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Gene transcription (microarrays) and protein levels (proteomics) were compared in cultures of the acidophilic chemolithotroph
Acidithiobacillus ferrooxidans grown on elemental sulfur as the electron donor under aerobic and anaerobic conditions, using
either molecular oxygen or ferric iron as the electron acceptor, respectively. No evidence supporting the role of either tetrathio-
nate hydrolase or arsenic reductase in mediating the transfer of electrons to ferric iron (as suggested by previous studies) was
obtained. In addition, no novel ferric iron reductase was identified. However, data suggested that sulfur was disproportionated
under anaerobic conditions, forming hydrogen sulfide via sulfur reductase and sulfate via heterodisulfide reductase and ATP
sulfurylase. Supporting physiological evidence for H2S production came from the observation that soluble Cu2� included in an-
aerobically incubated cultures was precipitated (seemingly as CuS). Since H2S reduces ferric iron to ferrous in acidic medium, its
production under anaerobic conditions indicates that anaerobic iron reduction is mediated, at least in part, by an indirect mech-
anism. Evidence was obtained for an alternative model implicating the transfer of electrons from S0 to Fe3� via a respiratory
chain that includes a bc1 complex and a cytochrome c. Central carbon pathways were upregulated under aerobic conditions, cor-
relating with higher growth rates, while many Calvin-Benson-Bassham cycle components were upregulated during anaerobic
growth, probably as a result of more limited access to carbon dioxide. These results are important for understanding the role of
A. ferrooxidans in environmental biogeochemical metal cycling and in industrial bioleaching operations.

The ability of microorganisms to catalyze dissimilatory redox
transformations of sulfur and iron has had a major impact on

the evolution of planet Earth. Ferrous iron (Fe2�) can act as an
electron donor for some aerobic chemolithotrophs, while ferric
iron (Fe3�) is used as a terminal electron acceptor by a wide range
of obligate and facultative anaerobes, including acidophilic pro-
karyotes (1). In addition, many acidophiles can obtain energy
from the oxidation of elemental sulfur (S0) and inorganic sulfur
compounds.

It is recognized that dissimilatory ferric iron reduction has a
profound effect on the iron cycle by mediating both the destruc-
tion and formation of iron minerals (reviewed in reference 2).
Fe3� reduction has been extensively studied in neutrophiles such
as Geobacter and Shewanella spp. which use solid Fe3� (hydr)ox-
ides as electron acceptors (reviewed in reference 3). In Shewanella
oneidensis, outer membrane c-type cytochromes have been sug-
gested to cause the direct reduction of solid Fe3� (hydr)oxides (4).
In addition, electron shuttles (5) and an Fe3� chelating/solubiliz-
ing pathway (6) were suggested for a Shewanella sp., thereby
avoiding the need for direct contact with a solid substrate. At a pH
of �2.5, Fe3� is soluble, though some basic ferric iron minerals
(jarosites) can form at pHs of �2. Therefore, extremely acido-
philic iron-reducing prokaryotes do not have the problem of uti-
lizing a solid-phase electron sink. Dissimilatory Fe3� reduction is
widespread among moderately acidophilic and extremely acido-
philic bacteria (reviewed in reference 7). Acidophilic iron reducers
are unrelated to their neutrophilic counterparts and display con-
siderable phylogenetic diversity (7). Different strategies to reduce
Fe(III) have been described in phylogenetically diverse Fe(III) re-

ducers, suggesting that these mechanisms evolved independently
several times (8).

The redox potential (Eh) of the Fe2�/Fe3� couple is affected by
solution pH and associated organic/inorganic ligands. In ex-
tremely acidic (pH, �2) sulfate-based solutions, the Eh value is
��700 mV (9), whereas it is much more electronegative at cir-
cumneutral pH (��300 mV [10]). In bioenergetic terms, Fe2�

oxidation yields less energy in acidic than in neutral pH environ-
ments, whereas Fe3� is a more energetically favorable electron
acceptor at low pH (11).

