteroidetes grouped into the family Flavobacteraceae, 

whereas clones derived from the neutral pH sediments were related to the family Bacteroidaceae 

(Figure 1.4). Two gram positive phyla, Firmicutes and Actinobacteria, combined to represent 

10% of the total DNA-derived clones (Figure 1.2). Firmicutes-related phylotypes were detected 

in all four DNA-derived clone libraries analyzed (<11% of total clones for each library), while in 
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contrast, Actinobacteria-related phylotypes were only detected in DNA-derived clone libraries 

from neutral pH sediment samples (Figure 1.2). With the exception of the Firmicutes (12%), no 

other phylum detected in the RNA-derived clone libraries represented more than 5% of the total 

clones. Firmicutes-related phylotypes were the most frequently detected in the 61-03-00 acidic 

pH sediment-derived library (Table 1.5; Figure 1.2).  

DISCUSSION 

To develop effective strategies for the bioremediation of radionuclide contaminants, a 

better understanding of the composition and metabolic potential of microbial communities in 

highly contaminated subsurface sediments using cultivation-independent methods is required. 

Therefore, by using molecular techniques targeting both DNA and RNA, we have described the 

subsurface microbial communities of the U.S. Department of Energy’s (DOE) Oak Ridge Field 

Research Center (ORFRC) where contaminants include nitric acid, radionuclides (uranium and 

technicium) and other metals (nickel, aluminum, barium, chromium, mercury) (Brooks 2001; 

Moon et al. 2006). The combination of low pH with the above mentioned contaminants in the 

shallow subsurface is representative of many sites within the U.S. nuclear weapons complex 

managed by the DOE as well as radionuclide contaminated sites worldwide (Riley and Zachara 

1992; Abdelouas et al. 1998; NABIR 2003). Thus, our results are not only applicable to 

bioremediation research at the ORFRC but have implications for widespread radionuclide 

contamination across the globe. 

Bioremediation efforts can be complicated by spatial heterogeneity in both the 

composition and metabolic activity of indigenous microbial communities (Whiteley and Bailey 

2000; NABIR 2003). Previous studies have assessed the differences in microbial community 

composition over relatively broad spatial scales in subsurface environments contaminated with 

radionuclides with the majority of these studies focused on groundwater or manipulated 

sediments during bioremediation experiments (Chang et al. 2001; Petrie et al. 2003; North et al. 

2004; Peacock et al. 2004; Reardon et al. 2004; Fields et al. 2005; Wan et al. 2005). A caveat is 

that primer bias, cell lysis, and nucleic acid extraction and recovery can contribute to an 

underestimation of overall microbial diversity. Nucleic acid extractions from ORFRC sediments 

were not always successful in previous attempts (Reardon et al. 2004) due to the limitation of 

conventional nucleic acid extraction techniques which often results in only 1-10% recovery of 
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the total nucleic acids available (Chandler et al. 1998). Hurt  (2001) reported a modified nucleic 

acid extraction technique for soils that could yield 40% more DNA than previously published 

methods and 68% more than commercial bead milling techniques. By utilizing the Hurt  (2001) 

method, we provide the first study to simultaneously extract and amplify both DNA and RNA 

from low biomass (< 10
4
 cells g

-1
) subsurface sediments. Therefore, we were able to describe in 

detail the variations in total and metabolically active fractions of the in situ microbial 

communities across vertical subsurface geochemical gradients. To support detected variations in 

community composition, a suite of statistical indices were applied to clone library sequence data 

and potential rates of microbial activity were measured in parallel under near in situ conditions 

(Loffler and Edwards 2006). 

Change in subsurface activity and microbial diversity across spatial contaminant gradients.  

The activity and composition of Area 1 ORFRC sediment-associated microbial 

communities was hypothesized to be limited by low pH and a paucity of carbon substrates. 

Nitrate and Fe(III) are the most abundant electron acceptors available for microbial metabolism 

in ORFRC subsurface sediments (Petrie et al. 2003; Istok et al. 2004). Therefore, we determined 

the potential rates of nitrate and Fe(III) reduction in microcosm incubations under near in situ 

sediment conditions. Our hypothesis was supported as microbial activity was minimal at pH 4 

and in the absence of added carbon substrate. Activity was stimulated by an order of magnitude 

upon pH neutralization and with the addition of carbon substrates, suggesting that acidity and 

nutrient limitation are important variables controlling microbial metabolism in contaminated 

ORFRC sediments (Table 1.2; Edwards et al. 2007). As expected based on thermodynamic 

considerations (Chapelle 2000) and in agreement with previous studies (Finneran et al. 2002; 

Senko et al. 2002; Petrie et al. 2003; Istok et al. 2004; North et al. 2004), metal reduction in the 

acidic subsurface did not occur as long as abundant nitrate was present. Building upon previous 

work focused on neutral pH environments, our results indicate that nitrate-reducing communities 

are present in acidic subsurface sediments and become active upon pH neutralization.   

The composition and diversity of sediment-associated microbial communities changed in 

parallel with the potential rates of microbial activity and contamination gradients in the ORFRC 

core sections studied. The diversity of SSU rRNA gene clones, as indicated by species richness 

and Shannon-Wiener index, was significantly lower in sediments that had a lower pH and 
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contained higher levels of co-contaminants implying these factors were a selective pressure on 

the total microbial community. Similarly, previous studies of groundwater samples at the 

ORFRC observed reduced microbial community diversity under acidic conditions (Reardon et al. 

2004; Fields et al. 2005), but these studies did not investigate microbial activity or sedimentary 

environments in detail. Selective events are thought to minimize diversity through the survival of 

a few species (Martin 2002), and the lower total species diversity observed in acidic pH 

sediments may result in a lower potential for bioremediation due to the presence of fewer 

surviving taxa and metabolic groups.  

The composition of the metabolically active fraction of the total microbial community 

was assessed by comparing RNA- and DNA-derived clone libraries from sediment total nucleic 

acid extracts. Although numerous sequences obtained in the RNA-derived library were closely 

related to sequences in the DNA-derived library, distinct lineages were unique to a single library. 

This lack of direct overlap between DNA- and RNA-derived libraries has been observed in 

several other studies (Nomura et al. 1984; Kerkhof and Kemp 1999; Nogales et al. 1999; 

Nogales et al. 2001; Mills et al. 2005). In under characterized environments, the proportion of 

DNA and RNA concentrations is not well known (Morita 1993; Jeffrey et al. 1996; Binder and 

Liu 1998; Kerkhof and Kemp 1999; Griffiths et al. 2003). However, previous studies have 

shown that an increased proportion of SSU rRNA molecules to SSU rRNA genes per cell can be 

observed in highly metabolically active cells (Nomura et al. 1984). Therefore, highly active taxa 

with low cell counts may be underrepresented or not detected in DNA-derived clone libraries 

because SSU rRNA gene targets are at or below detection limits (Dell'Anno et al. 1998; Nogales 

et al. 2001; Mills et al. 2005). The opposite would be observed if the cells are numerous but have 

low or no metabolic activity. Further quantitative molecular and culture-based analyses will be 

required to determine RNA/DNA ratios in these sediments. Such discrepancies between SSU 

rRNA gene and SSU rRNA clonal analysis demonstrates the necessity of generating both DNA- 

and RNA-derived libraries when possible to perform a more representative analysis of the extant 

microbial communities.  
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Phylogenetic composition of microbial communities in radionuclide contaminated 

subsurface sediments.  

The phyla detected in ORFRC contaminated subsurface sediment clone libraries include 

groups commonly found in pristine surficial soils, however, the proportion of phylotypes 

detected within these phyla differed substantially from previously published studies (Buckley 

and Schmidt 2002). Our study detected families within the phyla Proteobacteria, Firmicutes, 

Actinobacteria and Bacteroidetes in DNA- and RNA-derived clone libraries that are frequently 

associated with contaminated environments (i.e., taxa known to reduce nitrate and heavy metals, 

be resistant to heavy metal toxicity, and degrade polyaromatic compounds and polychlorinated 

biphenyls) (Grimes and Morrison 1975; Dhakephalkar and Chopade 1994; Boswell et al. 2001; 

Goris et al. 2001; Nogales et al. 2001; Kanaly et al. 2002; Bodour et al. 2003; Konstantinidis et 

al. 2003; Mergeay 2003; Petrie et al. 2003; Fields et al. 2005). Contrasts in community 

composition in comparison to pristine surficial soils may be explained by the drastically different 

geochemical conditions present in the contaminated ORFRC subsurface. The majority of 

surficial soils are typically near neutral pH and rich in organic matter, whereas ORFRC 

subsurface sediments are lower in organic carbon content, have higher nitrate concentrations, 

exhibit a wider range in pH, and have higher toxic metal concentrations (Brooks 2001; Jardine et 

al. 2003; NABIR 2003; Istok et al. 2004; Moon et al. 2006). Phylotypes closely related to taxa 

adapted for growth in low nutrient environments (i.e., Methylobacterium, Caulobacter, 

Sphingomonas, Acidovorax, and Ralstonia) were frequently detected in the ORFRC subsurface. 

In corroboration with our results from unamended sediments, sequences of these genera were 

also detected in abundance during bioremediation experiments (North et al. 2004) and in 

groundwater at the ORFRC (Palumbo et al. 2004; Reardon et al. 2004). Thus, our clonal analysis 

indicates a microbial community adapted for these and potentially other radionuclide 

contaminated sites.  

Denitrification is believed to be mediated by a group of facultative anaerobes which 

display a wide range in phylogenetic affiliation and metabolic capabilities. In pristine soils, 

nitrate concentrations are typically too low to select for large populations of denitrifying 

organisms and denitrifiers are thought to rely on aerobic heterotrophy rather than their 

denitrification capacity (Tiedje 1988). In contrast, the abundance of nitrate in the ORFRC 

subsurface provides more selective pressure in favor of denitrifiers and soil microorganisms 
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which tolerate an acidic, nutrient starved environment (Yan et al. 2003; Palumbo et al. 2004; 

Fields et al. 2005). In agreement with the high nitrate concentrations observed in ORFRC 

subsurface sediments, sequences related to nitrate-reducing bacteria, such as members of the 

Proteobacteria (including the genera Sphingomonas, Acidovorax, Acinetobacter, Alcaligenes, 

and Ralstonia), showed a high relative abundance in the total and metabolically active fractions 

of the microbial community. Interestingly, members of Ralstonia and Acinetobacter groups are 

typically resistant to metals, i.e., Cu, Ni, Cd and Zn (Dhakephalkar and Chopade 1994; Brim et 

al. 1999; Boswell et al. 2001; Goris et al. 2001; Mergeay 2003), suggesting that the abundance 

of toxic metals in the ORFRC subsurface may have selected for these lineages.  

In order to create conditions favorable for microbially mediated U(VI) reduction, current 

bioremediation strategies are directed towards reducing nitrate concentrations by stimulating 

nitrate-reducing microbial communities (Finneran et al. 2002; Senko et al. 2002; Istok et al. 

2004; North et al. 2004; Vrionis et al. 2005). Our study points to several groups of metabolically 

active bacterial lineages with nitrate-reducing capabilities that are adapted to the pH range, low 

nutrient, and high toxic metal concentrations common to radionuclide contaminated subsurface 

sediments. Our microbial community analysis in conjunction with potential rates of microbial 

activity suggests these groups have a high potential for bioremediation and they should be 

explored further.  
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Table 1.1. Geochemical parameters of sediment cores collected with increasing depth below 

surface in the saturated subsurface of ORFRC Area 1 in borehole FB61. 

Sample Depth (m) pH Nitrate
a
 Fe(III)

a,b
 

61-01-00 2.4-3.1 6.7 0.6 31.5 

61-01-24 3.1-3.7 6.1 0.1 17.0 

61-03-00 4.9-5.5 3.9 17.8 17.3 

61-03-25 5.5-6.1 3.7 40.1 18.6 

 

a
Units in µmol g

-1
. 

b
Fe(III) measured using the oxalate extraction method.   
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Table 1.2. Initial conditions and potential rates of microbial activity measured in sediment 

microcosms of two sections of borehole FB61. 

Sample Treatment 
Nitrate 

(µmol g
-1

)
a
 

Microcosm 

pH
b
 

Nitrate 

reduction
c
 

Fe(II)    

production
c
 

61-01-00 Control 60.8 5.7 0.26 ND
d
 

 Ethanol 60.8 5.7 2.70 1.36 

 Glucose 60.8 5.7 2.84 1.44 

61-03-25 Control 22.6 4.3 0.13 ND 

 Ethanol 22.6 4.3 0.28 ND 

 Glucose 22.6 4.3 0.26 ND 

61-03-25 

+NaHCO3
e
 

Control 22.7 7.2 0.18 ND 

Ethanol 22.7 7.2 2.82 0.04 

 Glucose 22.7 7.2 1.68 0.28 

 

a
Values are averages of initial concentrations in µmol g

-1
. 

b
Average of initial pH measured in all treatment bottles. Variations between replicate bottles 

were less than 0.5 pH units. 

c
Potential rate of activity in µmol g

-1
 d

-1
. Values are averages from triplicate microcosm 

incubations.   

d
None detected. 

e
Incubations of 61-03-25 neutralized with bicarbonate
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Table 1.3. Statistical analyses of SSU rRNA gene clone libraries using ecological and molecular estimates of phylotype diversity. 

Samples 
No. of 

clones 

No. of 

phylotypes 

Species 

richness 

Shannon-

Weiner 
1/D 

Percent 

coverage 
θ(π) 

Nucleotide 

diversity 

Gene 

diversity 

61-01-00 90 20 29 (22, 56)
a
 2.09 4.22 90.0 172.8 ± 82.8

b
 0.15 ± 0.07 0.76 ± 0.04 

61-01-24 77 20 27 (22, 49) 2.19 4.72 88.3 167.4 ± 80.3 0.14 ± 0.07 0.79 ± 0.05 

61-03-00 62 11 21 (13, 63) 1.86 5.25 91.9 172.3 ± 82.9 0.15 ± 0.07 0.81 ± 0.03 

61-03-25 109 13 14 (13, 21) 1.98 5.78 97.3 204.3 ± 97.6 0.18 ± 0.08 0.83 ± 0.02 
 

a
The numbers in parenthesis are 95% confidence intervals. 

b
Mean ± standard deviation.   
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Table 1.4. Summary of phylogenetic affiliation and distribution of SSU rRNA gene sequences from four FB61 clone libraries. 

Phylogenetic 

group 

Clone 

designation 
Nearest relative 

Percent 

similarity 

Total 

clones 

Number of related clones for each sample 

61-01-00 61-01-24 61-03-00 61-03-25 

α-Proteobacteria 61-01-00c001  Methylobacterium sp. clone SK149 99 76 42 34 0 0 

 61-01-24c008 Sphingomonas asaccharolytica 97 8 2 6 0 0 

 61-01-24c023  Sphingomonas asaccharolytica 98 6 3 3 0 0 

 61-01-24c035  Soil clone WD297 95 5 3 2 0 0 

 61-01-24c053  Sphingomonas asaccharolytica 98 3 2 1 0 0 

 61-01-24c020 Sphingomonas sp. 44/40 98 2 0 2 0 0 

 61-01-24c005  Isolate GMD37F2 99 2 0 2 0 0 

 61-01-24c011  Caulobacter sp. strain FWC28 96 1 0 1 0 0 

 61-01-24c040  Rhizomonas sp. K6 98 1 0 1 0 0 

 61-01-00c012  Sphingomonas sp. C52 99 1 1 0 0 0 

β-Proteobacteria 61-05-22c311  Acidovorax sp. IMI 357678 97 26 4 3 10 9 

 61-05-22c423  Soil clone C-FCF-16 94 24 0 0 21 3 

 61-01-24c007 Gas hydrate clone AT425-Eub48  99 7 4 3 0 0 

 61-03-25c502  Imtechium assamiensis 98 4 0 0 1 3 

 61-03-00c006  Acidovorax sp. 3DHB1 99 3 0 0 3 0 

 61-03-00c033  Oxygen transfer biofilm clone L11 99 1 0 0 1 0 

 61-03-25c505  Oxygen transfer biofilm clone L11 96 1 0 0 0 1 

 61-03-00c543  Bromate-reducing bacterium B7 98 1 0 0 1 0 

 61-03-25c519  Acidovorax sp. KSP2 96 1 0 0 0 1 

 61-03-25c336  FRC clone 005C-F01 95 1 0 0 0 1 

 61-03-00c467  Acidovorax sp. 98-63833 94 1 0 0 1 0 

 61-01-00c027  Imtechium assamiensis 99 1 1 0 0 0 
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Table 1.4. –Continued. 

Phylogenetic 

group 

Clone 

designation 
Nearest relative 

Percent 

similarity 

Total 

clones 

Number of related clones for each sample 

61-01-00 61-01-24 61-03-00 61-03-25 

γ-Proteobacteria 61-03-25d001  Deep-sea sediment clone BD6-5 99 24 0 0 0 24 

 61-01-24c002  Acinetobacter sp. strain LUH3313 98 21 11 8 0 2 

 61-03-25d020  Acinetobacter sp. strain LUH3313 99 20 1 2 0 17 

 61-01-24c016  Terrahaemophilus aromaticivorans 99 4 1 3 0 0 

 61-01-24c027  Acinetobacter sp. 11 99 1 1 0 0 0 

 61-01-00d090  Clone BL011B19 99 1 1 0 0 0 

Actinobacteria 61-01-24c079  Nocardioides sp. C157 96 3 2 1 0 0 

 61-01-00c028  Nocardioides sp. C157 97 1 1 0 0 0 

 61-01-00c045  Microbacterium sp. Sukashi-2 97 1 1 0 0 0 

Bacteroidetes 61-03-00c039  Clone CH4-1 BAC16SrRNA 9N-EPR 99 49 3 1 13 32 

 61-03-00c042  Type 1863 strain F006C 98 3 0 0 3 0 

 61-03-25c312  Biofilm clone MTAE19 96 2 0 0 0 2 

 61-03-25a019 Clone CH4-1 BAC16SrRNA 9N-EPR 99 2 0 0 0 2 

 61-01-24c014  Isolate b-17BO 99 1 0 1 0 0 

Firmicutes 61-03-25a014 Streptococcus mitis strain 209 99 12 0 0 0 12 

 61-03-00e026 Staphylococcus pasteuri strain CV5 99 7 0 0 7 0 

 61-01-00c017 Streptococcus sanguis ATCC 10556 99 6 5 1 0 0 

 61-01-24c032  Rhizoplane clone wr0198 99 2 1 1 0 0 

 61-01-24c019 Clone rRNA382 99 1 0 1 0 0 
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Table 1.5. Summary of phylogenetic affiliation and distribution of SSU rRNA sequences from four FB61 clone libraries. 

