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Introduction

� Sediment microbial communities associated with active U(VI) reduction (Area 3) were dominated by   
proteobacteria including known denitrifiers, iron reducers and sulfate reducers, suggesting that they may play an 
important role in the bioremediation process. 

� Contaminated groundwater outside the treatment zone was dominated by Frateuria-like- �-proteobacteria and 
apparently differs from sediment communities within the treatment zone.

� Metabolic and regulatory genes important to metal resistance, denitrification and other relevant processes 
were detected using metagenomics and functional gene microarrays in both treated and untreated areas.  
Abundance of important genes increased in correlation with U(VI) reduction in the treatment zone.

� D. hafniense (DCB-2) reduces the metals Fe(III), Cu(II), U(VI), Co(III) and Se(VI). 

� Growth of D. hafniense in the presence of U(VI) and Se(IV) produces unusual cell morphologies.  Cells were 
greatly elongated in the presence of U, and in the presence of Se produced apparently membrane-bound surface 
vesicles containing high concentrations of Se. 

A suite of molecular and physiological studies, including metal reduction assays, metagenomics, 
functional gene microarrays and community sequence analyses were applied to investigate 
organisms involved in bioremediation processes at the ERSP Field Research Center and to 
understand the effects of stress on the makeup and evolution of microbial communities to inform 
effective remediation strategies.

U(VI) and Se(VI) reduction by 
Desulfitobacterium hafniense

Desulfitobacterium hafniense is an effective agent of bioremediation through its ability to dehalogenate organic compounds and reduce 
toxic metals. This Gram-positive motile organism has been detected at the FRC, and is an anaerobic, sulfur-reducing, spore former 
capable of producing a biofilm.  We have demonstrated that D. hafniense is capable of metalorespiration when grown on ferric citrate, 
uranyl (VI) acetate, cupric sulfate, & cobalt (III) chloride and can reduce selenium is when grown fermentatively. In Figure A (below) we 
show D. hafniense growth resulting in the reduction of selenium and uranium.  When grown fermentatively in the presence of selenium 
the cell morphology appears unique in that selenium laden vesicles on the exterior of the cells were detected (Fig B & C below).

A screen of metabolic capabilities revealed that D. hafniense (DCB-2) reduces the metals Fe(III), Cu(II), U(VI), Co(III) and Se(VI). 
Selenium is reduced under fermentative conditions while the remaining metals can be the sole electron acceptor under anaerobic 
respiratory conditions.  Growth in the presence of U(VI) and Se(IV) produces unusual cell morphologies, greatly elongated in the 
presence of U and producing surface vesicles in the presence of Se. The vesicles appeared lipid bound as seen with lipophilic fluors
and osmium staining. Moreover, energy dispersive spectrometry reveals high concentrations of Se in these apparently membrane-
bound vesicles. 

The transcriptome of Desulfitobacterium hafniense (DCB-2) under reducing conditions for each metal will be examined using 
microarray analyses.  Kinetics and stoichiometry of respiratory growth will be determined, and screening studies for reduction of 
additional metals will be performed. 

Groundwater metagenomic analysis
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Fig. 2.  Functional Gene Array analysis of FW101-2 groundwater undergoing in situ uranium reduction during ethanol biostimulation.  
A) Up to 11 out of 96 FW106-based probes on the array were detected in FW101-2 groundwater.  B) Mean signal intensity of the 96 
FW106-based probes (along with other sulfate reduction and cytochrome C-like gene probes on the array) correlated with uranium 
reduction suggesting that FW106-like organisms may play a role in bioremediation at these sites.

• Uranium – 51 mg/L (soil ~500 mg/kg)
• Nitrate – 2,331 mg/L
• Sulfate – 1997 mg/L
• Total Organic Carbon (TOC) – 244 mg/L
• Total Inorganic Carbon (TIC) – 284 mg/L
• pH – 3.7
• Heavy Metals and Organics – �g to mg/L

