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The hyperthermophilic archaeon Ferroglobus placidus can utilize a wide variety of electron donors, including hydrocarbons and
aromatic compounds, with Fe(III) serving as an electron acceptor. In Fe(III)-reducing bacteria that have been studied to date,
this process is mediated by c-type cytochromes and type IV pili. However, there currently is little information available about
how this process is accomplished in archaea. In silico analysis of the F. placidus genome revealed the presence of 30 genes coding
for putative c-type cytochrome proteins (more than any other archaeon that has been sequenced to date), five of which contained
10 or more heme-binding motifs. When cell extracts were analyzed by SDS-PAGE followed by heme staining, multiple bands
corresponding to c-type cytochromes were detected. Different protein expression patterns were observed in F. placidus cells
grown on soluble and insoluble iron forms. In order to explore this result further, transcriptomic studies were performed. Eight
genes corresponding to multiheme c-type cytochromes were upregulated when F. placidus was grown with insoluble Fe(III) ox-
ide compared to soluble Fe(III) citrate as an electron acceptor. Numerous archaella (archaeal flagella) also were observed on
Fe(III)-grown cells, and genes coding for two type IV pilin-like domain proteins were differentially expressed in Fe(III) oxide-
grown cells. This study provides insight into the mechanisms for dissimilatory Fe(III) respiration by hyperthermophilic archaea.

D issimilatory Fe(III) reduction is a common form of anaerobic
respiration among a diversity of Archaea and Bacteria (1). It
has an important impact on the biogeochemistry of anaerobic
soils and sediments and is involved in the cycling of such nutrients
as carbon, nitrogen, and sulfur in the biosphere (2). Much of the
research on this type of metabolism has been conducted on meso-
philic organisms; however, dissimilatory iron reduction is also an
important terminal electron-accepting process in many geother-
mally heated ecosystems (3-5). Conditions in these hot environ-
ments are similar to those found on early Earth when Fe(III) was
continuously being formed by photochemical oxidation of Fe(II)
in archaean seas and from hydrothermal vent fluids (6-8). There-
fore, any information regarding mechanisms involved in dissim-
ilatory Fe(III) reduction by hyperthermophilic archaea isolated
from these environments not only will shed light on present-day
biogeochemical cycling patterns but also may provide informa-
tion about what may have been occurring when life first appeared
on the planet.

Although Fe(III) reduction is significant from both an ecolog-
ical and evolutionary point of view, the mechanisms behind this
form of respiration still are largely unknown. The most prevalent
form of Fe(III) in subsurface environments is insoluble Fe(III)
oxyhydroxide, and reduction of this compound poses a challenge,
as cell envelopes are impermeable to the poorly soluble electron
acceptor. Much of the work on dissimilatory Fe(III) reduction
that has been done to date has focused on species from two meso-
philic genera, Geobacter and Shewanella (9, 10). While these stud-
ies have found that both species utilize c-type cytochromes for
Fe(III) respiration, they seem to have evolved different mecha-
nisms for contact with the Fe(III) oxide particle; while Geobacter
species primarily rely on direct electron transfer from cells to
Fe(III) oxides, Shewanella species have the ability to produce sol-
uble electron shuttles (i.e., flavin) that can account for 75% of the
insoluble Fe(III) reduction (11, 12).

Similar to their mesophilic bacterial counterparts, it also ap-
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pears that hyperthermophilic archaea have evolved different
mechanisms for Fe(IIl) reduction. For example, Pyrobaculum
aerophilum seems to release an electron-shuttling compound(s)
that transfers electrons from the cell surface to the surface of
Fe(IIT) oxides not in direct contact with the cells (13), while Geo-
globus ahangari and Geoglobus acetivorans require direct contact
with Fe(III) hydroxides in the absence of chelated iron or reduced
electron shuttles (14, 15). The involvement of c-type cytochrome
proteins in Fe(III) reduction also seems to vary among hyperther-
mophilic archaea. While c-type cytochrome proteins appear to be
involved in electron transfer to Fe(Ill) by G. ahangari (14), they
are not required for Fe(III) respiration by Pyrobaculum species
(13, 16).

In this study, Fe(III) respiration was examined in Ferroglobus
placidus, a hyperthermophilic archaeon that was isolated from
hydrocarbon- and iron-rich sediments associated with a hydro-
thermal system in Vulcano Island (17, 18). F. placidus is a member
of the family Archaeoglobaceae, which is composed of three gen-
era: Ferroglobus, Archaeoglobus, and Geoglobus. Although some
Archaeoglobus species are capable of chemolithotrophic iron re-
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duction, Ferroglobus and Geoglobus species are the only members
of the family known to couple the complete oxidation of organic
compounds with Fe(IIl) reduction (19-21). F. placidus also is
unique among the Archaeoglobaceae in that it can transfer elec-
trons from the oxidation of aromatic compounds to Fe(III) (22—
24). Although genes involved in aromatics degradation were
identified in the G. acetivorans genome, attempts to grow G.
acetivorans on such compounds have been unsuccessful (15).
Therefore, any information regarding Fe(III) reduction by an
aromatics-degrading hyperthermophile such as F. placidus is sig-
nificant. In this study, genomic, transcriptomic, and proteomic
approaches were used to show that F. placidus has more multi-
heme c-type cytochromes than any other hyperthermophilic ar-
chaeon, and that many of its electron transfer proteins have ho-
mologues in mesophilic Fe(IlI)-reducing bacteria. We also were
able to identify some of the proteins likely to be involved in elec-
tron transfer to Fe(IIl) and show that the availability of soluble
Fe(III) affects expression of these proteins.

MATERIALS AND METHODS

Microbial strains and culturing conditions. Ferroglobus placidus strain
AEDII12DO (DSM 10642) was obtained from the type culture collection
of the Deutsche Sammlung von Mikroorganismen and Zellkulturen
(DSMZ), Braunschweig, Germany. Strict anaerobic culturing and sam-
pling techniques were used throughout (25, 26). Ferroglobus placidus cells
were grown with acetate (10 mM) as the electron donor and Fe(III) citrate
(56 mM) or amorphous Fe(III) oxyhydroxide (100 mM) as the electron
acceptor.

