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Abstract
In order to develop effective bioremediation strategies for radionuclide contaminants, the composition and metabolic potential of microbial communities need to
be better 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 (Alpha-, Beta-, Delta- and Gammaproteobacteria), Bacteroidetes, Actinobacteria, Firmicutes and Planctomycetes were detected in
DNA- and RNA-derived clone libraries. Diversity and numerical dominance of
phylotypes were observed to correspond to changes in sediment geochemistry and
rates of microbial activity, suggesting that geochemical conditions have selected for
well-adapted taxa. Sequences closely related to nitrate-reducing bacteria represented 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 radionuclidecontaminated subsurface sediments. Our microbial community analysis, in conjunction with rates of microbial activity, points to several groups of nitratereducers 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., 1999).
In the US alone, the Department of Energy (DOE) is
responsible for the remediation of 7280 km2 of soils and
groundwater contaminated as a result of processes associated with uranium extraction for the production of
nuclear weapons (Riley & Zachara, 1992; NABIR, 2003). As
a result of waste-disposal practices, subsurface sediments at
these sites are often cocontaminated 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).
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A phylogenetically diverse assemblage of respiratory and
fermentative microbial groups were demonstrated to catalyse 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 cocontaminants 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 favourable terminal
electron acceptor for microorganisms (DiChristina, 1992;
Finneran et al., 2002). Therefore, in order to design appropriate 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 et al.,
1991; NABIR, 2003; Istok et al., 2004).
In situ bioremediation experiments have successfully
employed carbon substrate amendments to stimulate the
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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, that is, the bioremediation potential prior
to biostimulation. In addition, by characterizing the metabolically active fraction of the microbial communities within these subsurface environments, the taxa currently able to
survive and remain active within the contaminant plume
can be identified and potentially targeted for bioremediation (Whiteley & Bailey, 2000).
Our overall objective was to elucidate the community
composition and metabolic potential of microbial communities along spatial geochemical gradients in radionuclidecontaminated 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., 2006). Molecular techniques targetting bacterial small subunit (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 nitratereducing 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 US Department of Energy for the Environmental Remediation
Sciences Program (ERSP). Waste products from uraniumenrichment processes at the Y-12 complex, including but
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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 c. 7 km
along a geological strike east and west of the ponds to a
depth of 4 150 m (Brooks, 2001). For a detailed site
description refer to the ORFRC webpage (http://www.esd.
ornl.gov/nabirfrc/).
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 in diameter,
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) were subsectioned
and either frozen on dry ice for cultivation-independent
analysis or stored anaerobically at 4 1C 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 analysed 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 et al. (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), 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 amendments with ethanol or
glucose to 20 mM final concentration and control bottles to
which no carbon substrate was added (Table 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 sealed with butyl rubber stoppers, purged with sterile
argon, incubated statically at 28 1C in the dark, and sampled
over a 2-month period. Potential rates of microbial activity

Table 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!

Fe(III)!,w

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

2.4–3.1
3.1–3.7
4.9–5.5
5.5–6.1

6.7
6.1
3.9
3.7

0.6
0.1
17.8
40.1

31.5
17.0
17.3
18.6

!Units in mmoL g"1.
w

Fe(III) measured using the oxalate extraction method.
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Table 2. Initial conditions and potential rates of microbial activity measured in sediment microcosms of two sections of borehole FB61
Sample

Treatment

Nitrate (mmoL g"1)!

Microcosm pHw

Nitrate reductionz

Fe(II) productionz

61-01-00

Control
Ethanol
Glucose
Control
Ethanol
Glucose
Control
Ethanol
Glucose

60.8
60.8
60.8
22.6
22.6
22.6
22.7
22.7
22.7

5.7
5.7
5.7
4.3
4.3
4.3
7.2
7.2
7.2

0.26
2.70
2.84
0.13
0.28
0.26
0.18
2.82
1.68

ND‰
1.36
1.44
ND
ND
ND
ND
0.04
0.28

61-03-25

61-03-251NaHCO3z

!Values are averages of initial concentrations in mmoL g"1.

Average of initial pH measured in all treatment bottles. Variations between replicate bottles were o 0.5 pH units.
Potential rate of activity in mmoL g"1 d"1. Values are averages from triplicate microcosm incubations.
‰
None detected.
z
Incubations of 61-03-25 neutralized with bicarbonate.
w
z

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, potentially contaminating
RNases were removed from solutions and solids as described
previously in Mills et al. (2004). Total nucleic acids were
extracted from 2 g aliquots of ORFRC sediments as
described by Hurt et al. (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).
Aliquots of purified DNA were PCR-amplified using the
Bacteria domain-specific SSU rRNA gene primers 27F (5 0 AGR CTT TGA TCM TGG CTC AG-3 0 ) (Johnson, 1994)
and 1392R (5 0 -ACG GGC GGT GTG TAC-3 0 ) (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 mM deoxynucleoside triphosphates, 0.5 mM of each forward and
reverse primer, and 0.03 U mL"1 rTaq polymerase (TaKaRa
Mirus Bio). Thermocycling was performed with a 95 1C
incubation for 5 min, followed by 35 cycles of 95 1C for
1 min, 55 1C for 1 min and 72 1C for 1 min, with a final
extension step at 72 1C for 10 min.
Aliquots of rRNA were reverse-transcribed to cDNA using
Moloney murine leukemia virus reverse transcriptase (MMLV RT) and Bacteria domain-specific SSU rRNA reverse
primer 518R (5 0 -CGT ATT ACC GCG GCT GCT GG-3 0 )
(Nogales et al., 1999) 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
FEMS Microbiol Ecol 59 (2007) 95–107

standard PCR reaction using Bacteria domain-specific primers 27F (Johnson, 1994) and 518R (Nogales et al., 1999) or
1055F (5 0 -ATG GCT-GTC GTC AGC T-3 0 ) (Amann et al.,
1995) and 1392R (Wilson et al., 1990). PCR amplification
included an initial denaturing step of 95 1C for 5 min,
followed by 30 cycles of denaturation at 95 1C for 30 s,
annealing at 50 1C for 27F/518R or 53 1C for 1055F/1392R
for 30 s and elongation at 72 1C for 30 s, with a final
extension step at 72 1C 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 UVilluminated.

