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Abstract
Molecular characterization of subsurface microbial communities in the former Homestake gold
mine, South Dakota, was carried out by 16S rDNA sequence analysis using a water sample and a
weathered soil–like sample. Geochemical analyses indicated that both samples were high in sulfur,
rich in nitrogen and salt, but with significantly different metal concentrations. Microbial diversity
comparisons unexpectedly revealed three distinct operational taxonomic units (OTUs) belonging
to the archaeal phylum Thaumarchaeota typically identified from marine environments, and one
OTU to a potentially novel phylum that falls sister to Thaumarchaeota. To our knowledge this is
only the second report of Thaumarchaeota in a terrestrial environment. The majority of the clones
from Archaea sequence libraries fell into two closely related OTUs and grouped most closely to an
ammonia–oxidizing, carbon–fixing and halophilic thaumarchaeote genus, Nitrosopumilus. The
two samples showed neither Euryarchaeota nor Crenarchaeota members that were often identified
from other subsurface terrestrial ecosystems. Bacteria OTUs containing the highest percentage of
sequences were related to sulfur-oxidizing bacteria of the orders Chromatiales and Thiotrichales.
Community members of Bacteria from individual Homestake ecosystems were heterogeneous and
distinctive to each community with unique phylotypes identified within each sample.
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Introduction
Subsurface environments offer unique habitats to microorganisms, shielding them from
cosmic rays and fluctuating temperature on the Earth's surface. However, nutritional
limitation and extreme geochemical and physical conditions in deep environments lead to
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ecological isolation of microbial niches and subsequent genetic drift. In particular, the size
and composition of the subsurface microbial communities are influenced by surrounding
geological conditions such as rock chemistry, thermogradients, metal concentrations, and
extreme pH, similar to those of early Earth or even outside the Earth [1]. These physical and
chemical attributes of subterranean ecosystems may have caused the evolution of unique
lineages within individual microbial communities. Equally, microbial metabolic activities
have also cast the physicochemical properties of the surrounding geosphere, supporting the
view of coevolution of life and the Earth [2].

The Homestake gold mine, located in the Black Hills, Lead, SD (44°35′2074″N,
103°75′082″W) is one of the deepest mines in the western hemisphere. Gold was produced
from as deep as 2.5 km below the surface during its 125–year life until production ceased in
2001. Gold deposits in the mine typically occur in an iron formation known as the
Homestake Formation, which was deposited approximately 1.9 b.y.a. during the
Precambrian Era and metamorphosed about 1.7 b.y.a., although some gold was also found
associated with Tertiary–age intrusive rocks [3]. The northern Black Hills underwent
extensive intrusion of shallow–level igneous rocks from ~58 m.y.a. to ~46 m.y.a. [4].
Currently, the Homestake mine is being converted to a Deep Underground Science and
Engineering Laboratory (DUSEL) with support from the National Science Foundation and
other federal, state, and private agencies. Abundant information is available for the geology
and related mining history of the Homestake gold mine [5-8]. However, data on
microbiology is extremely limited with investigation on geomicrobiology being pursued
only recently [9,10] . Recognizing that microorganisms are ubiquitous and play a critical
role as catalysts in biogeochemical cycling, it is expected that microorganisms occupy
unique ecological niches within the Homestake mine. During active mining operations,
diverse surface microorganisms were likely introduced, allowing for interaction among
themselves or with indigenous members through horizontal gene transfer [11-13]. Such
microbial interactions under extreme environmental conditions result in genetically distinct
extremophiles with diverse and unique metabolic features. Novel metabolic products from
DUSEL extremophiles may offer significant potential for industrial, pharmaceutical, or
environmental applications.

