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Predominant Acidilobus-Like Populations from Geothermal
Environments in Yellowstone National Park Exhibit Similar Metabolic
Potential in Different Hypoxic Microbial Communities

Z. ). Jay,® D. B. Rusch,” S. G. Tringe,© C. Bailey,® R. M. Jennings,® W. P. Inskeep?

Thermal Biology Institute and Department of Land Resources and Environmental Sciences, Montana State University, Bozeman, Montana, USA?; Center for Genomics and
Bioinformatics, Indiana University, Bloomington, Indiana, USA®; Department of Energy-Joint Genome Institute, Walnut Creek, California, USA®

High-temperature (>70°C) ecosystems in Yellowstone National Park (YNP) provide an unparalleled opportunity to study che-
motrophic archaea and their role in microbial community structure and function under highly constrained geochemical condi-
tions. Acidilobus spp. (order Desulfurococcales) comprise one of the dominant phylotypes in hypoxic geothermal sulfur sediment
and Fe(III)-oxide environments along with members of the Thermoproteales and Sulfolobales. Consequently, the primary goals
of the current study were to analyze and compare replicate de novo sequence assemblies of Acidilobus-like populations from four
different mildly acidic (pH 3.3 to 6.1) high-temperature (72°C to 82°C) environments and to identify metabolic pathways and/or
protein-encoding genes that provide a detailed foundation of the potential functional role of these populations in situ. De novo
assemblies of the highly similar Acidilobus-like populations (>99% 16S rRNA gene identity) represent near-complete consensus
genomes based on an inventory of single-copy genes, deduced metabolic potential, and assembly statistics generated across sites.
Functional analysis of coding sequences and confirmation of gene transcription by Acidilobus-like populations provide evidence
that they are primarily chemoorganoheterotrophs, generating acetyl coenzyme A (acetyl-CoA) via the degradation of carbohy-
drates, lipids, and proteins, and auxotrophic with respect to several external vitamins, cofactors, and metabolites. No obvious
pathways or protein-encoding genes responsible for the dissimilatory reduction of sulfur were identified. The presence of a for-
mate dehydrogenase (Fdh) and other protein-encoding genes involved in mixed-acid fermentation supports the hypothesis that

Acidilobus spp. function as degraders of complex organic constituents in high-temperature, mildly acidic, hypoxic geothermal

systems.

Microbial communities in high-temperature geothermal en-
vironments provide unique opportunities for determining
the physiology of specific populations and for studying geobio-
logical interactions central to a comprehensive functional and
evolutionary understanding of thermophilic microorganisms.
Acidic, hyperthermal (>70°C) systems from Yellowstone Na-
tional Park (YNP) contain significant concentrations of reduced
constituents such as H,, H,S, elemental sulfur, As(II) (e.g.,
H;As0;), Fe(Il), and organic carbon (1, 2), which are often used
as electron donors for different chemotrophic microorganisms
(3). The oxidation of reduced compounds is coupled with the
reduction of terminal electron acceptors, including O,, Fe(IIl),
and different sulfur species, generating energy for cellular pro-
cesses (3, 4). Thermophilic organisms catalyze reactions of geo-
chemical significance (e.g., oxidation-reduction, biomineraliza-
tion, acidification, and mineral dissolution) that are often orders
of magnitude faster than the corresponding abiotic mechanisms
(4-7).

High-temperature acidic geothermal systems contain several
predominant archaeal populations within the phylum Crenar-
chaeota (i.e., organisms within the orders Desulfurococcales, Ther-
moproteales, and Sulfolobales). Nearly all cultivated representa-
tives of this phylum can generate energy through the oxidation
and/or fermentation of complex organic compounds (e.g., yeast
extract or peptone), and this is often coupled with the reduction of
elemental sulfur (8-10). With the exception of Acidilobus saccha-
rovorans (11), other sequenced Desulfurococcales are too unrelated
to those present in YNP to be of significant value for an under-
standing of community function (i.e., Aeropyrum pernix K1 [12],
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Desulfurococcus kamchatkensis [13], Hyperthermus butylicus [14],
Ignicoccus hospitalis [15], and Staphylothermus marinus [16]).
However, misannotation of specific genes within Ac. saccha-
rovorans has led to misinterpretation regarding the functional po-
tential of Acidilobus spp. Furthermore, previous suggestions that
Caldisphaera and Acidilobus spp. comprised a new order (Acidilo-
bales) within the class Thermoprotei (Crenarchaeota) (8, 11, 17)
have been clarified, and phylogenetic analyses indicate that these
organisms belong within the Desulfurococcales (18). Common
genomic and physiological attributes of sequenced members of
the Desulfurococcales include pathways for catabolism and anabo-
lism of complex carbon sources, including both proteins and car-
bohydrates. Pyrolobus fumarii and 1. hospitalis are the only obli-
gate autotrophs identified within this group and fix carbon
dioxide via the dicarboxylase/4-hydroxybutyrate (DC/HB) cycle
using pyruvate synthase and phosphoenolpyruvate (PEP) carbox-
ylase (19).

Organisms within the Desulfurococcales are abundant commu-
nity members in high-temperature habitats of YNP, especially

Received 26 August 2013 Accepted 18 October 2013

Published ahead of print 25 October 2013

Address correspondence to W. P. Inskeep, binskeep@montana.edu.
Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.02860-13.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.02860-13

January 2014 Volume 80 Number 1


http://dx.doi.org/10.1128/AEM.02860-13
http://dx.doi.org/10.1128/AEM.02860-13
http://dx.doi.org/10.1128/AEM.02860-13
http://aem.asm.org

Acidilobus-like populations found in mildly acidic hypoxic envi-
ronments containing elemental sulfur (4, 20, 21). Similar organ-
isms are found in numerous other high-temperature sulfide-rich
systems distributed globally (22-28). The presence of nearly iden-
tical 16S rRNA gene sequences (>99% nucleotide identity) in
Fe-oxide mats containing little to no elemental sulfur prompted
questions regarding the potential variation in physiological attri-
butes of these organisms across habitats with different geochemi-
cal properties (29). Members of the Desulfurococcales generally
lack heme Cu oxidases (HCOs) required for aerobic respiration,
and although Aeropyrum pernix is a notable exception (30), the
majority of cultured Desulfurococcales are considered anaerobic
and contain at least one of the subunits of the cytochrome bd
ubiquinol oxidases thought to be important for aerobic respira-
tion under low-oxygen conditions or in scavenging oxygen (31).
Consequently, knowledge of the physiological potential of mem-
bers of the Desulfurococcales provides information critical for mi-
crobial community analysis and modeling as well as evolutionary
studies focused on the role of archaea in early Earth (e.g., prior to
the great oxidation event, 2.4 billion years [Ga] [32-34]).