Phylogenetic 

group 
Clone designation Nearest relative 

Percent 

similarity 

Total 

clones 

Number of related clones for each sample 

61-01-00 61-01-24 61-03-00 61-03-25 

α-Proteobacteria R61-03-00R048 Sphingopyxis sp. C-1 99 1 0 0 1 0 

 R61-03-00R071 Water biofilm clone B3NR69D1 99 2 0 0 1 1 

 R61-01-00X014 Insect larval clone D 99 1 1 0 0 0 

β-Proteobacteria RR61-01-00c041 Alcaligenes sp. Ho-11 99 16 2 14 0 0 

 RR61-01-24c033 Alcaligenes sp. Ho-11 99 5 0 5 0 0 

 RR61-01-24c011 Alcaligenes sp. Ho-11 99 1 0 1 0 0 

 RR61-01-24c042 Alcaligenes sp. Ho-11 99 3 0 3 0 0 

 R61-01-00X057 Ralstonia sp. 13A 99 41 5 0 0 36 

 R61-03-25T012 Burkholderia pseudomallei 97 1 0 0 0 1 

 R61-01-00X032 Napthalene-contaminated soil clone 27 99 1 1 0 0 0 

 R61-01-00X086 Ralstonia sp. Q3-8/14 99 1 1 0 0 0 

 R61-03-00R093 Napthalene-contaminated soil clone 27 99 1 0 0 1 0 

δ-Proteobacteria RR61-01-00c039 Soil clone PAD12 97 2 2 0 0 0 

γ-Proteobacteria RR61-01-00c026 Rhodanobacter sp. BPC 98 29 20 9 0 0 

 RR61-01-00c011 Rhodanobacter sp. BPC 99 16 7 9 0 0 

 RR61-01-00c001 Rhodanobacter sp. BPC 99 2 2 0 0 0 

 RR61-01-24c005 Rhodanobacter sp. BPC 99 1 0 1 0 0 

 RR61-01-24c032 Sediment clone S-N(2)-25A 98 1 0 1 0 0 

 R61-03-00R038 Soil isolate PI_GH1.1.A2 97 5 0 0 3 2 

Actinobacteria R61-03-00R018 Nocardioides sp. NCFB 3005 100 1 0 0 1 0 

 R61-03-00R004 Oral clone HB016 99 2 0 0 1 1 

 R61-03-00R086 Soil clone O-F-20 99 1 0 0 1 0 

 RR61-01-00c048 Forest soil clone JAB FS 18  95 1 1 0 0 0 

 R61-03-00R009 Corynebacterium pseudodiphthericum 99 3 0 0 3 0 



 28



 29

Table 1.5. –Continued. 

Phylogenetic 

group 
Clone designation Nearest relative 

Percent 

similarity 

Total 

clones 

Number of related clones for each sample 

61-01-00 61-01-24 61-03-00 61-03-25 

Firmicutes R61-03-25T057 Geobacillus debilis strain TfT 99 8 4 0 2 2 

 R61-03-00R037 Oral clone JN088 99 2 0 0 2 0 

 R61-03-00R003 Streptococcus mitis strain Sm91 99 1 0 0 1 0 

 R61-03-00R028 Staphylococcus epidermidis 100 1 0 0 1 0 

 R61-03-00R041 Soil clone DA114 99 1 0 0 1 0 

 R61-03-00R043 Paenibacillus glucanolyticus 98 1 0 0 1 0 

 R61-03-00R061 Streptococcus oralis ATCC 700233 99 3 2 0 1 0 

 R61-03-00R065 Oral clone JN088 99 2 0 0 2 0 

Planctomycetes RR61-01-00c006 Soil clone YNPRH54A 96 2 2 0 0 0 
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Figure 1.1. Rarefaction curves determined for the different phylotypes of (A) SSU rRNA gene 

(DNA-derived) and (B) SSU rRNA (RNA-derived) clones from four FB61 sediment samples. 

Phylotypes were defined as distinct RFLP patterns resulting from digestion of clone sequences 

with restriction endonucleases HaeIII and MspI. Rarefaction analysis was performed using 

equations reported by Heck (1975). 
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Figure 1.2. Frequencies of bacterial phylogenetic lineages detected in SSU rRNA gene and SSU rRNA clone libraries derived from 

four depth intervals of borehole FB61. Calculations were made based on the total number of clones associated with phylotypes of 

sequenced relatives.
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Figure 1.3. Phylogenetic tree of Proteobacteria-related SSU rRNA gene and SSU rRNA clone 

sequences (indicated by boldface type), as determined by neighbor-joining methods 

incorporating Jukes-Cantor distance correction, from borehole FB61 sediment samples, selected 

cultured isolates, and environmental clone reference sequences. Sulfolobus acidocaldarius was 

used as the outgroup. Clones whose designations include 61-01-00 and 61-01-24 represent 

sequences derived from neutral pH sediment libraries, whereas those with 61-03-00, 61-03-25, 

and 61-05-22 were derived from acidic pH sediment libraries. Clones whose designations 

include “R” and “RR” represent sequences derived from SSU rRNA clone libraries. One 

thousand bootstrap analyses were conducted, and percentages greater than 50% are indicated at 

the nodes. Scale bar = 0.1 change per nucleotide position. 
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Figure 1.4. Phylogenetic tree of SSU rRNA gene and SSU rRNA clone sequences (indicated by 

boldface type) related to the phyla Actinobacteria, Bacteroidetes, Firmicutes, and 

Planctomycetes, as determined by neighbor-joining methods incorporating Jukes-Cantor distance 

correction, from borehole FB61 sediment samples to selected cultured isolates and 

environmental clone reference sequences. Sulfolobus acidocaldarius was used as the outgroup. 

Clones whose designations include 61-01-00 and 61-01-24 represent sequences derived from 

neutral pH sediment libraries, whereas those with 61-03-00, 61-03-25, and 61-05-22 were 

derived from acidic pH sediment libraries. Clones whose designations include “R” and “RR” 

represent sequences derived from SSU rRNA clone libraries. One thousand bootstrap analyses 

were conducted, and percentages greater than 50% are indicated at the nodes. Scale bar = 0.1 

change per nucleotide position.  
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ABSTRACT 

 In order to elucidate the potential mechanisms of U(VI) reduction for optimization of 

bioremediation strategies, the structure-function relationships of microbial communities were 

investigated in microcosms of subsurface materials cocontaminated with radionuclides and 

nitrate. A polyphasic approach was used to assess the functional diversity of microbial 

populations likely to catalyze electron flow under conditions proposed for in-situ uranium 

bioremediation. The addition of ethanol and glucose as supplemental electron donors stimulated 

microbial nitrate and Fe(III) reduction as the predominant terminal electron accepting processes 

(TEAPs). U(VI), Fe(III), and sulfate reduction overlapped in the glucose treatment, whereas 

U(VI) reduction was concurrent with sulfate reduction but preceded Fe(III) reduction in the 

ethanol treatments. Phyllosilicate clays were shown to be the major source of Fe(III) for 

microbial respiration using variable-temperature Mössbauer spectroscopy. Nitrate- and Fe(III)-

reducing bacteria (NRB and FeRB) were abundant throughout the shifts in TEAPs observed in 

biostimulated microcosms and were affiliated with the genera Geobacter, Tolumonas, 

Clostridium, Arthrobacter, Dechloromonas, and Pseudomonas. Up to two orders of magnitude 

higher counts of FeRB and enhanced U(VI) removal were observed in ethanol-amended as 

compared to glucose-amended treatments. Quantification of citrate synthase (gltA) levels 

demonstrated a stimulation of Geobacteraceae activity during metal reduction in carbon 

amended microcosms with the highest expression observed in the glucose treatment. 

Phylogenetic analysis indicated that the active FeRB share high sequence identity with 
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Geobacteraceae members cultivated from contaminated subsurface environments. Our results 

show that the functional diversity of  populations capable of U(VI) reduction is dependent upon 

the choice of electron donor.   

INTRODUCTION 

Uranium contamination in subsurface environments is a widespread problem at mining 

and milling sites across North America, South America, and Eastern Europe (Abdelouas et al. 

1998). Uranium in the oxidized state, U(VI), is highly soluble and toxic, and thus is a potential 

contaminant to local drinking water supplies (NABIR 2003). Nitrate is often a cocontaminant 

with U(VI) as a result of the use of nitric acid in the processing of uranium and uranium-bearing 

waste (Brooks 2001; Moon et al. 2006).  Oxidized uranium can be immobilized in contaminated 

groundwater through the reduction of U(VI) to insoluble U(IV) by indirect (abiotic) and direct 

(enzymatic) processes catalyzed by microorganisms. Current remediation practices favor the 

stimulation of reductive uranium immobilization catalyzed by indigenous microbial communities 

along with natural attenuation and monitoring (Anderson et al. 2003; Istok et al. 2004; Luo et al. 

2005; Vrionis et al. 2005; Michalsen et al. 2006; Wu et al. 2006; Wu et al. 2006). Microbial 

uranium reduction activity in contaminated subsurface environments is often limited by carbon 

or electron donor availability (Istok et al. 2004; Michalsen et al. 2006; Wu et al. 2006; Wu et al. 

2006; Edwards et al. 2007). Previous studies have indicated that U(VI) reduction does not 

proceed until nitrate is depleted (Finneran et al. 2002; Istok et al. 2004; Michalsen et al. 2006; 

Wu et al. 2006; Wu et al. 2006; Edwards et al. 2007) as high nitrate concentrations inhibit the 

reduction of U(VI) by serving as a competing and more energetically favorable terminal electron 

acceptor for microorganisms (DiChristina 1992; Finneran et al. 2002). The fate and transport of 

uranium in groundwater is also strongly linked through sorption and precipitation processes to 

the bioreduction of Fe minerals, including oxides, layer-silicate clay minerals, and sulfides (Hsi 

and Langmuir 1985; Read et al. 1993; Catalano and Brown 2005).  

 In order to appropriately design U(VI) bioremediation strategies, the potential function 

and phylogenetic structure of indigenous subsurface microbial communities must be further 

understood (Lovley 1991; NABIR 2003; Istok et al. 2004). Conflicting evidence has been 

presented on which microbial groups, Fe(III)- or sulfate-reducing bacteria (FeRB or SRB), 

effectively catalyze the reductive immobilization of U(VI) in the presence of amended electron 

donors (Anderson et al. 2003; Michalsen et al. 2006; Wu et al. 2006). The addition of acetate to 



 38

the subsurface at a uranium contaminated site in Rifle, Colorado, initially stimulated FeRB 

within the family Geobacteraceae to reduce U(VI) (Anderson et al. 2003; Vrionis et al. 2005). 

However, with long-term acetate addition, SRB within the family Desulfobacteraceae, which are 

not capable of U(VI) reduction, increased in abundance and a concomitant re-oxidation of U(IV) 

was observed (Anderson et al. 2003; Vrionis et al. 2005). At a uranium contaminated site in Oak 

Ridge, Tennessee, in situ and laboratory-based experiments successfully employed ethanol 

amendments to stimulate denitrification followed by the reduction of U(VI) by indigenous 

microbial communities (Senko et al. 2002; Istok et al. 2004; North et al. 2004; Michalsen et al. 

2006; Wu et al. 2006; Edwards et al. 2007; Nyman et al. 2007). In these studies, ethanol 

amendments stimulated both SRB and FeRB with SRB likely catalyzing the reduction of U(VI). 

This suggests that bioremediation potential will be impacted by the choice of electron donor 

amendment through effects on the functional diversity of U(VI)-reducing microbial populations. 

As uranium reduction is dependent on the depletion of nitrate, the microbial populations 

mediating nitrate reduction are also critical to the design of bioremediation strategies. Although 

nitrate-reducing bacteria (NRB) have been studied extensively in subsurface environments 

(Fredrickson and Onstott 2001; Yan et al. 2003; Istok et al. 2004; Fields et al. 2005; Senko et al. 

2005; Senko et al. 2005; Akob et al. 2007), the mechanisms controlling the in situ metabolism of 

NRB remain poorly understood. 

 The dynamics of microbial populations capable of U(VI) reduction in subsurface 

sediments are poorly understood, and the differences in the microbial community dynamics 

during bioremediation have not been explored. Based on previous studies (Senko et al. 2002; 

Michalsen et al. 2006; Nyman et al. 2006; Wu et al. 2006; Wu et al. 2006; Edwards et al. 2007) 

we hypothesized that the activity of nitrate- and Fe(III)-reducing microbial populations, 

catalyzing the reductive immobilization of U(VI) in subsurface radionuclide-contaminated 

sediments, would be dependent on the choice of electron donor. The objectives of the present 

study were to: (1) characterize structure-function relationships for microbial groups likely to 

catalyze or limit U(VI) reduction in radionuclide-contaminated sediments; and (2) to further 

develop a proxy for the metabolic activity of FeRB. Microbial activity was assessed by 

monitoring TEAPs, electron donor utilization, and Fe(III) mineral transformations in microcosms 

conducted with subsurface materials cocontaminated with high levels of U(VI) and nitrate. In 

parallel, microbial functional groups (i.e. NRB and FeRB) were enumerated and characterized 

using a combination of cultivation-dependent and -independent methods.  
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MATERIALS AND METHODS 

Site and sample description.  

 The study was conducted at the Oak Ridge Field Research Center (ORFRC) of the U.S. 

Department of Energy’s Environmental Remediation Sciences Program (ERSP), which is located 

adjacent to the Y-12 industrial complex within the Oak Ridge National Laboratory (ORNL) 

reservation in Oak Ridge, Tennessee. Waste products from uranium enrichment processes at the 

Y-12 complex were collected and stored in four unlined ponds, the S-3 ponds, until 1988 when 

they were pumped and capped by a parking lot (Brooks 2001). Subsurface groundwater flow 

created a contaminant plume originating from the S-3 pond site, that currently extends 

approximately 7 km along a geological strike east and west of the ponds to a depth of >150 m 

(Brooks 2001). The Area 2 experimental plot within the ORFRC is located west, down gradient, 

of the S-3 ponds site and is characterized by pH 6.5, up to 8 mM sulfate, 1-26 mM nitrate, and 

0.5-4.5 µM uranium. For a detailed site description refer to the ORFRC webpage 

(http://www.esd.ornl.gov/orifrc/).  

Sediments were sampled from borehole FB094 within the ORFRC Area 2, 6.7-7.2 m 

below the surface, on 19 September 2005 using a Geoprobe equipped with polyurethane sleeves 

lining the corer. Cores (5.6 cm diam, 91 cm in length) were aseptically sectioned under strictly 

anoxic conditions in a Coy anaerobic chamber (Coy Laboratory Products, Grass Lake, Michigan) 

and stored anaerobically in gas-tight containers at 4°C prior to overnight shipment to Florida 

State University. Groundwater samples were withdrawn from Area 2 well FW209 and collected 

in airtight bottles for shipment.   

Microcosm design and sampling.  

 Sediment from each core section was pooled and homogenized under aseptic conditions 

in a N2-filled glove bag. Microcosms were constructed by loading 60 g of homogenized sediment 

into 250 ml sterile Pyrex bottles, diluting the sediment 1:5 (w/v) with 240 ml of site groundwater 

and capping with sterile rubber stoppers and plastic screw caps with apertures. Microcosms were 

neutralized with sterile, anoxic 1 M NaHCO3 to a final pH of 6.93. Three replicate microcosms 

were established for each of the following treatments: amendment with ethanol, amendment with 

glucose, and unamended for use as a control. Ethanol and glucose were added from sterile, 

anoxic stocks to a final concentration of 20 and 10 mM, respectively. All microcosms were 
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shaken at 150 rpm for 1 hour, flushed with sterile N2 for 20 minutes, and incubated statically in 

the dark at 30°C.  

 Each of the nine microcosms were sampled by removing ~5 ml every other day using a 

sterile syringe equipped with an 18G needle under a H2/N2 atmosphere in a Coy anaerobic 

chamber. Fe(II) content in the water and soil suspension of each microcosm was determined 

immediately by adding 0.2 ml of the microcosm sample to 0.5 M HCl. Porewaters were extracted 

from microcosm samples by centrifugation in the Coy chamber at 5,000 × g for 5 minutes, 

followed by filtration through a 0.22 µm nylon syringe filter. On day 0, 4, and 21, samples from 

each replicate microcosm were collected and pooled for cultivation-independent community 

characterization. The samples were centrifuged at 7,000 × g for 7 minutes, the supernatant 

discarded, and the solid phase frozen at -80°C until nucleic acid extraction.  

Porewater and solid-phase geochemistry.  

 Porewater nitrate concentrations were determined colorimetrically as previously 

described (Cataldo et al. 1975) and total sulfate concentrations were determined using ion 

chromatography. Porewater samples for uranium analysis were acidified with nitric acid in the 

Coy chamber and frozen at -20°C until kinetic phosphorescence analysis using a KPA-11 

analyzer (Chem-Chek Instruments, Richland, Washington). Porewater for determination of 

carbon substrate utilization was filtered into 1.8 ml glass vials, capped with a Teflon-coated butyl 

rubber septum, and stored at -20°C. Aliphatic acids, alcohols and sugars were determined with 

Hewlett Packard 1090 series II high performance liquid chromatograph (Küsel and Drake 1995). 

Wet chemical extractions were used to determine the poorly crystalline Fe oxide minerals by 

extracting triplicate microcosm samples in 0.5 M HCl for 1 h under anoxic conditions in the Coy 

chamber (Kostka and Luther 1994). HCl-extractable Fe(II) of filtered extracts was quantified 

colorimetrically by analysis in ferrozine buffer (50 mM HEPES, 0.1% ferrozine, pH 7) (Kostka 

and Luther 1994).  

