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Abstract A coordinated study of water chemistry, sedi-

ment mineralogy, and sediment microbial community was

conducted on four[73�C springs in the northwestern Great

Basin. Despite generally similar chemistry and mineralogy,

springs with short residence time (*5–20 min) were rich

in reduced chemistry, whereas springs with long residence

time ([1 day) accumulated oxygen and oxidized nitrogen

species. The presence of oxygen suggested that aerobic

metabolisms prevail in the water and surface sediment.

However, Gibbs free energy calculations using empirical

chemistry data suggested that several inorganic electron

donors were similarly favorable. Analysis of 298 bacterial

16S rDNAs identified 36 species-level phylotypes, 14 of

which failed to affiliate with cultivated phyla. Highly

represented phylotypes included Thermus, Thermotoga, a

member of candidate phylum OP1, and two deeply

branching Chloroflexi. The 276 archaeal 16S rDNAs rep-

resented 28 phylotypes, most of which were Crenarchaeota

unrelated to the Thermoprotei. The most abundant archaeal

phylotype was closely related to ‘‘Candidatus Nitrosocal-

dus yellowstonii’’, suggesting a role for ammonia oxidation

in primary production; however, few other phylotypes

could be linked with energy calculations because phylo-

types were either related to chemoorganotrophs or were

unrelated to known organisms.

Keywords Hot spring � Great Basin � Nitrosocaldus �
Thermodynamic modelling � Thermophiles

Introduction

The Unites States Great Basin is a [500,000 km2 endor-

heic region in the western United States with widely

distributed geothermal activity. The hot springs of the

Great Basin contrast with geothermal systems that exist in

volcanically driven hot spring systems such as Yellow-

stone, Japan, Iceland, Kamchatka, and Italy in several

ways. First, although acidic hot springs are common in

many volcanically driven geothermal fields, acid springs

(pH \ 6.0) do not exist in the Great Basin (Zehner et al.

2006). Acid hot springs form when pressure/temperature

conditions drive vapour/condensation-mediated concentra-

tion of H2S, which is abiotically or microbiologically

oxidized to sulphuric acid (Fournier 2005). The absence of

sulphuric acid-buffered springs in the Great Basin limits
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the diversity of microorganisms that could inhabit these

springs, because many known thermophiles are obligate

acidophiles, for example, archaea in the order Sulfolobales

(Reysenbach 2001). Second, geothermal activity is driven

by a different mechanism. In Yellowstone and other vol-

canically active regions, meteoric water that feeds hot

spring systems is heated in the subsurface by magmatic

heat. In contrast, geothermal activity throughout most of

the Great Basin is attributed to tectonically driven dilation

of range-front faults, which allows deep circulation and

subsequent heating of meteoric water (Faulds et al. 2006).

Third, in contrast to the high aerial density of hot springs in

Yellowstone, surface expressions of geothermal systems in

the Great Basin are geographically separated. This geo-

graphical separation raises interesting questions about the

geochemical diversity of Great Basin springs as well as the

biogeography of resident microorganisms.

Despite the different geological settings of Yellowstone

and the Great Basin hot spring systems, these two systems

have not been systematically compared as habitats for

microorganisms. Thus far, only a small body of research on

the microbiology of Great Basin hot springs exists (Breit-

bart et al. 2004; Connon et al. 2008; Huang et al. 2007; Lee

et al. 2007; Pearson et al. 2004; Zhang et al. 2006a, 2007).

Work on arsenite-oxidizing biofilms in Alvord Hot Spring

system in southeastern Oregon has described a source pool

(78.2�C) with abundant Thermocrinis, Sulfurihydrogenibi-

um, and Thermus, and a more diverse outflow (*73�C)

with the former genera and phylum OP10, uncultivated

Bacteroidetes, and a novel uncultivated lineage (Connon

et al. 2008). These groups are commonly described in

Yellowstone hot springs, although environments in which

Thermocrinis and Sulfurihydrogenibium cohabitate may be

uncommon in Yellowstone (Hall et al. 2008).

Other studies have been less focused on a particular hot

spring system. A number of studies have focused on Cre-

narchaeota, employing combinations of 16S rRNA gene

censuses, lipid biomarker analyses, and habitat geochem-

istry characterization in northern Nevada and northeastern

California (Huang et al. 2007; Pearson et al. 2004; Pearson

et al. 2008; Zhang et al. 2006a). These papers established

the presence of the crenarchaeol biomarker in continental

hot springs and, furthermore, established a higher inci-

dence and a higher relative concentration of crenarchaeol

in Great Basin hot springs compared with those in

Yellowstone, Kamchatka, and Tengchong, China. Crenar-

chaeol correlated positively with high pH. Insofar as

crenarchaeol has only been discovered in ammonia-oxi-

dizing Crenarchaeota (de la Torre et al. 2008; Schouten

et al. 2008), the abundance of this biomarker in Great Basin

springs could possibly be explained by the higher pH, and

therefore higher ammonia activity, in Great Basin hot

springs.