Ferroglobus placidus medium was prepared as previously described
(27). After autoclaving, FeCl, (1.3 mM), Na,SeO, (30 pg/liter), Na,WO,
(40 pg/liter), APM salts (1 g/liter MgCl,, 0.23 g/liter CaCl,) (28), DL
vitamins (29), and all electron donors were added to the sterilized me-
dium from anaerobic stock solutions. Cultures were incubated under N,
and CO, (80:20) at 85°C in the dark.

Amorphous Fe(III) oxyhydroxide was prepared by dissolving Fe(III)
chloride hexahydrate (Sigma-Aldrich, St. Louis, MO, USA) in water,
slowly adding sodium hydroxide (Thermo Scientific, Rockford, IL, USA)
to a stable pH of 7, centrifuging the mixture in a Sorvall SLA-3000 rotor at
4,225 X g for 20 min at 4°C, and repeatedly resuspending the pellet in
water and centrifuging it until the supernatant was brownish red. The
Fe(III) oxide gel was resuspended in water to a concentration of approx-
imately 1 M total iron and stored at 4°C. Total iron concentration was
determined by ferrozine assay: 0.1 ml Fe(III) gel suspension was reacted
overnight with 4.7 ml 0.5 M hydrochloric acid and 0.2 ml 6.25 M hydrox-
ylamine and then diluted 50-fold in 0.5 M hydrochloric acid prior to assay
(30).

Alginate bead assays. Amorphous Fe(III) oxyhydroxide, prepared as
described above, was incorporated into microporous alginate beads (di-
ameter, 5 mm) with a nominal molecular mass cutoff of 12 kDa as previ-
ously described (11). Beads were added to F. placidus medium to provide
Fe(III) at 50 mM. The production of Fe(II) was determined with the
ferrozine assay (30) after the beads were incubated in 0.5 N HCl at room
temperature for 12 h.

Protein extraction and quantification. Proteins were extracted from
200 ml of cells grown until stationary phase [when 60 mM Fe(III) was
reduced] with acetate as the electron donor and either Fe(III) citrate or
Fe(III) oxide as the electron acceptor. Cells first were centrifuged at
17,700 X g for 20 min and washed with 10 ml TPE buffer (100 mM Tris
HCI, 10 mM EDTA, 300 mM KH,PO,, pH 7.0) and 4 ml oxalate solution
(197 mM ammonium oxalate and 119 mM oxalic acid). The pellet then
was resuspended in 5 ml lysis buffer (50 mM Tris-HCl, pH 7.5, 1% SDS)
with protease inhibitor (Complete Mini EDTA-free protease inhibitor
cocktail tablet; Roche Diagnostics, Indianapolis, IN, USA) and added to 5
different screw-cap tubes containing lysing matrix B (MP Biomedicals,
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Santa Ana, CA, USA). Cells were lysed in the FastPrep-24 tissue and cell
homogenizer (MP Biomedicals, Santa Ana, CA, USA) for 45 s at 6 m/s.
Cellular debris then was removed by centrifugation at 16,100 X g for 30
min at 4°C, and the supernatant from all 5 lysis tubes was combined and
transferred to an Amicon Ultra centrifugal filter unit with a molecular
mass cutoff of 3,000 g/mol (Millipore, Billerica, MA, USA). Proteins were
concentrated at room temperature by centrifugation at 2,000 X g for 1 h.

Proteins were quantified with the BCA (bicinchoninic acid) protein
assay kit (Thermo Scientific, Rockford, IL, USA) according to the manu-
facturer’s instructions. Equal amounts of protein (20 pg) from Fe(III)
citrate-grown and Fe(IIT) oxide-grown cells were boiled for 5 min in 4X
sample loading buffer (Amresco, Solon, OH, USA) and separated by elec-
trophoresis in glycine-buffered 12.5% polyacrylamide gels. Total proteins
were stained with Coomassie blue solution (0.2% Coomassie blue, 7.5%
acetic acid, 50% ethanol) and destained in a solution consisting of 30%
ethanol and 10% acetic acid. Heme groups were identified by peroxidase
activity detected with H,O, and 3,3’,5,5'-tetramethylbenzidine (TMBZ)
as previously described (31, 32).

RNA extraction. RNA was extracted from six batch cultures (100 ml),
three grown with acetate as the electron donor and Fe(III) oxide as the
electron acceptor and three grown with acetate as the electron donor and
Fe(IIl) citrate as the electron acceptor, during the exponential phase
[Fe(II) concentrations were 30 mM]. Cells were split into 50-ml conical
tubes (BD Biosciences, San Jose, CA, USA), mixed with RNA Protect
(Qiagen, Valencia, CA, USA) in a 1:1 ratio, and pelleted by centrifugation
at 3,000 X g for 15 min at 4°C. Pellets then were immediately frozen in
liquid nitrogen and stored at —80°C.

The pellets were resuspended in 10 ml of cold (4°C) TPE buffer (100
mM Tris HCI, 10 mM EDTA, 100 mM KH,PO,; pH 7.6), and 1-ml ali-
quots were dispensed into 2-ml screw-cap tubes. RNA was extracted from
these screw-cap tubes with a hot acidic phenol extraction protocol as
previously described (22). Nucleic acids were precipitated at —30°C for 1
h and pelleted by centrifugation at 16,100 X g for 30 min. The pellet was
cleaned with cold (—20°C) 70% ethanol, dried, and resuspended in sterile
diethylpyrocarbonate (DEPC)-treated water (Ambion, Austin, TX, USA).
The resuspended pellets were combined and cleaned with the RNeasy
RNA cleanup kit (Qiagen, Valencia, CA, USA) according to the manufac-
turer’s instructions. The RNA cleanup product was treated with DNA-free
DNase (Ambion, Austin, TX, USA) according to the manufacturer’s in-
structions.