Recently, both culture–dependent and culture–independent techniques have been used to
explore the microbial communities of globally distributed terrestrial extreme subsurface
environments [14-16]. Extensive studies on deep boreholes in the mines in South Africa
[17,18], a deep igneous rock aquifer in Finland [19], and Henderson Mine, Colorado, USA
[20] have described unique microbial communities established under the pristine subsurface
conditions and their interactions with surroundings. While surface and near–surface
microorganisms rely on photosynthesis–derived organic carbon, deep–subsurface
microorganisms utilize photosynthesis–independent energy sources, typically H2–based
energy [21,22]. The geologic formations of the Homestake mine consist of metamorphic
rocks that not only lack organic matter but have also been exposed to high temperature and
pressure during their evolution [3]. Shortage of organic energy sources available to the
geosphere at the deeper levels of the Homestake DUSEL may favor the growth of
chemolithoautotrophic extremophiles with novel metabolic activities. In the absence of
human activities, microorganisms in the pristine subsurface areas would have sustained their
physiological novelty under such stringent environmental conditions. However, as
evidenced in deep mines in South Africa where microbial contamination resulted due to
anthropogenic activities [23], some degree of microbial diversity influenced by surface
microbiota is expected in the deeper areas (down to 2.4 km) at Homestake DUSEL where
mining operations were once active.
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In 2001, mining activities at Homestake mine ceased. By 2002 the access shafts were sealed,
ventilation of the drifts ceased and the water level began to rise as pumping of the
subsurface aquifers ended. Over the next five years the subsurface ecosystem was left
untouched by human activities, and there was no new introduction of surface microbes to the
subsurface drifts and access shafts. In this study, we explore the microbial diversity within
two samples of opportunity, water and soil, taken from the Homestake mine during early
mine re–entry activities shortly after opening the Ross Shaft, and prior to re-establishment of
ventilation and human access. Geochemistry of the samples was characterized using
standard analysis methods, and the microbiology was characterized using a culture–
independent method to compare the microbial community structures of the two subsurface
ecosystems. Herein we describe the composition of archaeal and bacterial communities in
each ecosystem based on 16S rDNA sequences in association with the geochemical
characteristics of their surroundings.

Materials and methods
Sites and sampling

Main sampling activities for this study were coordinated with the re–entry schedule of the
Homestake mine for its inspection by the South Dakota Science and Technology Authority
(SDSTA) in 2007 prior to its conversion into a DUSEL. Upon opening of the Ross Shaft in
May 2007, the water sample was collected in 5 sterile 1L polypropylene bottles along the
length of a single seep running down from the 244–m to 914–m level of the Ross shaft. In
September 2007, weathered soil–like material, herein referred to as soil, was taken from the
surface of a stope at the horizontal drift, approximately 850 m off the Ross shaft at 610 m
below the surface (2,000 ft. level). Figure 1a depicts a cross section view of the Homestake
mine and the range of water sampling along the Ross shaft. Figure 1b is a detailed map
including distribution of rock formations of the soil sampling site and adjacent areas in a
drift at the 610 m level of the mine. All samples were taken in one–liter acid–washed, sterile
polypropylene bottles and kept on ice while transported to the laboratory and stored at 4°C
while being processed. Both the water sample and the soil sample were analyzed for their
chemical and microbial characteristics.

Chemical analysis
Chemical components of all samples used in this study were analyzed by Midcontinent
Testing Laboratories, Inc. (Rapid City, SD), a U. S. Environmental Protection Agency
(EPA)–certified facility, in accordance with standard EPA procedures. Briefly, soil samples
were suspended in deionized water, stored at room temperature for 24 hours, and
centrifuged. The supernatant was used for all further analyses, except the metal
concentration determination. Table 1 lists geochemical components of the DUSEL samples
and analysis methods used for this study. Cation concentrations were measured with the
AA400 atomic absorption spectrometer (Varian, Inc) and anions by the EPA–guided
specific methods. For determination of metal concentrations, 2 g of soil sample was
dissolved in 10 mL of concentrated nitric acid (EPA 3051A) and 50 mL of water sample
was digested in 5 mL of concentrated nitric acid, evaporated down to 5 mL and reconstituted
to the volume specified by EPA 3030E. The digested product from each sample was
determined using inductively coupled plasma mass spectrometry (ICP – MS) in an ELAN®
9000 DRC™ (Perkin Elmer).

