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Diversity of Life at the Geothermal Subsurface—Surface Interface:
The Yellowstone Example
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Generally, studies of the terrestrial example of Yellowstone National Park indi-
cate that the diversity of microbial life at the geothermal subsurface-surface inter-
face is considerable. On the other hand, experiments in a subsurface well in
Biscuit Basin suggest that the Yellowstone subsurface is highly reduced, with
minimal in situ subsurface life at this location. The absence of life in the subsur-
face is likely due to low concentrations of available electron acceptors. Where
subsurface thermal waters emerge to the surface, however, in the presence of oxi-
dizing electron acceptors, microbial life blossoms on all growth surfaces at high
temperatures. The geothermal subsurface-surface interface in the presence of both
electron donors and acceptors, provides the key location for life to thrive and
forms the cornerstone of the microbial ecosystem. Through molecular analyses,
the identities of organisms present in a community can be determined by their
phylogenetic types (phylotypes), their molecular signatures. Molecular sequences
allow relationships to other life forms to be inferred. Comparisons of gene
sequences of organisms and consideration of the geochemistry of a particular
environment can help to explain how this geothermal system functions.
Experimental results challenge some popular notions about the kinds of organisms
that inhabit the geothermal realms and the energy sources that fuel them. In con-
trast to the popular notion that representatives of the phylogenetic domain Archaea
dominate high-temperature ecosystems, members of the domain Bacteria are most
abundant in the Yellowstone ecosystem. Moreover, while sulfur metabolism is
generally proposed to be the primary energy source for life in this geothermal sys-
tem, the main organisms identified by phylotype are related to organisms that utilize
hydrogen, not sulfur, for energy. This implies that hydrogen is the main energy
source that drives primary productivity in this and potentially other geothermal
ecosystems. Primary dependence on hydrogen metabolism could be the common
theme for high-temperature life in hydrothermal zones at mid-oceanic ridges, as well
as for the earliest life on Earth and, potentially, for life on other planetary bodies.
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INTRODUCTION

Recent molecular studies of environmental microbes with-
out the traditional requirement for culture have provided a
new perspective on the nature of life at high temperatures.
Our knowledge of microbial diversity in general has been
limited by the need to cultivate microbial organisms in order
to study them. Yet, using standard techniques we do not cul-
tivate >99.9% of the organisms seen microscopically in the
environment [Amann, 1995]. Several molecular methods
have been developed in studies of geothermal ecosystems
that focus on the unique hotsprings of Yellowstone National
Park, Wyoming. Yellowstone’s broad variety of geothermal
springs with their associated microbiotic complexity are in
many ways an approximate model of the microbial biology
of Mid-ocean Ridge systems. As in Mid-ocean Ridge
hydrothermal vents, Yellowstone geothermal hotsprings pre-
sent a variety of locations to observe different kinds of inter-
faces between the anoxic hydrothermal fluids and the oxic
surface [Ball, 1998a, b]. Yellowstone also offers an accessi-
ble ecosystem, where the diversity of life is readily observ-
able. The Yellowstone geothermal ecosystem, like the
Mid-ocean Ridge, is potentially a modern-day analog of the
oldest kind of ecosystem on Earth, where it is thought that life
arose from hot, reduced environments about 4 billion years ago.

Over the past two decades, the techniques of molecular
biology have been applied to problems in microbial ecology.
It is now possible to identify and study microbiota in the
environment without the traditional requirement for cultiva-
tion and the results have increased substantially our knowl-
edge of the extent and nature of biological diversity. The
development of “molecular phylogeny,” the establishment
of relationships of organisms through their DNA sequences,
not their physiology as seen through culture studies, has
given us a systematic view of biological diversity. The
molecular techniques relate organisms objectively, subject
to statistical analysis, by direct comparison of gene
sequences. Biases in these molecular techniques, however,
can cloud this objectiveness [Polz, 1998; Head, et al., 1998].
Surmountable problems can be encountered at all stages of
the molecular methodology, from DNA extraction efficiency
to expressed primer bias in the polymerase chain reaction
(PCR) to the cloning and sequencing of DNA. Specific gene
sequences can be isolated directly from environmental DNA
(a pool of genomic DNA composed of an unknown number
of individuals) by cloning, and analyzed to determine the
kinds of organisms, the “phylotypes,” that constitute differ-
ent ecosystems. The same sequences also can be used to
design molecular tools with which to study morphology and
quantitate organisms in the environment [DeLong, 1989].
From the molecular perspective we see that microbial life, in
all three of the phylogenetic domains, Archaea, Bacteria,

and Eucarya, constitutes most of biological diversity. Even
with the limited number of molecular studies that have been
completed, thousands of new organisms have been detected.
The use of molecular tools to identify organisms without
culture is rapidly changing our view of the biological com-
ponent of biogeochemistry. Knowledge of this biological
component in turn can change our view of the metabolic
basis that drives the microbiota that underlies the whole of
any ecosystem.

PHYLOGENETIC PERSPECTIVE AND
MICROBIAL ECOLOGY

A Map of Life

We can now define what we mean by “biological diver-
sity” in terms of the relationships of gene sequences
(representing organisms) compared. Comparisons of gene
nucleotide sequences can be used to construct “maps” of
biological diversity. The process is relatively simple. Gene
sequences from different organisms are compared and the
number of differences in the DNA sequences are considered
to be some measure of “evolutionary distance” between the
compared organisms. Just as maps can be made from dis-
tances between points, maps of evolution, “phylogenetic
trees,” can be made with the use of evolutionary distances
between organisms. These maps can be made by compar-
isons of any gene sequence, but the small subunit ribosomal
RNA gene sequences (SSU-rRNA), because of their ubiq-
uity and high degree of conservation, have become the
mostly widely used [Woese, 1987]. Before the application of
molecular methods, only cultured organisms could be used
as references for the paths of evolution. Because of the need
for culture to examine the intricacies of microbial physiol-
ogy in the laboratory, knowledge about the microbial world
has been limited, and what we do know stems mostly from
medically related organisms (pathogens). For example, 65%
of published microbiology reports form 1991 to 1997 were
on only eight genera of bacteria [Galvez, et al., 1998]. We
have little information about how similar or dissimilar, and
what metabolisms are exhibited by uncultivated organisms
in the environment.

