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The fixation of inorganic carbon has been documented in all three domains of life and results in the biosynthesis of diverse or-
ganic compounds that support heterotrophic organisms. The primary aim of this study was to assess carbon dioxide fixation in
high-temperature Fe(III)-oxide mat communities and in pure cultures of a dominant Fe(II)-oxidizing organism (Metallosphaera
yellowstonensis strain MK1) originally isolated from these environments. Protein-encoding genes of the complete 3-hydroxypro-
pionate/4-hydroxybutyrate (3-HP/4-HB) carbon dioxide fixation pathway were identified in M. yellowstonensis strain MK1.
Highly similar M. yellowstonensis genes for this pathway were identified in metagenomes of replicate Fe(III)-oxide mats, as were
genes for the reductive tricarboxylic acid cycle from Hydrogenobaculum spp. (Aquificales). Stable-isotope (13CO2) labeling dem-
onstrated CO2 fixation by M. yellowstonensis strain MK1 and in ex situ assays containing live Fe(III)-oxide microbial mats. The
results showed that strain MK1 fixes CO2 with a fractionation factor of �2.5‰. Analysis of the 13C composition of dissolved
inorganic C (DIC), dissolved organic C (DOC), landscape C, and microbial mat C showed that mat C is from both DIC and non-
DIC sources. An isotopic mixing model showed that biomass C contains a minimum of 42% C of DIC origin, depending on the
fraction of landscape C that is present. The significance of DIC as a major carbon source for Fe(III)-oxide mat communities pro-
vides a foundation for examining microbial interactions that are dependent on the activity of autotrophic organisms (i.e., Hy-
drogenobaculum and Metallosphaera spp.) in simplified natural communities.

The fixation of inorganic carbon (i.e., carbon dioxide [CO2]) is
an important metabolic process in all three domains of life and

can initiate trophic cascades that support ecosystem food webs.
Photoautotrophs incorporate CO2 by using the Calvin-Benson-
Bassham cycle and have long been recognized as significant con-
tributors to the global carbon cycle. The role of archaeal carbon
dioxide fixation in microbial communities, however, is not well
studied. Until recently, the contribution of chemoautotrophs
(specifically Archaea) to CO2 fixation has been underappreciated
on a global scale, yet the contribution of chemoautotrophic pro-
karyotes to system productivity is important in numerous habi-
tats. For example, members of the Thaumarchaeota (previously
referred to as “marine Crenarchaeota”) represent up to 40% of
deep-ocean “bacterioplankton” (1) and have now been implicated
as major contributors to global carbon and nitrogen cycling (2–4).
Consequently, the discovery of new CO2 fixation pathways and
the identification of specific populations that contribute to the
fixation of CO2 in natural habitats provide a foundation for un-
derstanding how microbial systems contribute to global carbon
cycling.

Numerous archaea are capable of CO2 fixation via different
mechanisms (5–8). The 3-hydroxypropionate/4-hydroxybutyrate
(3-HP/4-HB) and dicarboxylate/4-hydroxybutyrate (DC/4-HB)
pathways for CO2 fixation have been identified recently in differ-
ent members of the Crenarchaeota (9, 10). Both cycles regenerate
acetyl coenzyme A (CoA) from succinyl-CoA via seven enzyme-
catalyzed reactions, including a dehydration reaction (4-hydroxy-
butyryl-CoA to crotonyl-CoA), which is catalyzed by 4-hydroxy-
butyryl-CoA dehydratase (4HCD). Consequently, the 4HCD gene
(encoding the type 1 4HCD protein) is a marker gene for both
pathways. The 3-HP/4-HB pathway has been identified in mem-

bers of marine and soil Thaumarchaeota (1, 11), and the 4HCD
gene was found at abundances similar to those of RubisCO, the
marker gene for the Calvin-Benson-Bassham cycle, in the Global
Ocean Survey (GOS) (9, 12). Therefore, it was suggested that
abundant mesophilic autotrophic Thaumarchaeota in the open
ocean utilize the 3-HP/4-HB cycle (or a variant thereof) to fix
substantial quantities of CO2 (9, 10, 13).