Groundwater Geochemistry

Due to the uncultivated status of the majority of microorganisms in nature, little is known about their genetic properties, biochemical functions, and metabolic 
characteristics.  Although sequence determination of the microbial community ‘genome’ is now possible with high throughput sequencing technology, the complexity and 
magnitude of most microbial communities make meaningful data acquisition and interpretation difficult. Therefore, we are sequencing groundwater microbial 
communities with manageable diversity and complexity (~10-400 phylotypes) at the ERSP Field Research Center (FRC), Oak Ridge, TN. The microbial community has 
been sequenced from a groundwater sample contaminated with very high levels of nitrate, uranium and other heavy metals and pH ~3.7. Sequence analysis of this 
groundwater sample based on a 16S rRNA gene library revealed 10 operational taxonomic units (OTUs) at the 99.6% cutoff with >90% of the OTUs represented by an 
unidentified �-proteobacterial species similar to Frateuria. Additional OTUs were related to a �-proteobacterial species of the genus Azoarcus. Three clone libraries with 
different DNA fragment sizes (3, 8 and 40 kb) were constructed, and 50-60 Mb raw sequences were obtained using a shotgun sequencing approach.  The raw 
sequences were assembled into 2770 contigs totaling ~6 Mb which were further assembled into 224 scaffolds (1.8 kb-2.4 Mb).  Preliminary binning of the scaffolds 
suggest 4 primary groupings (2 Frateuria-like �-proteobacteria, 1 Burkholderia-like �-proteobacteria and 1 Herbaspirillum-like �-proteobacteria). Genes identified from 
the sequences were consistent with the geochemistry of the site, including multiple nitrate reductase and metal resistance genes.  Despite the low species diversity of 
the samples, evidence of strain diversity within the identified species was observed. Analysis with functional gene arrays containing ~23,000 probes designed based on 
these community sequences as well as genes important for biogeochemical cycling of C, N, and S, along with metal resistance and contaminant degradation suggested 
that the dominant species could be biostimulated during in situ uranium reduction experiments at the FRC. These results also suggest that the dominant species could 
play a direct or indirect role in the bioremediation of uranium.

• Groundwater community is dominated by Frateuria-like �-proteobacteria
• Denitrifying �-proteobacteria may serve as keystone species
• Metabolic and regulatory genes predicted to exist based on geochemistry were identified, suggesting that the community has 
undergone adaptive evolution in response to contamination of the environment
• Community appears to contribute to bioremediation activities including reduction of uranium

• Full annotation of metagenome
• Analysis of strain diversity of the community by examination of polymorphism data
• Evolutionary analysis of selected genes to determine mechanisms of adaptation to the contaminated environment by the 

community (i.e. role of selection vs. genetic drift, lateral gene transfer between community members, etc.
• Metagenomic analysis of additional groundwater samples, including samples from an uncontaminated well, for comparative studies 
of the community under different environmental conditions
• Experimental analysis of metagenome clone library to test  predictions derived from sequence analysis (i.e. correct assembly, 
lateral gene transfer)

BFXI557
Contig2768
AY218686 Uncultured bacterium clone KD816
AY622233 NABIR FRC subsurface soil clone CCS3 -- Reardon
DQ125888 NABIR FRC uranium contaminated soil clone AKAU4141 -- Brodie 
BFXI386
AY218719 Uncultured bacterium clone KD789
AY188295 Uncultured bacterium clone KD1149
DQ125806 NABIR FRC uranium contaminated soil clone AKAU3949 -- Brodie
AJ010481 Frateuria aurantia
AY495957 Frateuria WJ64
AB100608 Rhodanobacter fulvus

FRC Gamma Group I

Contig2130
BFXI433
AF039167 Rhodanobacter lindaniclasticus
L76222 Rhodanobacter lindaniclasticus
OR1-87con
DQ125572 NABIR FRC uranium contaminated soil clone AKAU3567 -- Brodie
DQ125555 NABIR FRC uranium contaminated soil clone AKAU3534 -- Brodie
OR1-92cor
AJ583181 uncultured gamma proteobacterium Russian subsurface disposal site

FRC Gamma Group 2

OR1-113con
Xanthomonas campestris
Xylella fastidiosa
Azoarcus sp. EbN1
BFXI398
AF408962 Burkholderia str. Ellin120
AF408965 Burkholderia str. Ellin123
AF408997 Burkholderia str. Ellin155
BFXI539
AF408977 Burkholderia str Ellin135
AY662003 NABIR FRC groundwater 010AE12 -- Fields

FRC Beta Group I

Ralstonia solanacearum
Y10146 Herbaspirillum seropedicae
AF164065 Herbaspirillum seropedicae X8
BFXI385
AM084888 uranium mining waste pile clone JG35
AJ505863 Herbaspirillum sp. PIV341
AJ012069 Herbaspirillum sp. G8A1

FRC Beta Group II

Rhodopseudomonas palustris
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Fig. 1.  Phylogeny of the predicted 16S rRNA sequences obtained from A) OTU analysis and B) the assembled metagenomic 
sequence.  The phylogeny defines the four primary phylotypes of the community and was used for preliminary  binning of  the 
remaining the contigs.  Taxon labels (Fig. 1B) are colored as follows:  Red, genes predicted from metagenome annotation (2 gene 
fragments mapped to FRC Gamma Group I and FRC Beta Group I not shown); Blue and Green, genes experimentally isolated from 
locations within the FRC.