Molecular analysis of microbial communities
DNA was extracted from the cells collected by centrifugation of 3 L of the water sample and
from 500 mg of soil sample using the Fast DNA® Soil Extraction Kit (Qbiogene).
Concentrations of DNA were determined using a NanoDrop® ND–1000 spectrophotometer
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(Thermo Scientific). The polymerase chain reaction (PCR) was used to amplify the 16S
rDNA gene from the extracted DNA for use in the construction of bacterial and archaeal
clone libraries. The bacterial and archaeal PCRs were performed on an iCycler® thermal
cycler (BioRad) and consisted of approximately 50 ng of sample DNA, 25 μL of 2× Master
Mix (Promega), 0.5 μM of forward primer (530F [5’–GTGCCAGCMGCCGCGG–3’]) and
reverse primer (1490R [5’–GGTTACCTTGTTACGACTT–3’]) for Bacteria [24], or 0.25
μM of forward primer (21F [5’–TTCCGGTTGATCCTGCCGGA–3’]) [25] and reverse
primer (1492R [5’–GGTTACCTTGTTACGACTT–3’] [24] for Archaea, and DNase free
water for a total volume of 50 μL. Thermal cycling parameters were as follows: Initial
denaturation at 94°C for 4 min; 30 cycles of 94°C for 30 sec, 56°C for 1 min, and 72°C for 2
min; followed by incubation at 72°C for 15 min; and cooling to 4°C prior to removal. After
examination of PCR products for size by agarose gel electrophoresis, they were excised
from the gel and cleaned using the Wizard® SV Gel and PCR Clean–up System (Promega)
prior to ligation. Clone libraries were constructed using the pGEM®T–Easy Vector System
II with JM109 competent cells (Promega). Sequencing reactions were done using M13 (–20)
forward and M13 (–27) reverse primers with a BigDye® Terminator v3.1 Ready Reaction
Cycle Sequencing kit (Applied Biosystems) on an ABI 3130 Genetic Analyzer (Applied
Biosystems). Chromatograms were edited and contiguous sequences assembled using
Sequencher® v4.8 (GeneCodes).

Phylogenetic analysis of sequences
Contiguous sequences were screened for putative chimeras using the Bellerophon program
[26], aligned using MEGA4 software [27], and loaded into the DNADIST function of
PHYLIP [28] to generate Jukes–Cantor corrected distance matrices [29]. Distance matrices
were inputted into DOTUR [30] and the furthest–neighbor method was used to determine
the operational taxonomic units (OTUs) based on 97% raw sequence similarity. Bacterial
sequences were aligned against the SILVA [31] and Greengenes [32] 16S ribosomal DNA
databases, as well as inputted into the SeqMatch tool of the Ribosomal Database Project
(RDP) II [33] to obtain the nearest related sequences for use as references in the
phylogenetic trees. The same databases were used for archaeal sequence sets replacing
RDPII with the BLASTN search program of the National Center for Biotechnology
Information (NCBI). Using MEGA4 [27], all trees were created by the neighbor–joining
method to infer evolutionary history [34] and the significance levels of interior branch points
obtained were determined using the bootstrap test for phylogeny (10,000 data resamplings)
[35].

Non–parametric species richness estimates were made using the Chao1 bias–corrected
richness estimator [36,37] at a genetic distance of 0.03 in DOTUR. Additionally, DOTUR
was used to calculate statistical parameters including the Simpson diversity index (D), the
Shannon diversity index (H′) with 95% confidence intervals (CI), and rarefaction analysis
for comparison of DUSEL community diversities. The estimated steepness values (angle θ)
of the line tangent to the rarefaction curves generated by DOTUR were also determined as
an indication of the ability of the sampling effort to reflect the fullness of the diversity
within each sample. The software program SONS [38] was used to estimate the similarity
between the bacterial water and soil communities, and between the archaeal water and soil
communities. The Libshuff/S-Libshuff function of MOTHUR v1.8.0 [39] was used to test
whether or not communities shared the same structure. After Bonferoni correction, the
critical P-value at which two libraries were considered significantly different in community
composition was p ≤0.025. AMOVA analysis was done in Arlequin v3.11 [40] to test
whether or not the genetic diversity between the communities was different.
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Nucleotide sequence accession numbers
The 16S rDNA sequences from a total of 216 DUSEL clone isolates were submitted to
GenBank and assigned under accession numbers FJ718772 – FJ718905 for Bacteria
members and FJ718906 – FJ718987 for Archaea members.

Results
Geochemistry of the DUSEL samples

The geochemical properties of the water and soil samples are summarized in Table 1. The
water and soil samples are both alkaline (pH 8.00 and 7.49, respectively). The soil sample
contained significantly high concentrations of metals such as Al, As, Ba, Cu, Fe, Zn, Cr, Pb,
and Ni. Chlorinity was considerably higher in the water than in the soil, but the
concentrations of metals and most other cations and anions in water were notably lower than
those in soil. The available carbon in the soil was mainly inorganic with less than 5mg/kg of
organic carbon present. Since the gold deposits at the Homestake mine are typically
associated with the iron formation, large amounts of Fe were expected in both types of
DUSEL samples [3]. Nonetheless, compared to the soil sample that showed a total
concentration of Fe at 78,800 mg/kg, the water sample contained 1.86 mg/L of total Fe and
less than 0.050 mg/L of dissolved Fe. The water contained 2,230 mg/L of total dissolved
solids. High sulfate concentrations were found in both the water (1,580 mg/L) and soil
(6,000 mg/kg) samples.

