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Previous studies have demonstrated that metal-reducing microorganisms can effectively promote the precipitation and removal of uranium from contaminated groundwater. Microbial communities were stimulated
in the acidic subsurface by pH neutralization and addition of an electron donor to wells. In single-well pushpull tests at a number of treated sites, nitrate, Fe(III), and uranium were extensively reduced and electron
donors (glucose, ethanol) were consumed. Examination of sediment chemistry in cores sampled immediately
adjacent to treated wells 3.5 months after treatment revealed that sediment pH increased substantially (by 1
to 2 pH units) while nitrate was largely depleted. A large diversity of 16S rRNA gene sequences were retrieved
from subsurface sediments, including species from the ␣, ␤, ␦, and ␥ subdivisions of the class Proteobacteria,
as well as low- and high-GⴙC gram-positive species. Following in situ biostimulation of microbial communities
within contaminated sediments, sequences related to previously cultured metal-reducing ␦-Proteobacteria
increased from 5% to nearly 40% of the clone libraries. Quantitative PCR revealed that Geobacter-type 16S
rRNA gene sequences increased in biostimulated sediments by 1 to 2 orders of magnitude at two of the four
sites tested. Evidence from the quantitative PCR analysis corroborated information obtained from 16S rRNA
gene clone libraries, indicating that members of the ␦-Proteobacteria subdivision, including Anaeromyxobacter
dehalogenans-related and Geobacter-related sequences, are important metal-reducing organisms in acidic subsurface sediments. This study provides the first cultivation-independent analysis of the change in metalreducing microbial communities in subsurface sediments during an in situ bioremediation experiment.
metabolically diverse (35). Many Fe(III)-reducing bacteria
(FeRB) and sulfate-reducing bacteria (SRB), such as members
of the Geobacteraceae and Shewanellae families, possess the
ability to reduce nitrate (9, 31, 43), but few have been observed
to carry out complete denitrification.
Optimization of U(VI) bioremediation strategies requires
an extensive understanding of metal-reducing microorganisms
and the environmental parameters controlling their activity.
Most previous work on U(VI)-reducing bacteria has been conducted with pure cultures or enrichments in the laboratory,
where it is difficult to reconstruct field conditions. Few studies
of known metal reducers capable of U(VI) utilization have
been carried out by cultivation-independent techniques with
subsurface sediments, and structure-function relationships
have not been examined extensively. Thus far, for the FeRB,
members of the Geobacteraceae family within the ␦-Proteobacteria subdivision were most often detected in abundance in
subsurface sediment slurries at neutral pH upon stimulation of
concurrent U(VI) and Fe(III) reduction by addition of acetate
as an electron donor (18).
Several FeRB and SRB have the ability to reduce U(VI),
and some conserve energy for growth from this reaction (6, 32,
57). Not only do these organisms have the ability to enzymatically reduce U(VI), but the products of microbial sulfate and
Fe(III) reduction, hydrogen sulfide and Fe(II), can chemically
reduce U(VI) (26, 34, 37). In the terrestrial subsurface,
oxidized iron is often the most abundant electron acceptor
available under anoxic conditions, thus providing a metabolic
advantage for FeRB (28). Previous culture studies conducted
in our laboratory suggested that upon pH neutralization, mem-