Mössbauer Spectroscopy.  

 Microcosm samples for Mössbauer spectroscopy were collected under a H2/N2 

atmosphere in the Coy chamber into glass serum bottles then tightly capped with butyl rubber 

stoppers and aluminum crimp seals. Mössbauer spectra were obtained using a Web Research, 

Inc. spectrometer equipped with a Janis Model SHI-850-5 Closed Cycle Cryostat, operating at a 
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liquid He (LHe, nominally 4.2 to 6 K), liquid N2 (LN2, nominally 77 K), or room (RT, nominally 

298 K) temperature (Stucki et al. 2007). The gamma-ray source was 
57

Co of nominally 50 mCi 

activity dispersed 10% in a Rh foil matrix. Mössbauer hyperfine parameters (δ, isomer shift; ∆, 

quadrupole splitting; and Bhf, magnetic hyperfine field) were calculated using a least-squares 

fitting program assuming Lorentzian line shapes. The isomer shift, velocity scale, and magnetic 

hyperfine fields were calibrated relative to a 0.7 µm thick Fe(0) foil measured at RT. Texture 

effects were assumed to be absent.  

Bacterial enrichment and enumeration.  

 Iron- and nitrate-reducing bacteria were enumerated by the three-tube most-probable 

number (MPN) technique using 10-fold serial dilutions of sediment or microcosm material in 

growth media. Medium for FeRB was prepared according to methods described previously 

(Petrie et al. 2003) for neutrophilic organisms (pH 7). For NRB, medium was prepared as above 

with sodium nitrate added to 25 mM final concentration. Carbon substrates (glucose and ethanol) 

were added from anoxic sterile stock solutions to 20 mM final concentration and tubes were 

purged with 9:1 N2:CO2 prior to sealing with a butyl rubber stopper. Pooled microcosm samples 

collected on days 7 and 21 of the incubation were used to inoculate MPN dilution series with 

iron or nitrate as the electron acceptor and the same carbon source of the source microcosm. 

Microcosm samples from the unamended treatment as well as homogenized FB094 sediment 

were also used to inoculate MPN dilution series for both carbon substrates with each electron 

acceptor. The tubes were incubated at 30°C in the dark for 3 months. Positive growth was scored 

by visual screening of turbidity and electron acceptor utilization was verified in highest positive 

dilutions by colorimetric quantification as described above. MPN values and 95% confidence 

intervals were calculated from standard MPN tables (Alef 1991). Samples from the highest 

positive dilutions were collected and frozen at -80°C for nucleic acid-based community 

characterization.  

DNA extraction and SSU rRNA gene clone library construction.  

 Microbial community DNA was extracted from microcosm samples using a phenol-

chloroform procedure adapted from Kerkhof and Ward (1993). The main deviations from the 

original method included the use of liquid nitrogen and a 55°C water bath for the freeze/thaw 

steps. DNA extracts were purified by using a single high-salt/ethidium bromide/phenol 
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extraction step, as described previously (Lovell and Piceno 1994). DNA was extracted from 

MPN cultures using the Ultra Clean Soil DNA kit according to manufacturer’s instructions (Mo 

Bio Laboratories, Solana Beach, California). Samples (~1 ml) from the three highest positive 

dilutions of each MPN dilution series were centrifuged at 7,000 × g for 7 minutes and the cell 

pellets were combined for use in the extraction.  

 DNA was PCR amplified using the Bacteria domain-specific SSU rRNA gene primers 

27F (5’-AGR GTT TGA TCM TGG CTC AG-3’) (Johnson 1994) and 1392R (5’-ACG GGC 

GGT GTG TAC-3’) (Wilson et al. 1990). PCR products were cloned, screened using restriction 

fragment length polymorphism (RFLP) analysis, sequenced and analyzed, as previously 

described (Akob et al. 2007). Phylogenetic analysis of clone sequences and reference sequences 

from the GenBank database available from National Center for Biotechnology Information 

(Altschul et al. 1990) was performed in the ARB software package (Ludwig et al. 2004). 

Terminal Restriction Fragment Length Polymorphism (TRFLP) Analysis.  

 SSU rRNA genes were amplified from DNA extracts as described above except the 27F 

primer was labeled at the 5' end with 6-carboxyfluorescein (6-FAM; Applied Biosystems, Foster 

City, California). Fluorescently labeled PCR products were precipitated with 0.5 vol 7.5 M 

ammonium acetate and 3 vol of 100% ethanol, followed by a 10 minute incubation at room 

temperature and centrifugation at 20,000 × g at 4°C for 15 min. The re-suspended PCR product 

was quantified by image analysis of an electrophoresis gel as described previously (Scala and 

Kerkhof 2000). PCR product in the amount of 15 ng was digested with the restriction enzyme 

MnlI (New England Biolabs, Beverly, Massachusetts) for 6 h at 37°C, purified, and run on the 

ABI 310 genetic analyzer (Applied Biosystems, Foster City, California) using Genescan 

software as described previously (McGuinness et al. 2006). For comparative analysis, all 

fingerprints were normalized to the same total peak area and the small peaks representing < 1% 

of the total area were excluded from further analysis. 

Real-time PCR quantification of mRNA transcripts.  

Total RNA and mRNA were extracted from a total of 3.9 ml of microcosm sample 

according to previously described methods (Chin et al. 2008). The gltA-specific primers used for 

mRNA real-time PCR quantification were CS375nF (5’–AAC AAG ATG RCM GCC TGG G– 

3’) and CS598nR (5’–TCR TGG TCG GAR TGG AGA AT– 3’) (this study; modified from 



 43

(Holmes et al. 2005)). cDNA synthesis was performed using the method described by Chin et al. 

(Chin et al. 2004; Chin et al. 2008) with 0.5 µg template mRNA and CS598nR incubated at 

52°C for 60 min, followed by enzyme inactivation at 70°C for 15 min. cDNA was purified, 

quantified and prepared for real-time PCR quantification using SYBR Green and primers 

CS375nF and CS598nR (Chin et al. 2004; Chin et al. 2008). Quantitative analysis of the cDNA 

was carried out with the Applied Biosystems 7500 Real-Time PCR system using 7500 Real-

Time PCR System Sequence Detection Software (Version 1.3.1)(Chin et al. 2004; Chin et al. 

2008). Thermocycling was performed with an initial activation step at 50°C for 2 min and 

denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 30 s, 

annealing at 52°C for 1 min, and elongation at 65°C for 30 s, with a final extension step at 65°C 

for 6 min. The detection limits of PCR assays were determined (Chin et al. 2004) and had a 

minimum sensitivity of 10
0 

to 10
1 

target molecules per reaction. The precision and 

reproducibility of quantification were carefully optimized, and correct lengths of PCR products 

were verified (Chin et al. 2004). 

Phylogenetic analysis of partial ���� cDNA clone sequences 

A clone library was generated with RT-PCR amplicons (224 bp length amplified with 

primers CS375nF and CS5985nR) obtained from mRNA isolated from microcosm sediment 

samples according the methods described above. Resulting nucleotide gltA sequences were 

compared to the GenBank protein databases according to the BLASTx algorithm (Altschul et al. 

1990) and the amino acid sequences were aligned with reference sequences using Clustal W 

(Thompson et al. 1994). The resulting 75 amino acid alignment was used to infer phylogenetic 

trees using neighbor-joining methods.  

Nucleotide sequence accession numbers 

 Sequences generated in this study were deposited in the GenBank database under the 

accession numbers EU236219-EU236255 (SSU rRNA gene clones) and EU352200-EU352205 

(gltA cDNA clones). 
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RESULTS 

Microbial activity in sediment microcosms.  

 Microcosms were constructed with ORFRC Area 2 subsurface materials cocontaminated 

with uranium (10 µM initial concentration) and nitrate (15 mM initial concentration). Microbial 

activity was stimulated in microcosms amended with either ethanol or glucose. Little to no 

activity was observed in the unamended treatment (data not shown). Nitrate was rapidly reduced 

in the carbon-amended treatments beginning on day 2 and was completely consumed by day 4 

and day 6 in the ethanol and glucose treatments, respectively (Figure 2.1). In all treatments, the 

initial U(VI) concentration was approximately 10 µM and increased on day 4 to 15-18 µM 

(Figure 2.1). In the ethanol treatment, uranium and sulfate reduction began on day 4 and both 

electron acceptors were completely reduced by day 12 (Figure 2.1A). Fe(III) reduction 

(accumulation of Fe(II)) was first measured in the ethanol treatment on day 10, overlapping with 

the end of sulfate and uranium reduction (Figure 2.1A). In the glucose treatment, the onset of 

uranium and iron reduction appeared to overlap with the depletion of nitrate (Figure 2.1B). Fe(II) 

accumulation was first measured in the glucose treatment on day 6 of the incubation and, in the 

ethanol treatment, ceased by day 18. Uranium reduction began on day 4 and was incompletely 

reduced to a final concentration of 1 µM by day 15 with no further U(VI) reduction detected 

(Figure 2.1B). Sulfate was depleted in the microcosm between days 8 to 12, concurrent with 

uranium and iron reduction (Figure 2.1B).  

 Measurable consumption of supplemental ethanol and glucose in microcosms occurred in 

conjunction with the onset of nitrate reduction. Supplemental ethanol was completely consumed 

by day 8 in conjunction with uranium and sulfate reduction, with transient formation of formate 

observed and acetate accumulating as end product (Figure 2.2A). Acetate accumulated to a 

concentration of 20 mM on day 8 and slowly decreased during the remainder of the incubation. 

The consumption of acetate may have been linked to the reduction of iron in the ethanol 

treatment. In the glucose treatment, glucose was fully consumed by day 6 and acetate was the 

primary fermentation product accumulating, whereas lactate, butyrate, and propionate appeared 

transiently (Figure 2.2B). 

 The form and speciation of iron-bearing minerals was determined for microcosm samples 

from the final time point of the experiment (day 27) for each of the treatments (ethanol, glucose 

and unamended) using Mössbauer spectroscopy (Figure 2.3; Table 2.1). The results of spectra at 
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room temperature (298 K) exhibited no sextet pattern, thus excluding the presence of non 

superparamagnetic hematite, magnetite, and maghemite in ORFRC Area 2 sediments both before 

and after biostimulation (Figure 2.3). All microcosm samples contained peaks for Fe(III) and 

Fe(II) in a silicate phase and the peak areas for Fe(II) were greater in carbon-amended 

microcosms than in the unamended treatment. Spectra at 77 K revealed that the amount of Fe(II) 

in the unamended treatment was 14.6% of the total iron, which increased to 27.9 and 29.0% of 

total Fe in the ethanol and glucose treatments, respectively (Table 2.1). A poorly ordered or Al-

substituted goethite phase was also present in all samples, and it was partially dissolved by 

microbial activity, as indicated by the decrease in sextet area between the unamended (49% of 

total Fe) and carbon-amended (40% of total Fe) samples. The increase in Fe(II) percentage was 

at the expense of Fe(III) in silicate, which decreased from 42% (at 77 K) in the unamended to 

32% (at 77 K) in the carbon-amended treatments (Table 2.1).   

Enumeration of microbial groups of dominant TEAPs.  

 Microbial functional groups, NRB and FeRB, were enumerated using a MPN approach 

during the nitrate- (day 7) and iron-reduction (day 21) phases of the carbon amended 

microcosms. NRB and FeRB were enumerated in the unamended control microcosms and 

homogenized FB094 sediment samples with either ethanol or glucose added as the electron 

donor. The abundance of NRB in the microcosms on day 7 and 21 of the incubation was 10
9
 

cells ml
-1 

in both the ethanol and glucose treatments. The abundance of nitrate-reducers in the 

glucose treatment at day 21 could not be determined, because it was not possible to distinguish 

whether positive growth was a result of nitrate respiration or glucose fermentation. The 

enumeration of NRB in the unamended microcosm and homogenized FB094 sediment revealed a 

greater abundance in cultures with glucose as the carbon substrate as compared to those amended 

with ethanol (Table 2.2).  

 In all MPN series, FeRB were more abundant in the ethanol treatment compared to the 

glucose treatment (Table 2.2). Fe(III)-reducing cultures grown on ethanol produced a black, 

magnetic precipitate, whereas those grown on glucose did not. During the nitrate (day 7) and iron 

reduction (day 21) phases of the incubation the abundance of FeRB in the glucose and ethanol 

treatments was between 10
6

 and 10
9 
cells g

-1 
sediment (wet wt) (Table 2.2). The enumeration of 

FeRB in the unamended microcosm and homogenized FB094 sediment showed counts of less 
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than 10
4
 cells ml

-1
; however, the abundance was an order of magnitude lower in the unamended 

microcosm compared to the core material (Table 2.2).    

Phylogenetic analysis of clone libraries.  

 DNA extracts from microcosm samples were PCR amplified using Bacteria domain-

specific primers then pooled to construct a single clone library representing the community 

throughout the incubation. The highest positive dilutions from each MPN series were pooled for 

DNA extraction, PCR amplification and clone library construction resulting in four libraries for 

each set of cultivation conditions {ethanol and nitrate (EtOH+NO3
-
), glucose and nitrate 

(Glu+NO3
-
), ethanol and iron (EtOH+Fe), and glucose and iron (Glu+Fe)}. A total of 74 

microcosm- and 227 MPN-derived clones were screened using restriction fragment length 

polymorphism (RFLP) analysis and a representative clone was sequenced for each phylotype. 

The 37 phylotypes sequenced from the microcosm- and MPN-derived clone libraries were most 

closely related to members of the Proteobacteria (classes Beta-, Delta- and 

Gammaproteobacteria), Gemmatimonadetes, Firmicutes, and Actinobacteria lineages.  

 Microcosm-derived SSU rRNA gene clones grouped into 14 different phylotypes and the 

most frequently detected lineages were the Beta- (50% of total clones) and 

Gammaproteobacteria (44.6% of total clones) with the Gemmatimonadetes and Firmicutes phyla 

each comprising 2.7% of total clones (Table 2.3). Microcosm-derived clone A2-1c21 was most 

closely related (98% sequence similarity) to the Betaproteobacteria nitrate-reducing isolate 

Castellaniella sp. 4.5A2 (Spain et al. 2007) obtained from the ERSP-ORFRC site. The six 

phylotypes detected in the EtOH+Fe MPN-derived clone library were most closely related (99% 

identical) to Geobacter metallireducens (Lovley et al. 1993) within the Deltaproteobacteria 

(Table 2.3, Figure 2.4). Four of the phylotypes detected in the Glu+Fe MPN-derived clone 

library grouped within the Firmicutes and Gammaproteobacteria, representing 2.9 and 95.7% of 

total clones, respectively. The remaining two phylotypes, Glu+Fe-c01 and Glu+Fe-c10, were 

related to the fermentative bacteria, Tolumonas auensis (Fischer-Romero et al. 1996), within 

Aeromonadaceae family of the Gammaproteobacteria (Table 2.3, Figure 2.4).   

 In nitrate-reducing MPN-derived clone libraries the most frequently detected lineages 

were the Beta- (47.9 and 65.0% of clones from Glu+NO3
- 
and EtOH+NO3

-
, respectively) and 

Gammaproteobacteria (50.0 and 12.5% of clones from Glu+NO3
-
 and EtOH+NO3

-
, respectively) 

(Table 2.3, Figure 2.4). The seven Betaproteobacteria-related phylotypes grouped within 
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Alcaligenaceae, Neisseriaceae, Rhodocyclaceae, Comamonadaceae, and Oxalobacteraceae 

families. Phylotype EtOH+NO3
-
-c09 had 99% sequence similarity to the Comamonadaceae 

nitrate-reducing isolate Diaphorobacter nitroreducens (Khan et al. 2002), whereas, phylotype 

Glu+NO3
-
-c24 had 96% sequence similarity to the Rhodocyclaceae isolate Dechloromonas sp. 

strain R-28400 (Heylen et al. 2006) (Table 2.3, Figure 2.4). The eight Gammaproteobacteria-

related phylotypes grouped in the Enterobacteriaceae, Pseudomonadaceae, and 

Aeromonadaceae families. Enterobacteriaceae-related phylotypes included Glu+NO3
-
-c13, 

which was 99% similar to the metal- and nitrate-reducing isolate, Pantoea agglomerans (Francis 

et al. 2000), phylotypes Glu+NO3
-
-c23 and Glu+NO3

-
-c26, with 99% sequence similarity to 

Enterobacter cloacae (GenBank accession number DQ202394), and Glu+NO3
-
-c43 which was 

related to Klebsiella oxytoca (94% sequence similarity) (GenBank accession number AB053117) 

(Table 2.3, Figure 2.4). Phylotypes related to the Pseudomonadaceae family included EtOH-

NO3-c18, which was most closely related to the ERSP-ORFRC clone 005C-B03 (Fields et al. 

2005), and phylotype A2-4c03, related to Gammaproteobacterium BT-P-1 (GenBank accession 

number AY539822). The two phylotypes related to the Actinobacteria phyla represented 2.1% of 

total clones in the Glu+NO3
-
 library, whereas the remaining 22.5% of the EtOH+NO3

-
 phylotypes 

were related to the Gemmatimonadetes phyla (Table 2.3).  

TRFLP analysis of cultivated microorganisms.  

 SSU rRNA gene sequences derived from MPN and microcosm clone libraries 

constructed in this study were added to a database of all SSU rRNA genes generated from 

previous work at the ORFRC site. All sequences containing the 27F forward primer were 

digested in silico using the MnlI recognition site to determine the size of the 5’ terminal 

fragment. Currently, the ORFRC sequence database consists of > 2000 SSU rRNA gene 

sequences and > 850 of the sequences are of the appropriate size to generate terminal fragment 

sizes using in silico digestion. The terminal fragment (TRF) length was then matched to the peak 

sizes from TRFLP profiles to identify the phylotypes present in each MPN sample.  