High-quality RNA was extracted from these culture samples. All sam-
ples had A,¢,/A,g, ratios of 1.8 to 2.0, indicating that they were of high
purity (33). In order to ensure that RNA samples were not contaminated
with DNA, PCR amplification with primers targeting the 16S rRNA gene
was conducted on RNA samples that had not undergone reverse tran-
scription (RT).

Microarray analysis. Whole-genome microarray hybridizations were
carried out by Roche NimbleGen, Inc. (Madison, WI, USA). The Trans-
Plex whole-transcriptome amplification kit (Sigma-Aldrich, St. Louis,
MO, USA) was used to amplify RNA and generate cDNA prior to mi-
croarray analyses. Three biological and technical replicates were con-
ducted for microarray analyses; three cDNA samples were generated from
each Fe(III) citrate and Fe(III) oxide RNA template, and all 18 samples
were labeled with Cy3 and hybridized by NimbleGen. The oligonucleotide
microarrays used in this study were designed based on preliminary ge-
nome sequence data of F. placidus (accession number NC_013849), which
was obtained from the DOE Joint Genome Institute (JGI) website (www
Jjgi.doe.gov).

Results from microarray hybridizations were analyzed with the soft-
ware Array 4 Star (DNASTAR, Madison, WI, USA). P values were deter-
mined with Student’s ¢ test analysis. Multiple oligonucleotide probes (3,
4) were analyzed for each gene. For each of the six technical replicates in
each experiment, a probe was considered valid if its signal intensity was
above the average signal from three probes for the rgy gene (Ferp_0787,
reverse gyrase) for either the control or the experimental condition. A
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probe was considered valid for a biological replicate if it was valid for one
or both technical replicates thereof. A gene was considered expressed only
if at least two probes were valid for at least two biological replicates each.
A gene was considered differentially expressed only if at least two probes
had P values less than or equal to 0.01.

qRT-PCR. Genome sequence data obtained from the DOE JGI web-
site www.jgi.doe.gov was used to design quantitative RT-PCR (qRT-PCR)
primers. All QRT-PCR primers were designed according to the manufac-
turer’s specifications (amplicon size, 100 to 200 bp), and representative
products from each of these primer sets were verified by sequencing clone
libraries constructed with a TOPO TA cloning kit, version M (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s instructions. One
hundred plasmid inserts from each clone library were sequenced with the
MI3F primer at the University of Massachusetts Sequencing Facility. All
primer pairs used in this study are provided in Table S1 in the supplemen-
tal material.

The housekeeping gene rgy (Ferp_0787), which encodes the DNA to-
poisomerase reverse gyrase, was used as an internal control. This gene was
selected because it appears to be constitutively expressed by F. placidus
under a variety of growth conditions and was not differentially expressed
in any of the microarray experiments (22, 23).

First-strand cDNA for qPCR was generated with the enhanced avian
reverse transcriptase kit (Sigma-Aldrich, St. Louis, MO, USA) using 3’
antisense-specific primers (see Table SI in the supplemental material).
The reaction mixture consisted of 0.25 g total RNA, 1 pl deoxynucle-
otide mix (10 mM mixed stock), 1 wl 3" antisense-specific primer (20 uM
stock), 2 wl 10X buffer for avian myeloblastosis virus (AMV)-RT, 1 pl
RNase inhibitor (1 U/l stock), enhanced avian RT (1 U/l stock), and
enough nuclease-free water to bring the final volume up to 20 pl.

Once the appropriate cDNA fragments were generated by reverse
transcription (3 cDNAs from each of the 6 conditions), quantitative PCR
amplification and detection were performed with the 7500 real-time PCR
system (Applied Biosystems, Foster City, CA, USA). Each reaction mix-
ture consisted of a total volume of 25 pl and contained 1.5 pl of the
appropriate primers (stock concentrations, 1.5 pM), 5 ng of cDNA, and
12.5 pl of Power SYBR green PCR master mix (Applied Biosystems, Foster
City, CA, USA). Standard curves covering 8 orders of magnitude were
constructed with serial dilutions of known amounts of purified cDNA
quantified with a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA) at an absorbance of 260 nm. Tran-
script abundances and qPCR efficiencies (90% to 99%) were calculated
from appropriate standard curves, and all qPCR experiments followed
MIQE guidelines (34).

Optimal thermal cycling parameters consisted of an activation step at
50°C for 2 min and an initial 10-min denaturation step at 95°C, followed
by 50 cycles of 95°C for 15 s and 58 to 60°C for 1 min. After 50 cycles of
PCR amplification, dissociation curves were made for all gPCR products
by increasing the temperature from 58°C to 95°C at a ramp rate of 2%. The
curves all yielded a single predominant peak, further supporting the spec-
ificity of the PCR primer pairs.

TEM. For transmission electron microscopy (TEM), F. placidus cells
were grown with acetate (10 mM) as the electron donor and either Fe(III)
citrate (50 mM) or Fe(III) oxide (100 mM) as the electron acceptor until
stationary phase [Fe(II) concentrations were 60 mM]. Cells (4 ml) were
fixed for 1 h with 500 pl of 16% paraformaldehyde and 250 pl of 8%
gluteraldehyde. After fixation, 4 ml of oxalate solution (197 mM ammo-
nium oxalate and 119 mM oxalic acid) was added to the solution to dis-
solve all Fe(III) particles. Fixed cells then were pelleted by centrifugation
at 3,000 X gfor 20 min, washed twice in 1 ml of 50 mM PIPES [piperazine-
N,N’-bis-(2-ethanesulfonic acid)] buffer by centrifugation at 2,300 X g
for 5 min, and resuspended in 20 p.l of water.

