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Microbial communities of two deep (1,270 and 316 m) alkaline (pH 9.94 and 8.05), anaerobic (Eh, 2137 and
227 mV) aquifers were characterized by rRNA-based analyses. Both aquifers, the Grande Ronde (GR) and
Priest Rapids (PR) formations, are located within the Columbia River Basalt Group in south-central Wash-
ington, and sulfidogenesis and methanogenesis characterize the GR and PR formations, respectively. RNA was
extracted from microorganisms collected from groundwater by ultrafiltration through hollow-fiber membranes
and hybridized to taxon-specific oligonucleotide probes. Of the three domains, Bacteria dominated both
communities, making up 92.0 and 64.4% of the total rRNA from the GR and PR formations, respectively.
Eucarya comprised 5.7 and 14.4%, and Archaea comprised 1.8% and 2.5%, respectively. The gram-positive
target group was found in both aquifers, 11.7% in GR and 7.6% in PR. Two probes were used to target sulfate-
and/or metal-reducing bacteria within the delta subclass of Proteobacteria. The Desulfobacter group was present
(0.3%) only in the high-sulfate groundwater (GR). However, comparable hybridization to a probe selective for
the desulfovibrios and some metal-reducing bacteria was found in both aquifers, 2.5 and 2.9% from the GR and
PR formations, respectively. Selective PCR amplification and sequencing of the desulfovibrio/metal-reducing
group revealed a predominance of desulfovibrios in both systems (17 of 20 clones), suggesting that their
environmental distribution is not restricted by sulfate availability.

The existence of active microbial populations in the deep
subsurface (hundreds to thousands of meters below the sur-
face) has been recognized for several decades (35, 68). Most of
the early research focused on sulfur and oil deposits, generat-
ing little information on the microbiology of the deep subsur-
face environments that were relatively poor in potential elec-
tron donors (23, 24). Only recently have more detailed studies
of diverse deep subsurface environments been conducted in
the United States (9, 15, 21, 25, 26, 38), Germany (29), and
England (19, 61). These studies demonstrated that microor-
ganisms are present in geologically diverse subsurface environ-
ments and that their metabolic activities can influence regional
groundwater chemistry (8, 43, 48, 59).
Microbial communities have been described in several deep,

alkaline, anaerobic aquifers in the Columbia River Basalt
Group (CRB) in south-central Washington State (58, 59). Al-
though the carbon and energy sources of microbial growth in
these and other subsurface environments remain largely unde-
fined, it is generally thought that most subsurface communities
are ultimately dependent on photosynthetic energy, in the
form of either organic carbon or dissolved oxygen as a meta-
bolic terminal acceptor. Two distinct biogeochemical endmem-
bers have been observed in some of the CRB aquifers. One
end member includes deep groundwaters that are character-
ized by relatively high sulfate and sulfide concentrations and

dissolved inorganic carbon that is depleted in 13C, indicative of
organic C oxidation by sulfate-reducing bacteria SRB (59).
Groundwaters representing the methanogenic end member
are characterized by a relative depletion of dissolved inorganic
carbon in combination with an enrichment in 13C, an observa-
tion that is consistent with the preferential reduction of 12CO2
by autotrophic methanogens. The microbial populations in
groundwater from these two end members, as determined by
enrichment techniques, reflect the respective geochemical sig-
natures (58, 59). However, it has recently been proposed that
geochemical energy also sustains the CRB microbiota and that
they may be independent of photosynthetic primary produc-
tion (58). This hypothesis is consistent with both the microbi-
ology and chemistry of the site. Hydrogen concentrations in
CRB groundwaters as high as 60 mM were reported, and lab-
oratory experiments demonstrated that hydrogen gas is pro-
duced by reactions between freshly exposed basalt surfaces
and anaerobic water. Chemoautotrophic microorganisms from
these aquifers that could grow on hydrogen and carbon dioxide
greatly outnumbered those that could grow on organic com-
pounds (58).
Despite considerable interest in the microbiology and bio-

geochemistry of deep subsurface environments, relatively little
is known about the diversity of the indigenous microorganisms.
Most of the available information is for pure cultures (6, 20, 22,
53), even though culture-based methods can generally account
for only a small fraction of the resident microbiota (33). As a
complement to more traditional methods, the characterization
of population-specific biomarkers (e.g., nucleic acid sequences
and membrane lipids) recovered directly from environmental
samples is serving to better define the population structure of
deep subsurface microbial communities (20, 22, 44, 47). In this
study, we evaluated the abundance and diversity of the active
microbial populations in deep, alkaline aquifers by using tax-
on-specific oligonucleotide probes targeted against extracted