Acidithiobacillus ferrooxidans is the most widely studied of all
acidophiles and is known to use a variety of electron donors (Fe2�,
elemental sulfur [S0], reduced inorganic sulfur compounds, hy-
drogen [H2], and formic acid) and either molecular oxygen, S0, or
Fe3� as electron acceptor (12–14). One strain of A. ferrooxidans
has been reported to couple the oxidation of H2 to the reduction of
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S0 (12), and the type strain genome contains genes predicted to
encode hydrogenases and a S0 reductase (15) that have both been
biochemically characterized (16–18). Models for substrate oxida-
tion and energy conservation during aerobic growth of A. ferrooxi-
dans on either Fe2� or inorganic sulfur compounds have been
developed on the basis of functional genomic approaches (15,
19–21) as well as molecular genetics and biochemical methods
(reviewed in references 3 and 21 to 23). In contrast, relatively little
is known about the mechanism of Fe3� reduction in acidophiles.
Based on kinetics and inhibition reaction analysis, Corbett and
Ingledew (24) proposed an anaerobic pathway where electrons
from S0 oxidation enter the respiratory chain via the bc1 complex
and continue through periplasmic transporters involved in the
iron-oxidizing system to the final electron acceptor, Fe3�. This
model is supported by evidence from inhibition reactions and
biochemical studies (14). It was also proposed that the oxidation
of S0 by Fe3� was one of two steps in sulfur metabolism with
specific enzymes involved. However, the various results might also
be explained because a number of different strains of bacteria were
used, complicating the interpretation of these analyses (25–27).
Tetrathionate reductase (TetH) (28) and ArsH (29) have been
proposed to be candidates for the final electron donor to Fe3�. In
addition, Kucera et al. (30) found a significant increase in the
abundance of electron transporters, such as rusticyanin and cyto-
chrome c552 (which are known to be involved in Fe2� oxidation),
in cultures of A. ferrooxidans grown anaerobically on Fe3�. These
authors suggested that rus operon-encoded proteins were in-
volved in both Fe2� oxidation and Fe3� reduction in this acido-
phile.

Iron- and sulfur-oxidizing acidophiles have widespread use in
processing metal ores, a technology generically known as “bio-
mining.” Their key roles are to generate both Fe3�, a powerful
chemical oxidant that initiates the oxidative dissolution of sulfidic
minerals, and sulfuric acid, which maintains metals released from
the minerals in solution, thereby facilitating downstream recov-
ery. Biomining acidophiles, such as A. ferrooxidans, that can re-
duce as well as oxidize iron may be responsible for net consump-
tion of Fe3� in anaerobic zones and microsites (e.g., in heap
reactors) and, thus, potentially have a negative impact on mineral
dissolution. On the other hand, reductive dissolution of Fe3�

minerals has been demonstrated to have potential for bioprocess-
ing of oxidized metal ores, such as nickel laterites (31). Conse-
quently, understanding the nature of Fe3� reduction by A. fer-
rooxidans and how it is controlled is of fundamental importance in
mineral bioprocessing technologies.

In order to address the lacuna in our knowledge of the mech-
anism of S0-coupled iron reduction in A. ferrooxidans, a transcrip-
tomic and proteomic study was undertaken. mRNA and protein
contents were explored either during aerobic growth with S0 as an
electron source and O2 as electron acceptor or under anaerobic
conditions with Fe3� as electron acceptor. Differential RNA and
protein levels were related to changes in cellular functions that
were used to develop a preliminary model for A. ferrooxidans elec-
tron transport during dissimilatory Fe3� reduction.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and harvesting. The purity of the
A. ferrooxidans culture (ATCC 23270T) was confirmed by streaking onto a
variety of overlay media (32). A. ferrooxidans was preadapted to growth on
1% (wt/vol) S0 in a shake flask culture (30°C; initial pH, 2.5) with a basal

salts-trace element mix before inoculation into a 2.3-liter bioreactor fitted
with pH, temperature, and aeration control (Electrolab, United King-
dom). The basal salts contained (final concentrations) MgSO4 · 7H2O (1
g/liter), (NH4)2SO4 (0.9 g/liter), Na2SO4 · 10H2O (0.3 g/liter), KH2PO4

(0.1 g/liter), KCl (0.1 g/liter), and Ca(NO3)2 · 4H2O (0.03 g/liter) with a
trace element solution of (final concentrations) ZnSO4 · 7H2O (20 mg/
liter), CuSO4 · 5H2O (2 mg/liter), MnSO4 · 4H2O (2 mg/liter), CoSO4 ·
7H2O (2 mg/liter), Cr2(SO4)3 · 15H2O (1 mg/liter), H3BO3 (1.2 mg/liter),
Na2MoO4 · 2H2O (1 mg/liter), NiSO4 · 6H2O (2 mg/liter), Na2SeO4 ·
10H2O (2 mg/liter), Na2WO4 2H2O (0.2 mg/liter), and NaVO3 (0.2 mg/
liter). The reactor contained 100 g S0 (sterilized by Tyndallization) and 2
liters of basal salts-trace element mix. The temperature was maintained at
30°C, the pH was maintained at 1.8 (by automated addition of 1 M H2SO4

