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ABSTRACT

Chocolate Pots hot springs (CP) is a unique, circumneutral pH, iron-rich, geothermal feature in Yellowstone

National Park. Prior research at CP has focused on photosynthetically driven Fe(II) oxidation as a model for

mineralization of microbial mats and deposition of Archean banded iron formations. However, geochemical

and stable Fe isotopic data have suggested that dissimilatory microbial iron reduction (DIR) may be active

within CP deposits. In this study, the potential for microbial reduction of native CP Fe(III) oxides was inves-

tigated, using a combination of cultivation dependent and independent approaches, to assess the potential

involvement of DIR in Fe redox cycling and associated stable Fe isotope fractionation in the CP hot springs.

Endogenous microbial communities were able to reduce native CP Fe(III) oxides, as documented by most

probable number enumerations and enrichment culture studies. Enrichment cultures demonstrated sus-

tained DIR driven by oxidation of acetate, lactate, and H2. Inhibitor studies and molecular analyses indicate

that sulfate reduction did not contribute to observed rates of DIR in the enrichment cultures through abi-

otic reaction pathways. Enrichment cultures produced isotopically light Fe(II) during DIR relative to the bulk

solid-phase Fe(III) oxides. Pyrosequencing of 16S rRNA genes from enrichment cultures showed dominant

sequences closely affiliated with Geobacter metallireducens, a mesophilic Fe(III) oxide reducer. Shotgun

metagenomic analysis of enrichment cultures confirmed the presence of a dominant G. metallireducens-like

population and other less dominant populations from the phylum Ignavibacteriae, which appear to be cap-

able of DIR. Gene (protein) searches revealed the presence of heat-shock proteins that may be involved in

increased thermotolerance in the organisms present in the enrichments as well as porin–cytochrome

complexes previously shown to be involved in extracellular electron transport. This analysis offers the

first detailed insight into how DIR may impact the Fe geochemistry and isotope composition of a Fe-rich,

circumneutral pH geothermal environment.

INTRODUCTION

Investigations that seek to unravel how geochemical varia-

tion shapes the structure, function, and evolution of micro-

bial communities are critical to improving our

understanding of modern and past environments on Earth

and the potential for life on other rocky planets such as

Mars. One goal of such studies is to quantify the relation-

ships between the distribution, diversity, and metabolic

composition of microbial life and the signatures of this life

that may be recorded in the rock record (Cavicchioli, 2002).

Iron is the fourth most abundant element in the Earth’s

crust and the most abundant redox-sensitive element (Tay-

lor & McLennan, 1985). There is great interest in Fe-based

microbial systems in light of the wide range of microbial

metabolisms that are dependent on Fe redox transforma-

tions on Earth (Bird et al., 2011) and due to the potential

for Fe redox transformations to generate isotopic signa-

tures of past and present microbial life (Johnson et al.,

2008). Ferric iron [Fe(III)] reduction can be an abiotic

process (Poulton, 2003) or proceed through microbial dis-

similatory iron reduction (DIR), a process in which
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reduction of Fe(III) (both aqueous and solid-phase forms)

is coupled to oxidation of organic carbon or H2 (Lovley

et al., 2004). Bacterial and archaeal organisms capable of

DIR are highly represented in lineages that branch at the

base of phylogenetic reconstructions of taxonomic genes,

suggesting that DIR is potentially an ancient respiratory

pathway (Vargas et al., 1998; Weber et al., 2006).

While several recent studies have examined microbial Fe

redox cycling in high-temperature, acidic hot springs in

Yellowstone National Park (YNP) [see Kozubal et al.

(2012) and references cited therein], Fe cycling in lower

temperature, and circumneutral pH geothermal environ-

ments, in particular cycling driven by DIR, remain largely

unexplored. Chocolate Pots hot spring (CP) is a Fe-rich,

circumneutral pH environment in YNP located approxi-

mately 5 km south of the Norris Geyser Basin along the

Gibbon River in the northwestern portion of the park

(McCleskey et al., 2010). The most commonly studied

spring in the Chocolate Pots thermal area consists of one

main hot spring vent and mound (Fig. S1) and two smaller

vents to either side. This hydrothermal feature was charac-

terized in the early 20th century by Allen and Day who

noted the unique properties of the non-crystalline and

fine-grained Fe(III) oxide and silica precipitates unseen in

other features in YNP (Allen & Day, 1935). Additional

studies of the groundwater chemistry of CP found it to

have remained fairly consistent through recent history

(Rowe et al., 1973; Thompson & Yadav, 1979; Pierson &

Parenteau, 2000).

Previous research at CP has focused on Fe(II) oxidation,

by way of both abiotic and photosynthetically driven Fe(II)

oxidation reactions (Pierson et al., 1999; Pierson & Par-

enteau, 2000; Trouwborst et al., 2007; Parenteau & Cady,

2010). A key motivation for these studies was the concept

of CP as a model for photosynthetically driven Fe(II) oxi-

dation and associated mineralization of microbial mats and

deposition of Archean banded iron formations. Geochemi-

cal data (presence of Fe(II) in vent deposits), however,

suggest that microbial DIR could also play an active role

in geochemical cycling of Fe in the CP deposits (Pierson

et al., 1999; Pierson & Parenteau, 2000). Studies of other

freshwater circumneutral pH Fe redox cycling environ-

ments have suggested a microbially mediated coupling of

Fe reduction and oxidation cycles (Emerson & Revsbech,

1994; Sobolev & Roden, 2002; Roden et al., 2004, 2012;

Bl€othe & Roden, 2009), and a similarly coupled Fe redox-

based microbial community may be present at CP.

Recent studies of Fe isotope geochemistry are also sug-

gestive of a reductive iron cycle at CP (Wu et al., 2011,

2013). Iron occurs as four stable isotopes, where 54Fe and
56Fe are the most abundant at 5.84% and 91.76%, respec-

tively (Beard & Johnson, 1999). Iron isotope compositions

for igneous rocks are relatively restricted, and match those

of bulk crust (Beard & Johnson, 2004). Deviation from

average crustal compositions can occur when Fe undergoes

redox cycling, and these fractionations can be used to infer

redox history and potential biological involvement (John-

son et al., 2008). Complete oxidation of Fe(II) to Fe(III),

as occurs when Fe(II) is fully oxidized by atmospheric oxy-

gen, results in no net Fe isotope fractionation (Beard &

Johnson, 2004). Processes resulting in partial redox trans-

formation, however, such as DIR, can result in a measur-

able isotopic fractionation (Beard et al., 1999, 2003;

Crosby et al., 2005, 2007; Tangalos et al., 2010; Percak-

Dennett et al., 2011). The use of stable Fe isotopes can be

used to better understand the redox history of many envi-

ronments on Earth and are applicable to better under-

standing the potential for identifying such processes on

other planetary bodies, such as Mars (Johnson et al., 2008;

Dauphas et al., 2009). Analyses of modern environments

like CP will lay the groundwork required to gain insight

into what isotopic signatures that are preserved in the rock

record can reveal about the microbial and geochemical

processes that were involved in their formation.

MATERIALS AND METHODS

Sample collection

Bulk solid-phase materials were obtained from a portion of

the hot spring deposit away from the main mound at CP,

in an area that had been previously disturbed by wildlife

(e.g., bison), exposing the top 1–2 cm of Fe(III) oxide

deposits. The solids were collected with a sterile spatual and

stored in a sterile canning jar. Additional small samples of

the deposits were collected from the spring source of the

main mound (Vent) and midway down the main flow path

(Mid) (see Fig. S1); these served as inocula for Fe(III)

reduction experiments. Vent and Mid samples were col-

lected from the oxide sediment–spring water interface. All

samples were collected from locations not covered by pho-

tosynthetic mat communities. Hot spring fluid was col-

lected from the spring vent in sterile, 1 L Nalgene bottles.

Temperature and pH were measured at each sample loca-

tion using a thermistor and combination electrode. The

concentration of bicarbonate was determined by room tem-

perature titration of 100 mL of spring water to a pH of 4

with 0.5 M HCl (Stumm & Morgan, 1996). A summary of

the concentration of aqueous chemical species, tempera-

ture, and pH of the CP hot spring is provided in Table 1.

Fe(III) reducing culture medium

Bulk solids consisting of Fe(III) oxide/silica co-precipitates

were crushed using a mortar and pestle, suspended in dis-

tilled water, and passed through a 0.5 mm sieve; these

materials are hereafter referred to as CP oxides. The CP

oxide suspension was concentrated by centrifugation to



produce a thick slurry which served as a stock for Fe(III)

reduction experiments. Portions of the slurry (0.5 mL)

were added to 5 mL of 0.5 M HCl and agitated for 1 h.

An aliquot of the extract was added to Ferrozine colorimet-

ric reagent (Stookey, 1970) with and without the addition

of 10% hydroxylamine hydrochloride to quantify total Fe

and Fe(II), respectively. The amount of Fe(III) was deter-

mined by the difference between total solubilized Fe and

Fe(II). The HCl-extractable Fe(III) content of the stock

suspension was ca. 330 lmol g dry mass�1.

Fe(III)-reducing culture medium consisted of CP spring

water (obtained during the sampling campaign and stored

at room temperature) amended with 10 mM NH4Cl, 1 mM

KH2PO4, 1 mL L�1 of SL-10 trace metals (Widdel et al.,

1983), and 1 mL L�1 of Wolfe’s vitamin solution (Balch

& Wolfe, 1976). Medium for use in experiments with the

Mid samples was supplemented with 15 mM NaHCO3 to

achieve a pH value (ca. 6.7) comparable to that measured

in situ, whereas medium (pH 6.1) for use in experiments

with the Vent samples was not further buffered. Tubes of

Mid and Vent medium (9 mL in 25 mL anaerobic pressure

tubes) were amended with a sufficient quantity (ca.

0.25 mL) of CP oxides to achieve a concentration of

approximately 40 mmol L�1 of 0.5 M HCl-extractable Fe

(III). The tubes were sparged with O2-free N2:CO2

(80:20%) (ca. 300 mL min�1 for 12 min), capped with

butyl rubber stoppers, and sterilized by autoclaving

(121 °C, 15 min.).