 TRFLP peaks detected in nitrate-reducing enrichment cultures were consistent with the 

TRF sizes expected for microorganisms belonging to the Proteobacteria (classes Beta-, Delta-, 

and Gammaproteobacteria), Chloroflexi, Bacteroidetes, Gemmatimonadetes, Firmicutes, and 

Actinobacteria phyla (Table 2.4). It is interesting to note that TRF of sequences from the 

Gemmatimonadetes phylum were only detected in the NRB cultures with glucose supplemented 
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as an electron donor. TRFLP profiles from iron-reducing enrichments revealed that the 

community was comprised of members of the Proteobacteria (classes Alpha-, Beta-, Delta-, and 

Gammaproteobacteria), Chloroflexi, Bacteroidetes, Firmicutes, and Actinobacteria phyla (Table 

2.4). Members of the Alphaproteobacteria were only detected in FeRB cultures supplemented 

with either glucose or ethanol as the electron donor. TRFLP peaks identified to the 

Betaproteobacteria (families Oxalobacteraceae, Comamonadaceae, and Rhodocyclaceae) were 

observed in ethanol and glucose amended NRB and FeRB MPN cultures (Table 2.4). Peaks 

observed in both NRB and FeRB cultures matched to the Oxalobacteraceae-related microcosm-

derived clone A2-4c12 and the Dechloromonas-related phylotypes A2-4c15 and Glu+NO3
-
-c24 

(Table 2.3). The Comamonadaceae family was unique to FeRB cultures and peaks matched the 

terminal fragment size of the Diaphorobacter-related microcosm-derived clone A2-1c26 (Table 

2.3). Peaks identified to the Gammaproteobacteria in the NRB and FeRB MPN cultures (Table 

2.4) matched in silico digests of microcosm- and MPN-derived clones related to members of the 

Enterobacteriaceae, Pseudomonadaceae and Xanthomonadaceae families (Figure 2.4). These 

peaks represented a large percentage of peak area (~15-34%) in glucose cultures inoculated from 

the unamended microcosms and homogenized sediment samples. Deltaproteobacteria-related 

TRFLP peaks were predominantly detected in FeRB cultures, with the highest abundance in 

ethanol amended cultures, and peaks were identified as Anaeromyxobacter and Geobacter genera 

(Table 2.4). In NRB and FeRB MPN series peaks were related to the Actinobacteria, with the 

most frequently detected peak related to the genus Arthrobacter in the Micrococcaceae family 

(Table 2.4). Firmicutes-identified peaks, representing the Clostridiaceae and Staphylococcaceae 

families, were found in all culture conditions and the abundance of this group varied throughout 

the incubation depending on electron donor. 

Quantification of functional gene expression.  

 The metabolic activity of iron-reducing bacteria was related to levels of mRNA 

transcripts for the Geobacteraceae–specific citrate synthase (gltA) gene (Holmes et al. 2005), a 

key gene involved in the incorporation of acetate into the TCA cycle. Levels of gltA transcription 

correlated with the depletion of supplemental electron donors and the accumulation of acetate in 

sediment microcosms after 27 days of incubation. The number of gltA transcripts was higher in 

the glucose amended microcosms (7.1 × 10
6
 ±1.5 × 10

6
 gltA copies µg

-1 
mRNA) compared to 4.8 

× 10
6 

±1.5 × 10
6
 gltA copies µg

-1 
mRNA in the ethanol amended microcosms. Levels of gltA 



 49

transcripts were 5.3 × 10
4
 (±5.1 × 10

3
) gltA copies µg

-1 
mRNA in the unamended microcosms. 

Phylogenetic analysis of partial gltA cDNA clone sequences indicated that the sequences were 

most closely related to members of the Geobacteraceae family, Geobacter bemidjiensis, isolated 

from petroleum-contaminated aquifer sediment (Nevin et al. 2005), Geobacter metallireducens, 

isolated from freshwater sediments (Lovley et al. 1993), Geobacter uraniireducens, isolated 

from uranium contaminated sediments in Rifle, CO (Anderson et al. 2003), and Geobacter strain 

FRC-32, isolated from the ORFRC site (data not shown).  

DISCUSSION 

 In situ uranium bioremediation is focused on biostimulating indigenous microorganisms 

through a combination of pH neutralization and the addition of large amounts of electron donor. 

Glucose and ethanol have been previously demonstrated to stimulate microbial U(VI) reduction 

in the field (Istok et al. 2004; Michalsen et al. 2006; Wu et al. 2006) and are the favored electron 

donors for bioremediation strategies. However, little data is available on the dynamics of 

microbial populations capable of U(VI) reduction in subsurface sediments, and the differences in 

the microbial community dynamics between proposed electron donors have not been explored. 

Microbial community dynamics were investigated in microcosms constructed with uranium-

contaminated sediment and groundwater from the Oak Ridge Field Research Center (ORFRC) 

unamended and amended separately with glucose or ethanol. We observed distinct differences in 

the structure and function of microbial communities capable of U(VI) reduction stimulated with 

glucose or ethanol. Ethanol promoted more complete reduction of U(VI) compared to the 

glucose treatment and members of the Proteobacteria, Firmicutes, and Actinobacteria played a 

significant role in mediating processes important to immobilization of U(VI) in contaminated 

sediments. 

 The activity of microbial communities in ORFRC subsurface sediments is limited by 

carbon availability, and metal reduction is inhibited by the high concentrations of nitrate 

cocontaminants (Brooks 2001; Jardine et al. 2003; NABIR 2003; Moon et al. 2006; Nyman et al. 

2006; Edwards et al. 2007; Michalsen et al. 2007). Consistent with prior studies, the addition of 

supplemental electron donors, glucose and ethanol, to microcosms successfully stimulated 

microbial activity. Metal reduction was not detectable until nitrate was largely removed, and 

U(VI) concentrations increased during nitrate reduction likely due to abiotic oxidation of U(IV) 

by nitrate reduction intermediates (Finneran et al. 2002; Senko et al. 2002; Senko et al. 2005; 
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Senko et al. 2005). FeRB were also affected by the high concentrations of nitrate (15 mM) 

present in ORFRC groundwater as seen in the lower abundance of this group in non-

biostimulated treatments where nitrate had not been depleted.  

 In this study, we provide evidence that the choice of supplemental electron donors for 

biostimulation can have a major impact on the activity and functional diversity of subsurface 

microbial communities capable of U(VI) reduction. The succession of terminal electron 

accepting processes (TEAPs), important for uranium reduction, differed significantly from 

glucose to ethanol amended microcosms. Regardless of the treatment, the majority of electron 

donor was incompletely oxidized in the microcosms, with acetate accumulating as the primary 

end product. In contrast to the ethanol microcosms, we detected transient products of carbon 

oxidation in the glucose treatment, indicating that in addition to respiratory pathways, a portion 

of the supplemental glucose was oxidized through fermentation. Numerous pathways of glucose 

fermentation exist that can generate acetate as an end product and can support a more diverse 

microbial community. Indeed, we observed that the abundance and diversity of microorganisms 

was higher in glucose amended microcosms and U(VI) and Fe(III) were reduced concurrently 

before the complete removal of nitrate. We hypothesize that the addition of glucose stimulated a 

mixed population of NRB and fermentative microorganisms that shunt electrons to metals. NRB 

and FeRB cultivated from microcosms amended with glucose were predominantly related to 

Proteobacteria-, Actinobacteria-, and Firmicutes-related phyla. Taxa within these groups, such 

as Tolumonas spp. and Clostridium spp., have been shown to ferment glucose to acetate and 

Clostridium spp. has been shown to shunt electrons to Fe(III). Evidence has also been presented 

for the functional diversity of Arthrobacter spp. (Actinobacteria) and Pantoea agglomerans 

(Gammaproteobacteria). Arthrobacter spp. utilizes glucose, can reduce nitrate (Eschbach 2003) 

and bioprecipitate U(VI) (Martinez et al. 2007); whereas, P. agglomerans, can couple growth to 

the reduction of nitrate and metals (Francis et al. 2000). The overlap in potential function and 

detection of these microbial groups could account for the observed overlap in TEAPs and 

supports our inference that U(VI) and Fe(III) reduction was due to the activity of both 

dissimilatory metal reducing and fermentative bacteria. In addition, members of the 

Gemmatimonadetes phylum comprised a large portion of NRB in the glucose treatment and 

currently little is known about the functional role of this group. This phylum is represented by a 

single isolated strain
 
and uncultured representatives from multiple terrestrial and

 
aquatic habitats 
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(Zhang 2003). Therefore, future work should explore the role of this group in the bioremediation 

of nitrate and uranium contaminated subsurface environments.  

 The addition of ethanol as a supplemental electron donor promoted rapid and effective 

U(VI) reduction and selected for a population of anaerobic respiratory microorganisms within 

the Proteobacteria, Firmicutes, and Actinobacteria phyla. In the ethanol treatment, nitrate was 

fully consumed two days earlier than in the glucose treatment in conjunction with incomplete 

oxidation of ethanol. The removal of nitrate allowed for a shift to U(VI) reduction that 

overlapped with sulfate reduction. Concurrent reduction of sulfate and U(VI) prior to the onset of 

Fe(III) reduction has been observed in biostimulation studies at the ORFRC (Michalsen et al. 

2006; Nyman et al. 2006; Wu et al. 2006) and laboratory studies of SRB have shown that the 

rate of uranium reduction is enhanced in the presence of sulfate (Spear et al. 2000; Sani et al. 

2005). Therefore, we propose that the overlap of U(VI) and sulfate reduction is due to the 

activity of SRB that couple the oxidation of ethanol to U(VI) reduction. This is based on the 

assumption that all U(VI) reduction observed was due to biotic processes, however we cannot 

rule out the possibility that abiotic reduction was occurring due to the accumulation of sulfides or 

Fe(II) from TEAPs. Previous studies have shown that abiotic reduction of U(VI) is much slower 

than the enzymatic reaction (Gorby and Lovley 1992; Lovley and Phillips 1992; Abdelouas et al. 

1998) and therefore it is unlikely that the U(VI) reduction observed in the microcosms is solely 

due to abiotic reactions. Although we did not enumerate SRB, it is reasonable to assume based 

on the initial nitrate concentration (15 mM) that SRB were in low abundance and out competed 

by NRB. The concurrence of sulfate and uranium reduction coupled to ethanol oxidation to 

acetate emphasizes the potential importance of SRB as a key functional group in ethanol 

biostimulated sediments. 

 The taxa detected in the ethanol amended treatment were related to known dissimilatory 

NRB and FeRB in the Proteobacteria, Actinobacteria, and Firmicutes phyla. A higher 

abundance of Actinobacteria and Firmicutes phyla was observed during the early part of the 

ethanol microcosm incubation, which suggests that these groups are actively involved in nitrate 

reduction and subsequent uranium reduction. In ethanol amended microcosms, the NRB detected 

were primarily related to Gamma- and Betaproteobacteria taxa that are known to reduce nitrate 

and metals. The Gammaproteobacteria genus Pseudomonas was detected throughout the time 

points of our study and grows with nitrate as an electron acceptor and enzymatically catalyzes 

the reduction of U(VI) to U(IV) (Francis et al. 2000; Wall and Krumholz 2006). The 
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Betaproteobacteria genera Dechloromonas, Diaphorobacter, Acidovorax and Castellaniella 

were abundant during the time points of shifting TEAPs in our microcosms and these groups 

were detected previously in ORFRC subsurface sediments (North et al. 2004; Fields et al. 2005; 

Akob et al. 2007; Spain et al. 2007). Taxa within the Dechloromonas and Diaphorobacter 

genera reduce nitrate (Khan et al. 2002; Horn et al. 2003; Khardenavis et al. 2007) and are likely 

responsible for mediating nitrate reduction in the carbon amended microcosms. Dechloromonas 

spp. have been shown to reduce sulfate (Horn et al. 2003) and we suggest that this group is 

responsible for the overlap in sulfate and U(VI) reduction observed in the ethanol amended 

microcosms. The denitrifying bacteria of the genera Acidovorax and Castellaniella have been 

isolated from the ORFRC site (Nyman et al. 2006; Spain et al. 2007) and the Acidovorax isolate 

can reduce U(VI) (Nyman et al. 2006). U(VI) and nitrate reduction can also be performed by the 

dissimilatory FeRB groups Anaeromyxobacter and Geobacter (Deltaproteobacteria). The 

highest abundance of FeRB was observed in the ethanol amended treatment and the microbial 

community was dominated by Deltaproteobacteria taxa. Environmental clone sequences closely 

related to members of the Deltaproteobacteria were shown to increase after biostimulation of the 

ORFRC subsurface with glucose or ethanol (Istok et al. 2004; North et al. 2004; Peacock et al. 

2004). The detection of Proteobacteria, Actinobacteria, and Firmicutes taxa in cultivation-

independent studies in groundwater and sediments at the ORFRC (Istok et al. 2004; North et al. 

2004; Peacock et al. 2004; Michalsen et al. 2006; Nyman et al. 2006; Wu et al. 2006; Wu et al. 

2006; Akob et al. 2007) led previous groups to infer their physiological role in bioremediation. 

By coupling the geochemical analysis with community characterization, we provide further 

evidence that these taxa are active during bioremediation and are likely involved in nitrate, 

U(VI) and Fe(III)-reduction.  

 Iron(III)-containing minerals are considered important electron acceptors for microbial 

respiration and can impact the fate and transport of uranium contaminants by acting as sorbents 

of U(VI) (Hsi and Langmuir 1985; Read et al. 1993; Catalano and Brown 2005). Analysis of iron 

mineralogy indicated that phyllosilicates and goethite were reduced only in the carbon amended 

microcosms, and phyllosilicate clay minerals were the predominant form of Fe(III)-containing 

minerals metabolized. This is consistent with the observations that pure cultures of Fe(III)-

reducing bacteria readily respire model Fe(III)-rich phyllosilicate clays (Kostka et al. 2002), and 

the structural Fe(III) in phyllosilicates is likely to be reduced prior to Fe (oxyhydr)oxides. Clay 

minerals are highly reactive soil components and account for a large fraction of Fe-containing 
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minerals available for microbial respiration in subsurface sediments. Here we provide evidence 

that FeRB from uranium contaminated subsurface sediments are capable of coupling the 

reduction of Fe(III)-rich clays to the oxidation of acetate which had accumulated as an end 

product of incomplete glucose and ethanol oxidation. Acetate supports the growth of 

Geobacteraceae species in enrichment cultures supplemented with Fe(III)-rich clay minerals 

(Kostka et al. 2002) and oxidation of acetate in this group proceeds through a complete citric 

acid (TCA) cycle which is controlled by the citrate synthase protein (Holmes et al. 2005). By 

quantifying the levels of citrate synthase (gltA) transcripts we demonstrated a stimulation of 

Geobacteraceae activity during metal reduction in carbon amended microcosms with the highest 

expression observed in the glucose treatment. The active FeRB were most closely related to 

Geobacteraceae members cultivated from contaminated subsurface environments (Lovley et al. 

1993; Anderson et al. 2003; Nevin et al. 2005; Vrionis et al. 2005) and shown to be important 

members of FeRB consortia in sediments (Lovley 1991; Rooney-Varga et al. 1999; Snoeyenbos-

West et al. 2000; Duff et al. 2002). By targeting a metabolic gene unique to the Geobacteraceae 

family we were able to directly link the transformation of specific Fe(III) minerals with the 

oxidation of acetate by FeRB. We reiterate that Fe(III)-rich clay minerals comprise an important 

electron acceptor available for dissimilatory metal reducing metabolism in terrestrial subsurface 

sediments. The presence and activity of FeRB is important to the long-term stability of U(IV) in 

the subsurface due to the potential for U(IV) oxidation by Fe(III) minerals (Sani 2004; Senko et 

al. 2005; Senko et al. 2005). 

 Ethanol and glucose have been considered as the primary electron donors to stimulate the 

reductive immobilization of U(VI) in bioremediation practices at the ORFRC. This study 

revealed that the addition of ethanol stimulated rapid nitrate reduction followed by the complete 

reduction of U(VI) concurrent with sulfate reduction. We therefore propose that ethanol is a 

more appropriate electron donor than glucose for future in situ bioremediation practices, and that 

SRB are most likely a critical microbial functional group involved in the reductive 

immobilization of U(VI). The accumulation of acetate, followed by slow oxidation, may serve as 

a long-term electron donor to support the maintenance of a reduced subsurface environment 

thereby promoting the insolubility of U(IV) species. The microbial community within the 

ethanol treatment was composed of members of the Proteobacteria, Actinobacteria, and 

Firmicutes including phylogenetic groups not previously associated with uranium 

bioremediation, e.g., Arthrobacter and Dechloromonas. Biostimulation promoted the reduction 
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of Fe(III)-rich clay materials and the transcription of citrate synthase genes unique to FeRB 

within the family Geobacteraceae. Members of the Geobacteraceae family are substantial 

contributors to metal reduction in uranium-contaminated subsurface sediments and are important 

for the long-term stability of reduced uranium. We speculate that these groups are well adapted 

for the extremes of contaminated subsurface sediments and are a good target for effective in situ 

uranium bioremediation.  
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Table 2.1. Mössbauer parameters of microcosm samples: δ = isomer shift; ∆ = quadrupole 

splitting; Γ = line full width at half maximum; Bhf = magnetic hyperfine field; and RA = relative 

peak area. Errors in the isomer shift and quadrupole splitting are ± 0.01 mm/s, hyperfine field 

±0.5 T, and relative areas ±1%.
 

Sample 
Temp 

K 

Fe State
†
 

or Phase 
δδδδ mm/s 

∆∆∆∆ 

mm/s 

Bhf 

T 

Γ 

mm/s 

RA 

% 

Unamended 

RT 
Fe(III) 0.35 0.54 -  83 

Fe(II) 1.13 2.84 -  17 

LN2 

Fe(III) 0.48 0.68 - 0.68 44 

Fe(II) 1.27 2.97 - 0.42 15 

Goethite 0.45 -0.27 47 - 41 

LHe 

Fe(III) 0.49 0.73 - 0.68 39 

Fe(II) 1.27 3.02 - 0.50 13 

Goethite 0.47 -0.25 49.5 - 48 

Glucose 

RT 
Fe(III) 0.34 0.52 -  77 

Fe(II) 1.09 1.97 -  23 

LN2 

Fe(III) 0.48 0.59 - 0.71 34 

Fe(II) 1.27 2.90 - 0.55 31 

Goethite 0.50 -0.26 48.4 - 35 

LHe 

Fe(III) 0.47 0.73 - 0.96 31 

Fe(II) 1.30 2.99 - 0.60 26 

Goethite 0.47 -0.28 49.5 - 43 

Ethanol 

RT 
Fe(III) 0.35 0.53 -  77 

Fe(II) 1.09 1.97 -  23 

LN2 

Fe(III) 0.47 0.60 - 0.60 34 

Fe(II) 1.28 2.94 - 0.49 28 

Goethite 0.49 -0.19 47.7 - 38 

LHe 

Fe(III) 0.50 0.71 - 0.94 29 

Fe(II) 1.26 3.00 - 0.62 26 

Goethite 0.47 -0.26 49.5 - 45 
 

†
 Fe(III) and Fe(II) are ferric and ferrous iron, respectively, in the phyllosilicate phase. 
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Table 2.2. Enumeration of iron- and nitrate-reducing bacteria in carbon amended and unamended 

microcosms and homogenized FB094 core sediment.  

