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Novel thermophilic crenarchaea have been observed in Fe(III) oxide microbial mats of Yellowstone National
Park (YNP); however, no definitive work has identified specific microorganisms responsible for the oxidation
of Fe(II). The objectives of the current study were to isolate and characterize an Fe(II)-oxidizing member of the
Sulfolobales observed in previous 16S rRNA gene surveys and to determine the abundance and distribution of
close relatives of this organism in acidic geothermal springs containing high concentrations of dissolved Fe(II).
Here we report the isolation and characterization of the novel, Fe(II)-oxidizing, thermophilic, acidophilic
organism Metallosphaera sp. strain MK1 obtained from a well-characterized acid-sulfate-chloride geothermal
spring in Norris Geyser Basin, YNP. Full-length 16S rRNA gene sequence analysis revealed that strain MK1
exhibits only 94.9 to 96.1% sequence similarity to other known Metallosphaera spp. and less than 89.1%
similarity to known Sulfolobus spp. Strain MK1 is a facultative chemolithoautotroph with an optimum pH
range of 2.0 to 3.0 and an optimum temperature range of 65 to 75°C. Strain MK1 grows optimally on pyrite or
Fe(II) sorbed onto ferrihydrite, exhibiting doubling times between 10 and 11 h under aerobic conditions (65°C).
The distribution and relative abundance of MK1-like 16S rRNA gene sequences in 14 acidic geothermal springs
containing Fe(III) oxide microbial mats were evaluated. Highly related MK1-like 16S rRNA gene sequences
(>99% sequence similarity) were consistently observed in Fe(III) oxide mats at temperatures ranging from 55
to 80°C. Quantitative PCR using Metallosphaera-specific primers confirmed that organisms highly similar to
strain MK1 comprised up to 40% of the total archaeal community at selected sites. The broad distribution of
highly related MK1-like 16S rRNA gene sequences in acidic Fe(III) oxide microbial mats is consistent with the
observed characteristics and growth optima of Metallosphaera-like strain MK1 and emphasizes the importance
of this newly described taxon in Fe(II) chemolithotrophy in acidic high-temperature environments of YNP.

Thermophilic, acidophilic chemolithoautotrophs are thought
to be important microorganisms in the evolutionary history of
Earth (37). Their ability to thrive in high-temperature environ-
ments with minimal requirements other than carbon dioxide and
inorganic constituents suggests that these organisms are impor-
tant primary producers in extreme environments. Acid-tolerant
thermophiles have been found in a variety of geothermal springs,
mud pots, and deep-sea vents (10, 25, 29, 37). Many of these
organisms utilize reduced inorganic compounds, such as hydro-
gen, sulfide, elemental sulfur, thiosulfate, methane, or ferrous
iron, as energy sources for metabolism (2, 7). Although the 16S
rRNA gene sequences detected in extreme thermophilic habitats
(13, 15, 16, 31) provide important clues regarding microbial pro-
cesses in situ, the phylogenetic similarity to cultivated organisms is
not sufficient to confirm the physiologies of these novel microor-
ganisms. Cultivation efforts, therefore, are of critical importance
for implicating specific microorganisms in biogeochemical pro-
cesses occurring in situ and for interpreting the role of these
populations in community ecology.

Yellowstone National Park (YNP) is a pristine location for
studying thermophilic acid-tolerant microorganisms and their

role in mediating geochemical processes. Recent studies have
provided a foundation for understanding potential linkages
between specific microbial populations and oxidation-reduc-
tion reactions controlling the behavior of As, S, and Fe in
acid-sulfate-chloride (ASC) springs of YNP (14, 15, 23, 24).
Previous characterization of aqueous and solid-phase geo-
chemistry combined with analysis of 16S rRNA gene sequence
distribution has provided data supporting the hypothesis that
microbial oxidation of Fe(II) results in the formation of exten-
sive ferric oxide and/or jarositic mats in acidic springs of YNP.

Hydrous ferric oxide (HFO) microbial mats are found in
numerous environments, including geothermal springs, hydro-
thermal vents, wetland seeps, and acid mine drainage (3, 5, 14,
19, 24). The mechanism of Fe(II) oxidation may include both
chemical and biological contributions (21), but it is widely
recognized that the rate of aqueous Fe(II) oxidation is quite
low at pH values less than 4 (26, 35) and that acidophilic
microorganisms are often important in mediating the oxidation
of Fe(II) in these environments. The HFO phases found in
ASC springs (pH �3) of Norris Geyser Basin, YNP, form as a
result of microbial processes, and oxide phases often occur as
1- to 2-�m-thick encrustations around rod-shaped and fila-
mentous microorganisms (14, 24). Several novel microorgan-
isms (based on 16S rRNA gene phylogeny) have been identified
in these HFO mats and may contribute to Fe(II) oxidation and
subsequent formation of arsenate-rich HFO phases (14, 24).
These organisms are represented by bacterial 16S rRNA gene
sequences related to Hydrogenobaculum acidophilum (98 to 99%
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similarity), Thermaerobacter subterraneus (91%), Acidimicrobium
ferrooxidans (98%), and Meiothermus silvanus (92%), as well as
archaeal sequences related to Metallosphaera prunae (96%),
Sulfolobus solfataricus (97%), Vulcanisaeta distributa (98%),
and Sulfolobus islandicus (99%). Additional 16S rRNA gene
sequences less than 90% similar to known cultivated organisms
have also been consistently observed in these environments
(e.g., sequences highly similar to clones YNPFFA85 [99%],
YNPFFA108 [99%], SK305 [99%], and YNPFFA23 [99%])
(14). However, there is no direct evidence supporting the po-
tential role of these organisms in Fe cycling in geothermal
systems.