Iron oxide microbial mats from acidic (pH �3) geothermal
outflow channels of Yellowstone National Park (YNP) contain
chemolithotrophic microorganisms responsible for the oxidation
of Fe(II) and the biomineralization of Fe(III)-oxides (14–17).
These microbial communities represent a consortium of numer-
ous archaea, including several crenarchaeal populations (orders
Sulfolobales, Desulfurococcales, and Thermoproteales) and repre-
sentatives of the candidate phylum Geoarchaeota (18–20), as well
as acidophilic bacteria from the order Aquificales. Hydrogenobacu-
lum spp. are the dominant bacterial population(s) present in high-
temperature (i.e., �65°C) acidic Fe mats, and these organisms fix
CO2 through a modified version of the reductive tricarboxylic acid
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(r-TCA) cycle that cleaves citrate via citryl-CoA lyase and citryl-
CoA synthetase (21, 22). Mature Fe(III)-oxide mats of a 0.5- to
1-cm thickness contain relatively low levels of Hydrogenobacu-
lum-like organisms (2 to 10% of random shotgun sequences).
However, these bacteria are important colonizers during the for-
mation of Fe mats (23) and are often found in communities that
contain Fe(II)-oxidizing members of the order Sulfolobales, such
as Metallosphaera yellowstonensis (17).

M. yellowstonensis-like populations (�98% nucleotide identity
to M. yellowstonensis strain MK1) represent 10 to 20% of random
metagenome sequences from amorphous Fe(III)-oxide mats in
YNP, over a temperature range of 60°C to 75°C and a pH range of
2.9 to 3.5 (n � 8 metagenome samples) (19, 24, 25). Recent work
has shown that Metallosphaera sedula, as well as other members of
the Sulfolobales, fixes CO2 via the 3-HP/4-HB pathway (9, 26), and
initial culture experiments with M. yellowstonensis in the presence
of CO2 and yeast extract (YE) suggested facultative autotrophy
(17). However, the fixation of CO2 was neither conclusively dem-
onstrated in pure culture nor shown in environmental samples.
Consequently, the objectives of the current study were to (i) iden-
tify all 15 candidate genes of the 3-HP/4-HB carbon dioxide fixa-
tion pathway in M. yellowstonensis strain MK1 and in de novo
genome assemblies from acidothermophilic Fe(III)-oxide micro-
bial mat communities in YNP, (ii) utilize stable-isotope (13CO2)
labeling to obtain direct evidence of CO2 fixation by M. yellow-
stonensis strain MK1 and live Fe(III)-oxide microbial mats, and
(iii) determine the extent of CO2 fixation in situ by using stable-
isotope analysis of different carbon pools within replicate Fe(II)-
oxidizing geothermal channels. Results from this study establish
that high-temperature Fe(III)-oxide microbial mats contain sig-
nificant fractions of carbon derived from dissolved inorganic car-
bon (DIC) and that M. yellowstonensis-like organisms present in
these systems fix CO2 via the 3-HP/4-HB pathway.

MATERIALS AND METHODS
Field sites. Three different acid-sulfate-chloride geothermal springs in
the One Hundred Springs Plain of Norris Geyser Basin, YNP, were
sampled for this study, including One Hundred Springs Plain Spring
(“OSP Spring”) (44°43=58.953�N, 110°42=32.374�W), “Grendel
Spring” (44°43=58.0074�N, 110°42=34.4016�W), and “Beowulf Spring”
(44°43=53.4�N, 110°42=40.9�W) (these are not official YNP names;
thus, coordinates are provided). The source water temperature of all
springs ranged from �80°C to 84°C. Microbial mat samples (3 to 5 g
[wet weight]) for the ex situ CO2 uptake experiments as well as for
direct isotope ratio measurements were excised from the Fe-oxide mat,
approximately 2 to 3 m from the source, where the mat temperatures
range from 65°C to 72°C. The sampling sites were designated OSP site
B (OSP_B), GRN_D, and BE_D. Replicate metagenomes of Fe(III)-
oxide mats from OSP Spring and Beowulf Spring were obtained pre-
viously (25, 27) and analyzed in this study for all genes important for a
complete 3-HP/4-HB cycle. Replicate water samples from 2010 to 2013
were collected and analyzed for both the carbon concentration and
isotope content (�13C) of dissolved (0.2-�m-filtered) and total or-
ganic and inorganic carbon (Colorado Plateau Stable Isotope Labora-
tory, Flagstaff, AZ).