Inoculum, day 
MPN 

Carbon 

Substrate 

MPN (cells g
-1

) of
a
: 

FeRB
b 

NRB
c 

Glucose microcosms, day 7  Glucose 3.2 × 10
6
 4.5 × 10

9
 

  (7.0 × 10
5 
– 1.5 × 10

7
)

 
(9.5 × 10

8
 – 2.1 × 10

10
) 

Ethanol microcosms, day 7 Ethanol 1.0 × 10
9
 2.5 × 10

9
 

  (2.2 × 10
8
 – 4.7 × 10

9
) (5.5 × 10

8
 – 1.2 × 10

10
) 

Glucose microcosms, day 21 Glucose 2.0 × 10
7
 ND 

  (4.3 × 10
6 
– 9.5 × 10

7
) ND 

Ethanol microcosms, day 21 Ethanol 2.0 × 10
8
 2.0 × 10

9
 

  (4.3 × 10
7
– 9.50 × 10

8
) (4.3 × 10

8
 – 9.5 × 10

9
) 

Unamended microcosms, day 21 Glucose 1.2 × 10
2
 1.0 × 10

8
 

  (25 – 5.5 × 10
2
) (2.2 × 10

7
– 4.7 × 10

8
) 

 Ethanol 1.0 × 10
4
 4.5 × 10

7
 

 (2.2 × 10
3
 – 4.7 × 10

4
) (9.5 × 10

6 
– 2.1 × 10

8
) 

Homogenized FB094 Sediment Glucose 2.1 × 10
3
 4.0 × 10

6
 

  (4.5 × 10
2 
– 9.8 × 10

3
) (8.6 × 10

5 
– 1.9 × 10

7
) 

 Ethanol 1.5 × 10
4
 4.0 × 10

3
 

 (3.2 × 10
3
 – 7.0 × 10

4
) (8.6 × 10

2
 – 1.9 × 10

4
) 

 
a
Abundance, in cells g

-1
 sediment wet wt, determined in three replicate MPN serial dilutions after 

three months incubation at 30°C. Values in parentheses represent the range of the MPN values 

within 95% certainty. ND, not determined. 

b
MPN estimates for iron-reducing bacteria grown with FeOOH as an electron acceptor. 

c
MPN estimates for nitrate-reducing bacteria grown with nitrate as the electron acceptor. 
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Table 2.3. Summary of phylogenetic affiliation and distribution of SSU rRNA gene clones from clone libraries of microcosm samples and 

MPN dilution series for iron- and nitrate-reducing bacteria.  

Phylogenetic 

Group 

Clone 

Designation 
Nearest relative 

Percent 

Similarity 

Total 

Clones 

Number of related clones for each sample 

Microcosm EtOH+Fe Glu+Fe Glu+NO3 EtOH+NO3 

β-Proteobacteria A2-4c13 Diaphorobacter sp. NA5 (DQ294626) 99 21 10 0 0 1 10 

 A2-4c08 AS clone OS1L-9 (AB076866) 98 28 12 0 0 1 15 

 A2-4c12 SG clone BANW610 (DQ264566) 96 5 4 0 0 1 0 

 A2-4c11 Bacterium str. 82348 (AF227863) 96 3 3 0 0 0 0 

 A2-1c21 Castellaniella sp. 4.5A2 (EF175377) 98 2 2 0 0 0 0 

 A2-4c15 Dechloromonas sp. R-28400 (AM084133) 96 2 2 0 0 0 0 

 A2-4c17 WW clone 26-ORF26 (DQ376562) 93 2 2 0 0 0 0 

 A2-1c26 SG clone BANW492 (DQ264474) 89 2 2 0 0 0 0 

 Glu+NO3-c03 Betaproteobacterium clone AKYG578 (AY922035) 96 12 0 0 0 12 0 

 Glu+NO3-c24 Dechloromonas sp. strain R-28400 96 2 0 0 0 2 0 

 Glu+NO3-c12 Betaproteobacterium clone AKYG578 (AY922035) 96 4 0 0 0 4 0 

 Glu+NO3-c04 Betaproteobacterium clone AKYG578 (AY922035) 96 2 0 0 0 2 0 

 EtOH+NO3-c09 Diaphorobacter nitroreducens (AB076856) 99 1 0 0 0 0 1 

δ−Proteobacteria  EtOH+Fe-c01 Geobacter metallireducens GS-15 (CP000148) 99 31 0 31 0 0 0 

 EtOH+Fe-c03 Geobacter metallireducens GS-15 (CP000148) 99 33 0 33 0 0 0 

 EtOH+Fe-c32 Geobacter metallireducens GS-15 (CP000148) 99 1 0 1 0 0 0 

 EtOH+Fe-c36 Geobacter metallireducens GS-15 (CP000148) 99 1 0 1 0 0 0 

 EtOH+Fe-c48 Geobacter metallireducens GS-15 (CP000148) 99 1 0 1 0 0 0 

 EtOH+Fe-c55 Geobacter metallireducens GS-15 (CP000148) 99 1 0 1 0 0 0 

 Glu+Fe-c88 Geobacter metallireducens GS-15 (CP000148) 99 1 0 0 1 0 0 



 58

Table 2.3. –Continued.  

Phylogenetic 

Group 

Clone 

Designation 
Nearest relative 

Percent 

Similarity 

Total 

Clones 

Number of related clones for each sample 

Microcosm EtOH+Fe Glu+Fe Glu+NO3 EtOH+NO3 

γ−Proteobacteria A2-4c05 Enterobacter cloacae strain B5 (DQ202394) 97 16 16 0 0 0 0 

 Glu+Fe-c10 Tolumonas auensis (X92889) 96 1 0 0 1 0 0 

 A2-4c10 Enterobacter sp. MACL08B (EF198245) 99 11 8 0 0 3 0 

 A2-1c56 Tolumonas auensis (X92889) 96 1 1 0 0 0 0 

 A2-4c03 Gammaproteobacterium BT-P-1 (AY539822) 98 12 8 0 0 0 4 

 Glu+NO3-c43 Klebsiella oxytoca (AB053117) 99 1 0 0 0 1 0 

 Glu+NO3-c23 Enterobacter cloacae strain B5 (DQ202394) 99 1 0 0 0 1 0 

 Glu+NO3-c26 Enterobacter cloacae strain B5 (DQ202394) 99 1 0 0 0 1 0 

 Glu+NO3-c13 Pantoea agglomerans (AY691543) 99 1 0 0 0 1 0 

 EtOH+NO3-c18 NABIR-FRC clone 005C-B03 (AY661994) 96 1 0 0 0 0 1 

 Glu+Fe-c01 Tolumonas auensis (X92889) 96 83 0 0 66 17 0 

Firmicutes Glu+Fe-c92 Clostridium sp. Kas106-4 (AB114263) 97 1 0 0 1 0 0 

 Glu+Fe-c91 Clostridium chromoreductans (AY228334) 97 1 0 0 1 0 0 

 A2-1c13 Clostridium beijerinckii (X68180) 98 2 2 0 0 0 0 

Gemmatimonadetes A2-1c12 Soil clone AKYH1201 (AY921785) 93 11 2 0 0 0 9 

Actinobacteria Glu+NO3-c44 Isoptericola dokdonensis strain DS-3 (DQ387860) 95 1 0 0 0 1 0 

 Glu+NO3-c31 Isoptericola dokdonensis strain DS-3 (DQ387860) 95 1 0 0 0 1 0 
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Table 2.4. Phylogenetic affiliation of identified TRFLP peak area in the highest positive dilutions for MPN dilution series for iron- and 

nitrate-reducing bacteria. 

 

 

a 
TRFLP peaks were identified by in silico digests with MnlI of ORFRC clone sequences. Unam, unamended control microcosm; Sed, 

homogenized FB094 sediment, --, none detected.

Phylogenetic 

Group 

% Total peak area for MPN dilution series with culture conditions of
a
: 

EtOH+NO3
 

Glu+NO3 EtOH+Fe Glu+Fe 

Day 

7 

Day 

21 
Unam

 
Sed

 Day 

7 

Day 

21 
Unam. Sed. 

Day 

7 

Day 

21 
Unam. Sed. 

Day 

7 

Day 

21 
Unam. Sed. 

α-Proteobacteria --
 

-- -- -- -- -- -- -- 6.9 1.6 -- -- -- 2.2 -- 1.9 

β-Proteobacteria 2.3
 
 --

 
 -- 25.9 13 1.2 -- 17.8 1.6 7.6 7.6 50.4 3.5 17.8 2.7 5.8 

δ-proteobacteria 1.8 -- -- -- -- -- -- -- 1.1 44.4 4.9 21.8 -- 16.6 1.5 2.6 

γ-proteobacteria -- 19.2 24.1 -- 16.2 2.1 32.6 19.3 1.6 -- 1.8 1.1 1.4 -- 15.3 33.5 

Firmicutes 4.8 -- -- -- 5.1 10.5 1.8 19.3 43.4 -- -- 11.2 21.6 2.2 5.8 8.3 

Actinobacteria 25.5 7.4 -- -- 1.6 -- 21.9 -- -- -- 9.4 -- 8.8 3.5 5.9 13.7 

Chloroflexi 4.1 5.8 7.8 -- 2.1 -- 5.7 -- -- -- 1.2 -- -- -- -- -- 

Gemmatimonadetes -- -- -- -- 23.5 -- 24.2 -- -- -- -- -- -- -- -- -- 

Bacteroidetes 2.9 4.3 5.7 26.5 2.1 -- 4.2 -- -- -- -- -- 4.6 3.3 -- -- 
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Figure 2.1. Electron acceptor usage in (A) ethanol and (B) glucose amended microcosms. Values 

are averages of triplicate microcosms.  
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Figure 2.2. Electron donor utilization in (A) ethanol and (B) glucose amended microcosms as 

determined using high performance liquid chromatography (HPLC).  Values are averages of 

triplicate microcosms.  
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Figure 2.3. Mössbauer spectra of ORFRC ethanol-, glucose-amended, or unamended microcosm 

samples measured at room temperature (RT, nominally 298 K), liquid nitrogen temperature 

(LN2, nominally 77 K), and liquid helium temperature (LHe, nominally 4.2 to 6 K). Curves in 

red are Fe(III) (oxyhydr)oxides, in green are Fe(II) in phyllosilicates, in blue are Fe(III) in 

phyllosilicates, and in black are the sum of all components (fitted experimental spectrum). 

 



 

63 

 

Figure 2.4. Phylogenetic tree of SSU rRNA gene clone sequences (indicated by boldface type), 

as determined by neighbor-joining methods incorporating Jukes–Cantor distance correction, and 

environmental clone reference sequences. Sulfolobus acidocaldarius was used as the out group. 

One thousand bootstrap analyses were conducted, and branch points supported by bootstrap 

resampling are indicated by filled circles (bootstrap values > 90%) and open circles (bootstrap 

values > 75%). The scale bar indicates 0.1 change per nucleotide position.  
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CHAPTER 3: METABOLICALLY ACTIVE BACTERIA MEDIATING ELECTRON FLOW IN URANIUM-

CONTAMINATED SUBSURFACE SEDIMENTS 

Denise M. Akob, Michael S. Humphrys, Stefan J. Green, Kuk-Jeong Chin, Lee Kerkhof, Kirsten 

Küsel, David B. Watson, Anthony V. Palumbo, and Joel E. Kostka 

ABSTRACT 

Ethanol and acetate are the preferred electron donors for stimulating in situ microbial 

activity and U(VI) reduction at uranium-contaminated sites. The goal of this study was to 

directly link the metabolic activity of the microbial populations utilizing supplemental electron 

donors with their phylogenetic structure, in order to provide data for the refinement of U(VI) 

bioremediation strategies. Microcosms were amended with 
13

C-labeled ethanol or acetate as 

supplemental electron donors and molybdate was added to select treatments as an inhibitor of 

sulfate reduction. Microbial activity was assessed by monitoring terminal electron accepting 

processes (TEAPs) (e.g., NO3
-
, SO4

2-
, Fe(II) and U(VI) concentrations) and electron donor 

utilization. 
13

C incorporation into community DNA was examined by density gradient 

ultracentrifugation along with PCR amplification and terminal restriction fragment length 

polymorphism (TRFLP) analysis. Incorporation of 
13

C was detected by day 3, corresponding 

with the onset of TEAPs and carbon utilization.  Metal reduction commenced only with removal 

of nitrate and U(VI)-reduction preceded Fe(III)-reduction. Fe(III)-reduction occurred in all 

treatments, regardless of electron donor or presence of molybdate. Sulfate reduction was most 

rapid in the ethanol-amended treatments, whereas little to no sulfate reduction occurred in the 

acetate- or molybdate- amended treatments. Microbial community composition significantly 

differed with shifts in TEAPs. The predominant and active denitrifying microbial groups were 

identified as members of the Betaproteobacteria, whereas members of the Deltaproteobacteria, 

Actinobacteria, Firmicutes and Bacteroidetes were active during sulfate- and/or metal-reduction. 

Our results directly linked the activity of nitrate- and metal-reducing bacteria with consumption 

of amended electron donors and reductive processes controlling U(VI) bioimmobilization.  

INTRODUCTION 

Mining and milling of uranium for nuclear weapons production has resulted in 

widespread uranium contamination in subsurface environments across North America, South 
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America, and Eastern Europe (Abdelouas et al. 1998). Oxidized uranium, U(VI), is highly 

soluble and toxic, and a potential contaminant to local drinking water supplies (NABIR 2003). 

Nitrate and sulfate are often cocontaminants with U(VI) as a result of the use of nitric and 

sulfuric acid in the processing of uranium and uranium-bearing waste (Brooks 2001; Moon et al. 

2006). Immobilization of oxidized uranium can be achieved in contaminated groundwater 

through the reduction of U(VI) to insoluble U(IV) by indirect (abiotic) and direct (enzymatic) 

processes catalyzed by microorganisms. Current remediation practices favor bioremediation, the 

reductive immobilization of uranium through the “biostimulation” of indigenous microbial 

communities. Biostimulation is the process of modifying an environment to promote microbial 

activity by adding nutrients, e.g., electron donors/acceptors, carbon substrates, or adjusting the 

pH.  

At radionuclide-contaminated sites managed by the U.S. DOE microbially mediated 

uranium reduction does not occur due to electron donor limitation and the presence of competing 

and more energetically favorable terminal electron acceptors, e.g., nitrate and sulfate 

(DiChristina 1992; Finneran et al. 2002; Istok et al. 2004; Michalsen et al. 2006; Wu et al. 2006; 

Wu et al. 2006; Edwards et al. 2007; Akob et al. 2008). In situ and laboratory-based 

bioremediation studies at U.S. DOE sites have successfully employed electron donor 

amendments to stimulate microbial denitrification and reductive immobilization of U(VI) 

(Abdelouas et al. 1998; Senko et al. 2002; NABIR 2003; Istok et al. 2004; North et al. 2004; 

Michalsen et al. 2006; Wu et al. 2006; Edwards et al. 2007; Nyman et al. 2007; Akob et al. 

2008). Ethanol is an effective electron donor for in situ bioremediation practices at the ORFRC 

due to its ability to stimulate rapid nitrate reduction followed by complete reduction of U(VI) 

(Akob et al. 2008). As an end product of ethanol oxidation, acetate has been observed to 

accumulate, followed by slow oxidation in conjunction with the reduction of Fe(III) clay 

minerals (Akob et al. 2008). The reduction of Fe(III) with acetate corresponded to an increase in 

the activity of iron-reducing bacteria within the family Geobacteraceae, which are substantial 

contributors to metal reduction in uranium-contaminated sediments. The fate and transport of 

uranium in groundwater is strongly linked through sorption and precipitation processes to the 

bioreduction of sediment-associated Fe minerals (Hsi and Langmuir 1985; Read et al. 1993; 

Catalano and Brown 2005). Therefore, accumulated acetate may serve as a long-term electron 

donor to support the maintenance of a reduced subsurface environment thereby promoting the 

long-term stability of reduced uranium species. 
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Current understanding of the long-term effectiveness of U(VI) bioremediation is still 

limited by the ability to identify the metabolically active microbial community responsible for 

utilizing supplemental electron donors and mediating observed geochemical processes. 

Dissimilatory Fe(III)-reducing bacteria (FeRB) and sulfate-reducing bacteria (SRB) comprise 

two major groups which have been demonstrated to directly catalyze U(VI) reduction (Tebo and 

Obraztsova 1998; Lovley et al. 2004; Sani 2004; DiChristina 2005; Payne and DiChristina 2006; 

Wall and Krumholz 2006). To date, members of the Proteobacteria (the families 

Shewanellaceae, Geobacteraceae, Desulfovibrionaceae, and Myxococcaceae) and the Firmicutes 

phyla have been used as model organisms for the development of bioremediation strategies for 

metal and radionuclide contaminants (Francis et al. 1994; Tebo and Obraztsova 1998; Lovley et 

al. 2004; Sani 2004; Suzuki et al. 2004; DiChristina 2005; Payne and DiChristina 2006; Wall 

and Krumholz 2006; Sanford et al. 2007). Biogeochemical studies in subsurface aquifers have 

observed an overlap in Fe(III) and sulfate reduction zones, suggesting that these processes may 

be catalyzed by overlapping or competing microbial populations (Jakobsen and Postma 1999; 

Vrionis et al. 2005). In biostimulation experiments amended with ethanol, sulfate- and uranium-

reduction were observed to overlap, suggesting that SRB are likely catalyzing the reduction of 

U(VI) (Akob et al. 2008). However, characterization of microbial communities within ethanol 

treatments revealed the presence of the Proteobacteria, Actinobacteria, and Firmicutes phyla 

with no direct link between observed U(VI)-reduction and SRB.  Therefore, further studies are 

warranted that can provide definitive evidence for the utilization of ethanol for microbial growth 

and as an electron donor for TEAPs. 

