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Objectives

The overarching project goal of the MURMoT project was the design of tools to elucidate the presence, 

abundance, dynamics, spatial distribution, and activity of metal- and radionuclide-transforming bacteria. 

To accomplish these objectives, an integrated approach that combined nucleic acid-based tools, proteomic 

workflows, uranium isotope measurements, and U(IV) speciation and structure analyses using the 

Advanced Photon Source (APS) at Argonne National Laboratory was developed.

Accomplishments

Objective 1. Detection and quantification of 16S rRNA genes of U(VI)-reducing bacteria.

Anaeromyxobacter dehalogenans strains were characterized as versaphiles with the ability to couple 

energy conservation to a variety of electron acceptors, including hexavalent uranium, U(VI). PCR-based 

tools targeting the 16S rRNA gene of U(VI)-reducing A. dehalogenans strains were designed and 

validated. The application of these tools to samples collected from Area 3 at the uranium-contaminated 

Oak Ridge Integrated Field Research Challenge (IFRC) site demonstrated that (i) A. dehalogenans strains 

were unevenly distributed in the contaminated subsurface, (ii) the predominant A. dehalogenans strains in 

a biostimulation area belonged to a clade with no cultured representatives, (iii) the Anaeromyxobacter 

population increased in size following biostimulation in zones with active U(VI) reduction to U(IV), and 

(iv) the Anaeromyxobacter population responded positively to the intrusion of oxygenated groundwater 

suggesting the strains present at the IFRC can grow aerobically. Laboratory studies determined that A. 

dehalogenans strains indeed consumed (i.e., detoxified) oxygen at higher concentrations (i.e., air) and 

respired oxygen at partial pressures below 0.18 atm.

Geobacter spp. have also been implicated in U(VI) reduction, and tools targeting the 16S rRNA gene 

of this bacterial group have been designed. Quantitative monitoring of Geobacter spp. 16S rRNA gene 

abundances at the Oak Ridge IFRC site suggested that the Geobacter population declined following 

oxygen intrusion, which was consistent with the known Geobacter physiology. Geobacter spp. do not 

respire oxygen and are considered strict anaerobes. These observations suggested that microbes active in 

oxic-anoxic transition zones play relevant roles for controlling radionuclide mobility, and focused 

laboratory experiments were conducted (see below).

Manuscript:

Thomas, S. H., R. A. Sanford, M. B. Leigh, E. Cardenas, and F. E. Loffler. 2010. Unique ecophysiology 

among U(VI)-reducing bacteria as revealed by evaluation of oxygen metabolism in Anaeromyxobacter 

dehalogenans strain 2CP-C. Appl. Environ. Microbiol. 76:176-183. doi: 10.1128/AEM.01854-09
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Objective 2. 238u/235U isotope measurements as indicator of microbial U(VI) reduction activity.

A novel method involving uranium isotopic measurements by high precision mass spectrometry was 

developed and validated. During microbial U(VI) reduction, 238U is enriched relative to 235U in the 

reaction products, rendering the residual dissolved U(VI) enriched in 235U. The unusual sense of 

fractionation, with a heavier isotope reacting faster, can be rationalized by invoking a nuclear field shift 

effect.

The U/ U ratio in groundwater collected from the Rifle IFRC site decreased by ~1 per mil during 

stimulated U(VI) bioreduction. Similarly sized isotopic fractionation occurs during U(VI) reduction in 

cultures of Geobacter sulfurreducens and A. dehalogenans strain FRC-W, an isolate obtained from the 

Oak Ridge IFRC site. Interestingly, Desulfovibrio vulgaris grown under pyruvate fermentative 

conditions did not reduce or fractionate the U(VI) carbonate.