or NaOH), and the bioreactor was aerated with sterile air at 1 liter/min
and stirred at 150 rpm. Bacterial growth was monitored by using a Thoma
counting chamber (Hawksley, United Kingdom). Culture agitation and
aeration were stopped when cell numbers increased to �109/ml, allowing
the S0 particles to collect as a loose sediment. Approximately 1.5 liters of
the surface liquor was aseptically withdrawn during exponential growth
when nutrients were not depleted, and cells were harvested by centrifuga-
tion (10,000 � g for 20 min at 4°C) and washed three times in basal salts
solution (pH 2). Part of the obtained cell pellet was frozen (�20°C) ahead
of proteomic analysis, while the remainder was suspended in RNAlater
(Qiagen, United Kingdom) and stored at �20°C prior to transcriptomic
investigations. The bioreactor was topped up with 1.5 liters of sterile basal
salts-trace elements, and two further cycles of aerobic growth were carried
out under identical conditions.

S0 was also used for anaerobic growth, but the electron acceptor was
switched from O2 to Fe3�. Following harvesting of the third aerobic batch
culture, the bioreactor was inoculated with A. ferrooxidans grown anaer-
obically in 25 mM ferric sulfate, 1% (wt/vol) S0, pH 2.0, at 30°C in an
anaerobic jar (AnaeroGen system; Oxoid, United Kingdom). Basal salts-
trace elements were added to bring the bioreactor culture volume to �2
liters, and ferric sulfate was added (from a filter-sterilized 0.5 M solution,
pH 1.5) to give a final concentration of �20 mM. The culture was deaer-
ated with a stream of oxygen-free N2 (2 liters/min for 30 min), and then
the N2 flow was lowered to 1 liter/min. Carbon was provided by intermit-
tently sparging the bioreactor (�30 min/day) with a 10% CO2–90% N2

gas mix. Temperature and pH were maintained as for aerobic growth.
Fe3� reduction was monitored by measuring Fe2� concentrations using
the ferrozine assay (33), and when �90% of the iron had been reduced,
additional ferric sulfate solution (equivalent to 20 mM Fe3�) was added to
the bioreactor. Sequential addition of relatively small volumes of ferric
sulfate ensured that no Fe3� precipitates formed, and for each batch cul-
ture, the equivalent of �100 mM Fe3� was added. Anaerobic cultures
were harvested as described previously, and cell pellets from three separate
batch cultures were obtained.

Sulfide generation during A. ferrooxidans anaerobic growth. Evi-
dence for production of hydrogen sulfide (H2S) by A. ferrooxidans main-
tained under anaerobic conditions in the presence of S0 was obtained by
incubating cells in the presence of Cu2�, which reacts with H2S to form
insoluble CuS in acidic liquors (34). Six 25-ml universal bottles, each
containing 10 mM ferrous sulfate, 10 mM copper(II) sulfate, 100 mg of S0,
and basal salts-trace elements (total volume, 20 ml), were inoculated with
1 ml of an A. ferrooxidans culture (approximately 1 � 108 cells/ml) grown
aerobically on S0. Two noninoculated cultures were also prepared. Fer-
rous iron, rather than Fe3�, was used in this experiment to preclude the
reaction 2Fe3� � H2S ¡ 2Fe2� � S0 � 2H�. All eight bottles were
incubated under anaerobic conditions (AnaeroGen system; Oxoid,
United Kingdom) for up to 6 weeks, and concentrations of soluble Cu2�

were measured using ion chromatography (34).
Two-dimensional electrophoresis, image analysis, and protein

identification. Proteomic analysis of total soluble protein and outer
membrane-enriched fractions was carried out as described previously
(35). This method enriches for outer membrane proteins but is not com-
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patible with inner membrane proteins. Protein samples were extracted
from triplicate bacterial samples. First-dimension isoelectric focusing was
performed using Immobiline DryStrip immobilized pH gradient gels (18
cm; nonlinear pH range, pH 3 to 10; GE Healthcare), followed by second-
dimension SDS-polyacrylamide gel electrophoresis. The Coomassie-
stained gels were analyzed with image analysis software (Melanie, version
7.03; Genebio). The criteria used to identify protein spot intensities were
defined by Mangold et al. (35). For analysis of the cytoplasmic proteins, all
spots detected were taken into account. However, five predominant spots
in gels from the anaerobic outer membrane-enriched fraction were ex-
cluded to avoid a skewed analysis which would otherwise misleadingly
identify many proteins as upregulated under aerobic conditions (see Fig.
S2 in the supplemental material). Proteins were identified by matrix-as-
sisted laser desorption ionization–time of flight (MALDI-TOF) mass
spectrometry (35). Peptide mass fingerprints were searched against a local
database containing the genome sequence of A. ferrooxidans ATCC
23270T using the Mascot search engine, allowing 2 missed cleavages and a
peptide tolerance of 50 ppm (36). Database hits were significant, with a
score of 47 at a 0.05 significance level.