Stable isotope probing (SIP) can provide a direct link between biogeochemical processes 

and the identity of microbial populations that catalyze those processes. SIP is based on the 

incorporation of 
13

C-labeled substrate into microbial biomarkers such as nucleic acids, the 

separation of the 
13

C-labeled and unlabeled (
12

C) nucleic acids by density gradient 

centrifugation, and molecular characterization of microbial communities from the separated 

template (Radajewski 2003; Friedrich 2006). DNA-SIP has been successfully applied to directly 

link the structure and function of microbial communities (Radajewski 2003; Wackett 2004; 

Friedrich 2006; Madsen 2006). A problem that has faced DNA-SIP experiments is the need for 

extended incubation times to generate DNA sufficiently 
13

C-labeled for visual separation via 

density gradient centrifugation (Radajewski et al. 2000; Morris et al. 2002; Radajewski et al. 

2002; Wellington et al. 2003). Two methods have been developed to avoid extended incubation 
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periods: (i) density gradient centrifugation with 
13

C-labeled carrier DNA that improves the 

visualization and separation of 
13

C- and 
12

C-DNA bands (Gallagher et al. 2005), and (ii) 

visualization-independent collection of gradient fractions containing a range of 
13

C- and 
12

C-

DNA (Neufeld et al. 2007). The gradient fractionation method generates DNA for analysis that 

spans a range of densities and represents variations in the % C atom incorporation. This method 

allows for analysis of microbial populations that are highly active and rapidly incorporate 
13

C-

labeled substrate, in addition to those populations that may be highly active but slow to 

incorporate the 
13

C-labeled substrate (Neufeld et al. 2007).  

The composition and physiological requirements of subsurface microbial communities 

have been shown to impact the success of U(VI) bioremediation practices. The addition of 

ethanol was shown to promote successful U(VI) bioimmobilization and we hypothesize that SRB 

and FeRB populations are catalyzing the reductive immobilization of U(VI) in subsurface 

radionuclide-contaminated sediments (Akob et al. 2008). However, a direct link between activity 

and community composition is needed to definitively determine the target populations best 

adapted for U(VI) bioremediation. The objectives of this study were to (1) directly link the 

function of subsurface microbial communities to the cultivation-independent characterization of 

their phylogenetic structure and (2) characterize the active SRB and FeRB that mediate U(VI) 

reduction in the presence of supplemental electron donors. Microbial activity was monitored in 

microcosms constructed with subsurface materials from a U.S. DOE site, contaminated with high 

levels of U(VI), sulfate and nitrate, and amended with 
13

C-labeled carbon substrates. TEAPs and 

electron donor utilization were monitored to assess microbial activity and SIP was performed on 

microcosm samples to characterize the metabolically active microbial populations utilizing 

supplemental carbon substrates. 

MATERIALS AND METHODS 

Site and sample description.  

The study was conducted at the Oak Ridge Field Research Center (ORFRC) of the U.S. 

Department of Energy’s Environmental Remediation Sciences Program (ERSP), which is located 

adjacent to the Y-12 industrial complex within the Oak Ridge National Laboratory (ORNL) 

reservation in Oak Ridge, Tennessee. Waste products from uranium enrichment processes at the 

Y-12 complex were collected and stored in four unlined ponds, the S-3 ponds, until 1988 when 
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they were pumped and capped by a parking lot (Brooks 2001). Subsurface groundwater flow 

created a contaminant plume originating from the S-3 pond site, that currently extends 

approximately 7 km along a geological strike east and west of the ponds to a depth of >150 m 

(Brooks 2001). The Area 2 experimental plot within the ORFRC is located west, down gradient, 

of the S-3 ponds site and is characterized by pH 6.5, up to 8 mM sulfate, 1-26 mM nitrate, and 

0.5-4.5 µM uranium. For a detailed site description refer to the ORFRC webpage 

(http://www.esd.ornl.gov/orifrc/).  

Sediments were sampled from borehole FB097 and FB107, on 01 May 2006 and 12 

September 2007, respectively, within the ORFRC Area 2 experimental plot, 5 to 7 m below the 

surface within the saturated zone, using a Geoprobe equipped with polyurethane sleeves lining 

the corer. Cores were aseptically sectioned under strictly anoxic conditions in a Coy anaerobic 

chamber (Coy Laboratory Products, Grass Lake, Michigan) and stored anaerobically in gas-tight 

containers at 4°C prior to overnight shipment to Florida State University.   

Microcosm design.  

Two microcosm experiments were performed to assess the activity and composition of 

stimulated microbial communities under simulated bioremediation conditions. In addition, the 

experiments were designed to separate competing TEAPs affecting the fate of U(VI) in 

subsurface sediments. A summary of the two experiments is presented in Table 3.1. Nitrate-SIP 

and SIP-SRB were conducted with Area 2 FB097 and FB107 sediments, respectively. For both 

experiments, sediment from each core was pooled and homogenized under aseptic conditions in 

a N2-filled glove bag and loaded into sterile Pyrex bottles. The sediment (30 g for Nitrate-SIP 

and 70 g for SIP-SRB) was diluted 1:5 (w/v) with sterile, anaerobic artificial groundwater 

(composition per liter: 1.0 g NaCl, 0.4 g MgCl2*6H2O, 0.1 g CaCl2*2H2O, 0.5 g KCl, 1 ml 

selenite-tungstate solution, 1 ml trace elements solution, and 5.0 mM NaHCO3; modified from 

Widdel and Bak 1992). The bottles were capped with sterile rubber stoppers and plastic screw 

caps with apertures, and then neutralized with sterile, anoxic 1 M NaHCO3 to a final pH of 6.0.  

For the Nitrate-SIP experiment, two replicates were prepared for the following 

treatments: (1) 
13

C-labeled treatment with 
13

C-ethanol as the electron donor (>99 atom % 
13

C; 

Cambridge Isotopes, USA) or (2) unlabeled treatment with unlabeled (
12

C) ethanol as the 

electron donor (Table 3.1). Electron donors and nitrate were added to microcosms to a final 

concentration of 5.0 and 2.5 mM, respectively. A total of 12 microcosm treatments were 
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prepared in the SIP-SRB experiment: (1) 
13

C-ethanol, (2) 
13

C-ethanol + molybdate,  (3) 
13

C-

acetate, (4) 
13

C-acetate + molybdate, and (5)
 13

C-ethanol + 
13

C-acetate (Table 3.1). 
13

C-labeled 

ethanol + acetate (>99 atom % 
13

C; Cambridge Isotopes, USA) were added as electron donors to 

a final concentration of 5.0 mM. Sulfate was added to all microcosms to a final concentration of 

2.5 mM. Molybdate was added to a final concentration of 5.0 mM, to select treatments as a 

selective inhibitor of sulfate-reduction. Treatments 1, 2 and 4 were run in triplicate, whereas 

treatment 3 was run in duplicate and treatment 5 was represented by a single replicate. All 

microcosms were shaken at 150 rpm for 1 hour, flushed with sterile N2 for 20 minutes, and 

incubated statically in the dark at 30°C. 

Microcosm sampling.  

Each of the microcosms was sampled by removing ~5 ml every 1-3 days using a sterile 

syringe equipped with an 18G needle under a H2/N2 atmosphere in a Coy anaerobic chamber. 

Fe(II) content in the water and sediment suspension of each microcosm was determined 

immediately by HCl extraction and quantification using the ferrozine assay. Porewaters were 

extracted from microcosm samples by centrifugation in the Coy chamber at 5,000 × g for 5 

minutes, followed by filtration through a 0.22 µm nylon syringe filter. At select time points 

(Table 3.1), samples from each replicate microcosm were collected and pooled for cultivation-

independent community characterization. For microbial community analyses, samples were 

centrifuged at 7,000 × g for 7 minutes, the supernatant discarded, and the solid phase frozen at -

80°C until nucleic acid extraction.  

Pore-water and solid-phase geochemistry.  

Porewater nitrate and sulfate concentrations were determined as previously described 

(Cataldo et al. 1975; Rodier 1975). Porewater samples for uranium determination were acidified 

with nitric acid and frozen at -20°C for kinetic phosphorescence analysis using a KPA-11 

analyzer (Chem-Chek Instruments, Richland, Washington). Carbon substrate utilization was 

determined using HPLC, as described previously (Küsel and Drake 1995; Akob et al. 2008). Wet 

chemical extractions were used to determine the poorly crystalline Fe oxide minerals by 

extracting triplicate microcosm samples in 0.5 M HCl for 1 h (Kostka and Luther 1994). HCl-

extractable Fe(II) of filtered extracts was quantified by using the ferrozine assay (Kostka and 

Luther 1994).  
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DNA extraction and separation of 
13

C- and 
12

C-labeled DNA. 

For the Nitrate-SIP and SIP-SRB experiment, DNA was extracted from 0.25 g of solid-

phase microcosm sample using a modified phenol-chloroform procedure (Scala and Kerkhof 

2000; Perez-Jimenez et al. 2001). The main deviations from the original method included the use 

of liquid nitrogen and a 55°C water bath for the freeze/thaw steps and the DNA extracts were 

resuspended in 100 µl of sterile dH2O. To visualize the 
13

C-DNA band in the density gradient, 

13
C-labeled carrier DNA was prepared as described previously (Gallagher et al. 2005). In brief, 

Halobacterium salinarium was grown on 
13

C-labeled ISOGRO growth medium (>99 atom % 

13
C; Isotec, Miamisburg, OH) modified for halophilic bacteria (Holt and Krieg 1993). The 

culture was grown aerobically at 25°C for approximately 20 days, then the cells were harvested 

and DNA was extracted as described above. Density gradient centrifugation and separation of 

13
C and 

12
C-DNA bands was performed according to the method of Gallagher, et al. 2005. In 

brief, microcosm DNA extracts (~ 300 ng) and 
13

C-carrier DNA (~300 ng) were added to a 500 

µl CsCl density gradient (1 g ml
-1

) containing 20 mg ethidium bromide. Gradients were 

centrifuged at 225,000 × g for 16 to 24 hours on a TLA 120 rotor in a Beckman Optima 

ultracentrifuge (Palo Alto, CA). After 16 to 24 h, the bands were visualized using UV light and 

pulled from the gradient by removing the 
12

C-DNA band with a pipette, changing the pipette tip, 

and proceeding to remove the 
13

C-DNA band from the gradient. After band extraction, the 

genomic DNA was dialyzed on a 0.025 µm Millipore mixed cellulose ester dialysis filter 

(Bedford, MA) floating in a Petri dish filled with 10 mM Tris-HCl (pH 8.2).  

DNA was extracted from SIP-SRB samples using the Mo Bio PowerSoil DNA Isolation 

Kit, per manufacturer’s instructions (Mo Bio Laboratories, Solana Beach, California). Triplicate 

DNA extracts were combined for each microcosm sample and 
13

C- and 
12

C-DNA were separated 

by density gradient centrifugation according to the methods described by Neufeld et al. 2007. In 

brief, DNA extracts were brought up to a volume of 1.2 ml with GB buffer (0.1 M Tris-HCl, 0.1 

M KCl, 1 M EDTA) and mixed with 4.8 ml of 7.163 M CsCl solution. The DNA-CsCl solution 

was loaded into a 5.1 ml Beckman Quick-Seal Polyallomer Ultracentrifuge Tube (Beckman 

Coulter, Inc., Fullerton, California) and sealed according to the manufacturer’s instructions. 

Gradients were centrifuged in an Optima Max Ultracentrifuge (Beckman Coulter, Inc., Fullerton, 

California) at 86,000 rpm (308,561 × gavg) in a TLA-110 rotor at 20°C for 36-40 hours with 

vacuum, maximum acceleration and without brake.  
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After centrifugation the gradient tubes were removed from the rotor and the DNA was 

retrieved using the gradient fractionation method of Neufeld et al. 2007 with slight 

modifications. In brief, the gradient tubes were clamped to a weighted stand, and then the top of 

the tube was pierced with an 18G needle attached to a filling tube. The filling tube was 

connected to a 3-way stopcock attached to a 1 ml and a 30 ml syringe. The 30 ml syringe 

functioned as a reservoir for the fluid used to displace the gradients and the 1 ml syringe was 

used to accurately measure the volumes used to displace each gradient fraction. The bottom of 

the gradient tube was then pierced with an 18G needle. The 1 ml syringe attached the filling tube 

was then used to inject 0.4 ml of sterile dH2O into the top of the gradient tube while the fractions 

were collected from below in sterile 1.5 ml centrifuge tubes. Density of the 12 gradient fractions 

was determined by measuring the temperature-corrected refractive index (nD-TC) of the samples 

using a refractometer (AR200 Digital Refractometer, Reichert Analytical Instruments, Depew, 

New York) and converting to density (g ml
-1

). The conversion of nD to g ml
-1

 was empirically 

standardized by comparing the nD-TC readings with triplicate weighed densities from a series of 

CsCl/GB standard mixtures ranging from 1.650 to 1.850 g ml
-1

 (Neufeld et al. 2007).  

The gradient fractions were precipitated by adding 1 µl of glycogen (20 µg) and 2 

volumes of PEG solution (30% polyethylene glycol 6000, 1.6 M NaCl), mixing by inversion and 

incubation at room temperature for 2 hours. The samples were then centrifuged at 16,000 × g at 

room temperature for 30 minutes and the supernatant discarded. The pellets were washed with 

0.5 ml 70% ethanol and centrifuged at 16,000 × g at room temperature for 15 minutes. The 

pellets were resuspended in 20 µl of Tris-HCl, pH 8.5 and quantify using gel electrophoresis. 

SSU rRNA gene PCR amplification. 

 PCR amplification was performed using the general domain Bacteria SSU rRNA gene 

primers 27F (5’-AGR GTT TGA TCM TGG CTC AG-3’) (Johnson 1994) and 1392R (5’-ACG 

GGC GGT GTG TAC-3’) (Wilson et al. 1990) or 1492R (5’-GGT TAC CTT GTT ACG ACT-

3’) (Kane et al. 1993). For TRFLP analysis, the 27F primer was 5’ labeled with 6-

carboxyfluorescein (6-FAM; Applied Biosystems, Foster City, California). Thermocycling was 

performed with a 95°C incubation for 5 min, followed by 35 cycles of 95°C for 1 min, 55°C for 

1 min and 72°C for 1 min, with a final extension step at 72°C for 10 min. PCR products from the 

SIP-SRB experiment were purified using the MoBio UltraClean PCR CleanUp Kit according the 

manufacturer’s instructions (Mo Bio Laboratories, Solana Beach, California). Fluorescently 
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labeled PCR products from the Nitrate-SIP experiment were purified by precipitation with 0.5 

volumes 7.5 M ammonium acetate and 3 volumes of 100% ethanol, followed by a 10 minute 

incubation at room temperature, centrifugation at 20,000 × g at 4°C for 15 min and re-suspended 

in dH2O.  

Terminal Restriction Fragment Length Polymorphism (TRFLP) Analysis.  

 Purified PCR products (30 ng) were digested with the restriction enzymes MnlI, MspI and 

BSH1236I (New England Biolabs, Beverly, Massachusetts) for 6 h at 37°C, and heat inactivated. 

Digested DNA was precipitated by adding 2 µl of 0.75 M sodium acetate solution, 0.3 µl 20 mg 

ml
-1 

glycogen and 37 µl of 95% ethanol and incubating for 10 minute at room temperature. The 

DNA was pelleted by centrifugation at 20,000 × g at 4°C for 15 min then washed with 70% 

ethanol and dried briefly. The dried DNA pellets were resuspended overnight in 19.7 µl Hi-Di 

Formamide and 0.3 µl ROX 500 size standard (Applied Biosystems, Foster City, CA). Samples 

were run on the ABI 310 or ABI 3730 genetic analyzer (Applied Biosystems, Foster City, 

California) using GeneScan and GeneMapper software as described previously (McGuinness et 

al. 2006).  

Statistical analyses. 

 For comparative analysis, only T-RFLP profiles with a cumulative peak height ≥ 2,000 

fluorescence units were used. Peaks with a peak height < 50 fluorescent units were excluded 

from the analysis and all profiles were normalized to the total peak area. Peaks representing < 

1% of the total area were excluded from further analysis. 

The pairwise similarities between profiles were calculated from a matrix of the 

presence/absence of T-RF and their relative abundance using Product-moment correlation 

distance matrix. Cluster analysis based on this similarity matrix was done by UPGMA. 

Phylogenetic affiliation for each T-RF was assigned using the program FragSort (Michel and 

Sciarini 2005) by matching profiles generated from three enzyme digests against the ORFRC 

Sequence Database. The ORFRC Sequence Database contains all SSU rRNA gene sequences (> 

8,000 sequences) generated from previous work at the ORFRC site and those obtained from 

studies at uranium-contaminated sites submitted to the GenBank Database.  
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RESULTS 

Microbial activity in sediment microcosms. 

In the first experiment, Nitrate-SIP, the available electron acceptors were NO3
-
, U(VI), 

and Fe(III) and microbial activity was stimulated by adding 
13

C-labeled or unlabeled ethanol. No 

difference in microbial activity was observed in the two treatments indicating that there was no 

detectable effect of adding a 
13

C-enriched substrate. Nitrate was rapidly consumed in the 

microcosms from day 2 to 6 (Figure 3.1A) corresponding to the initial consumption of 

supplemental ethanol (Figure 3.1B).  The concentration of uranium was observed to increase on 

day 6, whereas, U(VI) reduction was observed from days 8 to 16 and began prior to the onset of 

Fe(III)-reduction, which occurred from days 11 to 16 (Figure 3.1A). Supplemental ethanol was 

completely consumed at the end of the incubation (day 22) and was incompletely oxidized to 

acetate (Figure 3.1B). Acetate accumulation was observed on day 8 and the accumulated acetate 

was not utilized as a secondary carbon substrate during the course of the incubation.  

