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West in the U.S. Great Basin
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Microrespirometry showed that several organic and inorganic electron donors stimulated oxygen consumption in two ⬃80°C
springs. Sediment and planktonic communities were structurally and functionally distinct, and quantitative PCR revealed catabolically distinct subpopulations of Thermocrinis. This study suggests that a variety of chemolithotrophic metabolisms operate
simultaneously in these springs.

ecause photosynthesis does not occur above ⬃73°C (1), microbial communities in high-temperature environments
must obtain organic carbon from allochthonous photosynthetic
carbon, organics synthesized abiotically in the subsurface under
high temperature and pressure (e.g., Fischer-Tropsch synthesis)
(2), diagenesis products of organic-laden sedimentary formations
(thermogenesis) (3), or primary production coupled to chemolithotrophy. Collectively, known thermophiles can use a variety of
simple (e.g., methane, formate, and acetate) and complex organics, as well as inorganic compounds, including hydrogen (H2),
carbon monoxide, ammonia (NH3), hydrogen sulfide (H2S), elemental sulfur (S0), thiosulfate (S2O32⫺), and reduced metals (4,
5), as electron donors. It has been proposed that H2 may be the
most important electron donor for life at high temperature based
on the physiological and phylogenetic diversity of thermophilic
hydrogenotrophs (6, 7), the high energy yield of H2 respiration
(8–11), the high diffusivity of H2, and the ubiquity of Aquificales in
Yellowstone National Park (YNP) and other geothermal systems
(8). However, many redox couples in addition to hydrogen oxidation are also highly exergonic, suggesting that a diversity of
energy metabolisms may coexist without competition for electron
donors (9–11).
Few studies have experimentally addressed the importance of
H2 and other electron donors in a natural geothermal setting.
D’Imperio et al. (12) described microbial mats in Dragon Spring,
YNP (73°C, pH 3.1), that consumed H2S at a rate of about three
orders of magnitude greater than H2 and showed that Hydrogenobaculum isolates from the spring either oxidized only H2S or
cooxidized H2S and H2 concomitantly, but with a much higher
rate of H2S consumption. Boyd et al. (13) showed that CO2 fixation at the same site was stimulated by addition of O2, suggesting
electron acceptor limitation. In contrast, neither H2S nor H2 addition stimulated 14CO2 uptake.
Here, we used microrespirometry to determine whether
various electron donors could stimulate aerobic respiration in
two springs in the U.S. Great Basin and complemented the
activity measurements with quantification of key catabolic
genes and comparisons to previously published 16S rRNA gene
pyrotag data sets derived from samples collected at the same
time and location (within 0.5 m; all sediment samples were at
the sediment/water interface, top ⬃1 cm) (14). Experiments at
Great Boiling Spring (GBS) were carried out on ⬃82°C samples
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collected from a shallow shelf at site B, as described previously
(15, 16). Experiments at Sandy’s Spring West (SSW) were carried out using ⬃79°C samples collected from the source pool
(9, 14). A fast-responding Clark-type O2 microsensor modified
with an organic electrolyte for temperature tolerance up to
100°C was used for microrespirometry (Unisense AS, Århus,
Denmark), and data were logged using MicOx Software
(Unisense AS, Århus, Denmark) (see Fig. S1 in the supplemental material) (17, 18). Samples were mixed continuously with a
magnetic stir bar to prevent formation of an O2 gradient. Electrodes were polarized for ⬎15 min to ⫺0.5 V to remove O2
from the electrolyte, and then, a linear calibration was performed using aerated spring water (100% saturation) and water reduced using 0.1 M sodium ascorbate and 0.1 M NaOH
(0% saturation) (17, 18). Fresh water or dilute sediment slurries were collected without the introduction of O2 and without
cooling, and experiments were initiated within 30 min of collection in a water bath maintained at in situ temperature. After
the intrinsic respiration rate was measured for 3 min, potential
electron donors were added via syringe, the sensor was replaced, and measurements were recorded every 6 s for 20 min.