Environmental clone library construction and
phylogenetic analysis
DNA- and RNA-derived SSU rRNA amplicons were pooled
from three to five PCR or reverse transcriptase-PCR (RTPCR) reactions, respectively, and purified using a QIAquick
PCR purification kit (QIAGEN, Valencia, CA). Purified PCR
product was cloned into the TOPO TA cloning vector pCR
2.1 according to the 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, 61-03-00 and 61-0325, 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 mL"1) (New England Biolabs, Beverly, MA)
and MspI (1 U mL"1) (Promega) for 2 h at 37 1C. Clones were
grouped into phylotypes according to restriction fragment
length polymorphism (RFLP) banding patterns, and
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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
SS 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 &
Ludwig, 1997). Neighbour-joining trees incorporating a
Jukes–Cantor distance correction were created from the
alignments using the ARB software package (Strunk &
Ludwig, 1997). Bootstrap data represented 1000 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 nonparametrically 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 were used to compare phylogenetic diversity
between samples. Clone sequence diversity indices for gene
and nucleotide diversity (Nei, 1987), and y(p) (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 accession numbers DQ316797–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;
2006 Federation of European Microbiological Societies
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Table 1). Nitrate concentration was inversely proportional to
sediment pH and was over two orders of magnitude higher
in acidic pH (17.8–40.1 mmoL g"1) than it was in neutral pH
(0.1–0.6 mmoL g"1) samples. Iron mineral content varied by
a factor of two between samples but did not show any trend
with pH or nitrate concentration (Table 1). Current biomass
estimates from contaminated subsurface sediments of the
ORFRC site are c. 103–104 cells g"1 (E.L. Brodie, pers.
commun.; P.A. Sobecky, pers. commun.). Although 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 2)
(Edwards et al., 2006). In contrast, rapid nitrate and Fe(III)
reduction rates were observed in sediment microcosms at
neutral pH and in 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 than in no-carbon-amended
controls. Iron(III) reduction activity was only observed after
nitrate was depleted at neutral pH. Porewater manganese,
sulfide and methane levels remained below detection in all
microcosms during the incubation period.

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 S1 and S2). RFLP analysis of the DNAderived clones indicated 42 distinct phylotypes, with only
two phylotypes containing representative clones in all four
libraries analysed (Table S1). Although rarefaction curves
from each DNA-derived library (Fig. 1a) did not indicate
saturation, that is, the slope was greater than zero (Heck
et al., 1975), percent coverage ranged from 88.3% for 61-0124 to 97.3% for 61-03-25 (Table 3). Although additional
sampling of clones would be necessary to describe the
overall diversity fully, numerically dominant RFLP groups
from multiple lineages were obtained (Table 3). Species
richness and Shannon–Wiener diversity indices, based on
RFLP clone data, indicated higher diversity in the DNAderived clone libraries from neutral pH sediments compared
with those from acidic pH sediments (Table 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, y(p), and Simpson’s diversity (1/D) index
(Table 3).
FEMS Microbiol Ecol 59 (2007) 95–107
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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
distinct phylotypes, with 12 phylotypes identified in RR6101-00 and RR61-01-24 and 21 phylotypes identified in R6101-00, R61-03-00 and R61-03-25 (Table S2). Rarefaction
curves from RNA-derived clone libraries from all depth
intervals and primer sets indicated saturation of sampling,
that is, the slope neared a value of zero (Heck et al., 1975),
with the exception of library R61-03-00 (Fig. 1b). Owing to
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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 with common relatives and were shown to be greater
than 92% similar to either the 5 0 - or 3 0 -end of the SSU rRNA
gene sequence. Comparative analysis of DNA- and RNAderived libraries indicated that 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 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.
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Fig. 1. Rarefaction curves determined for the various 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 et al. (1975).

Sequenced DNA- and RNA-derived clones from FB61 were
most closely related to members of the Proteobacteria
(classes Alpha-, Beta-, Delta- and Gammaproteobacteria),
Bacteroidetes, Actinobacteria, Firmicutes, and Planctomycetes
lineages. In the DNA-derived clone libraries, the most
frequently detected lineage was Alphaproteobacteria (31%
of all clones) with Beta- and Gammaproteobacteria each
comprising 21% of the total DNA-derived clones (Fig. 2).
Phylotypes related to the class Alphaproteobacteria 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 (Fig. 2). Clones
related to the classes Beta- and Gammaproteobacteria were
detected more frequently in the acidic pH sediment DNAderived clone libraries than in the neutral pH sediment
DNA-derived libraries (Table S1; Fig. 2). In the RNA-derived
clone libraries, the Proteobacteria-related clones represented
83% of the clones and grouped within the classes Alphaproteobacteria (3% of total), Betaproteobacteria (44% of total),
Deltaproteobacteria (1% of total), and Gammaproteobacteria
(34% of total) (Fig. 2). RNA-derived Alpha- and Betaproteobacteria-related phylotypes had greater than 92% sequence similarity to phylotypes detected in DNA-derived
clone libraries (data not shown).