The primary aim of the current study was to determine the
functional role of Acidilobus-like populations from four different
high-temperature environments of YNP across a range of pH val-
ues and dissolved oxygen (DO)/dissolved sulfide (DS) concentra-
tions. A recent metagenome study of 20 geothermal sites (35)
included several systems where Acidilobus-like populations
ranged in abundance from ~25 to 70% of the microbial commu-
nity, based on an analysis of individual sequence reads and met-
agenome assemblies (29). The importance of Acidilobus-like or-
ganisms across broad pH ranges and habitat types (Fe versus S)
prompted further and more detailed genomic analyses coupled
with additional experimental evidence to determine their poten-
tial role in situ. The specific objectives of this study were to (i)
conduct detailed comparative genomics and metabolic recon-
struction of Desulfurococcales populations identified in four dis-
tinct geothermal habitats ranging in pH from 3 to 6, (ii) identify
candidate protein-encoding genes of the YNP Desulfurococcales
populations that may be responsible for key geochemical pro-
cesses and microbial community interactions in these environ-
ments, and (iii) determine the activity of these populations in situ
using reverse transcriptase PCR (RT-PCR) of genes important for
phylogenetic and functional analysis. Our results demonstrate
that the dominant Desulfurococcales populations found across dif-
ferent high-temperature habitats (pH 3 to 6) are highly similar
and share common metabolic attributes across sites. Candidate
proteins associated with the degradation of complex carbon, fer-
mentation, and low-oxygen conditions are important in defining
the functional role of these organisms in hypoxic high-tempera-
ture environments.

MATERIALS AND METHODS

Geothermal sites. The sites discussed in the current study were included
in a larger metagenome study (Community Sequencing Project [CSP]
787081) that identified Acidilobus-like populations as important commu-
nity members of mildly acidic (pH 3.3 to 6.1), high-temperature (>70°C)
geothermal systems (29, 35). Briefly, four different geothermal microbial
communities (Fig. 1) were sampled from August to November 2007 at the
following locations: Norris Geyser Basin One Hundred Spring Plain
(OSP), Monarch Geyser (MG), Cistern Spring (CIS), and Joseph’s Coat
Hot Springs-Scorodite Spring (JCHS). All sites have been characterized
extensively for several years, and the geochemistry is reasonably stable in
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FIG 1 Four high-temperature chemotrophic systems containing either iron
oxide mats or sulfidic sediments were sampled for metagenome sequencing
and geochemical analysis. (A) One Hundred Spring Plain (OSP); (B) Monarch
Geyser (MG); (C) Cistern Spring (CIS); (D) Joseph’s Coat Hot Springs
(JCHS). Yellow arrows indicate sampling locations. Site geochemistry is listed
in Table S1 in the supplemental material.

these systems (2, 4, 6, 7, 21, 36). Subsequent samples from identical loca-
tions and with identical temperature values were obtained in 2009 and
2010 for reverse transcriptase assays as well as continued geochemical
monitoring. The location and geochemical and physical characteristics of
each sampling site (see Table S1 in the supplemental material) are critical
to an understanding of the interplay between indigenous microbial pop-
ulations and geochemical processes. Mat samples taken from the OSP
spring were located in the primary outflow channel 2 to 3 m down the
gradient from the source pool (82°C, pH 3.3, and ~1.5-m diameter) at a
temperature of 72°C to 75°C and consist of amorphous Fe-oxyhydroxides
[0.6 mol As(V)/mol Fe (7)]. MG, CIS, and JCHS are all hypoxic systems,
which contain dissolved sulfide (DS) and elemental sulfur sediments (21).
All sediment samples were collected aseptically into 50-ml falcon tubes,
placed on dry ice, and then stored at —80°C until DNA was extracted for
metagenomic sequencing and/or PCR amplification. Sediment samples
collected for RNA extraction were mixed (1:5, vol/vol) with RNAlater
(Life Technologies, Grand Island, NY, USA), kept at ~4°C overnight, and
then stored at —80°C until extraction.

Aqueous geochemistry. Spring water geochemistry was analyzed ac-
cording to protocols described previously (4, 6, 21). Dissolved oxygen
(DO) and DS concentrations were determined on-site using a closed-
headspace modification of the Winkler protocol and the amine sulfuric
acid method, respectively (21, 37). Dissolved gasses (CO,, H,, and CH,)
were analyzed by utilizing headspace gas chromatography (GC) as de-
scribed previously (4). Briefly, closed-headspace samples of filtered
(0.2-pm pore size) spring water were collected into 160-ml glass serum
bottles by use of a peristaltic pump and stored with zero headspace with
butyl stoppers. A known volume of liquid was withdrawn and replaced
with an equivalent volume of atmosphere. After equilibration with gentle
shaking for 60 min at room temperature, headspace samples were injected
into a Varian gas chromatograph (model CP2900) using Ar and N, as
carrier gases and analyzed on a dual-channel thermal conductivity detec-
tor system. Headspace gas concentrations were employed to calculate
original dissolved gas concentrations using Henry’s law constants (ad-
justed to equilibration temperatures that ranged from 20°C to 25°C) for
each gas (3) and a mass balance equation for total dissolved gas prior to
headspace equilibration. Two aqueous samples at each location were fil-
tered (0.2-pm pore size) on-site into sterile 50-ml screw-cap tubes. One
sample was preserved with ultrapure 0.1 M HNO; and then analyzed
using inductively coupled plasma spectrometry (ICP) for total dissolved
Ca, Mg, Na, K, Si, Al, As, Fe, B, and trace elements, including Cd, Cr, Cu,
Mn, Ni, Pb, Sb, Se, and Zn. The unacidified sample was analyzed for F,
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Cl~,80,>,NO,,S,0,> ,and AsO,’ using ion-exchange chromatog-
raphy (IC) (AS16 4-mm column; Dionex Corp., Sunnyvale, CA, USA).
Levels of dissolved inorganic C (DIC), dissolved organic C (DOC), and
total dissolved nitrogen were determined on separate closed-headspace,
filtered samples by use of a total organic/inorganic carbon and nitrogen
analyzer (Shimadzu Scientific Instruments, Columbia, MD, USA).