After resuspension in water, cells were placed on 400-mesh (400 holes
per inch) carbon-coated copper grids, incubated for 5 min, and then
stained with 2% uranyl acetate. Cell appendages were observed using a
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Tecnai 12 transmission electron microscope at an accelerating voltage of
100 kV. Images were taken digitally with the Teitz TCL camera system.

Phylogenetic analysis. Putative c-type cytochrome genes were identi-
fiedin the F. placidus genome by the presence of the Cys-Xaa-Xaa-Cys-His
peptide motif and examined for the presence of signal peptides with the
SignalP 3.0 server (35). The subcellular location of each c-type cyto-
chrome gene then was predicted with PSORT-B (36), PRED-SIGNAL
(37), and Tmpred (38).

Homologues of putative c-type cytochrome proteins were identified
by comparing F. placidus sequences to the GenBank protein database with
the BLASTp algorithm (39, 40). Protein alignments were made in Clust-
alX (40) and corrected with ProSeq v2.9 (41) before phylogenetic trees
were constructed with Mega v6 (42) and FigTree v1.4.0 (http://tree.bio.ed
.ac.uk/software/figtree/). The maximum likelihood algorithm (43) was
used to construct all phylogenetic trees. All evolutionary distances were
computed with the Jones-Taylor-Thornton model (44) with 100 boot-
strap replicates.

Nucleotide sequence accession number. A complete record of all oli-
gonucleotide sequences used and raw and statistically treated data files is
available in the NCBI Gene Expression Omnibus database (GEO data
series number GSE59467).

RESULTS AND DISCUSSION

Comparison of c-type cytochromes found in F. placidus to other
Fe(III)-reducing archaea and bacteria. When the genomes of
Fe(III)-respiring hyperthermophilic archaea were scanned, it was
apparent that F. placidus had significantly more genes coding for
putative c-type cytochrome proteins (Fig. 1). While the majority
of hyperthermophilic archaea contained a few putative mono-
heme c-type cytochromes (see Table S2 in the supplemental
material), only 3 of the genomes (F. placidus, G. acetivorans, and
Pyrobaculum sp. strain 1860) contained putative c-type cyto-
chrome proteins with more than 5 heme groups, and F. placidus
was the only organism that contained genes coding for c-type cy-
tochromes with more than 20 heme groups (Table 1; also see Table
S2).

More than half (57%) of the F. placidus c-type cytochrome
sequences were most similar to G. acetivorans (Table 1; also see
Fig. S1 in the supplemental material), another hyperthermophilic
archaeon that is able to couple the oxidation of organic com-
pounds with Fe(III) respiration. A large proportion (27%) of the
c-type cytochrome proteins had best BLAST hits to cytochromes
of bacteria (Table 1), and almost all of the ¢-type cytochromes had
homologues in known Fe(III)-reducing bacteria from the genera
Geobacter, Anaeromyxobacter, Thermincola, and Rhodoferax (see
Fig. S1).

Three of the c-type cytochrome genes (Ferp_0648, Ferp_1267,
and Ferp_1439) are in arrangements commonly found in Fe(III)-
reducing Deltaproteobacteria (see Fig. S2 in the supplemental ma-
terial). This operon consists of genes coding for a tetraheme c-type
cytochrome, an iron-sulfur cluster-binding protein (Ferp_0647,
Ferp_1268, and Ferp_1438), and a putative cytoplasmic mem-
brane-associated b-type cytochrome (Ferp_0646, Ferp_1269, and
Ferp_1437) with quinone-binding site motifs (45). It is remark-
able that F. placidus possesses these three putative menaquinol:
ferricytochrome ¢ oxidoreductases of the type known as Cbc4 in
Geobacter species (46). These Cbc4 complexes may be the primary
interfaces for electrons from the oxidation of organic compounds
in the cytoplasm, carried by menaquinone, to reach periplasmic
c-type cytochromes in both Bacteria and Archaea en route to ex-
tracellular electron acceptors such as Fe(III).

Another cytochrome found solely in both F. placidus (cbcZ;
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Number of putative c-type cytochromes

FIG 1 Number of genes coding for putative c-type cytochrome proteins found in genomes from hyperthermophilic archaea capable of Fe(III) respiration.

Ferp_0937) and Geobacter species is an integral membrane pro-
tein that appears to be a fusion of c-type and bs-type cytochromes
(Table 2). This membrane-associated c-type cytochrome also is
likely to be involved in electron transfer across the cytoplasmic
membrane. However, further investigation is required.
Differential expression of c-type cytochromes during growth
with soluble or insoluble Fe(III) as electron acceptor. Previous
studies with Fe(III)-reducing bacteria, including Geobacter and
Shewanella species, have shown that these organisms express dif-
ferent c-type cytochrome and electron transport proteins when
grown on soluble and insoluble electron acceptors (9, 46—48).
Proteomic and transcriptomic studies were done to see if F. placi-
dus also differentially expresses c-type cytochromes and other
electron transport proteins when electron acceptors are varied.
SDS-PAGE experiments revealed that 5 different c-type cyto-
chromes were faintly expressed during growth with soluble Fe(III)
citrate (55 kDa, 50 kDa, 45 kDa, 43 kDa, and 34 kDa), one of which
(43 kDa) was unique to Fe(III)-citrate-grown cells (Fig. 2). On the
other hand, eight different c-type cytochrome proteins were
highly expressed in Fe(III)-oxide grown cells, four of which were
unique to this condition (28 kDa, 20 kDa, 17 kDa, and 16.5 kDa).
The largest c-type cytochrome protein that was expressed by F.
placidus under both conditions had an apparent molecular mass
of 55 kDa. There are two c-type cytochrome genes with predicted
protein products of this size: Ferp_0649 and Ferp_1198. The next
band corresponds to a molecular mass of approximately 50 kDa,
and there are two genes coding for c-type cytochrome proteins of
this size: Ferp_0711 and Ferp_0712. There also are two c-type
cytochrome genes that would encode a protein around 45 kDa:
Ferp_0264 and Ferp_0675. The proteins encoded by Ferp_0937
and Ferp_2107 are ~34 kDa, and the proteins encoded by
Ferp_0310, Ferp_1336, and Ferp_2064 are ~28 kDa. The protein
band that migrated with the 20-kDa marker likely is the protein
product of Ferp_1814, the 17-kDa band is likely to be Ferp_1267,
and the 16.5-kDa band most likely is Ferp_1255.
In order to further analyze the putative c-type cytochromes
that were differentially expressed during growth on either soluble
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or insoluble Fe(III), a whole-genome DNA microarray was done
comparing F. placidus cells grown with acetate as the electron
donor and either Fe(III) oxide or Fe(III) citrate as the electron
acceptor. A total of 405 genes were differentially expressed by F.
placidus during growth on Fe(III) oxide compared to growth on
Fe(III) citrate (218 upregulated and 187 downregulated). Genes
encoding proteins involved in energy production and conversion,
amino acid metabolism and transport, and translation had in-
creased transcription in cells grown with insoluble Fe(IIT) oxide,
while the majority of genes that were downregulated in Fe(III)
oxide-grown cells coded for hypothetical proteins.