Efforts to cultivate relevant Fe(II)-oxidizing microorganisms
from acidic geothermal springs in YNP have been limited, yet
the metabolism of these thermophiles is responsible for an
array of orange, red, and maroon Fe(III) oxide phases in nu-
merous geothermal outflow channels of YNP (see Fig. S1 in
the supplemental material). Previous 16S rRNA gene se-
quence characterization of acidic Fe mats in Norris Geyser
Basin suggested that Metallosphaera-like organisms are impor-
tant in the oxidation of Fe(II) and the subsequent formation of
copious amounts of Fe(III) oxides within geothermal outflow
channels (14, 24). There are currently four characterized Met-
allosphaera spp., all of which were isolated from high-temper-
ature acidic environments (9, 11, 22, 39). In most cases, these
chemolithoautotrophs are capable of growth on sulfidic ores
and/or elemental sulfur. However, the importance of Fe(II) as
an electron donor in this understudied genus is not clear.
Peeples and Kelly (28) have shown that M. prunae may oxidize
Fe(II) as a sole energy source, and several studies have noted
that Metallosphaera spp. are effective in accelerating the disso-
lution of pyrite and the release of metals in biomining appli-
cations (27, 30, 32).

Given the potential importance of Metallosphaera-like or-
ganisms in geothermal environments and their possible utility
in controlled bioleaching applications, the objectives of the
current study were to (i) isolate and characterize an Fe(II)-
oxidizing Metallosphaera-like organism from acidic Fe mats in
YNP and (ii) determine the abundance and distribution of
similar Metallosphaera-like 16S rRNA gene sequences in a
variety of different Fe(III) depositional mats common in acidic
geothermal springs of YNP.

MATERIALS AND METHODS

Initial isolation protocols. Approximately 2 g of an HFO microbial mat from
the outflow channel of an ASC geothermal spring was placed in a sealed 60-ml
serum bottle, which was filled with native spring water (62 to 63°C). The site is
unofficially named Beowulf Spring and is located in the One Hundred Springs
Plain of Norris Geyser Basin, YNP (44°43�53.4�N, 110°42�40.9�W; YNP Thermal
Inventory NHSP35). After 4 h, 1 ml of the slurry was transferred into each of
three 20-ml serum bottles containing 15 ml of filtered (pore size, 0.2 �m) spring
water, 2% (wt/wt) pyrite-enriched mine tailings, and a 5-ml gas headspace com-
posed of 25% O2, 50% CO2, and 25% air. The pyrite-enriched mine tailings were
obtained from a previous study using density separation techniques and con-
tained �50% pyrite (18). The cultures were incubated at 65°C for 10 days and
then subjected to several rounds of dilution to extinction. The progress of all
cultures was monitored by extracting DNA from the serum bottles, followed by
PCR amplification of 16S rRNA genes using universal bacterial and archaeal
primers (14, 24) and separation and visualization of the PCR products using
denaturing gradient gel electrophoresis (DGGE) (24). The purity of cultures was
also confirmed by cloning and sequencing of longer 16S rRNA gene fragments
(see below). Pure cultures from serum bottles were centrifuged at 1,000 � g for

10 min and preserved in a 25% glycerol-75% synthetic growth medium. The
glycerol stocks were stored at �80°C after they were frozen in liquid nitrogen.