Nucleic acid extraction. Extraction of total DNA for metagenome
sequencing was performed using the PowerMax Soil DNA isolation kit
(Mo Bio Laboratories, Carlsbad, CA, USA) for MG, CIS, and JCHS sedi-
ments or using the FastDNA Spin kit for soil (MP Biomedicals, Santa Ana,
CA, USA) for OSP (sites 3, 19, 4, and 8 of the Department of Energy-Joint
Genome Institute [DOE-JGI] CSP, respectively). The amount of DNA
extracted from sulfur sediments was smaller than that obtained from Fe-
oxide mats (~0.2 to 0.35 wg DNA/g wet sediment in S systems versus
~1.0 ng/g in Fe mats from OSP). Total RNA was extracted using either
the FastRNA Pro Soil-Direct kit (MP Biomedicals, Santa Ana, CA, USA)
or Tri reagent (RNA isolation reagent) (Sigma-Aldrich, St. Louis, MO,
USA). Briefly, 1-ml aliquots of RNAlater-preserved sediments sampled in
2009 to 2010 were lysed using three alternating freeze [N,(1)]-thaw (40°C
heat block) cycles and then extracted by mixing 1 to 2 ml Tri reagent and
incubating the mixture at room temperature for 5 min before the addition
of 200 to 400 pl chloroform. The mixture was allowed to sit for 15 min
before centrifugation at 13,000 rpm for 15 min at 4°C. The top aqueous
phase was removed, and the RNA was precipitated by addition of 500 wl
ice-cold 100% isopropanol per 1 ml Tri reagent and stored at —20°C
overnight. The precipitated RNA was pelleted (13,000 rpm for 15 min at
4°C), washed with 750 pl ice-cold 70% ethanol, air dried, then resus-
pended in a solution containing 90 pl RNase-free water, 10 wl DNase I
buffer, and 2 .l (4 U) DNase I (New England BioLabs, Ipswich, MA, USA)
and incubated at 37°C for 40 min. The DNA-free RNA was reprecipitated
with 20 pl 8 M LiCl and 250 pl ice-cold 100% ethanol and placed at
—20°C overnight (38). The RNA was pelleted by centrifugation at 13,000
rpm for 15 min at 4°C and then washed with 500 .l ice-cold 70% ethanol
before a final centrifugation (15 min at 13,000 rpm and 4°C). The pellet
was air dried at room temperature and resuspended in either 50 .l RNase-
free water or a 10:1 dilution of Tris-EDTA (TE) buffer (pH 7) (Life Tech-
nologies, Grand Island, NY, USA). Quantification and purity were esti-
mated with a NanoDrop UV-visible (UV-Vis) spectrophotometer
(NanoDrop, Wilmington, DE, USA).

Metagenome sequencing, assembly, and annotation. Random shot-
gun sequencing was performed using paired-end libraries (~3 kb) con-
structed from environmental DNA extracts (described above). Sequenc-
ing (Sanger and 454 platforms) was conducted at the DOE-JGI, Walnut
Creek, CA, as part of a larger effort to characterize thermophilic microbial
communities across different habitat types (35) (Community Sequencing
Project 787081). The assembly of individual sequences (Sanger and 454
read lengths averaged 800 and 350 bp, respectively) into larger contigs and
scaffolds was performed using Celera Assembler (version 4.0), as de-
scribed previously (35, 39), with the following parameters: doOverlap-
Trimming, 0; doFragmentCorrection, 0; globalErrorRate, 12; utgErrorRate,
150; utgBubblePopping, 1; useBogUnitig, 0. The Acidilobus-like sequence
in each sample was extracted from the assembled metagenome sequence
by use of nucleotide word frequency—principal-components analysis
(NWE-PCA) (39, 40) (http://gos.jcvi.org/openAccess/scatterPlotViewer
.html) and then manually curated for purity by screening the percent
G+C content of each scaffold, NCBI-BLAST comparisons to published
genomes, whole-genome alignments, and detailed phylogenetic analysis
of numerous single-copy genes. Automated annotation of the assembled
sequence was conducted using DOE-JGI Integrated Microbial Genomes
and Metagenomes Expert Review (IMG-MER and IMG-ER) (http://img
Jjgi.doe.gov/) (41) and RAST (Rapid Annotation Using Subsystem Tech-
nology) (42). The protein-encoding sequence from the de novo assembly
(site MG) was subjected to detailed analyses of pathway and genome com-
pleteness, which included gene neighborhood analysis, amino acid align-
ments to proteins with crystal structures, and phylogenetic analysis. As
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discussed below, the de novo assemblies are highly similar to one another,
and the primary reason to emphasize the MG assembly is that the assem-
bly is represented by significantly higher coverage than other sites receiv-
ing only Sanger sequencing. Approximately 30% of the coding sequences
(CDSs) in the Acidilobus assemblies were annotated as hypothetical genes
or genes of unknown function, which is average for current archaeal ge-
nomes.

Phylogenetics and comparative genomics. All sequence alignments
(i.e., 16S rRNA genes, 60 single-copy proteins, and metabolic proteins)
were initially generated using ClustalW and/or MUSCLE (43), manually
edited, and then used to construct phylogenetic trees by employing neigh-
bor-joining and/or maximum likelihood methods (MEGA 5.0) (boot-
strap values were determined with either 100 or 1,000 resamplings) (44).
Sixty single-copy transcription and translational proteins shared across
numerous Archaea (see Table S2 in the supplemental material) were con-
catenated prior to phylogenetic analysis (34, 45-48).

The genome sequence of the Acidilobus-like populations was com-
pared to other published Desulfurococcales genome sequences by use of
various utilities, including NWF-PCA (40, 49), NCBI-BLAST algorithms,
IMG-ER tools, MAUVE 2 (50, 51), ACT (Artemis Comparison Tool)
(52),and Seed Viewer (http://rast.nmpdr.org/seedviewer.cgi). NWE-PCA
plots were generated with the JCVI upload utility scatter plot viewer (http:
/gos.jcvi.org/openAccess/uploadScatterplotForm3.html) with the fol-
lowing parameters: word size of 4, normalized for GC content, and
10,000-bp chop size with 100-bp overlap. Protein homologs shared be-
tween the Acidilobus-like de novo assemblies, Ac. saccharovorans, and Ae.
pernix were identified using BLASTP homology cutoffs (=30% amino
acid identity and =70% protein length), then compared using a Venn dia-
gram (http://omics.pnl.gov/software/VennDiagramPlotter.php).

PCR and RT-PCR. Multiple primer sets were designed (primer-
BLAST [http://www.ncbi.nlm.nih.gov/tools/primer-blast/] and Inte-
grated DNA Technologies [IDT] OligoAnalyzer 3.1) to target specific Aci-
dilobus-like phylogenetic and functional marker genes (see Table S3 in the
supplemental material) in situ. All primer sets were synthesized by IDT
(Coralville, IA) and used for PCR amplification of environmental DNA
under the following conditions (GoTaq Green Master Mix [Promega
Corp., Madison, WI, USA]): 95°C for 5 min; 30 cycles of 95°C for 1 min,
55°C for 1 min and 72°C for 2 min; and a final extension step of 72°C for
5 min. PCR products were sequenced at the Plant-Microbe Genomics
Facility at Ohio State University (Columbus, OH, USA) to verify product
sequence. Reverse transcriptase PCR (RT-PCR) reactions of environmen-
tal RNA were performed with the Access RT-PCR system (Promega
Corp., Madison, W1, USA) according to the product instructions but with
the following reaction conditions: 45°C for 45 min; 95°C for 5 min; 40
cycles of 95°C for 45 s, 55°C for 45 s, and 70°C for 45 s; and 70°C for 5 min.
For every RT-PCR, samples were amplified in triplicate, and three control
reactions were included (i) to test nonspecific amplification (no-template
control), (ii) to check for DNA contamination (exclusion of the reverse
transcriptase), and (iii) as a positive control (DNA instead of RNA tem-
plate). Al PCR and RT-PCR products were assessed with a 1% agarose gel
and stained with ethidium bromide.