Genome analysis. All genes involved in the 3-HP/4-HB cycle, includ-
ing the key marker 4HCD gene (type I) (9) and the biotin carboxylase
subunit of the bifunctional acetyl/propionyl-CoA carboxylase (accC)
(28), were used as queries to search the genome of M. yellowstonensis
strain MK1 (National Center for Biotechnology Information BioProject
PRJNA64481; taxon identification number 671065) as well as metag-
enome assemblies from Fe(III)-oxide mats in YNP. Five of these metag-

enomes were obtained by using 454-Ti sequencing on samples taken on 15
July 2010: Beowulf site D (Genomes OnLine Database [GOLD] sample
identification number Gs0000973), Beowulf site E (GOLD sample iden-
tification number Gs0000972), One Hundred Springs Plain site B (GOLD
sample identification number Gs0000781), One Hundred Springs Plain
site C (GOLD sample identification number Gs0000782), and One Hun-
dred Springs Plain site D (GOLD sample identification number
Gs0000783). Two of the metagenomes, One Hundred Springs Plain
YNP_8 (GOLD sample identification number Gs0000369; sample date, 30
August 2007) and One Hundred Springs Plain YNP_14 (GOLD sample
identification number Gs0000371; sample date, 7 November 2007), were
sequenced by using Sanger sequencing and were reported in a larger met-
agenome study of 20 geothermal sites (27). Both M. yellowstonensis strain
MK1 and M. yellowstonensis-like sequences from the One Hundred
Springs Plain metagenomes were evaluated for pathway completeness.

Phylogenetic tree construction. The phylogenetic relationship of
type I 4-hydroxybutyryl-CoA dehydratases and the biotin carboxylase
subunit of bifunctional acetyl/propionyl-CoA carboxylases was examined
by using MEGA5 (29). Deduced 4HCD proteins were aligned by using the
PAM algorithm, and deduced AccC proteins were aligned by using the
MUSCLE algorithm. Phylogenetic trees were constructed by using the
neighbor-joining method; bootstrap consensus trees and values were in-
ferred from 1,000 replicates. The evolutionary distances were computed
by using the Dayhoff matrix-based method.

Culture media and conditions. All pure culture experiments and field
incubations were performed at 65°C to 70°C in glass medium bottles
(total volume, �710 ml) (part number 219439; Wheaton Science Prod-
ucts) with butyl rubber septum screw caps (part number 240680; Whea-
ton Science Products). Aqueous medium was synthesized to mimic
Fe(III)-oxide spring geochemistry and to provide nutrients sufficient to
support up to 109 cells ml�1 (see Table S2 in the supplemental material);
300 ml of medium was supplied to each growth vessel. Two and a half
grams of ground pyrite was used as a solid-phase ferrous electron donor
for each culture. Oxygen headspace was maintained at a partial pressure of
�0.6 atm to serve as the electron acceptor. A total of 5 mM inorganic
carbon was supplied in the form of NaHCO3 or NaH13CO3 through the
bottle septum, after which the pH of the medium was readjusted to �2.5
with H2SO4. In some cases, the medium was supplemented with 1% yeast
extract as a source of organic carbon.

Pure-culture CO2 uptake experiments. M. yellowstonensis strain
MK1 (17) was grown, as described previously, with NaH13CO3, unlabeled
NaHCO3, NaH13CO3, and 1% YE; NaHCO3 and 1% YE; or 1% YE alone
for �10 days to post-log phase (�108 cells ml�1). Culture purity was
assessed by using PCR amplification of 16S rRNA with primers for M.
yellowstonensis and known Sulfolobales contaminants (primarily Sulfolo-
bus islandicus). Biomass samples were harvested from pure cultures, cen-
trifuged, washed in HCl overnight to remove any potential residual
HCO3

�, rinsed three times with deionized H2O, and lyophilized into cell
pellets in preparation for isotope (�13C) analysis via isotope ratio mass
spectroscopy.

Ex situ incubations. Approximately 3- to 4-g (wet weight) portions of
Fe(III)-oxide microbial mats were excised from the outflow channels of
two different Fe(II)-oxidizing geothermal springs (OSP Spring and Gren-
del Spring), placed into glass medium bottles containing 300 ml synthetic
medium with 2.5 g autoclaved ground pyrite mineral, and then sealed
with septum-containing lids. The experiment included one sample from
OSP Spring, two samples from Grendel Spring that were treated as dupli-
cates, and one sample from each spring that was killed with 0.5 mmol
sodium azide. The bottles were purged with pure oxygen for approxi-
mately 15 s and brought to a slight positive pressure. Two hundred milli-
liters of either 13CO2 or unlabeled CO2 gas was then added through the
septum. Sodium azide-killed controls were injected with 13CO2, and all
samples were incubated at 65°C to 70°C for 10 days. Positive pressure was
maintained in the bottles by injection of additional O2 as needed. After 10
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days, biomass was harvested by centrifugation and prepared for isotope
analysis, with an HCl wash, deionized H2O rinse, and lyophilization.