Table 3. Statistical analyses of SSU rRNA gene clone libraries using ecological and molecular estimates of phylotype diversity
Samples
61-01-00
61-01-24
61-03-00
61-03-25

No. of
clones
90
77
62
109

No. of
phylotypes
20
20
11
13

Species
richness
29 (22, 56)!
27 (22, 49)
21 (13, 63)
14 (13, 21)

Shannon–Wiener
2.09
2.19
1.86
1.98

1/D
4.22
4.72
5.25
5.78

Percent
coverage
90.0
88.3
91.9
97.3

y(p)
172.8 $ 82.8
167.4 $ 80.3
172.3 $ 82.9
204.3 $ 97.6

w

Nucleotide
diversity

Gene diversity

0.15 $ 0.07
0.14 $ 0.07
0.15 $ 0.07
0.18 $ 0.08

0.76 $ 0.04
0.79 $ 0.05
0.81 $ 0.03
0.83 $ 0.02

!The numbers in parentheses are 95% confidence intervals.
w

Mean $ SD.
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17%
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10%

RNA
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48%

47%
58%

26%

89%

Fig. 2. Frequencies of bacterial phylogenetic lineages detected in SS rRNA gene and SS 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 representatives.

Adaptations to low-nutrient environments, nitrate reduction, and metal resistance are characteristics of lineages
within the Alpha-, Beta-, and Gammaproteobacteria that
were frequently detected in this study. Phylotypes within
the Alphaproteobacteria were only detected in neutral pH
sediment-derived clone libraries, and clustered within three
families: Caulobacteraceae, Methylobacteriaceae, and Sphingomonadaceae (Fig. 3). Sphingomonadaceae-related phylotypes were detected in both RNA- and DNA-derived clone
libraries (Tables S1 and S2; Fig. 3), and members of this
group are capable of growth in low-nutrient environments
and of nitrate reduction (Balkwill et al., 2003). The genus
Methylobacterium, adapted for growth in low-nutrient environments (Kayser et al., 2002), is closely related to the
most frequently detected DNA-derived phylotype (76 out of
a total of 337 clones screened) (Table S1; Fig. 3).
A total of 71 Betaproteobacteria-related clones, which
grouped into 12 phylotypes within the Oxalobacteraceae
and Comamonadaceae families, were detected in DNAderived clone libraries. The Comamonadaceae family included the most frequently detected Betaproteobacteriarelated 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
S1; Fig. 3). Interestingly, this lineage also included a phylotype derived from the acidic pH sediment clone library, 6103-25, 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 S1; Fig.
3). Nine phylotypes, representing 44% of the total RNAderived clones, were related to the class Betaproteobacteria
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and grouped into two families, Alcaligenes and Burkholderiaceae, both characterized by nitrate reduction and metal
resistance capabilities (Goris et al., 2001; Konstantinidis
et al., 2003; Mergeay et al., 2003; Busse & Stolz, 2004).
Phylotypes related to Alcaligenes sp. Ho-11 (unpublished;
GenBank accession number AB166879) (Table S2) 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
et al., 2003) (Table S2; Fig. 3).
Phylotypes related to the class Gammaproteobacteria 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 &
Chopade, 1994; Boswell et al., 2001) were detected in both
acidic pH and neutral pH sediment-derived libraries (Table
S1; Fig. 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 (Fig. 2). Interestingly,
acidic pH sediment-derived clones related to the
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Gammaproteobacteria
Alphaproteobacteria
Delta.