* Corresponding author. Mailing address: Department of Civil En-
gineering,Technological Institute,NorthwesternUniversity, 2145Sheri-
dan Rd., Evanston, IL 60208-3109. Phone: (847) 491-4997. Fax: (847)
491-4011. E-mail: d-stahl@nwu.edu.
† Present address: Respiratory and Systemic Infection Laboratory,

PHLS Central Public Health Laboratory, London NW9 5HT, United
Kingdom.
‡ Present address: Lehrstuhl für Microbiologie, Technische Univer-

sität München, D-80290 Munich 2, Germany.

1498



rRNA. Although the rRNA content is known to vary among
cell types depending on the growth rate and starvation condi-
tions (18, 32), we suggest that it serves for the semiquantitative
assessment of the more active component of a microbial com-
munity (49, 50). As a complement to this analysis, extracted
DNA was used as a PCR template to amplify, clone, and
sequence 16S bacterial rRNA genes from populations compris-
ing selected probe-target groups.
Our observations indicate that while the microbial commu-

nities in the two aquifers have some common features, there
are distinct differences that are consistent with the geochemi-
cal environment. Although the Bacteria dominated in both, the
two systems differed in representation by Eucarya, Archaea,
and gram-positive organisms. Surprisingly, although the probe-
target group composed of gram-negative sulfate-reducing bac-
teria (SRB) that characteristically completely oxidize their car-
bon substrates was present only in the aquifer with the highest
sulfate concentration (Grande Ronde [GR]), comparable hy-
bridization to a probe for the desulfovibrios and some metal-
reducing bacteria was found in both aquifers. The presence of
desulfovibrio-like populations in both aquifers was confirmed
by selective PCR amplification, cloning, and sequencing of the
probe-target assemblage. This suggests that the environmental
distribution of Desulfovibrio species is not restricted by sulfate
availability.

MATERIALS AND METHODS

Site description. The study site was located in south-central Washington State
within the CRB. The CRB, covering an area of approximately 200,000 km2 in the
northwestern United States, consists of Miocene Tholeiitic flood basalt flows of
up to 6 km (20 to 150 m thick) interspersed with sedimentary interbeds (0.3 to
25 m thick) overlain by 60- to 250-m thick alluvial and loess sediments. These
basalt flows can act as confining layers which isolate individual aquifers. The
temperature and pH within these confined aquifers increase with depth through-
out the site, and the groundwater is anaerobic. The geochemistry of the CRB is
well characterized as a result of previous evaluation for use as a long-term
storage site for high-level radioactive waste (28, 62). Interest in the microbiology
and geochemistry of these aquifers has also been generated by concern about
potential contamination from the overlying unconfined aquifer on the Hanford
Site and by recent observations that these aquifers harbor a novel subsurface
microbial ecosystem that is based on geochemically produced H2 (58). The two
deep, confined aquifers that were selected for study are within the GR (1,270 m
deep) and the Priest Rapids (PR) (316 m deep) formations. Previous studies of
groundwater from these two aquifers indicated that sulfidogenesis and metha-
nogenesis were the principal respiratory processes in the GR and PR formations,
respectively (59).
Sampling. Groundwater samples were collected from two different artesian

wells on the Hanford Site. One well (designated DC-06), in the GR formation,
was screened at a depth of 1,270 m, and the other well (designated DB-11), in the
PR formation, was screened at 316 m (59). Before sampling, water was purged
from each well for a minimum of 1 well volume (ca. 3,471 liters for DC-06 and
1,134 liters for DB-11) and until the temperature, pH, and Eh (measured in the
field through an in-line flow cell) had stabilized. Additional physical and chem-
ical characteristics were measured during sampling and/or obtained from previ-
ous measurements.
To obtain sufficient biomass for nucleic acid extractions, the cells were con-