Growth media, conditions, and substrates. Pure cultures were maintained as
described above, but spring water was replaced by a synthetic medium designed
so that its aqueous geochemistry matched the spring water aqueous geochemis-
try. The synthetic growth medium contained 11 mM Na�, 10.1 mM Cl�, 1.5 mM
K�, 1.2 mM SO4

2�, 0.7 mM H3BO3, 0.4 mM NO3
�, 0.25 mM Ca2�, 0.1 mM

PO4
3�, 0.2 mM Al3�, 0.1 mM NH4

�, 0.1 mM H4SiO4, and 0.1 mM Mg2�. Unless
stated otherwise, 20 mM FeSO4 (pH 2.5), vitamins, and trace metals (12) were
added to the growth medium, and the pH was adjusted to 2.5 to 3.0 with H2SO4,
followed by filter sterilization (pore size, 0.2 �m). Medium specific for Metal-
losphaera sedula (11) containing 0.1% yeast extract was also used to check for
growth enhancement on pyrite. Chemolithotrophic growth of the isolate was
evaluated in 20-ml serum bottles containing 15 ml synthetic medium using a
variety of possible electron donors, including 0.5 and 10 mM sodium tetrathio-
nate and 1 and 20 mM Fe(II)SO4 (pH 2.5), as well as different solid phases,
including elemental S0, Fe(II) sorbed onto ferrihydrite, and various sulfide min-
erals (Ward’s Natural Science, Rochester, NY). Research-grade pyrite (FeS2),
chalcopyrite (FeCuS), sphalerite (ZnS), and covellite (CuS) were ground with an
agate mortar and pestle, separated by sieving, and sonified in acetone for 15 min
to remove fine particles created during grinding. The final mineral fractions were
autoclaved twice at 132°C prior to use in growth experiments. Two-line ferrihy-
drite was synthesized using the method outlined by Schwertmann and Cornell
(34) and then washed three times with 0.05 M FeSO4 for 30 min in the dark and
filtered (pore size, 0.2 �m). This substrate, containing Fe(II) sorbed to ferrihy-
drite, is referred to below as Fe(II) ferrihydrite. The amount of the solid phase
added to each of the serum bottles was 0.5 g of the �0.15-�m size fraction.
Anaerobic growth was tested with pyrite and Fe(II) sorbed to ferrihydrite using
10 mM NO3

� as the electron acceptor. Anaerobic growth was also tested in the
presence of elemental sulfur and ferrihydrite. All anaerobic samples were purged
for 30 min with N2 gas, and anaerobic conditions were verified using 1 mg/liter
resazurin.

Detailed growth curves were obtained under several geochemical conditions,
including (i) pyrite and synthetic medium, (ii) pyrite with 0.005% yeast extract,
(iii) Fe(II) sorbed to ferrihydrite with 0.005% yeast extract, and (iv) elemental
sulfur (S0) with 0.005% yeast extract. Temperature and pH optima were deter-
mined in serum bottles containing pyrite and synthetic medium using 1 ml of a
diluted inoculum (500 to 1,000 cells/ml). Cultures were grown in a solid Al block
incubator at 15 temperatures ranging from 40 to 90°C. The pH was adjusted by
addition of either HCl or NaOH, and the isolate was cultivated at pH 0.75, 1.0,
2.0, 2.5, 3.0, 3.5, 4.5, 5.0, 5.5, and 6.0. The pH of the growth medium was
determined daily and adjusted with acid or base when necessary. Growth was
quantified after 11 days using total DNA extracted from serum bottles in tripli-
cate for each treatment after filtration of the contents onto 0.22-�m polycarbon-
ate filters (FastDNA SPIN kit for soil; Q-Biogene, Irvine, CA). DNA was mea-
sured with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE) after a blank consisting of a noninoculated pyrite control
sample was examined. Additional pyrite-containing serum bottles were spiked
with 100 ng/�l DNA (100-bp DNA ladder; catalog no. G2101; Promega) to
evaluate the extraction efficiency. Cell growth for selected treatments was also
quantified directly using 0.2-ml samples treated with 4�,6�-diamidino-2-phenyl-
indole (DAPI) and counted in a Hausser Scientific counting chamber (Horsham,
PA) using a Zeiss epifluorescence microscope (Zeiss Axioskop 2 plus; Zeiss,
Oberkochen, Germany).

Chemical analyses. Concentrations of SO4
2�, S2O3

2�, NO3
�, and PO4

3� in
serum bottles were determined as a function of time using anion chromatography
(model DX500 with an AS-16 4-mm column; Dionex Corp., Sunnyvale, CA).
Total soluble Fe and Fe(II) contents were measured using the ferrozine method
(40).

Electron microscopy. Cultures were filtered through 0.22-�m polycarbonate
filters after incubation for 10 days, and the resulting pyrite suspensions were
immediately fixed with 3% glutaraldehyde. Samples were then imbedded in 2%
Noble agar, refixed in glutaraldehyde, dehydrated in an ethanol series, and
treated with propylene oxide before infiltration with Spurr’s epoxy resin (36).
Thin sections were placed on 300-mesh copper grids and analyzed by transmis-
sion electron microscopy using a LEO 912AB (LEO Electron Microscopy Inc.,
Thornwood, NY) equipped with an in-column OMEGA-type imaging spectrom-
eter and controlled with Soft Imaging System software (Lakewood, CO).