Most probable number determinations

Three-tube most probable number (MPN) series were pre-

pared (using the medium described above) to estimate the

abundance of dissimilatory iron-reducing bacteria (DIRB)

in the Vent and Mid samples. The first dilution (10-fold)

was inoculated inside an anaerobic chamber (Coy Products,

Grass Lake, MI; 95:5%; N2:H2) with 1 g of homogenized

hot spring material, and the tubes were removed from the

chamber and flushed with N2:CO2 (80:20%) to remove H2

from the headspace. The samples were then serially diluted

to 10�8 in medium that contained a mixture of either 2 mM

acetate and 2 mM lactate (Ac/Lac) or H2 (10% in the head-

space) as the electron donor. The Vent and Mid cultures

were incubated at 45° and 40°C, respectively. Assessment of

reduction activity was made by visual inspection (darkening

of the solids) 3 and 5 days post-inoculation; no changes in

activity were noted after 5 days. MPN values were calcu-

lated using a standard MPN table (Woomer, 1994).

Table 1 Fluid temperature and chemistry (mg L�1) of spring water at CP vent. These parameters were used to create ASW for use in enrichment culturing of

Fe reducing organisms from the Vent and mid-locations

Measurement Parenteau & Cady (2010)

Field campaign

Sept., 2012

Enrichment culture medium

Natural CP Media ASW + Sulfate ASW – Sulfate

V M V M V M V M

Temp. (°C) 51.8 50.7 42.8 45 40 45 40 45 40

pH 5.7 5.9 7.2 6.1 6.7 6.1 6.7 6.1 6.7

Aluminum 0.1 0.1 0.1

Ammonium nitrogen ND 140 140 140 140 140 140

Bicarbonate ND 366 366 1281 305 1220 305 1220

Boron 0.5 0.51 0.51 0.01 0.01 0.01 0.01

Calcium 21 21 21 20 20 20 20

Carbonate ND

Chloride 29 455 455 469 469 490 490

Fluorine 4.5 4.5 4.5

Iron(II) 5.5 61.4 61.4 55.9 55.9 55.9 55.9

Iron(III) ND

Total iron 5.4

Lithium 0.8 0.8 0.8

Magnesium 2 2 2 2.43 2.43 2.43 2.43

Manganese 1.4 1.7 1.7 0.34 0.34 0.34 0.34

Nitrate nitrogen ND

Nitrite nitrogen ND

Potassium 23 62.1 62.1 62.6 62.6 62.6 62.6

Phosphorous <0.1 31.0 31.0 31.0 31.0 31.0 31.0

Silica 141 141 141 138 138 138 138

Sodium 115 115 460 184 529 184 529

Sulfate 25 25.5 25.5 29.3 29.3 0.47 0.47

Sulfide ND

ND, Not determined; V, Vent; M, Mid.



Enrichment culturing

Enrichment cultures were prepared identically to the MPN

cultures described above. The cultures were inoculated (10%

vol/vol) with material from the 10�1 dilution of the MPN

tubes. Reduction of Fe(III) in the enrichments was deter-

mined by quantification of Fe(II). The cultures were sam-

pled weekly by collecting 0.5 mL of culture using a sterile,

N2-flushed syringe and needle followed by a 1 h, 0.5 M HCl

extraction and the ferrozine assay as described above. Cul-

tures were transferred to new medium every 2 weeks to

assess the potential for continuous growth coupled to Fe

(III) reduction. Each transfer is referred to as a new genera-

tion of the enrichment. A mixture of 2 mM Ac/Lac or H2

(10% in the headspace) was supplied as the electron donor.

After one generation, cultures with H2 as electron donor

failed to grow; the cultures were given an addition of

0.5 mM acetate which did not stimulate Fe reduction activ-

ity. Hence, a new set of enrichments with H2 and 0.5 mM

acetate (H2/Ac) was initiated by re-inoculating the tubes

with 1 mL of a 10�1 Ac/Lac MPN tube. After four genera-

tions of culturing, additional transfers were made from the

Ac/Lac enrichments into medium containing only 2 mM

acetate (Ac) or 2 mM lactate (Lac) as the electron donor.

From generation eight onward, all enrichment cultures were

transferred into CP artificial spring water (ASW), with natural

CP oxides still serving as the electron acceptor. The ASW

composition was based on observed CP fluid composition

(Parenteau & Cady, 2010) (Table 1). The medium consisted

of CaCl2�2H2O (0.2 mM), CaSO4�2H2O (0.3 mM),

MgCl2�6H2O (0.1 mM), NaSiO3�9H2O (1.5 mM), KCl

(0.6 mM), and NaHCO3 (Vent 5 mM, Mid, 20 mM). Other

components of the medium, the medium preparation proce-

dure, and the incubation conditions were as described above.

Fe(III) reduction in theASWmediumwas compared to natural

growth medium and transfers to ASW continued for an addi-

tional 26 generations. Enrichment culturing concluded with

the freezing of aliquots of Vent and Mid cultures at �80 °C.
The viability of the cultures after freezing was determined prior

to terminating the enrichment culturing experiments.

Potential influence of bacterial sulfate reduction on Fe(III)

reduction

Sulfate-free medium was prepared identical to the ASW

described above, replacing the CaSO4�2H2O with

CaCl2�2H2O. Parallel sets of sulfate-containing and sulfate-

free cultures were inoculated from the generation nine sul-

fate-containing enrichment cultures. Molybdate [a specific

inhibitor of microbial sulfate reduction; (Oremland &

Capone, 1988)] was added to sulfate-containing ASW

media at a concentration equivalent to the sulfate concen-

tration, ca. 0.3 mM. Molybdate amended cultures were

transferred for five generations. Transfers to sulfate-free

media were made for an additional 17 generations.

Samples (1 mL) were collected from the generation nine

cultures weekly using a sterile N2-flushed syringe and nee-

dle. Samples containing sulfate were inserted into a rubber

stopper to prevent gas exchange and transferred immedi-

ately into the anaerobic chamber to minimize Fe(II) oxida-

tion. Samples were transferred to 1.5-mL microcentrifuge

tubes and spun down. The supernatant was collected for

ion chromatographic (IC) analysis of sulfate using a Dio-

nex ICS-1000 (Dionex Corporation, Sunnyvale, CA, USA)

with an IonPac AS14A 4 9 250 mm column and Chrome-

leon software (Thermo Fisher Scientific Inc., Sunnyvale,

CA, USA). Sulfate standards were run with samples and

prepared with ASW at concentrations of 0.1, 0.2, 0.3, 0.4

and 0.5 mM sulfate. The previously described procedure

for 0.5 M HCl extraction and ferrozine assay was used to

quantify Fe(II) in the sulfate-free samples and the residual

pellet from the sulfate-containing samples. Sulfate and Fe

(III) reduction were tracked over one culture generation,

spanning 2 weeks, and sampled at 0, 1, 2, 4, 7, 11, and

14 days. Following the experiment duplicate, 1 mL ali-

quots of the cultures was frozen for DNA extraction.

XRD analysis and M€ossbauer analysis

Samples for X-ray diffraction (XRD) analysis were prepared

with 0.5 mL aliquots of non-reduced CP oxides, pre- and

post-autoclaving, and microbially reduced slurry from gen-

erations 8 and 26 of the ASW Vent and Mid enrichment cul-

tures. In an anaerobic chamber, microbially reduced samples

were washed twice using anoxic distilled H2O, dried under

an anoxic N2 stream overnight, and mounted in thin-walled

capillary tubes. Diffraction spectra were collected using a

Rigaku Rapid II X-ray diffractometer with a two-dimen-

sional image plate (Mo Ka radiation). Two-dimensional

images were integrated to produce conventional intensity

patterns using the Rigaku 2DP software (Rigaku Americas

Corporation, The Woodlands, TX, USA).

Non-reduced CP oxides were diluted in distilled H2O to

an equivalent concentration to the culture media and

added drop-wise to a petrographic slide and allowed to air-

dry. The non-reduced materials were analyzed on a Scintag

Pad V X-ray diffractometer (Cu Ka radiation).

Solids were collected from generation 9 ASW Vent and

Mid enrichment cultures and dried anaerobically. Non-

reduced CP oxides were similarly prepared. The samples

were analyzed by M€ossbauer spectroscopy at Penn State

University using a SVT400 cryogenic M€ossbauer system

(SEE Co., Minneapolis, MN, USA) as previously described

(Luan et al., 2014).

Reduced inorganic sulfur determination

A single-step reduced chromium reduction assay (Fossing &

Jørgensen, 1989) was used to determine the concentration



of total reduced inorganic sulfur in the third and eleventh

generations of the Vent and Mid ASW enrichment cul-

tures. Samples (2 mL) from the cultures were added to

three-arm flasks connected to a condenser. The flasks were

continuously flushed with a stream of N2 gas. Five mL of

1M CrCl2 and 5 mL of 6 M HCl were added, and the

materials were boiled for 1 h. Gaseous H2S liberated from

the sample was trapped in a zinc acetate solution (5%), and

the resulting ZnS precipitate was analyzed colorimetrically

using Cline reagent (Cline, 1969).

Fe isotope fractionation experiment

A separate experiment was conducted to assess how Fe iso-

tope compositions changed during microbial reduction of

CP oxides. Duplicate serum bottles were prepared using

90 mL ASW containing 2 mM Ac/Lac and 2.5 mL of the

CP oxides stock suspension. Each bottle was inoculated

with 10 mL of a 1-week-old enrichment culture, grown in

parallel with generation 28 cultures, and incubated at iden-

tical conditions. Aliquots (10 mL) were collected from

each bottle at 0, 4, 8, 12, 18, 24, 32, 48, and 72 h. Sam-

ples were centrifuged, and the aqueous phase was filtered

(0.2 lm nylon filter) and acidified to a final concentration

of 0.5 M HCl using 8 M HCl. The residual solid pellet was

subjected to a 1-h extraction with 0.01 M HCl, followed

by a 23 h extraction with 0.5 M HCl, with centrifugation

and supernatant filtration between extractions, in order to

separate the loosely associated and total HCl-extractable Fe

components. Ferrozine analysis was used to quantify Fe(II)

and total Fe, as described above.