Among the putative c-type cytochromes, 11 genes were differ-
entially expressed (8 upregulated, 3 downregulated) in Fe(III) ox-
ide-grown cells (Table 3). All of the genes encoding c-type cyto-
chrome proteins that had higher transcript abundance in Fe(III)
oxide-grown cells had multiple heme-binding motifs, and two had
more than 30 heme-binding motifs (Ferp_0672 and Ferp_0670).
Ferp_0670 has homologues in G. sulfurreducens (GSU2898 and
GSU2884) and G. metallireducens (Gmet_0571, Gmet_0580, and
Gmet_0581) that transcriptomic studies have shown are involved
in electron transfer to insoluble Fe(III) oxides (46, 47).

The protein products of several of the genes that had higher
transcript levels during growth on Fe(III) oxide are predicted to be
similar in size to some of the c-type cytochrome proteins that were
observed by SDS-PAGE analysis: Ferp_1814 corresponds to the
20-kDa band, Ferp_1336 would migrate with the 28-kDa band,
and the products of Ferp_1267 and Ferp_1255 could be the 17-
kDa and 16.5-kDa c-type cytochromes, respectively.

The membrane-associated polyheme c-type cytochrome pro-
tein encoded by Ferp_1267 has a homologue in G. sulfurreducens
(GSU0068) that genetic studies have shown to be important for
insoluble Fe(IIT) reduction (46). This protein could be similarly
important for Fe(III) respiration in F. placidus. However, until a
genetic system is developed for F. placidus, the significance of any
of these proteins cannot be determined.

Other genes involved in electron transport that were differ-
entially expressed during growth on Fe(III) oxide. In addition to

April 2015 Volume 81 Number 8


http://aem.asm.org

TABLE 1 Putative c-type cytochrome genes found in the F. placidus
genome and comparison to c-type cytochromes from other archaeal and
bacterial species

Fe(lll) Reduction by Ferroglobus placidus

TABLE 2 Genes in F. placidus and Geobacter genomes that code for a
protein (cbcZ) consisting of a c-type cytochrome fused to a cytochrome
bs-type heme/steroid binding domain

Top orthologous cytochrome

No. of protein in archaeal or bacterial
heme isolate (organism and gene % %

Locus ID*  groups locus ID) identity similarity

Ferp_0264 8 Ignavibacterium album 40 56
(IALB_2703)

Ferp_0310 2 Geobacter metallireducens 40 60
(Gmet_0328)

Ferp_0648 4 Geoglobus acetivorans 35 51
(Gace_0102)

Ferp_0649 8 Geoglobus acetivorans 47 61
(Gace_0430)

Ferp_0660 6 Geoglobus acetivorans 53 71
(Gace_1853)

Ferp_0668 4 Geoglobus acetivorans 51 63
(Gacet_1846)

Ferp_0669 5 Geoglobus acetivorans 50 63
(Gacet_1846)

Ferp_0670 35 Geoglobus acetivorans 43 56
(Gace_1847)

Ferp_0672 31 Geoglobus acetivorans 41 56
(Gace_1847)

Ferp_0673 4 Archaeoglobus veneficus 42 59
(Arcve_0353)

Ferp_0674 4 Archaeoglobus veneficus 37 57
(Arcve_0353)

Ferp_0675 7 Geoglobus acetivorans 44 61
(Gacet_1843)

Ferp_0676 24 Geoglobus acetivorans 33 48
(Gacet_1847)

Ferp_0711 8 Geoglobus acetivorans 85 91
(Gacet_1826)

Ferp_0712 6 Geobacter sulfurreducens 34 46
(GSU2737)

Ferp_0802 1 Archaeoglobus veneficus 63 75
(Arcve_2078)

Ferp_0937 1 Geobacter sp. strain M18 35 54
(GM18_0298)

Ferp_1198 8 Pyrolobus fumarii (Pyrfu_1339) 58 74

Ferp_1255 2 No homologue

Ferp_1267 4 Geoglobus acetivorans 41 61
(Gace_1344)

Ferp_1270 10 Desulfocapsa sulfexigens 28 40
(UWK_01207)

Ferp_1336 2 Geoglobus acetivorans 69 78

Ferp_1338 1 Anaerolinea thermophila 33 55
(ANT_19420)

Ferp_1341 1 Beggiatoa sp. strain PS 38 56
(BGP_5602)

Ferp_1361 1 Geoglobus acetivorans 60 72
(Gace_2071)

Ferp_1439 4 Geoglobus acetivorans 74 84
(Gace_0102)

Ferp_1813 5 Geoglobus acetivorans 64 73
(Gacet_1361)

Ferp_1814 5 Geoglobus acetivorans 42 55
(Gacet_1360)

Ferp_2064 5 Anaeromyxobacter dehalogenans 41 56
(Adeh_1422)

Ferp_2107 12 Geoglobus acetivorans 66 81

(Gace_0099)

“1D, identifier.