Uranium [U(VI)] is the most common radionuclide contaminant found within the U.S. nuclear weapon complex managed
by the U.S. Department of Energy. Nitrate is often a cocontaminant with U(VI) in subsurface sedimentary environments
because of the use of nitric acid in the processing of U(VI) waste
(39, 45). U(VI) can be microbiologically immobilized from
groundwater by its reduction from UO2⫹
to insoluble U(IV)
2
oxide (28, 31, 33). One of the more promising strategies for the
in situ remediation of U(VI) waste involves the “biostimulation” of U(VI) immobilization (39). Biostimulation is defined
as addition of nutrients (carbon and other nutrient sources) that
serve to increase the number or activity of indigenous microorganisms available for bioremediation activity. Biostimulation
can lead to creation of a permeable treatment zone in contaminated aquifers that removes radionuclides from the aqueous
phase before they enter sensitive water supplies.
Nitrate serves as a competing and energetically more favorable electron acceptor for metal-reducing bacteria in nitric acidcontaminated sediments (9). Previous studies of microbial
U(VI) reduction in sediments cocontaminated with nitrate
have indicated that no net U(VI) reduction occurs until nitrate
is reduced. Once nitrate is depleted, U(VI) and Fe(III) are
reduced concurrently (12, 13, 49). Thus, denitrification intimately affects the fate of U(VI) in anoxic subsurface environments. Subsurface denitrification is believed to be mediated by
a group of facultative anaerobes that are phylogenetically and
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bers of the ␦-Proteobacteria subdivision (Geobacter spp., Anaeromyxobacter spp.) will be important metal reducers in initially
acidic subsurface sediments cocontaminated with U(VI) and
nitrate (42). Iron(III)-reducing consortia, enriched from the
U.S. Department of Energy Natural and Accelerated Bioremediation Research Field Research Center (FRC), where our
study was conducted, utilized Fe(III) minerals as the sole electron acceptor (24) and rapidly reduced U(VI) in culture. A
most-probable-number (MPN) serial dilution assay for SRB
and FeRB revealed that FeRB are far more abundant than
SRB in subsurface FRC sediments (L. Petrie, unpublished
results). Therefore, the FeRB were the focus of this study, as
they represent indigenous microorganisms likely to catalyze
the immobilization of U(VI) contamination in situ. Further
evidence from preliminary field experiments at the FRC site
suggested that subsurface microbial activity was carbon substrate limited (20). Thus, we hypothesized that (i) biostimulation, through the addition of a carbon substrate and pH neutralization, would catalyze the reduction of nitrate, Fe(III), and
U(VI) in contaminated FRC sediments and (ii) metal-reducing
members of the ␦-Proteobacteria subdivision would constitute a
substantial proportion of the sedimentary microbial communities after in situ biostimulation. We further proposed that the
overall change in microbial community composition during biostimulation must also be understood to place the metal-reducing organisms into the context of competing heterotrophs.
With a combination of push-pull activity tests, solid-phase
geochemistry, and cultivation-independent analysis of microbial communities, we examined the in situ change in microbial
community composition in subsurface sediments cocontaminated with U(VI) and nitrate during biostimulation. Through
quantification of the in situ activity and community composition of metal-reducing microorganisms likely to catalyze U(VI)
sorption and precipitation, we provide important inputs for
reaction-based biogeochemical models that greatly aid in the
development of in situ U(VI) bioremediation strategies.
MATERIALS AND METHODS
Site and sample description. This study focused on contaminated subsurface
sediments collected from the U.S. Department of Energy FRC, located at the
Y-12 complex within the Oak Ridge National Laboratory in Oak Ridge, Tenn. It
is centered on groundwater plumes that originate from former waste disposal
ponds at the Y-12 plant. Contaminated acidic subsurface sediments were sampled from area 1 in the saturated zone of shallow residuum overlying Nolichucky
shale, where elevated concentrations of U(VI) and nitrate have been observed.
Other contaminants include additional radionuclides (plutonium, technetium),
toxic metals (nickel, aluminum, barium, chromium, mercury), chelating agents
(EDTA), chlorinated hydrocarbons (trichloroethylene [TCE] and perchloroethylene), polychlorinated biphenyls, and fuel hydrocarbons (toluene, benzene) (http:
//www.lbl.gov/NABIR/). The “background area” is a pristine site ⬃163 ha in size,
located in West Bear Creek Valley, approximately 2 km away from the S-3 ponds
(http://www.lbl.gov/NABIR/). Subsurface sediments of the background area contain a parent rock mineralogy and sediment characteristics similar to those of
contaminated sites of the FRC (http://www.lbl.gov/NABIR/).
Sediment cores were sampled prior to biostimulation, on 30 August 2001, and
after biostimulation (following the final push-pull test), on 16 December 2002,
with an Acker Drill Co. (TBD-II) Holegator track drill equipped with polyurethane sleeves lining the corer. The ranges of core depths sampled before and
after biostimulation experiments were 3.0 to 5.7 and 2.1 to 3.6 m for contaminated area 1 and the background areas, respectively. Cores (0.42 m in diameter,
1.83 m in length) were immediately transferred to a Coy anaerobic chamber
adjacent to the field sites, where they were subsampled under aseptic and strictly
anoxic conditions with alcohol-rinsed equipment. Intact subsamples were sealed
under argon, frozen in liquid nitrogen, and shipped to Florida State University
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on dry ice via Fed-Ex priority overnight. Before sediment biostimulation, cores
FB32, FB33, and FB34 were sampled adjacent to injection wells from the pushpull experiment (42). After biostimulation, cores FB45, FB46, FB47, and FB49
were sampled adjacent to wells corresponding to the same sites where cores
FB32 (corresponding to both FB45 and FB46), FB33, and FB34 were sampled,
respectively.
Chemical analysis. The sediment pH was determined by diluting 2 ml of
sediment with 2 ml of deionized water. The 1:1 dilution was shaken for 1 h and
centrifuged, and then the pH of the supernatant was measured with a calibrated
digital pH meter (36). Nitrate was extracted from sediments for 1 h with a 1:1
dilution of sediment sample-deionized water, followed by centrifugation, and the
supernatant was analyzed for dissolved nitrate after reduction with V(III) to NO
with a chemiluminescence detector (4). Poorly crystalline Fe oxide minerals were
quantified by a 1-h 0.5 M HCl extraction (23).
In situ biostimulation. Push-pull tests for in situ bioremediation activity were
conducted as described in a companion paper by Istok et al. (20). Briefly, wells
were successively tested five times with approximately 1 to 2 months between
treatments. Test solutions consisted of site groundwater that was neutralized
with 100 mM sodium bicarbonate, made anoxic by sparging with 80% N2–20%
CO2, and amended with either ethanol or glucose to a final concentration of 400
mM. Approximately 200 liters of test solution was injected into each well for each
test with a siphon over a period of 1 to 2 days. Following injection, groundwater
samples were periodically collected from the same well for up to 1,000 h. Samples
were filtered in the field with 0.2-m-pore-size syringe filters and stored at 4°C
until analyzed. Groundwater was analyzed for nitrate by ion chromatography, for
U(VI) with a kinetic phosphorescence analyzer (Chemcheck, Richland, Wash.)
(5), for Fe(II) by the ferrozine assay (52), for ethanol by gas chromatography
with flame ionization detection, and for glucose by the phenol-sulfuric acid
method (8). Rates of donor utilization and nitrate and U(VI) reduction were
calculated by plotting dilution-adjusted concentrations versus time (see reference 20 for further information).
DNA extraction and 16S rRNA gene analysis. Microbial community DNA was
extracted directly from the sediment by a method adapted from the simultaneous
RNA-DNA extraction protocol described previously (19). The DNA was purified
twice with a Wizard column (Promega, Madison, Wis.) and resuspended in 50 l
of sterile water. Sterile-water aliquots also extracted by this method served as
negative controls. All of the 16S rRNA gene sequences obtained from negative
controls were considered laboratory contaminants. Community DNA from uncontaminated sediment was extracted with the Ultra Clean Soil DNA kit (Mo
Bio Laboratories, Solana Beach, Calif.) in accordance with the manufacturer’s
instructions. Immediately after extraction, aliquots (1 l) of DNA were added to
a mixture of PCR reagents for cloning and sequencing. Bacterial 16S rRNA
genes were amplified from community DNA with primers 8F (5⬘-AGA GTT
TGA TCM TGG CTC AG-3⬘) and 1392R (5⬘-ACG GGC GGT GTG TRC-3⬘)
as previously described (10). The PCR products were cloned with a TOPO TA
Cloning kit (Invitrogen, Carlsbad, Calif.) and screened by digestion with restriction enzyme HaeIII (New England Biolabs, Beverly, Mass.) as previously described (11). Clone libraries were generated from three contaminated sediment
cores, four biostimulated sediment cores, and one pristine sediment core. Cloned
inserts with unique restriction patterns were amplified with M13 primers from
whole cells and purified for sequencing with QIAquick PCR purification columns
(QIAGEN, Valencia, Calif.). Sequencing was performed with an Applied Biosystems 3100 genetic analyzer with primers G and H (27) at the Florida State
University sequencing facility. Sequences were aligned against close relatives
from the Ribosomal Database Project with the ARB software package (54) and
rRNA secondary-structure diagrams. Dendrograms were constructed with ARB
and PAUP* 4.0s (Sinauer Associates, Sunderland, Mass.) with only unambiguously aligned nucleotides. The possibility of chimera formation was analyzed by
submitting the sequences to the CHIMERA_CHECK program in the Ribosomal
Database Project database (7).
Quantitative PCR analysis. The relative abundances of 16S rRNA gene sequences closely related to Geobacter sp., Anaeromyxobacter sp., Paenibacillus sp.,
and Brevibacillus sp. were determined from DNA directly extracted from subsurface sediment by an MPN-PCR technique as previously described (14). Serial
10-fold dilutions of extracted DNA were made in sterile water, and 1-l aliquots
were used as the template in the PCR. Primer sets for Anaeromyxobacter and
Paenibacillus-Brevibacillus were designed with the probe design function in the
ARB software package (54) (Table 1). Optimum temperature and cycling parameters were determined to be an initial denaturation step of 94°C for 10 min,
followed by 35 cycles of 95°C (30 s), 56.5°C (30 s), and 72°C (45 s), with a final
extension step of 72°C for 10 min. To test primer specificity, each primer set was
compared to the sequences available in the Ribosomal Database Project and
GenBank databases with the PROBE_CHECK (Ribosomal Database Project)
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TABLE 1. Primer pairs and amplicon lengths for use in MPN-PCR
Target organism(s)