Characterization of geothermal sites in YNP. Numerous acidic Fe mats from
three geothermal basins in YNP (Norris Geyser Basin, Rainbow Springs, and
Joseph’s Coat Springs) were sampled and used for aqueous and solid-phase
geochemical analysis and for molecular characterization (16S rRNA gene se-
quencing). The following 14 distinct springs were analyzed in detail (see Fig. S1
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and Table S1 in the supplemental material): nine sites in Norris Geyser Basin,
including sites NGB-BE (unofficially referred to as Beowulf-East), NGB-BW
(Beowulf-West), NGB-DS (unofficially referred to as Dragon Spring), NGB-OSP
(unnamed feature in the One Hundred Spring Plain), NGB-WG (Whirlygig
Geyser), NGB-TC (unnamed spring along Tantalus Creek), NGB-EG (Echinus
Geyser), NGB-PB (unnamed spring in Porcelain Basin), and NGB-GAP (un-
named spring west of Ragged Hills); two unnamed springs at Joseph’s Coat
Springs (sites JC1 and JC2); and three unnamed springs at Rainbow Springs
(sites RS1, RS2, and RS3). Samples were obtained from each spring at multiple
locations along a transect down the primary flow channel, including both S0 and
Fe oxide depositional zones. A thorough geochemical characterization of spring
water samples obtained directly above the Fe microbial mats was conducted for
all sites (see Table S1 in the supplemental material).

DNA extraction and 16S rRNA gene sequencing. The distribution and relative
abundance of Metallosphaera-like 16S rRNA gene sequences were examined for
all 14 geothermal sites described above. In the majority of cases, the sites were
sampled several times over a 3-year period (2003 to 2005). Microbial mat sam-
ples were obtained using sterile tools and collection tubes and were immediately
placed on dry ice for transport to a �80°C freezer. Total DNA was extracted
from the samples (or pure cultures) using a FastDNA SPIN kit for soil (Q-
Biogene, Irvine, CA). The nearly full-length PCR primers targeting 16S rRNA
genes were the Bacteria-specific primer Bac8f (5�-AGAGTTTGATCCTGGCT
CAG-3�) coupled with the universal primer Univ1392r (5�-ACGGGCGGTGTG
TAC-3�) and the Archaea-specific primer Arc2f (5�-TTCCGGTTGATCCYGC
CGGA-3�) also coupled with the universal primer Univ1392r. Briefly, each 50-�l
PCR mixture contained 10 mM Tris-HCl (pH 8), 50 mM KCl, 0.1% Triton
X-100, 4.0 mM MgCl2, each deoxynucleoside triphosphate at a concentration of
800 �M, 0.5 �l of each primer, 1.25 U of Taq DNA polymerase (Promega,
Madison, WI), and 1 to 5 �l of template DNA (2 to 20 ng). The thermal cycler
protocol was 94°C for 6 min, 25 to 35 cycles of 94°C for 45 s, 54°C for 45 s, and
72°C for 110 s, and a final 7-min extension at 72°C. Negative control reactions (no
template) were routinely performed to ensure purity. The purified PCR products
were cloned using the pGEM-T vector system from Promega Corp. (Madison,
WI), and the inserts were amplified and sequenced (TGEN, Phoenix, AZ, and
the Ohio State Plant Genomics Facility, Columbus, OH).

Isolate-specific 16S rRNA primer. An 18-bp primer specific for MK1-like
organisms was designed around 16S rRNA class I and II sites (4) of strain MK1,
as well as highly related (	99% similarity) sequences from Fe mats described in
this study. The primer (5�-AGAAGGACTGCCGGTGTT-3�) had no homology
to 16S rRNA gene sequences of other organisms and was analyzed further using
IDT ScitTools OligoAnalyzer 3.0 (Integrated DNA Technologies, Coralville, IA)
to determine possible hairpins, dimers, and the melting temperature. The MK1
primer was used as a reverse primer with the Archaea-specific primer Arc2f (total
fragment length, �1,000 bp) to verify and test cultures and spring locations for
MK1-like sequences. The PCR conditions were the same as those described
above except that the annealing temperature was 55°C and there was 90 s of
extension at 72°C. Control reactions with no template were routinely performed
to ensure purity. The specificity of the primer set was tested and confirmed by
sequencing 25 clones after amplification of DNA extracts from ASC springs
(NGB-BE, NGB-DS, and NGB-OSP).