Perspective on the nature of microbial diversity changed
in the late 1970s with the development of molecular phy-
logeny. From this phylogenetic perspective has come the
recognition that there are three distinct relatedness groups,
the domains of life, as shown in Figure 1 [after Pace, 1997].
This sequence-based definition of biological diversity
replaces the traditionally taught view of biology as com-
posed of only five kingdoms. Figure 1 is a map of evolu-
tionary relationships between representative SSU-rRNA
sequences. The diagram shows that all life on Earth is
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Figure 1. A universal phylogenetic tree based on small subunit
ribosomal RNA (SSU-rRNA) sequences. This map was constructed
with 64 SSU-rRNA sequences representing several divisions within
each domain. “Kingdom” level branches of the Archaea are repre-
sented with their name for each branch within the domain. The
“crown” group of Eucarya is comprised of animals (represented by
Homo), plants (Zea (maize)), and fungi (Coprinus). The scale bar
represents 0.1 changes per nucleotide. After Pace, 1997.

related. This map is not a measure of time, rather it is a
measure of evolutionary distance. Lines in the tree are from
single sequences but represent members of relatedness
groups, e.g. Homo for the animals kingdom; Zea (maize) for
the plants kingdom, etc. Line-lengths are proportional to the
evolutionary distance, the change in the SSU-rRNA gene
that separates the organisms represented. A similar relation-
ship map is obtained by comparative phylogenetic analysis
of other genes involved in the central information pathway.
All cells contain a core suite of genes necessary for life—
replication and evolution, which are required for vertical
inheritance in a line of descent. Comparisons of some meta-
bolic genes can yield results that are inconsistent with Figure 1,
however, there is no consistent alternative. These incon-
gruities are due to, and part of, the extensive evidence for
inter- and intradomain lateral gene transfers [Woese, 2000].
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Molecular Methodology

The molecular perspective on organismal relationships is
not only intellectually satisfying, but also provides a basis for
the study of natural microbial communities without culture.
With this perspective, organisms can be described as
sequences instead of physiological properties. Figure 2
describes the basic molecular methods that have been refined
over the past decade to study microbes in the environment
without culture. First, genomic DNA, representative of the
resident organisms from a particular environment, is obtained
by grinding and chemical extraction. The polymerase chain
reaction (PCR) then is used to amplify the SSU-rRNA genes
(rDNA) present in the environmental DNA. The SSU-rDNA
is however, a mixture of the rRNA genes for the entire
community. Cloning of the PCR product from environmental
DNA is carried out to separate the multitude of different
rRNA genes. At least two restriction enzymes are used to cut
the cloned PCR product into a variety of sizes, each specific
to the DNA sequence of the individual organisms. The
SSU-rDNA sequence is different in different organisms, so
will be enzymatically cut at particular locations unique to the

Environmental

Extraction
Whole-cell Sample
hybridization
Bulk DNA/RNA
PCR
Nucleic acid
Nucleic acid hybridization Community
probes rRNA/rDNA
'/Cloning
rope rRNA/rDNA
design clones
rRNA/rDNA Sequencing
sequences

Comparative and databases

analysis
Phylogenetic /

trees

Figure 2. A flowchart for molecular phylogenetic analyses of
communities. The environmental sample can be a soil, sediment,
water, microbial mat, tissue (plant or animal), or other sample.
Extraction, PCR, cloning, sequencing, probe design and hybridiza-
tion steps all follow with different buffers, cycling times for PCR,
and protocols possible for each step. For review of an environmental
application and methods followed see Dojka, et al.[2000]. Arrows
indicate the interconnected utility of the process for which all or
part can be adjusted for the particular application.
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organism. The fragments are then separated electrophoreti-
cally and the different banding patterns, restriction fragment
length polymorphisms (RFLPs), are compared. The results
provide a rough assessment of the extent of diversity in an
environment; high community diversity is represented by
multiple RFLP types, and lower community diversity repre-
sented by fewer or often repeated RFLP types.

The heart of the molecular methodology lies in the deter-
mination of the nucleotide sequences of the SSU-rDNA that
are used to compare organisms. At this stage of the tech-
nology, sequences are determined by the use of automated
DNA sequencers. The DNA sequences can be compared to
other SSU-rRNA sequences in the public data bases, followed
by thorough phylogenetic analyses with statistical applica-
tions in various software programs such as ARB
(http://www.mikro.biologie.tu-muenchen.de) and PAUP
(Sinauer Associates, Sunderland, MA). A second important
component of the molecular technology is to characterize
cellular morphology and distribution in the natural environ-
ment for cells that are likely difficult to culture. For this,
unique regions in SSU-rRNA sequences can be targeted
with fluorescently tagged oligonucleotide (nucleic acid)
probes, which can bind, in a hybridization step, to samples
from the original environment. This process is known as
fluorescence in situ hybridization (FISH). FISH can identify
specific organisms in a mixture of different organisms from
a particular environment. Fluorescent illumination of parti-
cular species among all species present can indicate cell
quantity, morphology and growth preferences of the organ-
isms identified by the probes.

BACTERIA IN YELLOWSTONE HOTSPRINGS
The Bacteria

Figure 3 is a diagram of the currently known groups of the
phylogenetic domain Bacteria. The main relatedness groups
are termed “divisions.” For most of the history of microbiol-
ogy, the primary focus was on representatives of the
domain Bacteria, and only a small representation of total
bacterial diversity could be examined because of the reliance
on culture techniques. These culture-dependent studies of
environmental microbiota have tended to indicate that repre-
sentatives of some bacterial divisions are cosmopolitan in
the environment, Proteobacteria and Cytophagales for
example, whereas other divisions are found in only certain
ecological niches such as a particular hotspring in
Yellowstone [Hugenholtz, 1998a]. Only four of the 36 bacte-
rial divisions represented have been the source of 90% of all
cultivated bacteria characterized by SSU-rRNA sequences
[Hugenholtz, 1998b]. When Carl Woese first described the
16S rRNA gene-based phylogenetic tree of Bacteria in his

landmark 1987 study, only 12 divisions of bacteria were
known (Figure 3 inset) [Woese, 1987]. New bacterial divi-
sions are still being discovered and an unknown number will
be found in the coming years. Currently, more than one-third
of the bacterial divisions have no cultured representatives
and are known only by “phylotype,” their SSU-rRNA
sequence identification (hollow wedges, Figure 3). Another
one-third of the bacterial divisions have only a few represen-
tatives that comprise the group (thin, filled wedges). Taken
together, the emerging perspective indicates that the micro-
bial world is vast and little-known.