Primer name

Primer sequence (5⬘–3⬘)

Amplicon
length (bp)

Reference

Anaeromyxobacter sp.

60F
461R

CGA GAA AGC CCG CAA GGG T
ATT CGT CCC TCG CGA CAG T

401

This study

Paenibacillus Brevibacillus spp.

160F
334R

TGA GTA ACA CGT AGG CAA CCT
TAA TGC GCC GCA GGC CCA T

174

This study

Geobacter sp.

494F
825R

AGG AAG CAC CGG CTA ACT CC
TAC CCG CRA CAC CTA GTC T

331

18

and BLAST algorithms (1). Clone libraries produced from each primer set were
also analyzed to ensure primer specificity. Each primer set produced cloned
sequences closely related to their intended target organisms. PCR products were
analyzed by gel electrophoresis in 1% agarose gels, stained in an ethidium
bromide bath, and visualized by UV transillumination. The highest dilution that
yielded a product was noted, and a standard three-tube MPN chart was consulted
in order to determine the number of 16S rRNA gene copies per gram of
sediment extracted (2). A test with known amounts of template DNA was
conducted to verify the accuracy of the 16S rRNA gene abundances determined
through MPN-PCR. The accuracy test revealed that the numbers of 16S rRNA
gene copies per gram of sediment may be slightly overestimated but are well
within the standard error.
Nucleotide sequence accession numbers. The nucleotide sequences reported here were submitted to the GenBank database under accession numbers AY527742 to AY527816.