We have recently begun to focus on hot springs in the

Great Boiling Springs and Mud Springs geothermal sys-

tems in the northwestern Great Basin, with the long term

goal of understanding whether the geological setting of

Great Basin springs influences energy and nutrient cycling

relative to volcanically associated systems. These two

spring systems have been classified as circumneutral Na–Cl

springs with high levels of dissolved Na?, Cl-, HCO3
-,

and SiO2 (Anderson 1978). These two systems are fed by a

single subterranean reservoir; however, hydrologic controls

and the variable influence of cold, shallow groundwater

drives variation in the[70 springs in the region (Anderson

1978). To gain a broad view of the microbial diversity and

to guide hypothesis generation on possible microbial

metabolisms in these springs, a coordinated cultivation-

independent census and geochemical/thermodynamic study

was conducted on the sources of four different springs,

each of which was minimally influenced by shallow

groundwater. The springs were chosen to represent

extremes of flow, with water residence times of [1.5 days

or\30 min, allowing the data to be viewed with respect to

the different flow regimes, which we predicted to affect the

redox condition of the spring and, therefore, the microbial

community composition. The current study expands the

research on the microbiology of Great Basin hot springs

and is the first study of Great Basin hot springs to tie

molecular censuses of microbial inhabitants with a detailed

study of the geochemistry and thermodynamic landscape of

the habitat in which they live. To our knowledge, this is

also the first study that considers the effect of water resi-

dence time on hot spring microbial community

composition and potential activity in the Great Basin.

Materials and methods

Site description and chemical measurements

Samples for bulk water chemistry, sediment mineralogy,

and sediment microbial community were coordinately

sampled from the exact same locations in the shallows near

hot spring sources (Fig. 1). Sampling for Great Boiling

Spring (GBS)(also known as GBS17a) was done at GPS

location N40� 39.6890 W119� 21.9680, Great Boiling Hot

Springs 04b (G04b) at N40� 39.7490 W119� 21.9860, San-

dy’s Spring West (SSW) at N40� 39.1820 W119� 22.496,

and Sandy’s Spring East (SSE) at N40� 39.1730 W119�
22.4710 (datum: WGS84). Calculations of volume on GBS,

SSW, and SSE were done assuming they were perfect

cones, using V = 1/3pr2h and residence time was calcu-

lated by dividing the volume by the volumetric flow rate.

Field measurements made in situ using a multisystem

probe (LaMotte, Chesterton, MD, USA) included
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temperature, pH, and conductivity. Concentrations of O2,

NO2
-, NO3

-, total ammonia, alkalinity, and total sulphide

were analyzed using portable kits and a spectrophotometer

according to the manufacturer’s instructions (LaMotte,

Chesterton, MD). Oxygen was analysed in samples that

were not cooled. Sulphide was measured in samples that

were diluted 1:3 with distilled water without cooling. All

other measurements were made on samples that had cooled

to *25–35�C. Samples for major ions were filtered in the

field through a pre-washed 0.2 lm Supor filter (hydrophilic

polyether-sulfone, Pall Scientific) and collected in poly-

propylene conical tubes. Samples were stored on ice and

brought back to the lab for analysis. Major cation and anion

concentrations were measured using ion chromatography

(anions: Dionex IonPac AS11 Analytical and IonPac AG11

Guard columns; cations: Dionex IonPac CS12A Analytical

and IonPac SG11 Guard columns; conductivity detection).

Samples for trace element analysis were collected in acid

washed polypropylene vials, acidified to pH *1 with nitric

acid, filtered on site with a 0.2 lm Supor filter, and stored

on ice. In the lab, samples were analyzed by high-resolu-

tion inductively coupled plasma mass spectrometry (ICP-

MS) at ASU. Samples for dissolved gas measurements

were collected using a gas stripping apparatus as described

by (Spear et al. 2005). Gas samples were sent to Micro-

seeps (Pittsburgh, PA) for quantification of gases.

Mineralogy

X-ray diffraction (XRD) analyses were made on clay

fractions separated by centrifugation and sedimentation

following rinsing with distilled water to achieve dispersion.

Oriented pastes of K- and Mg-saturated clays (\2 lm)

were prepared by smearing the clays onto glass slides

(Theisen and Harward 1962). The K-saturated sample

slides were examined by XRD at 25�C and after heating at

350 and 550�C for 2 h. The Mg-saturated samples were

also analyzed at 25�C and after being placed in a desiccator

containing a pool of ethylene glycol and heated at 65�C for

2 h. The desiccator vent was closed upon removal from the

oven and the slides stored in the desiccator at least 12 h

prior to XRD analysis. Samples were examined by XRD

(CuKa radiation) using a PANalytical X’PERT Pro dif-

fractometer, equipped with an X’Celerator detector. The

minerals present were primarily identified based on their

basal or d(001) spacings. The various Mg- and K-satura-

tion, heat, and glycolation treatments were used to

distinguish and identify the different clay minerals present.

Thermodynamic modelling

Chemical data gathered at each spring was used to deter-

mine chemical affinities by using the formula A = RT ln

(K/Q), where R is the universal gas constant, T is the

temperature in Kelvin, K represents the equilibrium con-

stant, which can be calculated from the standard Gibbs free

energy of the reaction, DG�r, at in situ temperature and

pressure with the relation DG�r = -RT ln K, and Q is the

activity product: the product of the activities of the prod-

ucts divided by the product of the activities of the reactants,

each raised to its stoichiometric coefficient. Plausible

Fig. 1 Photographs of hot springs sampled in this study. Arrows
denote approximate sampling locations. Bars represent approximately

2 m. (a) Great Boiling Spring (GBS), (b) Great Boiling Spring 04b

(G04b), (c) Sandy’s Spring West (SSW)
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metabolisms were based on those modelled by (Shock et al.

2005) and values for DG�r and Q were calculated using

Supcrt92 (Johnson et al. 1992) and EQ3/6 (Wolery 1992),

respectively. Chemical affinity was expressed in terms of

kJ/mol e- transferred.