Bacteria and Yellowstone Hotsprings

Microbes have long been studied in Yellowstone National
Park, mainly beginning with the efforts of Tom Brock
and students [Brock, 1978]. Because of their novelty, much
attention has been focused on high-temperature archaea.
Consequently, the popular perception has arisen that
“extreme” high temperature environments such as
Yellowstone are the particular province of archaeal species.
However, sequences and direct assays indicate instead that
representatives of Bacteria, in fact, constitute the bulk of the
biomass in the Yellowstone high-temperature communities.
This has been shown in Obsidian Pool, Octopus Spring,
Calcite Spring, and in other settings [Hugenholtz, 1998a;
Ward, 1998; Reysenbach, 1994; Blank, 2001]. For
instance, Hugenholtz [1998a] showed with membrane
hybridization that archaeal members of the communities
examined did not dominate and tended toward rarity. This
study additionally screened 122 cloned rDNA sequences
from Obsidian Pool and found 38 unique sequences from 12
novel bacterial divisions (termed “OP” in Figure 3)
[Hugenholtz, 1998a]. These new division-level relatedness
groups are known only through their sequences, so are
termed “candidate” divisions. Obsidian Pool, in the Mud
Volcano region of Yellowstone, has a temperature that ranges
between 75-95°C and contains high concentrations of
reduced iron, sulfur species, and high hydrogen [Spear
2001a]. Representatives of these 12 candidate OP divisions
have since been found in a number of other environments
including the human ear, hypersaline microbial mats and in a
hydrocarbon polluted aquifer, showing their wide occurrence
[Frank, 2002; Spear, unpublished; Dojka, 1998]. Other
sequences from Obsidian Pool fell into the recognized
taxonomic divisions of Aquificales, Thermotogales,
Thermodesulfobacterium, Thermus-Deinococcus, the green
non-sulfur group (GNS), and sulfate-reducing bacteria, a
group within the (-Proteobacteria. Lithotrophic metabolic
capabilities of several of these groups, i.e. energy production
from inorganic chemicals such as hydrogen, reduced sulfur or
reduced iron, indicate that these processes are main metabolic
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Figure 3. A radiation diagram for Bacteria based on SSU-rRNA sequences. Division-level groupings of at least two SSU-rRNA sequences
are depicted as wedges. The depth of wedges represent the branching depth of the representatives selected for each particular division.
Divisions filled with black represent divisions with at least one cultivated representative, white wedges are represented only by their envi-
ronmental sequence-phylotype, retrieved from environmental samples. Divisions indicated with an asterisk possess known hydrogen-
oxidizers. Bold-face division titles are those divisions that have demonstrated representation within Yellowstone National Park hot spring
surveys. The width of the wedges are proportional to the number of known cultivars (filled) or phylotypes (white). The figure also describes
the impact that uncultured Yellowstone microbes have had for the delineation of the bacterial domain. Organisms detected at Yellowstone
through the application of the described molecular methods have resulted in the identification of several novel bacterial divisions indicated
by the “OP” groups [Hugenholz, 1998a] and the “OS-K* group [Ward, 1998]. Inset diagram, lower right, shows that in 1987 there were only
12 divisions known [Woese, 1987]. Today, there are approximately 50, 36 represented here. The scale bar indicates 0.1 changes per nucleotide
in the SSU-TRNA gene sequence. The diagram is adapted from Hugenholtz [1998b].

themes in this hotspring. About 30% of the rRNA are widely represented around the Park. Approximately 10%

gene sequences obtained from Obsidian Pool were associated of the sequences obtained from both Octopus Spring and
phylogenetically with Aquificales, while about 12% were Queens Laundry in the Lower Geyser Basin, pools that are
associated with sulfate-reducing bacteria [Hugenholtz, 75-95°C, comprise members of candidate divisions OP 9
1998a]. Taken together with a low total organic carbon con- and 10 respectively. Work is ongoing to ascertain the rela-
tent of 3 mg/L, indicates that sulfate reduction with hydrogen tion between these phylogenetic sequences and their
as an electron donor could be an important metabolic theme metabolic activity, which must be correlated with in situ
for primary production in this spring [Hugenholtz, 1998a]. geochemistry. One extremely important indication from the
sequences is that hydrogen-metabolism may play a key role

Current Studies in these ecosystems. This is because most of the identifiable
phylotypes are closely related to organisms known to derive

Molecular surveys underway in other Yellowstone hot- their energy from hydrogen metabolism. Hydrogen con-
springs reveal that several of these candidate OP divisions centrations have not been systematically measured in
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Yellowstone geothermal waters. Prompted by the microbio-
logical results, we currently are surveying the distribution of
hydrogen in several geothermal settings. We have found
bulk aqueous phase H, concentrations to range from a low
of 4 nM (probably background in the measurements) in
Yellowstone Lake, to 30 nM in Queens Laundry, to a high of
320 nM in a pool adjoining Obsidian Pool [Spear, 2002a].
This continuous supply of strong electron donation poten-
tial, food, probably provides the main energy basis for
diverse microbiota in these hot springs. For comparison, the
H, formation rate in the central region of a termite hindgut
has been measured by microelectrode to be ca. 200 nmol
(g termite x h)! and can accumulate to as high as 40
(M within the center of the hindgut [Ebert, 1997].

In these molecular studies we find there are no distinctions
between the ecological boundaries of bacterial and archaeal
habitats and that representatives of the domain Bacteria tend
to dominate the Yellowstone high-temperature communities.
By dominance we mean that colonization of growth surfaces
suspended in hotsprings (glass slides; glass wool; cotton
fiber) tends to result almost exclusively in bacterial, not
archaeal, biofilms (unpublished). Hugenholz [1998a] used
membrane hybridization to show that in a typical hotspring
community, community TDNAs were composed primarily of
bacterial representatives. These bacteria were then shown to
comprise the majority of the microbial diversity within at
least one hotspring, Obsidian Pool [Hugenholz, 1998a]. We
do not know which microbial members of the three domains
of life comprise the majority of the biomass in this ecosys-
tem. These results are directly relevant to the kinds of life
that might be found at the geothermal subsurface-surface
interface and around the hydrothermal zones of the world.

ARCHAEA IN YELLOWSOTNE HOTSPRINGS
The Archaea

So far, there are three known main relatedness groups or
“kingdoms” within the domain Archaea: Euryarchaeota,
Crenarchaeota, and Korarchaeota (Figure 1) [Woese, 1990;
Barns, 1996]. The split between these relatedness groups of
Archaea is the deepest intradomain branch in the three-
domain tree. Once thought to be confined to “extreme”
locations and environments, archaea are as ubiquitous as
bacteria. The misperception of archacal dominance in
extreme environments was due to the fact that most culti-
vated representatives of archaea derived from such environ-
ments [Dawson, 2000]. Archaea are profoundly different
from both Bacteria and Eucarya, not only in phylogenetic
assessments, but also in several fundamental properties. For
instance, archaea produce membranes made of ether-linked
lipids instead of ester-linked lipids used by both bacteria and

eucaryotes. In many ways archaea seem similar to eucary-
otes or bacteria. For example, the transcription mechanism
of archaea is similar to that of eucaryotes and distinct from
bacteria with regard to genetic signals and protein factors.
On the other hand, in many metabolic enzymes archaea
resemble bacteria more than eucaryotes. Further, the deep
division between Euryarchaeota and Crenarchaeota is
reflected in profound biochemical difference. Euryarchaeota,
for instance, possess histones associated with the chromo-
some as do the Eucarya. The Crenarchaeota, however do not
produce histones; the mechanisms that fold chromosomal
DNA in these organisms is still unknown.