RESULTS
In situ push-pull tests for microbial activity. Microbial activity was quantified by analysis of electron acceptor and donor
utilization in groundwater samples collected over regular intervals (Table 2; Fig. 1). Prior to testing, groundwater was aerobic and products of microbial respiration [nitrite, Fe(II)] were
not detectable, indicating that microbial activity in the contaminated aquifer was carbon substrate limited (http://www.lbl.gov
/NABIR/). Carbon substrate limitation was corroborated by
control tests conducted with no added electron donor in which
no microbial activity was detected (20).
Extensive microbial reduction of available electron acceptors [nitrate, Fe(III), U(VI)] and utilization of electron donors
(glucose, ethanol) were indicated at all of the sites where in
situ tests were conducted at the FRC. A representative plot of
activity is shown for well FB34 in Fig. 1, and a summary of the
rates obtained from push-pull activity tests at all of the wells
is provided in Table 2. Although rates were initially highly
variable, substrate utilization was induced upon repeated treatment with an electron donor, such that nearly complete reduction of available nitrate and U(VI) was observed upon com-

pletion of the field experiment (Fig. 1). During the later stages
of successive push-pull treatment, utilization of electron acceptors and the electron donor occurred simultaneously in a parallel, linear relationship (Fig. 1).
Results from groundwater testing were supported by geochemical analysis of subsurface sediment cores collected before and after biostimulation experiments immediately adjacent to the wells treated by push-pull testing. Sediment pH
generally increased by 1 to 2 pH units (the only exception being
borehole FB45, with the small decrease in pH possibly due
to other simultaneously occurring microbial processes, such
as fermentation), and extractable nitrate concentrations decreased by up to 1 to 2 orders of magnitude in treated sediments (Table 3). Additionally, the reduction of amorphous
Fe(III) minerals by metal-reducing bacteria was indicated by
the accumulation of Fe(II) to between 59 and 88% of the total
HCl-extractable Fe (Table 3). Each sediment sample used for
DNA extraction in our study came from the same cores as
those used for geochemical analysis.
Clone library analysis. In contaminated FRC sediment before biostimulation, common 16S rRNA gene sequences detected through cloning and sequencing (⬎10% of the contaminated clone libraries) included species within the ␣-, ␤-, and
␥-Proteobacteria subdivisions (Fig. 2, 3, and 4). The most abundant (23%) 16S rRNA gene sequences were 98% similar to the
Methylobacterium genus within the ␣-Proteobacteria subdivi-

TABLE 2. In situ biostimulation data showing effect of electron
donor on nitrate and U(VI) reduction rates
Well

Treatment

FB32
FB33
FB34

Glucose
Glucose
Ethanol

Avg rate (SD)a
Electron donor use
(mM/h)

Nitrate reduction
(mM/h)

U(VI) reduction
(M/h)

1.135 (1.980)
1.116 (1.816)
1.774 (3.271)

0.281 (0.229)
0.950 (1.180)
0.915 (1.193)

0.017 (0.017)
0.028 (0.011)
0.009 (0.010)

a
Values are average rates obtained from five successive push-pull activity tests
at each site.

FIG. 1. Rates of ethanol utilization and nitrate and U(VI) reduction in contaminated well FB34.

4914

APPL. ENVIRON. MICROBIOL.

NORTH ET AL.

TABLE 3. Changes in pH, nitrate concentration, and percentage of Fe(II) in total Fe after biostimulation of contaminated FRC sediment
Core (carbon
source added)

FB45
FB46
FB47
FB49

(glucose)
(glucose)
(glucose)
(ethanol)

pH

Nitrate concn (mM)

% of Fe(II) in total Fe

Corresponding
unstimulated
core

Before
biostimulation

After
biostimulation

Before
biostimulation

After
biostimulation

Before
biostimulation

After
biostimulation

FB32
FB32
FB33
FB34

4.4
4.4
3.6
3.8

4.1
6.6
4.5
4.9

8.6
8.6
154.3
36.9

1.5
2.2
6.8
0.1

38.6
38.6
9.60
5.10

58.7–85.5
58.7–85.5
66.8
87.8

sion, including Methylobacterium radiotolerans, M. dichloromethanicum, and M. mesophilicum. M. dichloromethanicum is
able to use dichloromethane as its sole source of carbon and
energy (21), and M. mesophilicum is within a group of bacteria
capable of degrading EDTA-metal complexes (58). Almost

one-fourth of the cloned 16S rRNA genes before biostimulation had 98% sequence identity to organisms cultured from
low-nutrient environments, such as Caulobacter leidyi and Brevundimonas vesicularis (22). Also, 18% of retrieved sequences
were greater than 95% similar to a cloned 16S rRNA gene