Diagnostic Genes Identified
• 30+ Cytochromes (23 c-type)
• 3 NiFe Hydrogenase complexes
• Assimilatory and Dissimilatory Nitrate Reductase
• Formate Dehydrogenase
• Multiple Cytochrome Oxidase Complexes
• Hexose and Pentose Transporters, including multiple PTS 

Transport Complexes
• 40+ cation efflux/multidrug resistance pumps
• 7 Na+/H+ Antiporters
• 9 Heat Shock Response Genes
• Metal Resistance Genes

•Arsenate Reductase Operon
•Mercuric Reductase Operon
•Copper Resistance Genes
•Co-Zn-Cd Resistance Genes
•Chromate Resistance Genes
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• ~70 Mb raw sequence
• ~8 Mb assembled sequence

• 2770 contigs
• 224 scaffolds (1.8 kb-2.4 Mb)

• 5 preliminary phylotypes based on identification of anchor 
genes (16S rRNA, 23S rRNA, gyrB, recA, rpoB, ileS,  
fusA)

• ~70 of metagenomic sequences assigned to these 5 phylotypes
• Estimated Genome Coverage*

• FRC Gamma Group I (Frateuria I) – 9.7X
• FRC Beta Group I (Burkholderia) – 1.1X
• FRC Gamma Group II (Frateuria II) - <0.1X
• FRC Beta Group II (Herbispirillum) - <0.1X
• FRC Alpha Group I (Afipia) - <0.1X
* Genome coverage estimated using reference genome sizes as follows: 
Burkholderia, 7.0 Mb; Herbispirillum, 6.8 Mb; Xanthomonas, 4.2 Mb; 
Bradyrhizobium, 9.1 Mb

A) B)

Sequencing

Dynamics of FW106-Based Genes During Uranium Reduction

Sequences obtained

Sample: FW106
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Sediment samples from the injection, extraction and multi-level sampling wells of 
below ground treatment system in the FRC Area 3 (Fig. 1) were collected by well 
surging. DNA was extracted and 16S rRNA gene libraries were constructed and 
sequenced. Sequences were then filtered for quality (80% sequence with Q>20) 
classified with RDP, compared with �-LIBSHUFF and analyzed with EstimateS and 
DOTUR. OTUs were defined at 95% similarity.

Microbial reduction of U(VI) and nitrate has been successfully biostimulated in Area 3, resulting in reduction of U(VI) levels in 
groundwater to below U.S. EPA regulatory limits.  Understanding the microbial diversity present throughout the active subsurface
treatment zone is valuable to understanding the bioremediation process. Clone libraries of 16S rRNA genes from throughout the inner 
loop of the treatment zone were used to characterize the microbial diversity and relate the differences in microbial composition with 
spatial location within the treatment zone.

Figure 1. Well location in the treatment zone of Area 3 at ORNL.

The arrow indicates the direction of the subsurface transport.

Community analyses of U(VI)-reducing 
sediments

Introduction

Methods

Results

Known denitrifiers, iron reducers and sulfate reducers were detected with high frequency within the active bioremediation zone, 
suggesting that they may play an important role in the bioremediation process. Significant differences in microbial communities were 
detected among the wells indicating that some spatial variability exists within the treatment zone.

Multivariate analysis will be used to integrate the microbial community data with geochemical data to better understand the 
mechanisms that determine microbial community composition and consequently influence its bioremediation capacity.

• In all wells examined, the microbial communities were dominated by proteobacteria with a relative contribution that ranged from 56 to 
61% of the total community. Several genera of known importance were detected: Dechloromonas (dehalogenator, denitrifier),  
Geobacter (iron- and uranium reducer), Desulfovibrio (sulfate-and uranium-reducer), Acidovorax (nitrate reducer), and Rhodoferax
(iron- and nitrate-reducer).

• �-LIBSHUFF detected significant differences in the microbial community composition among the wells. The microbial communities 
differed significantly in their composition with the exception of the sampling well (102-3) and the injection well (104) that were 
significantly similar (p=0.05).

• The denitrifying bacteria present in the sediments differed from those in the Criddle-Jardine fluidized bed denitrifying bioreactor (data 
not shown). In the bioreactor more Thauera sequences were detected while in the sediments Dechloromonas was the dominant 
denitrifier. More stringent conditions and the presence of halogenated compounds that favor Dechloromonas could explain this 
difference.

A neighbor-joining tree constructed based on Bray-Curtis distances 
clustered the injection well (104) with the sampling well 102-3 
(consistent with �-LIBSHUFF results). The sampling wells were clustered 
more based on depth than location. Bray-Curtis distances consider both 
richness as well as presence/absence for distance calculation. 