Aliquots of Fe for isotopic analysis were purified through

two rounds of anion-exchange chromatography (Beard

et al., 2003). Purified samples were analyzed as 600 ppb

Fe using a MC-ICP-MS on a Micromass IsoProbe (Micro-

mass Ltd, Wythenshave, Manchester, UK) following previ-

ously published protocols (Beard et al., 2003).

Data are reported as the 56Fe/54Fe ratios relative to the

average of igneous rocks using the standard d notation in

units of per mil (&):

d56Fe ¼ ð56Fe=54FeÞsample

ð56Fe=54FeÞIg Rx
�1

" #
� 1000:

The Fe isotope fractionation between two phases is

defined as:

D56FeA�B ¼ d56FeA � d56FeB:

External precision of d56Fe values was estimated to be

�0.08& (2 standard deviations) based on replicate analyses

of in-house standards, test solutions using standards of a

known Fe isotopic composition (HPS-I and -II) that were

passed through the entire analytical procedure, and

unknown duplicates of samples. The following Fe isotope

compositions of the standard, including external repro-

ducibility, were obtained: J-M Fe: d56Fe = 0.28 � 0.12&
(2 SD, n = 10), IRMM-014: d56Fe = �0.04 � 0.09& (2

SD, n = 9), HPS-I: d56Fe = 0.50 � 0.12& (2 SD,

n = 20), and HPS-II: d56Fe = 0.51 � 0.09& (2 SD,

n = 16) (Beard et al., 2003). A total of 48 samples were

analyzed, and 10 replicates with an average reproducibility

of �0.03&.

DNA extraction and 16S rRNA gene amplicon sequencing

Aliquots (1 mL) were collected from generations 7, 15,

23, and 33 of the enrichment cultures and frozen at

�20 °C for subsequent DNA extraction and 454 pyrose-

quencing of 16S rRNA gene amplicons. Additional samples

were collected from generation 33 for metagenomic analy-

sis. All DNA samples were extracted using the MoBio

PowerSoil� DNA Isolation Kit (MoBio, Carlsbad, CA,

USA) according to the manufacturer’s instructions with

the following exceptions: PowerBead tubes containing

PowerBeads and buffer were decanted into sterile 2 mL

centrifuge tubes, and 1 mL of the enrichment culture

slurry was added to empty PowerBead tubes and cen-

trifuged at maximum speed for 10 min to remove excess

water from the samples, and to pellet the cells. Bead-beat-

ing beads and buffer were returned to tubes containing the

culture pellet. Following addition of solution C1, samples

were heated and agitated (60 °C, 1400 rpm) using a Ther-

mixer (Eppendorf, Hamburg, Germany). Solutions C2 and

C3 (0.1 mL each) were added in one step, with vortexing

in between (recommended by MoBio when DNA yields

are anticipated to be low). DNA was eluted in 40 lL of

solution C6 and stored at �20 °C until used.

To prepare samples for 16S rRNA gene amplicon

sequencing, extracted DNA was PCR amplified in dupli-

cate using InvitrogenTM Platinum� Taq Supermix (Life

Technologies, Grand Island, NY, USA) using the universal

primers 515f/806r (Caporaso et al., 2011), which target

the V3-V4 region of the 16S rRNA gene. Samples were

multiplexed using standard Roche MID primer tags.

Amplicons were generated using the following PCR proto-

col: 94 °C for 2 min (initial denaturation) followed by 35

cycles of 94 °C for 30 s (denaturing), 55 °C for 30 s (an-

nealing), 68 °C for 1 min (extension), and a final exten-

sion at 68 °C for 6 min. Successful generation of

amplicons was verified by gel electrophoresis using a 1%

agarose gel. Extracts were quantified using a Qubit� fluo-

rometer (Version 1.0; Life Technologies, Inc., Madison,

WI, USA). After quantitation, amplicons were pooled in

an equimolar ratio, and sequenced at the University of

Wisconsin-Madison Biotechnology Center (UWMBC)

using the Roche 454 FLX+ pyrosequencing platform.



Microbial community sequence data were processed using

the Quantitative Insights Into Microbial Ecology (QIIME)

pipeline (http://www.qiime.org, version 1.7.0) (Caporaso

et al., 2010b). QIIME allows for de-multiplexing of bar-

coded sequences, de novo operational taxonomic unit

(OTU) picking based on sequence similarity within samples,

sequence alignment, and taxonomic assignment using the

Greengenes database. Raw data was de-multiplexed using

MID tags, and processed with default QIIME parameters to

remove sequences of low quality: sequences <200 bp, with

quality scores below 25, and with more than six ambiguous

bases in a row were discarded. After library splitting and

quality filtering, sequences were de-noised using default

QIIME settings (Reeder & Knight, 2010). After de-nois-

ing, OTUs were clustered de novo using the default uclust

algorithm (Edgar, 2010) and a representative set of OTUs

was generated. Representative sequences were aligned to

the Greengenes database using PyNast (Caporaso et al.,

2010a). Chimeric sequences were identified and removed

using ChimeraSlayer (Haas et al., 2011). Taxonomy was

assigned to OTUs using the Greengenes reference database

(McDonald et al., 2012; Werner et al., 2012) and Riboso-

mal Database Project classifier (Wang et al., 2007).

Sequences from the ten most abundant OTUs from each

enrichment culture were analyzed using NCBI BLASTn

search algorithm excluding models and uncultured/envi-

ronmental sample sequences (Altschul et al., 1990).

BLASTn results were compared to the Greengenes tax-

onomies identified using QIIME to potentially gather addi-

tional information about the most abundant taxa.

Metagenomic sequencing and analysis

Samples from generation 33 of the Vent and Mid enrich-

ment cultures were submitted to the UWMBC for paired-

end Illumina MiSeq shotgun metagenomic sequencing.

Raw sequence data was processed using CLC Genomics

Workbench 6.0.2 (http://www.clcbio.com). Adapters

were removed from sequence data using the Trim

Sequences function within CLC Genomics Workbench. In

both Vent and Mid samples, overlapping pairs of

2 9 250 bp sequences were merged prior to quality trim-

ming. Adapters were removed using the General Adapter

List library and adapter usage information provided by

UWMBC. Merged sequences of <50 bp or quality scores

<95% were removed. Contigs were assembled using an

overlapping word length of 63 bp and minimum length of

200 bp. Reads were mapped back to contigs based on 90%

length and 95% similarity. Assemblies from both samples

were uploaded to the Integrated Microbial Genomes with

Microbiome Expert Reviewer (IMG/M ER) system

(img.jgi.doe.gov/mer) for gene calling using IMG/M ER

Metagenome Gene Calling method and function annota-

tion (Mavromatis et al., 2009).

Metagenomes from Vent and Mid enrichments were

assigned coarse taxonomic bins based on GC content and

coverage using contigs 3 kb and greater. GC content for

each assembled contig was determined using the Bioperl

Toolkit (Stajich et al., 2002) and a custom GC content

script (Xiaodong Bai, Ohio State University, http://

www.oardc.ohio-state.edu/tomato/HCS806/GC-script.txt).

Identity of the bins was further refined by sequence com-

position and coverage using the automated clustering tool,

CONCOCT (Alneberg et al., 2014). Bin quality was

determined by counting how many unique copies of the

111 conserved bacterial housekeeping genes were present

in each bin (Albertsen et al., 2013), hereafter referred to

as ‘completeness’. Bins with a completeness of <50% were

not considered for further analysis. Bins containing no

conserved bacterial housekeeping genes and one or two

contigs were immediately discarded. Taxonomic bins pro-

duced in CONCOCT were visualized using Databionics

ESOM Tools (Ultsch & Moerchen, 2005). ESOM maps

were produced using tetranucleotide frequencies of the

metagenome assemblies as determined using a custom

Bioperl script (Dick et al., 2009). Raw tetranucleotide fre-

quencies were transformed using the Robust ZT option in

ESOM and K-batch training algorithm according to previ-

ously described methodology (Dick et al., 2009). A win-

dow size of 5 kb was used on all contigs >3 kb. Maps

generated were borderless and with dimensions of

150 9 246, greater resolution than the default settings of

50 9 82. Taxonomic identity of the bins was assigned

using PhyloSift (Darling et al., 2014).

Metagenomes annotated in IMG were examined for

genes of interest including those involved in thermotoler-

ance and extracellular electron transfer (EET). Gene search

was based on pfam functional units of genes encoding

molecular chaperones known to be involved with thermo-

tolerance in organisms. A broad EET gene search was con-

ducted using functional units of genes encoding for c-type

cytochromes and multiheme-binding motifs (Table S8).

In-depth EET searches were limited to the known path-

ways including mtrABC as in Shewanella, (Hartshorne

et al., 2009), and the recently identified porin–cytochrome

complex (PCC) found in all Geobacter spp. and several

other genera (Liu et al., 2014; Shi et al., 2014). A total of

29 gene homologs to the porin in PCC, taken from the

organisms identified in Shi et al. (2014), were used to gen-

erate a hidden Markov model (Eddy, 2009) using the

hmmbuild function in HMMER 3.0 (Finn et al., 2011). Can-

didate PCC porin homologs in the enrichment metagen-

omes were identified by searching all protein sequences

from the metagenomes against the HMM using the hmm-

search function. Identified genes were further investigated

to predict the porin secondary structure and the presence

of an adjacent multiheme c-type cytochrome. Homologs of

genes involved in dissimilatory sulfate reduction (DSR),

http://www.qiime.org
http://www.clcbio.com
http://www.oardc.ohio-state.edu/tomato/HCS806/GC-script.txt
http://www.oardc.ohio-state.edu/tomato/HCS806/GC-script.txt


including Adenosine-50-phosphosulfate reductase (apsAB),

sulfate adenylyltransferase (sat), and dissimilatory sulfite

reductase (dsrAB), were identified using the BLASTp

search tool on IMG.