Composition of microbial communities
Archaeal Communities—After removal of chimeric sequences from the dataset, 21
clones of archaeal 16S rDNA sequences remained in the water sample and 61 in the soil
sample. At 97% sequence similarity DOTUR identified three OTUs (OTUs 1A–1, 1A–2,
and 1A–3) from the water sample, and one OTU (OTU 2A–1) from the soil sample. BLAST
and phylogenetic analyses of the 16S rDNA gene indicated that both of the archaeal
communities were comprised of OTUs most closely related to members of the newly
proposed phylum Thaumarchaeota [41]. Based on their position in the 16S rDNA tree OTUs
1A–1, 1A–3 and 2A–1 were most closely related to uncultured members of the
Thaumarchaeota (Figure 2). In the phylogenetic tree, OTU 1A–3 groups with members of
the Cenarchales, while OTU 1A–1 and 2A–1 grouped as a sister clade to members of the
Nitrosopumilales. BLAST analysis of the near full–length 16S rDNA sequence confirmed
that OTU 1A–1 and OTU 2A–1 were 96% identical to Nitrosopumilus maritimus
(NC010085) with 100% query coverage, such that these OTUs would be confidently placed
in the genus Nitrosopumilus, but may represent a novel species. Similarly, BLAST analysis
of OTU 1A–3 supported its placement in the tree with 100% query coverage and 95%
identity to uncultured marine Thaumarchaeota. However, OTU 1A–2 was a unique
phylotype within the water Archaea dataset, BLAST analysis of which returned a few hits
that showed 99% query coverage with 74–75% maximum identity to uncultured Archaea
sequences isolated from environmental samples. Interestingly, there were no Crenarchaeota
members identified from the two samples used in this study, although a previous study [10]
indicated the presence of Crenarchaeota from DUSEL soil samples from a similar
environment 700 m deeper than the sampling site for this study.

Bacterial communities—After removal of chimeric sequences from the dataset, 28
clones of bacterial 16S rDNA sequences from the water sample and 106 clones from the soil
sample remained. DOTUR identified 21 OTUs in the bacterial water sample, and 27 OTUs
in the bacterial soil sample. Bacterial communities in the DUSEL water sample were
comprised largely of phylum Proteobacteria (79%), within which the sub–groups included
Alphaproteobacteria (32%), Betaproteobacteria (41%), and Gammaproteobacteria (27%)
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(Figure 3). Additional phyla represented at a lower abundance in Bacteria were identified as
Bacteroidetes (7%), Planctomycetes (3.5%), Verrucomicrobia (7%), and Firmicutes (3.5%).
Within the Betaproteobacteria, all nine of the sequences are highly similar to members of the
order Burkholderiales. Two sequences, OTU 1B–5 and OTU 1B–12, showed 92% and 77%
identity respectively to members of the Gammaproteobacteria class based on RDP II
classifier results, indicating these sequences may represent a novel order. OTU 1B–9
represented a novel Firmicute phylotype based on 100% query coverage with only 86%
identity to members of the family Planococcaceae.

The majority of the DUSEL soil Bacteria were assigned to the phylum Proteobacteria
(95%), 70% of which were comprised of Gammaproteobacteria (Figure 4). Among the
Gammaproteobacteria sequences, approximately 43.6% showed 99% to 100% query
coverage and 91% to 92% maximum identity to sequences from several uncultured
Gammaproteobacteria from environments such as deep sea hydrothermal vents, sea
sediments, and hypersaline lakes. The nearest cultured relatives include the extremophilic
bacterium Thiohalomonas nitratireducens (DQ836238). Forty-eight percent (48%) were
identified as being members of the order Xanthomonadales, and approximately 2.8% were
classified as members of the orders Chromatiales, Alteromonadales, or Thiotrichales. The
remaining 30% of Proteobacteria was comprised of Alphaproteobacteria (13%),
Betaproteobacteria (15%), and Deltaproteobacteria (2%). The soil community also included
the phyla Bacteroidetes (2%), Firmicutes (2%), and Actinobacteria (1%). Although
Betaproteobacteria from both samples were classified as belonging to the order
Burkholderiales, no individual members are identical to one another. Among the DUSEL
Proteobacteria, the Gammaproteobacteria class was much more prevalent in the soil
ecosystem, whereas the Betaproteobacteria class was more prevalent in the water.