Molecular analyses

Sediment from the upper *1 cm was collected from the

shallows of springs using sterile spatulas, transferred into

1.5 ml Eppendorf tubes, stored on dry ice in the field, and

transferred to a -80�C freezer in the lab. Samples were

collected in May 2005 for GBS and May 2006 for G04b,

SSW, and SSE. A sample from GBS was thawed and split

into two vials for extraction using two different environ-

mental DNA isolation kits: MoBio PowerMax Soil Kit

(Carlsbad, CA) and the Qbiogene Fast DNA SPIN Kit for

Soil (Irvine, CA). 16S rRNA gene terminal restriction

fragment length polymorphism (T-RFLP) analysis using

RsaI, MspI, and Taq1, separately, showed that the different

polymerase chain reactions (PCR) with different template

DNA yielded very similar 16S rRNA gene products (data

not shown). Therefore, biases inherent in extracting DNA

from microbial communities and amplifying SSU rRNA

genes from a mixed template pool (Reysenbach et al. 1992;

von Wintzingerode et al. 1997) were at least consistent.

The Qbiogene kit was used for subsequent DNA isolations

from 0.5 g sediment slurries. 16S rRNA genes were

amplified by PCR using four different primer sets: for

Bacteria: 9bF (Eder et al. 1999) and 1406uR or 1512uR

(Eder et al. 2001); for Archaea: 8aF and 1406uR or 1512uR

(Eder et al. 2001). PCR reaction mixtures contained 1 lL

DNA extract, 1 9 Taq reaction buffer, 6 nM of each pri-

mer, 800 lM each dNTP, and 0.65 U of GoTaq DNA

polymerase (Promega). Cycling conditions were: denatur-

ation at 96�C for 4 min followed by 35 cycles of

denaturation (30 s at 94�C), primer annealing (30 s at

55�C), and elongation (1.5 min at 72�C), with a final

elongation step (10 min at 72�C). Product from each pri-

mer set was ligated into a TA TOPO cloning vector

(Invitrogen, Carlsbad, CA, USA) and sequenced using the

appropriate forward PCR primer in a 96 well plate format

at the Nevada Genomics Center using an Applied Biosys-

tems (ABI) Prism 3730 DNA Analyzer (Applied

Biosystems, Foster City, CA, USA). Sequences were

screened for chimeras and other anomalies using Bellero-

phon (Huber et al. 2004) and Mallard (Ashelford et al.

2006) and verified using Pintail (Ashelford et al. 2005).

Sequences were aligned using clustalX (Thompson et al.

1997) and grouped into operational taxonomic units

(OTUs) at the 97% identity level with the DOTUR nearest

neighbor algorithm using only nucleotides with Phred

scores [ 20 (Schloss and Handelsman 2005). OTUs from

each library were cross referenced to eliminate redundant

OTUs and then representative phylotypes were sequenced

with additional primers to obtain nearly complete 16S

rDNA gene sequences. Contigs were assembled using

EMBOSS (Rice et al. 2000) and checked again for anom-

alies. Alignments were made in ARB (Ludwig et al. 2004)

and checked manually. Phylogenetic trees were constructed

using ARB maximum likelihood (AxML), neighbor-join-

ing (Kimura correction), and maximum parsimony with a

heuristic search (Ludwig et al. 2004). Forward sequences

from each hot spring were also compared using web-

LIBSHUFF (Singleton et al. 2001). Bacterial and archaeal

trees were compared in Unifrac by using the Cluster

Environments and Jackknife Environmental Clusters

commands. All analyses were run with 1,000 permutations,

including abundance weights, and with the ‘‘number of

sequences to keep’’ set at 75% of the smallest library

(Lozupone et al. 2006).

Nucleotide sequence accession numbers

Nearly complete 16S rDNA sequences from this study

have been deposited in the Genbank database under

accession numbers DQ490000–DQ490017 and EU635901–

EU635954.

Results and discussion

Site description and mineralogy

Two springs were sampled in the Great Boiling Springs

geothermal field: Great Boiling Springs (GBS; Fig. 1a) and

Great Boiling Springs 04b (G04b; Fig. 1b). GBS is a large,

roughly conical spring *9.15 m deep and *7.6 m wide.

GBS has a flow rate of *1.1 L/s and an estimated volume

of *1.39 9 105 L, yielding a water residence time of

*1.5 days. G04b is a deep elliptical feature *7.6 by

*4 m. At most sampling times, this spring has no obvious

surface outflow.

Two springs were sampled in the Mud Hot Springs

geothermal field: Sandy’s Spring West (SSW; Fig. 1c) and

Sandy’s Spring East (SSE). SSW is a conical vent *1 m

deep and *2 m in diameter that discharges *86�C water

at *3.3 L/s to a *0.01 m deep, *0.5 m wide outflow

channel. SSW has a volume of *1.05 9 103 L and the

calculated residence time of the water is *5 min. At

*42 m the outflow channel intersects a second vent, SSE,

which is *1.5 m deep and *3 m in diameter with a

temperature of *77�C and a similar flow rate. SSW has a

volume of *3.53 9 103 L and the estimated residence

time of the water is *18 min. Together, SSW and SSE

form a single *0.5–1 m wide outflow channel.
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Sediments from all four springs were uniformly com-

pacted greenish grey clay with a *1 cm cap of fluffy beige

material. The mineralogical composition of the total clay

(\2 lm) fraction was relatively uniform, consisting mainly

of smectite, with lesser amounts of illite, the zeolite clin-

optilolite, kaolinite, and K-feldspar. The amount of

kaolinite was higher at SSW and SSE relative to GBS and

G04b. Siliceous sinter occurs at the edges of springs in the

northern parts of the GBS system, but the springs are not

currently depositing sinter (Anderson 1978). Recent

deposition of siderite (FeCO3) has been reported in most

springs in the GBS system (Anderson 1978); however, it

was not detected by XRD because it was confined to the

edges of the springs instead of the sediments that were

sampled. Conspicuous sediment-associated biomass was

not evident at the time of sampling (e.g. streamers or well-

developed microbial mats); however, microscopic analysis

revealed a diversity of morphotypes in all four sediments

that were sampled.