Candidate genes of interest were compared between the

bins in the Vent and Mid metagenomes, and the type

strains Geobacter metallireducens GS-15, Geobacter sulfurre-

decens PCA, Ignavibacterium album Mat9-16, JCM

16511, and Melioribacter roseus P3M using gene copy

number and organization. Identification of the location of

the genes of interest was achieved by cross-referencing the

contig Scaffold ID from IMG with the contig and bin tax-

onomy assigned during binning in CONCOCT.

RESULTS

Description and chemistry of Chocolate Pots

CP is located approximately 5 km south of the Norris Gey-

ser Basin along the Gibbon River at the northern edge of

the Yellowstone caldera. This circumneutral hot spring had

a pH of 5.9 at the Vent sample site and 7.2 at the Mid

sampling site. Temperatures at these two sample sites were

50.7 and 42.8 °C, respectively. The slightly acidic spring

water emerging from the CP vent is thought to be the

result of mixing of subsurface acid-sulfate hydrothermal

waters with alluvial groundwater (McCleskey et al., 2010;

Parenteau & Cady, 2010). CP spring water is anoxic at the

vent and contains high concentrations of Fe(II) at ca.

0.1 mM and dissolved silica close to amorphous Si satura-

tion at ca. 150 ppm (Parenteau & Cady, 2010). Concen-

trations of other major ions are reported in Table 1. The

iron-silica sinter comprising the hot spring mound at CP

has been previously reported as 55% ferric oxides, 17% sil-

ica, and 19% water, Fe:Si = 3.2:1 (Allen & Day, 1935).

Processing of the bulk solids (see Materials and Methods)

for use in the culture medium resulted in removal of

almost all of the silica. The Fe:Si ratio of the CP oxides in

the culture medium was approximately 188:1.

MPN enumerations

The MPN enumerations revealed the presence of substan-

tial populations of Ac/Lac-utilizing DIRB in both the

Vent (ca. 105 cells g�1) and Mid (ca. 108 cells g�1) mate-

rials (Table 2). Lower but detectable numbers of H2 oxi-

dizing DIRB (101–103 cells g�1) were observed.

Fe(III)-reducing enrichment cultures

The enrichment cultures demonstrated continued growth

and Fe(II) production for the duration (33 transfers) of

the ca. 450-day culturing campaign (Fig. 1). Enrichment

cultures using H2 as an electron source failed to grow after

inoculation from the 10�1 dilution of an H2 MPN tube.

Culture tubes spiked with a small amount (0.5 mM) of

acetate in an attempt to stimulate growth showed no

observable increase in activity. Subsequent cultures, grown

in the presence of H2 and 0.5 mM acetate and inoculated

from 10�1 dilution of the Ac/Lac MPN tube, were able to

sustain Fe(III) reduction activity. While at a lower yield

than observed in 2 mM Ac/Lac cultures, H2/Ac enrich-

ments showed greater activity than can be accounted for

by the oxidation of 0.5 mM acetate alone, suggesting that

the organisms were obtaining reductant from oxidation of

H2 as well (Fig. S2). After five generations, acetate and lac-

tate were tested independently as energy sources in the

Ac/Lac enrichments. Fe(III) reduction was maintained

with either acetate or lactate in cultures over five genera-

tions with comparable levels of Fe(III) reduction observed

in cultures containing either acetate or lactate alone

(Fig. S2).

After seven generations, enrichments were transferred to

culture medium prepared with ASW and CP oxides, allow-

ing for adjustment of growth medium components, for

example, sulfate concentration. The ASW cultures were

successfully grown for 26 generations and maintained a

level of Fe(III) reduction similar to that observed prior to

transferring to artificial medium (Fig. 1). Enrichment cul-

tures containing molybdate and those lacking sulfate were

transferred along with unaltered Ac/Lac cultures for five

successive generations. Sustained Fe(III) reduction took

place in cultures both without sulfate and in those contain-

ing molybdate, albeit at a slightly reduced rate compared

to the Ac/Lac cultures (Fig. 2). Cultures containing no

sulfate were transferred for an additional ten generations

with levels of Fe(III) reduction equivalent to that of the

unaltered, sulfate-containing cultures (Fig. 2).

The concentration of sulfate decreased from ca. 0.3 mM

to ca. 0.1 mM over the course of a 2-week incubation in

the 9th-generation ASW cultures. Fe(III) reduction

occurred more quickly in Vent cultures, producing

30.6 mmol L�1 and 33.7 mmol L�1 Fe(II) in the sulfate-

containing and no-sulfate cultures, respectively, by Day 2.

By Day 4, all four cultures had reduced about the same

amount of Fe(III), producing 30.8 � 2.8 mmol L�1 Fe

(II) (Fig. 3). Sulfide production as determined by the

Table 2 Most probable number enumerations for Fe(III)-reducing organ-

isms in Mid and Vent materials collected from Chocolate Pots, YNP in

September 2012

Sample site and e� donor

MPN (cells g�1 wet weight)

Day 3 Day 5

Mid acetate/lactate 1.5 9 104 2.8 9 108

Mid H2 4.3 9 101 4.3 9 101

Vent acetate/lactate 1.5 9 105 1.5 9 105

Vent H2 2.1 9 103 2.1 9 103



reduced chromium assay showed a slight increase from

0.124 to 0.148 mmol L�1 between the 3rd and 11th gen-

eration of the Mid enrichment cultures. The concentration

of sulfide in the Vent enrichments was below detection

(data not shown). This likely indicates that sulfate deple-

tion was due to its use in assimilatory pathways.

XRD analysis

Non-reduced CP oxides consisted of amorphous Fe, and

no increase in crystallinity was observed as a result of auto-

claving (Fig. S3). Following microbial reduction, a small

amount of siderite was observed in solids collected from

both the Vent and Mid enrichment cultures (Fig. S3).

Fe isotope fractionation experiment

Fe(III) oxide reduction activity in the Fe isotope fractiona-

tion experiment plateaued by the second day of incubation

(Fig. 4A,B). Sequential extraction of samples from this

experiment was used to separate dissolved (aqueous) Fe

from two parts of solid-phase Fe, that is, 0.01 M HCl- and

0.5 M HCl-extractable Fe, for Fe isotope analysis. The

0.01 M HCl-extractable phase consisted of almost entirely

Fe(II) after hour 12 of the experiment, with final Fe(II)/

total Fe ratios of 0.996 (Vent) and 0.999 � 0.009 (Mid).

The 0.5 M HCl-extractable phase initially consisted mainly

of Fe(III), and a greater amount of Fe(II) at later time

points [final Fe(II)/total Fe = 0.140 � 0.001 (Vent) and

0.122 � 0.006 (Mid)].

d56Fe values for aqueous and 0.01 M HCl-extractable

phases were ca. 1–3& lower than bulk 0.5 M HCl-extracta-

ble Fe (Fig. 4C,D). A mass-balance approach was taken to

estimate the d56Fe value of the pure Fe(III) component

that was sampled from the solid in the 0.5 M HCl extrac-

tions, which accounted for most of the Fe in the extrac-

tion. Calculations are based on the assumption that the

d56Fe value for Fe(II) in the 0.01M HCl extract, after the

time (ca. 12 h) when the Fe(II)/total Fe ratio was approx-

imately equal to 1.0, was equivalent to the isotopic compo-

sition of Fe(II) in the 0.5 M HCl phase, following previous

work (Crosby et al., 2005; Tangalos et al., 2010; Percak-

Fig. 1 Fe(II) production in Vent and Mid enrichment cultures cultivated at 45° and 40 °C, respectively, in natural spring water medium (pH = 6.1 and 6.7,

respectively) amended with processed Fe(III) oxides native to CP. Each low Fe(II) value (ca. 2 mmol L�1) represents the time zero value after inoculation or

transfer of the culture. Enrichments contained a mixture of 2 mM acetate and 2 mM lactate as the electron donor and were grown in the presence of ca.

0.3 mM sulfate. The dashed line indicates the transition to ASW medium containing processed Fe(III) oxides native to CP. Values represent single measure-

ments on a single enrichment culture for the Vent and Mid systems.

Fig. 2 Fe(II) production in enrichments from

the Vent and Mid sampling sites in the

presence and absence of 0.3 mM sulfate in

ASW medium, and in sulfate-containing ASW

medium with 0.3 mM molybdate, an inhibitor

of biological sulfate reduction. Each low Fe(II)

value (ca. 2 mmol L�1) represents the value at

time zero after transfer of the culture. Values

represent a single measurement on a single

enrichment culture.



Dennett et al., 2011). Mass balance for the solid phase

sampled by 0.5 M HCl extraction is represented by the fol-

lowing equation.

d56FeFe0:5MHCl ¼ XFeðIIÞ0:5MHCld
56FeFeðIIÞ0:5MHCl

þXFeðIIIÞ0:5MHCld
56FeFeðIIIÞ0:5MHCl:

ð1Þ

Using d56FeFe(II) 0.01 M HCl in place of d56FeFe(II) 0.5 M HCl

and rearranging the equation, d56FeFe(III) 0.5 M HCl can be

calculated using:

d56FeFeðIIIÞ0:5MHCl ¼ ½d56FeFe0:5MHCl

�ðXFeðIIÞ0:5MHCld
56FeFeðIIÞ0:01MHClÞ�=XFeðIIIÞ0:5MHCl:

ð2Þ

The calculations indicated that d56Fe values for the

solid-phase Fe(III) component sampled by the 0.5M HCl

extraction increased slightly during Fe(III) reduction

(Fig. 2C,D), as expected for Fe redox-driven Fe isotope

fractionation where a greater proportion of Fe would exist

in Fe(III) phases. Following Crosby et al. (2005, 2007),

the solid Fe(III) component sampled in the 0.5 M HCl

extraction can be considered the reactive Fe(III) pool in

the solid that underwent at least partial Fe isotope

exchange with aqueous and sorbed Fe(II).