Isotope ratio mass spectrometry. Stable carbon isotope ratios (�13C)
were measured by using a Thermo-Finnegan (Bremen, Germany) Delta V
Plus isotope ratio mass spectrometer coupled to a Costech Analytical
Technologies (Valencia, CA, USA) 4010 Elemental Analyzer and a Zero-
Blank autosampler. Approximately 8 to 15 mg of lyophilized iron mat
biomass (which contained significant amounts of iron oxide material) or
15 to 20 mg of culture biomass (which contained significant amounts of
pyrite) was placed into tin capsules (Costech Analytical Technologies)
and analyzed in triplicate. Analytical sample sets included in-house Pacific
Northwest National Laboratory (PNNL) glutamic acid standards, which
had been calibrated to U.S. Geological Survey (USGS) standard 40
(�13C � �26.39‰) and USGS standard 41 (�13C � 	37.63‰) glutamic
acid isotopic standards. Data were corrected to these standards by using
the point-slope method (30). Stable-isotope content is measured as a ra-
tio, R (e.g., 13C/12C), and reported as a delta (�) value, where � equals
(RA/RStd �1) 
 1,000 and RA and RStd are the isotope ratios of the sample
and an internationally recognized standard, respectively. The standard for
C isotope ratio analysis is Vienna PeeDee belemnite (VPDB). Special pre-
caution was taken to minimize carryover between analyses. Enriched sam-
ples containing large amounts of 13C required up to three standard runs to
flush the system, as measured by a return to established isotope values.
Although excellent precision was obtained for both enriched and natural-
abundance (NA) 13C samples, enriched samples exhibited poorer analyt-
ical precision than natural-abundance samples (standard deviations of
sample measurements are reported in Table 1). This was due in part to the
fact that enriched samples exceeded the optimum calibration range of the
instrument. Also, relatively large sample sizes (up to 20 mg) were re-
quired, due to the low carbon contents and large amounts of iron oxide
and/or pyrite; this may have influenced combustion efficiency and de-
creased measurement precision. Despite these caveats, the strong signal
from 13C-enriched cultures and field incubation mixtures provided defin-
itive evidence that inorganic carbon was incorporated into biomass.

Fractionation factors/mixing models. The fractionation factor (ε)
for M. yellowstonensis was determined by using the equation ε � 1,000 

ln(Rproduct/Rsubstrate), where R is the 13C/12C ratio.

The isotopic composition of mat C was predicted by using an isotope
mixing model formulated based on �13C values of DIC, dissolved organic
C (DOC), and landscape C (LC) (measured in this study) and the frac-
tionation factors of M. yellowstonensis strain MK1 (this study) and Hy-
drogenobaculum-like organisms (31), which utilize 3-HP/4-HB and
r-TCA carbon dioxide fixation pathways, respectively. The measured C
isotope content of actual Fe(III)-oxide mat samples may contain contri-
butions from microbial biomass of DIC origin, microbial biomass of
DOC (or landscape C) origin, and exogenous landscape C. Given the
difficulty in knowing absolute values of all necessary parameters, pre-
dicted mat C isotope values were obtained as a function of the ratios of
microbial biomass of DIC origin relative to total microbial biomass
(fBiomass-DIC, where fBiomass-DIC 	 fBiomass-DOC/LC � 1) and the amount of

biomass C relative to total mat C (fBiomass-C, where fBiomass-C 	
fNonbiomass-C � 1). Fractionation factors used in the mixing model in-
cluded a εM. yellowstonensis value of 2.5‰ (this study) and a εHydrogenobaculum

value of 5.5‰ (reported value for Hydrogenobacter thermophilus [31]).
The assumed fractionation factor for heterotrophic incorporation of or-
ganic carbon (DOC or landscape C) was 0‰ (32).