centrated to a volume of approximately 50 liters by ultrafiltration (DC30P;
Amicon Corp., Danvers, Mass.) with 100,000-molecular-weight-cutoff hollow-
fiber filters. The volumes of groundwater filtered from each well were 2,118 liters
for GR (DC-06) and 6,000 liters for PR (DB-11). A small-capacity hollow-fiber
ultrafiltration unit (DC10L; Amicon) was then used to further reduce the volume
to 0.5 to 1.0 liter. Aliquots of the retentate were immediately frozen on site with
dry ice or filtered through sterile 142-mm-diameter, 0.2-mm-pore-size filters
(Durapore; Millipore Corp., Bedford, Mass.) by pressure filtration. The filters
were frozen immediately in the field on dry ice, transported back to the labora-
tory, and maintained at2808C until processed. Cleaning and disinfection of both
Amicon units were carried out by procedures recommended by the manufacturer
(4). Recirculation of 0.1% (wt/vol) sodium dodecyl sulfate was followed by
rinsing with deionized water until all traces of foam were removed. Sodium
hypochlorite (200 mg liter21) was recirculated through the pump and filter for 10
min. This solution was then diluted to 100 mg liter21 and remained in contact
with the filter during storage. The sodium hypochlorite was removed before the
next collection by rinsing thoroughly with deionized water.
Extraction and analysis of RNA. A modification of the method of Stahl et al.

(57) was used (37) to extract rRNA from the aquifer concentrates or filters by

mechanical disruption in conical screw-cap polypropylene vials (Sarstedt, Inc.,
Newton, N.C.) on a reciprocating shaker (Mini-Beadbeater; Biospec Products,
Bartlesville, Okla.) with zirconium-silica beads (0.1 mm in diameter). Concen-
trated biomass was processed in ca. 500-ml aliquots, and frozen filters were
broken into small pieces (,5 mm2) with a baked glass rod. Immediately before
extraction, the samples were thawed in the vials containing the phenol–low-pH
buffer–sodium dodecyl sulfate mixture. The integrity and approximate yield of
the rRNA were examined by denaturing polyacrylamide gel electrophoresis (54).
RNA was denatured and immobilized on 0.45-mm nylon membranes (Magna

Charge; MSI Inc., Westborough, Mass.) with a Minifold II Slot Blot System
(Schleicher & Schuell, Keene, N.H.) as previously described (51). A reference
series of known concentrations of RNA (from 20 to 0.16 ng) was applied to each
membrane together with the groundwater RNA samples. rRNA from Esche-
richia coli, Bacillus subtilis,Desulfobotulus sapovorans,Desulfovibrio desulfuricans,
Dictyostelium discoideum, and Methanosarcina acetovorans was used as a refer-
ence.
Probes used in this study comprised a universal probe (67) and domain-specific

probes (66) for Bacteria, Archaea, and Eucarya (2, 3, 51). More specific probes
were used to quantify gram-positive bacteria (S-P-Grps-1200-a-A-13) (41) and
SRB within the delta subclass of Proteobacteria, the complete substrate oxidation
group (S-*-0804-a-A-18), and the desulfovibrio/metal-reducing group (S-F-Dsv-
0687-a-A-16) (12). The latter probe targets most members of the Desulfovibri-
onaceae and some members of the Geobacteraceae (39). The final wash tempera-
ture corresponded to the temperature of dissociation (Td) previously determined
for each probe (2, 3, 12, 41, 51), with the exception of the all-organism (universal)
probe (S-*-Univ-1390-a-A-18), for which a 448C wash temperature was shown to
provide more uniform quantification of rRNAs derived from different members
of the three domains (67). The total rRNA abundance was assumed to be the
total obtained with the universal probe (67).
Extraction of DNA, amplification, and cloning. High-molecular-weight DNA