The SIP-SRB experiment was designed to separate the effect of SRB and FeRB on the 

transformation of U(VI) by excluding nitrate and adding molybdate to select treatments to inhibit 

the activity of SRB (Table 3.1). The addition of ethanol or acetate stimulated microbial activity 

with Fe(III)-reduction (accumulation of Fe(II)) occurring in all treatments. The majority of Fe(II) 

accumulated between days 5 and 8 (Figure 3.2B) and no difference in Fe(III)-reduction rates was 

observed in molybdate amended treatments. Sulfate reduction was observed in the ethanol, 

ethanol + acetate, and the acetate treatments (Figure 3.2A). In the ethanol + acetate treatment, 

sulfate was completely reduced by day 10, whereas, in the ethanol treatment sulfate reduction 

ceased on day 14 with 0.5 mM sulfate remaining (Figure 3.2A). Approximately 1.5 mM sulfate 

was depleted or reduced in the acetate treatment. During the initial 5 days of incubation, the 

U(VI) concentration decreased in all treatments (Figure 3.2C). U(VI) concentrations were 

observed to increase in conjunction with Fe(III)-reduction and subsequently decreased by day 16 

of the incubation. Ethanol was consumed from days 0 to 6 in the ethanol treatments and was 

incompletely oxidized to acetate (Figure 3.3A and C). Acetate accumulated until day 6 and then 

was slowly consumed for the remainder of the incubation. In the ethanol treatment, acetate was 

completely consumed by day 13 (Figure 3.3A). In the acetate-amended treatments, acetate was 

consumed slowly starting on day 4 and ceasing on day 22 of the incubation (Figure 3.3B). 
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Characterization of microbial communities in the Nitrate-SIP experiment.  

Incorporation of the 
13

C-labeled substrate into microbial biomass was detected by day 3, 

corresponding to the onset of nitrate reduction. DNA extracts from day 0 were below the 

minimum concentration required for PCR amplification. 
13

C-DNA was not present in the 

samples of the 
12

C-ethanol treatment and profiles generated from this treatment are 

representative of the total microbial community present in the microcosms. Similar TRFLP 

profiles were obtained from the 
13

C- and 
12

C-DNA bands from the two Nitrate-SIP treatments 

indicating that the majority of the microbial community assimilated 
13

C from the addition of 
13

C-

ethanol (Figure 3.4). Peaks detected in the 
12

C fraction of 
13

C-ethanol treatment represent those 

groups not utilizing ethanol, such as dead, senescent, or sporeforming bacteria. The 
13

C-

assimilating community represented a subset of the total microbial community. 

Statistical comparison of TRFLP profiles obtained on different sampling days was 

performed to consider both peak presence/absence and relative abundance for the community 

fingerprint. Clustering analysis revealed significant changes in community structure with 

incubation time and incorporation of the 
13

C-label (Figure 3.5). TRFLP profiles obtained from 

both treatments during nitrate reduction were most similar and clustered separately from 

community profiles of days 6 and 22.  The 
13

C-enriched community incorporating 
13

C-label 

during metal reduction was significantly different from the inactive (
13

C-treatment, 
12

C-enriched 

DNA) and total microbial community (
12

C-treatment) analyzed on the same day.  

Identification of the microbial community in the Nitrate-SIP experiment was performed 

by matching peak sizes to predicted TRF sizes of sequences in the ORFRC Sequence Database. 

Nitrate-SIP TRFLP profiles were generated with a single restriction enzyme digest, resulting in 

limited identification of the active microbial communities. Peaks representing the majority of the 

peak area observed in Nitrate-SIP TRFLP profiles were identified as members of the 

Betaproteobacteria, e.g. peak at 232 bp matching to Dechloromonas, and were present 

throughout the incubation (Figure 3.4). Additional Betaproteobacteria genera identified in 

TRFLP profiles were Azoarcus, Alcaligenes, Ralstonia, and Diaphorobacter. In addition, we 

detected peaks matching to the TRF size of Arthrobacter (245 bp), within the Actinobacteria, 

and Clostridium (117 bp), within the Firmicutes (Figure 3.4).  
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Characterization of microbial communities in the SIP-SRB experiment.  

Incorporation of 
13

C into microbial community DNA in the five SIP-SRB experimental 

treatments was examined on days 7 and 46 by CsCl density gradient centrifugation followed by 

gradient fractionation, and PCR amplification of SSU rRNA genes. A total of 10 fractions were 

collected from each gradient and ranged in density from 1.6747 to 1.8249 g ml
-1

. The highest 

density fractions (1.7671 -1.8249 g ml
-1

) represent the microbial community with the highest 

incorporation of 
13

C into microbial community DNA. The intermediate density fractions 

(1.7176-1.7506 g ml
-1

) contained mixed 
13

C/
12

C-DNA and represent the microbial community 

that has only partially incorporated the 
13

C-label. The lightest density fractions (1.6747-1.7024 g 

ml
-1

) contain 
12

C-DNA from the inactive microbial community that has not utilized the 

supplemental carbon substrate provided in the experiment. TRFLP profiles generated for each of 

the gradient fractions from the SIP-SRB experiment were compared to profiles generated from 

day 0 samples using similarity analysis incorporating both the presence/absence and relative 

abundance of each peak. Treatment and incubation time affect microbial community composition 

in the SIP-SRB experiment and a summary dendrogram of the similarity analysis is presented in 

Figure 3.6. The majority of fractions for each sample clustered together with the exception of 

low-density fractions, which were most similar to the profiles from day 0 samples. Samples 

collected during the sulfate-reduction phase from ethanol-amended treatments grouped closely 

together indicating high similarity between these communities. Profiles from treatments 

amended with acetate were most similar regardless of sampling day.  Day 46 profiles were 

closely related for treatments 2, 3, and 5 but the community at day 46 from treatment 1 clustered 

with the samples from day 7.  

Community profiles for the 10 gradient fractions differed based on level of 
13

C-

incorporation in all treatments and cluster analysis for the ethanol and ethanol + molybdate 

treatments are presented in Figure 3.7. Unlabeled (
12

C-enriched) fractions were significantly 

different from the 
13

C and mixed 
13

C/
12

C TRFLP profiles and were most closely related to the 

day 0 profile (Figure 3.7A and B). For the ethanol treatment, TRFLP profiles from 
13

C-enriched 

and mixed 
13

C/
12

C fractions did not form distinct clusters indicating similarity between those 

communities utilizing the supplemental carbon substrate (Figure 3.7A). In the ethanol + 

molybdate treatment, TRFLP profiles from 
13

C-enriched fractions formed two distinct clusters 

separated by profiles from the mixed 
13

C/
12

C fractions (Figure 3.7B). 
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Identification of TRF was performed on three representative TRFLP profiles for the day 

7 samples representing the 
13

C-enriched, mixed 
13

C/
12

C, and 
12

C-enriched fractions. 

Identification of TRF revealed the presence of the Acidobacteria, Actinobacteria, Bacteroidetes, 

Deferribacteres, Deinococcus, Firmicutes, Nitrospirae, OP11, Planctomycetes, Proteobacteria 

(classes Alpha-, Beta-, Delta-, Epsilon- and Gammaproteobacteria), and Verrucomicrobia clades 

in the microcosms. Analysis of fractions enriched in 
13

C and mixed in 
13

C/
12

C revealed the 

presence of members of the Firmicutes and Proteobacteria (classes Delta-, Epsilon- and 

Gammaproteobacteria) in all SIP-SRB treatments (Figure 3.8A-E). The majority of Firmicutes 

peaks matched to TRF of bacteria within the genera Bacillus and Paenibacillus; with both genera 

detected in
13

C-enriched fractions from all treatments. Members of the Deltaproteobacteria were 

detected in 
13

C-labeled and unlabeled fractions collected from all treatments, however, the 

genera detected in the active fractions were observed to vary based on microcosm treatment. In 

treatment 1 (
13

C-ethanol), Deltaproteobacteria-related peaks matched to TRF of Pelobacter, 

Geobacter, Desulfacinum, and Desulfomonile taxa. In treatment 2 (
13

C-ethanol + molybdate), 

peaks matched only to Pelobacter TRF. Deltaproteobacteria-related peaks matched to TRF sizes 

of Pelobacter, Geobacter, and Desulfuromonas in treatment 3 (
13

C-acetate) and only to 

Geopsychrobacter in treatment 4 (
13

C-acetate + molybdate). In treatment 5 (
13

C-ethanol + 
13

C-

acetate), Deltaproteobacteria-related peaks matched to TRF sizes of Pelobacter and 

Desulfacinum. Gammaproteobacteria detected in the metabolically active fractions matched to 

the TRF of taxa within the genera Halomonas, Methylomonas, Branhamella, Buchnera, and 

Methylosarcina. Interestingly, the OP11 clade was detected in the active fractions of treatments 1 

and 5 (Figure 3.8A and E), whereas, peaks matching to the Verrucomicrobia, Acidobacteria and 

Planctomycetes phyla were abundant in 
13

C TRFLP profiles from the molybdate treatments 

(Figures 3.8B and E).  

DISCUSSION 

 Bioremediation of uranium waste in subsurface environments is focused on 

biostimulating indigenous microorganisms through a combination of pH neutralization and the 

addition of large amounts of electron donor. Previous work has shown that the addition of 

ethanol promotes reduction of U(VI), concurrent with sulfate-reduction, and members of the 

Proteobacteria, Firmicutes, and Actinobacteria play a significant role in mediating processes 

important to immobilization of U(VI) in contaminated sediments (Akob et al. 2008). However, 
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earlier studies were unable to directly link the composition of microbial communities with their 

role in mediating the fate and transport of U(VI) in contaminated subsurface sediments. 

Therefore, we employed stable isotope probing (SIP) techniques to directly link microbial 

activity with community composition in microcosms constructed with uranium-contaminated 

sediment from the Oak Ridge Field Research Center (ORFRC). Microcosm treatments were 

designed to separate the activity of nitrate- (NRB), sulfate- (SRB) and iron- (FeRB) reducing 

bacteria in order to assess role of each microbial functional group to U(VI) bioimmobilization.  

Significant shifts in the composition of the metabolically active microbial community were 

observed and correlated with the shifts in TEAPs. Members of the Proteobacteria, Firmicutes, 

and Actinobacteria phyla were detected in all treatments throughout the shifting TEAPs. 

However, members of the Betaproteobacteria and Actinobacteria dominated the communities 

under nitrate-reducing conditions, whereas, the Deltaproteobacteria and Firmicutes were most 

abundant under sulfate- and Fe(III)-reducing conditions.  

Microbial activity in ORFRC subsurface sediments is limited by the availability of 

carbon and limited metal reduction occurs due to the presence of competing electron acceptors, 

such as nitrate and sulfate (Brooks 2001; Jardine et al. 2003; NABIR 2003; Michalsen et al. 

2006; Moon et al. 2006; Nyman et al. 2006; Edwards et al. 2007; Akob et al. 2008). Consistent 

with previous studies, the addition of ethanol stimulated the microbial community to rapidly 

reduce nitrate allowing for a shift to metal-reduction once nitrate was depleted (Brooks 2001; 

Jardine et al. 2003; NABIR 2003; Catalano and Brown 2005; Michalsen et al. 2006; Moon et al. 

2006; Nyman et al. 2006; Edwards et al. 2007; Akob et al. 2008). In microcosms constructed 

without nitrate, ethanol addition also stimulated microbial activity with Fe(III)-reduction 

occurring rapidly. In contrast, the addition of acetate as an alternative electron donor stimulated 

microbial activity with Fe(III)-reduction as the dominant TEAP and little sulfate-reduction was 

observed. This observation indicates that acetate-utilizing SRB are outcompeted by FeRB and 

that SRB at the ORFRC site may require hydrogen as an electron donor to couple growth to use 

of acetate as a carbon source. Sulfate-reduction in previous experiments at the ORFRC (Akob et 

al. 2008) and the ethanol SIP-SRB treatments likely occurred because the incomplete oxidization 

of ethanol by microbial groups, e.g., NRB or FeRB, resulted in the accumulation of acetate and 

hydrogen in the microcosms. In the SIP-SRB experiment, acetate was added to the microcosms 

but no hydrogen was supplemented for the metabolism of SRB. In field bioremediation studies at 

a uranium contaminated site in Rifle, CO, microbial activity was stimulated by the addition of 
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acetate with metal-reduction (Fe(III) and U(VI)) preceding sulfate-reduction (Anderson et al. 

2003). It is likely that accumulated hydrogen from the activity of metal-reducing bacteria 

allowed for an increase in the abundance and activity of SRB.  

 The fate of uranium in the Nitrate-SIP and SIP-SRB microcosms appeared to be linked to 

abiotic and biotic redox cycling of Fe(III) and U(VI). The concentration of soluble U(VI) was 

observed to increase during nitrate reduction, as was observed in previous studies, likely due to 

abiotic oxidation of U(IV) by nitrate reduction intermediates (Finneran et al. 2002; Senko et al. 

2002; Senko et al. 2005; Senko et al. 2005). The onset of U(VI) reduction preceded Fe(III) 

reduction in the Nitrate-SIP experiment and was hypothesized to occur via direct enzymatic 

reduction. However, rapid U(VI) reduction can occur via abiotic reduction with Fe(II) in the 

presence of Fe(III) (oxyhydr)oxides and U(IV) can rapidly reduce Fe(III) (Sani 2004; Jeon et al. 

2005; Jang et al. 2008). This rapid redox cycling of Fe(III)-Fe(II) could mask the onset of metal 

reduction and be mistakenly be attributed to direct enzymatic processes. The soluble U(VI) 

concentrations in the SIP-SRB microcosms decreased during the first four days of the incubation 

and was then observed to increase prior to second cycle of U(VI) depletion. Similar cycles of 

increasing-decreasing soluble U(VI) concentrations were observed in previous work (Sani 2004; 

Jeon et al. 2005) and were found to be linked to abiotic, chemical reactions. U(VI) is rapidly 

sorbed to Fe(III)-(hydr)oxide mineral surfaces and rapidly chemically reduced by Fe(II) in the 

presence of Fe(III)-(hydr)oxide minerals (Jeon et al. 2005). The reduction of Fe(III)-(hydr)oxide 

minerals was observed to correspond with an increase in soluble U(VI) and was attributed to the 

dissolution of solid-phase associated U(VI) in previous biostimulation experiments (Jeon et al. 

2004; Ortiz-Bernad et al. 2004; Sani 2004; Wan et al. 2005; Nyman et al. 2006; Mohanty et al. 

2008). Removal of dissolved U(VI) occurred during the later time points of the incubations, with 

U(VI) concentrations decreasing to ~ 3 µM in SIP-SRB microcosms and to ~ 4 µM in Nitrate-

SIP microcosms. It appears that in these microcosms U(VI)-reduction is associated with acetate 

oxidation but in microcosms amended with only acetate no significant U(VI)-reduction occurred 

until 10 days into the incubation. The incomplete removal of U(VI) may have been influenced by 

carbon availability, however, previous work has shown that incomplete U(VI) reduction in Area 

2 sediments can occur independently from microbial activity (Mohanty et al. 2008). Microbial 

activity in the microcosms was not carbon limited during the second cycle of U(VI) removal and 

could not account for the remaining U(VI) in the system. Therefore, it is hypothesized that U(VI) 

removal was due to abiotic reduction with biologically produced Fe(II) and/or sulfides. The 
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remaining soluble U(VI) was surprising based on the excess of Fe(II) produced and may be due 

to inaccessibility of U(VI) sorbed to mineral surfaces or complexed U(VI) (Jeon et al. 2004). It 

appears that microbial metabolism and geochemical constraints, e.g., mineralogy and 

adsorption/co-precipitation mechanisms, are strong determining factors for the fate and stability 

of U(VI). 

 In ethanol-amended microcosms, the majority of carbon was recovered as acetate, 

resulting from incomplete oxidization during the early phases of the incubations. Carbon 

utilization in the acetate-amended microcosms proceeded slowly compared to the ethanol-

amended treatments. Although methane and CO2 concentrations were not measured, we suggest 

based on previous work in ORFRC Area 2 sediment (Mohanty et al. 2008) that the majority of 

acetate was utilized as an electron donor for Fe(III)-reduction or methanogenesis. Incorporation 

of carbon into microbial biomass, e.g., 
12

C- and
 13

C-labeled DNA, would then account for the 

remaining carbon not accounted for by TEAPs. 

Identification of metabolically active microbial populations. 

Microbial communities assimilating supplemental 
13

C-labeled carbon substrates revealed 

a significant effect of treatment on community structure. Determination of the gradients 

containing the metabolically active populations was based upon either visualization of a 
13

C-

enriched DNA band in a gradient containing ethidium bromide and carrier DNA (Gallagher et al. 

2005) or the buoyant density of gradient fractions (Neufeld et al. 2007). Visualization and 

recovery of separate 
13

C- and 
12

C-DNA bands using Archaea carrier DNA has been shown to 

increase the sensitivity and recovery of 
13

C-labeled DNA from short-term incubations with 
13

C-

carbon substrates. However, the method of collecting and analyzing a range of gradient fractions 

can improve microbial community analysis by providing objective recovery DNA, allowing for 

assessment of Archaea in SIP experiments, and providing a method for analyzing populations 

that are metabolically active but slow to incorporate 
13

C.  