0.10

ORFRC clone 005C-F01 [AY662015]
61-01-00c027 [DQ316800]
Imtechium assamiensis [AY544767]
94 61-03-25c502 [DQ316830]
61-03-00c467 [DQ316824]
61-03-25c519 [DQ316832]
Acidovorax sp. 98-63833 [AY258065]
67 61-03-00c033 [DQ316821]
92 Oxygen transfer biofilm clone L11 [AY444992]
53 Bromate-reducing bacterium B7 [AF442523]
64
61-05-22c311 [DQ316836]
57
Acidovorax sp. IMI 357678 [AF078763]
61-03-00c543 [DQ316835]
61-03-00c006 [DQ316820]
Acidovorax sp. 3DHB1 [AF458096]
62
61-03-25c336 [DQ316829]
52
61-03-25c505 [DQ316831]
70
61-05-22c423 [DQ316837]
Soil clone C-FCF-16 [AF443570]
61-01-24c007 [DQ316806]
Gas hydrate clone AT425-Eub48 [AY053477]
Cenibacterium arsenoxidans [AY728038]
ORFRC clone FB49-9b [AY527792]
RR61-01-00C041 [DQ316841]
Burkholderia pseudomallei [AJ616912]
R61-03-25t012 [DQ316869]
66
RR61-01-24c033 [DQ316839]
ORFRC clone FB302-A1 [AY527742]
R61-01-00x086 [DQ316853]
R61-01-00x057
[DQ316852]
89
Ralstonia sp. 13A [AY191851]
Alcaligenes sp. Ho-11 [AB166879]
61
RR61-01-24c011 [DQ316838]
RR61-01-24c042 [DQ316849]
61-01-24c027 [DQ316814]
Acinetobacter sp. 11 [AY177359]
61-01-24c002 [DQ316804]
61-03-25d020 [DQ316834]
61-03-25-d001 [DQ316833]
Deep-sea sediment clone BD6-5 [AB015575]
67
Pseudomonas fluorescens [D84013]
ORFRC clone FB45-34 [AY527770]
61-01-24c016 [DQ316810]
T. aromaticivorans [AB098612]
61-01-00d090 [DQ316803]
Clone BL011B19 [AY806128]
RR61-01-00C026 [DQ316840]
74 RR61-01-00C001 [DQ316848]
Soil isolate PI_GH1.1.A2 [AY162032]
R61-03-00r038 [DQ316858]
Rhodanobacter sp. BPC [AF494542]
Sediment clone S-N(2)-25A [AB074734]
94
RR61-01-24c032 [DQ316842]
RR61-01-24c005 [DQ316846]
RR61-01-00C011 [DQ316843]
61-01-24c005 [DQ316805]
99
Isolate GMD37F2 [AY162082]
75
97 Bradyrhizobium sp. Pha-8 [AF510615]
Water biofilm clone B3NR69D1 [AY957916]
98
R61-03-00r071 [DQ316865]
61-01-00c001 [DQ316797]
94
Methylobacterium sp. clone SK149 [AY88270]
61-01-24c011 [DQ316808]
61-01-24c035 [DQ316816]
97
Caulobacter sp. FWC35 [AJ227773]
99 88
Soil clone WD297 [AJ292607]
R61-01-00x014 [DQ316850]
92
Insect larval clone D [AJ459874]
79
61-01-00c012 [DQ316798]
Sphingomonas sp. C52 [AJ575818]
99
61-01-24c008 [DQ316807]
99 61-01-24c023 [DQ316813]
61-01-24c053 [DQ316818]
57 80
Sphingomonas asaccharolytica [Y09639]
61-01-24c040 [DQ316817]
Rhizomonas sp. K6 [AJ000918]
61-01-24c020 [DQ316812]
67
Sphingomonas sp. 44/40 [AY571829]
R61-03-00r48 [DQ316862]
Sphingopyxis sp. C-1 [AB161685]
RR61-01-00C39 [DQ316847]
Soil clone PAD12 [D26199]
Polyangium cellulosum [M94282]
67
Sulfolobus acidocaldarius [D14053]

Betaproteobacteria

96 R61-01-00x032 [DQ316851]
85 R61-03-00r093 [DQ316868]
Contaminated soil clone 27 [AY853671]
65

Fig. 3. Phylogenetic tree of Proteobacteria-related SS rRNA gene and SS rRNA clone sequences (indicated by boldface type), as determined by
neighbour-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 6101-24 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 SS 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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Firmicutes
Bacteroidetes
Plancto.

0.10

61-01-24c079 [DQ316819]
Nocardioides sp. C157 [AF253509]
97
Nocardioides flavus [AF005014]
Nocardioides sp. NFCB 3005 [X76178]
61 92
R61-03-00r018 [DQ316854]
99
61-01-00c045 [DQ316802]
Microbacterium sp. Sukashi-2 [AB114267]
Microbacterium arborescens [X77443]
69 ORFRC clone FB46-95 [AY527768]
65 R61-03-00r086 [DQ316866]
99
Soil clone O-F-20 [AF443577]
87
ORFRC clone FB45-55 [AY527773]
Corynebacterium pseudodiphthericum [AJ439343]
R61-03-00r009 [DQ316867]
RR61-01-00C048 [DQ316844]
R61-03-00r004 [DQ316859]
Oral clone HB016 [DQ087189]
Forest soil clone JAB FS 18 [AY734365]
Geobacillus debilis strain TfT [AJ564616]
R61-03-25T057 [DQ316870]
99 61-03-00e026 [DQ316825]
72 Staphylococcus pasteuri strain CV5 [AJ717376]
R61-03-00r028 [DQ316855]
72
99 Staphylococcus epidermidis [AY688051]
Soil clone DA114 [AJ000980]
R61-03-00r041 [DQ316860]
88
Paenibacillus glucanolyticus [AB073189]
R61-03-00r043 [DQ316861]
ORFRC clone FB33-8 [AY527780]
81
R61-03-00r003 [DQ316856]
R61-03-00r061 [DQ316863]
85
Streptococcus oralis ATCC 700233 [AY281080]
63 Streptococcus mitis strain Sm91 [AY518677]
99 Streptococcus mitis strain 209 [AJ295853]
61-03-25A014 [DQ316826]
61-01-00c017 [DQ316799]
Streptococcus sanguis ATCC 10556 [AF003928]
99 R61-03-00r037 [DQ316857]
R61-03-00r065 [DQ316864]
Oral clone JN088 [AY349377]
98 61-01-24c019 [DQ316811]
Finegoldia magna [AY672461]
Clone rRNA382 [AY959155]
69 61-01-24c032 [DQ316815]
Rhizoplane clone wr0198 [AJ295559]
51 61-03-00c039 [DQ316822]
55 Clone CH4-1 BAC16SrRNA 9N-EPR [AY672523]
61-03-25a019 [DQ316827]
64
99 Riemerella sp. Lo3 [AB192398]
Type 1863 strain F006C [X85208]
99
94
61-03-25c312 [DQ316828
Biofilm clone MTAE19 [AJ619057]
99
Chryseobacterium indologenes [M58773]
61-03-00c042 [DQ316823]
61-01-24c014 [DQ316809]
Isolate b-17BO [AF070444]
Bacteroides putredinis [L16497]
Soil clone YNPRH54A [AF465657]
Gemmata obscuriglobus [X56305]
RR61-01-00C006 [DQ316845]
90
Planctomyces brasiliensis [AJ231190]
Sulfolobus acidocaldarius [D14053]