(14,000 to 23,000) was isolated by the method of Boom et al. (5). Frozen samples
were divided into fourths (one-fourth of a 142-mm filter, or ca. 0.5 ml of con-
centrate) and processed in 1.5-ml centrifuge tubes. Oligonucleotide primers
targeting the rDNA of Bacteria (S-D-Bact-0011-a-S-17 [31] and S-D-Bact-1512-
a-A-16 [this study]) and the desulfovibrio/metal-reducing group were used for
PCR (Table 1). The primer pair designated S-Sc-Delta-0401-a-S-20 and S-*-Dsv-
0683-a-A-22 was used to amplify ribosomal DNA from sulfate- and possible
metal-reducing bacteria within the delta subclass of Proteobacteria. This region of
the ribosomal DNA (ca. 300 nucleotides) demonstrates sequence conservation
generally representative of the molecule. Reaction mixtures were in a total
volume of 50 ml and contained 2 mM MgCl2, 10 mM Tris-HCl (pH 8.3), 50 mM
KCl, 0.2 mM deoxynucleoside triphosphates, 0.5 U of Taq DNA polymerase
(Pharmacia Biotech Inc., Piscataway, N.J.), DNA template at 0.04 to 0.4 ng/ml,
and 10 pmol each of both primers. Thermal cycling was carried out with a
thermal cycler (Idaho Technology, Idaho Falls, Id.) as follows: an initial dena-
turation at 948C for 30 s followed by 30 cycles of denaturation at 928C for 15 s,
annealing at a predetermined annealing temperature (508C for the primers
targeting Bacteria and 608C for the primers targeting the desulfovibrio/metal-
reducing group) for 15 s, and elongation at 728C for 30 s. Positive controls
containing purified DNA (10 ng) from E. coli or D. desulfuricans were included
in all sets of amplifications along with negative controls (no DNA added). The
presence, size, and estimated concentration of amplification products were de-
termined by agarose (0.8%) gel electrophoresis of 10% of the reaction product
(5 ml) in 13 Tris-borate-EDTA (TBE)–0.5 mg of ethidium bromide per ml,
together with molecular weight markers. The amplified products were ligated
directly into the cloning vector, pCRII (Invitrogen Corp., San Diego, Calif.), with
the Original TA cloning kit (Invitrogen Corp.).
Sequencing and sequence analysis. Nucleotide sequences were determined by

the dideoxynucleotide method (55) by cycle sequencing of purified plasmid
preparations (Qiagen, Inc., Chatsworth, Calif.) with a Sequitherm sequencing kit
(EpiCenter Technologies, Madison, Wis.) and an infrared automated DNA
sequencer (Li-Cor, Inc., Lincoln, Nebr.) under the conditions recommended by
the manufacturers. Labeled M13 universal forward and reverse dye-labeled se-
quencing primers (Li-Cor) were used. The new 16S rRNA partial sequences
were aligned with the alignment tool of the ARB program package (60). Align-
ments were refined by visual inspection. Percent similarities were determined
with the neighbour-joining tool of the ARB program package. Nucleotide posi-
tions for which any sequence had an ambiguous or undetermined base were
eliminated from the calculations. Phylogenetic analyses were performed by ap-
plying distance matrix (16, 17, 60) and maximum-likelihood (fast DNAml [42])
methods to different data sets.
Nucleotide sequence accession numbers. The sequences have been deposited

in GenBank under accession numbers U59765 to U59784.

RESULTS

Site characteristics. The physical and chemical properties of
the GR and PR formations are shown in Table 2. The ground-
waters associated with both formations were anoxic and alka-
line, although the pH of the GR groundwater was approxi-
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mately 2 units higher than that of the PR water. The GR
groundwater also had higher concentrations of total dissolved
solids, as evidenced by the higher concentrations of Cl2, Na1,
and other ions. Both sulfate and sulfide were present at rela-
tively high concentrations in the GR groundwater but were
both below detection levels in the PR groundwater. Ferrous
iron was present in the PR groundwater but was below detec-
tion levels in the GR water. The high concentrations of sulfide
present in the GR groundwater would complex any Fe(II)
present as ferrous sulfides. Previous analyses (58) indicated
that the methane concentrations in these waters were 209 3
1026 and 2 3 1026 M for the PR and GR waters, respectively.
In summary, the geochemical analyses, in conjunction with
previous characterization efforts (58, 59), suggest that sulfate
reduction is the predominant respiratory pathway for micro-
organisms in the GR groundwater while CO2 reduction is the
dominant respiratory pathway in the PR groundwater. These
results should be considered indicative of these processes and

do not preclude other forms of anaerobic metabolism such as
dissimilatory Fe reduction and acetogenesis.
Total microorganisms in the groundwaters were previously

enumerated by acridine orange direct microscopic counts (59).
The concentration of microorganisms in the GR aquifer was
(7.66 1.4)3 105 organisms/ml, and that in the PR aquifer was
(3.6 6 1.4) 3 103 organisms/ml, given as mean 6 standard
deviation (59).
Quantification of major taxa. The recovery of intact high-

molecular-weight rRNA (both large and small subunit) was
demonstrated by polyacrylamide gel electrophoresis of nucleic
acid recovered from both aquifers (Fig. 1). The amount of
rRNA recovered, as estimated from hybridization of the uni-
versal probe, was approximately 40.7 and 9.5 ng/liter from the
GR and PR samples, respectively. We attribute the lower re-
covery of RNA from the GR sample, relative to direct counts
(above), to the higher concentration of total dissolved solids in
the GR groundwater and a higher in situ temperature. A min-