The cultured Crenarchaeota are relatively homogeneous
in their physiological properties, mainly thermophiles that
use hydrogen as an energy source and some form of sulfur
as an electron acceptor. On the other hand, cultured exam-
ples of Euryarchaeota exhibit considerable physiological
diversity that consists of methanogens, extreme halophiles,
and thermophiles. The molecular studies in many environ-
ments show, however, that the cultured kinds of Cre-
narchaeota comprise only one relatedness group, distinct
from several other thermophilic and low-temperature, non-
cultured relatedness groups that have been discovered in
surveys of marine and terrestrial microbiota. Indeed, SSU-
rRNA gene sequences of uncultured organisms make-up the
majority of the known crenarchaeal phylogenetic diversity
(Figure 4) [Dawson, 2000; DeLong, 1992]. The main diver-
sity of Crenarchaeota are not thermophiles in “extreme”
environments after all, but instead are low-temperature organ-
isms of currently unknown physiology. Low-temperature
archaea are probably ubiquitous throughout the environment
[DeLong, 1992; DeLong, 1994; Hershberger, 1996;
Dawson, 2000; Karner, 2001]. In the deep sea biome, low-
temperature crenarchaeota are thought to comprise 20-39%
of the biomass [Karner, et al., 2001]. This is an amazing
estimate considering that the metabolic traits of these orga-
nisms and their functions in the ecosystem remain a complete
mystery.

Many novel thermophilic lineages, some that relate to low-
temperature lineages discovered in molecular surveys, have
been encountered in several geothermal environments.
Figure 4 describes the phylogeny of Crenarchaeoata based on
the approximately 300 rRNA gene sequences currently avail-
able [Dawson, 2000; Hugenholtz, 2002]. The figure illus-
trates that the great majority of crenarchaeal diversity is
represented by non-cultured organisms (hollow wedges).
Figure 4 also shows that some low-temperature lineages
appear to have arisen from high-temperature lines. This is
indicated by the fact that the low-temperature sequences
group with thermophiles in phylogenetic trees, but exhibit
long line segments in the trees. Presuming that modern organ-
isms represented by short branches are more similar to the
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Figure 4. Phylogenetic representation of the Crenarchaeota. This
figure is based on multiple bootstrapped analyses with three dif-
ferent phylogenetic methods. The size of the wedges is propor-
tional to the number of rRNA sequences in that particular division.
The one division filled with black has several cultivated represen-
tatives, the white wedges are represented only by their environ-
mental sequence-phylotype, retrieved from environmental samples.
The scale bar indicates 0.1 changes per nucleotide in the SSU-rRNA
gene sequence. After Dawson, 2000.

ancestral organisms than those represented by long branches,
then thermophilic ancestry is indicated [Dawson, 2000].

The relatedness group of Korarchaeota is represented by
only a few environmental rRNA gene sequences, all from
hotsprings such as where they were first discovered, in
Yellowstone’s Obsidian Pool [Barns, 1994; Barns, 1996].
This group is significant in that its branch point from the
other lines of Archaea is deep in the overall map of life
(Figure 1). This group branches more deeply in evolution
than even the Euryarchaeota/Crenarchaeota separation and
thus is a candidate for a third “kingdom” of Archaea
[Dawson, 2000]. This conclusion needs to be confirmed,
however, by analyses of further sequences or other study.
While no representatives of the Korarchaeota have been
brought into pure culture, organisms represented by the
rRNA gene sequences pJP27 and pJP78 have been cultured
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in community, probed by FISH, and shown to be rod-shaped
with strong affinity for growth surfaces [Burggraf, 1997,
Huber, 1995]. The mixed culture was developed in high
hydrogen concentrations, so these representatives of
Korarchaeota are likely to be chemolithotrophs, or at least
sustained by or dependent upon lithotrophic (e.g. hydrogen)
primary production. The deeply divergent nature and short
lengths of the Korarchaeota lines in phylogenetic trees indi-
cate that such organisms are the most closely related of any
currently sequenced phylotypes to the universal ancestor of
all life [Woese, 1998]. Where detected, korarchaeotes are
abundant, and probably exist globally in chemical settings
similar to Obsidian Pool.

Archaea and Yellowstone Hotsprings

Although archaea do not dominate the high-temperature
Yellowstone ecosystem, they certainly are present in
abundance and exhibit broad diversity. Novel organisms
identified by SSU-rRNA gene sequences from Obsidian
Pool provided the first indication that the extent of diversity
within the Crenarchaeota kingdom was not well represented
by cultured organisms. Barns and coworkers [1996] identi-
fied many new environmental sequences that expanded dra-
matically the known diversity of Crenarchaeota. Indeed,
most of the crenarchaeal sequences obtained from Obsidian
Pool branched more deeply from the crenarchaeal line of
descent than most of the cultured species. Included were two
sequences that grouped with SBARS, a crenarchaeal
sequence from pelagic marine picoplankton. The specific
affiliation of these two clone sequences, together with their
nested position within other thermophilic lineages of crenar-
chaeotes, also suggests that the low-temperature marine
crenarchaeota are descendants of ancestral thermophiles
(Figure 4) [Barns, 1996].

Only a few euryarchaeal sequences have been obtained
from Obsidian Pool or other Yellowstone hotsprings.
Cultured representatives of thermophilic euryarchaeota are,
however, well known. Organisms such as Thermococcus,
Thermoplasma and Methanothermus are model laboratory
organisms, but they have not yet been detected in environ-
mental surveys of Yellowstone hotsprings. The few repre-
sentatives of euryarchaeota identified in Obsidian Pool were
most similar to the thermophilic sulfate-reducing marine
organism Archaeoglobus fulgidus [Barns, 1996]. As with
the crenarchaeal kingdom, the deepest branchings and
shortest line segments in the euryarchaeal kingdom are
represented by thermophilic organisms. The uniform
branching of thermophilic lineages from the base of the
archaeal domain indicates that the last common ancestor for
Archaea was thermophilic. This is consistent with theories
that postulate a high-temperature origin of life.
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Current Studies

In summary, much remains to be done in order to docu-
ment the prevalence and kinds of archaea that occur in
Yellowstone’s geothermal springs. Indeed, the surface of
this fascinating ecosystem has only been examined lightly
for the extent of archaeal diversity. Efforts are underway in
this and other laboratories to expand the survey of Archaea.
In turn, this will provide insight into the extent of diversity
that we can expect to find at mid-ocean ridges and other
high-temperature microbial ecosystems.