FIG. 2. Phylogenetic tree of ␣- and ␤-proteobacterial 16S rRNA gene sequences cloned from contaminated sediment. Asterisks indicate a
phylotype detected before biostimulation, while no asterisks indicates a phylotype detected after biostimulation. Circled clones represent negative
controls, and boxed clones are from the uncontaminated site.
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FIG. 3. Phylogenetic tree of ␦- and ␥-proteobacterial and gram-positive 16S rRNA gene sequences cloned from contaminated sediment.
Asterisks indicate a phylotype detected before biostimulation, while no asterisks indicates a phylotype detected after biostimulation. Circled clones
represent negative controls, and boxed clones are from the uncontaminated site.

sequence within the ␤-Proteobacteria subdivision initially detected within a TCE-contaminated site undergoing in situ bioremediation treatment (A. B. Carroll and S. H. Zinder, unpublished data). Ten percent of the contaminated clone libraries
were composed of 16S rRNA gene sequences related to Pseudomonas anguilliseptica, a ␥-Proteobacteria subdivision member
previously detected in U(VI) waste piles (55).
In the biostimulated sediments, the most common 16S rRNA

gene sequences (⬎10% of the biostimulated clone libraries)
detected included species within the ␣-, ␤-, ␦-, and ␥-Proteobacteria subdivisions (Fig. 2, 3, and 4). Forty percent of the
sequences retrieved in the biostimulated clone libraries were
related to members of the ␦-Proteobacteria subdivision. Nearly
25% of the 16S rRNA gene sequences in the biostimulated
clone libraries were 96% similar to the ␦-Proteobacteria subdivision species Anaeromyxobacter dehalogenans, a known dissim-

4916

NORTH ET AL.

APPL. ENVIRON. MICROBIOL.

FIG. 4. Percentages of 16S rRNA gene sequences cloned from contaminated, biostimulated, and uncontaminated sediment.

ilatory Fe(III)-reducing organism (16). Members of the metalreducing Geobacteraceae family within the ␦-Proteobacteria
subdivision were also detected, as several cloned 16S rRNA
gene sequences were 93% similar to species in this family.
Organisms within the ␦-Proteobacteria subdivision represented
the greatest increase in frequency of 16S rRNA gene sequences retrieved after biostimulation of FRC sediment, increasing from less than 5% to 37% of the clone libraries.
Almost 15% of the biostimulated clone libraries were composed of sequences closely related to polycyclic aromatic hydrocarbon-degrading organisms (38), Burkholderia sp. strain
N2P5 and Sphingomonas paucimobilis, within the ␤- and ␣-Proteobacteria subdivisions, respectively. Clones closely related to
members of the Methylobacterium genus, including M. dichloromethanicum, M. radiotolerans, and M. mesophilicum, were
still present (11% of the clone library) after biostimulation
experiments but were not as common as in the initial contaminated clone libraries.
To compare sequences from contaminated FRC sediment to
sequences from pristine sediment with similar geochemistry,
DNA was also extracted from a pristine background site. In the
background sediment, a lower diversity of retrieved sequences
was observed in comparison with the contaminated and biostimulated clone libraries (Fig. 2, 3, and 4). The most common
16S rRNA gene sequences (⬎10% of the clone library) were
either within the ␤-Proteobacteria subdivision or were not closely related to any previously identified organisms. Almost 70%
of the 16S rRNA gene clones retrieved from the background
sediment were within the ␤-Proteobacteria subdivision. Similar
results were obtained in a recent study of a U(VI)-contaminated aquifer in Rifle, Colo., with ␤-proteobacterial sequences
predominating in pristine samples from an upgradient control
well (3). Thirty percent of the clones from the background site
were 92% similar to an uncultured member of the ␤-Proteobacteria subdivision most closely related to Duganella zoogloeoides,
an aerobic chemoorganotroph isolated from wastewater and
activated sludge (44). Almost one-fifth of cloned sequences
were greater than 98% similar to the ␤-Proteobacteria subdivision species Ralstonia eutropha, a well-known facultative chemolithotroph (22). Also within the ␤-Proteobacteria subdivi-