RNA isolation, transcriptional arrays, and data analysis. Cells were
pelleted from suspensions in RNAlater and washed in 10 mM H2SO4.
Total RNA was extracted using a modified acid-phenol extraction
method, including an initial step with TRIzol reagent, as described by the
manufacturer (Invitrogen). RNA was further purified using a High Pure
RNA isolation kit (Roche Applied Science) and treated with DNase I
(Roche Applied Science) according to the manufacturer’s instructions.
The absence of DNA was verified by PCR for each sample. RNA was used
for the synthesis of cDNA fluorescently labeled with Cy3 and Cy5 (20, 37).
Microarray transcript profiling was carried out as described previously
(20, 37). Arrays were scanned for fluorescent signals using a ScanArray
4400A scanner (MDS Analytical Technologies). The processed aerobic
(S0/O2) and anaerobic (S0/Fe3�) signal intensities for each spot were used
for calculating the aerobic/anaerobic mRNA concentration ratio (37).
Each gene expression ratio was calculated from 40 values calculated from
4 biological and 10 technical replicates and normalized by the nonlinear
Lowess method using the Acuity (version 4.0) program (Molecular De-
vices). A 0.7-fold deviation from the 1:1 hybridization (log2) ratio was
taken as indicative of differential levels of RNA. Hierarchical cluster anal-
ysis (Pearson correlation, average linkage) was performed using the Gen-
esis software suite (38).

qPCRs. Quantitative real-time PCRs (qPCRs) were performed with an
iCycler thermal cycler (Bio-Rad) and a KAPA SYBR FAST qPCR kit
(Kapabiosystems). Twenty-microliter PCR mixtures contained 2 �l of a
1:100-diluted cDNA sample, 200 nM each primer, and 1� KAPA SYBR
FAST qPCR master mix. The reference dye carboxy-X-rhodamine was
included at a final concentration of 5 nM. The cycling protocol was as
follows: initial denaturation for 10 min at 95°C, followed by 40 cycles of 30
s each at 95°C, 56°C, and 72°C. Fluorescence was measured after the ex-
tension phase at 72°C. Specific amplification was confirmed by a single
peak in the melting curve. For each experimental condition, total RNA
was extracted from two independent A. ferrooxidans cultures. Each RNA
sample was retrotranscribed to evaluate concentration levels relative to
the concentration of the constitutive reference gene rpoC (39). The reac-
tions for each target gene were performed in triplicate, and each target
gene was simultaneously amplified in the same PCR run. Thus, data sets
consist of 6 values per gene per experimental setup generated under stan-
dardized PCR cycling conditions. Tenfold dilutions of stationary-phase
genomic DNA (range, 10 ng to 1 pg) were used to generate a 5-point
standard curve for each gene by using the cycle threshold (CT) value versus
the logarithm of each dilution factor. The reaction efficiency (E), which
was equal to [10(�1/slope)]�1, for every gene was derived from the slope
of the corresponding standard curves. The genes tested by qPCR and the
respective primers used in the reactions are listed in Table S1 in the sup-
plemental material.

Bioinformatic analysis. The sequence and annotation of the complete
A. ferrooxidans ATCC 23270T genome were retrieved from Gen-Bank/
EMBL/DDBJ (CP001219) (15). The annotated genome was displayed in
the Artemis interactive format (www.sanger.ac.uk/Software/Artemis).
The bioinformatics programs used to characterize candidate genes and
their predicted protein products included blastp, tblastn, blastx, and ps-
iblast (www.ncbi.nlm.nih.gov) and the suite of protein characterization
programs available in InterproScan (www.ebi.ac.uk/interpro). Metabolic
reconstructions were carried out on the basis of comparisons with the
model metabolic pathways obtained from the BIOCYC (www.biocyc
.org), KEGG (www.genome.ad.jp/kegg), and ERGO (Integrated Genom-
ics) databases. Comparative genomic analyses were performed using the
Microbesonline (www.microbesonline.org) and String (http://string
.embl.de/) programs.