Actinobacteria

99 61-01-00c028 [DQ316801]

Fig. 4. Phylogenetic tree of SS rRNA gene and SS rRNA clone sequences (indicated by boldface type) related to the phyla Actinobacteria, Bacteroidetes,
Firmicutes, and Planctomycetes, as determined by neighbour-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 61-0300, 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 SS 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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Bacteroidetes grouped into the family Flavobacteraceae,
whereas clones derived from the neutral pH sediments were
related to the family Bacteroidaceae (Fig. 4). Two grampositive phyla, Firmicutes and Actinobacteria, together represented 10% of the total DNA-derived clones (Fig. 2).
Firmicutes-related phylotypes were detected in all four
DNA-derived clone libraries analysed (o 11% of total clones
for each library), while in contrast Actinobacteria-related
phylotypes were detected only in DNA-derived clone libraries from neutral pH sediment samples (Fig. 2). With the
exception of the Firmicutes (12%), no 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 S2; Fig. 2).

Discussion
In order 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, using molecular techniques targetting both DNA and
RNA, we have described the subsurface microbial communities of the US 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 US nuclear weapons complex managed by the DOE, as
well as of radionuclide-contaminated sites worldwide (Riley
& Zachara, 1992; Abdelouas et al., 1999; NABIR, 2003).
Thus, our results are not only applicable to bioremediation
research at the ORFRC but also 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 &
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 focusing 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
FEMS Microbiol Ecol 59 (2007) 95–107

previous attempts (Reardon et al., 2004) owing to the
limitations of conventional nucleic acid extraction techniques, which often result in only 1–10% recovery of the total
nucleic acids available (Chandler et al., 1998). Hurt et al.
(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 et al. (2001)
method, we provide the first study to simultaneously extract
and amplify both DNA and RNA from low-biomass
(o 104 cells g-1) subsurface sediments. Therefore, we are 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 (Edwards et al., 2006).

Change in subsurface activity and microbial
diversity across spatial contaminant gradients
The activity and composition of Area 1 ORFRC sedimentassociated microbial communities were 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). We therefore 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 2; Edwards et al., 2006). 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 SS
rRNA gene clones, as indicated by species richness and
the Shannon–Wiener index, was significantly lower in
2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

!
c

104

sediments that had a lower pH and contained higher levels
of cocontaminants, implying that these factors are 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 owing 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 & Kemp,
1999; Nogales et al., 1999, 2001; Mills et al., 2005). In
undercharacterized environments, the proportion of DNA
and RNA concentrations is not well known (Morita, 1993;
Jeffrey et al., 1996; Binder & Liu, 1998; Kerkhof & 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
were numerous but had 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.

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 differs substantially from
those in previously published studies (Buckley & Schmidt,
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2002). Our study detected families within the phyla Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes in
DNA- and RNA-derived clone libraries 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 & Morrison, 1975; Dhakephalkar & 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 et al., 2003; Petrie
et al., 2003; Fields et al., 2005). Contrasts in community
composition in comparison with 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 that 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 on their
denitrification capacity (Tiedje, 1988). In contrast, the
abundance of nitrate in the ORFRC subsurface provides
more selective pressure in favour of denitrifiers and soil
microorganisms that 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 the Ralstonia and Acinetobacter groups are typically
resistant to metals, i.e. Cu, Ni, Cd and Zn (Dhakephalkar &
Chopade, 1994; Brim et al., 1999; Boswell et al., 2001; Goris
et al., 2001; Mergeay et al., 2003), suggesting that the
FEMS Microbiol Ecol 59 (2007) 95–107

105

Microbial communities in uranium-contaminated sediments

abundance of toxic metals in the ORFRC subsurface may
have selected for these lineages.
In order to create conditions favourable 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). 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 radionuclidecontaminated subsurface sediments. Our microbial community analysis in conjunction with potential rates of microbial
activity suggests that these groups have a high potential for
bioremediation and should be explored further.

Acknowledgements
This research was funded by the Environmental Remediation Sciences Program (ERSP), Biological and Environmental Research (BER), US Department of Energy (Grant DEFG02-00ER62986). We would like to thank Lainie Edwards
for assistance with chemical determinations and potential
rate measurements in sediment cores.

References
Abdelouas A, Lutze W & Nuttall HE (1999) Uranium
contamination in the subsurface; characterization and
remediation. Rev Mineral Geochem 38: 433–473.
Altschul SF, Gish W, Miller W, Myers EW & Lipman DJ (1990)
Basic local alignment search tool. J Mol Biol 215: 403–410.
Amann RI, Ludwig W & Schleifer KH (1995) Phylogenetic
identification and in-situ detection of individual microbial
cells without cultivation. Microbiol Rev 59: 143–169.
Anderson RT, Vrionis HA, Ortiz-Bernad I et al. (2003)
Stimulating the in situ activity of geobacter species to remove
uranium from the groundwater of a uranium-contaminated
aquifer. Appl Environ Microbiol 69: 5884–5891.
Balkwill DL, Fredrickson JK & Romine MF (2003) Sphingomonas
and related genera. The Prokaryotes: An Evolving Electronic
Resource for the Microbiological Community, 3rd edn, release
3.14 (Dworkin M., et al., eds). Springer-Verlag, New York, NY
(http://link.springer-ny.com/link/service/books/10125/).
Begon M, Harper JL & Townsend CR (1990) Ecology: Individuals,
Populations and Communities. Blackwell Scientific
Publications, Oxford.
Binder BJ & Liu YC (1998) Growth rate regulation of rRNA
content of a marine Synechococcus (Cyanobacterium) strain.
Appl Environ Microbiol 64: 3346–3351.
Bodour AA, Wang JM, Brusseau ML & Maier RM (2003)
Temporal change in culturable phenanthrene degraders in
response to long-term exposure to phenanthrene in a soil
column system. Environ Microbiol 5: 888–895.