Comparison of TRFLP profiles from the 
13

C- and unlabeled-ethanol treatments of the 

Nitrate-SIP experiment clearly demonstrated incorporation of substrate 
13

C into DNA and 

significant changes in microbial community composition with TEAPs. Phylogenetic groups 

detected were similar to those found in previous studies at the ORFRC (Akob et al. 2008) and 

were related to known dissimilatory NRB and FeRB within the Proteobacteria, Firmicutes, and 

Actinobacteria phyla. Abundant taxa throughout the TEAPs of the microcosms within the 
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Betaproteobacteria included the genera Dechloromonas, Diaphorobacter, and Alcaligenes and 

these groups were described previously in ORFRC subsurface sediments (North et al. 2004; 

Fields et al. 2005; Akob et al. 2007; Spain et al. 2007; Akob et al. 2008). Taxa within the 

Firmicutes, e.g., Clostridium, have been detected in abundance in previous work at the ORFRC 

(North et al. 2004; Fields et al. 2005; Akob et al. 2007; Spain et al. 2007; Akob et al. 2008) and 

have been shown to enzymatically reduce U(VI) to U(IV) (Francis et al. 1994; Gao and Francis 

2008). As this genus was detected in the 
13

C-DNA fractions, we provide evidence that 

Clostridium is a key player in the immobilization of U(VI) during bioremediation. It is likely that 

Clostridium species are coupling growth to acetate that has formed as a byproduct of ethanol 

oxidation.  

TRFLP profiles were compared across gradient fractions in order to assess incorporation 

of 
13

C-label into microbial community DNA. The buoyant density of the most dense DNA 

fractions obtained in this study ranged from 1.7506 to 1.8249 g ml
-1

, which is similar to the 

density of fractions containing fully 
13

C labeled DNA (> 1.74 g ml
-1

), as reported previously 

(Lueders et al. 2004). Comparison of TRFLP profiles from fractions containing 
13

C and mixed 

13
C/

12
C DNA revealed a significant effect of treatment on microbial community composition. 

Members of the Firmicutes, Deltaproteobacteria, and Gammaproteobacteria were most 

abundant in 
13

C fractions, indicating that these groups are metabolically active and incorporating 

13
C from supplemental carbon substrates. Interestingly, members of the Betaproteobacteria were 

not active in SIP-SRB experiment, corroborating previous work to show that the activity of this 

group is primarily associated with nitrate-reduction.   

The addition of molybdate to ethanol treatments successfully inhibited sulfate reduction 

and caused significant changes in the composition of active microbial populations. In the active 

fractions of all treatments, we detected members of the Deltaproteobacteria, however, SRB 

related to Desulfacinum and Desulfomonile were only detected in ethanol-amended treatments 

during sulfate-reduction. The Desulfacinum and Desulfomonile genera, within the 

Desulfobacteriaceae family, are SRB that are capable of using acetate and/or ethanol as an 

electron donor (Castro et al. 2000; Rabus et al. 2006). We observed no difference in the 

microbial populations in the different treatments related to members of the 

Gammaproteobacteria and Firmicutes. We consistently detected active populations within the 

Gammaproteobacteria of the genera Halomonas, Methylomonas and Methylosarcina. 

Interestingly, the genera Methylomonas and Methylosarcina are known methane-oxidizing 
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bacteria (Hanson and Hanson 1996; Kalyuzhnaya 2005) and were detected in biostimulated 

sediments in the ORFRC (North et al. 2004). We suggested based previous work (Mohanty et al. 

2008) and the observed consumption of acetate, that methane was being produced. Therefore, 

methane accumulation from the activity of Archaea could have supported the growth and activity 

of Methylomonas and Methylosarcina species.  

Members of the Firmicutes phyla were abundant within metabolically active microbial 

communities indicating that this phylogenetic group is important to biogeochemical cycles 

affecting U(VI)-reduction. A common characteristic of taxa within the Firmicutes is the ability to 

form spores and persist in harsh environments for extended time frames. This has long been 

thought to artificially inflate the inferred importance of this group in environmental samples as 

determined using cultivation-independent techniques. By linking metabolic activity of this group 

in microcosms, we have shown that members of the Firmicutes are important contributors to 

bioremediation in subsurface sediments. We suggest that these taxa are enzymatically reducing 

U(VI) reduction and deriving carbon from acetate, metabolites or dead 
13

C-biomass. 

Ethanol addition is an effective strategy for biostimulating the reductive immobilization 

of U(VI) in bioremediation practices at the ORFRC (Istok et al. 2004; Michalsen et al. 2006; 

Nyman et al. 2006; Wu et al. 2006; Wu et al. 2006; Akob et al. 2008). Using a SIP approach we 

were able to show that ethanol is readily utilized and incorporated into microbial biomass by 

subsurface microbial communities. In addition, carbon utilization was observed to coincide with 

the reduction of nitrate, sulfate, U(VI), and Fe(III). Complete reduction of U(VI) in ORFRC 

subsurface sediments has been shown in this study and others (Mohanty et al. 2008) to be a 

complex processes, influenced by both microbial activity and geochemical characteristics. 

Availability of electron acceptors in subsurface sediments affect the composition and activity of 

microbial populations actively involved in U(VI)-reduction. By directly linking geochemical 

processes with microbial community characterization, we provide direct evidence for the 

metabolic activity of taxa (Proteobacteria, Actinobacteria, and Firmicutes) previously detected 

in studies at the ORFRC (Istok et al. 2004; North et al. 2004; Peacock et al. 2004; Michalsen et 

al. 2006; Nyman et al. 2006; Wu et al. 2006; Wu et al. 2006; Akob et al. 2007; Akob et al. 

2008).
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Table 3.1. Summary of microcosm treatments.  

Date Microcosm 
Sediment 

Core 

Treatment 

Name 

Electron 

Acceptors
§ 

Electron 

Donor 

Inhibitor 

Treatment 

Sampling 

Times for SIP 

SIP Approach 

(Reference) 

May 2006 Nitrate-SIP FB097 Nitrate-SIP1 
NO3

-
, U(VI), 

Fe(III) 
13

C-ethanol None Days 0, 3, 6, 22 

13
C/

12
C DNA 

banding 

 

(Gallagher et al. 

2005) 
   Nitrate-SIP2  

12
C-ethanol None  

September 

2007 
SIP-SRB FB107 SIP-SRB1 

SO4
2-

, U(VI), 

Fe(III) 
13

C-ethanol None Days 0, 7, 46 
Gradient 

fractionation 

 

(Neufeld et al. 

2007) 
   SIP-SRB2  

13
C-ethanol Molybdate  

   SIP-SRB3  
13

C-acetate None 
Days 0, 6, 9, 

14, 22
¶
 

13
C/

12
C DNA 

banding 

 

(Gallagher et al. 

2005) 

   SIP-SRB4  
13

C-acetate Molybdate  

   SIP-SRB5z  
13

C-ethanol 

+ 
13

C-acetate 
None  

 
§
Soluble electron acceptors (NO3

-
, SO4

2-
) were added to the microcosms; U(VI) and Fe(III) were associated with Area 2 sediment. 

zTreatment 5 from the SIP-SRB experiment was represented by a single replicate.  

¶
Samples are currently being analyzed and not available for inclusion in the dissertation.
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Figure 3.1. (A) Electron acceptor and (B) electron donor utilization in the ethanol-amended 

microcosms of the Nitrate-SIP experiment. Arrows indicate sampling points for TRFLP 

community fingerprinting. Values are averages ± standard deviations of the results for the four 

microcosms established for 
13

C- and 
12

C-ethanol treatments. 
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Figure 3.2. Electron acceptor utilization in the SIP-SRB microcosm experiment determined by 

monitoring (A) sulfate depletion, (B) Fe(II) accumulation, and (C) U(VI) concentrations. Arrows 

indicate the day 7 sampling for TRFLP community fingerprinting. Values are averages ± 

standard deviations of the results for triplicate microcosms. 
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Figure 3.3. Electron donor utilization in the SIP-SRB experimental treatments amended with (A) 
13

C-ethanol, (B) 
13

C-acetate, and (C) 
13

C-ethanol and 
13

C-acetate. Arrows indicate the day 7 

sampling for TRFLP community fingerprinting. Values are averages ± standard deviations of the 

results for triplicate microcosms. 
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Figure 3.4. Terminal restriction fragment length polymorphism (TRFLP) profiles generated for 

the 
13

C- and 
12

C-ethanol treatments of the Nitrate-SIP experiment on days 3, 6, and 22 (A-E). 

Profiles in blue were generated from 
12

C-DNA and profiles in black resulted from 
13

C-DNA 

bands. Terminal fragments were generated by digestion of SSU rRNA gene amplicons with the 

enzyme MnlI. 
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Figure 3.5. Dendrogram showing the similarity of MnlI TRFLP profiles for 
13

C and 
12

C fractions 

obtained from Nitrate-SIP samples. Clustering analysis based on Pearson’s product-moment 

correlation, incorporating the relative abundance for each peak, and the UPGMA methods. One 

thousand bootstrap analyses were conducted and circles represent bootstrap values greater than 

50%. 
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Figure 3.6. Dendrogram representing the similarity between MspI TRFLP profiles for all density 

gradients obtained from SIP-SRB samples. Clustering analysis based on Pearson’s product-

moment correlation, incorporating the relative abundance for each peak, and the UPGMA 

methods.  
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Figure 3.7. Dendrogram showing the similarity between MspI TRFLP profiles for all density 

gradients obtained from (A) Treatment 1 (
13

C-ethanol) and (B) Treatment 2 (
13

C-ethanol 

+molybdate) at day 7. Clustering analysis based on Pearson’s product-moment correlation, 

incorporating the relative abundance for each peak, and the UPGMA methods. One thousand 

bootstrap analyses were conducted and circles represent bootstrap values greater than 50%.  
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Figure 3.8. Relative abundance of phylogenetic groups detected in 
13

C-enriched, mixed 
13

C/
12

C, 

and 
12

C-enriched fractions from SIP-SRB treatments (A-E) at day 7. Phylogenetic affiliation of 

T-RFLP peaks was determined by matching triple enzyme digests (MspI, MnlI and Bsh1236I) for 

each sample against the ORFRC Sequence Database using FragSort. 
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SUMMARY 

Bioremediation, the use of living organisms to reduce, eliminate, or contain hazardous 

contaminants, is one of the most promising strategies for the long-term stewardship of uranium 

contamination at U.S. DOE sites. The primary strategy employed for uranium bioremediation is 

to immobilize contaminants in situ by stimulating indigenous microorganisms to biologically 

reduce soluble U(VI) to insoluble U(IV). The capacity for microorganisms to catalyze uranium 

reduction was first shown in pure cultures of iron-reducing bacteria (FeRB) (e.g. Shewanella, 

Geobacter, and Clostridium) and sulfate-reducing bacteria (SRB) (e.g. Desulfovibrio and 

Desulfotomaculum). Demonstration of uranium reduction in pure cultures led to the conception 

of bioremediation strategies, but the direct application of these strategies remains hampered by 

the complexities of microbial communities and environmental conditions found at contaminated 

sites. Uranium-contaminated subsurface environments are often extreme environments, which 

are toxic to microorganisms as well as humans, and the presence of toxic co-contaminants, low 

pH, and carbon limitation all contribute to the environmental extremes of these sites. In addition, 

the composition of subsurface microbial communities impacts the rate of uranium reduction due 

to the competition between microbial groups for exogenous electron donors and acceptors. 

Therefore, to implement effective uranium bioremediation strategies it is necessary to 

supplement hydrological and geochemical data with microbiological data.  

The goal of this dissertation was to provide an understanding of microbial community 

dynamics in uranium-contaminated subsurface sediments at the U.S. DOE’s Oak Ridge Field 

Research Center (ORFRC), located adjacent to the Y-12 industrial complex, in Oak Ridge, TN. 

The overall objectives of the research were to (1) characterize the structure and activity of 

microbial groups capable of catalyzing U(VI) reduction in contaminated subsurface sediments 

and (2) provide an understanding of microbial community dynamics in order to optimize 

radionuclide immobilization strategies. 

Chapter 1 elucidates the community composition and metabolic potential of microbial 

communities along spatial geochemical gradients in ORFRC contaminated subsurface sediments. 

In this study, contaminants such as nitric acid and uranium were hypothesized to act as a 

selective pressure within the subsurface, altering the microbial community composition across 

small spatial scales. By targeting bacterial SSU rRNA genes (DNA) and SSU rRNA (RNA), the 

metabolically active fraction and the total pool of microbial groups available for bioremediation, 

respectively, were compared. Members of the Proteobacteria (Alpha-, Beta- Delta- and 
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Gammaproteobacteria classes), Bacteroidetes, Actinobacteria, Firmicutes and Planctomycetes 

phyla were detected. The diversity and numerical dominance of microbial groups corresponded 

with changes in sediment geochemistry, and many of the recovered SSU rRNA sequences were 

phylogenetically affiliated with established nitrate-reducing taxa. This study provided the first 

detailed analysis of the total and metabolically active microbial communities in radionuclide 

contaminated subsurface sediments. The results of the microbial community analysis indicated 

the presence several groups of nitrate-reducers available for bioremediation that appear to be 

well adapted to environmental conditions common to radionuclide-contaminated sites. 

 In chapter 2, the dynamics of the microbial community capable of U(VI) reduction in 

subsurface sediments is investigated. Based on previous studies (Senko et al. 2002; Michalsen et 

al. 2006; Nyman et al. 2006; Wu et al. 2006; Wu et al. 2006; Edwards et al. 2007), it was 

hypothesized that the activity of microbial populations catalyzing the reductive immobilization 

of U(VI) in subsurface radionuclide-contaminated sediments is dependent on the choice of 

electron donor. The specific of objectives of Chapter 2 were to: (1) characterize structure-

function relationships for microbial groups likely to catalyze or limit U(VI) reduction in 

radionuclide-contaminated sediments; and (2) to further develop a proxy for the metabolic 

activity of iron-reducing bacteria (FeRB). A polyphasic approach, utilizing microcosm 

incubations, most probable number enumeration, and cultivation-independent microbial 

community characterization, was employed to assess the diversity of microbial populations likely 

to catalyze electron flow under conditions proposed for in situ uranium bioremediation. The 

addition of ethanol and glucose stimulated microbial nitrate and Fe(III) reduction as the 

predominant terminal electron accepting processes (TEAPs). U(VI), Fe(III), and sulfate 

reduction overlapped in the glucose treatment, whereas U(VI) reduction was concurrent with 

sulfate reduction but preceded Fe(III) reduction in the ethanol treatments. Nitrate-reducing 

bacteria (NRB) and FeRB were abundant throughout the shifts in TEAPs observed in 

biostimulated microcosms and were affiliated with the genera Geobacter, Tolumonas, 

Clostridium, Arthrobacter, Dechloromonas, and Pseudomonas. Relative to glucose, ethanol 

amendment increased the abundance of FeRB two orders of magnitude higher, and contributed to 

enhanced U(VI) removal. Activity of members of the Geobacteraceae family was stimulated 

with carbon addition and the highest expression of the citrate synthase (gltA) gene was observed 

in the glucose treatment. These results indicate that the choice of electron donor for bioreduction 

can significantly impact the development of microbial communities primed to catalyze U(VI) 
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reduction. These results indicate that ethanol may serve as a superior electron donor for U(VI) 

bioreduction, by way of stimulating complete reduction of nitrate and U(VI). However, this 

study was unable to directly link the observed biogeochemical processes with the metabolically 

active microbial groups mediating uranium bioremediation.  

In chapter 3, a relatively new approach, termed stable isotope probing (SIP), was applied 

to directly link the function of subsurface microbial communities to the cultivation-independent 

characterization of their phylogenetic structure. This study was conducted to elucidate the active 

nitrate- (NRB), sulfate- (SRB), and/or Fe(III)- (FeRB) reducing bacteria that limit U(VI) 

reduction in the presence of supplemental electron donors. Microbial activity was monitored in 

microcosms constructed with ORFRC Area 2 subsurface materials, contaminated with high 

levels of U(VI) and artificial groundwater containing either sulfate or nitrate at in situ 

concentrations. Microcosms were amended with ethanol or acetate as supplemental electron 

donors and molybdate was added to select treatments as an inhibitor of sulfate reduction. SIP 

was performed on microcosm samples to characterize the metabolically active microbial 

populations utilizing supplemental carbon substrates. 
13

C incorporation into community DNA 

was examined by density gradient ultracentrifugation along with PCR amplification and terminal 

restriction fragment length polymorphism (TRFLP) analysis. The treatments selected for this 

experiment were designed to separate the available TEAPs likely to occur during bioremediation. 

This approach allowed us to characterize microbial communities during reductive processes 

independent from other competing TEAPs and revealed a significant difference in microbial 

community composition with TEAPs. The SIP method built upon the work in chapter 2 by 

providing definitive evidence for the metabolic activity of members of the Proteobacteria, 

Actinobacteria, Firmicutes and Bacteroidetes phyla in biostimulated microcosms. Results 

showed that specific genera within the Betaproteobacteria are predominant during nitrate 

removal, whereas genera within Firmicutes and Deltaproteobacteria are dominant players during 

sulfate- and/or metal-reduction. By characterizing microbial populations present only during 

sulfate- and metal-reduction we were able to identify the importance of genera within Firmicutes 

and Deltaproteobacteria. In previous work, these phylogenetic groups were detected in lower 

abundance and growth was likely inhibited by competition for electron donors with NRB.  

 This dissertation has tightly coupled biogeochemical rate measurements with robust 

microbial community analysis to determine the metabolic potential of key microbial groups 

affecting U(VI) reduction in the subsurface. Microbial activity was shown to be dependent upon 
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electron donor and U(VI) reduction does not proceed until nitrate is completely removed. 

Ethanol is a more effective electron donor, as compared to glucose and acetate, for supporting 

microbial metabolism and subsequent U(VI) removal. One important observation has been that 

regardless of the conditions present, U(VI) reduction overlaps with alternative TEAPs, e.g., 

sulfate- or Fe(III)-reduction. In agreement with past work, nitrate reduction was shown to 

coincide with the temporary remobilization of uranium, therefore, future work should investigate 

methods of biostimulation that can bypass nitrate reduction and focus solely on targeting the 

active U(VI)-reducing population. The combination of SIP methods indicated that denitrification 

was primarily mediated by members of the Betaproteobacteria, which differed significantly from 

the Firmicutes and Deltaproteobacteria populations that were active during sulfate- and metal-

reduction. This research has provided necessary data for the future development and 

implementation of in situ bioremediation practices in uranium-contaminated sediments at the 

ORFRC. The composition, distribution, and metabolic potential of in situ microbial communities 

at the ORFRC site varies with subsurface geochemistry and will impact the success of U(VI) 

bioremediation. 
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