Microarray data accession number. The data for all hybridizations
were submitted to the MIAMExpress database under accession number
E-MEXP-3361.

RESULTS AND DISCUSSION

With the exception of the electron acceptor and CO2 supply, aer-
obic (S0/O2) and anaerobic (S0/Fe3�) cultures of A. ferrooxidans
ATCC 23270 were grown under similar conditions. Although sim-
ilar cell yields (�109/ml) were obtained, cell mass was attained in
3 to 5 days when O2 was the electron acceptor, whereas cell mass
was attained in 2 to 3 weeks when Fe3� was used (data not shown).

Proteomic and transcriptomic analysis of S0/O2 versus S0/
Fe3� growth. This study compared protein levels and RNA syn-
thesis during aerobic and anaerobic growth of A. ferrooxidans on
S0 (Table 1; details are given in Tables S2 and S3 in the supplemen-
tal material). A total of 78 upregulated and 13 unique protein
spots were identified from the soluble- and outer membrane-en-
riched aerobic cultures, while 11 upregulated and 6 unique pro-
tein spots were identified from the anaerobic cultures (see Fig. S1
and S2 in the supplemental material). Comparative transcrip-
tomic microarrays of A. ferrooxidans grown aerobically and under
anaerobic conditions on sulfur identified a total of 42 and 44 up-
regulated genes, respectively.

Some discrepancies between protein levels measured by pro-
teomics and levels of RNA determined by transcriptomics were
noted. Such discrepancies have been observed in many instances
of transcriptomic/proteomic analyses and have been variously at-
tributed to differences in stability/degradation, posttranscrip-
tional regulation, and posttranslational modification (40–43). In
this study, levels of RNA have been validated by qPCR for various
genes. A concordance between the results has been observed
(Table 1).

Genes and proteins that could potentially be ascribed to S0

energy metabolism, Fe3� reduction, electron transfer and energy
conservation, and chemoautotrophy and carbon metabolism are
shown in Table 1. Other genes and proteins that display differen-
tial regulation are listed in Table S2 in the supplemental material
and are grouped according to Gene Ontology predictions: (i) cell
wall, membrane, and envelope biogenesis; (ii) chaperone func-
tions; (iii) translation transcription and cell cycle; (iv) amino acid
metabolism; (vi) nucleotide metabolism and transport; and (vii)
gene regulation.

Sulfur metabolism. Oxidation of S0 by A. ferrooxidans under
aerobic conditions is thought to be mediated by heterodisulfide
reductase (Hdr), which is predicted to be an inner membrane-
anchored protein with its active site in the cytoplasm (20, 35). S0 is
poorly soluble in water, so the likely substrate for Hdr is the sul-
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TABLE 1 Gene product concentration levels (microarrays and qPCR) and protein spot intensities (proteomics) from Acidithiobacillus ferrooxidans
grown under aerobic and anaerobic conditionse

Regulation, use, and protein or gene
name Predicted function Annotation no.a

Fold change
in protein
expression

Median gene
log2 ratio qPCRf

Upregulated under aerobic conditions
Energy metabolism

HdrB Heterodisulfide reductase subunit B, homolog AFE_2586b 9.4 1.0
HdrB Heterodisulfide reductase subunit B, homolog AFE_2586b 13.5
HdrA Pyridine nucleotide disulfide oxidoreductase AFE_2553b 3.3
HdrA Pyridine nucleotide disulfide oxidoreductase AFE_2553b 8.1

Conserved hypothetical protein (clusters with Hdr) AFE_2552 5.4
AtpA ATP synthase F1, � subunit (EC 3.6.3.14) AFE_3205 2.1c

atpC ATP synthase F1, ε subunit AFE_3202 1.0
AtpD ATP synthase F1, 	 subunit (EC 3.6.3.14) AFE_3203 2.3

MotA/TolQ/ExbB proton channel family protein AFE_0768 0.8
tetH Tetrathionate hydrolase AFE_0029 4.3
Cyc2 Outer membrane cytochrome c, Cyc2 AFE_3153 5.6 0.9
cyc1 Cytochrome c4, Cyc1 AFE_3152 0.7
coxA Cytochrome c oxidase, aa3 type, subunit I AFE_3149 0.9
coxC Cytochrome c oxidase, aa3 type, subunit III AFE_3148 0.9
rus Rusticyanin AFE_3146 1.7