To better understand fractionation mechanisms, the e values for U(VI) reduction were determined for two 

Geobacter sulfurreducens isolates (strain PCA and strain Criddle), two Anaeromyxobacter dehalogenans 

isolates (strain FRC-W and strain FRC-R5), a novel Shewanella isolate (Shewanella sp. strain NR), and 

the Gram-positive bacterium Desulfitobacterium sp. strain Viet1. The results demonstrated that microbial 

U(VI) reduction induces isotopic fractionation for all bacterial cultures tested. The e values determined 

for Geobacter sulfurreducens strain PCA and strain Criddle were 0.68%o and 0.99%o, respectively. The e 

values for A. dehalogenans strain FRC-W, A. dehalogenans strain FRC-R5, Shewanella sp. strain NR, 

and Desulfitobacterium sp. strain Viet1 were 0.72%, 0.99%, 0.96% and 0.86%, respectively. The data 

revealed that e increases with decreasing cell-specific reduction rate, suggesting that e varies with the 

kinetics of individual reduction reactions. The e values reached maxima of ~1% under low biomass and 

electron donor-limiting conditions. These findings reveal a fundamental relationship between metabolism 

and isotopic fractionation, and should prove useful for monitoring U(VI) under various geochemical 

settings where microbial U(VI) reduction is expected to occur.

Manuscripts:

Basu, A., R. A. Sanford, T. M. Johnson, C. C. Lundstrom, and F. E. Loffler. 2014. Uranium isotopic 

fractionation factors during U(VI) reduction by bacterial isolates. Geochim. Cosmochim. Acta.

136:100-113. doi.org/10.1016/j.gca.2014.02.041

Bopp IV, C.J., C. Lundstrom, T. Johnson, R. A. Sanford, P. E. Long, and K. H. Williams. 2010. Uranium 

isotope ratios as indicators of reduction: results from an in situ biostimulation experiment at Rifle, CO. 

Environ. Sci. Technol., 44:5927-5933.
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Basu, A., R. A. Sanford, T. M. Johnson, C. C. Lundstrom, and F. E. Loffler. Effect of U(VI) 

concentration variation on U isotope fractionation during U(VI) reduction by a novel Shewanella 

isolate. In Preparation.

Basu, A., R. A. Sanford, T. M. Johnson, C. C. Lundstrom, and F. E. Loffler. Isotopic fractionation of 

235U, 236U, and 238U during microbial U(VI) reduction. In Preparation.

Objective 3. Characterization of reduced U(IV) phases. Uranium LIII-edge X-ray absorption near

edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) analyses were performed 

to determine the valence state and the average local environment of uranium in the hydrated solid phase. 

The XANES spectra obtained from samples prepared from five Desulfitobacterium spp. cultures 

demonstrated that at least 95% of all solid phase uranium was present as U(IV), confirming the 

spectrofluorescence measurements and U(VI) reduction. EXAFS analyses were performed on these 

samples to determine the atomic environments of the solid phase uranium. Interestingly, while 

bioreduction of U(VI) is almost always reported to yield the uraninite mineral (UO2), extended X-ray 

absorption fine structure (EXAFS) analysis demonstrated that the U(IV) produced by the 

Desulfitobacterium spp. was not UO2. The EXAFS data indicated that the U(IV) product was a phase or 

mineral composed of mononuclear U(IV) atoms closely surrounded by light element shells. This atomic 

arrangement likely results from inner-sphere bonds between U(IV) and C/N/O or P/S-containing ligands, 

such as carbonate or phosphate. The formation of a distinct U(IV) phase is a relevant discovery because 

the characteristics of the reduced material affect uranium stability and fate in the contaminated 

subsurface.

Manuscripts:

Fletcher, K. E., M. I. Boyanov, S. H. Thomas, Q. Wu, K. M. Kemner, and F. E. Loffler. 2010. Uranium 

reduction to mononuclear U(IV) by Desulfitobacterium spp. Environ. Sci. Technol. 44:4705-4709. doi: 

10.1021/es903636c

Boyanov, M. I., K. E. Fletcher, M. Jae Kwon, X. Rui, E. J. O’Loughlin, F. E. Loffler, and K. M. Kemner. 

2011. Solution and microbial controls on the formation of reduced U(IV) species. Environ. Sci. 

Technol. 45:8336-8344. doi: 10.1021/es2014049

Objective 4. Identification of metal reduction biomarkers. While the quantitative assessment of 16S 

rRNA genes can provide information about the abundance of metal-reducing bacteria, this measure does 

not necessarily correlate with specific metal reduction activity. The goal was to identify biomarkers that 

are directly involved in the process of interest. A shared characteristic among Shewanella spp.,