Quantitative PCR and fluorescent in situ hybridization. Quantitative PCR
analysis was performed with a Rotor-Gene RG-3000 (Corbett Life Science,
Sydney, Australia). The standards used for the calibration curve (e.g., initial
DNA concentration versus cycle threshold number) were created using pooled
DNA extracts from subject Fe mats from ASC springs. Extracted DNA was
amplified with each of the following primer sets using the PCR protocol de-
scribed above: Arch931f/Univ1392r, Bac1070f/Univ1392r, and MET-MK1/
Univ1392r. The resultant �300- to 430-bp products (the product size depended
on the primer set) were purified with a QIAquick PCR cleanup kit (Qiagen,
Valencia, CA) and were quantified using UV spectroscopy (NanoDrop ND-
1000) and/or agarose gel electrophoresis. Standards for each primer set were
then serially diluted with master mixture to create six quantitative PCR working
standards ranging from 1:103 to 1:108. The master reaction mixture was prepared
as described above with addition of 1� SYBR green I dye (Applied Biosystems,
Foster City, CA). Environmental samples were obtained from a 55°C Beowulf
HFO mat, a 62.5°C Beowulf HFO mat, and a 55°C Dragon Spring HFO mat, and
the DNA was extracted as described above. Extracted DNA was diluted 1:10 with
the master mixture and analyzed along with the standards, a blank and a positive
control consisting of DNA extracted from strain MK1.

The MK1 primer sequence (described above) was labeled with a 5� Cy5
fluorescent tag by Integrated DNA Technologies (Coralville, IA), and probe
hybridization was performed as described by Amann et al. (1). Fluorescent

images were obtained using a Zeiss epifluorescence microscope (Axioskop 2
plus; Zeiss, Oberkochen, Germany) and a fluorescein isothiocyanate filter.

Nucleotide sequence accession numbers. Eighty-six Metallosphaera-like 16S
rRNA gene sequences (SK, EM, and MK series) from Fe(III) oxide mats in YNP
have been deposited in the GenBank database (see Table S2 in the supplemental
material for accession numbers and locations of the environmental clones). The
nearly full-length 16S rRNA gene sequence of Metallosphaera sp. strain MK1 has
been deposited in the GenBank database under accession no. DQ350777.

RESULTS

Initial enrichment cultures prepared using an Fe(III) oxide
microbial mat inoculum contained three or four thermophilic
populations based on DGGE analysis of culture complexity.
Subsequent dilution to extinction resulted in isolation of a pure
culture, as determined using both DGGE analysis and full-
length 16S rRNA gene sequence analysis with universal ar-
chaeal and bacterial primer sets. Sequencing results verified
that the closest cultivated relatives of the pure culture obtained
with this isolation protocol are Metallosphaera spp. in the order
Sulfolobales (Fig. 1). The 16S rRNA gene sequence (1,331-bp
fragment) of this organism is only 95 to 96% similar to se-
quences of other Metallosphaera spp. and is less than 89.1%
similar to sequences of other Sulfolobus spp. Although this
suggests that the strain may be classified as a member of a new
genus within the Sulfolobales, we designated this new taxon as
Metallosphaera sp. strain MK1.

Growth optima and electron donors. The growth of strain
MK1 was evaluated in the presence of pyrite, S0, and Fe(II)
ferrihydrite. No significant statistical differences (
 � 0.05) in
the growth rates were noted in treatments containing pyrite,
pyrite with 0.005% yeast extract, or Fe(II) ferrihydrite (Fig. 2),
and under these conditions maximum growth rates (2.1 �
107 � 0.5 � 107 cells ml�1 h�1) were observed either in the
presence of pyrite or in the presence of Fe(II) ferrihydrite. The
maximum growth rates observed at 65°C corresponded to dou-
bling times of 10.3 � 0.5 and 11.4 � 0.5 h (means � standard
errors) in the presence of Fe(II) ferrihydrite and pyrite, re-
spectively. Strain MK1 did not exhibit measurable growth in
the presence of 20 mM ferrous sulfate, suggesting that sorbed
Fe(II) or the presence of a mineral substrate is an important
prerequisite for the growth of this organism. This organism is
also capable of growth on elemental S0 (Fig. 2), albeit at a
reduced rate (doubling times, 16 � 2 h) compared to treat-
ments containing Fe(II). The amount of sulfate produced (Fig.
3) during growth in the presence of pyrite (�3 mM) or ele-
mental sulfur (�1.3 mM) was consistent with the differential
growth rates on these substrates and confirmed that strain
MK1 is capable of oxidizing reduced forms of S.

The optimal pH and temperature for growth of strain MK1
were determined in the presence of 2% pyrite. This organism
exhibited optimal growth at pH 2 to 3 and at 65 to 75°C (Fig.
4); however, it could survive over a reasonably broad temper-
ature range (45 to 85°C). The pH and temperature optima for
strain MK1 are similar to the geothermal site conditions (pH
3.1, 65°C) of the Fe mat used as the original inoculum.