Aqueous chemistry

More than 60 analytes were measured in the source waters,

including major (Table 1) and minor elements (Table S1)

Table 1 Physical, chemical, and mineralogical data measured at Great Basin hot spring sites

GBSa G04b SSW SSE

Date 5/30/2006 5/31/2006 5/30/2006 5/31/2006

Temperature (�C)b 73.6 ± 0.5 76.8 ± 0.5 86.6 ± 0.5 77 ± 0.5

Residence time *1.5 days [1.5 days *5 min *18 min

pHb 7.44 ± 0.01 7.62 ± 0.01 7.21 ± 0.01 7.3 ± 0.01

Alkalinity (lM CaCO3)c 680 680 840 880

Predominant minerals S,I,K,Q,Z S,I,K,Q,Z S,I,K,Q,KF S,I,K,Q,KF

Conductivity (g/L)b 4.18 ± 0.08 4.64 ± 0.09 3.90 ± 0.08 3.92 ± 0.08

Dissolved silica (mM)c 1.1 1.2 1.2 1.1

Dissolved gasesc

Methane (nM) 481 225 4,940 1,810

Ethane (nM) 3.2 2.8 36.7 13

Ethene (nM) 2.5 1.8 2.1 2.2

Hydrogen (nM) 8.9 6,500 130 7.7

Total sulphide (lM)d \0.5 \0.5 2.9 ± 0.5 1.8 ± 0.3

Total ammonia (lM)d 23.5 ± 2.9 159 ± 25.5 60.7 ± 9.7 78.6 ± 12.6

Total Fe (lM)e 0.23 ± 0.00 0.12 ± 0.00 0.22 ± 0.00 0.23 ± 0.01

Oxygen (lM)c 53 50 9.4 38

Cations

Sodium (mM)e 66.51 ± 0.06 67.5 ± 0.02 61.89 ± 0.05 62.73 ± 0.02

Calcium (mM)e 1.80 ± 0.01 1.72 ± 0.00 1.95 ± 0.00 1.93 ± 0.00

Potassium (mM)e 2.85 ± 0.00 2.84 ± 0.00 2.69 ± 0.00 2.66 ± 0.00

Magnesium (lM)e \0.0123 \0.0123 \0.0123 4.12 ± 0.00

Anions

Chloride (mM)e 60.98 ± 0.01 61.01 ± 0.02 56.60 ± 0.03 57.46 ± 0.01

Sulphate (mM)e 3.99 ± 0.00 3.97 ± 0.00 3.72 ± 0.00 3.79 ± 0.00

Nitrate (lM)d 87.9 ± 10.7 7.9 ± 0.9 1.4 ± 0.2 7.2 ± 0.9

Nitrite (lM)d 34.7 ± 1.7 5.6 ± 0.3 0.7 ± 0.0 1.2 ± 0.06

Bromide (lM)e 69.46 ± 0.00 70.09 ± 0.00 64.33 ± 0.00 65.96 ± 0.00

a Sediment samples for libraries and mineralogy were collected in May 2005
b Error is based on the manufacturer’s specification (LaMotte, Chestertown, MD)
c Measured only once during this trip
d Errors represent the variation observed around a mean for triplicate measurements taken at GBS (RNH3, NO3

-, NO2
-) or at SSW (RS2-)

during the sampling trip. Analytical errors were estimated to be as follows: RNH3, 16%; RS2-, 17%; NO3
-, 12%; NO2

- 5%
e Error represents analytical error (standard deviation) associated with duplicate measurements of a single sample

S smectite, I illite, K kaolinite, Q quartz, KF K-feldspar, Z zeolite clinoptilolite
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and dissolved gases (Table 1). The dominant solutes were

Na? and Cl-, with only minor amounts of HCO3
-, con-

sistent with the model that the source water for these

springs is deeply circulating ancient meteoric water; the

high Na? and Cl- content reflects long contact time with

basin fill (Anderson 1978). The similar chemical compo-

sition of these springs with respect to conservative species

is consistent with the model that springs from both geo-

thermal fields are fed by a single geothermal reservoir at

depth (Anderson 1978). Minor differences in redox-inac-

tive cations (e.g. Na?/Ca2? ? Mg2?) are likely to be due

to differences in reaction progress of alteration reactions,

cation exchange during discharge, or composition of

reacting rocks.

In contrast, major differences in redox-active species

that are potential electron donors or acceptors for

microbial respiration varied with water residence time.