Carbon management
Fba Fructose bisphosphate aldolase, class II (EC

4.1.2.13)
AFE_3248b 2.7 O2 � Fe3�

Fructose bisphosphate aldolase, putative AFE_1802 4.9
Fba Fructose-bisphosphate aldolase, class II (EC

4.1.2.13)
AFE_3248b 3.4

Fba Fructose bisphosphate aldolase, class II (EC
4.1.2.13)

AFE_3248b 3.0

PdhB Pyruvate dehydrogenase, E1 component, 	 subunit AFE_3069 2.4
PdhB Pyruvate dehydrogenase, E1 component, � subunit AFE_1813 7.1 0.8
Icd NADP-dependent isocitrate dehydrogenase (EC

1.1.1.42)
AFE_0424 2.2

CbbL2 RubisCO, large subunit 2 (EC 4.1.1.39) AFE_2155 2.9 O2 � Fe3�

Pgi Glucose-6-phosphate isomerase (EC 5.3.1.9) AFE_2924 10.9
Rpe Ribulose phosphate 3-epimerase (EC 5.1.3.1) AFE_3247 2.5
Tal Transaldolase (EC 2.2.1.2) AFE_0419 2.2
Tkt-1 Transketolase (EC 2.2.1.1) AFE_1843 2.1

Transketolase pyridine binding domain protein AFE_1667b 4.0
Transketolase pyridine binding domain protein AFE_1667b 7.0

GlgB 1,4-�-Glucan branching enzyme (EC 2.4.1.18) AFE_2836 4.6 0.7
6-Phosphogluconate dehydrogenase AFE_2024 1.2

zwf Glucose-6-phosphate 1-dehydrogenase AFE_2025 0.9
gph-1 Phosphoglycolate phosphatase AFE_1823 0.7

Xylulose-5-phosphate/fructose-6-phosphate
phosphoketolase

AFE_2053 0.9

Phosphoglucomutase AFE_2324 1.0
Cell wall/membrane/envelope

biogenesis
OMPP1/FadL/TodX family AFE_2542b 1.0
OMPP1/FadL/TodX family AFE_2542b 2.6

Upregulated under anaerobiosis
Energy metabolism

Pyridine nucleotide disulfide oxidoreductase
(DsrE-like)

AFE_2556 1.3

tusA Hypothetical protein (similar to SirA) AFE_2557 0.9
sreA Sulfur reductase molybdopterin subunit AFE_2177 Fe3� � O2

SreB Sulfur reductase, iron-sulfur binding subunit AFE_2178 Unique Fe3� � O2

sreC Sulfur reductase, membrane subunit, putative AFE_2179 Fe3� � O2

sreD Sulfur reductase AFE_2181 Fe3� � O2

AtpF ATP synthase F0, subunit b (EC 3.6.3.14) AFE_3207 Unique 1.5
atpE ATP synthase C chain AFE_3208 1.4

(Continued on following page)
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fane-sulfur compound glutathione persulfide (GSSH), which
contains a disulfide bond that has been proposed to be cleaved by
Hdr to produce SO3

2� and glutathione (GSH) (44, 45). There are
three predicted copies of the gene for the HdrB catalytic subunit
on the A. ferrooxidans genome (20), one of which is found outside
the hdr locus (AFE_2586). While products of this gene were de-
tected under both aerobic and anaerobic conditions, suggesting
that Hdr mediates S0 oxidation in both situations (Fig. 1), protein
levels were greater under aerobic conditions. A hypothetical pro-
tein (AFE_2552) and HdrA (AFE_2553) were also found at higher
levels in the aerobic culture (see Fig. S3 in the supplemental ma-
terial). In contrast, both dsrE (AFE_2556) and tusA (AFE_2557)
were upregulated during anaerobic growth on S0. Although it has
not been experimentally verified in A. ferrooxidans, the products
of these genes are predicted to be involved in a sulfur relay system
(46–48). All subunits of the sulfur reductase (SreABCD
[AFE_2178 to AFE_2181]) were expressed only under anaerobic
conditions. The sre operon in Aquifex aeolicus encodes a sulfur-
reducing multiprotein complex that has been biochemically con-

firmed to be a sulfur reductase (49). The product of the Sre com-
plex is H2S, and the upregulation of Sre would explain why both
DsrE and TusA were also upregulated (assuming an H2S transfer
role rather than a sulfane-sulfur transfer role under these condi-
tions), as it would be important for toxic H2S to be expelled from
the bacterial cells. Taken together, these observations suggest that
disproportionation of S0 occurs when A. ferrooxidans is grown
under anaerobic conditions. Oxidation of S0 to SO3