RESULTS
Genome and metagenome analysis. All genes for a complete
3-HP/4-HB cycle were identified in the genome of M. yellow-
stonensis strain MK1 (see Table S1 in the supplemental material),
which were similar to those identified in M. sedula (9, 33). More-
over, the key marker genes for this pathway (4-hydroxybutyryl-
CoA dehydratase [the 4HCD gene] and the biotin subunit of
acetyl/propionyl-CoA carboxylase [accC]) were found in metag-
enome sequence assemblies from replicate Fe(III)-oxide mat sam-
ples (n � 6). The deduced protein sequences obtained from met-
agenome assemblies are highly similar to and group with the same
sequences identified in M. yellowstonensis strain MK1 (Fig. 1).
Other copies of these marker genes belonging to different Sulfolo-
bales were also found in Fe(III)-oxide microbial mats (24), and
these populations may also contribute to the fixation of CO2 in
situ. PCR amplification of the 4HCD gene, accC, accB, and pccB,
using primers specific to M. yellowstonensis strain MK1, further
demonstrated the presence of these genes in both the isolate and
Fe(III)-oxide systems (see Fig. S1 in the supplemental material).
The metagenome sequence of MK1-like populations present in
Fe(III)-oxide mats (�98 to 99% average genome nucleotide iden-
tity) contained all genes for a complete 3-HP/4-HB pathway,
which were similar to those identified in strain MK1 and M. sedula
(see Table S1 in the supplemental material). The consistent pres-
ence of M. yellowstonensis-like 4HCD and accC genes in Fe(III)-
oxide mat metagenomes suggests that the fixation of CO2 via the
3-HP/4-HB pathway is an important metabolic process con-
ducted by M. yellowstonensis populations in situ and may result in
significant transformation of CO2 to microbial biomass.

Pure-culture experiments. Growth experiments using M. yel-
lowstonensis strain MK1 in the presence of different C sources
provided definitive evidence for the incorporation of CO2 into
microbial biomass. The C isotope ratio (�13C) of M. yellowstonen-
sis biomass was �24.3‰ � 0.2‰ when grown on yeast extract
(YE) and ��18‰ � 0.5 ‰ when grown on natural-abundance
(NA) CO2 (Table 1). When 13CO2 was the sole carbon source,
�13C values of M. yellowstonensis biomass were �50,000‰ (Table
1), which demonstrated the incorporation of inorganic carbonate
species (H2CO3 and aqueous CO2 [CO2(aq)] are the dominant
species at pH values near 3).

We estimated the ε value for M. yellowstonensis cultures grown
on NA CO2, with a measured 13C isotope composition of
��15.9‰ (Rsubstrate � 0.0114159) (Table 1). The average value
of strain MK1 biomass (�18.45‰; Rproduct � 0.0114445) mea-
sured in two replicate experiments was used to estimate a value of
ε for M. yellowstonensis of �2.5‰. Although not the primary
focus of our study, this ε value is similar to that observed for M.
sedula (3.1‰) (31).

When M. yellowstonensis was supplied with 1% YE and CO2

simultaneously, �13C values showed that carbon constituents
from YE were the dominant sources used to build microbial bio-
mass (Table 1). The 13C isotope content of M. yellowstonensis bio-
mass grown on YE and NA CO2 was slightly higher (�13C �

TABLE 1 Carbon isotope values of M. yellowstonensis strain MK1
biomass in growth experiments using labeled versus unlabeled CO2 and
1% yeast extract

Growth condition

Mean �13C value (‰) (�) (n � 3)

C source

MK1 biomass

Culture 1 Culture 2

1% YE �25.1 (0.04) �24.2 (0.2) �24.4 (0.2)
NA CO2 �15.9 (0.2) �19.3 (1.1) �17.6 (0.8)
NA CO2 	 1% YE �23.2 (0.1) �23.2 (0.1)
13CO2 71,500 (14,373) 80,637 (4,166)
13CO2 	 1% YE 1,677 (37) 1,540 (153)
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�23.3‰) than that of biomass grown on YE alone (�13C �
�24.3‰), which suggested some incorporation of inorganic car-
bon. The same pattern was observed when strain MK1 was grown
on YE plus 13CO2. �13C values were higher (�1,600‰) than those
of biomass grown on YE alone (�13C � �24.3‰) but not nearly
as high as 13C values obtained by using 13CO2 alone. Together,
these data showed that M. yellowstonensis strain MK1 is capable of
growth using either CO2 or organic C and that these processes may
operate simultaneously (34).

Ex situ assays using Fe(III)-oxide mats. Evidence of a com-
plete 3-HP/4-HB pathway in M. yellowstonensis strain MK1 is con-
sistent with the observed incorporation of CO2 using 13CO2. The
presence of these same genes in metagenome assemblies obtained
from Fe(III)-oxide microbial mats (Fig. 1) suggested that this
population may fix carbon dioxide in situ. To measure the uptake
of CO2 in Fe(III)-oxide microbial mats, excised mat samples were
incubated ex situ with natural-abundance CO2 and 13CO2. The
uptake of 13CO2 into live Fe(III)-oxide mats was observed in two
different geothermal communities studied (Table 2). Small in-
creases in the 13C content of killed controls were also observed, but

these values were considerably lower than those observed with live
mats and may be due to abiotic exchange between 13CO2 and solid
phases and/or incomplete sterility achieved by using sodium
azide.