Accession numbers. NCBI GenBank accession numbers for the four de
novo assemblies are available under the registered Bioproject PRINA221622.

RESULTS

Phylogenetic analysis and genome properties of de novo Acidi-
lobus assemblies. Complete sets of single-copy genes were iden-
tified in all four Acidilobus-like de novo assemblies, including 5S,
16S, and 23S rRNA genes as well as genes involved in replication,
transcription, translation, and numerous biosynthetic pathways
(see Tables S2 and 4 in the supplemental material). Phylogenetic
analysis of the assembled genome sequence was conducted using
16S rRNA gene sequences (Fig. 2A) as well as 60 concatenated,
single-copy proteins conserved across the domain Archaea (Fig.
2B). The environmental Desulfurococcales-like populations from
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FIG 2 Phylogenetic analysis of 16S rRNA gene sequences (A) and 60 concat-
enated, single-copy transcriptional/translational proteins (B) identified in the
Acidilobus-like de novo assemblies compared to other members of the phylum
Crenarchaeota. Trees were constructed using neighbor-joining (NJ) and max-
imum likelihood (ML) analyses; bootstrap values were determined by resam-
pling 1,000 (neighbor joining) or 100 (maximum likelihood) replicate trees.
The scale bars represent substitutions per 100 positions. Pyrococcus furiosus
(phylum Euryarchaeota) was used as the outgroup in both analyses.

YNP group consistently with Ac. saccharovorans, which supports
the phylogenetic placement of all four populations into the genus
Acidilobus (order Desulfurococcales). Nearly identical full-length
16S rRNA gene sequences have been observed in these same sites
upon repetitive sampling (4), which indicates a consistent pres-
ence of this specific phylotype in acidic (pH 3 to 6), thermal (70°C
to 80°C) habitats of YNP. Related Acidilobus populations are also
observed in sulfidic thermal habitats in Kamchatka and Japan (28,
53); however, the 16S rRNA gene sequences of the YNP popula-
tions are only 97% identical to either Acidilobus sulfurireducens or

January 2014 Volume 80 Number 1

Metabolic Potential of Acidilobus-Like Populations

Ac. saccharovorans, which were isolated from Yellowstone Na-
tional Park (54) and Kamchatka, Russia (17), respectively. Other
Desulfurococcales sequences observed in these sites include rela-
tives of Caldisphaera spp. (21, 55); however, these were not ob-
served as abundant populations (<1%) in the four sites studied
here.

Each Acidilobus assembly contained between ~1.4 and 1.5
Mbp of nonredundant sequence, which is similar to the genome
sizes observed for other members of the Desulfurococcales (Table
1). The average contig/scaffold coverage for Sanger assemblies
ranged from 5 to 10X across these four sites, and higher coverage
(~68X) was obtained from the sulfur sediments at Monarch Gey-
ser (MG) using 454 pyrosequencing. The Acidilobus-like popula-
tions represented ~25 to 70% of the sequence reads observed in
these microbial communities (29) (see Fig. S1 in the supplemental
material). The average G+C content (percent) of each assembly
was nearly identical, ranging from 59.1 to 59.3%, which is higher
than that observed for Ac. saccharovorans (57%) (11) or Ac. sulfu-
rireducens (56%) (39). A smaller set of large scaffolds (<10) con-
tained the majority of nonredundant assembled sequence; for ex-
ample, the largest scaffolds observed in OSP, MG, CIS, and JCHS
were 0.38, 0.47, 0.35, and 0.39 Mb, respectively. Gene annotation
and curation identified between 1,634 and 1,789 coding sequences
(CDSs) in the JCHS and MG assemblies, and at least one tRNA for
all 20 amino acids was identified in each sample (the only excep-
tion was a missing histidine tRNA gene in the CIS assembly [see
Table S5 in the supplemental material]). No CRISPR/Cas ele-
ments were identified in any of the consensus assemblies (56).
Although repetitive elements may assemble poorly (57), the aver-
age read length of both Sanger and 454 sequencing platforms and
the extensive coverage for MG assemblies (~68X) should have
been sufficient for detecting these sequences. Consequently, the
genomic data suggest that CRISPR/Cas proteins present in other
archaea are not observed in this phylotype.

Nucleotide word frequency—principal-components analysis
(39, 40) of assembled Acidilobus-like sequence from each site re-
veals the strong similarity in sequence character (i.e., G+C con-
tent and codon usage bias) among the four assemblies as well as
similarity to the full-genome sequence of Ac. saccharovorans (Fig.
3A). Genome comparisons among the four assemblies show thata
large majority (82 to 85%) of deduced sequence is highly identical
(>90% amino acid identity) and that the genomes are highly syn-
tenous to one another (e.g., see Fig. S4 and S7 in the supplemental
material). Other reference organisms within the Desulfurococcales
(e.g., I hospitalis, Thermosphaera aggregans, and Ae. pernix) ex-
hibit significantly different sequence character than either Ac. sac-
charovorans or the Acidilobus-like assemblies from YNP (Fig. 3A).
BLASTP comparisons (=30% amino acid identity and =70%
protein length) among annotated CDSs of Ac. saccharovorans, Ae.
pernix, and the Acidilobus-like assembly from MG revealed 478
CDSs conserved across all three organisms (Fig. 3B). However, the
MG assembly shared only 574 CDSs (32%) with Ae. pernix, com-
pared to 1,412 (79%) with Ac. saccharovorans. A majority of CDSs
(64%; 1,082) in Ae. pernix did not have homologs in either Ac.
saccharovorans or the de novo assemblies from YNP (the assembly
for MG is shown, but results are within =3 to 8% for other YNP
assemblies).