2� generates 4
electrons and 6 protons (assuming that oxygen is derived from
water, as would necessarily be the case in anaerobic cultures; S0 �
3H2O ¡ SO3

2� � 4e� � 6H�), and oxidation of SO3
2� to SO4

2�

generates 2 electrons and 2 protons (SO3
2� � H2O ¡ SO4

2� �
2e� � 2H�). The reduction of S0 to H2S consumes 2 electrons and
2 protons (S0 � 2e� � 2H� ¡ H2S). Therefore, more S0 would
need to be reduced than oxidized to maintain the balance of elec-
trons if sulfur disproportionation was the exclusive energy-trans-
ducing metabolism occurring in anaerobic cultures. However,
Fe3� respiration (discussed below), where electrons are trans-
ferred directly to Fe3�, would modify the stoichiometry of S0 ox-

TABLE 1 (Continued)

Regulation, use, and protein or gene
name Predicted function Annotation no.a

Fold change
in protein
expression

Median gene
log2 ratio qPCRf

atpB ATP synthase F0, A subunit AFE_3209 1.0
cycA2 Cytochrome c4, CycA2 AFE_2727 0.9
petA2 Ubiquinol-cytochrome c reductase, iron-sulfur

subunit
AFE_2729 0.9

petB2 Ubiquinol-cytochrome c reductase, cytochrome b
subunit

AFE_2730 1.1

ubiE Ubiquinone/menaquinone biosynthesis
methyltransferase

AFE_0289 0.7

Carbon management
CbbS1 RubisCO, small subunit (EC 4.1.1.39) AFE_1690 3.8 Fe3� � O2

CscE Carboxysome shell peptide AFE_1683 3.1
AcnA Aconitate hydratase, putative AFE_0423 2.0
cbbp Phosphoribulokinase AFE_0536 0.7 Fe3� � O2

cscC Carboxysome shell peptide AFE_1685 1.6
tkt-2 Transketolase AFE_3252 0.9

Cell wall/membrane/envelope
biogenesis

OMPP1/FadL/TodX family AFE_2542b Unique
OMPP1/FadL/TodX family AFE_2542b Unique
OMPP1/FadL/TodX family AFE_2542b 9.6d

OMPP1/FadL/TodX family AFE_2542b 6.8d

OMPP1/FadL/TodX family AFE_2542b 1.7d

Posttranslational modification/
protein turnover/chaperone
functions and inorganic ion
transport and metabolism

surA Survival protein SurA AFE_3035 1.4
Amino acid metabolism and

transport
Sulfite reductase hemoprotein, 	 component AFE_3122 0.9

cysH Adenylylsulfate reductase AFE_3123 1.5
a The annotation number is that of GenBank accession number NC011761.
b Identification of multiple spots for a single gene in the proteomics is likely due to posttranslational modifications.
c The protein spot contains a mixture or proteins. No conclusions regarding upregulation of the individual proteins can be drawn.
d Fold change values are not comparable to the remaining data in the table, as these protein spots were not considered for final analyses. Values are given here to show the gradual
increase of the different isoforms of the same protein in gels of outer membrane-enriched fractions for anaerobic conditions.
e Details are given in Tables S2 and S3 in the supplemental material.
f O2 � Fe3� denotes that a higher mRNA content was detected by qPCR analysis during aerobic growth than with anaerobic growth; vice versa for Fe3� � O2.
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idation and reduction. Disproportionation of S0 was initially
thought of as surprising, as the process is endergonic under stan-
dard conditions, except where sulfide is removed by reaction with
metals (50), as is shown here for A. ferrooxidans cultured in the
presence of Fe3�.

Support for the hypothesis that A. ferrooxidans produces H2S
when grown anaerobically on S0 came from anoxic cultures incu-
bated in the presence of Cu2� and Fe2�. Concentrations of soluble
Cu2� fell by 35 
 7.7 mg/liter (from 10 mM to �9.45 mM, bal-
ancing the consumption of approximately 0.5 mM S0 and the
production of CuS) under these conditions, while noninoculated

controls showed no decrease, and black precipitates (presumed to
be CuS) formed in inoculated cultures (Cu2� � H2S ¡ CuS �
2H�) but not in sterile controls.