Statistical comparison of community diversities
The Chao1 bias–corrected coverage estimates were 32% and 73% for the water and soil
Bacteria, respectively, and 75% and 100% for the water and soil Archaea, respectively
(Table 2). Rarefaction analyses of DUSEL 16S rDNA sequences generated significantly
different curves for the two samples (Figure 5), in which the steepness values (θ) are in
agreement with the Chao1 coverage estimates. Statistical analyses of microbial phylotype
diversities in environments are often problematic, mainly because exhaustive sampling and
identification of every member of the community are difficult to accomplish [42].
Nonetheless, greater diversity was found among the Bacteria than among the Archaea in
both the soil and water samples.

Diversity indices revealed large differences in species richness between the bacterial and
archaeal communities. Values of Simpson's index (D) (Table 2) for the bacterial
communities were 0.03 and 0.11 from the water and soil samples, respectively, whereas
those for the archaeal communities were 0.81 and 1.00 from the water and soil samples,
respectively. Shannon diversity indices (H′) for the soil (H′ = 2.92) and the water (H′ =
2.63) Bacteria as well as for the soil (H′ = 0.38) and the water (H′ = 0) Archaea are in
agreement with the data of Simpson's diversity analyses. Pielou's [43] evenness index (E)
was estimated to assess the evenness of species representation within each community.
Bacteria water and soil communities with E values of 0.96 and 0.80, respectively, appeared
to have a moderately uniform level of species evenness. The evenness score for the Archaea
water sample (E = 0.35) numerically depicted the skew in species evenness evident in the
phylogenetic tree where 95% of the species were classified as belonging to a single
unidentified species of Thaumarchaeota. These statistical analyses confirmed the notion that
the Bacteria in both DUSEL environments were highly diverse compared to the Archaea in
both environments and, furthermore, that the water community contained a higher level of
microbial diversity than the soil community. In addition, SONS sequence similarity analysis

Waddell et al. Page 6

Environ Technol. Author manuscript; available in PMC 2013 February 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



estimated that there were no shared OTUs at the species or genus level (genetic distance of
0.03 to 0.07) between the two samples neither within the bacterial communities nor within
the archaeal communities. S-Libshuff analysis of the bacterial communities indicated the
water and soil communities did not share the same structure, that is they differed in
community composition, (soil – water comparison, p ≤0.0001; water – soil comparison, p =
0.0004). Good's coverage estimates for soil and water bacteria were 0.85 and 0.39,
respectively. AMOVA analysis of the bacterial communities also indicated the two
communities were significantly different (FST = 0.103, p <0.0001). S-Libshuff analysis of
the archaeal communities was confounded by the fact that the sampling of the soil and water
Archaea were sufficiently high that Good's coverage estimate was 1.00 and 0.96,
respectively, at a distance of only 0.03 making the homologous and heterologous coverage
curves similar. However, AMOVA analysis of the water and soil Archaea communities did
indicate that the two communities are significantly different (FST = 0.0516, p <0.0001).

Discussion
The phylogenetic diversity throughout DUSEL microbial communities hinges not only upon
geochemical attributes of the various rock formations, but also upon geochemical alterations
induced by mining. The geochemistry of the 610 m soil sample reflects the representative
characteristics of the Homestake Formation, which is mainly comprised of carbonate– and
silica–dominated rocks rich in iron, manganese, magnesium, and sulfur, but poor in
phosphate [3]. Soluble carbonates likely maintain a higher pH by serving as a buffer,
although a locally lower pH can be expected where water is in contact with pyrite in the
Tertiary igneous rocks of the Homestake Formation. Carbon dioxide may serve as a carbon
source for chemolithoautotrophs, in which CO2 is fixed by scavenging electrons generated
via oxidation of iron, sulfur, and manganese. Further studies are necessary to explore the
relationship between microbial populations and geochemical components in DUSEL soil
and water habitats. However, the taxa whose 16S rDNA sequences were found to be present
in the communities can provide clues to the diversity of metabolic pathways present within
the communities occupying drift wall surfaces, water seeps and soils found in the DUSEL
subsurface. This is particularly true in the case of the Archaea 16S sequences identified from
both the water and soil samples.