EUCARYA IN YELLOWSTONE HOTSPRINGS

The eucaryotes in our common experience are mainly
large organisms such as plants, animals and fungi. As seen
in Figure 1, however, most of eucaryal diversity in fact is
comprised of microbial organisms. Large, complex organ-
isms such as plants, animals and fungi, constitute only three
of the 30-40 recognized eucaryotic kingdoms. The actual
extent of the diversity of microbial eucaryotes remains
unknown, and what is known of diverse eucaryotes comes
primarily from the analysis of a relatively few cultured
organisms. As with most representatives of Bacteria and
Archaea, most microbial eucaryotes probably are difficult to
culture. Historically, descriptive efforts have focused on
morphologically conspicuous aerobic eucaryotes. These
surely do not represent most of the naturally occurring diver-
sity of eucaryotes. The natural environment, therefore, is a
rich source of novel eucaryotic diversity, both in oxic and
anoxic environments. Indeed, molecular studies such as
those that revealed novel representatives of Bacteria and
Archaea also have identified novel eucaryal species deeply
divergent from organisms known from culture [Dawson,
2002]. In terms of evolution, eucaryotes have been consid-
ered “younger,” or more recently derived than the bacterial
and archaeal domains, however, analyses of SSU-rRNA and
other gene sequences indicate that the domain Eucarya is as
old as the domain Archaea [Dawson, 2002; Woese, 2002].
The most deeply divergent lineages of Eucarya are anaero-
bic or aerotolerant organisms; this is consistent with the idea
that life arose on an anoxic early Earth.

There have been limited surveys for microbial eucaryotes in
Yellowstone’s geothermal waters, and these have only been
conducted with culture techniques or by direct observations.
Molecular studies of Yellowstone hotsprings have not yet
detected eucaryotes at the highest temperatures, approaching
the boiling point of water. Indeed, there are no known hyper-
thermophilic (growth >80°C) eukaryotes, and it is generally
believed that the upper temperature limit for eucaryotes is at
the low-end of the thermophilic range, at 60°C for some
protists, algae, and fungi [Rothschild and Mancinelli, 2001].

To date, there has been no systematic study or survey of
microbial eucaryotes in the low thermophilic (growth
45-60°C) temperature ranges at Yellowstone.

METABOLIC BASIS OF THE YELLOWSTONE
HIGH-TEMPERATURE ECOSYSTEM

Hotspring microbial communities popularly are consid-
ered dependent on sulfur metabolism to derive energy for
growth. Phylogenetic analyses of microbes in Yellowstone
and other hotsprings indicate, however, that molecular
hydrogen, not sulfur, is the primary source of energy in these
hotspring environments. This conclusion follows from the
observations that the dominant masses of organisms in
hotspring communities are representatives of the bacterial
divisions Aquificales and Thermotogales [Hugenholtz, 1996,
1998a,b]. These kinds of organisms are known to derive
energy for primary productivity from hydrogen metabolism.
For instance, about 30% of the rRNA gene sequences
obtained from Obsidian Pool were associated phylogeneti-
cally with Aquificales. Cloned rRNA gene sequences from
Octopus Spring, hydrocarbon-containing Calcite Spring,
and other sites also grouped phylogenetically with
Agquificales [Reysenbach, 1994 and 2000]. Cultivated repre-
sentatives of Aquificales, for example, Thermocrinis ruber,
isolated from Octopus Spring, all thrive by microaerophilic
oxidation of H, at high temperatures [Huber, 1998].

Molecular hydrogen is a highly versatile energy source. In
general, organisms that can use hydrogen as an electron
donor include photolithoautotrophs, photolithoheterotrophs,
chemolithoautotrophs, and chemolithoheterotrophs. The
electron acceptor for metabolism at the geothermal subsurface-
surface interface is probably mainly oxygen, although sulfate
and sometimes elemental sulfur also can serve as electron-
acceptors in hydrogen-oxidation. Organisms of the kind that
metabolize hydrogen sulfide are not numerically conspicuous,
however. Indeed, Yellowstone geothermal waters with the
most microbial biomass have relatively low sulfide concen-
trations. Conversely, hotsprings with abundant sulfide tend
to have relatively low biomass [Barns, 1995; Hugenholtz,
1998a; Spear, unpublished].

The nature of the microbial constituents of Yellowstone
hot spring communities predicts the availability of hydrogen
in these geothermal waters, but a comprehensive survey for
the occurrence of hydrogen has not been conducted.
Ongoing measurements of hydrogen in Yellowstone hot-
springs indicate, however, the general presence of hydrogen
in relatively high concentrations, from 10 to >300 nM
[Spear, 2002a]. Thus, these results are consistent with the
suggestion that molecular hydrogen, not sulfur, is the dri-
ving energy source for most microbial life at the geothermal
surface-subsurface interface.
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Hydrogen concentrations in water are difficult to assess.
Hydrogen has a solubility of 1.69 ml/100 mL of water at
27°C, can react with several metals, and can molecularly dif-
fuse through many materials. Hydrogen has been found in
most submarine hydrothermal fluids, at concentrations that
range from 96 (M to 1 mM [Seyfried and Mottl, 1995; Winn,
et al., 1995; Morita, 2000]. These hydrogen concentrations
however, are from high temperature (300-450°C) vent fluids.
Once mixed with seawater, buoyant plumes then spread from
the vent outlet, and hydrogen concentrations drop at least one-
thousand fold, to nM concentrations, similar in nature to those
of Yellowstone. Ambient seawater hydrogen concentration
spans from 0.2 to 1.5 nM at the surface to 0.2 to 0.4 nM in
deep-water [ Winn, 1995]. Thus vent zones with diluted, circu-
lating vent fluids, provide a significant electron donation
potential that can provide hydrogen, fuel for life. It seems
likely, due to the reactive nature of hydrogen, that microbiota
will make full use of this important energy source by rapidly
oxidizing the hydrogen. This is likely to occur in Yellowstone
and in the mixed and diluted buoyant plumes that arise from
the hydrothermal fluid emanation of mid-ocean ridges.