To determine whether O2 consumption in samples was due to
abiotic activity, controls consisted of either filtered spring water (0.2 m) or aliquots of the sediment slurries used for respiration that were frozen within 30 min of collection and transported to the laboratory, where they were thawed, autoclaved,
and tested. Manipulations of controls led to a ⬃10% decrease
in O2 concentration. The following framework of axioms was
used to guide interpretation of microrespirometry experi-
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with one of the following electron donors: 1 mM sodium thiosulfate (S2O32⫺) or ammonium chloride (NH4⫹); organic acid (OA) mixture of formate, acetate,
lactate, and propionate (1 mM each); mixture of yeast extract (0.5%, wt/vol) and peptone (0.1%, wt/vol; YE/P); or H2 or CH4 (10 M). Rates of O2 consumption
over 20 min in samples (white bars) and filtered or autoclaved controls (gray bars) are shown. Error bars indicate the standard errors of the means (n ⫽ 3).
Amendments that exhibited stimulation of O2 consumption significantly above that of the control (paired t test, ␣ ⫽ 0.05) before (*) or after (**) correction for
multiple tests (Bonferroni correction) within a given experiment are indicated.

ments: (i) the rate of O2 consumption prior to the addition of
exogenous electron donors represented the intrinsic rate of
aerobic respiration, (ii) a stimulation of O2 consumption
would be observed upon addition of excess electron donor if
the necessary enzymes were present in members of the microbial community (i.e., no time was allowed for enrichment or
induction of gene expression), (iii) only a reaction not already
occurring at Vmax could be stimulated, and (iv) the stimulated
respiration rates are considered potential rates, which are likely
to be higher than rates occurring in situ because the bulk water
and sediment slurries used in these experiments are electron
donor limited for most reactions (9, 10).
A variety of electron donors stimulated O2 consumption,
and their effects varied both between the two springs and between water and sediments. In all samples, the intrinsic rate of
O2 consumption was low (0.01 to 0.02 nmol O2 min⫺1 ml⫺1 in
bulk water samples and 2.8 to 4.5 nmol O2 min⫺1 g⫺1 in sediment slurries), although this might be an artifact of electron
donor consumption during brief delays as experiments were set
up. In GBS bulk water, S2O32⫺, yeast extract and peptone (YE/
P), and a mixture of organic acids (OA) stimulated O2 consumption by 7- to 49-fold without lag, with the highest rates in
response to addition of S2O32⫺ or OA (Fig. 1A). In GBS sedi-
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ment slurries, all electron donors tested stimulated O2 consumption rates (Fig. 1B). In SSW bulk water, YE/P and NH4⫹
stimulated O2 consumption by 6- to 52-fold, with the highest
rates in response to NH4⫹ (Fig. 1A). In SSW sediment slurries,
S2O32⫺, OA, NH4⫹, and CH4 stimulated O2 consumption (Fig.
1B). Thus, the potential catabolic capacity of sediment microbial communities was both distinct from and more diverse than
those of the planktonic communities. This is consistent with
differences in microbial communities observed between the
sediment and planktonic communities in both springs (14, 15)
and, in the case of GBS, a higher richness and evenness observed in sediments compared to planktonic communities (14,
15). In general, the stimulation of O2 consumption suggests
that communities in GBS and SSW are limited by electron donor supply, in contrast to the electron acceptor (O2) limitation
of CO2 fixation observed in Dragon Spring (13). Although only
a limited chemistry data set was collected at the time and location of the respirometry experiments (14), extensive geochemistry measurements made at GBS on several different dates
document a much higher concentration of O2 (19 to 56 M)
than of many of the electron donors used here, with the exception of NH4⫹/NH3, (15 to 93 M) (9, 10, 14, 15). The lower
stimulated O2 consumption rates in SSW were consistent with
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FIG 1 Stimulation of O2 consumption in GBS and SSW water (A) and sediment slurries (B). Samples (2 ml) were amended to the indicated final concentrations
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isolated from spring water (A) and sediment (B) of GBS. Bars represent the averages and standard errors of three replicates. Primers and qPCR methods are
described in the supplemental material and Tables S1 to S3.