Iron isotope fractionation factors between aqueous Fe

(II) and HCl-extractable phases followed similar trends in

both the Vent and Mid enrichments (Fig. 4E,F). The large

fluctuations in the first 12–24 h correspond to periods of

low extent of reduction (Fig. 4A,B). The ending fractiona-

tion factor between the Fe(II) components (D56FeFe(II)aq-Fe

(II)0.01) was �0.69 � 0.13& and �1.47 � 0.13& for

Vent and Mid, respectively. A larger ending fractionation

occurred between the Fe(II) aq and Fe(III) phases

(D56FeFe(II)aq-Fe(III)0.5) with values of �2.68 � 0.29& and

�3.37 � 0.30& for Vent and Mid, respectively.

Composition of enrichment cultures

DNA sequences from 16S rRNA gene amplicon pyrose-

quencing showed a similar assemblage of taxa in the Vent

and Mid enrichment cultures. Over time, both cultures

experienced a decrease in diversity where the 10 most

dominant OTUs represented a greater proportion of all

OTUs present in the cultures, reaching 80–90% by the end

of the enrichment culturing experiment (Tables S1–S4). A
noticeable shift in dominant taxa toward well-known and

potential DIRB also occurred, with these taxa increasing

dramatically in abundance relative to the corresponding

identical (or near-identical) reads in the inoculum libraries

(Table 3). The dominant OTU, comprising ca. 70% of all

reads in Vent and 50% in Mid enrichment cultures after

46 weeks of transfers, was Geobacter metallireducens GS-15

[99% identity (Lovley et al., 1993a)] and Geobacter sp.

IST-3 [97% identity (Bl€othe & Roden, 2009)], respectively

(Fig. S4A,B, Table S5). In total, 26 and 51 different

Geobacter-related OTUs were recovered from the 46 week

Vent and Mid enrichment cultures, respectively.

An organism present in the inoculum sources, which

remained prominent throughout the enrichment culturing

campaign, is a distant relative of Ignavibacterium (t = 0;

88% identity) or Melioribacter (t = 14, 30, 46 week.; 92%

identity) (Tables S1–S5) of the recently defined phylum

Ignavibacteriae within the Bacteroidetes/Chlorobi group

(Podosokorskaya et al., 2013). Previous research on Ignav-

ibacterium showed it to be a complex heterotroph capable

of fermentation and H2 oxidation (Liu et al., 2012); how-

ever, recent studies have identified PCC in Ignavibac-

terium that are homologous to those found in Geobacter

species (Liu et al., 2014; Shi et al., 2014). Initial studies

of Melioribacter identified it as being able to use Fe(III) as

a terminal electron acceptor (Kadnikov et al., 2013;

Podosokorskaya et al., 2013). In total, one and two OTUs

related to the families Ignavibacteriaceae or Melioribacteri-

aceae, respectively, were recovered from the 46 week Vent

enrichment cultures, which together accounted for 1.47%

of all reads; the corresponding values for the Mid enrich-

ment were 1 and 9 OTUs which accounted for 3.14% of

all reads. BLASTN results showed remaining dominant

organisms to have relatively low percent similarity to other

taxa including Fe(III)- and sulfate-reducing bacteria, for

example, Desulfohalobium, Anaeromyxobacter, and Ther-

modesulfovibrio (Fig. S4A,B, Tables S4a,b).

Metagenomic analysis of enrichment cultures

Illumina MiSeq shotgun metagenomic sequencing pro-

duced a total of 2 610 792 and 2 563 206 paired reads

Fig. 3 Fe(II) production (circles and squares) and sulfate consumption

(green triangles) during a 2-week culture in ASW medium with and without

sulfate. Values represent the average of single measurements from dupli-

cate cultures.



from the Vent and Mid enrichment cultures, respectively,

following trimming and merging. Seventy-five percent of

reads from the Vent enrichment culture had an average

PHRED score above 35 and above 30 from the Mid

enrichment culture. The Vent metagenome was assembled

into 35 690 contigs with an average length of 1180 bp

Fig. 4 (A, B) Aqueous and HCl-extractable Fe(II) production during the Fe isotope fractionation experiment. Red symbols represent the sum of aqueous and

0.01 M HCl-extractable Fe(II); green symbols represent the sum of aqueous, 0.01 M HCl-extractable, and 0.5 M HCl-extractable Fe(II). Note different Y-axis

scales for aqueous Fe (right scale) and HCl extractions (left scale). (C, D) d56Fe values for different Fe pools collected during the Fe isotope fractionation

experiment. Fe(II)0.01 represents d56Fe for the 0.01 M HCl extraction, which was composed solely of Fe(II) after 12 h of incubation; FeTot0.5 represents the

measured d56Fe for the 0.5 M HCl extraction, which was composed of a mixture of Fe(II) and Fe(III); Fe(III)0.5 represents calculated d56Fe of the pure Fe(III)

component in the 0.5 M HCl extraction, inferred from mass balance, as described in the text. (E, F) Temporal variation in fractionation factor between aque-

ous Fe(II) (Fe(II)aq) and the 0.01 M HCl extraction (Fe(II)0.01), interpreted to reflect sorbed Fe(II), or the solid Fe(III) component contained in the 0.5 M HCl

extraction (Fe(III)0.5). Error bars reflect 2r uncertainty in measured Fe(II)aq and Fe(II)0.01 M HCl, and extrapolated uncertainty calculated for Fe(III)0.5 M HCl. All

values represent a single measurement on a single enrichment culture.



and an N50 of 2072 bp. The Mid metagenome was assem-

bled into 93 531 contigs with an average length of 920 bp

and an N50 of 1149 bp.

Coarse bin assignments comparing coverage vs. %GC

identified 11 taxonomic bins in the Vent metagenome and

13 in the Mid metagenome. Binning assignments were

refined using CONCOCT, maintaining eight bins in the

Vent metagenome and identifying additional bins in the

Mid metagenome for a total of 15 (Fig. 5). The taxonomic

identity of some bins remains poorly resolved due to

uncertainties in putative taxonomy as identified using Phy-

loSift, and thus, the highest taxonomic rank identified for

some bins was only class level. There is a high level of con-

fidence in the identity of the bins of interest in both meta-

genomes (i.e., Geobacter metallireducens and Melioribacter

roseus), based on high probability mass scores from the

PhyloSift output.

Four and seven nearly complete bins (complete-

ness > 85%) were recovered from the Vent and Mid

metagenomes (Table 4). Of these, two bins in the Vent

metagenome and four in Mid metagenome contained

putative 16S rRNA genes that corresponded to reads

from the 46-week 16S rRNA gene amplicon library

with an identity > 98%. With the exception of the

Geobacter metallireducens bin in the Vent metagenome,

the nearly complete bins containing 16S rRNA genes

were not closely matched to organisms within the Gen-

Bank database.

Heat-shock proteins (HSP) and molecular chaperone

proteins involved with maintaining structure and function

of other proteins under heat-stress were identified in sev-

eral bins in both metagenomes (Table S7). The copy num-

bers of the small HSP, hsp20, in the Geobacter

metallireducens bins from both the Vent and Mid meta-

genomes were greater and occurred as a tandem repeat

with three copies arranged in a row. This arrangement is

not seen in the type strain Geobacter metallireducens GS-

15; however, it is seen in the Geobacter sulfurreducens PCA

type strain (Fig. S5). An alternating arrangement of hsp20,

hsp70, and hsp20 was observed in both the Vent and Mid

metagenomic bins, and in the type strain Melioribacter

roseus (Fig. S6).

mtrABC genes were not identified in the metagenomic

libraries. However, porins structurally homologous to the

porin in PCC and in close proximity to a multiheme

cytochrome were identified in both metagenomes and all

type strains referenced including Melioribacter roseus P3M,

which has not previously been investigated for this gene

cluster (Fig. 6). PCC was present in bins identified as

Geobacter metallireducens and Melioribacter roseus

from the Vent and Mid metagenomes. It was also discov-

ered in bins identified as Desulfobacteraceae, Ignavibac-

Table 3 Comparison of dominant taxa following 46-week enrichment in the presence of 2 mM acetate and 2 mM lactate when compared to the abundance

of these taxa in Fe oxides used to inoculate Mid and Vent enrichments

Site Taxa

Abundance in inoculum

(number of reads)

Abundance in 46 week

enrichment (number of reads) % Identity*

Vent Geobacter metallireducens strain GS-15 2 (<0.1%) 3033 (69.7%) 100.0

Geobacter daltonii strain FRC-32 2 (<0.1%) 228 (5.25%) 96.88

Desulfohalobium retbaense strain DSM 5692 25 (0.33%) 163 (3.75%) 99.63

Curvibacter delicatus strain DHW-S121 7 (<0.1%) 123 (2.83%) 98.88

Clostridium sp. 6-16 1 (<0.1%) 96 (2.21%) 98.88

Geobacter hydrogenophilus 2 (<0.1%) 93 (2.14%) 97.44

Melioribacter roseus strain P3M-2 10 (0.13%) 59 (1.36%) 99.63

Thermanaerothrix daxensis strain GNS-1 260 (3.45%) 47 (1.08%) 98.52

Anaerolineae bacterium SW7 1 (<0.1%) 36 (0.83%) 99.26

Anaerolineae bacterium SW7 0 35 (0.81%) N/A†

Ignavibacterium album strain JCM 16511 86 (1.14%) 6 (0.14%) 98.88

Ignavibacterium album strain JCM 16511 74 (0.98%) 1 (<0.1%) 85.71

Mid Geobacter sp. IST-3 4 (<0.1%) 4479 (52.0%) 100.0

Anaerolineae bacterium SW7 2 (<0.1%) 618 (7.17%) 99.26

Geobacter metallireducens strain GS-15 2 (<0.1%) 414 (4.80%) 100.0

Thermodesulfovibrio hydrogeniphilus strain Hbr5 1 (<0.1%) 302 (3.50%) 99.63

Bacterium sp. OF1 0 258 (2.99%) N/A

Desulfohalobium retbaense strain DSM 5692 5 (<0.1%) 245 (2.84%) 99.63

Treponema primitia strain ZAS-2 0 217 (2.52%) N/A

Melioribacter roseus strain P3M-2 0 206 2.39%) N/A

Geobacter sp OR-1 0 203 (2.36%) N/A

Anaeromyxobacter sp. Only E-B1 42 (0.66%) 156 (1.81%) 99.63

Ignavibacterium album strain JCM 16511 68 (1.06%) 0 N/A

*Pairwise alignments were used to calculate the percent identity between OTU sequences present in the inoculum and in the enrichment cultures.