TABLE 1. Oligonucleotide hybridization probes and PCR primers used in this study

Probe or primer namea Target group Probe or primer sequence (59 to 39) Reference Old probe name

S-D-Bact-0338-a-A-18 Bacteria GCTGCCTCCCGTAGGAGT 121 EUB338
S-D-Arch-0915-a-A-20 Archaea GTGCTCCCCCGCCAATTCCT 131 ARC915
S-D-Euca-1379-a-A-16 Eucarya TACAAAGGGCAGGGAC 111 EUK1379
S-*-Univ-1390-a-A-18 All organisms GACGGGCGGTGTGTACAA 1671 1407RL
S-P-Grps-1200-a-A-13 Gram-positive bacteria AAGGGGCATGATG 1411 Gram-positive short
S-F-Dsv-0687-a-A-16 Desulfovibrionaceae TACGGATTTCACTCCT 1121 SRB687
S-*-Dsb-0804-a-A-18 Desulfobacter group CAACGTTTACTGCGTGGA 1121 SRB804

S-D-Bact-0011-a-S-17 Bacteria GTTTGATCCTGGCTCAG 1311 BACT11F
S-D-Bact-1512-a-A-16 Bacteria ACGGYTACCTTGTTACGACTT This study
S-Sc-Delta-0401-a-S-20 Delta Proteobacteria AASCCTGACGCAGCRACGCC This study
S-*-Dsv-0683-a-A-22 Desulfovibrionaceae/metal reducers TCTACGGATTTCACTCCTACAC This study

a Probe and primer names have been standardized as follows: S or L for small or large subunit rRNA as the target; letter(s) designating the taxonomic level targeted
D (domain), SC (subclass), F (family), G (genus), S (species), Ss (subspecies), * (undefined taxon); letters designating the target group of the probe or primer;
nucleotide position (E. coli numbering) in the target where the 39 end of the antisense probe/primer binds; letter designating the version of the probe or primer (a,
version 1; b, version 2, etc.); A or S for antisense or sense; number indicating the length in nucleotides of the probe or primer (1).

TABLE 2. Physical and chemical characteristics of sulfidogenic
and methanogenic wells

Characteristic

Value for:

DC-06
(DR, sulfidogenic)

DB-11
(PR, methanogenic)

Depth (m) 1,270 316
Flow rate (liters/min) 6.6 63.2
pH 9.94 8.05
Temp (8C) 18.4 20.35
Eh (mV) 2137 227
Total dissolved solutes (g/liter) 0.699 0.151
Dissolved oxygen (mg/liter) ,0.05 ,0.05
Dissolved inorganic C (mg/liter) 12.87 34.01
Dissolved organic C (mg/liter) 4.65 1.91
Fe21 (mg/liter) ,0.004 0.74
Na1 (mg/liter) 257.85 29.94
Cl2 (mg/liter) 161.99 4.27
Br2 (mg/liter) 0.33 ,0.02
F2 (mg/liter) 36.19 0.75
NO2

2 (mg/liter) ,0.01 ,0.01
NO3

2 (mg/liter) ,0.06 ,0.06
PO4

22 (mg/liter) ,0.06 ,0.06
SO4

22 (mg/liter) 142.45 ,0.05
S22 (mmol/liter) 22.867 BDLa

a BDL, below detection limit.