Carbon isotope composition of iron geothermal systems.
The 13C compositions (�13C) of dissolved inorganic carbon
(DIC), dissolved organic carbon (DOC), Fe(III)-oxide mat car-
bon, and various landscape carbon samples were analyzed to eval-
uate the likely contributions of these potential C sources to micro-
organisms within native Fe mat communities (Table 3). The 13C
isotope contents of landscape components such as leaves, soil, and
animal dung from around the spring sites were characteristic of C3

A. B.
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Meta - OSP B
Meta - YNP 14
Meta - Beowulf E
Meta - Beowulf D
Meta - OSP D
M. yellowstonensis strain MK1
Meta - OSP C
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S. tokodaii str. 7
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FIG 1 Phylogenetic trees of key proteins in the 3-HP/4-HB pathway for fixation of carbon dioxide (9). (A) Type I 4-hydroxybutyryl-CoA dehydratase (4HCD);
(B) biotin carboxylase subunit of bifunctional acetyl/propionyl-CoA carboxylase (AccC). Metallosphaera yellowstonensis-like type I 4HCD and biotin carboxylase
sequences were identified in numerous replicate metagenome samples from high-temperature Fe(III)-oxide microbial mats (Beowulf sites D and E, One
Hundred Springs Plain sites B and C, YNP_8, and YNP_14).

TABLE 2 Carbon isotope composition of microbial mat samples
incubated after ex situ experiments to detect CO2 uptake in Fe(III)-
oxide microbial mat communities from Norris Geyser Basin, YNP,
October 2011

Treatment Samplea

�13C value (‰) (�)
(n � 3)

CO2 NA, live mat OSP_B �16.1 (0.1)
CO2 NA, live mat GRN_D �13.8 (0.2)
13CO2, live mat OSP_B, assay 1 1,278 (61)
13CO2, live mat GRN_D, assay 1 1,267 (95)
13CO2, live mat GRN_D, assay 2 1,458 (54)
13CO2, killed OSP_B 27.3 (2.0)
13CO2, killed GRN_D 46.9 (3.7)
a OSP_B, One Hundred Springs Plain Spring site B; GRN_D, Grendel Spring site D.

TABLE 3 Carbon isotope ratios of dissolved inorganic carbon, dissolved
organic C, and total C present in Fe(III)-oxide microbial mats collected
from Norris Geyser Basin, YNP, 2011 to 2013

Carbon pool Samplea

�13C value (‰) (�)
(no. of samples)

Concn (mg kg�1) (�)
(no. of samples)b

DIC OSP_B �5.1 (0.8) (3) 1.5 (0.8) (3)
BE_D �3.2 (0.2) (4) 2.0 (1.9) (4)
GRN_D �0.5 (2.6) (3) 0.6 (0.1) (3)

DOC OSP_B �21.0 (1.6) (3) 0.8 (0.5) (3)
BE_D �22.3 (1.0) (5) 0.8 (0.7) (4)
GRN_D �23.0 (2.1) (4) 0.6 (0.2) (3)

Microbial matc OSP_B �15.0 (1.8) (3) 10,200
BE_D �16.4 (1.1) (8) 11,500
GRN_D �16.5 (0.9) (3) 7,600

a OSP_B, One Hundred Springs Plain Spring site B; BE_D, Beowulf Spring site D;
GRN_D, Grendel Spring site D.
b Expressed as mg per liter for DIC and DOC and mg per kg (dry weight) for microbial
mat C.
c The total C level was determined on aggregate mat samples from each site during this
time frame (n � 1). The range of 0.8 to 1.5% total C agrees favorably with values
observed in previous studies (16).
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photosynthesis (�13C, ��26‰) and are consistent with predic-
tions based on the high latitude and elevation of Yellowstone Na-
tional Park (35, 36). The 13C composition of DOC averaged
�22.2‰ (� � 1.6‰) across the three geothermal systems studied
and was slightly higher (Table 3) than that of landscape C. Con-
versely, the 13C content of the DIC fraction ranged from �5.1‰
to 0.49‰ across the three springs (Table 3). Relative to either
DOC or landscape C, the DIC fraction has significantly high 13C
content and provides a basis for interpreting the isotopic compo-
sition of mat biomass. The mean �13C of three Fe(III)-oxide mi-
crobial mats (n � 14) was �16.1‰ (�� 1.3‰) and ranged from
�16.5‰ in samples from Grendel Spring (GRN_D) to �15.0‰
in samples from One Hundred Springs Plain (OSP_B) (Table 3).
These values fall between the 13C compositions of end-member
DIC and DOC (or landscape C) and show that Fe(III)-oxide mi-
crobial mats contain carbon of both organic and inorganic origins
and that DIC makes a significant contribution to mat carbon.