What is the source of the hydrogen? Apps and van de
Kamp have reviewed the nature of hydrogen and methane
from subsurface environments and list several different
processes for the generation of H, [/993]. Stevens and
McKinley [1995; with debate by Madsen, 1996 and Lovley,
1996; followed by Stevens and McKinley, 1996; and
Anderson, 1998] found that water reacts with iron-rich
Columbia River basalt (CRB) to produce molecular hydro-
gen at concentrations as high as 60 (M. Later work in the
CRB has shown that hydrogen production can average
5 nmol of H, (m? of basalt)! day™! [Stevens and McKinley,
2000]. This supports observed concentrations of methane
produced microbially in the CRB [Stevens and McKinley,
2000] and suggests that nM concentrations of hydrogen can
provide the reduction potential necessary for life. In the case
of Obsidian Pool, the sediment is rich in reduced iron (at
>15 g/kg) that could react with the water to produce abiogenic
hydrogen [Hugenholtz, 1998a]. Though subject to debate in
terms of the quantities (refs. noted above), the occurrence of
any bulk aqueous phase H, provides reason to believe that H,
could serve as a primary electron donor for naturally occur-
ring microbial communities. Potentially relevant for H,-
generation both at Yellowstone and mid-ocean ridges is the
reaction between dissolved gases in the system, C-H-O-S in
magmas, particularly those with basaltic affinities [Apps and
van de Kamp, 1993]. Gold has speculated about a “deep hot
biosphere” on Earth, suggesting that hydrogen and/or light
hydrocarbons could serve as a source of energy in the
subsurface [Gold, 1992]. Gold maintains that H, and CHy
should be chemically stable in Earth’s upper mantle, and that
migration into the crust occurs continuously. In addition,
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thermodynamic control of hydrogen concentrations is exerted
in anoxic sediments by pH, temperature, and the individual
and combined effects of various terminal electron acceptors
such as nitrate, sulfate, carbon dioxide, iron, and manganese.
These can have order-of-magnitude effects on hydrogen con-
centrations in environmental settings [Hoehler, 1998]. There
are, of course, many potential biogenic sources of H, in both
oxic and anoxic environments, that are utilized by hydrogen-
metabolizers (for review see [Nandi and Sengupta, 1998]).

Microbial mats are another ecosystem where hydrogen-
metabolism is emerging as a conspicuous theme, and some
results may be applicable to hydrothermal settings.
Microbial mats are finely layered, highly structured, com-
plex ecosystems that occur globally. They accommodate a
wide range of physiological types of organisms from oxy-
genic photosynthesizers to obligate anaerobes, all in close
proximity. Complex community structure and spatial orien-
tation are prevalent throughout examined mats. The specific
microbes involved and their supportive energy metabolisms
are relatively little understood, and probably vary according
to the local geochemical setting. Even in the case of photo-
synthetic microbial mats, hydrogen produced by metabolic
processes influences individual microbial metabolisms and
system-level biogeochemistry [Hoehler et al. 2001; Ward,
et al., 1998]. While in this case the hydrogen is a result of
primary production by photosynthetic organisms, this strong
electron donor is then available for hydrogen-based metabo-
lisms of associated organisms, supported only indirectly by
photosynthesis. This hydrogen-metabolism, in turn, defines
the thermodynamics of the mat microenvironment and deter-
mines the organisms that can thrive in the community, for
instance, anaerobic sulfate-reducing bacteria, archaeal
methanogens, and bacterial Green non-Sulfur and Nitrospira
members. It is likely that many of the same kinds of hydrogen-
dependent organisms will be encountered in hydrothermal
environments, where the source of hydrogen is, however abio-
genic rather than biogenic.

Hydrogen is ubiquitous in anoxic environments and is
likely to be a utilizable energy source by many if not most
microbes. Yet, remarkably little is known about the distribu-
tion of hydrogen-metabolism among all microbiota.
Laboratory experimentation with hydrogen-metabolizing
organisms is technically a challenge and, therefore, has
received relatively little attention. Only six of the 36 phyloge-
netic divisions of Bacteria have at least one representative
shown to engage in hydrogen-metabolism (asterisks in Figure
3), but it seems likely that hydrogen-metabolism is far more
widespread. In Obsidian Pool, where the bulk of the biomass
appears to be composed of known hydrogen-oxidizers, other
organisms (for instance, representatives of the Green non-
Sulfur division) also are abundant [Hugenholtz, 1998a]. Are
such organisms engaged in hydrogen oxidation?
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ENERGY GRADIENTS

The fluids of the Yellowstone geothermal system are com-
prised of both heated meteoric rainwaters and hot ground-
water from deep sources. Energy gradients for microbiolog-
ical growth are provided, on the one hand, by the meteoric
waters that contain organic compounds, and, on the other
hand, by the hot, reduced groundwaters that likely contain
considerable electron donation potential. This potential is
probably primarily in the form of hydrogen or reduced com-
pounds such as hydrogen sulfide, but the groundwaters
probably have little electron acceptance potential. The ter-
minal electron acceptance potential for the Yellowstone sys-
tem is provided by atmospheric oxygen, ecosystem sulfates
and ecosystem carbonates. Thus, all of the unique microbial
life so far described in geothermal settings occurs in places
where the unique and reduced subsurface waters mix with
these electron acceptors. Complex microbial communities
occur as lush biofilms on surfaces that are pH, Eh, chemical,
and temperature-dependent. The results of microbial
processes at the oxic-anoxic boundary are observable in
thermal features named for their microbially provided color,
such as Grand Prismatic Spring and Fountain Paint Pots.
Rich, complex microbial life is ubiquitous at all of these
subsurface-surface interfaces. This complexity of life has
been seen in the microbial mats of Octopus Spring, the
“slimy” black sediments of Obsidian Pool, and in the geot-
hermal silica sinter of a number of Yellowstone hot springs
[Ward, 1998; Hugenholz, 1998a; Blank, 2002].

LIFE IN THE YELLOWSTONE SUBSURFACE

There has been considerable speculation about the poten-
tial occurrence of a substantial, subcrustal biomass on Earth
[Gold, 1992; Whitman, 1998]. It is possible that the
Yellowstone subsurface contains an active microbial ecosys-
tem, but we think it unlikely. We have looked, using in situ
growth surfaces (contact slides), for microbial life in one
subsurface location in the Park, namely in the groundwater
zone that underlies Biscuit Basin [Spear, 2001b]. There,
Well Y-7, drilled by the U.S. Geological Survey in 1968,
penetrates 75 m into the subsurface. This well is filled with
water of temperatures that range from 48°C at the surface to
140°C at the bottom; these temperatures are seasonally
dependent with significant variation. We found a few micro-
bial cells at the surface of the well, evidently not growing,
and some cells as far down as about 30 m. We tried to
encourage growth of in situ microbiota on these growth sur-
faces in submerged growth chambers that contained a time-
released growth medium [Spear; et al., 2002b]. We did not
observe colonization on the glass slides that were suspended