In situ gene expression. The activity and function of the YNP
Acidilobus populations were evaluated using primers for a fairly
extensive set (n = 13) of conserved phylogenetic genes and can-
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TABLE 1 Genome sequence and habitat characteristics of de novo Acidilobus-like assemblies from Yellowstone National Park compared to reference

isolates” within the order Desulfurococcales (phylum Crenarchaeota)®

G+C
Temp kbp (no. of content No.of No.of No.of
Site location or isolate (°C) pH scaffolds) (%) genes CDSs RNAs % coding Location
Sites
OSP 72-75 3.3 1,431 (42)  59.1 1,745 1,697 48 90 NGB, YNP, USA
Monarch Geyser 78-82 4 1,545 (35) 59.1 1,841 1,789 52 91 NGB, YNP, USA
Cistern Spring 78-82  4.5-5.5 1,423 (18)  59.3 1,721 1,673 48 90 NGB, YNP, USA
Joseph’s Coat Hot Spring ~ 78-82 6.1 1,477 (13)  59.2 1,683 1,634 49 91 JCTA, YNP, USA
Isolates
Ac. saccharovorans 345-15°  60-90  2.5-5.8 (3.5-4) 1,496 57.2 1,551 1,499 48 90 Uzon caldera, Kamchatka, Russia
Ae. pernix K1° 80-85 7 1,670 56.1 2,439 2,386 53 89 Marine, Kodakara Island, Japan
H. butylicus DSM 54567 9098 7 1,667 53.6 1,671 1,607 52 81 Marine, S. Miguel, Agores
1. hospitalis KIN4/1° 95 4.5-7 1,298 56.5 1,494 1,441 51 93 Marine, Kolbeinsey Ridge, Iceland
D. kamchatkensis 12210/ 80-108 6.5 1,365 45 1,523 1,472 50 88 Uzon caldera, Kamchatka, Russia

“ For isolates, the temperature and pH optima are listed.

b See references 11 and 17.

¢ See references 12 and 30.

4 See references 14 and 90.

¢ See references 15, 91, and 92.

/See references 13 and 26.

£ CDS, coding sequences; NGB, Norris Geyser Basin; JCTA, Joseph’s Coat Thermal Area.

didate functional genes (see Table S3 in the supplemental mate-
rial). 16S rRNA was successfully amplified from RNA extracted
from all four geothermal locations (OSP, MG, CIS, and JCHS),
indicating activity of the indigenous Acidilobus-like populations
in situ. Other transcripts detected in RNA extracted from MG
included RNA polymerase subunit B (rpoB), formate dehydroge-
nase subunit H (fdhF), glutamate synthase (¢ltD), quinol oxidases
cydA and cydA’, amino-acid-catabolizing pyruvate:ferrodoxin ox-
idoreductase (POR) and 2-ketoisovalerate:ferridoxin oxi-
doreductase (VOR) enzymes, and lactate dehydrogenase. These
results show that the predominant Acidilobus-like populations
identified using metagenome sequencing are metabolically active
and that key genes involved in central C metabolism, fermenta-

tion, and respiration are expressed in sulfur sediment microbial
communities. Further analyses of the metabolic attributes of this
phylotype provide context for the importance of these functional
genes in defining the realized niche of these organisms in Fe-oxide
and sulfur sediment communities.

Metabolic potential of Acidilobus-like populations from
YNP. (i) Central carbon metabolism. To determine the likely
function of indigenous Acidilobus-like populations across dispa-
rate habitat types, we performed metabolic reconstruction using
annotated and manually curated de novo assemblies. Genes coding
for multiple proteases, peptidases, hydrolases, aminotransferases,
and dipeptide/oligopeptide ABC transporters were identified in
each assembly. CDS regions implicated in carbohydrate uptake,

A\

”~
Aeropyrum Acidilobus
pernix saccharovorans
/
Thermosphaera
aggregans A

OSP, MG,
CIS, JCHS

Ignicoccus hospitalis

B Acidilobus-like
de novo assembly (MG)
Aeropyrum pernix

1082

Acidilobus saccharovorans

FIG 3 (A) Nucleotide word frequency—principal-components analysis of four Acidilobus-like sequence assemblies compared to other reference genomes. For de
novo assemblies, One Hundred Spring Plain (OSP) is in red; Monarch Geyser (MG) is in green, Cistern Spring (CIS) is in sky blue, and Joseph’s Coat Hot Springs
(JCHS) is in dark blue. For reference organisms, Acidilobus saccharovorans is in pink, Ignicoccus hospitalis is in violet, Thermosphaera aggregans is in gold, and
Aeropyrum pernix is in yellow. (B) Venn diagram comparing similarity (>30% amino acid identity and >70% protein length) of coding genes between the
Acidilobus-like assembly from site MG (green) (1,789 total coding sequences) and the genomes of Acidilobus saccharovorans (pink) (1,499 coding sequences) and

Aeropyrum pernix (yellow) (1,700 coding sequences).
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FIG 4 Metabolic potential of Acidilobus-like populations from YNP deduced from coding sequences obtained from metagenome assemblies. Dotted lines
indicate enzymes not identified in all assemblies (see Table S4 in the supplemental material). GDH, glucose dehydrogenase; GAD, gluconate dehydratase; AOR,
aldehyde:ferredoxin oxidoreductase; PYK, pyruvate kinase; PPDK, pyruvate, phosphate dikinase; HK, ADP-dependent hexokinase; PGI, phosphoglucose
isomerase; PFK, ATP-dependent phosphofructokinase; TIM, triosephosphate isomerase; GK, glycerate kinase; RMP, ribulose monophosphate pathway; HPS,
3-hexulose-6-phosphate synthase; RP I, ribose-5-phosphate isomerase; PPS, phosphorybosyl pyrophosphate synthase; CoASH, coenzyme A-SH; PDC, pyruvate
decarboxylase; LD, lactate dehydrogenase; AD, alcohol dehydrogenase; AK, acetate/butyrate kinase; GD, glutamate dehdyrogenase; ACS, acetyl-CoA synthetase;

SCS, succinyl-CoA synthetase.

catabolism (degradation of starch and B-linked polysaccharides
[58,59]), and oxidation were also identified in all four Acidilobus-
like assemblies (Fig. 4; see also Table S4 in the supplemental
material). Coding sequences for proteins implicated in the fer-
mentation of pyruvate to lactate, ethanol, and acetyl coenzyme
A (acetyl-CoA) (or either butyrate or acetate), as well as for-
mate dehydrogenases responsible for conversion of formate to
CO,, were identified (Fig. 4; see also Table S4 in the supple-
mental material). Multiple alcohol dehydrogenases were iden-
tified in all sites: 5 copies in MG and CIS, 4 copies in JCHS, and
3 copies in OSP.