Autotrophic growth was also significant in the presence of
pyrite-enriched mine tailings, pyrrhotite (FeS), and chalcopy-
rite (CuFeS2), as determined by evaluating DNA yields after
11 days of growth (Table 1). Growth was modest on S0 plus
0.005% yeast extract. Interestingly, growth on S0 was enhanced
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considerably after the addition of 10 mM Fe(II)SO4, despite
the fact that strain MK1 did not grow in media containing 20
mM aqueous Fe(II)SO4. Poor or modest growth was observed
on other sulfide minerals, including sphalerite (ZnS) and cov-
ellite (CuS); however, no growth was observed on aqueous
sulfide, thiosulfate, or tetrathionate or on the reduced Fe min-
erals magnetite (Fe3O4) and siderite (FeCO3). Anaerobic
growth was not detected using S0 as an electron donor and
ferric iron (as ferrihydrite) as an electron acceptor. In addition,
no growth was observed on pyrite, Fe(II) ferrihydrite, or S0

under anaerobic conditions when NO3
� was present as a po-

tential electron acceptor.
Isolate morphology and surface association. Samples from

actively growing pyrite cultures were examined using transmis-
sion electron microscopy. Cells of strain MK1 have lobed coc-
cus morphology (diameter, 0.9 to 1.2 �m), as well as a plasma
membrane and an S layer approximately 50 nm thick, both of

FIG. 2. Growth curves (log10) of Metallosphaera sp. strain MK1 on
specimen-grade pyrite (with and without added yeast extract), Fe(II)
sorbed to ferrihydrite, and elemental S. The maximum growth rates in
the presence of pyrite or Fe(II) ferrihydrite were 2.1 � 107 � 0.5 � 107

cells ml�1 h�1. YE, yeast extract.

FIG. 1. Phylogenetic (16S rRNA gene) tree showing the positions of Metallosphaera sp. strain MK1 described in the current study and three
Metallosphaera-like clone groups obtained from 14 different acidic geothermal sites in YNP. A total of 421 Metallosphaera-like clones were in clone
groups 1 to 3; however, the majority of these clones (415 clones) were in group 1 and were 	98.9% similar to strain MK1. The values in parentheses
are the levels of 16S rRNA gene sequence similarity to Metallosphaera sp. strain MK1. The tree is a PAUP neighbor-joining tree constructed with
1,000 bootstraps, using Aquifex pyrophilus as the outgroup.
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which are typical of other members of the Sulfolobales (6, 17,
41) (see Fig. S2 in the supplemental material). Optical, DAPI,
fluorescent in situ hybridization, and transmission electron mi-
croscopy images also confirmed that strain MK1 is closely
associated with pyrite and/or Fe(III) oxide particles formed as
a result of Fe(II) oxidation (see Fig. S2 in the supplemental
material).

Distribution of Metallosphaera-like 16S rRNA gene se-
quences. A total of 883 full-length 16S rRNA gene sequences
from 14 different geothermal Fe mat samples were character-
ized, and 419 of these sequences (�46% of the total archaeal
clones) were highly related (�99 to 100%) to Metallosphaera

sp. strain MK1. The majority of Metallosphaera-like clones
(404 clones) were highly related to one another (	99% simi-
larity) and were represented in the phylogenetic tree as a single
entry designated group 1 clones (Fig. 1). This phylogenetic
group also contained the 16S rRNA gene sequence of Metal-
losphaera sp. strain MK1, which exhibited 98.9 to 100% se-
quence similarity to group 1 clones (Fig. 1). Two additional
Metallosphaera-like clone groups (groups 2 and 3) were iden-
tified in this study, and each group contained two entries from
sites in Norris Geyser Basin (sites NGB-WG, NGB-OSP, and
NGB-EG). Compared to group 1 clones, these less frequent
clones were more distantly related to strain MK1, with similarity
values ranging from 96 to 97% (Fig. 1). All Metallosphaera-like
16S rRNA gene sequences from these sites were less than 96%
similar to previously cultured Metallosphaera spp. Finally,
based on the 14 geothermal sites investigated in the current
study, there was no obvious separation or grouping of Metal-
losphaera-like 16S rRNA sequences by location. For example,
group 1 contained representatives from all 14 sites.

Semiquantitative estimates of numerical relevance. Quanti-
tative PCR analysis was performed with universal bacterial,
universal archaeal, and Metallosphaera sp. strain MK1-specific
16S rRNA gene primer sets for three Fe mats from Norris
Geyser Basin (sites NGB-BEE, NGB-BWD, and NGB-DC).
The results indicate that sequences highly similar to Metal-
losphaera sp. strain MK1 represented a significant proportion
of not only the archaeal species in ASC springs but also the
total microbial diversity (Fig. 5A). For example, between 13

FIG. 3. Production of sulfate during growth of Metallosphaera sp.
strain MK1 in the presence of pyrite and elemental S0 (pH 3, 65°C,
0.005% yeast extract). The growth medium contained aqueous sulfate
at an initial concentration of 3 mM, and controls revealed that there
was little change in sulfate in the absence of microbial growth. The
error bars indicate standard errors (n � 3).