FEMS Microbiol Ecol 59 (2007) 95–107

Boswell CD, Dick RE, Eccles H & Macaskie LE (2001) Phosphate
uptake and release by Acinetobacter johnsonii in continuous
culture and coupling of phosphate release to heavy metal
accumulation. J Ind Microbiol Biotechnol 26: 333–340.
Brim H, Heyndrickx M, de Vos P, Wilmotte A, Springael D,
Schlegel HG & Mergeay M (1999) Amplified rDNA restriction
analysis and further genotypic characterisation of metalresistant soil bacteria and related facultative hydrogenotrophs.
Syst Appl Microbiol 22: 258–268.
Brooks SC (2001) Waste Characteristics of the Former S-3 Ponds
and Outline of Uranium Chemistry Relevant to NABIR Field
Research Center Studies. NABIR Field Research Center, Oak
Ridge, TN.
Buckley DH & Schmidt TM (2002) Exploring the Diversity of Soil
– A Microbial Rain Forest. Biodiversity of microbial life (Staley
JT & Reysenbach A, eds), pp. 183–208. Wiley-Liss, Inc, New
York, NY.
Busse HJ & Stolz A (2004) Achromobacter, Alcaligenes and related
genera. The Prokaryotes: An Evolving Electronic Resource for the
Microbiological Community, 3rd edition, release 3.17 (Dworkin
M., et al., eds). Springer-Verlag, New York, NY (http://
link.springer-ny.com/link/service/books/10125/).
Chandler DP, Wagnon CA & Bolton H (1998) Reverse
transcriptase (RT) inhibition of PCR at low concentrations of
template and its implications for quantitative RT-PCR. Appl
Environ Microbiol 64: 669–677.
Chang YJ, Peacock AD, Long PE, Stephen JR, McKinley JP,
Macnaughton SJ, Hussain A, Saxton AM & White DC (2001)
Diversity and characterization of sulfate-reducing bacteria in
groundwater at a uranium mill tailings site. Appl Environ
Microbiol 67: 3149–3160.
Chapelle FH (2000) The significance of microbial processes in
hydrogeology and geochemistry. Hydrogeol J 8: 41–46.
Cole JR, Chai B, Marsh TL et al. (2003) The ribosomal database
project (RDP-II): previewing a new autoaligner that allows
regular updates and the new prokaryotic taxonomy. Nucleic
Acids Res 31: 442–443.
Colwell RK, Mao CX & Chang J (2004) Interpolating,
extrapolating, and comparing incidence-based species
accumulation curves. Ecology 85: 2717–2727.
Dell’Anno A, Fabiano M, Duineveld GCA, Kok A & Danovaro R
(1998) Nucleic acid (DNA, RNA) quantification and RNA/
DNA ratio determination in marine sediments: comparison of
spectrophotometric, fluorometric, and high performance
liquid chromatography methods and estimation of detrital
DNA. Appl Environ Microbiol 64: 3238–3245.
Dhakephalkar PK & Chopade BA (1994) High-levels of multiple
metal resistance and its correlation to antibiotic-resistance in
environmental isolates of Acinetobacter. Biometals 7: 67–74.
DiChristina TJ (1992) Effects of nitrate and nitrite on
dissimilatory iron reduction by Shewanella putrefaciens 200.
J Bacteriol 174: 1891–1896
DiChristina TJ (2005) New insights into the molecular
mechanism of microbial metal respiration. Geochim
Cosmochim Acta 69: A670.