†N/A = Not applicable, no corresponding read in inoculum or at 46 week.



terium, and Thermodesulfovibrio yellowstonii in the Mid

metagenome.

DISCUSSION

Previous studies of other thermal springs in YNP have

identified Fe-cycling microorganisms, including those

involved in DIR (Kashefi et al., 2002a; Kozubal et al.,

2012). Although prior studies have suggested that DIR

could play a role in Fe redox cycling in the Fe(III) oxide

deposits at CP hot springs, (Pierson et al., 1999; Pierson

& Parenteau, 2000; Wu et al., 2013), to date there have

been no explicit studies of organisms capable of DIR in

this particular hydrothermal environment. The goal of

this study was to obtain a first look at the potential for

DIR in CP materials through a combination of MPN

enumerations and enrichment culturing, and to assess the

potential for Fe isotope fractionation during microbial

reduction of the siliceous Fe(III) oxides native to CP. In

addition, phylogenetic and metagenomic analysis of

microorganisms in the enrichment cultures as well as

from the natural environment revealed the presence of

both well-known and novel putative Fe(III)-reducing

taxa.

Culture-based analysis of Fe(III) reduction potential

The MPN results were suggestive of an active hetero-

trophic Fe(III)-reducing community at CP (Table 1). The

comparatively low estimates of H2-oxidizing DIRB and the

failure of initial enrichment cultures to grow using only H2

as an electron donor indicated an absence of culturable

autotrophic DIR organisms. Nevertheless, DIR was active

in cultures where H2 served as the main electron donor

with small quantities of acetate provided as a carbon

source. Dominant taxa identified in the H2/Ac cultures

were different from the other electron donor treatments

(Fig. S4C). However, OTUs related to organisms previ-

ously shown to be capable of coupling H2 oxidation to Fe

(III) or sulfate reduction, including Geobacter sp. IST-3

(97% identity (Bl€othe & Roden, 2009)) and Desulfohalo-

bium retbaense [87% identity (Spring et al., 2010)], were

identified in enrichments both with and without H2 as an

electron donor (Tables S2a–d, Fig. S4C). No known auto-

trophic Fe(III) reducers or close relatives thereof were

identified in any of the enrichments. This is perhaps not

surprising given that the only known autotrophic H2-oxi-

dizing Fe(III) reducers are hyperthemophilic Bacteria and

Archaea (Vargas et al., 1998; Kashefi et al., 2002b, 2008;

A B

DC

Fig. 5 ESOM of metagenomic fragments from DNA extracted from Fe oxides sampled from the Vent (A) and Mid (C) sampling locations using CONCOCT

binning approaches (5 kb window size, all contigs >3 kb were considered). Coverage vs. %GC content for bins identified in CONCOCT from the Vent (B)

and Mid (D) metagenomes. Taxonomic assignments were made using PhyloSift. Geobacter and G. metallireducens from Mid (C, D) were binned manually

using %GC and coverage due to being binned together in CONCOCT.



Kashefi & Lovley, 2003). Although methanogens have pre-

viously been implicated in reducing amorphous Fe(III) oxi-

des (Van Bodegom et al., 2004), and an OTU related the

methanogen, Methanobacterium oryzae (98% identity (Jou-

lian et al., 2000)) was recovered in the H2-containing

enrichment culture, this particular organism has not been

reported as capable of reducing Fe(III) oxides.

Electron donor studies of acetate-only and lactate-only

enrichments revealed similar levels of reduction between

the two treatments, suggesting that both carbon sources

were capable of serving as electron donor and carbon

source in the cultures (Fig. 1). Interestingly, the microbial

community was very similar between the Ac/Lac, Ac, and

Lac treatments. Lactate is a commonly metabolized sub-

strate by DIRB (Lovley et al., 2004) and SRB (Fauque &

Ollivier, 2004), both of which oxidize lactate partially to

acetate followed by utilization of acetate. Organisms

related to the known lactate oxidizing DIRB Geobacter

argillaceus [98% identity (Shelobolina et al., 2007)] were

identified in the Lac enrichments, and were likely a major

contributor to Fe(III) reduction observed in those cul-

tures. OTUs related to organisms known to be unable to

metabolize lactate [e.g., Melioribacter roseus, 92% identity

(Podosokorskaya et al., 2013)] were present in all enrich-

ments (14 weeks onward) regardless of electron donor

(Fig. S4A–C). It is likely that such organisms utilized acet-

ate produced via partial lactate oxidation.

The appearance of Geobacter metallireducens as a domi-

nant organism in the enrichments amended with acetate

(Fig. S4A,B) is not surprising given the prevalence of

Geobacteraceae in Fe(III)-reducing environments world-

wide (Lovley et al., 2004). Moreover, the stimulation of

Geobacter populations with the addition of acetate as an

electron source has been well documented (Lovley et al.,

2004). The OTUs in the inoculum sources that corre-

sponded to the G. metallireducens strain in the Vent and

Mid enrichment cultures comprised only <0.1% (2/7538)

and (2/6412) of the total microbial community, respec-

tively. Additional abundant Geobacter-related OTUs

(G. daltonii and G. hydrogenophilus) identified in the 46-

week Vent enrichment culture were both present in the

inocula source at <0.1% (2/7538). Other Geobacter-

related OTUs that were abundant in the Mid enrichment

culture were present in trace numbers (<0.1%, 4/6412

for Geobacter sp. IST-3), or absent altogether (Geobacter

sp. OR-1) in the inoculum library. This suggests that the

enrichment culturing selected for Geobacter and it was

able to thrive and outcompete other DIRB that may have

been present.

Another DIRB taxon that comprised a smaller but sig-

nificant fraction of the enrichment culture communities

was related to Melioribacter roseus (92% identity). Meliorib-

acter is a member of the class Ignavibacteria, the sole taxo-

nomic class in the newly identified phylum Ignavibacteriae

within the Bacteroidetes–Chlorobi group (Podosokorskaya

et al., 2013). Ignavibacteria relatives were present in the

inoculum sources and throughout the 46-week Fe(III)-

reducing enrichment incubation. Although this population

Table 4 Taxonomic assignment of enrichment culture metagenome bins

Site CONCOCT Bin PhyloSift phylogeny

Average

coverage

Bin size

(kbp)

Completeness

(%)

Similarity to 16S

amplicon library

%Identity to

GenBank

Vent 1 Candidatus Methylomirabilis 8.48 377.4 5.4 N/A*

2 Syntrophaceae 5.86 1523.5 65.8 N/A

3 Geobacter metallireducens 100.07 3726.1 94.6 99.3 99

4 Peptococcaceae 233.03 3326.8 95.5 N/A

5 Veillonellaceae 7.60 3205.5 67.6 N/A

6 Melioribacter roseus 19.62 3052.3 95.5 N/A

7 Hylemonella 6.54 1938.7 62.2 N/A

8 Deltaproteobacteria 8.43 2332.0 89.2 100.00 92

Mid 1 Thermodesulfovibrio yellowstonii 14.68 1965.0 92.8 98.9 89

2 Spirochaetales 13.71 222.2 9.0 N/A

3 Myxococcales 4.21 318.3 8.1 N/A

4 Acidobacteria 14.74 2700.4 93.7 N/A

5 Geobacter metallireducens 231.50 2932.1 72.1 N/A

6 Geobacter 65.03 3209.4 95.5 N/A

7 Melioribacter roseus 8.32 3295.9 94.6 100.00 93

8 Ignavibacterium 7.48 2849.3 83.8 N/A

9 Treponema 9.55 2259.9 86.5 N/A

10 Desulfobacteraceae 14.24 3927.0 93.7 98.90 82

11 Desulfuromonadales 7.76 1939.9 78.4 N/A

12 Deltaproteobacteria 16.89 2250.5 95.5 98.9 87

13 Bacteroidetes 5.46 546.3 29.7 N/A

14 Anaerolineales 4.73 476.3 17.1 N/A

15 Melioribacteraceae 5.53 1584.4 55.0 N/A

*N/A = Not applicable, metagenomic 16S rRNA gene sequence present on contig <3 kb and not binned.



was sustained through the enrichment culturing, there was

a noticeable change in the abundance of OTUs represent-

ing this group during enrichment as compared to the inoc-

ula sources. Vent and Mid inocula contained abundant

OTUs most closely related to the species Ignavibacterium

album which decreased to a trace portion of the popula-

tion by 46 weeks. Conversely, 46-week enrichments con-

tained OTUs most closely related to the species

Melioribacter roseus which was present in only trace num-

bers in the inoculum or absent altogether. This shift in

diversity from the inoculum source to 46-week enrichment

shows a replacement of the Ignavibacterium relatives by

Melioribacter relatives. The presence of relatives of Ignav-

ibacteria in the inocula and enrichment cultures as well as

in recent un-enriched, in vitro Fe(III) reduction assays

suggests that these organisms may be responsible for DIR

in situ at CP (N.W. Fortney, S. He, B.J. Converse, B.L.

Beard, C.M. Johnson, E.S. Boyd & E.E. Roden in prep.).

Identification of microorganisms capable of fermentation

such as relatives of Anaerolineae, Thermanaerothrix, and

Clostridium (89–92%, 92%, 85% identity, respectively; see

Table S4) is not surprising given the in situ environment

where organic matter from the cyanobacterial mat commu-

nities or exogenous carbon influx could be broken down

into organic acids capable of supporting heterotrophic

DIRB community members (Schubotz et al., 2013, 2015;

Urschel et al., 2015). However, in the organic acid-

amended enrichment culture media, their role is less obvi-

ous. Although many fermentative organisms are capable of

diverting small amounts of reducing equivalents to Fe(III)

reduction during fermentative growth (Lovley et al., 2004),

it is unknown whether the putative fermenters played a

direct role in Fe(III) reduction in the enrichment cultures.