Springs form the Mud springs geothermal field exhibited

a shorter water residence time than those from the Great

Boiling Springs geothermal field. SSW, SSE, and GBS

formed a series showing a progressive decrease in

potential electron donors for chemolithotrophy (Table 1;

e.g. CH4, 4.95–0.48 lM; total ammonia, 61–18.3 lM;

total sulphide 2.9 to \0.5 lM; H2, 130–7.7 nM). From

these data, it is likely that the source waters of these three

springs were reduced, similar to SSW. The more oxidized

chemistry in the long residence time pools reflects

increased oxygen penetration and, most likely, complete

nitrification of ammonia that was supplied by the source

water. Particularly noteworthy is the roughly equimolar

ratio of reduced to oxidized inorganic nitrogen com-

pounds in GBS, which is near the upper temperature limit

of growth for the recently identified ammonia oxidizer

‘‘Candidatus Nitrosocaldus yellowstonii’’ (de la Torre

et al. 2008) but not as high as the hottest springs from

which putative archaeal ammonia monooxygenase large

subunit genes (amoA) have been amplified (94�C,

Reigstad et al. 2008) or the highest temperature at which

nitrification has been demonstrated by 15NO3
- pool

dilution experiments (85�C, Reigstad et al. 2008). Whe-

ther the lower methane, hydrogen, and sulphide

concentrations in SSE and GBS reflect biological oxida-

tion, degassing, or in the case of sulphide, abiotic

oxidation, is uncertain.

G04b had high concentrations of ammonia (124 lM)

and hydrogen (6.5 lM) during this sampling trip, despite

concentrations of volatile hydrocarbons and redox-inactive

ions that were similar to GBS. Lower concentrations of

ammonia (18–67 lM) and hydrogen (18 nM) have been

measured at this spring during other sampling trips, and

this spring can be extremely variable in temperature (18–

80�C) (Hedlund and Romanek unpublished data; Anderson

1978).

Thermodynamic modelling of potential

metabolic reactions

Following the general model used in geobiology (Amend

and Shock 2001; Inskeep et al. 2005; Shock et al. 2005),

empirical geochemical data (Table 1, Table S1) were used

to calculate the overall Gibbs free energy of reaction for 122

known and plausible chemolithotrophic metabolisms in the

bulk water of the spring. When the data were normalized to

the number of moles of electrons transferred during electron

transport, they sorted according to the electron acceptor,

consistent with the standard reduction potential of the

reduction half reactions (Fig. 2, Table S2). Thus, in all four

springs, reactions involving O2 as the oxidant yielded the

greatest energy followed by a large decrease in Gibbs free

energy to NO3
-, and NO2

- reductions (20–35 kJ/mol e-).

Elemental sulphur, if present, would also be a good electron

acceptor. Reactions involving elemental sulphur as the

electron acceptor could provide 38.7–46.8 kJ/mol e- for

reduction to pyrite or 14.7–21.8 kJ/mol e- for reduction to

sulphide. Although elemental sulphur was not detected by

XRD, abiotic or biological sulphide oxidation could deposit

sulphur. The pyrite-forming reactions that were calculated

are not known to be used for microbial dissimilatory

metabolism, although microbial pyrite formation from FeS

and H2S has been observed (Schink 2002) and pyrite has

been observed in magnetosomes (Bazylinski et al. 1994). In

contrast, sulphur reduction to sulphide is widely distributed

among cultivated thermophiles (Huber and Stetter 2006;

Huber et al. 2000).

Fig. 2 Potential metabolic reactions and calculated chemical affin-

ities using chemical concentrations present in bulk spring water

(Table 1). Chemical affinities are expressed in terms of kJ/mole of e-

transferred and are normalized per mole of electrons participating in

electron transport. Reactions are ordered from the most thermody-

namically favorable (left) to the least thermodynamically favorable

(right). Data points are coded by electron acceptor. Reactions and

chemical affinity values are in Table S2
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Reductions of sulphate, carbon dioxide, and the ferric

iron-containing minerals magnetite, goethite, and hematite

yielded less than 10 kJ/mol e-, which is below the energy

yield generally accepted to maintain energy charge (20 kJ/

mol e-) (Schink 1997); however, recent work has shown

that syntrophs can operate well below that threshold

(Jackson and McInerney 2002) and thermophiles are

known to respire sulphate, CO2, and a variety of ferric iron-

containing minerals (Huber et al. 2000). Furthermore, these

reactions may be more favorable in the sediment pore

water, which may have higher concentrations of certain

electron donors than the bulk water. Thermophiles have

also been shown to respire ferric iron in smectite (Kashefi

et al. 2008), which is the dominant mineral in the clay

fraction of these springs.

In contrast, in all four springs, the differences in energy

yield from oxidation of different electron donors for che-

molithotrophy were less well ordered. For example, the

well known electron donors for aerobes CH4, S0, H2, Fe2?,

and sulphide, where detectable, were among the most

favorable reactions and were all within 12 kJ/mol e- of

each other (91.9–103.5 kJ/mol e- for aerobic respirations).

Thus, when normalized to electron flow, free energy yield

did not suggest that a single electron-donating metabolism

is dominant in the springs, as has been suggested for many

Yellowstone springs (Spear et al. 2005). Sulphide was

below the detection limit of our methods in GBS and G04b.

Since all of these springs derive source water from a single

subterranean reservoir (Anderson 1978), it is possible that

sulphide was in the source water for GBS and G04b but

was oxidized in the subsurface due to the longer residence

time of the GBS springs. Other well known aerobic

metabolisms such as ammonia oxidation (41.6–43.6 kJ/mol

e-) and nitrite oxidation (32.9–34.9 kJ/mol e-) were sig-

nificantly less exergonic than other aerobic oxidations

when the data were normalized this way.

The broad thermodynamic landscape in these springs

was similar between the four springs and to that described

for Obsidian Pool, including the ordering of metabolisms

according to electron acceptor and the two thermodynamic

‘‘steps’’ between aerobic and anaerobic metabolisms and

between sulphur reductions and less favorable electron

acceptors (Shock et al. 2005). It is noteworthy that

between-system variability in chemical affinity was low

despite differences in measured substrate and product

concentrations as large as three orders of magnitude

(Table 1).