sion, sequences closely related to the species Dechloromonas
agitata and Acidovorax facilis were detected in 14% of the clone
library.
To ensure that retrieved sequences were not laboratory contaminants, 16S rRNA gene clones generated from sterile-water
extractions were used as negative controls (Fig. 2 and 3).
About 70% of the cloned sequences in the negative-control
library were closely related to members of the ␥-Proteobacteria
subdivision, in contrast to sediment libraries, where less than
20% of retrieved sequences were related to members of the
␥-Proteobacteria subdivision. More than one-third of the negative-control clones were greater than 98% similar to the ␥Proteobacteria subdivision member Enterobacter asburiae, a
species recently detected in contaminated agricultural water
(25). Sequences related to the ␥-proteobacterial species Pseudomonas aeruginosa and Stenotrophomonas maltophilia, two
organisms previously identified in a study documenting laboratory contaminants, were also found (56).
MPN-PCR. Before the in situ addition of carbon substrates
(glucose or ethanol) to contaminated FRC sediments, Anaeromyxobacter-related 16S rRNA gene sequences were more
abundant than Geobacter- or Paenibacillus-Brevibacillus-related sequences (Table 4). One to 2 orders of magnitude fewer
Geobacter-related 16S rRNA gene copies per gram of wet
sediment were detected, and in all boreholes but one, Paenibacillus-Brevibacillus-related 16S rRNA genes were the least
abundant (Table 4). After biostimulation, the number of Geobacter-related 16S rRNA genes increased by 2 orders of magnitude in two of the four boreholes (one stimulated with glucose and one stimulated with ethanol) (Table 4, borehole sets
A and D) and remained relatively stable in the other two
(Table 4, borehole sets B and C). In three of the four boreholes
(Table 4, borehole sets A, B, and D), the number of Anaeromyxobacter-related and Paenibacillus-Brevibacillus-related 16S
rRNA genes decreased by 1 to 2 and 1 to 3 orders of magnitude, respectively. In the fourth borehole (Table 4, borehole
set C), the number of Anaeromyxobacter-related 16S rRNA
genes remained constant and the number of PaenibacillusBrevibacillus-related 16S rRNA genes increased.
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TABLE 4. MPN-PCR assay results
Borehole set

No. of copies of 16S RNA gene/g of sediment (95% confidence limits)a

Organism(s) probed

Before biostimulation
3

A
B
C
D

Geobacter
Geobacter
Geobacter
Geobacter

A
B
C
D

Anaeromyxobacter
Anaeromyxobacter
Anaeromyxobacter
Anaeromyxobacter

A
B
C
D

Paenibacillus-Brevibacillus
Paenibacillus-Brevibacillus
Paenibacillus-Brevibacillus
Paenibacillus-Brevibacillus

sp.
sp.
sp.
sp.
sp.
sp.
sp.
sp.
spp.
spp.
spp.
spp.

3

After biostimulation
4

5.38 ⫻ 10 (4.23 ⫻ 10 –2.63 ⫻ 10 )
5.38 ⫻ 103 (4.23 ⫻ 103–2.63 ⫻ 104)
2.25 ⫻ 103 (1.80 ⫻ 103–8.85 ⫻ 103)
6.50 ⫻ 102 (4.25 ⫻ 102–1.30 ⫻ 103)

2.63 ⫻ 105 (2.19 ⫻ 105–8.50 ⫻ 105)
1.50 ⫻ 103 (1.06 ⫻ 103–7.38 ⫻ 103)
1.50 ⫻ 103 (1.06 ⫻ 103–7.38 ⫻ 103)
2.88 ⫻ 104 (2.38 ⫻ 104–1.50 ⫻ 105)

2.63 ⫻ 104 (2.10 ⫻ 104–1.03 ⫻ 105)
2.63 ⫻ 104 (2.10 ⫻ 104–1.03 ⫻ 105)
3.45 ⫻ 103 (2.25 ⫻ 103–1.46 ⫻ 104)
4.25 ⫻ 104 (3.18 ⫻ 104–1.65 ⫻ 105)

1.16 ⫻ 103 (9.75 ⫻ 102–5.91 ⫻ 103)
1.13 ⫻ 102 (1.00 ⫻ 102–5.63 ⫻ 102)
5.38 ⫻ 103 (4.50 ⫻ 103–1.79 ⫻ 104)
1.16 ⫻ 103 (9.75 ⫻ 102–5.91 ⫻ 103)

1.16 ⫻ 103 (9.75 ⫻ 102–5.91 ⫻ 103)
1.16 ⫻ 103 (9.75 ⫻ 102–5.91 ⫻ 103)
1.00 ⫻ 100
2.35 ⫻ 104 (1.65 ⫻ 104–7.85 ⫻ 104)

1.43 ⫻ 102 (9.3 ⫻ 101–6.07 ⫻ 102)
1.00 ⫻ 100
6.98 ⫻ 103 (5.85 ⫻ 103–3.55 ⫻ 104)
1.88 ⫻ 102 (1.5 ⫻ 102–7.38 ⫻ 102)

a
Quantitative PCR assay results obtained before and after biostimulation of contaminated sediment with glucose (comparing FB32 to nearby FB45 [borehole set
A], FB32 to nearby FB46 [borehole set B], and FB33 to nearby FB47 [borehole set C]) and ethanol (comparing FB34 to nearby FB49 [borehole set D]) are shown.