2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

!
c

106

Edwards L, Kuesel K, Drake H & Kostka JE (2006) Electron flow
in acidic subsurface sediments cocontaminated with nitrate
and uranium during nuclear weapons production. Geochim
Cosmochim Acta, in press.
Fields MW, Yan TF, Rhee SK, Carroll SL, Jardine PM, Watson DB,
Criddle CS & Zhou JZ (2005) Impacts on microbial
communities and cultivable isolates from groundwater
contaminated with high levels of nitric acid–uranium waste.
FEMS Microbiol Ecol 53: 417–428.
Finneran KT, Housewright ME & Lovley DR (2002) Multiple
influences of nitrate on uranium solubility during
bioremediation of uranium-contaminated subsurface
sediments. Environ Microbiol 4: 510–516.
Goris J, De Vos P, Coenye T et al. (2001) Classification of metalresistant bacteria from industrial biotopes as Ralstonia
campinensis sp. nov., Ralstonia metallidurans sp. nov., and
Ralstonia basilensis Steinle et al. 1998 emend. Int J Syst
Bacteriol 51: 1773–1782.
Griffiths RI, Whiteley AS, O’Donnell AG & Bailey MJ (2003)
Physiological and community responses of established
grassland bacterial populations to water stress. Appl Environ
Microbiol 69: 6961–6968.
Grimes DJ & Morrison SM (1975) Bacterial bioconcentration of
chlorinated hydrocarbon insecticides from aqueous systems.
Microb Ecol 2: 43–59.
Heck KL, Belle GV & Simberloff D (1975) Explicit calculation of
the rarefaction diversity measurement and the determination
of sufficient sample size. Ecology 56: 1459–1461.
Holland SM (2003) Analytical Rarefaction 1.3. User’s Guide and
Application. Published at: https://www.uga.edu/%strata/
software/AnRare/Readme.html.
Holmes DE, Finneran KT, O’Neil RA & Lovley DR (2002)
Enrichment of members of the family Geobacteraceae
associated with stimulation of dissimilatory metal reduction in
uranium-contaminated aquifer sediments. Appl Environ
Microbiol 68: 2300–2306.
Hurt RA, Qiu XY, Wu LY, Roh Y, Palumbo AV, Tiedje JM & Zhou
JH (2001) Simultaneous recovery of RNA and DNA from soils
and sediments. Appl Environ Microbiol 67: 4495–4503.
Istok JD, Senko JM, Krumholz LR, Watson D, Bogle MA, Peacock
A, Chang YJ & White DC (2004) In situ bioreduction of
technetium and uranium in a nitrate-contaminated aquifer.
Environ Sci Technol 38: 468–475.
Jardine PM, Melhorn TL, Roh Y & Sanford WE (2003)
Hydrological and Geochemical Processes Controlling the Fate
and Transport of Contaminants in Fractured Bedrock.
Geochemical and Hydrological Reactivity of Heavy Metals in
Soils (Selim HM & Kingery WL, eds), pp. 1–24. Lewis
Publishers, New York, NY.
Jeffrey WH, VonHaven R, Hoch MP & Coffin RB (1996)
Bacterioplankton RNA, DNA, protein content and
relationships to rates of thymidine and leucine incorporation.
Aquat Microb Ecol 10: 87–95.
Johnson JL (1994) Similarity Analysis of rRNAs. Methods for
general and molecular bacteriology (Gerhardt PE, Wood WA &

2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

!
c

D.M. Akob et al.

Krieg NR, eds), pp. 683–700. American Society of
Microbiology, Washington, DC.
Kanaly RA, Harayama S & Watanabe K (2002) Rhodanobacter sp.
strain BPC1 in a benzo[a]pyrene-mineralizing bacterial
consortium. Appl Environ Microbiol 68: 5826–5833.
Kayser MF, Ucurum Z & Vuilleumier S (2002) Dichloromethane
metabolism and C-1 utilization genes in Methylobacterium
strains. Microbiology-Sgm 148: 1915–1922.
Kerkhof L & Kemp P (1999) Small ribosomal RNA content in
marine Proteobacteria during non-steady-state growth. FEMS
Microbiol Ecol 30: 253–260.
Khan ST, Horiba Y, Yamamoto M & Hiraishi A (2002) Members
of the family Comamonadaceae as primary poly(3hydroxybutyrate-co-3-hydroxyvalerate)-degrading denitrifiers
in activated sludge as revealed by a polyphasic approach. Appl
Environ Microbiol 68: 3206–3214.
Konstantinidis KT, Isaacs N, Fett J, Simpson S, Long DT & Marsh
TL (2003) Microbial diversity and resistance to copper in
metal-contaminated lake sediment. Microb Ecol 45: 191–202.
Lovley DR (1995) Bioremediation of organic and metal
contaminants with dissimilatory metal reduction. J Ind
Microbiol 14: 85–93.
Lovley DR, Phillips EJP, Gorby YA & Landa ER (1991) Microbial
reduction of uranium. Nature 350: 413–416.
Lovley DR, Holmes DE & Nevin KP (2004) Dissimilatory Fe(III)
and Mn(IV) reduction. Adv Microb Physiol 49: 219–286.
Martin AP (2002) Phylogenetic approaches for describing and
comparing the diversity of microbial communities. Appl
Environ Microbiol 68: 3673–3682.
Mergeay M, Monchy S, Vallaeys T et al. (2003) Ralstonia
metallidurans, a bacterium specifically adapted to toxic metals:
towards a catalogue of metal-responsive genes. FEMS
Microbiol Rev 27: 385–410.
Mills HJ, Martinez RJ, Story S & Sobecky PA (2004) Identification
of members of the metabolically active microbial populations
associated with Beggiatoa species mat communities form Gulf
of Mexico cold-seep sediments. Appl Environ Microbiol 70:
5447–5458.
Mills HJ, Martinez RJ, Story S & Sobecky PA (2005)
Characterization of microbial community structure in Gulf of
Mexico gas hydrates: comparative analysis of DNA- and RNAderived clone libraries. Appl Environ Microbiol 71: 3235–3247.
Moon J, Roh Y, Phelps TJ, Phillips DH, Watson D, Kim Y &
Brooks SC (2006) Physicochemical and mineralogical
characterization of soil-saprolite cores from a field research
site, Tennessee. J Environ Qual 35: 1731–1741.
Morita RY (1993) Bioavailability of Energy and the Starvation
State. Starvation in bacteria (Kjelleberg S, ed), pp. 1–24.
Plenum Press, New York, NY.
NABIR (2003) Bioremediation of Metals and Radionuclides . . .
What it is and How it Works (Hazen TC, Benson SM, Metting
FB, Faison B, Palmisano AC & McCullough J, eds). NABIR
primer, 2nd ed., pp. 1–78. Lawrence Berkeley National
Laboratory, Berkeley, CA.