FIG. 1. Polyacrylamide gel of nucleic acids extracted from biomass collected
from the GR and PR aquifers. Lanes 1 and 6 are replicate markers containing a
mixture of nucleic acid isolated from pure cultures of E. coli and Saccharomyces
cerevisiae. The upper and lower unlabelled bands in lanes 1 and 6 correspond to
the 28S and 18S rRNAs, respectively. Lanes 2 and 4 contain nucleic acid isolated
(independent extractions) from the GR aquifer (DC-06; 1,270 m), and lanes 3
and 5 contain nucleic acid isolated (independent extractions) from the PR aqui-
fer (DB-11; 316 m).
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eral precipitate formed during the ultrafiltration of the GR
sample, probably due to oxidation and cooling during concen-
tration, which probably interfered with nucleic acid recovery.
The percentages of total rRNA corresponding to the various
probe target groups in the RNA extracted from the GR and
PR samples are shown in Table 3. Of the three domains (Bac-
teria, Archaea, and Eucarya), Bacteria was the most dominant
in groundwaters from both formations (92% and 64.4% from
the GR and PR formations, respectively). Archaea was the
least abundant, although a slightly greater proportion of this
group was observed in groundwater from the PR (methano-
genic) (2.5%) than in groundwater from the GR (1.8%). Mem-
bers of the Eucarya were detected in both wells and comprised
5.7 and 14.4% of the total rRNA in the GR and PR forma-
tions, respectively. Most of the rRNA quantified with the uni-
versal probe was accounted for by the three domain probes.
The sum of the domain probes for the GR and PR groundwa-
ters was 99.5% and 81.3%, respectively. Two probes were used
to target SRB in the delta subclass of the Proteobacteria, S-F-
Dsv-0687-a-A-16 and S-*-804-a-A-18. The S-F-Dsv-0687-a-
A-16 target group comprised 2.5% of the GR and 2.9% of the
PR rRNA, whereas the S-*-804-a-A-18 target group was ob-
served at low levels (0.3%) only in water from GR (sulfido-
genic). No signal was detected in RNA extracted from the PR
sample with this probe. The gram-positive probe target group
comprised 11.7% of the nucleic acid extracted from the GR
sample and 7.6% of that from the PR sample. As percentages
of bacterial RNA, the gram-positive populations represented
12.7 and 11.8% of the bacterial population in the GR and PR
samples, respectively.
Phylogenetic analyses of the probe S-F-Dsv-0687-a-A-16 tar-

get group. Although high-molecular-weight DNA was recov-
ered from both aquifer samples, no amplification products
were observed following PCR with the S-Sc-Delta-0401-a-S-20
and S-*-Dsv-0683-a-A-22 primer pair. In contrast, amplifica-
tion products of the predicted size were detectable following
amplification with the bacterium-specific primer pair S-D-
Bact-0011-a-S-17 and S-D-Bact-1512-a-A-16. These amplifica-
tion products were then used as the template for a second
amplification with the primer set specific for the desulfovibrio/
metal-reducing group. The PCR products derived from this
serial amplification were subsequently cloned and sequenced.
Of 20 clones characterized (10 from each aquifer), 17 were
most closely related to Desulfovibrio sp. strain PT-2 and D.

longreachii (97.5 to 98.9% similarity between recovered se-
quences over 255 nucleotides). Sequence relationships among
the desulfovibrio-like clones ranged between 97.7 and 100%
similarity. Clones DB7 and DC3D were identical, and clones
DB4.1, DB4H, and DB4C were identical, considering only
unambiguous positions. There was no apparent clustering of
related sequences with either aquifer. Two clones from the PR
aquifer showed highest similarity to the benzoate-oxidizing
syntrophic bacterium Syntrophus gentianae (90.6 and 91.3%),
while one from the GR aquifer was most closely related to
Desulfuromonas acetexigens (96.0%), a member of the Geobac-
teraceae. Phylogenetic affiliations of the 20 clones within the
delta subclass of the Proteobacteria are shown in Fig. 2.

DISCUSSION

The abundance and diversity of subsurface microorganisms
may differ between groundwater- and sediment-associated
populations within the same formation (27, 30). Also, it is
generally believed that the most representative subsurface
samples include solids. However, sampling of the subsurface,
particularly in basaltic aquifers, where much of the water flow
is through fractures, vesicles, and interbed sediments, is tech-
nically challenging. Although, we have restricted our analyses
to groundwater, previous research has demonstrated that the
microbiological properties of CRB groundwaters reflected the
geochemistry (58, 59). This indicates that groundwater from
wells can provide representative samples for analyses of select
microbiological properties of the deep subsurface. Thus, the
molecular data presented here should provide an explicit ref-
erence to further evaluate community structure associated with
different regions in the subsurface.
Hybridization of RNA extracted from the two CRB aquifers

revealed distinct differences in microbial population structure.
Although the domain Bacteria dominated, members of the
Eucarya were also abundant and exceeded the number of
members of the Archaea in both. A slightly greater abundance
of Archaea was observed in samples from PR than from the
sulfidogenic GR samples. Since previous enrichment studies
demonstrated the presence of organisms with methanogenic
metabolism (58, 59), the archaeal signal is most probably at-
tributable to methanogens and is comparable to values ob-
served for other anaerobic environments deficient in electron
acceptors other than carbonate (ca. 1 to 5% of the total