The simplest explanation for the persistence of these organ-

isms in the enrichments is that they were involved in depoly-

merization and fermentation of decaying microbial biomass.

Potential role of sulfur cycling in Fe(III) reduction

A black, putative iron-monosulfide (FeS) precipitate was

occasionally observed on the Fe oxide surface/spring water

interface in the enrichment cultures. This, along with a dis-

tinct H2S odor observed during HCl extraction, was a pos-

sible indicator of sulfide-driven Fe(III) reduction mediated

by SRB (Coleman et al., 1993; Straub & Schink, 2004;

Haveman et al., 2008). These observations motivated an

Fig. 6 Gene map of porin–cytochrome complex (PCC) in bins from the Vent (A) and Mid (B) metagenomes, and genomes of the type strains (C). Porins are

denoted in purple with the number of transmembrane domains indicated by white numbering. Cytochromes are in green with the number of heme-binding

sites indicated by white numbering. The taxonomic identity of contigs containing PCC correspond to taxonomic identity of bins as identified by Phylosift. The

contigs labeled as Geobacter from the Vent metagenome (A), and Geobacter uraniireducens from the Mid metagenome (B) were <3 kb and not binned; tax-

onomic assignments were made using DOE-IMG. Ellipsis denotes spaces in bin where gene clusters are coded for on the same genome, but potentially as part

of a different operon. Outlined genes in white are genes not involved with PCC.



in-depth study of the potential role of SRB in driving Fe

(III) reduction in the cultures.

The sulfate present in the CP spring water used for the

growth medium, ca. 0.3 mM, was relatively low and could

have only accounted for <1 mmol L�1 of Fe(II) produced

by coupling abiotic reduction of Fe(III) to oxidation of

sulfide through the well-known reaction (Poulton et al.,

2004):

HS� þ 2FeOOHþ 5Hþ ! S0 þ 2Fe2þ þ 4H2O:

Concentrations of reduced inorganic sulfur were very

low in the Mid enrichments (≤0.15 mmol L�1) and unde-

tectable in Vent (data not shown), suggesting that large

quantities of sulfide were not produced in the enrichment

cultures. Although sulfur recycling linked to sulfur dispro-

portionation (Thamdrup et al., 1993) could have allowed

for more Fe(III) reduction, 16S rRNA gene libraries did

not support this possibility as sequences affiliated with

putative elemental sulfur or thiosulfate disproportionators

such as Desulfocapsa (Janssen et al., 1996; Finster et al.,

1998) were not identified in the enrichment cultures.

This conclusion was supported by XRD and Mossbauer

analysis of culture solids which showed no detectable S0

or iron-sulfide mineral phases (data not shown), the latter

of which presumably would have ultimately been pro-

duced if reduced sulfur disproportionation had been pri-

marily responsible for Fe(III) reduction (Thamdrup et al.,

1993).

In order to further constrain the possible contribution

of DSR to overall Fe(III) reduction, transfers were made

to ASW with and without 0.3 mM sulfate. In addition, a

subset of cultures were amended with molybdate, a struc-

tural analog of sulfate that inhibits bacterial sulfate reduc-

tion (Peck, 1959). Differences in the Fe(II) produced

between the sulfate-containing and no-sulfate cultures

(Fig. 2) were minor in relation to variability observed in

the earlier enrichment culture generations (Figs 1 and S2).

In other words, the difference in the amount of Fe(II) pro-

duced with and without added sulfate suggests that DSR

did not contribute substantially to overall Fe(III) reduction

by means of abiotic sulfide-driven Fe(III) reduction. This

conclusion is further confirmed by (i) the equivalent rates

of Fe(III) reduction observed in sulfate-containing medium

with and without molybdate (Fig. 2), and (ii) the relatively

slow and incomplete consumption of sulfate over a 2-week

culturing period (Fig. 3). In addition, microbial commu-

nity composition was largely unchanged between sulfate-

containing and no-sulfate cultures, although taxa related to

known SRB (e.g., Desulfohalobium, Thermodesulfovibrio,

and Desulfosporosinus) were present in both cultures

(Tables S4 and S5). It should be noted that species of the

genera Desulfovibrio (Lovley et al., 1993b; Roden &

Edmonds, 1997) and Desulfosporosinus (Ramamoorthy

et al., 2006) have the ability to reduce Fe(III), and it is

possible that the SRB relatives identified in the 16S rRNA

gene amplicon libraries may have contributed directly to

Fe(III) reduction in the enrichments.

Genomic analysis of Fe(III)-reducing taxa

Assembly and binning of the Vent and Mid metagenomes

produced four and seven nearly complete genomes, respec-

tively. 16S rRNA genes are usually not included in metage-

nomic bins. This is due to poor assembly of 16S reads as a

result of highly repetitive regions being co-assembled

(Miller et al., 2011; Treangen & Salzberg, 2012) and as a

result the short length reads and contigs generally fall short

of the 3 kb cutoff for binning. Longer length contigs can

bin poorly due to differences in tetranucleotide frequency

between the 16S rRNA gene and the rest of the genome

(Kraft et al., 2014). Two nearly complete bins from the

Vent metagenome and four from the Mid metagenome

contain 16S rRNA genes which allows for the comparison

to earlier analysis of the 46-week 16S rRNA gene amplicon

library. In all cases, the percent identity between the

metagenomic and 16S rRNA gene amplicon reads were

>98%, suggesting that the 16S rRNA genes recovered from

the metagenomes were the same as in the amplicon library.

Only the 16S rRNA genes from the Geobacter metallire-

ducens bin and amplicon library 16S rRNA gene OTU

were a close match (99% identity) to GenBank; all other

sequences had identities <93%. This suggests that metage-

nomic sequencing was able to recover the nearly complete

genome of five novel taxa from the Fe(III)-reducing

enrichment cultures.

Type strains were picked because close relatives thereof

were identified in the Vent and Mid 16S rRNA gene

amplicon and metagenomic libraries and were of most

interest in terms of their role in DIR and their potential

role to inform understanding of the thermotolerant physi-

ology they might possess at the mildly thermophilic tem-

peratures of CP.

Thermotolerance in Fe(III) reducing enrichment cultures

Even at the lowest incubation temperature (Mid, 40 °C),
the environment at CP is warmer than the published opti-

mal growth temperature for G. metallireducens of 30–
35 °C (Lovley et al., 1993a). Thermotolerance in microor-

ganisms can be conferred in a variety of ways including

possessing a genome with a higher %GC (Zheng & Wu,

2010) and by the expression of HSP chaperone proteins

(Lindquist & Craig, 1988; Vabulas et al., 2010) to assist

in protein folding at elevated temperatures. Additional tol-

erance to heat-stress may be conferred by the amount of

DNA supercoiling and DNA gyrase activity (Tse-Dinh

et al., 1997) or by increasing the concentration of cyto-

plasmic osmolytes (Amenabar et al., 2015). Several adapta-



tions to life at higher temperatures including modifications

to lipid [e.g., increased length of acyl chains or saturation

of acyl lipids or the extent of isoprene lipid cyclization

(Boyd et al., 2011)] and protein structures (e.g., increased

hydrophobicity of protein core) have been found in ther-

mophilic microorganisms (Amenabar et al., 2015). These

adaptive mechanisms were not explored in detail in this

study.

The metagenomic analysis of the enrichment cultures

has provided information on how these organisms are able

to survive and thrive at higher temperatures than previ-

ously reported for closely related strains. The %GC of

G. metallireducens GS-15 upon isolation was reported as

56.6% (Lovley et al., 1993a). 16S rRNA gene pyrose-

quencing revealed the OTUs of dominant organisms from

the enrichment cultures to have a 99% identity to this

strain. Shotgun metagenomic sequencing of the enrich-

ments revealed a %GC of 61.4% and 60.3% of the contigs

from the bins identified as G. metallireducens from the

Vent and Mid enrichments, respectively. This is consistent

with the idea that a higher %GC can confer a greater ther-

motolerance and suggests that the organism identified

from the enrichments is a mildly thermophilic strain of

Geobacter metallireducens.

Metagenomic analysis of the Geobacter bins revealed a

greater number of HSPs than in the type strain of the

organism (Table S7). Surprisingly, there were a greater

number of these genes present in the bins from the Mid

enrichment which was incubated at a lower temperature

than the Vent enrichment. Binning was limited to contigs

>3 kb in both enrichments, so it is possible that some of

these HSP genes were encoded on smaller contigs and

overlooked in the Vent bins. In the case of hsp20, three

copies of the genes were arranged in a tandem repeat in

both bins (Fig. S5). This arrangement is not present in the

type strain, G. metallireducens GS-15; however, the same

pattern is seen in the type strain G. sulfurreducens PCA

(Fig. S5). It is possible that this arrangement of hsp20 con-

fers a greater level of heat tolerance in these organisms.

Previous studies have shown that tandem gene duplications

have allowed for increased utilization of a particular envi-

ronmental constituent such as citrate (Blount et al., 2012).

Additionally, several studies of the model Eukaryotic

organisms Caenorhabditis elegans and Drosophila melanoga-

ster have demonstrated increased thermotolerance as a

result of increased production of chaperone proteins due

to increased gene copy number (Welte et al., 1993; Lith-

gow et al., 1995; Bettencourt et al., 2008). The alternat-

ing arrangement of hsp20 and dnaK in the M. roseus bins

was the same as in the type strain M. roseus P3M (Fig. S6).

M. roseus has been identified as a thermophile (Podosoko-

rskaya et al., 2013), making it reasonable to expect that

the gene arrangement would be similar between metage-

nomic bins and the type strain.