The Acidilobus-like populations also contain genes coding for
esterases and proteins used in the 3-oxidation of long-chain fatty
acids, which is currently identified in only three archaea, including
Archaeoglobus fulgidus (60), Vulcanisaeta moutnovskia (61), and
Ac. saccharovorans (11). The YNP Acidilobus populations also
contain genes involved in archaeol biosynthesis, including isopen-
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tenyl-diphosphate delta-isomerase and geranylgeranyl pyrophos-
phate synthase (GGPP). The first aspartate-rich motif (FARM) in
GGPP is identical to the GGPP of Sulfolobus acidocaldarius (62),
which synthesizes a C,,-C,, ether lipid. This is in contrast to the
rare C,5-C,5 ether lipids identified in Ae. pernix (63, 64) and a
novel archaeal population from candidate phylum Geoarchaeota
(65), also identified as an abundant community member in OSP
(29) (see Fig. S1 in the supplemental material). Complete Emb-
den-Meyerhof (EM) and Entner-Doudoroff (ED) pathways were
identified, and the ED pathway may be important for avoiding
heat-labile intermediates (66). The EM pathway provides fruc-
tose-6-phosphate for the ribulose monophosphate pathway, con-
sistent with genes identified in Ac. saccharovorans (11).

The fixation of carbon dioxide has been shown to occur in only
two cultured isolates of the Desulfurococcales (I. hospitalis and Py-
rolobus fumarii) via the dicarboxylase/4-hydroxybutyrate (DC/
HB) pathway (19, 67, 68). However, only one of three key
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“marker” genes for this pathway was identified in the Acidilobus-
like populations from YNP. Two copies of the pyruvate:ferro-
doxin oxidoreductase (POR) were identified, which are highly
related (83 to 84% amino acid identity) to the POR or VOR en-
zyme in Ac. saccharovorans (11, 69). These proteins are distantly
related (<45%) to the proposed CO,-assimilating enzyme pyru-
vate synthase in I. hospitalis (19). A potential 4-hydroxybutyryl-
CoA dehydratase (4HCD) gene (also abbreviated 4-BUDH) was
identified; however, phylogenetic analyses of the deduced proteins
show that these fall between type I and type I1 4HCDs (see Fig. S7
in the supplemental material). The function of type II 4HCDs is
unknown, but they may represent an ancestral version of the type
I 4HCDs (70). Homologs of the third and critical protein in the
DC/HP pathway (phosphoenolpyruvate [PEP] carboxylase) were
not identified in any of the four YNP assemblies, which suggests
that these populations cannot assimilate CO, via this mechanism.

A 2-oxoglutarate:ferredoxin oxidoreductase (KGOR) and an
indolepyruvate:ferredoxin oxidoreductase (IOR) were identified
in the YNP assemblies (Fig. 4; see also Table S4 in the supplemen-
tal material). These oxygen-sensitive enzyme complexes, includ-
ing POR and VOR, catalyze the reversible reactions of 2-oxoacids
(pyruvate and 2-ketoglutarate), aromatic 2-keto acids (indolepy-
ruvate), or branched-chain 2-keto acids (2-ketoisovalerate) with
CoA and oxidized ferredoxin, producing acetyl-CoA, CO,, and
reduced ferredoxin (69, 71, 72). Although the directionality of
these enzymes cannot be determined by amino acid sequence
comparisons alone, the identification of the POR, VOR, KGOR,
and IOR gene complexes suggests that the indigenous Acidilobus-
like populations utilize these pathways for the catabolism of
amino acids to organic acids and their subsequent oxidation to
acetyl-CoA for further oxidation in the tricarboxylic acid (TCA)
cycle or for conversion to lactate, formate, ethanol, or butyrate/
acetate during fermentation (Fig. 4). Acetyl-CoA can also be oxi-
dized via the TCA cycle, which is present in each assembly.

(ii) Electron transport. The Acidilobus-like assemblies from
YNP lack heme Cu oxidases (subunit 1) and all other components
of aerobic terminal oxidase complexes (73, 74). Each assembly
contained cydA genes, which encode subunit A of the cytochrome
bd ubiquinol oxidase (CydAB). However, these genes are not as-
sociated with a “typical” bacterial cydAB, and like numerous Cre-
narchaeota, the Acidilobus populations contained contiguous
genes encoding a large copy (~560 amino acids [aa]) and a small
copy (~400 aa) of CydA (defined here as CydA [large copy] and
CydA’ [small copy]). Deduced CydA’ proteins are not homolo-
gous to CydB, which suggests that CydAA’ complexes do not per-
form the same function as CydAB in Escherichia coli (75), which
has been shown to exhibit low K,, values for the reduction of
oxygen. CydB contains a heme d, which is thought to interact with
one of the heme domains of CydA (heme bs,5) to form the binding
site required for oxygen reduction (31, 75). The CydA present in
the Acidilobus populations shares 7 (of 13) amino acids with E. coli
CydA that are proposed to be important for O, reduction. These
included H19 (the heme b,y axial ligand), Glu445 (required for
charge compensation of the bsy5/d O,-reducing site upon its full
reduction by 2 e™), and Glu99, Glu107, and Ser140 (components
of the proton channel) (see reference 31 and references therein)
(see Fig. S6 and Table S8 in the supplemental material). However,
Acidilobus CydA’ shares only the conserved H19 and M393 (heme
bsss axial ligands) with E. coli CydA (see Table S8 in the supple-
mental material), and no conservation was detected between
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CydA' and E. coli CydB. Consequently, the deduced CydAA’ pro-
teins are not similar enough to the CydAB proteins in bacteria to
suggest identical function. It has been suggested that these types of
proteins may serve to reduce strong oxidants (e.g., O,, O, , H,O,,
and OH:) (31).

Many cultivated Desulfurococcales (and all known Acidilobus
spp.) are stimulated by elemental sulfur and produce sulfide dur-
ing growth; consequently, it has been implied that elemental sulfur
serves as a terminal electron acceptor during chemoorganotrophic
growth. A well-established group of proteins responsible for sulfur
and/or polysulfide reduction includes the dimethyl sulfoxide
(DMSO)-molybdopterin sulfur/polysulfide reductases (sreA and
psrA) (15, 66, 76-78). It has been assumed that these same pro-
teins are responsible for sulfur reduction in the Desulfurococcales
(11, 15). A recent annotation of Ac. saccharovorans reported the
presence of a sulfur reductase (sreA) gene responsible for the re-
duction of elemental sulfur (ASAC_1397) (11). However, detailed
phylogenetic analysis of the catalytic subunit of this DMSO-
molybdopterin protein clearly shows homology to other formate
dehydrogenases (Fdh) (Fig. 5A). No precedent exists to suggest
that formate dehydrogenases are involved in the reduction of sul-
fur. Formate dehydrogenases (Fdh-H-like) were identified in as-
semblies from MG and JCHS (92% and 89% amino acid identities
to FdhH in Ac. saccharovorans and Ac. sulfurireducens, respec-
tively). Moreover, all Acidilobus Fdh-H-like sequences share 14 (of
15) invariant amino acid residues involved in the coordination of
the molybdenum atom, the two molybdopterin guanine dinucle-
otide cofactors, formate, and the Fe,S, cluster identified in the E.
coli formate dehydrogenase (Fdh-H) crystal (Fig. 5A) (79). The
cytoplasmic orientation of the Acidilobus Fdh-H proteins is also
similar to those in E. coli in that no twin-arginine (TAT) signal is
present for transport across the cytoplasmic membrane. These
observations suggest that the oxidation of formate is occurring
intracellularly. In E. coli, Fdh-H catalyzes the oxidation of formate
to carbon dioxide coupled to the reduction of H" via an associated
hydrogenase (i.e., formate-hydrogen lyase). No hydrogenases
(Ni-Fe, Fe-Fe, or nonmetal cofactor) were identified in any of the
YNP Acidilobus assemblies, which is consistent with previous
studies showing that H, is not produced during growth of Acidi-
lobus isolates (17, 54). Moreover, formate did not support the
growth of either Ac. saccharovorans (17) or Acidilobus aceticus
(80).