The geochemical properties described herein were consistent with the presence of soil and
water Archaea represented by clones of OTU 2A–1 and 1A–1, respectively, which grouped
together as a sister clade to N. maritimus, an aerobic mesophilic, carbon–fixing, ammonia–
oxidizing chemoautotroph of the phylum Thaumarchaeota [41,44,45]. Similarly, one of the
OTUs, 1A–3, was grouped with an uncultured Cenarchaeum most closely related to a
marine sponge endosymbiont, Cenarchaeum symbiosum, of the phylum Thaumarchaeota.
Both N. maritimus and C. symbiosum harbor genes for ammonia oxidation [45,46]. The
dominance of mesophilic ammonia oxidizing Archaea in soils [47] and marine environments
[48-50] have been recently recognized. As further exploration of microbial diversity
continues at deeper, pristine regions of the DUSEL at Homestake, a survey of the genes
involved in ammonia oxidation pathways will shed light on the mechanism and extent of
biogeochemical cycling of nitrogen in the deep subsurface and the role that Archaea play in
that process. The presence of Thaumarchaeota at this shallower level of the DUSEL
subsurface is contrasted with the findings of Rastogi et al. [10] in which, at 1.34 km below
the surface in the Homestake DUSEL, the majority of the members of the soil archaeal
community were identified as members of the class Thermoprotei of Crenarchaeota.
Furthermore, investigation of archaeal communities of subsurface fluids from a South
African mine [17] identified that the mine water contained predominantly Crenarchaeota,
whereas borehole fluids were populated with mainly Euryarchaeota.
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The majority of bacterial groups identified from the DUSEL water and soil samples
belonged to the Proteobacteria. Members of this phylum are widely distributed in surface
soils and waters [51,52]. The prevalence of Betaproteobacteria was much greater in the
DUSEL water compared to the soil and has also been reported to be ubiquitous in global
aquatic systems from freshwater ecosystems of the northern hemisphere [53] to boreholes of
a mine in South Africa [54]. Although Gammaproteobactera are often found in soil and silty
environments, their unusually high abundance (70%) relative to other proteobacterial
subgroups in soil appears somewhat unique to the DUSEL community. The presence of
bacterial members that are common in surface environments is not surprising because the
DUSEL samples were taken less than 1 km below ground, a relatively shallow subsurface. It
is of particular interest to note, however, that despite good coverage of the soil bacteria
library, members of the DUSEL Bacteria from both water and soil samples appeared to be
diverse and independent of each other's community (Figures 3 and 4). Perhaps this is driven
by geochemical differences between the two subsurface niches causing differential survival
of both native and introduced taxa. However, it is also possible that increased coverage of
the water bacterial library might reveal shared taxa.

The most prevalent anion in the soil sample was sulfate (6,000 mg/kg). It was not surprising
then that 46% percent of the soil bacteria 16S rDNA sequences (OTUs 2B–3, 2B–8, 2B–9,
2B–11, and 2B–14) were identified as members of phyla capable of metabolizing sulfur. For
example, soil OTU 2B–8 (14 members) was classified by the RDP II as being closely related
(96% identical) to Thiobacillus plumbophilus. This chemolithoautotrophic species is capable
of oxidizing H2S and galena (PbS), but not iron [55]. Similarly, soil OTU 2B–3 (26
members) grouped to the same order (92% similarity) as Thiohalomonas nitratireducens.
This species is an obligate chemolithoautotroph that utilizes thiosulfate as an electron donor
to yield sulfate as the final oxidation product [56].