at various depths and temperatures (48 to 140°C) down the
length of the well from one to six months [Spear, 2002b]. In
contrast, growth surfaces in a control chamber suspended at
an interface zone in Octopus Spring were heavily colonized.
Limited searches for microbial life in five subsurface geot-
hermal-energy wells in Iceland similarly found few organ-
isms in geothermal waters (five wells screened, 70-130°C
range), and not in significant concentrations [Marteinsson,
2001]. We believe that the subsurface, at least at the Well Y-
7 location, is too reduced and/or too hot (i.e. above 120°C)
for microbial life. It seems likely that a significant amount of
subsurface microbial life in any environment-geothermal,
hydrothermal, rock, or mineralized soil-can only occur at
interfaces, where a reduced zone meets an oxidized zone and
there is a significant flux, a mix of geochemical compounds,
to allow for the reactions necessary to maintain life. This
implies that an indigenous, widespread, subsurface, micro-
bial biosphere is likely to be rare or non-existent in all geo-
and hydrothermal zones.

CONCLUSION

Molecular phylogenetic analyses and perspective applied
to even a few Yellowstone geothermal communities have
contributed significantly to our current view of microbial
diversity and the kinds of organisms to be expected in other
geothermal settings. Results focus perspective on the chem-
ical basis of high-temperature ecosystems. Particularly con-
spicuous is the abundance of organisms in the Yellowstone
geothermal ecosystem that for energy probably depend on
the most fundamental and abundant element, hydrogen. A
hot, anoxic, hydrogen-rich Earth, provided the conditions
necessary for the emergence of a universal ancestor for all
life [Woese, 1998]. The fact that life can be based energeti-
cally on the most abundant element in the universe, indicates
the potential for life elsewhere than Earth. Hydrogen metab-
olism is likely to be a dominant theme in many places on our
own Earth; the hotsprings of geothermal areas and the mid-
ocean ridges; the deep subsurface; the hydrosphere; and
within our own bodies.

Acknowledgments. Funding for this work was provided by the
National Science Foundation LEXEn program. Funding for J.R.S.
is provided by a National Science Foundation Microbial Biology
Postdoctoral Fellowship. The Yellowstone Center for Resources
provided great help for access and logistics within the Park.
Contributions over the years to the Well Y-7 study came from Mary
Bateson (Montana State University); Robert Fournier (USGS);
Brett Goebel (Australian Mining Company); Richard Harnish
(Colorado School of Mines); Tom Moses (USGS, Menlo Park,
CA); Anna-Louise Reysenbach (Portland State University); and
Pace Lab members J. Kirk Harris and Jeff Walker.

-



4573_Cha2l.gxd

05-Feb-04 7:38 PM Page 349

REFERENCES

Amann, R.1., ef al. Phylogenetic Identification and in situ Detection
of Individual Microbial Cells Without Cultivation. Microbial.
Rev., 59: 143-169. 1995.

Apps, J.A. and P.C. van de Kamp. Energy gases of abiogenic origin
in the Earth’s crust. In: The future of energy gases. US Geol.
Prof. Paper 1570, USGS, Reston, VA. p. 81-132. 1993.

Anderson, R.T., et al. Evidence against hydrogen-based microbial
ecosystems in basalt aquifers. Science, 281: 976-977. 1998.

Ball J.W.,, et al. Chemical analyses of hot springs, pools, geysers,
and surface waters from Yellowstone National Park, Wyoming,
and vicinity, 1974-1975. Open-file report 98-192, U.S.
Geological Survey, Boulder, CO. 1998.

Ball J.W.,, et al. Water-chemistry and on-site sulfur-speciation data
for selected springs in Yellowstone National Park, Wyoming,
1994-1995. Open-file report 98-574, U.S. Geological Survey,
Boulder, CO. 1998.

Barns, S.M., et al. Remarkable archaeal diversity detected in a
Yellowstone National Park hot spring environment. Proc. Natl.
Acad. Sci. US4, 93: 1609-1613. 1994.

Barns, S.M. Phylogenetic Analysis of Naturally Occurring High
Temperature Microbial Populations. University of Indiana,
Bloomington, Ph.D. Thesis. 1995.

Barns, S.M., et al. Perspectives on archaeal diversity, thermophily
and monophyly from environmental rRNA sequences. Proc.
Natl. Acad. Sci. USA, 91: 9188-9193. 1996.

Blank, C., S.L. Cady, and N.R. Pace. Microbial composition of
near-boiling silica-depositing thermal springs throughout
Yellowstone National Park. Manuscript in preparation. 2002.

Brock, T.D. Thermophilic microorganisms and life at high
temperatures. Springer-Verlag, New York, NY. 1978.

Burggraf, S.P., et al. A pivotal Archaea group. Nature, 385: 780.
1997.

Dawson, S.C., E.F. DeLong and N.R. Pace. Phylogenetic and
ecological perspectives on uncultured Crenarchaeota and
Korarchaeota, in The Prokaryotes: an evolving electronic
resource for the microbiological community, edited by
M. Dworkin, et al. Springer-Verlag, New York, NY. 2000.

Dawson, S.C. and N.R. Pace. Novel kingdom-level eukaryotic diversity
in anoxic sediments. Proc. Natl. Acad. Sci., 99:8324-8329. 2002.

DeLong, E.F., et al. Phylogenetic stains: ribosomal RNA-based
probes for the identification of single cells. Science, 243: 1360-
1363. 1989.

DeLong, E.F. Archaea in coastal marine environments. Proc. Natl.
Acad. Sci. US4, 89: 5685-5689. 1992.

DeLong, E.F., et al. High abundance of Archaea in Antarctic
marine picoplankton. Nature, 371: 695-697. 1994.

DeLong, E.F. and N.R. Pace. Environmental diversity of Bacteria
and Archaea. Syst. Biol., 50(4): 1-9. 2001.

Dojka, M.A., P. Hugenholtz, S.K. Haack, and N.R. Pace. Microbial
diversity in a hydrocarbon- and chlorinated-solvent contami-
nated aquifer undergoing intrinsic bioremediation. Appl. Environ.
Microbiol., 64: 3869-3877. 1998.

Dojka, M.A., et al. Expanding the known diversity and
environmental distribution of an uncultured phylogenetic

—p—

SPEAR AND PACE 349

division of Bacteria. Appl. Environ. Microbiol., 66: 1617-1621.
2000.

Ebert, A. and A. Brune. Hydrogen concentration profiles at the
oxic-anoxic interface: a microsensor study of the hindgut of the
wood-feeding lower termite Reticulitermes flavipes (Koller).
Appl. Environ. Microbiol., 63: 4039-4046. 1997.