Protobacteria

Protobacteria

P
rotobacteria

P
rotobacteria

P
rotobacteria

Protobacteria

0%

20%

40%

60%

80%

100%

104 101-2 101-3 102-2 102-3 O26
Well

Protobacteria Bacteroides Firmicutes Actinobacteria Others Unclassified bacteria

Figure 2. Microbial composition of the six wells. Phylum-level resolution is based on RDP classification at 
80% confidence.
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Rhodocyclaceae incerta sedis Burkholderiales

comamonadaceae Oxalobacteraceae

U. burkholderiales U. betaproto

Cystobacteraceae Geobacteraceae

U. desulforomonales Desulfovibrionaceae
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Porphyromonadaceae U. bacteroidales

U. bacteroides Clostridiaceae
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U. c lostridiales U. clostridia
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U. f irmicutes Micrococcaceae

Mycobacteriaceae Micromonosporaceae

Intrasporangiaceae U. actinomycetales

Rubrobacteraceae Gemmatimonadaceae

Plantomycetaceae U. deferribacteriales

Paraclamydiaceae Xiphinematobacteraceae

U. verrucomicrobiales Nistrospiraceae

Incertae sedis op10 Incertae sedis BRC1

Incertae sedis tm7 Spirochetaceae

U. bacteria

b
-p

ro
to

b
-p

ro
to

b
-p

ro
to

b
-p

ro
to

b
-p

ro
to

b
-p

ro
to

d
-p

ro
to

d
-p

ro
to

d
-p

ro
to

d
-p

ro
to

d
-p

ro
to

d
-p

ro
to

a
-p

ro
to

a
-p

ro
to

a
-p

ro
to

a
-p

ro
to

a
-p

ro
to

g
-p

ro
to

g
-p

ro
to

g
-p

ro
to

g
-p

ro
to

g
-p

ro
to

P
P P P P

P

B

B
B

B

B

B

F

F

F F

F

F

A

A
A A

A

A

Figure 3. Microbial composition of the six wells. Family classification based on RDP at 80% confidence.

P=Protobacteria, B=Bacteroides, F= Firmicutes, A=Actinobacteria

Figure 4. Neighbor Joining tree based on Bray-Curtis distances among wells.
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Conclusions

Location of Selenium - Energy Dispersive Spectroscopy

EDS spectrum of above TEM 
picture (y-axis is total counts).  
Note the extremely high K and L 
peaks of selenium in relation to 
other metals.  Pb is not present in 
the sample despite being called.

TEM of vesicles found with  D. hafniense grown in the 
presence of 1 mM selenium.  The line begins in the 
matrix (left), and terminates in a hole in the matrix 
(right) as it passes through 3 vesicles, 2 cells, and a 
small vesicle before ending.

Composite of predominant line scans from EDS of left TEM 
image. Colors are: carbon (green), selenium (blue), and osmium 
(red).  Selenium rises through each vesicle.  Osmium increases 
as passing through  membranes.
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C

Cellular Morphology during Heavy Metal Reduction

Backscatter  image of D. hafn iense
1 mM Se under  fermentat ion at lef t

Brighter  signal = h igher atomic w eight

D. hafniense:  1 mM Se under 
fermentat ion (cell size 2 .5 � m)

Note attached vesicles.  Performed 
using scanning electron microscopy.

D. hafn iense  under pyruvate fermentat ion 
il lustrat ing terminal flagella and 
exopolysacchar ide product ion.

Performed using scann ing electron microscopy.

D. hafniense:  0.91 mM U under 
resp iratory cond it ions (cell size � 5 � m)

Performed using scanning electron
microscopy.

D. hafn iense: 
1 mM Se under 
fermentat ion  

stained with  a 
lipophilic dye.

Arrow s po in t to 
circular membrane 

that appears hollow .  
These ho llow  circles 
are found alone and 
associated w ith  cells.

C

From left  t o right: selenate (1 mM) negative con trol, D. hafniense
(fermen tation con trol), selenate (1 mM) cult ure, and selenate
(10 mM) cu lture.

Culturing in Metals for reduction by 
Desulf itobacterium hafniense

U (0.91  mM uran ium control) 
U+DCB2 (0.91 mM uran ium w ith 
D. hafn iense and lactate)

From left  t o right: selenate (1 mM) negative con trol, D. hafniense
(fermen tation con trol), selenate (1 mM) cult ure, and selenate
(10 mM) cu lture.

Culturing in Metals for reduction by 
Desulf itobacterium hafniense

U (0.91  mM uran ium control) 
U+DCB2 (0.91 mM uran ium w ith 
D. hafn iense and lactate)

D. hafniense is capable of metalorespiration w hen  grow n on 
ferric citrate, u ranyl (VI) acetate , cupric sulfate, & cobalt  (III) 
ch loride. In addition , selenium is reduced when D. hafn iense is 
grow n fermen tatively w ith pyruvate/ lactate.

B

FRC Area 3