No obvious modes of sulfur reduction were found in the Aci-
dilobus populations from YNP, based on pathways and proteins
characterized to date. An 11-gene cluster was identified in all four
assemblies, which exhibits obvious similarity to a gene cluster in
Ac. saccharovorans annotated as an Mbx complex (11). However,
the NADH dehydrogenase subunit D was incorrectly annotated as
an MbxL and is actually more similar (based on amino acid iden-
tity) to NuoD (81) (see Fig. S3 in the supplemental material). The
Nuo complex in Acidilobus spp. appears more similar to respira-
tion complex I (82). There is no precedent that the Nuo complex
isinvolved in the reduction of elemental sulfur, and the gene order
is conserved across different Desulfurococcales independent of el-
emental sulfur reduction (see Fig. S4 in the supplemental mate-
rial). Genes encoding “pyridine nucleotide-disulfide oxidoreduc-
tases” (NSRs) (78) were identified in all Acidilobus assemblies, but
these genes are present in most sequenced archaea (see Fig. S5 in
the supplemental material), and their function is currently un-
known. Without the requisite Mbx complex, or a putative elemen-
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Acidil. MG _3Meta -GNLCVKGRYAW-//-CARVCHEPS-/
Acidil. JCHS_4Meta -GNLCVKGRYAW-//-CARVCHEPS-/
Acidil. sacch. -GNLCVKGRYAW-//-CARVCHEPS -/
Acidil. sulfur. -GNLCVKGRYAW-//-CARVCHEPS-/
E. coli Fdh-H -GTLCLKGYYGW-//-CARVUHGPS-/

S. hellenicus -GVLCPKGVYSW-//-CARLCHSPT-/

Acidil. MG_3Meta /-VVGSNITE-//-MALRPGTDVVL-/
Acidil. JCHS_4Meta /-VVGSNTTE-//-MALRPGTDVVL-/
Acidil. sacch. /-VVGSNTTE-//-LALRPGTDVVL-/
Acidil. sulfur. /-VVGSNTTE-//-MALRPGTDVVL-/
E. coli Fdh-H /-VFGYNPAD-//-IALKNGSNIAL-/

S. hellenicus /-IIGYNPAE-//-LQHRPGTDSYL-/

Acidil. MG_3Meta /-PGSGLMPLRGKNNVQGTAI-
Acidil. JCHS 4Meta /-PGSGLMPLRGKNNVQGTAI-
Acidil. sacch. /-PGSGLMPLRGKNNVQGTAI-
Acidil. sulfur. /-PGSGLMPLRGKNNVQGTAI-
E. coli Fdh-H /-PHAGVNPVRGQNNVQGACD-

S. hellenicus /-PGAGVCPVRGQANVQGACD-

FIG 5 Phylogenetic analysis (A) and amino acid alignments (B) showing the relationship of DMSO-molybdopterin proteins identified in the Acidilobus-like
assemblies to other formate dehydrogenase H (Fdh-H) proteins. (A) Phylogenetic tree of DMSO-molybdopterin proteins showing known formate dehydroge-
nases (Fdh-H) (dark gray) and Acidilobus-like Fdh-H entries from OSP, CIS, Ac. saccharovorans, and Ac. sulfurireducens (light gray). (B) Amino acid alignments
showing conserved residues found to be invariant in Fdh-H proteins (bold) (79) (see Table S6 in the supplemental material) as well as additional conserved
residues (shaded) (U, selenocysteine). Fdh-N, formate dehydrogenase N; BisC, biotin sulfoxide reductase; DmsA, dimethyl sulfoxide reductase; TorA, trimeth-
ylamine N-oxide reductase; NarG, membrane-bound nitrate reductase; DdhA, dimethylsulfide dehydrogenase; EbdA, ethylbenzene dehydrogenase; SerA,
selenate reductase; PsrA/PhsA, polysulfide/polythionate reductase; SreA, elemental sulfur reductase; TtrA, tetrathionate reductase; ArrA, arsenate reductase.
Individual entries and accession numbers are listed in Table S7 in the supplemental material.

tal sulfur response regulator, SurA (83, 84), the role of NSR pro-
teins in sulfur reduction is unclear at this time. Genes similar to
either the large subunits of sulfide dehydrogenase (sudA) or glu-
tamate synthase (gltD) were also identified in the four Acidilobus
populations (43% amino acid identity to both SudA and GItD
characterized in S. marinus [16] and 35% amino acid identity to
SudA of Pyrococcus furiosus [85]). Given that the YNP Acidilobus
assemblies lacked a sudB gene necessary for sulfur reduction, this
gene likely codes for glutamate synthase (GItD) rather than SudA.