DISCUSSION
Few previous studies have applied cultivation-independent
approaches for in-depth characterization of metal-reducing
communities in subsurface sediment (18, 46, 47, 51). In order
to develop effective bioremediation strategies for contaminant
metals, the in situ microbial communities likely to catalyze
metal reduction need to be understood. The change in the
general bacterial community composition brought on by biostimulation must also be understood to place the metal-reducing organisms into the context of competing heterotrophs. We
conducted a field experiment on the in situ bioremediation of
subsurface environments at the U.S. Department of Energy
Natural and Accelerated Bioremediation Research FRC, Oak
Ridge, Tenn., where subsurface sediments are cocontaminated
with high levels of U(VI) and nitrate. The dominant contaminants in FRC sediment include radionuclides [U(VI), technetium], toxic metals (nickel, aluminum, barium, chromium,
mercury), chelating agents (EDTA), chlorinated hydrocarbons
(TCE, perchloroethylene), polychlorinated biphenyls, and fuel
hydrocarbons (toluene, benzene) (http://www.lbl.gov/NABIR/).
This combination of a low pH and high concentrations of
nitrate, radionuclides, and organic contaminants in an aerobic
subsurface environment is representative of many sites within
the U.S. nuclear weapon complex managed by the Department
of Energy (39, 45). Therefore, our results are not only important for bioremediation research at the FRC but can also be
applied to other sites.
Cloning and sequencing techniques provided measurements
of the bacterial 16S rRNA gene compositions of FRC sediments before and after biostimulation experiments. Before
biostimulation, the contaminated FRC subsurface was likely
carbon limited (20) and contained an extremely high concentration of nitrate (Table 3) (http://www.lbl.gov/NABIR/). Over
a 3.5-month period during the in situ biostimulation experiment, the microbial populations responded to an increased pH
(Table 3) and increased carbon substrate availability. The environment within the FRC sediment was no longer inhibited by
acidic pH or carbon limitations, and sedimentary organisms
were able to compete for electron donors and acceptors.

Before sediment biostimulation, microorganisms within the
␣-Proteobacteria subdivision made up 57% of clone libraries,
with almost half of those sequences closely related to Methylobacterium species (Fig. 2 and 4). As previously mentioned,
M. mesophilicum was detected within a group of bacteria with
the ability to degrade EDTA-metal complexes (58). EDTA
forms stable, water-soluble complexes with metals, including
U(VI), hindering their adsorption to sediment surfaces. Thus,
another approach for limiting the migration of complexed
U(VI) at the FRC may be to biodegrade co-occurring organic
ligands (15). Owing to cocontamination of sediments with synthetic chelators, EDTA may have been one of the few carbon
sources available before biostimulation experiments, thus encouraging the growth of microorganisms capable of EDTA
degradation. Chlorinated compounds were also available, perhaps supporting the presence of dechlorinating organisms,
such as M. dichloromethanicum. Thus, the dominance of Methylobacterium-type sequences may have been due to their ability
to survive by using the limited growth substrates available in
the contaminated sediment. In fact, before biostimulation,
43% of the clone libraries were made up of sequences related
to dechlorinating organisms and 22% of the sequences were
related to nitrate-reducing organisms (Table 5). This could be
expected, as both nitrate and halogenated compounds are
common contaminants present at elevated concentrations in
the subsurface of the FRC (http://www.lbl.gov/NABIR/). Not
surprisingly, sequences related to organisms that have adapted
to survival in low-nutrient environments were also present in
FRC sediment before biostimulation, comprising about 22% of
the clone libraries. Almost all of the sequences within the clone
library before biostimulation were related to organisms with
the ability to reduce nitrate, dechlorinate, or survive in lownutrient environments. It should be noted that the abovementioned sequences may be located within less acidic microsites of the contaminated sediment, as our measurement
reflects the bulk pH of the contaminated sediment.
We hypothesized that metal-reducing members of the ␦-Proteobacteria subdivision would make up a substantial proportion
of sedimentary microbial communities after in situ biostimu-
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TABLE 5. FRC contaminants and potential bioremediating organisms

Contaminant

Potential bioremediating organism
(reference)

Physiological potential

Clone library
% Before

% After

Reduction and immobilization
by FeRB

Geobacter sp. (30)
Anaeromyxobacter dehalogenans (16)
Desulfitobacterium metallireducens (12)

4.5

37.0

Reduction and immobilization
by fermentative FeRB

Clostridium beijerinckii (55)
Serratia proteamaculans (30)

5.7

10.5

Nitrate

Reduction

Pseudomonas stutzeri (39)
Alcaligenes defragrans (17)
Ralstonia pickettii (41)
Anaeromyxobacter dehalogenans (48)
Denitrifying Fe-oxidizing clone (53)
Paenibacillus sp. (50)

22.0

27.1

Chlorinated hydrocarbons

Dechlorination

Methylobacterium dichloromethanicum (21)
Anaeromyxobacter dehalogenans (48)
Clone from TCE-contaminated site (A. B. Carroll
and S. H. Zinder, unpublished data)
Dechloromonas sp. (30)

42.5

34.4

Polychlorinated biphenyls

Dechlorination

Acidosphaera rubrifaciens (40)
Caulobacter leidyi (40)

14.9

2.2

Fuel hydrocarbons

Degradation

Burkholderia sp. N2P5 (38)
Sphingomonas paucimobilis (38)