Extracellular electron transport (EET) in enrichment

cultures

Interrogation of the enrichment culture metagenomes for

the presence of genes involved in DIR, outer membrane

cytochromes, and associated porins (Straub & Schink,

2003; Lovley et al., 2004; Liu et al., 2014; Shi et al.,

2014) was used to shed light on the potential role of these

mechanisms in explaining DIR in the CP enrichment cul-

tures. A number of genes encoding c-type cytochromes

and proteins with heme-binding site motifs were identified

in the enrichment culture metagenomes (Table S8) and

have the potential to provide clues into the metabolism of

poorly identified taxa and their role in metal cycling in the

environment. While numerous taxa have been identified as

DIRB (Lovley et al., 2004), to date, the only two well-

documented EET systems are mtrABC (Hartshorne et al.,

2009) and PCC (Liu et al., 2014; Shi et al., 2014). The

focus of this investigation was on identifying genes

involved with these two systems.

Neither the 16S rRNA gene amplicon libraries nor the

metagenomic binning results suggested the presence of a

Shewanella relative, and perhaps unsurprisingly mtrABC

homologs were not identified in the Vent and Mid

metagenomes. This is in contrast to PCC, which was

identified in multiple bins in both metagenomes, in par-

ticular in genomes representing potentially new and

novel taxa.

Porin–cytochrome complex porins were identified at four

loci in the Vent metagenome and 10 in Mid metagenome

(Fig. 6A,B). Genes were located on contigs in bins related

to G. metallireducens and M. roseus in both metagenomes

as was expected, as well as in other unexpected bins identi-

fied as Desulfobacteraceae, and Thermodesulfovibrio yellow-

stonii in the Mid metagenome. T. yellowstonii and taxa

from the order Desulfobacteraceae are documented sulfate

reducers (Rabus et al., 2006). Unsurprisingly, a homolog

to the PCC porin was also identified in the bin related to

Ignavibacterium in the Mid metagenome, and is consistent

with previous studies (Liu et al., 2014; Shi et al., 2014).

To date, none of these organisms have been reported as

DIRB. The presence of PCC is not necessarily indicative of

DIR as is the case for Ignavibacterium album, and PCC

may be involved in EET with other substrates (Shi et al.,

2014). Arrangement of the porins and cytochromes in

PCC, and the number of transmembrane regions and

heme-binding sites differs in the metagenomic bins and

their reference type strains. This is reasonable to expect as

the organisms present in the enrichment cultures are only

relatives of the type strains.

Potential novel Fe(III)/sulfate-reducing organisms

Homologs of genes involved in DSR were present in two

bins in the Vent metagenome, and five bins in the Mid



metagenome. A full complement of the genes and subunits

comprising the DSR pathway, apsAB, sat, and dsrAB, was

only identified in two bins in the Mid metagenome, Ther-

modesulfovibrio yellowstonii and Ignavibacteriales. This is

reasonable to expect for Thermodesulfovibrio, a docu-

mented sulfate reducer (Rabus et al., 2006); however, this

pathway has not previously been observed in Ignavibac-

terium. Additionally, this is the first recorded occurrence

of this pathway in the deeply branching Bacteroidetes/

Chlorobi group. Although the ability of these organisms

to reduce Fe(III) and sulfate were not interrogated

directly, the presence of DSR pathways and PCC in both

reconstructed genomes suggests the possibility that these

relatives of Thermodesulfovibrio and Ignavibacterium identi-

fied in the Mid metagenome may be capable of both DIR

and DSR.

Implications for the in situ Fe redox cycle

The robust Fe(III) reduction activity observed in the MPN

and subsequent enrichment culturing experiments clearly

demonstrated the presence of DIRB native to CP in the

enrichment inocula. Recent core samples collected from

CP have shown significant quantities of Fe(II) in materials

deposited in the vicinity of the Vent outflow. This, along

with in vitro Fe(III) reduction assays showing similar levels

of Fe(II) production in the presence and absence of added

electron donor (N.W. Fortney et al., in prep.), suggest that

Fe(III) reduction is active in situ at CP. These results are

consistent with previous speculation that DIR plays a role

in the Fe redox cycle at CP (Pierson et al., 1999; Pierson

& Parenteau, 2000; Wu et al., 2013). Although well-

known DIRB were identified in the enrichment cultures,

the enrichment conditions provided a selective advantage

for these organisms, allowing them to outcompete the

DIRB likely to be active in situ. The lack of putative DIRB

in the enrichment inocula source (Tables S1a,b), and

in vitro reduction assay communities (N.W. Fortney et al.,

in prep.), support the idea of a novel DIR community at

CP. The consistent representation of certain taxa previously

unknown as DIRB in the enrichment inoculum sources

(Tables S1a,b), 46-week enrichment (Tables S4a,b), and

in vitro libraries (N.W. Fortney et al., in prep.) suggest

that relatives from the order Ignavibacteriales may be at

least partly responsible for DIR in situ.

Aqueous and HCl-extractable Fe from the enrichment

cultures demonstrated production of millimolar quantities

of isotopically light Fe(II) (Fig. 4A–D). These large quan-

tities of mobile (aqueous phase) and potentially mobile

(0.01 M HCl extractable) Fe(II) have the potential to be

preserved in the deposits at CP, leaving an isotopic signa-

ture of DIR activity. The inflections in d56Fe values for Fe

(II)aq for time periods <24 h, when the Fe(II) inventory is

small, likely reflects kinetic Fe isotope fractionations prior

to establishment of Fe isotope equilibrium (Frierdich et al.,

2014). Over longer time periods, the isotopic fractionation

between Fe(II)aq and “sorbed” Fe(II), as inferred from the

0.01 M HCl extractions, lies between �1 and �1.5&,

which lies in the range measured by Wu et al. (2012) for

Fe-Si co-precipitates, but is significantly larger than that

measured during DIR of Fe-Si co-precipitates (Percak-

Dennett et al., 2011). It remains unclear whether these

differences lie in the nature of the Fe-Si solids used in the

current study relative to the previous work, or kinetic iso-

tope effects. Over time, the isotopic fractionation between

Fe(II)aq and the solid reactive Fe(III) component, as esti-

mated using 0.5 M HCl extractions, averaged ca. �3&,

which lies within the range of those measured for Fe-Si co-

precipitates by Wu et al. (2012), although variations in Fe:

Si ratios can exert a secondary, but significant effect. Given

these observations, production of Fe(II)aq by DIR would

catalyze Fe isotope fractionations among the reactive Fe

pools. Successful identification of Fe isotope fractionation

patterns indicative of DIR in CP will aid in interpretation

of isotopic signatures left in the rock record on Earth and

potentially other rocky planets. Modern hydrothermal sys-

tems similar to CP have been used as analogs to ancient

features on Mars where hydrothermal activity has resulted

in sulfate mineral formation due to groundwater acidifica-

tion from volcanic outgassing (Bishop et al., 2004). Envi-

ronments such as these are useful for gaining insight into

ancient life on Earth and Mars (Shock, 1996). In particu-

lar, it seems feasible that signatures of DIR or other micro-

bial Fe redox transformation processes could be preserved

in relic (ancient) near-surface hydrothermal vent systems

that have been identified on the Martian surface (e.g., see

Marion et al., 2011).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Table S1 Microbial community diversity of the Vent (a) and Mid (b) enrich-

ment culture inoculum.

Table S2 Microbial community diversity of enrichment cultures after (a)

14 weeks with 2 mM acetate and 2 mM lactate as electron donors; (b)

14 weeks with 2 mM acetate as electron donor; (c) 14 weeks with 2 mM

lactate as electron donor; (d) 14 weeks with 10% H2 and 0.5 mM acetate

as electron donors.

Table S3 Microbial community diversity of the Vent (a) and Mid (b) enrich-

ment cultures after 30 weeks with 2 mM acetate and 2 mM lactate as elec-

tron donors.

Table S4 Microbial community diversity of the Vent (a) and Mid (b) enrich-

ment cultures after 46 weeks with 2 mM acetate and 2 mM lactate as elec-

tron donors.

Table S5 Microbial community diversity of the Vent (a) and Mid (b) no-sul-

fate iron reducing enrichment cultures after 30 weeks with 2 mM acetate

and 2 mM lactate as electron donors.

Table S6 Raw isotopic data for sequential HCl extraction of samples from

enrichment cultures tracking Fe isotope fractionation during Fe(III)-oxide

reduction activity.

Table S7 Genes potentially involved in conferring thermotolerance in Vent

and Mid bins and type strains.

Table S8 Total copy number of c-type cytochromes and genes containing

multi-heme binding domains from enrichment culture metagenomes, type

strain genomes.

Fig. S1 Chocolate Pots hot spring viewed from the Gibbon River looking

east toward the Grand Loop Road.

Fig. S2 Fe(II) production in enrichments from the Vent and Mid sampling

sites in natural spring water medium (pH = 6.1 and 6.7, respectively)

amended with various combinations of electron donor/carbon source.

Fig. S3 (a) Comparison of non-reduced CP oxides before autoclaving and

after enrichment culture media was sterilized by autoclaving. (b) Compar-

ison of non-reduced and bioreduced (by DIRB) CP oxides.

Fig. S4 Composition of 16S rRNA genes recovered from (a) Vent and

Mid (b) Fe-oxides used to inoculate enrichments (0 week) and from

materials sampled from acetate/lactate-containing enrichment cultures

over time. (c) Composition of 16S rRNA genes in enrichment cultures 14

weeks after inoculation with Fe-oxides sampled from the Mid sampling

location under different electron donor treatments.

Fig. S5 Arrangement of multiple hsp20 homologs in Geobacter metallire-

ducens bins obtained from a metagenome of DNA extracted from the

Vent (a) and Mid (b) enrichment cultures compared to the gene

arrangement in the genomes of type strains Geobacter metallireducens

GS-15 (c) and Geobacter sulfurreducens PCA (d).

Fig. S6 Arrangement of hsp20 (red) and dnaK (blue) in the Melioribac-

ter roseus bins obtained from a metagenome of DNA extracted from the

Vent (a) and Mid (b) enrichment cultures compared to the arrangement

of the genes in the genome of type strain Melioribacter roseus P3M (c).