(iii) Auxotrophy, vitamins, and cofactors. Genes involved in
the synthesis of pyridoxine (vitamin By), biotin (vitamin B,), or folic
acid (vitamin B,) were not identified in any of the YNP Acidilobus
assemblies. This is consistent with the absence of proteins known to
require these vitamins. Genomic sequence suggests that riboflavin
(vitamin B,) can be synthesized from ribulose-5-P (ribulose mono-
phosphate pathway) and exogenous purines, while coenzyme A (vi-
tamin B;) can be synthesized directly from pyruvate. However, the
Acidilobus populations from YNP are auxotrophic with respect to
numerous other vitamins, metabolites, and cofactors essential for cel-
lular processes (Fig. 4). No evidence for the biosynthesis of thiamine
(vitamin B, ), niacin (vitamin B;), and cobalamin (vitamin B,,) was
observed for the four Acidilobus populations, although each assembly
contained genes involved in processing, activating, and/or incorpo-
rating these vitamins (see Table S9 in the supplemental material). For
example, genes coding for proteins involved in thiamine processing
(thiamine ATP pyrophosphatase and thiamine monophosphate ki-
nase) and transport (thiamine permease) were present and suggest
that these populations require external sources of thiamine. Although
several cobalamin biosynthesis genes were found (including four
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contiguous genes in a conserved gene cassette), the 30 genes required
for de novo synthesis from glutamate were not identified (86). In-
stead, the Acidilobus-like populations may salvage corrinoid rings
(cobinamides) and use these as precursors to synthesize an active
form of cobalamin (87). Furthermore, the ATPase components of the
ABC-type cobalamin transport system were identified, suggesting
uptake of exogenous cobalamin (or intermediates) that can then be
processed/activated for assimilation in the cytoplasm. The only evi-
dence that cobalamin may be required by these populations is the
presence of methylmalonyl CoA-mutase (mcm). Finally, although
niacin (vitamin B;) synthesis genes were not observed, this cofactor is
required for NAD(P)H biosynthesis, and it is likely incorporated us-
ing nicotinic acid phosphoribosyl-transferase and NAD* synthetase
(see Table S5 in the supplemental material).

Purine biosynthesis genes were not identified in any of the YNP
Acidilobus assemblies, and this is consistent with other Desulfurococ-
cales (e.g., Ae. pernix, S. marinus, and H. butylicus) that are unable to
synthesize purines de novo (88). Purines are important precursors for
the synthesis of the molybdopterin cofactor necessary for Fdh-H.
Genes coding for Mo-pterin biosynthesis were identified in each Aci-
dilobus assembly (see Table $4 in the supplemental material), which
confirms the importance of Fdh-H (discussed above) despite the ap-
parent need to import purines. Conversely, pyrimidine biosynthesis
genes were present in each assembly. Cytosine, thymine, and uracil
can be synthesized from UMP, which is initially produced by a set of
reactions from phosphoribosyl-pyrophosphate and carbamoyl phos-
phate (see Table S4 in the supplemental material). Finally, genes for
the de novo biosynthesis of aromatic amino acids, branch-chained
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amino acids, lysine, arginine, and proline were not identified and are
likely provided exogenously.

DISCUSSION

The metabolic similarity of four Acidilobus populations across
sites exhibiting a pH range of 3.3 to 6.1 suggests that they perform
a similar functional role across different types of microbial com-
munities. The Acidilobus populations were abundant in sediments
from sulfidic hot springs (MG, CIS, and JCHS) and low-sulfide,
iron-oxide mats (OSP) (Fig. 1). Although a flux of oxygen is re-
quired to oxidize Fe(II) and form Fe(III)-oxide mats in OSP (7),
these mats have been shown to be hypoxic below a depth of ~0.7
to 1 mm (89). Consequently, dissolved oxygen may be a more
important variable (in addition to temperature) that defines the
distribution of these Acidilobus populations, rather than high con-
centrations of elemental sulfur and/or dissolved sulfide. Although
Acidilobus isolates are characterized as sulfur-respiring organisms,
no definitive electron transport proteins associated with dissimi-
latory sulfur reduction have been identified in any of the genomes
of these highly related organisms (11, 39). Consequently, their
direct role in S cycling remains enigmatic.

A hallmark signature of all Acidilobus spp., including those
from YNP, is the absence of respiratory heme Cu oxidases and the
presence of cydAA" ubiquinol oxidase genes. These observations
indicate that the Acidilobus populations do not respire oxygen
using the common aerobic pathways and lack cydB, which is nec-
essary for oxygen reduction in bacterial cytochrome bd ubiquinol
oxidases (31, 75). Transcription of both cydA and cydA’ was con-
firmed in several sites and is consistent with the high abundance of
these populations in sulfidic sediments as well as suboxic Fe(III)-
oxide mats (see Fig. S1 in the supplemental material). However,
the structure, function, and role of CydAA’ proteins in the Ar-
chaea have not been determined, and no crystal structures of these
proteins are available. It is unlikely that these genes are transcribed
for no cellular purpose, and their presence in numerous members
of the Crenarchaeota appears to be especially important in organ-
isms that flourish in sulfidic and/or hypoxic habitats. The cotran-
scription of the cydA and cydA’ genes as well as fdhF genes in
environmental samples is consistent with the hypoxic conditions
in which these populations are found and further supports a com-
mon functional role of these organisms in microbial community
function. The fermentation of complex organic substrates to for-
mate (CO,), ethanol, lactate, acetate, and/or butyrate reveals elec-
tron transfer mechanisms that do not require direct reduction of
elemental sulfur. The fermentation of yeast extract has been ob-
served in controlled studies in the absence of elemental sulfur,
using either Ac. saccharovorans (17) or Ac. aceticus (80). Impor-
tantly, this may explain a common functional role of this phylo-
type across both elemental sulfur and Fe(IlI)-oxide sediment
communities in YNP (7).

The conservation of genomic traits among four de novo Acidi-
lobus-like assemblies from YNP suggests that a “core” genome for
this population is ~1,400 genes (Table 1 and Fig. 3B), which are
also found in Ac. saccharovorans. Acidilobus-like organisms are
distributed globally (e.g., YNP, Kamchatka, Japan, New Zealand,
and Iceland) and are usually found in microbial communities
containing other members of the phylum Crenarchaeota, includ-
ing organisms within the orders Thermoproteales and Sulfolobales
(22-28) (see Fig. S1 in the supplemental material), several of
which have been shown to fix carbon dioxide and may provide
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Acidilobus organisms with fermentable substrates. The exact
sources of complex carbon utilized by Acidilobus-like populations
cannot be ascertained from the sequence data reported here but
likely include a mixture of carbon fixed by other members of these
communities (e.g., other Crenarchaeota that use the 3HP/4HB or
DC/HD carbon dioxide fixation pathways [29]) as well as organic
carbon from geothermal or landscape sources. The Acidilobus-like
populations evaluated here range in abundance in S sediments
and Fe(III)-oxide microbial mats from as low as a few percent to as
high as 70% in Monarch Geyser sediments. Factors that may con-
tribute to this variation, in addition to site conditions, include
sample content (e.g., exact location and depth) and DNA extrac-
tion method, both of which can result in variations in observed
population abundances. Genomic evidence suggests that the Aci-
dilobus-like populations present in high-temperature, mildly
acidic, hypoxic geothermal systems of YNP are dependent on
other community members or environmental inputs for specific
amino acids, purines, and several important vitamins and cofac-
tors. Moreover, metabolic reconstruction suggests that these pop-
ulations degrade and ferment complex sources of organic carbon
and that they serve a common functional role in carbon cycling
reactions important across different high-temperature microbial
communities.
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