April 2015 Volume 81 Number 8

Applied and Environmental Microbiology

Organism Locus ID
Ferroglobus placidus Ferp_0937
Geobacter bemidjiensis Gbem_0269
Geobacter bremensis K419DRAFT_02830
Geobacter lovieyi Glov_0201
Geobacter lovieyi Glov_2659
Geobacter andersonii GM18_0298
Geobacter remediiphilus GM21_0254

Geopsychrobacter electrodiphilus WP_020677682

c-type cytochrome proteins, 40 other genes coding for proteins
involved in energy production and conversion were significantly
upregulated in Fe(III) oxide-grown cells, 25 of which encoded
ferredoxins or subunits of oxidoreductases or flavoproteins (Ta-
ble 4). A cupredoxin superfamily protein gene (Ferp_0125), pre-
dicted to belong to an operon divergently transcribed from the
operon for nitrous oxide reductase, which also contains a cupre-
doxin domain (49), was upregulated in F. placidus cells during
growth with Fe(III) oxide. However, the two genes predicted to be
cotranscribed with Ferp_0125, one of which encodes another pro-
tein of the cupredoxin superfamily (Ferp_0127), were not differ-
entially regulated, and neither was nitrous oxide reductase (n0sZ;
Ferp_0128).

As seen in Geobacter sulfurreducens (46), significantly more
transcripts from genes coding for iron sulfur cluster-binding pro-
teins were made by Fe(III) oxide-grown cells (Table 4). These
proteins may participate in electron transport to Fe(III) oxides.
One of the upregulated genes coding for an iron-sulfur cluster-
binding domain protein in F. placidus, Ferp_1268, is homologous
to a subunit of the Cbc4 complex from G. sulfurreducens
(GSU0069; 42% identical) that was upregulated in G. sulfurredu-
cens during growth on Fe(III) oxide (46). Both the c-type cyto-
chrome (Ferp_1267) and the b-type cytochrome (Ferp_1269) in
this cluster also were upregulated during growth on Fe(III) oxide,
which suggests that these three proteins form a complex that are
involved in extracellular electron transfer to Fe(III).

Genes coding for proteins of the coenzyme F420:quinone
oxidoreductase complex (Ferp_1705, Ferp_1707, Ferp_1709,
Ferp_1710, Ferp_1711, and Ferp_1712) and the formylmetha-
nofuran dehydrogenase complex (Ferp_0602, Ferp_0603,
Ferp_0604, and Ferp_0728) also were significantly upregulated in
Fe(III) oxide-grown cells (Table 4). Although both of these pro-
tein complexes are involved in methane production by methano-
genic archaea, genomes of species from the family Archaeoglo-
baceae are missing the genes for coenzyme M biosynthesis and
coenzyme F430 biosynthesis, as well as methyl-coenzyme M re-
ductase genes from the pathway, and they are not capable of
methanogenesis (50). Studies of these proteins in A. fulgidus show
that they are part of the energy-conserving electron transport
chain that connects the oxidation of lactate with the reduction of
sulfate, sulfite, and thiosulfate (51, 52). The coenzyme F420:qui-
none oxidoreductase complex in A. fulgidus plays a role similar to
that of NADH:quinone oxidoreductase, except that coenzyme
F420H, rather than NADH acts as an electron carrier for the en-
zyme (51). NADH dehydrogenase homologues also were signifi-
cantly upregulated in Geobacter cells grown with insoluble Fe(III)
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FIG 2 SDS-PAGE of proteins extracted from F. placidus cells grown with acetate as an electron donor and either insoluble Fe(III) oxide or soluble Fe(III) citrate
as the electron acceptor. Total proteins were stained with Coomassie blue (A) or heme stain (B).

oxide or with current-harvesting electrodes compared to soluble
Fe(III) citrate (46, 47, 53), and membrane-bound NADH dehy-
drogenase proteins have been shown to transfer electrons to c-type
cytochromes during Fe(III) reduction (54).

Genes coding for adenylsulfate reductase (Ferp_2218) and sul-
fate adenylyltransferase (Ferp_2216), proteins involved in dissim-
ilatory sulfate reduction, also had more mRNA transcripts in
Fe(III) oxide-grown cells. Two genes coding for alpha subunits of
electron transfer flavoproteins (Ferp_1688 and Ferp_1940), for
which a homologue was upregulated in G. sulfurreducens
(GSU2796) (46), also had higher transcript abundance in Fe(III)
oxide-grown cells of F. placidus.

TABLE 3 Fold difference in mRNA transcripts for c-type cytochrome
proteins

No.of  Predicted
h?mé_ sz o.f Result” by:
binding  protein
Locus ID motifs  (kDa) Microarray ~ qRT-PCR
Upregulated genes
Ferp_0670 35 189.28 3.67 13.24 + 3.31
Ferp_0668 4 25.59 2.69 7.88 * 2.55
Ferp_1336 2 31.91 2.55 5.26 * 1.38
Ferp_1267 4 17.73 2.41 17.80 £ 5.36
Ferp_0672 31 180.93 2.28 6.94 = 2.42
Ferp_1814 5 20.80 2.13 3.56 * 1.22
Ferp_1255 2 15.67 2.08 8.65 * 2.34
Ferp_1813 5 21.20 2.08 4.56 = 2.10
Downregulated genes
Ferp_0660 6 22.89 —2.20 —4.21 198
Ferp_2064 5 31.01 —2.34 —5.94 * 2.67
Ferp_1341 1 25.21 —2.77 —6.33 £ 2.35