the lower redox status, lower O2 concentration, and, in the case
of the planktonic community, lower cell counts in SSW than in
GBS (9, 14).
Possible links could be made between catabolic capacities
inferred by respirometry and prominent members of the resident microbial communities in both springs based on previously reported 16S rRNA gene pyrotag surveys. For GBS sediment and SSW experiments, pyrotag data sets derived from
samples collected at the same time and location as samples used
for respirometry are summarized in Fig. S2 in the supplemental
material (14). Although community surveys directly associated
with the GBS water respirometry samples are lacking, GBS
planktonic communities are relatively stable and dominated by
Thermocrinis, making up 91.5% ⫾ 6.7% of pyrotags, and Pyrobaculum, ranging from ⬍0.1% to 13.9% pyrotags (see Fig. S2)
(14, 15). Most metabolisms inferred by the respirometry data
are consistent with catabolic activities of well-characterized organisms with close relatives in the communities. For example,
GBS and SSW contain close relatives of known hydrogenotrophs and S2O32⫺ oxidizers (Thermocrinis, Sulfurihydrogenibium, and Pyrobaculum), organic acid oxidizers (Pyrobaculum and Thermocrinis), ammonia oxidizers (“Candidatus
Nitrosocaldus yellowstonii”), and aerobic, proteolytic heterotrophs (Hydrogeniphilus, Anoxybacillus, and Thermus) (19–
21). NH4⫹ stimulation of O2 consumption in sediments of
both springs is consistent with relatively high rates of ammonia
oxidation calculated using a 15NO2⫺/NO3⫺ pool dilution and
with extremely high abundance of “Ca. Nitrosocaldus yellowstonii” in these springs (Fig. 2) (14). In contrast, no known
methane-oxidizing microorganisms or consortia are known
above 72°C (22), despite the stimulatory effect of CH4 on O2
consumption in sediments and the large amount of energy potentially available from methane oxidation in these springs (9,
10). We failed to amplify genes for methane monooxygenase by
PCR (T. Vick and B. P. Hedlund, unpublished results) and
genetic markers for known methane oxidizers were not found
in 16S rRNA gene pyrotag data sets (14, 15) or metagenomes
(see below) from GBS water and sediment; thus, the organism(s) responsible for stimulation of O2 consumption by CH4
are unknown.
Pyrotag data indicated that Thermocrinis and “Ca. Nitrosocaldus” spp. comprised the two most abundant operational taxonomic units (OTUs) in GBS water and sediment about which
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catabolic capacity could be predicted based on their relationship
to characterized thermophiles (see Fig. S2 in the supplemental
material). We leveraged existing metagenomic data from GBS water (JGI-IMG taxon object identifier 2084038020; available at http:
//img.jgi.doe.gov/m) and sediment (taxon object identifier
2053563014) to design nondegenerate primers targeting key genes
in these two organisms, which enabled us to quantify these two
OTUs and to explore potential catabolic capacity of the Thermocrinis OTU. Characterized members of the genus Thermocrinis are
capable of aerobically respiring H2 and thiosulfate (20, 23, 24),
and some can additionally oxidize formate (20). Primers were
designed to target Thermocrinis genes putatively involved in
chemolithotrophic oxidation of thiosulfate (sulfur oxidation enzyme complex subunit soxA), hydrogen (NiFe hydrogenase large
subunit hyaB), and formate (formate dehydrogenase large subunit fdhA), as well as the 16S rRNA gene (see Table S1 in the
supplemental material). Quantitative PCR (qPCR) with these
primers was performed essentially as described previously (14)
using template DNA isolated from GBS water and sediment collected at the time and location of sample collection for respirometry experiments (see the supplemental material and Tables S2
and S3 for details). All qPCR amplicons had sizes and melting
curves identical to standards, confirming the primers’ fidelity.
Thermocrinis 16S rRNA genes were less abundant in GBS sediments but approximately equal to total cell counts (⬃2 ⫻ 106
ml⫺1) observed in GBS water (14), consistent with this Thermocrinis being a dominant member of the GBS water community.