8



Geobacter spp., and Anaeromyxobacter dehalogenans is the large number of c-type cytochrome genes 

encoded on the genomes of these metal reducers. Protein biomarkers were explored for gaining 

information of the presence and activity of metal- and radionuclide-transforming bacteria. Proteomic 

workflows have been applied to A. dehalogenans strain 2CP-C grown with different electron acceptors 

including oxygen, fumarate, nitrate, ferric citrate, goethite, and manganese oxide. Following biomass 

collection, trypsin proteolysis, solid-phase extraction, and solvent exchange, the peptides were analyzed 

with via 2-D-LC-MS/MS on a linear ion trap mass spectrometer (LTQ XL) or a dual pressure Linear Ion 

trap (LTQ Velos). Up to 2,000, or about half of the predicted open reading frames (ORFs) were 

identified, and distinct c-type cytochrome expression profiles were determined in cells grown with 

different electron acceptors. While several c-type cytochromes were expressed under all growth 

conditions, the analysis identified c-type cytochromes that were only expressed under specific growth 

conditions. For example, theses efforts identified a c-type cytochrome A. dehalogenans that was only 

expressed when the organisms were grown with manganese oxide as electron acceptor. Consequently, the 

detection of this specific c-type cytochrome serves as an indicator of cells that actively use manganese 

oxide as electron acceptor.

The proteomics approach was expanded and applied to biomass collected from the uranium-contaminated 

IFRC site. Environmental metaproteomics revealed specific responses of the microbial community to 

biostimulation, and demonstrated the utility of this approach for monitoring microbial activities related to 

radionuclide reduction and immobilization in groundwater.

Manuscripts:

Nissen, S., X. Liu, K. Chourey, R. L. Hettich, D. D. Wagner, S. M. Pfiffner, and F. E. Loffler. 2012. 

Comparative c-type expression analysis in Shewanella oneidensis strain MR-1 and Anaeromyxobacter 

dehalogenans strain 2CP-C grown with soluble and insoluble oxidized metal electron acceptors. 

Biochem. Soc. Trans. 40:1204-1210. doi: 10.1042/BST20120182

Chourey, K., S. Nissen, T. Vishnivetskaya, M. Shah, S. Pfiffner, R. L. Hettich, and F. E. Loffler. 2013. 

Environmental proteomics reveals early microbial community responses to biostimulation at a 

uranium- and nitrate-contaminated site. Proteomics. 13:2921-2930. doi: 10.1002/pmic.201300155

Nissen, S., K. Chourey, X. Liu, R. L. Hettich, and F. E. Loffler. Identification of a c-type cytochrome 

with specific function in electron transfer to insoluble manganese oxide. In preparation.
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Objective 5. Competition between metal-reducing populations near the oxic-anoxic interface.

Oxic-anoxic transitions zones are hotspots for microbial activity and function as key controls of 

radionuclide mobility. Under anoxic conditions, U(VI) is reduced to U(IV) by metal-reducing bacteria, 

resulting in uranium immobilization. In oxic environments (e.g., following oxygen intrusion), reduced 

and immobile U(IV) is oxidized to soluble and mobile U(VI). Monitoring of Anaeromyxobacter and 

Geobacter populations at the Oak Ridge IFRC site suggested that members of these bacterial groups 

responded differently to oxygen intrusion. To explore the effect of fluctuating redox conditions on metal- 

reducing populations in more detail, laboratory one-dimensional (1-D) continuous flow experiments were 

performed. A novel column design was needed to control an oxic/anoxic transition zone to explore the 

effects of fluctuating redox conditions on U(VI)-reducing populations and uranium mobility. These 

columns were manufactured using plexiglass and were equipped with multiple valves for manipulating 

influent and effluent streams. The manipulation of flow gave operational control of an oxic-anoxic 

transition zone. The columns were equipped with multiple sampling ports to monitor the abundance of 

Anaeromyxobacter and Geobacter 16S rRNA genes in different sections of the column. In addition, 

sacrificial sampling of the columns revealed the distribution of Anaeromyxobacter and Geobacter cells 

attached to the solids. These experiments revealed the dynamic changes in Anaeromyxobacter and 

Geobacter population sizes in response to fluctuation redox conditions.

Manuscript:

Walshe, G., K. D. Pennell, and F. E. Loffler. One-dimensional column experiments demonstrate 

competition between distinct ferric iron-reducing bacteria in oxic-anoxic transition zones. In 

preparation.
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