“ Shown are fold differences in mRNA transcripts for c-type cytochrome proteins that
were significantly upregulated or downregulated in F. placidus cells grown with acetate
as an electron donor and Fe(III) oxide compared to Fe(III) citrate as an electron
acceptor.
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Expression of archaella and other extracellular appendages
during growth on Fe(III). Previous analysis of the F. placidus ge-
nome with the software program FlaFind (55) identified 31 differ-
ent genes that could code for archaellin/pilin preproteins with
type IV-like signal peptides. In this study, genes encoding putative
archaellum/pilus-associated proteins were further analyzed (Ta-
ble 5). Three of the type IV-like signal peptide-bearing preproteins
(Ferp_0458, Ferp_1118, and Ferp_1554) contained a DUF1628
domain that is associated with previously described archaeal pilin
proteins (56), one (Ferp_0926) contained a DUF361 domain that
is characteristic of a class III signal peptide processed by a unique
archaeal prepilin peptidase, EppA (55), and two were homologous
to bacterial type IV pilin proteins (Ferp_1456 and Ferp_0066).
Five of the predicted archaellum/pilus-associated genes had more
transcripts in Fe(III) oxide-grown cells, including two type IV
pilin-like proteins (Ferp_1456 and Ferp_1554).

TEM microscopy was done to further examine the archaellum
and/or pilus appendages during growth on Fe(III). Multiple ar-
chaellar extensions were apparent on the F. placidus cell surface
(Fig. 3A). This result differs significantly from the original isola-
tion study in which a single archaellum was detected during
growth with nitrate as the electron acceptor (18). In addition to
archaella, smaller filament-like structures (putative pili) also were
observed in these images (Fig. 3B).

The archaellum (archaeal flagellum) is a surface structure that
shares many similarities with the bacterial type IV pilus system
(57, 58). Archaellar proteins are made as preproteins with N-ter-
minal signal peptides that are cleaved by a prepilin peptidase
(FlaK) and assembled by the addition of archaellin subunits to the
base of the archaellum. Type IV pili associated with dissimilatory
Fe(III)-reducing bacteria are known to be involved in biofilm forma-
tion and electron transfer to extracellular Fe(III) compounds and
current-harvesting electrodes (59, 60). Although electron transfer by
archaella has not been observed, studies have shown that archaella
help with attachment to surfaces and biofilm formation (58). It is
possible that the archaellin proteins in F. placidus perform a role
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TABLE 4 Genes encoding electron transport proteins that are not c-type cytochromes and that were differentially expressed in F. placidus cells”

Locus ID Gene product Fold upregulated
Ferp_0125 Cupredoxin superfamily protein 2.49
Ferp_0140 Heterodisulfide oxidoreductase, iron-sulfur cluster-binding subunit B 2.10
Ferp_0349 Ferredoxin 2.16
Ferp_0602 Formylmethanofuran dehydrogenase, bis-(molybdopterin guanine dinucleotide)-oxotungsten-binding subunit B 2.11
Ferp_0603 Formylmethanofuran dehydrogenase, subunit A 3.54
Ferp_0604 Formylmethanofuran dehydrogenase, subunit C 2.32
Ferp_0728 Formylmethanofuran dehydrogenase, iron-sulfur cluster-binding subunit G 2.19
Ferp_1088 Oxidoreductase, membrane protein subunit 2.30
Ferp_1256 Phenylacetyl-coenzyme A dehydrogenase, iron-sulfur cluster-binding subunit 2.02
Ferp_1268 Menagquinol oxidoreductase complex Cbc4, iron-sulfur cluster-binding subunit, putative 2.43
Ferp_1269 Menaquinol oxidoreductase complex Cbc4, cytochrome b subunit, putative 2.72
Ferp_1300 2-Oxoacid:ferredoxin oxidoreductase, small subunit 2.14
Ferp_1437 Menagquinol oxidoreductase complex Cbc4, cytochrome b subunit, putative 2.17
Ferp_1687 Electron transfer flavoprotein, beta subunit 2.27
Ferp_1688 Electron transfer flavoprotein, alpha subunit 2.63
Ferp_1705 Coenzyme F420:quinone oxidoreductase, membrane protein subunit M, putative 2.09
Ferp_1707 Coenzyme F420:quinone oxidoreductase, membrane protein subunit N, putative 2.23
Ferp_1709 Coenzyme F420:quinone oxidoreductase, subunit BC, putative 3.58
Ferp_1710 Coenzyme F420:quinone oxidoreductase, subunit D, putative 2.38
Ferp_1711 Coenzyme F420:quinone oxidoreductase, membrane protein subunit H, putative 2.49
Ferp_1712 Coenzyme F420:quinone oxidoreductase, iron-sulfur cluster-binding subunit I, putative 2.44
Ferp_1940 Electron transfer flavoprotein, alpha subunit 2.13
Ferp_2216 Sulfate adenylyltransferase 2.32
Ferp_2218 Adenosine-5'-phosphosulfate reductase, FAD-binding catalytic alpha subunit 3.01
Ferp_2220 Oxidoreductase, iron-sulfur cluster-binding subunit 2.83
Ferp_2377 Oxidoreductase domain protein 2.32

“ Shown are genes encoding electron transport proteins that are not c-type cytochromes and that were differentially expressed in F. placidus cells grown with acetate as the electron
donor and either insoluble Fe(III) oxide or soluble Fe(III) citrate as the electron acceptor.

similar to that of type IV pilins in Fe(III)-reducing bacteria. How-  oxides entrapped in microporous alginate beads to determine
ever, further investigation into this possibility is required. whether this organism utilizes an electron shuttle to reduce insol-

Evidence of direct electron transfer to insoluble Fe(III) ox-  uble Fe(III) indirectly. Pores in the beads were too small for cells to
ides. F. placidus cells were grown in medium with insoluble Fe(III)  make direct contact with the Fe(III) oxides. Therefore, only

TABLE 5 Genes encoding archaeallar biogenesis proteins that were upregulated in F. placidus cells growing with acetate as electron donor and
Fe(III) oxide®