Community diversity

Two different 16S rRNA gene libraries, each derived from

a PCR using a different reverse primer, were constructed

from surface sediment of each spring and sequenced to

assess bacterial diversity (*48 16S rDNAs from each

library, 298 total non-chimeric sequences). The different

primer pairs yielded libraries with significantly different

homologous and heterologous sequence coverage curves

from G04b (Table S3), justifying the use of multiple primer

pairs. Libraries from the other three springs were not sig-

nificantly different. Well-documented limitations of PCR-

based microbial censuses notwithstanding (Reysenbach

et al. 1992; von Wintzingerode et al. 1997), bacterial

diversity statistics were calculated on the combined data-

sets from each spring. Individual springs were moderately

rich, with 14–16 observed and 16–25 predicted species-

level OTUs per spring (Table 2) [97% 16S rRNA gene

percent identity (PID)]. At this PID, coverage varied from 63

to 88%, indicating that additional species-level phylotypes

would be discovered with additional sampling effort. The

springs were almost as rich at the phylum level (\80% 16S

rRNA gene PID), with 10–15 observed and 11–20 predicted

groups per spring (Table 2). Phylum level coverage varied

from 75 to 98%, suggesting that additional sampling would

uncover new groups, consistent with high phylum level

bacterial diversity observed in Yellowstone hot springs and

other geochemically complex environments (Hugenholtz

et al. 1998; Ley et al. 2006).

At the species level, bacterial evenness was low, 0.50–

0.59, relative to comparable studies in soils and water

columns, which range from 0.70 to 0.98 (Table 2) (Dunbar

et al. 1999; Liao et al. 2007; Tarlera et al. 1997; Wu et al.

2008; Zhang et al. 2006b). Although we are not aware of

evenness calculations reported for Yellowstone springs, the

Great Basin hot spring sediments were probably much

more even than comparable sediment or streamer com-

munities from Yellowstone National Park, which are

typically dominated by the phylum Aquificae (D’Imperio

et al. 2008; Dojka et al. 1998; Reysenbach et al. 1994;

Spear et al. 2005).

Archaeal 16S rRNA gene libraries were made and

analyzed in parallel. Two different 16S rRNA gene

libraries were sequenced for GBS and G04b, yet only a

single library was analyzed for each of SSW and SSE

(*48 16S rDNAs from each library, 276 total non-chi-

meric sequences). For GBS and G04b, libraries prepared

using different reverse primers were not significantly dif-

ferent (Table S3). GBS and G04b had extremely low

richness even at the species level, with six observed and

predicted OTUs in GBS and five observed and predicted

OTUs in G04b (Table 2). In contrast, in SSW and SSE,

archaea were as rich as bacteria, with 16–19 observed and

28 predicted species-level groups and 7–12 observed and

7.5–13.5 predicted order- to class-level groups (\80% PID).

Even though the number of OTUs was identical to the

Chao1 richness estimator in GBS and G04b, the well-

documented increase in Chao1 diversity estimate that
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accompanies increased sampling (Sloan et al. 2007), sug-

gests additional sampling would be needed to saturate the

archaeal census. Coverage in SSW and SSE was 68 and

57%, respectively. The archaeal communities were simi-

larly even at the species level as compared with the

bacterial communities, 0.46–0.64.

To compare the composition of the four sediment

communities, independent phylogenetic trees of all bacte-

ria and archaea were used to make a Unifrac distance

matrix, which was used to make a UPGMA tree (Lozupone

et al. 2006). In both cases, GBS and G04b grouped to the

exclusion of SSW and SSE with[99.9% jackknife support,

showing that both the bacterial and archaeal compositions

of springs in the GBS geothermal field (GBS and G04b)

were significantly different from those in the Mud Hot

Springs geothermal field (SSW and SSE) (data not shown).

This was evident at the phylum level (Fig. 3). Deinococ-

cus-Thermus and Planctomycetes were only recovered in

libraries from GBS and G04b, whereas Thermotogae,

Thermodesulfobacteria, Dictyoglomi, Firmicutes, Eur-

yarchaeota, and ‘‘Korarchaeota’’ were only represented in

libraries from SSW and SSE.

Bacterial community composition

In total, bacteria represented 36 species-level phylotypes.

Twenty-two phylotypes belonged to nine formally named

phyla: Aquificae, Thermus-Deinococcus, Thermotogales,

Chloroflexi, Firmicutes, Planctomycetes, Dictyoglomi, Fir-

micutes, and Bacteroidetes. The other 14 phylotypes

represented 3 candidate phyla, OP1, OP9, and OP10, or did

not affiliate with known phyla (GBS_L1_A05, SSW_L1_

C03, GBS_L4_E12, GBS, L1_B05, and SSW_L1_A03)

(Figs. 3, 4). Together, sequences representing novel phyla

comprised 18–40% of bacterial libraries (Fig. 3). Most were

rare in libraries (\10%); however, phylotype SSW_L2_A03,

belonging to OP1, was an exception, representing 25% of

16S rDNAs in libraries from SSW. 16S rDNAs representing

candidate phylum OP10 were only distantly related to the

newly described isolates from thermal soils (Stott et al.

2008).