FIG. 4. Temperature and pH growth optima of Metallosphaera sp.
strain MK1 grown on pyrite plus 0.005% yeast extract. The tempera-
ture experiment was performed at a constant pH, pH 3, while the pH
experiment was performed at a constant temperature, 65°C. Maximum
growth rates were observed at pH 2.5 and 75°C. The error bars indicate
standard errors (n � 3) but are generally within the symbols; the y axis
is a log10 axis.

TABLE 1. Growth of Metallosphaera sp. strain MK1 in the
presence of different minerals, substrates, or aqueous

electron donors (pH 3, 65°C)a

Culture growth conditions Growth Peak amt of DNA
(ng) (SE)

Pyrite-enriched mine tailings ��� 3,610 (255)
Fe(II) sorbed to ferrihydrite ��� 3,277 (53)
Pyrite (FeS2)� yeast extract

(DSMZ 485 medium)
��� 3,244 (110)

Pyrrhotite (FeS) ��� 2,779 (280)
Pyrite (FeS2) � 20 mM Fe(II) ��� 2,592 (60)
Elemental sulfur � 20 mM Fe(II) ��� 2,576 (313)
Chalcopyrite (CuFeS2) �� 2,140 (95)
Pyrite (FeS2) � 20 mM Fe(II) �� 1,807 (58)
Elemental sulfur � 0.02% yeast

extract
�� 1,609 (133)

Covellite (CuS) � 1,000 (92)
Sphalerite (ZnS) � 335 (54)
Siderite (FeCO3) � NDb

Magnetite (Fe3O4) � ND
FeSO4 (20 mM) � NDc

Tetrathionate (20 mM) � ND
Na2S (5 �M) � ND
Yeast extract (0.02%) in synthetic

growth medium
� ND

Anaerobic (sulfur/ferrihydrite) � ND
Anaerobic (pyrite/10 mM NO3

�) � ND
Anaerobic [Fe(II) ferrihydrite/10

mM NO3
�)

� ND

a Growth was assessed visually based on oxidation products (���, substantial
Fe(III) oxide production; �, no growth) and quantitatively after 11 days using
total extractable DNA from 20-ml growth vessels (n � 3).

b ND, not detected.
c Abiotic oxidation of aqueous Fe(II) for 	2 weeks resulted in the presence of

Fe(III) oxide plus aqueous Fe(II), which could support growth of strain MK1.
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and 36% of the total amplifiable archaeal sequences could be
attributed to Metallosphaera sp. strain MK1-like sequences in
ASC springs. Interestingly, the results showed that there was a
decrease in Metallosphaera sp. strain MK1-like sequences from
about 36% of total archaeal sequences at 65°C (site NGB-
BEE) to 12% at 55°C (site NGB-BWD). Previous work on
these springs had suggested that Metallosphaera-like sequences
were more common at temperatures above 60°C (14, 24), and
this observation is consistent with the temperature optima of
strain MK1 (range, 65 to 75°C). In fact, HFO mats that formed
at temperatures above 80°C, such as those found at the source
of site NGB-GAP (85°C), did not contain clones related to
Metallosphaera spp., further suggesting that strain MK1 is eco-
logically constrained to a temperature range of approximately
55 to 75°C.

Estimates of the relative importance of MK1-like organisms
obtained from quantitative PCR agreed favorably with the
relative abundance of Metallosphaera-like sequences identified
in clone libraries from these three sites (ASC springs) (Fig.
5B). Further, environmental clones highly similar to strain
MK1 were also obtained from acid-sulfate springs at Rainbow
Springs (sites RS1 and RS2) and Joseph’s Coat Springs (sites
JC1 and JC2) (Fig. 5B). These geothermal systems contain 1 to
2 mM NH4

�, 5 to 8 mM SO4
2�, and very low concentrations of

Cl� (see Table S1 in the supplemental material) (www.rcn
.montana.edu), which is quite different than the predominant
cations and anions in springs of Norris Geyser Basin (e.g., Na�

and Cl�). Despite these differences, the high temperature (65
to 75°C), low pH (pH 2.5 to 2.6), and high ferrous Fe content
(�100 �M) of the Rainbow Springs and Joseph’s Coat Springs
sites appear to be optimum for Metallosphaera sp. MK1-like
organisms. In these habitats, MK1-like clones often dominated
the archaeal clone libraries, accounting for 24 to 98% of the
sequences detected at the sites.