TABLE 3. Relative abundance of target groups in the GR and PR aquifers

Probe name

Relative abundance (%) of target groups
in aquifer formationa: Target group

GR (well DC-06) PR (well DB-11)

S-*-Univ-1391-a-A-18 100.00 100.00 All organisms
S-D-Bact-0338-a-A-18 92.0 6 5.82 64.4 6 6.1 Bacteria
S-D-Arch-0915-a-A-20 1.8 6 0.01 2.5 6 0.01 Archaea
S-D-Euca-1379-a-A-16 5.70 6 0.25 14.4 6 0.64 Eucarya
Total 99.5 6 6.08 81.3 6 6.75

S-P-Grps-1200-a-A-13 11.7 6 0.29 7.6 6 0.72 Gram-positive bacteria
S-F-Dsv-0687-a-A-16 2.5 6 0.05 2.9 6 0.03 Desulfovibriob

S-*-Dsb-0804-a-A-18 0.3 6 0.01 BDLc Desulfobacter and relatives (complete substrate
oxidation [see the text])

a Relative abundance as a percentage of universal probe hybridization of target groups in two aquifers, GR (sulfidogenic) and PR (methanogenic), inferred by
oligonucleotide probe hybridization to total RNA extracted from the two sampling wells DC-06 and DB-11. Values are the mean and standard deviation of triplicate
hybridization experiments for each sample.
b Desulfovibrio plus Desulfuromonas acetoxidans and certain species of Geobacter, Pelobacter, and Desulfuromusa.
c BDL, below detection limit.
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rRNA). For example, values between 2 and 3% were observed
in the rumens of various herbivores (36). The relative abun-
dance of members of the Archaea in the methanogenic well
DB-11 (ca. 2.5%) is well within this range. Although methano-
gens have been observed in many sulfidogenic habitats, the
archaeal signal originating from the sulfidogenic well (DC-06)
could also derive from fermentative and/or respiratory organ-
isms, including those with the capacity for dissimilatory sulfate
reduction (45).
The homoacetogens are another group of hydrogen-con-

suming organisms known to contribute to the microbiota of
these aquifers. Stevens and McKinley (58) reported that cul-
turable homoacetogenic bacteria in the methanogenic ground-
water from the PR aquifer (DB-11) were approximately 100-
fold more abundant than culturable methanogens. They also
observed that populations of fermentative and homoaceto-
genic bacteria were at least as large as those of SRB in ground-
water from the GR aquifer (DC-06). Since most known ho-
moacetogens are affiliated with the gram-positive lineage, the
relatively large fraction of rRNA hybridizing to the gram-
positive probe is also consistent with their presence. Although
the acetogenic reduction of CO2 releases less energy than
methanogenesis, homoacetogens may be more competitive in
the CRB aquifers due to the high H2 availability (0.02 to 100
mM), which is believed to be the result of abiotic reactions
(58), and to their greater versatility. In addition, most ho-
moacetogenic bacteria have the capacity to use a variety of
substrates, including one-carbon compounds, methoxylated ar-
omatic compounds, and alcohols (13). However, a tremendous
variety of alternative physiological types may also contribute to
the gram-positive probe-target group. For example, this target
group comprised a greater fraction of the total rRNA recov-
ered from the sulfidogenic well and may in part reflect the pres-
ence of gram-positive SRB (e.g., Desulfotomaculum species).
In addition to the possible contribution by gram-positive

SRB, this study used two more specific probes targeting phy-
logenetic groups of gram-negative SRB within the delta sub-
class of Proteobacteria (11, 12). The S-*-Dsb-0804-a-A-18 probe
targets four of seven natural groups, including Desulfobacter
and Desulfobacterium species, Desulfococcus multivorans, De-
sulfosarcina variabilis, and “Desulfobotulus” sapovorans. The
S-F-Dsv-0687-a-A-16 probe targets most members of the De-
sulfovibrionaceae and certain members of the Geobacteraceae
(12, 37). The S-*-Dsb-804-a-A-18 target group (12) was de-
tected only in groundwater from the GR, which also contained
high sulfate concentrations (approximately 1.7 mM). However,
the probe selective for the desulfovibrio/metal-reducing bacte-
ria hybridized to a comparable fraction of rRNA extracted
from both aquifer samples (2.5 and 2.6% of total RNA in
groundwater from GR and PR, respectively). This raised the
question of the relative contribution of metal and sulfate-re-
ducing populations to this hybridization signal in each aquifer.
The phylogeny of organisms contributing to the desulfovib-