Chloroflexi was the most abundant bacterial phylum

represented in libraries from all four springs, yet five of the

six identified Chloroflexi 16S rDNAs were phylogeneti-

cally novel. Phylotype GBS_L1_A03 was dominant in

Table 2 Observed and estimated richness and evenness of bacterial and archaeal lineages in Great Basin hot springs

Diversitya GBS G04b SSW SSE

Bacteria Archaea Bacteria Archaea Bacteria Archaea Bacteria Archaea

(n = 68) (n = 106) (n = 72) (n = 91) (n = 78) (n = 39) (n = 80) (n = 40)

OTUs

unique 37 47 39 28 34 32 33 19

97% 14 6 16 5 16 19 16 16

90% 11 5 12 5 12 14 15 15

80% 10 4 12 3 11 7 15 12

Shannon index

unique 3.25 3.01 3.39 3.38 2.91 3.40 3.04 2.57

97% 2.13 1.18 2.37 1.41 2.02 2.70 2.31 2.40

90% 2.00 1.02 2.19 1.41 1.87 2.30 2.29 2.34

80% 1.86 0.95 2.19 0.81 1.82 1.35 2.29 2.16

Chao 1

unique 107 113.1 109.2 459 80 86.2 68 58

97% 16 6 21 5 25.3 28 21 28

90% 12 5 12.3 5 12.75 35 20 24.3

80% 11 4 12.3 3 12 7.5 20 13.5

Evenness (H/Hmax)b

unique 0.62 0.54 0.64 0.70 0.57 0.68 0.60 0.61

97% 0.56 0.46 0.59 0.61 0.50 0.64 0.58 0.60

90% 0.58 0.44 0.61 0.61 0.52 0.60 0.59 0.60

80% 0.56 0.47 0.61 0.51 0.53 0.48 0.59 0.60

Data are shown for unique sequences as well as the level of species (97%), genus (90%), and phylum to order (80%)
a Diversity measures were determined by using DOTUR (Schloss and Handelsman 2005)
b Evenness was calculated as E = H/Hmax, where H is the Shannon diversity estimate and Hmax = log2(S). S is the total number of phylotypes
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GBS libraries (38%) yet phylotype SSE_L1_E01, was

dominant in libraries from SSE (26%) and SSW (37%).

Other deeply branching Chloroflexi 16S rDNAs were

present in G04b; however, Thermus was the dominant

phylotype in libraries from that spring (22%). 16S rDNAs

representing Planctomycetes and Bacteroidetes were also

novel.

16S rDNAs from GBS and G04b that did affiliate with

known genera were close relatives of Thermus thermo-

philus, Thermomicrobium roseum, Rhodothermus marinus,

and Thermocrinis ruber (Fig. 4). Thermus thermophilus is

an aerobic organotroph, although denitrifiers (Ramirez-

Arcos et al. 1998), mixotrophic sulphur oxidizers

(Skirnisdottir et al. 2001), and chemoorganotrophic iron

reducers (Balkwill et al. 2004) are also known within the

genus. Thermomicrobium roseum is also a facultatively

anaerobic heterotroph (Perry 2006). Rhodothermus mari-

nus is an obligately aerobic chemoorganotroph capable of

growth on diverse polysaccharides (Bjornsdottir et al.

2006). Aquificae 16S rDNAs were related to Thermocrinis

ruber, which is capable of chemolithotrophic growth on

hydrogen, thiosulfate, or elemental sulphur with oxygen as

an electron acceptor, or growth on formate (Huber et al.

1998). Aquificae in the genera Thermocrinis, Sulfurihy-

drogenibium, or Hydrogenobaculum typically dominate

sediment and streamer communities from high temperature

Yellowstone hot springs (D’Imperio et al. 2008; Dojka

et al. 1998; Reysenbach et al. 1994; Spear et al. 2005) as

well as sediments and mats from Alvord Hot Spring in the

Great Basin (Connon et al. 2008), so their low abundance

in libraries described here was surprising, especially in

light of the thermodynamic favorability of hydrogen and

sulphur oxidation in these springs. It is possible that

Thermocrinis and other members of the Aquificae are more

prevalent in other parts of these hot spring systems. For

example, it is possible that Aquificae may be more pre-

valent in the subsurface of these springs, where the redox

environment might be more conducive to their growth.

Hydrogen oxidation by certain Sulfurihydrogenibium

strains is inhibited by high oxygen concentrations (Takai

et al. 2003) and Aquificales are typically grown under low

oxygen tension (\1% O2 by volume)(Eder and Huber

2002).

In SSW and SSE, 16S rDNAs related to known genera

affiliated with Thermomicrobium roseum, Rhodothermus

marinus, and Thermocrinis ruber, as in GBS and G04b,

and also Caloramator fervidus, Thermotoga petrophila,

Thermotoga hypogea, Dictyoglomus thermophilum,

Geothermobacterium ferrireducens, and Thermodesulfo-

bacterium commune (Fig. 4). Caloramator, Thermotoga,

and Dictyoglomus are fermenters capable of hydrolyzing

complex polymers (Morris et al. 1998; Tarlera et al. 1997;

Vanfossen et al. 2008). Geothermobacterium and Thermo-

desulfobacterium are facultatively chemolithoautotrophic

hydrogen oxidizing iron and sulphate reducers, respectively

(Jeanthon et al. 2002; Kashefi et al. 2002).

Archaeal community composition

All archaeal libraries were dominated by Crenarchaeota

(Figs. 3, 5). Libraries from long residence time springs,

GBS and G04b, were very similar and composed exclu-

sively of Crenarchaeota. In GBS and G04b the dominant

phylotype, 58 and 33%, respectively, was represented by

phylotype SSE_L4_B03, almost identical to the newly

discovered ammonia oxidizer ‘‘Candidatus Nitrosocaldus

yellowstonii’’ (de la Torre et al. 2008). The predominance

of the putative ammonia oxidizer in GBS and G04b was

consistent with the higher NO3
- and NO2

- concentrations

in those springs, and suggests that nitrification may provide

important electron acceptors to anaerobes in underlying

sediment. Phylotype GBS_L3_B06, 9 and 4%, in GBS and

G04b, respectively, grouped within the Desulfurococcales

(Figs. 3, 5). Cultivated members of the Desulfurococcales

Fig. 3 Phylum level groupings

of 16S rDNAs obtained from

springs based on 16S rRNA

gene community census.