Based on 16S rDNA sequences, our findings indicated the presence of OTUs that grouped
closely to several genera that contain species with unique metabolic capabilities. Interesting
taxa identified in the water sample included OTU 1B–1 with 2 members (7.1%) that grouped
to the order (>88% identical) Verrucomicrobiales. Members of the phylum Verrucomicrobia
are common to a variety of aquatic systems including marine sediments and hot springs
[57,58]. In the soil sample, OTU 2B–27 grouped with Alcaligenes spp. (97% identical).
Members of this genus include the facultative chemolithoautotrophic hydrogen bacterium,
A. eutrophus [59], more recently known as Ralstonia metallidurans that was isolated from
heavy metal–contaminated environments [60]. The metabolic capabilities associated with
these genera are consistent with the geochemistry of the drift soil from which the isolates
were taken. Furthermore, this OTU 2B–27 grouped as a sister clade to Paucimonas
lemoignei, formerly known as Pseudomonas lemoignei. Mudder and Whitlock [61]
developed a cyanide–degrading mutant strain, Pseudomonas paucimobilis mudlock ATCC
39204, from P. paucimobilis that was isolated from the Homestake wastewater treatment
effluent by acclimating to high concentrations of cyanide, metal cyanide complexes, and
thiocyanates. The unique metabolic pathway harbored by this species has been used for over
a decade in the treatment of Homestake wastewater effluent and illustrates the potential
utility that may be offered by other novel DUSEL microbes. Similarly, OTU 2B–14 with
two clones was identified as 98% identical to Halothiobacillus species of the order
Chromatiales, whose members are known to be capable of chemoautotrophic growth by
oxidizing sulfur, sulfide or thiosulfate in the presence of oxygen as the electron acceptor
[62]. It is interesting to note that while many members of the Chromatiales are phototrophic
purple sulfur bacteria, members of the genus Halothiobacillus are not photosynthetic.
Therefore, the subsurface ecological niche from which these sequences were found would be
consistent with the metabolic capabilities of the genus. There was one soil OTU identified as
being 96-97% identical to members of the genus Lysobacter (9% of the clones). Members of
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the genus Lysobacter have been isolated from soils globally and are known to produce
enzymes with biotechnological potential as well as novel pharmaceutically valuable
antibiotics [63-65]. Although a significantly high content of iron was detected in the 610 m
soil sample, there were no sequences identified as belonging to bacterial taxa with iron–
metabolizing capabilities. This is in contrast to a recent study in which the microbial
diversity of soil at 1.34 km below the surface of the Homestake DUSEL was characterized
and found to harbor sequences that grouped closely to bacteria such as Acidithiobacillus
ferooxidans, an iron–oxidizing bacterium [10]. Both the Chromatiales and the Thiotrichales
orders contain chemolithoautotrophic species capable of growing in a variety of mesic and
extreme environments [66-70]. Interesting phylotypes found in the DUSEL soil were
identified as Rhodanobacter (98% identical), Dyella (97% identical), and Lysobacter
(96-97% identical), many of which are closely related to unknown and uncultured strains
isolated from soil and lake sediments [71-73]. Recently, cellulolytic mesophiles and
thermophiles were identified from the Homestake DUSEL [9]. Unique biochemical
characteristics of cellulases and hemicellulases from the Homestake thermophiles are
currently being investigated in our laboratories.