5.7

14.9

U(VI)

lation. Our hypothesis was upheld, as clone libraries were dominated by members of the ␦-Proteobacteria subdivision, which
made up about 40% of the 16S rRNA gene sequences after in
situ biostimulation (Fig. 4). Cloned sequences within the ␦-Proteobacteria subdivision were all closely related to members of
the Geobacteraceae family or the Anaeromyxobacter genus. Interestingly, the ␦-Proteobacteria subdivision sequences that
were found to increase considerably after biostimulation are
closely related species that have the ability to use several types
of electron acceptors. Certain members of the Geobacteraceae
family have been known to reduce both nitrate and Fe(III)
(29). Anaeromyxobacter species can also utilize several electron
acceptors, including nitrate, Fe(III), and chlorinated hydrocarbons (16, 48). It appears that organisms with the ability to
utilize multiple FRC contaminants as electron donors or acceptors are able to outcompete other organisms in the acidic
subsurface. Other than members of the ␦-Proteobacteria subdivision, sequences related to species such as Serratia proteamaculans and Clostridium beijerinckii, fermentative Fe(III)-reducing organisms (30, 55), increased from 5.7 to 10.5% of the
clone libraries after biostimulation (Table 5). Sequences related to both dissimilatory and fermentative FeRB showed the
largest increase (10.2 to 47.5%) of sequences identified
through cloning and sequencing after biostimulation. The second largest increase (5.7 to 14.9%) was that of sequences
related to Sphingomonas paucimobilis and Burkholderia sp.
strain N2P5, two species capable of degrading polycyclic aromatic hydrocarbons in fuel hydrocarbons (38), another significant contaminant at the FRC. Thus, a qualitative change in
microbial community structure was observed after biostimulation, as the dominance of sequences related to members of the

␣-Proteobacteria subdivision in contaminated sediment shifted
to sequences related to members of the ␦-Proteobacteria subdivision in biostimulated sediment.
In contrast, no sequences detected in the clone library from
the uncontaminated background sediment were related to the
metal-reducing members of the ␦-Proteobacteria subdivision
(Fig. 3). In fact, the most common 16S rRNA gene sequences
retrieved from the background sediment were either within the
␤-Proteobacteria subdivision or not closely related to any previously identified organisms (Fig. 2 and 3). Most of the sequences retrieved from the background sediment were related
to chemoorganotrophic and chemolithotrophic organisms.
We sought to quantify structure-function relationships of
metal-reducing microbial groups in the FRC sediment. Although it would be difficult to state absolute quantification of
Geobacteraceae species in the FRC sediment, it is clear that a
large increase in 16S rRNA gene sequences closely related to
this family did occur in one-half of the sites studied (Table 4)
over a 3.5-month period in parallel with extensive nitrate and
metal reduction (Table 3; Fig. 1). 16S rRNA gene sequences
closely related to members of the Geobacteraceae family have
been detected in several types of contaminated environments,
including the subsurface (3, 18, 46, 47). For example, Geobacter sp. was identified in the Fe(III)-reducing zones of a petroleum-contaminated site and a landfill leachate-polluted aquifer
(46, 47). Other studies involving U(VI)-contaminated aquifer
sediments at neutrophilic pH revealed an enrichment of Geobacteraceae in carbon-amended sediment incubations (18) and
during groundwater treatment (3), suggesting that members of
the family Geobacteraceae were responsible for substantial
Fe(III) and U(VI) reduction in the subsurface. In the presence
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of sufficient carbon substrate, the Geobacteraceae group appears to be important in a variety of contaminated subsurface
environments, perhaps because of its ability to utilize the abundant electron acceptors present. A close correspondence between microbial activity and an increase in 16S rRNA gene
sequences related to members of the Geobacteraceae family
suggests that Geobacter-type organisms are important metal
reducers in the acidic subsurface of the FRC. Although Geobacteraceae sequences increased in half of the cores tested,
other microbial groups must have been involved in bioremediation at the two remaining boreholes. Thus, it will be important to expand our studies to other organisms responding to
biostimulation in acidic subsurface sediments.
We hypothesized that electron acceptor utilization was limited by low pH and a paucity of carbon substrates in the
contaminated FRC subsurface. Our hypothesis was confirmed,
as the abundance and diversity of organisms changed after
biostimulation, when the subsurface was neutralized and carbon was added. Both qualitative and quantitative shifts in
microbial communities were detected in our investigation.
Results from cloning and sequencing of community DNA paralleled those of quantitative PCR to show that stimulation of
members of the ␦-Proteobacteria subdivision represented the
largest change in the microbial community structure. However,
in contrast to the MPN-PCR results (Table 4), clone libraries
indicated that A. dehalogenans was a prominent member of the
biostimulated microbial community (Fig. 3). This could be due
to cloning bias as a result of the nucleotide composition of
Anaeromyxobacter-type sequences. Yet, A. dehalogenans sequences were also the dominant sequences detected in Fe(III)reducing enrichments in a previous study of contaminated
FRC sediment (42). Both geochemical and microbial community analyses demonstrated that the FRC subsurface sediments
contain a large amount of heterogeneity, even within cores.
Thus, we cannot rule out the importance of this newly described metal reducer during biostimulation.
Future studies should focus on the active members of microbial populations that are stimulated through in situ carbon
source addition. By using RNA (rather than DNA) as a nucleotide template, the active indigenous microbial groups involved
in bioremediation processes could be better resolved.
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