Sequences were classified using

BLAST search results and

phylogenetic analysis in ARB
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oxidize H2 using S0, S2O3
2-, NO2

-, NO3
-, or O2, as

electron acceptors when growing autotrophically or fer-

ment or respire S0 chemoorganotrophically (Huber and

Stetter 2006; Huber et al. 2000). Other sequences were

related to 16S rDNAs from other hot springs, but were

distant from cultivated organisms or 16S rDNAs from other

habitats.

Libraries from the short resident time springs, SSW and

SSE, were much richer, and yet were also dominated by

Crenarchaeota that branched outside the Thermoprotei

(Table 2; Figs. 3, 5). 16S rDNAs related to ‘‘Candidatus

Nitrosocaldus yellowstonii’’ were present in SSE but not

detected in SSW, which is consistent with the extremely low

concentrations of nitrate and nitrite in SSW. It is possible that

nitrate respiration capacity is limited by nitrification in SSW,

consistent with the increased proportion of plausible fer-

meters (Thermotogae, Firmicutes, Dictyoglomus, and

‘‘Korarchaeota’’) and sulphate or iron reducers (Archaeo-

globales, Thermodesulfobacteria), as well as the absence of

Thermus, many of which can respire nitrate, in libraries from

those springs. One OTU was related to Thermofilum, a strict

anaerobe that uses elemental sulphur as a terminal electron

acceptor (Huber et al. 2006). Three different OTUs repre-

sented the Desulfurococcales were most closely related to

the polysaccharide and peptide fermenters Thermosphaera

(Huber et al. 1995) and Ignisphaera (Niederberger et al.

2006), or were deeply branching within the order.

The SSW archaeal library contained one phylotype that

grouped in the ‘‘Korarchaeota’’. SSW also had one phylo-

type that branched deeply within the DHVE2 group, which

is represented by only one thermoacidophilic representa-

tive, Aciduloprofundum boonei, and several environmental

sequences obtained from acidic deep-sea hydrothermal

vents (Reysenbach et al. 2006; Takai and Sako 1999).

SSE_L4_E01 (5% in SSE and 2.5% in SSW) was closely

related to Archaeoglobus fulgidus, which couples H2 or

organic substrates with the reduction of SO4
2- to S2-

(Stetter 1988).

Conclusions

Here we describe the geochemistry, thermodynamics, and

microbial communities in four [73�C Great Basin hot

springs with a single subterranean source but with different

hydrology. The thermodynamic landscape of the four

springs were broadly similar to that described for Obsidian

Pool (Shock et al. 2005) in that metabolisms were well-

sorted according to electron acceptor but less resolved by

electron donor. From this, we predict that aerobic metab-

olisms predominate in the bulk water and surface sediment,

although the electron donor(s) cannot be easily predicted

based on geochemical data and thermodynamic modelling

Fig. 4 Maximum likelihood phylogenetic tree of bacteria from this

study and close relatives. The tree was constructed using E. coli
nucleotide positions 107–1346 (Brosius et al. 1978) in ARB (Ludwig

et al. 2004). Node support using neighbor joining and maximum

parsimony is shown with closed squares (node supported using all

three methods) or open squares (node supported using two of three

methods). Sequences present in different springs are shown using

letters: dark G for GBS, light G for G04b, dark S for SSW, light S for

SSE. Relative abundance of sequences in each library are shown as

percentages with pie charts and detailed in Table S4. All OTUs are

shown at the 97% identity level as determined using DOTUR (Schloss

and Handelsman 2005)
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alone. In sediments below the oxic/anoxic interface

(*1 cm) microorganisms are likely to respire electron

acceptors in the order defined by the electronegativity of

the oxidized/reduced form of the electron donor (Fig. 2;

Table S2) although nitrate respiration in short residence

time springs may be limited by nitrification. In contrast, the

long residence time springs GBS and G04b had highly

abundant ‘‘Nitrosocaldales’’ in libraries and higher con-

centrations of nitrate and nitrite.

Libraries from the four hot spring sediments were unusual

in the high proportion of OTUs representing uncultivated

phyla, the abundance of novel phyla in the libraries, and the

low number of Aquificae 16S rDNAs. Similarly, archaeal

libraries contained high proportions of Crenarchaeota unre-

lated to cultivated organisms. The reason that these springs

host many yet-uncultivated microorganisms is unknown, as

are the roles of these novel taxa in microbial processes in the

springs. Therefore, it was particularly difficult to link 16S

rRNA gene phylotypes with plausible metabolisms in these

systems. This begs the question of why these springs are so

microbiologically unusual and justifies further study of these

geothermal systems with the goal of linking these unusual

phylotypes with their activities in nature.

An exception to this problem was the recovery of high

numbers of 16S rRNA gene sequences that were closely

related to ‘‘Candidatus Nitrosocaldus yellowstonii’’ in three

of the springs. This implies an important role for nitrification

in primary production and is consistent with the abundance

of crenarchaeol (Pearson et al. 2004, 2008; Zhang et al.

2006a) and novel archaeal 16S rRNA gene phylotypes in

cooler Great Basin springs (Huang et al. 2007).
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