DISCUSSION

Two primary niche environments for Sulfolobales have been
proposed: (i) aerobic geothermal springs and acidic soils usu-

ally having ferric Fe deposits and (ii) anaerobic habitats con-
taining sulfide minerals (37). Strain MK1 exhibits growth and
morphological characteristics that are generally similar to
those of other members of the Sulfolobales; however, strain
MK1 is capable of growth using Fe(II) sorbed to ferrihydrite as
a sole electron donor in the absence of sulfide minerals, dis-
solved sulfide, or elemental S. No measurable growth was
observed on aqueous ferrous sulfate. Although several Sulfolo-
bus-like 16S rRNA gene sequences were observed in Fe(III)
mats of YNP acidic springs, sequences related to Metallospha-
era sp. strain MK1 were considerably more abundant. Based on
the distribution patterns of MK1-like 16S rRNA gene se-
quences, as well as the characteristics of strain MK1, these
organisms prefer Fe(II) over reduced forms of S and represent
an important taxon responsible for Fe(II) chemolithotrophy
and biomineralization of Fe(III) solid phases in geothermal
systems of YNP (12, 38). This is an important finding because
numerous low-pH, high-ferrous Fe geothermal habitats exist in
YNP and elsewhere, which do not contain sufficient sulfide or
elemental S to support robust growth of S-oxidizing Sul-
folobales. Consequently, these environments constitute a sep-
arate niche for members of the Sulfolobales capable of Fe(II)
oxidization.

Gibbs free energy values calculated based on actual spring
conditions revealed that the Fe2� oxidation reactions forming
aqueous Fe3� or Fe(III) solid phases are exergonic in these
systems (Gibbs free energy, ��30 to �40 kJ mol electron�1)
when O2 serves as the electron acceptor (2, 15). The rate of
abiotic Fe2� oxidation is highly pH dependent, and the abiotic
rate is quite low at pH values less than 4 (26, 35). Conse-
quently, the deposition of Fe(III) secondary minerals in high-
flow-rate environments (velocity, 0.05 to 0.5 m/s) reflects the
importance of microbial oxidation in mineral deposition (14,
24). An important geochemical attribute of these habitats is
the combination of high dissolved ferrous Fe concentrations
and the presence of Fe(III) solid phases, such as Fe(III) oxy-
hydroxides as well as jarosite (15). The interesting finding that
strain MK1 grows robustly using Fe(II) sorbed to ferrihydrite

FIG. 5. Distribution and abundance of Metallosphaera-like 16S rRNA gene sequences in acid-sulfate (AS) and ASC geothermal springs in YNP.
(A) Quantitative PCR results for three ASC springs, indicating the percentages of bacterial and archaeal 16S rRNA genes relative to the total
amount of 16S rRNA genes and the percentage of Metallosphaera sp. strain MK1-like 16S rRNA genes relative to the total amount of archaeal
16S rRNA genes. (B) Relative abundance of Metallosphaera-like clones (total, 421 clones) expressed as a percentage of all of the archaeal clones
(883 clones) for different sites.
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as an energy source is consistent with the geochemical condi-
tions in these habitats.

During the course of the current study, we inventoried a
fairly extensive number of acidic springs in YNP, including
different Fe(III) oxide mats with variable geochemistry, and we
concluded that organisms highly related to Metallosphaera sp.
strain MK1 are found primarily in low-pH (pH 2 to 4), high-
ferrous Fe springs associated with the biomineralization of
Fe(III) solid phases at temperatures ranging from 55 to 85°C.
Organisms highly related to strain MK1 were especially prev-
alent in aerobic outflow channel positions of the acid-sulfate
systems at Rainbow Springs (sites RS1 and RS2) and at
Joseph’s Coat Springs (site JC2) and are important members
of the archaeal community in the ASC springs of Norris Geyser
Basin (Fig. 5). Conversely, strain MK1-like 16S rRNA se-
quences were not commonly observed in locations where dis-
solved sulfide (DS) concentrations were greater than approx-
imately 10 �M or where dissolved oxygen concentrations were
near or below the limit of detection (1 to 3 �M) (15, 28). In
several of the acidic springs studied (e.g., sites NGB-BE, NGB-
DW, and RS2), the concentrations of DS were significant at
the point of discharge (10 to 150 �M) and Metallosphaera-like
sequences were generally not observed until the DS concen-
tration had dropped to �5 to 10 �M, where Fe(III) oxide mats
began to form.

Future progress in characterization of regulatory mecha-
nisms of Fe versus S oxidation in strain MK1 and other novel
Sulfolobales should help workers develop more definitive link-
ages between habitat parameters [i.e., temperature, elemental
S, Fe(III) oxides, dissolved O2] and the distribution of Metal-
losphaera-like organisms in geothermal habitats. Understand-
ing microbial mechanisms of sulfide mineral oxidation under
thermophilic conditions has important implications for bio-
leaching, metal recovery (20, 27, 30, 32), and coal desulfur-
ization (6, 8, 33). Strain MK1 oxidizes pyrite, pyrite-enriched
mine tailings, and other sulfide minerals (Fig. 2 and Table 1) at
significant rates under batch culture conditions. Given its
broad temperature range (�50 to 80°C), strain MK1 and/or
closely related organisms from YNP may be suitable candi-
dates for enhanced bioleaching under acidic, thermophilic con-
ditions.
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