Thermocrinis soxA, hyaB, and fdhA were all detected in both sediment and water of GBS (Fig. 2), but their relative abundances in
each environment differed by as much as an order of magnitude,
with soxA most abundant in water and hyaB most abundant in
sediment at levels equivalent to the 16S rRNA gene. These data are
consistent with the existence of several distinct populations of
Thermocrinis with different catabolic capacities and different habitat distributions in GBS. This interpretation is consistent with the
detection by PCR of soxA, but not hyaB or fdhA, in genomic DNA
obtained from multiple Thermocrinis isolates from GBS water and
the ability of these strains to oxidize thiosulfate but not H2 or
formate (A. B. Babbitt and B. P. Hedlund, unpublished results).
Multiple attempts to isolate RNA from the samples associated
with respirometry experiments were unsuccessful; thus, we could
not test whether these genes were expressed at different levels in
GBS. Although similar experiments could, in principle, be done at
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FIG 2 Quantification of 16S rRNA genes (16S) and various putative catabolic genes in Thermocrinis and “Ca. Nitrosocaldus yellowstonii” (“Ca. N. yel.”) in DNA
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SSW to probe the catabolic capacity of Sulfurihydrogenibium, the
most abundant organism in SSW water (see Fig. S1 in the supplemental material), we lack both metagenomic data and laboratory
cultures from which nondegenerate PCR primers could be designed. All five known Sulfurihydrogenibium species use oxidized
sulfur compounds as electron donors and three use H2 (19), so
these are possible donors for Sulfurihydrogenibium in SSW; however, S2O32⫺ was stimulatory only in SSW sediments and H2 was
not stimulatory in SSW at all (Fig. 1).
Quantification of the ammonia monooxygenase subunit A
(amoA) and 16S rRNA genes from “Ca. Nitrosocaldus yellowstonii” was done by using nondegenerate primers previously described and optimized (14, 25). Similar to previous results, “Ca.
Nitrosocaldus yellowstonii” amoA and 16S rRNA genes were
abundant in sediments of both springs (Fig. 2) (SSW, 1.8 ⫻ 109
amoA copies g dry weight [gdw] ⫺1 and 4.1 ⫻ 109 16S rRNA gene
copies gdw⫺1) (14), which is consistent with the stimulatory effect
of NH4⫹ addition to sediment slurries from both springs. NH4⫹
addition also stimulated O2 consumption in SSW water, even
though “Ca. Nitrosocaldus yellowstonii” populations were not
abundant in SSW water at the time and location of sampling (see
Fig. S2 in the supplemental material) (4.5 ⫻ 103 amoA copies ml⫺1
and 7.7 ⫻ 103 16S rRNA gene copies ml⫺1) (14).
In conclusion, the stimulation of O2 consumption by a variety
of organic and inorganic compounds in samples from GBS and
SSW suggest a diverse energy economy in these springs. It is noteworthy that H2 oxidation was stimulatory only in GBS sediments,
despite the dominance of Aquificales in the bulk water of each
spring. The response of the sediment community but not the
planktonic community to H2 may be partially attributed to the
differential distribution of functionally distinct Thermocrinis subpopulations. In addition, experiments with pure cultures of Thermocrinis ruber (C. N. Murphy and B. P. Hedlund, unpublished
results) and Sulfurihydrogenibium subterraneum HGMK-1 (26,
27) show O2-sensitive hydrogenase activity but constitutive
S2O32⫺ oxidation activity, irrespective of H2, O2, or S2O32⫺ concentrations. Together, these data argue against the hypothesis that
H2 is a key electron donor in relatively oxidized or aerobic terrestrial geothermal springs, which are relatively common in the U.S.
Great Basin, but do not rule out the possible importance of H2 in
more reduced or electron acceptor-limited geothermal settings.
This study also underscores the need for caution when using 16S
rRNA gene sequence to infer microbial activity, particularly for
Aquificales, due to the presence of catabolically distinct subpopulations within 16S rRNA gene phylotypes and catabolic versatility
due to gene regulation.
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