Frank, D.N., G. Spiegelman, W. Davis, and N.R. Pace. 2002.
Culture-independent molecular analysis of the healthy human
outer ear. Manuscript in preparation to J. Clin. Micro.

Galvez, A., M. Marqueda, M. Martinez-Bueno, M. Valdivia. 1998.
Publication rates reveal trends in microbiological research. 4ASM
News, 64: 269-275.

Gold, T. The deep hot biosphere. Proc. Natl. Acad. Sci. USA, 89:
6045-6049. 1992.

Head, .M., J.R. Saunders, and R.W. Pickup. Microbial evolution,
diversity, and ecology: a decade of ribosomal RNA analysis of
uncultivated microorganisms. Microb. Ecol., 35: 1-21. 1998.

Hershberger, K.L., et al. Wide diversity of crenarchaeaota. Nature,
384: 420. 1996.

Hoehler, T.M., et al. Thermodynamic control on hydrogen
concentrations in anoxic sediments. Geochim. et Cosmo. Acta.,
62: 1745-1756. 1998.

Hoehler, T.M., et al. The role of microbial mats in the produc-
tion of reduced gases on the early Earth. Nature, 412: 324-327.
2001.

Huber, R.S., et al. Isolation of a hyperthermophilic archaeum
predicted by in situ RNA analysis. Nature, 376: 57-58. 1995.
Huber, R.S., et al. Thermocrinis ruber gen. nov., sp. nov., a pink-
filament-forming hyperthermophilic bacterium isolated from
Yellowstone National Park. Appl. Environ. Microbiol., 64:

3576-3583. 1998.

Hugenholtz, P. and N.R. Pace. Identifying microbial diversity in the
natural environment: a molecular phylogenetic approach. Trends
Biotechnol., 14: 190-197. 1996.

Hugenholtz, P., et al. Novel division level bacterial diversity in a
Yellowstone hot spring. J. Bact., 180(2): 366-376. 1998a.

Hugenholtz, P., et al. Impact of culture-independent studies on the
emerging phylogenetic view of bacterial diversity. J. Bact., 180:
4765-4774. 1998b.

Hugenholtz, P. Exploring prokaryotic diversity in the genomic era.
Genome Biol., 3: Review S003. 2002.

Karner, M.B., et al. Archaeal dominance in the mesopelagic zone
of the Pacific Ocean. Nature, 409: 507-510. 2001.

Lovley, D.R. and F.H. Chapelle. Hydrogen-based microbial
ecosystems in the Earth. Science, 272: 896. 1996.

Madsen, E.L. Hydrogen-based microbial ecosystems in the Earth.
Science, 272: 896. 1996.

Marteinsson, V.T., et al. Phylogenetic diversity analysis of
subterranean hot springs in Iceland. Appl. Environ. Microbiol.,
67: 4242-4248. 2001.

Morita, R.Y. Mini-review: Is H, the universal energy source for
long-term survival? Microb. Ecol., 38:307-320. 2000.

Nandi, R. and S. Sengupta. Microbial production of hydrogen: an
overview. Crit. Rev. Microbiol., 24: 61-84. 1998.

Pace, N.R. A molecular view of microbial diversity and the
biosphere. Science, 276: 734-740. 1997.

-



4573_Cha2l.gxd

05-Feb-04 7:38 PM Page 350

—p—

350 DIVERSITY OF GEOTHERMAL LIFE: THE YELLOWSTONE EXAMPLE

Polz, M.F. and C. M. Cavanaugh. Bias in template-to-product
ratios in multitemplate PCR. Appl. Environ. Microbiol., 64:
3724-3730. 1998.

Reysenbach, A.L., et al. Phylogenetic analysis of the
hyperthermophilic pink filament community in Octopus Spring,
Yellowstone National Park. Appl. Environ. Microbiol., 60: 2113-
2119. 1994.

Reysenbach, A.L., et al. Microbial diversity at 83°C in Calcite
Springs, Yellowstone National Park: another environment where
the Aquificales and “Korarchaeota” coexist. Extremophiles, 4:
61-67. 2000.

Rothschild, L.J. and R.L. Mancinelli. Life in extreme
environments. Nature, 409: 1092-1101. 2001.

Seyfried, W.E. and M.J. Mottl. Geologic setting and chemistry of
deep-sea hydrothermal vents, in The Microbiology of Deep-Sea
Hydrothermal Vents, edited by D.M. Karl, CRC Press, Boca
Raton, FL. 1995.

Spear, J.R. and N.R. Pace. Hydrogen drives the Yellowstone
geothermal ecosystem. Manuscript in preparation. 2002a.

Spear, J.R., et al. A search for life in Yellowstone’s well Y-7: a
portal to the subsurface. Fall, 2002, Yellowstone Science. 2002b.

Stevens, T.O. and J.P. McKinley. Lithoautotrophic microbial
ecosystems in deep basalt aquifers. Science, 270: 450-454. 1995.

Stevens, T.O. and J.P. McKinley. Hydrogen-based microbial
ecosystems in the Earth. Science, 272: 896-897. 1996.

Stevens, T.O. and J.P. McKinley. Abiotic controls on H, production
form basalt-water reactions and implications for aquifer
biogeochemistry. Environ. Sci. Technol., 34: 826-831. 2000.

Ward, D.M., et al. A natural view of microbial biodiversity within
hot spring cyanobacterial mat communities. Microbiol. Mol. Bio.
Rev.,,62: 1353-1370. 1998.

Whitman, W.B., et al. Prokaryotes: the unseen majority. Proc. Natl.
Acad. Sci. USA, 95: 6578-6583. 1998.

Winn, C.D., J.P. Cowen, and D.M. Karl. Microbes in deep-sea
hydrothermal plumes, in The Microbiology of Deep-Sea
Hydrothermal Vents, edited by D.M. Karl, CRC Press, Boca
Raton, FL. 1995.

Woese, C. Bacterial Evolution. Microbiol. Rev. 51: 221-271. 1987.

Woese, C., et al. Towards a natural system of organisms: proposal
for the domains Archaea, Bacteria, and Eucarya. Proc. Natl.
Acad. Sci. USA, 87: 4576-4579. 1990.

Woese, C. The universal ancestor. Proc. Natl. Acad. Sci. USA, 95:
6854-6859. 1998.

Woese, C. Interpreting the universal phylogenetic tree. Proc. Natl.
Acad. Sci. USA, 97: 8392-8396. 2000.

Woese, C. On the evolution of cells. Proc. Natl. Acad. Sci. USA,
99: 8742-8747. 2002.

Department of Molecular, Cellular and Developmental Biology,
347 UCB, Boulder, Colorado, 80309 USA