Locus ID Gene product Gene Fold upregulated
Ferp_0061 Type IV prepilin-like proteins leader peptide processing enzyme flak ND?
Ferp_0252 Type II secretion system ATPase PulE pulE-1 ND
Ferp_0253 Type II secretion system inner membrane protein PulF pulF ND
Ferp_0283 Twitching motility pilus retraction ATPase pilT ND
Ferp_0458 Type IV pilin, putative (DUF1628-containing) ND
Ferp_0578 Type II secretion system ATPase domain protein ND
Ferp_0783 Type II secretion system ATPase domain protein ND
Ferp_0926 DUF361 domain like pattern EppA-pilin protein ND
Ferp_1118 Type IV pilin, DUF1628-containing ND
Ferp_1431 Type II secretion system ATPase GspE gspE-1 ND
Ferp_1456 Archaellin flaB 3.54
Ferp_1457 Archaellar accessory protein FlaC flaC 2.11
Ferp_1458 Archaellar accessory protein FlaD/FlaE flaDE 2.51
Ferp_1459 Archaellar accessory protein FlaF flaF 2.02
Ferp_1460 Archaellar accessory protein FlaG flaG ND
Ferp_1461 Archaellar accessory ATPase FlaH flaH ND
Ferp_1462 Archaellar accessory ATPase Flal flal ND
Ferp_1463 Archaellar membrane protein FlaJ flaJ ND
Ferp_1533 VirB11-like ATPase flaI-2 ND
Ferp_1554 Type IV pilin, DUF1628-containing 2.46

“ Shown are genes encoding archaeallar biogenesis proteins that were upregulated in F. placidus cells growing with acetate as the electron donor and Fe(III) oxide compared to
Fe(III) citrate as the electron acceptor according to microarray analysis.
Y ND, no difference.
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FIG 3 Transmission electron microscopy of F. placidus cells grown with in-
soluble Fe(III) oxide as the electron acceptor and acetate as the electron donor.
(A) Cell with multiple archaella; (B) cell with archaellum and significantly
smaller filaments.

Fe(III) oxide exposed on the bead surface (ca. 3.5 mM) was di-
rectly accessible to the cells. F. placidus was unable to reduce
Fe(III) oxides in the beads unless the electron shuttle anthraqui-
none 2,6,-disulfonate (AQDS) was provided (Fig. 4). These results
suggest that F. placidus does not produce electron mediators that
are small enough to fit through the alginate bead pores.

Conclusions. There are a variety of mechanisms used for
Fe(III) respiration by prokaryotes, and these do not appear to be
domain specific. Direct contact with Fe(III) oxides and reliance on
electron-shuttling or chelating compounds for reduction of
Fe(III) are traits seen in both bacterial and archaeal species (1,
11-16, 61). In fact, the majority of electron transport proteins that
transcriptomic and proteomic studies showed to be important for
reduction of insoluble Fe(III) oxide by F. placidus have homo-
logues in mesophilic Fe(III)-reducing bacteria.

For example, three multiheme c-type cytochrome proteins
(Ferp_0670, Ferp_0672, and Ferp_1267) that appear to be impor-
tant for insoluble Fe(III) respiration by F. placidus have homo-
logues in Geobacter that are known to be involved in electron
transfer to Fe(III) (46, 47). In addition to similarities in expression
patterns of c-type cytochromes, other genes encoding important
electron transport proteins found in Geobacter also had higher
transcript abundance in Fe(III) oxide-grown F. placidus cells (46).
A menaquinol oxidoreductase Cbc4 complex (Ferp_1267-1269)
and a unique periplasmic c¢-type cytochrome fused to a cyto-
chrome b;-type heme/steroid binding domain (CbcZ; Ferp_0937)
seem to be involved in electron transfer to insoluble Fe(III) oxide
in both F. placidus and Geobacter species. It is also significant that,
similar to Geobacter species, F. placidus seemed to express more
pilin-like structures during growth on insoluble Fe(III) oxide.

It is also interesting that F. placidus has more c-type cyto-
chromes than any other hyperthermophilic Fe(III)-reducing ar-
chaeon, and 83.3% of its cytochromes have more than one heme
group. The genomes of most other hyperthermophilic archaea
that are capable of Fe(III) reduction have few to no c-type cyto-
chrome genes and can only reduce Fe(III) chemolithotrophically
(16, 62-65). On the other hand, Ferroglobus and Geoglobus, both
hyperthermophilic archaea that are known to effectively couple
the complete oxidation of organic compounds with Fe(III) reduc-
tion (20, 21), contain numerous multiheme c-type cytochromes.
More than half of these multiheme c-type cytochromes have ho-
mologues in Fe(IlI)-reducing bacteria from the genera Geobacter,
Shewanella (48), Rhodoferax (66), and Thermincola (67), organ-
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FIG 4 F. placidus grown in medium with benzoate (0.5 mM) provided as an
electron donor and insoluble Fe(III) oxides entrapped in alginate beads pro-
vided as the electron acceptor. As a control, 50 uM anthraquinone 2,6,-disul-
fonate (AQDS) was added to the medium and served as a shuttle for Fe(III)
reduction. W, Fe(III) oxide; @, Fe(III) oxide plus AQDS; T, cells, no donor; O,
donor, no cells.

isms that also are efficient at electron transfer from the oxidation
of organic compounds to Fe(III). Many of the multiheme cyto-
chromes found in Ferroglobus, Geoglobus, and Fe(III)-reducing
bacteria are class III, which means that they have heme groups
with reduction potentials that can vary significantly (68). For ex-
ample, a 50-kDa cytochrome purified from Desulfuromonas ace-
toxidans, a relative of the Geobacteraceae, contains 6 heme groups
that have reduction potentials ranging from +100 mV to —375
mV (69). This range of reduction potentials may help facilitate the
flow of electrons released from the oxidation of organic com-
pounds through the periplasm and out to extracellular Fe(III).
However, further investigation into this possibility is required.

This study clearly shows that there is a considerable amount of
overlap in the mechanisms for Fe(III) reduction employed by ar-
chaea and bacteria, and to fully understand Fe(III) respiration,
one needs to examine organisms from both domains of life.
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