The geochemistry of these subsurface environments has shaped unique niches that can be
exploited by extremophiles whether exogenous or endogenous. The co–occurrence of
marine taxa with terrestrial and freshwater taxa also suggests that localized microniches play
a significant role in shaping the biodiversity and the overall microbial metabolic activities of
deep subsurface ecosystems. It can be hypothesized that at the borders of these microniches
horizontal gene transfer events may be more apt to occur and could give rise to unique niche
specific combinations of metabolic activities [74]. Further investigation of microbial
community structures over a wide collection of DUSEL samples will contribute to a better
understanding of the relative distributions and origins of inhabitants and their phylogenetic
lineages within DUSEL extreme environments. Such comprehensive information will also
allow us to measure and understand the significance of microbial diversity and their
physiologic variability throughout the Homestake DUSEL geosphere as well as the impact
of introduced organisms on the ecology and evolution of native deep subsurface
extremophile communities. Therefore, bioprospecting for extremophiles with novel
metabolic activities will be particularly fruitful at this former Homestake gold mine.
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Figure 1.
a. Cross section of the Homestake underground mine showing the location of the water
sampling along the extent of the Ross Shaft (244 – 914 m). b. Plan view of the 2000 level
(610 m below the surface) showing the location of the soil sampling site in relation to the
Ross Shaft and the geologic map of that level.
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Figure 2.
Phylogenetic tree showing the relationship of 16S rDNA sequences of Homestake Archaea
OTUs from water (1A-1, 1A-2 and 1A-3) and soil (2A-1) with reference sequences (◇)
selected from GenBank and Greengenes. Bootstrap values (10,000 data-resampling) above
75% are shown. Clones sequenced are in bold, showing the OTU and representative
GenBank accession number with the number of members in parenthesis. The scale bar
represents 0.05 substitutions per nucleotide position. Tree is rooted with Escherichia coli
(BA000007) as an outgroup.
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Figure 3.
Phylogenetic tree showing the relationship of 16S rDNA sequences from Homestake water
Bacteria OTUs with reference sequences (◇) obtained from GenBank. Bootstrap values
(10,000 data re-samplings) above 75% are shown. Clones sequenced are in bold, showing
the OTU and representative GenBank accession number with the number of members in
parenthesis. The scale bar represents 0.05 substitutions per nucleotide position. Tree is
rooted with Methanococcus thermolithotrophicus (M59128) as an outgroup.
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Figure 4.
Phylogenetic tree showing the relationship of 16S rDNA sequences from Homestake soil
Bacteria OTUs with reference sequences (◇) obtained from GenBank. Bootstrap values
(10,000 data re-samplings) above 75% are shown. Clones sequenced are in bold, showing
the OTU and representative GenBank accession number with the number of members in
parenthesis. The scale bar represents 0.05 substitutions per nucleotide position. Tree is
rooted with Methanococcus thermolithotrophicus (M59128) as an outgroup.
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Figure 5.
Rarefaction curves of 16S rDNA sequences of Bacteria and Archaea clone isolates from
DUSEL water and soil samples at the species level (distance ≤ 0.03). The steepness value
(angle θ) was obtained from the estimated tangent line to the rarefaction curve by using its
terminal two points: water Bacteria θ = 30.92°; soil Bacteria θ = 6.90°; water Archaea θ =
5.71°; and soil Archaea θ = 0°.
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Table 1

Geochemical compositions of DUSEL samples.

Parameter Water1 (244 – 914 m) 5/25/2007 Soil2 (610 m) 9/11/2007 Analysis Method

pH 8.00 (mg/L) 7.49 (mg/kg) EPA SW846 045C

    TIC ND 26.6 2SM 5310 C

    TOC ND <5.00 2SM 5310 C

    TDS 2,230 ND 1EPA 160.1

Anions

    Chloride (Cl–) 25 1.25 SM 4500-Cl B

    Nitrite (NO2
–) <0.050 0.107 1EPA 353.2

2SM 4500-NO2 B

    Nitrate (NO3
–) 0.203 11.0 1EPA 353.2

2SM 4500-NO3 B

    Sulfate (SO4
2–) 1,580 6,000 EPA 375.2

    Phosphate (PO4
3–) ND <0.050 SM 4500-P E

    Thiocyanate (SCN–) 0.116 <0.500 ASTM D4193

Cations

    Ammonia (NH4
+) 0.143 4.75 1EPA 350.3

2SM 4500-NH3 B

    Calcium (Ca2+) 250 476 SM 3111 B

    Magnesium (Mg2+) 267 190 SM 3111 B

    Manganese (Mn2+) 0.334 1,850 EPA 200.8

    Potassium (K+) 30.9 57.4 SM 3111 B

    Sodium (Na+) 101 24.9 SM 3111 B

Metals

    Aluminum (Al) 0.03 13,500 EPA 200.8

    Arsenic (As) 0.016 1,520 EPA 200.8

    Barium (Ba) 0.037 30.0 EPA 200.8

    Chromium (Cr) <0.001 10.5 1EPA 200.8

2EPA 200.8 DRC

    Copper (Cu) <0.005 49.9 EPA 200.8

    Iron (Fe) 1.86 78,800 EPA 200.8

    Gold (Au) <0.001 <0.01 EPA 231.2

    Lead (Pb) <0.001 9.19 EPA 200.8

    Molybdenum (Mo) 0.003 0.265 EPA 200.8

    Nickel (Ni) 0.005 7.85 EPA 200.8

    Selenium (Se) <0.005 1.57 EPA 200.8

    Silver (Ag) <0.001 <0.200 EPA 200.8

    Zinc (Zn) <0.050 31.4 EPA 200.8

TIC: Total Inorganic Carbon TOC: Total Organic Carbon
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TDS: Total Dissolved Solids ND: Not Determined

SM: Standard Methods ASTM: American Society for Testing and Materials
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