DISCUSSION

The incorporation of 13CO2 into live microbial Fe(III)-oxide mats
demonstrated that organisms within these communities are capa-
ble of CO2 fixation and that this is an important process in situ. We
also showed that pure cultures of M. yellowstonensis strain MK1, a
significant community member in these Fe(III)-oxide microbial
mats, grew using CO2 as the sole C source in the absence of yeast
extract (fractionation factor [ε] � 2.5‰). High-temperature
acidic Fe(III)-oxide mat communities are typically composed of 5
to 7 major phylotypes, including M. yellowstonensis and Hydrog-
enobaculum-like populations, which represent 10 to 20% and 2 to
10% of the community, respectively, based on random sequence
reads of mature Fe mat metagenomes (19, 24, 25). Other archaea
present in these communities include members of two novel ar-
chaeal groups, the Thaumarchaeota and the Euryarchaeota (Ther-
moplasmatales-like), as well as other crenarchaea within the orders
Thermoproteales and Desulfurococcales (19, 24, 25). However, se-
quence assemblies corresponding to these populations do not
contain evidence of marker genes for known CO2 fixation path-

ways and appear to be primarily heterotrophic (18, 19, 24, 25, 37,
41). Despite the diversity of archaea in these Fe(II)-oxidizing
communities, the only known CO2 fixation pathways found in
metagenome sequence analyses included the 3-HP/4-HB pathway
(contributed by M. yellowstonensis-like and other Sulfolobales
populations) and the r-TCA cycle (contributed by Hydrogeno-
baculum-like populations). Thus, our working hypothesis is that
M. yellowstonensis- and Hydrogenobaculum-like populations are
the primary members of mature Fe(III)-oxide mat communities
that contribute to the fixation of CO2 into mat biomass.

Isotopic analysis of the major carbon pools (DIC, DOC, land-
scape carbon, and Fe mat carbon) from three geothermal sites
showed that mat carbon exhibits an isotopic composition of
��16.1‰ (� � 1.3‰) (Table 3), which is between the 13C con-
tents of DIC and DOC (or landscape C) end members (Table 3).
Therefore, the 13C values of mat C can be explained as a mixture of
biomass carbon originating from DIC (i.e., autotrophy), DOC,
and/or landscape C (heterotrophy) and, simultaneously, as a pos-
sible mixture of biomass carbon and exogenous landscape C from
foreign sources (e.g., plant material, insects, landscape detritus,
and eukaryal biomass), although any visible macroscopic debris
was avoided during sampling. An isotope mixing model (Fig. 2)
was developed to predict the isotopic composition of C present in
Fe(III)-oxide microbial mats as a function of (i) the fraction of
biomass C of DIC origin (fDIC-Biomass) and (ii) the fraction of bio-
mass C relative to total mat C (fBiomass-C) (Fig. 2). Given the sim-
ilarity of �13C values for DOC and landscape C (�22 to �26‰),
it is not possible to distinguish heterotrophic biomass generated
from either of these carbon sources. Carbon isotope fractionation
factors for heterotrophic metabolism are near 0‰ (32); conse-
quently, the 13C content of biomass C generated from either DOC
or landscape C will also range from ��22 to �26‰.

Two different isotopic mixing models were evaluated based on
autotrophic contributions from either the 3-HP/4-HB cycle (M.
yellowstonensis) or the r-TCA cycle (Hydrogenobaculum spp.) (Fig.
2). Fractionation factors for the conversion of DIC to microbial
biomass were obtained either in this study (M. yellowstonensis, ε �

FIG 2 Predicted �13C content of Fe(III)-oxide microbial mats as a function of the fraction of microbial biomass originating from dissolved inorganic C (DIC)
relative to total biomass C (x axis) and the fraction of biomass C relative to total Fe mat C (y axis). Fixation of CO2 may occur via the 3-HP/4-HB pathway (i.e.,
M. yellowstonensis) (A) or the r-TCA pathway (i.e., Hydrogenobaculum sp.) (B). The isotope mixing model was based on the measured isotope composition of
DIC, DOC, and landscape C sources and specific fractionation factors for the conversion of CO2 to microbial biomass (see Materials and Methods). The average
observed 13C content (�13C, ��16‰) (dotted line) from replicate Fe(III)-oxide microbial mats shows that at least 42 to 50% of the biomass carbon has a DIC
origin.
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2.5‰) or from literature sources (Hydrogenobaculum, ε � 5.5‰
[31]). Estimates of the autotrophic contribution to biomass C
(fDIC-Biomass) (x axis in Fig. 2) are relatively insensitive to the range
of fractionation factors available for the conversion of CO2 to
microbial biomass, due to the large differences in �13C-DIC versus
�13C-DOC values. Although the fixation of CO2 can also be
weighted based on the relative ratio of the amount of Metallospha-
era to the amount of Hydrogenobaculum observed in random met-
agenome sequencing (�4:1), the model solution falls between
those shown for the two cases based on either organism alone (Fig.
2A and B).

The average observed Fe(III)-oxide mat �13C value of �16.1‰
(Fig. 2, dotted line) is constrained by a unique set of the fraction of
DIC in microbial biomass (fDIC-Biomass) versus the fraction of mi-
crobial biomass C relative to total Fe mat C (fBiomass-C). The ob-
served 13C isotopic composition can be explained only when the
fDIC-Biomass ranges from about 0.42 to �0.99, depending on the
dilution of microbial biomass C with nonmicrobial C from land-
scape sources (Fig. 2). Greater contributions of nonmicrobial
landscape C to Fe mat C result in correspondingly higher esti-
mates of fDIC-Biomass. In the simplest case, where the Fe mat con-
tains no exogenous landscape C (fBiomass-C � 1), the mat 13C con-
tent is explained by fDIC-Biomass values of �0.42 to 0.50, depending
on whether CO2 is fractionated via the 3-HP/4-HB or r-TCA path-
way (Fig. 2A and B). Interestingly, this is greater than, but agrees
favorably with, the absolute abundance of the two primary DIC-
fixing populations identified previously by using metagenome se-
quencing (the combined abundance of Metallosphaera and Hy-
drogenobaculum populations has ranged from 20 to 35% of the
community). Growth and turnover rates of all populations pres-
ent in these communities may not be equal, and less abundant,
faster-growing autotrophic populations (relative to heterotrophic
populations) could also influence observed mat �13C values. It is
possible that heterotrophic populations present in these commu-
nities utilize biomass or metabolites produced only from au-
totrophs (i.e., classical primary production), which would corre-
spond to fDIC-Biomass values close to 1. In this scenario, nearly 50 to
60% of the total mat C would have to be nonmicrobial C from
landscape sources (Fig. 2).

The total C content of Fe-oxide microbial mats is �1%, and
only a fraction of this carbon (as much as 10%) can be accounted
for in estimates of live-cell counts (�109 cells g�1) (18, 24, 25, 38),
although the filamentous nature of specific phylotypes makes ac-
curate cell counting difficult. The remaining carbon present in
Fe(III)-oxide mats is comprised of dead microbial biomass gener-
ated in situ and/or exogenous landscape C. The sorption of DOC
by Fe(III)-oxides may also contribute to mat C (39); however, the
available surface sites of the amorphous Fe(III)-oxide phases pres-
ent in these systems are nearly saturated with arsenate as bidentate
surface complexes (16). Consequently, future efforts should focus
on evaluation of live versus dead biomass C, other solid phases of
exogenous C, and a more detailed characterization of components
comprising the DOC fraction.

Results from this study have important implications for possi-
ble microbial interactions occurring among community members
in thermoacidic Fe(II)-oxidizing microbial communities. The
isotopic composition of total mat C in all three springs showed
that CO2 fixation is an important process in situ, which provides a
source of organic carbon and numerous possible substrates for
heterotrophic community members. These data are consistent

with the hypothesis that M. yellowstonensis and Hydrogenobacu-
lum spp. serve founding roles in the development of Fe(III)-oxide
mats and community succession (23, 40). Now that the incorpo-
ration of inorganic carbon by members of these communities has
been firmly established, more detailed trophic cascades and me-
tabolite interactions may be resolvable by using stable-isotope
probing coupled with metabolomic and/or proteomic analyses.
Colonization by one or both of the predominant CO2-fixing pop-
ulations (Metallosphaera and Hydrogenobaculum) may be a nec-
essary condition for establishing acidothermophilic Fe(III)-oxide
mat communities, which also support significant heterotrophic
diversity.
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