FEMS Microbiol Ecol 59 (2007) 95–107

107

Microbial communities in uranium-contaminated sediments

Nei M (1987) Molecular Evolutionary Genetics. Columbia
University Press, New York, NY.
Nogales B, Moore ERB, Abraham WR & Timmis KN (1999)
Identification of the metabolically active members of a
bacterial community in a polychlorinated biphenyl polluted
moorland soil. Environ Microbiol 1: 199–212.
Nogales B, Moore ERB, Llobet-Brossa E, Rossello-Mora R,
Amann R & Timmis KN (2001) Combined use of 16S
ribosomal DNA and 16S rRNA to study the bacterial
community of polychlorinated biphenyl-polluted soil. Appl
Environ Microbiol 67: 1874–1884.
Nomura M, Gourse R & Baughman G (1984) Regulation of the
synthesis of ribosomes and ribosomal components. Annu Rev
Biochem 53: 75–117.
North NN, Dollhopf SL, Petrie L, Istok JD, Balkwill DL & Kostka
JE (2004) Change in bacterial community structure during in
situ biostimulation of subsurface sediment cocontaminated
with uranium and nitrate. Appl Environ Microbiol 70:
4911–4920.
Palumbo AV, Schryver JC, Fields MW, Bagwell CE, Zhou JZ, Yan
T, Liu X & Brandt CC (2004) Coupling of functional gene
diversity and geochemical data from environmental samples.
Appl Environ Microbiol 70: 6525–6534.
Peacock AD, Chang YJ, Istok JD, Krumholz L, Geyer R, Kinsall B,
Watson D, Sublette KL & White DC (2004) Utilization of
microbial biofilms as monitors of bioremediation. Microb Ecol
47: 284–292.
Petrie L, North NN, Dollhopf SL, Balkwill DL & Kostka JE (2003)
Enumeration and characterization of iron(III)-reducing
microbial communities from acidic subsurface sediments
contaminated with uranium(VI). Appl Environ Microbiol 69:
7467–7479.
Reardon CL, Cummings DE, Petzke LM, Kinsall BL, Watson DB,
Peyton BM & Geesey GG (2004) Composition and diversity of
microbial communities recovered from surrogate minerals
incubated in an acidic uranium-contaminated aquifer. Appl
Environ Microbiol 70: 6037–6046.
Riley RG & Zachara J (1992) Chemical Contaminants on DOE
Lands and Selection of Contaminant Mixtures for Subsurface
Research. US DOE, Washington, DC.
Schneider S, Roessli D & Excoffier L (2000) Arlequin: A Software
for Population Genetics Data Analysis. Genetics and Biometry
Laboratory, Deptartment of Anthropology, University of
Geneva.
Senko JM, Istok JD, Suflita JM & Krumholz LR (2002) In-situ
evidence for uranium immobilization and remobilization.
Environ Sci Technol 36: 1491–1496.
Strunk O & Ludwig W (1997) ARB: Software for Phylogenetic
Analysis. Technicial University of Munich, Munich, Germany.
Tajima F (1983) Evolutionary relationship of DNA-sequences in
finite populations. Genetics 105: 437–460.

FEMS Microbiol Ecol 59 (2007) 95–107

Tiedje JM (1988) Ecology of Denitrification and Dissimilatory
Nitrate Reduction to Ammonium. Biology of Anaerobic microorganisms (Zehnder AJB, ed), pp. 179–244. John Wiley and
Sons, New York, NY.
Truex MJ, Peyton BM, Valentine NB & Gorby YA (1997) Kinetics
of U(VI) reduction by a dissimilatory Fe(III)-reducing
bacterium under non-growth conditions. Biotechnol Bioeng
55: 490–496.
Wan JM, Tokunaga TK, Brodie E, Wang ZM, Zheng ZP, Herman
D, Hazen TC, Firestone MK & Sutton SR (2005) Reoxidation
of bioreduced uranium under reducing conditions. Environ Sci
Technol 39: 6162–6169.
Wen A, Fegan M, Hayward C, Chakraborty S & Sly LI (1999)
Phylogenetic relationships among members of the
Comamonadaceae, and description of Delftia acidovorans (den
Dooren de Jong 1926 and Tamaoka et al. 1987) gen. nov.,
comb. nov. Int J Syst Bacteriol 49: 567–576.
Whiteley AS & Bailey MJ (2000) Bacterial community structure
and physiological state within an industrial phenol
bioremediation system. Appl Environ Microbiol 66: 2400–2407.
Wilson KH, Blitchington RB & Greene RC (1990) Amplification
of bacterial 16S ribosomal DNA with polymerase chain
reaction. J Clin Microbiol 28: 1942–1946.
Yan TF, Fields MW, Wu LY, Zu YG, Tiedje JM & Zhou JZ (2003)
Molecular diversity and characterization of nitrite reductase
gene fragments (nirK and nirS) from nitrate- and uraniumcontaminated groundwater. Environ Microbiol 5: 13–24.

Supplementary material
The following supplementary material is available for this
article online:
Table S1. Summary of phylogenetic affiliation and
distribution of SSU rRNA gene sequences from four FB61
clone libraries.
Table S2. Summary of phylogenetic affiliation and
distribution of SSU rRNA sequences from four FB61 clone
libraries.
This material is available as part of the online article
from: http://www.blackwell-synergy.com/doi/abs/10.1111/
j.1574-6941.2006.00203.x (This link will take you to the
article abstract).
Please note: Blackwell Publishing are not responsible
for the content or functionality of any supplementary
materials supplied by the authors. Any queries (other than
missing material) should be directed to the corresponding
author for the article.

2006 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

!
c