rio/metal-reducing group was determined by recovery of par-
tial rDNA sequences with a PCR primer set selective for the
delta subclass of Proteobacteria and the desulfovibrio/metal-
reducing probe sequences. Of 20 sequences determined, 17
desulfovibrio-like sequences were recovered with these prim-
ers. This suggests that these are the predominant probe target
group in both systems and are active (as supported by signifi-
cant hybridization to target rRNA) even when sulfate concen-
trations are very low, possibly by syntrophic association with
hydrogen-consuming methanogens (7, 14) or dissimilatory re-
duction of Fe(III). The presence of SRB in sulfate-depleted
environments has been reported (50, 64), and some sulfate-
reducing bacteria, including Desulfovibrio, have been impli-
cated in the oxidation of hydrogen and organic matter coupled
to the reduction of Fe(III) (10, 40). Culturable dissimilatory
Fe(III)-reducing bacteria and SRB have been detected in
groundwater from both the GR and PR formations (58), sup-

FIG. 2. Phylogenetic tree showing the relationships of the 20 partial 16S rRNA sequences recovered from the GR (DC numbers, sulfidogenic) and the PR (DB
numbers methanogenic) aquifers to sequences of other members of the delta subclass of the Proteobacteria. The tree of the reference organisms (solid lines) was
constructed by using maximum-likelihood analyses including full-length 16S rRNA sequences (16, 42). Relationships of the clone sequences (dashed lines) were inferred
from maximum-likelihood and neighbor-joining analyses of the respective partial sequences of all available 16S rRNA sequences from the delta subclass of the
Proteobacteria (42, 63). The bar indicates 0.1 estimated nucleotide change per position.
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porting earlier observations these organisms are active in situ
and have a significant impact on ground water geochemistry
within the CRB aquifers.
The closest known relatives to most of the sequences recov-

ered from the two wells are two Desulfovibrio species (Fig. 2).
One was isolated from a bioreactor inoculated from a ground-
water source (Desulfovibrio sp. strain PT2 [31]), and the second
was isolated from an Australian free-flowing artesian well (D.
longreachii [52]). A recent study of attached and unattached
bacteria in nine boreholes in Sweden with somewhat similar
hydrogeochemistry also revealed the presence of desulfovibrio-
like 16S rDNA clones at depths greater than 100 m (46). These
investigators previously identified clone sequences related to
Desulfosarcina species in boreholes at Oklo in Gabon, Africa,
but extensive comparisons between this site and the CRB are
not warranted because the sites represent very different hydro-
geochemical environments.
These data, in aggregate, suggest that desulfovibrio-like or-

ganisms are widely distributed in the subsurface. In this regard,
it should be noted that hydrogen is an important electron
donor for virtually all members of the genus Desulfovibrio (11,
65). A possible geochemical source of hydrogen in the CRB is
the dissolution of ferrosilicate minerals such as olivine and
pyroxene. Dissolution has been suggested to contribute to hy-
drogen evolution and magnetite (Fe3O4) precipitation (34).
Although the basis for their persistence in methanogenic sys-
tems has yet to be established, it could reflect syntrophic as-
sociations with hydrogen-consuming populations (7) or the use
of an alternative electron acceptor, such as iron (10, 40).
The detection of significant eucaryotic rRNA in the CRB

samples was unexpected, particularly in the PR samples, where
they contribute .14% of the signal from the universal probe.
The source of eucaryotic biomass in the CRB samples is cur-
rently unknown. However, Sinclair and Ghiorse (56) detected
fungi and protozoa in samples collected from depths as great
as 250 m beneath the U.S. southeast coastal plain. Protozoa
and fungi have also been detected in relatively shallow subsur-
face sediments in many different regions (23). The study of
Swedish boreholes cited above reported the recovery of rRNA
sequences related to Saccharomyces cerevisiae (46). Ground-
water in the PR aquifer is considerably younger that in the GR
aquifer, and hence recharge from the surface occurs more
rapidly. Therefore, the eucaryotic signal may be due to alloch-
thonous microeukaryotes associated with the recharge water.
There is little information about the nature of microeucaryotes
in deep subsurface environments, but their presence at several
sites indicates that further studies are warranted to determine
the role(s) that these microorganisms may play. More gener-
ally, the studies presented here should provide the foundation
for more systematic descriptions of these and other subsurface
populations and hence better define their relationship to sub-
surface processes.
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