The SO3
2� produced from S0 oxidation may be used for energy

production by converting SO3
2� to adenosine 5=-phosphosulfate

(APS), which is then converted to SO4
2� using ATP sulfurylase

(Sat; which was not differentially regulated) to generate SO4
2�

and ATP (Fig. 1) (20). A minor portion of the SO3
2� may also be

reduced to H2S by the sulfite reductase (CysI [AFE_3122]) and
assimilated as required for cellular growth (51). Interestingly, cysI
and cysH (APS reductase [AFE_3123]) were also upregulated un-

FIG 1 Pathway of aerobic sulfur (A) and anaerobic (B) electron transport. The pathways were based on this study and published reports (20, 44). Genes and/or
proteins that were identified to be more upregulated in this study are underlined. Electron transfer is designated with short dashes, while proton transport is
designated with long dashes. Q/QH2 denotes the quinol pool.
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der anaerobic conditions, even though the cellular growth require-
ment would not be expected to be greater under such conditions.

Ferric iron reduction. No definitive iron reductase in A. fer-
rooxidans was identified in this study. TetH (28) and ArsH (29)
have been suggested to mediate Fe3� reduction by A. ferrooxidans.
However, in the present study, tetH (AFE_0029; Table 1) is the
most highly upregulated gene under oxic conditions, and neither
the RNA nor the protein product of arsH was detected above back-
ground levels (data not shown), diminishing the likelihood that
either TetH or ArsH plays a major role in Fe3� reduction.

We propose that an important functional coupling of S0 oxi-
dation to Fe3� reduction occurs via an indirect mechanism in-
volving reduction of Fe3� by H2S generated by disproportionation
of S0 under anaerobic conditions (2Fe3� � H2S ¡ 2Fe2� � S0 �
2H�) (Fig. 1B). An alternate hypothesis is based on the observa-
tion that the genes encoding the bc1 complex (petA2 [AFE_2729]
and petB2 [AFE_2730]) and the cytochrome c (cycA2
[AFE_2727]) were upregulated under anaerobic conditions (Ta-
ble 1). In this model, electrons could flow from S0 to quinone and
onwards to the bc1 complex and then to CycA2, as shown in
Fig. 1B. We do not know whether Cyc2 is the final protein of this
electron transport chain reducing Fe3� or whether there are addi-
tional members before the final acquisition of electrons by Fe3�,
such as rusticyanin, as proposed by Kucera et al. (30). These mech-
anisms are not mutually exclusive and could potentially operate
simultaneously as branched electron pathways or as alternate
pathways. In either case, it would be important to understand how
electron flow is regulated. An important consideration is that
some strains of iron-oxidizing acidithiobacilli can grow by cou-
pling the oxidation of hydrogen to the reduction of Fe3� (7, 12). In
such cases, S0 reduction to H2S would not be expected to occur
and an alternative mechanism for iron reduction other than the
indirect mechanism must exist.

Electron transfer and energy conservation. The aerobic electron
transfer pathway and energy conservation have been investigated
previously (see reference 20 and references therein), and the data in
this study support the published model (Fig. 1). A proportion of the
electrons generated from the anaerobic disproportionation of S0

could be transported by reverse electron flow to the NADH dehydro-
genase. The energy required for this process could come from reverse
proton motive force (24, 52).

Energy conservation under aerobic conditions is suggested to
be via the F0F1 ATPase (53), and 3 of the 5 F1 subunits (�-atpA
[AFE_3205; identified in a mixture; see Table 1 for details], ε-atpC
[AFE_3202], and the 	 subunit of atpD [AFE_3203]) were up-
regulated. The higher levels of the catalytic F1 portion of the
ATPase during aerobic growth suggest enhanced synthesis of
ATP, which correlates with the observed higher growth rates un-
der such conditions. In addition, a MotA/TolQ/ExbB proton
channel family protein (AFE_0768) was upregulated; this has
been shown in other organisms to be involved in electron transfer
from NADH to the quinone pool, generating proton motive force
(54). In contrast, under anaerobic conditions, the A (atpB
[AFE_3209]), C (atpE [AFE_3208]), and B (atpF [AFE_3207]) F0

subunits were upregulated (Table 1). The F0 subunit does not
require the F1 catalytic portion to translocate protons, and there-
fore, a greater proportion of the proton transfer under anaerobic
conditions may be used to generate a proton motive force rather
than ATP. In addition to energy derived from generating a proton
motive force, ATP can be generated from substrate-level phos-

phorylation (oxidation of SO3
2� to SO4

2�) under both aerobic
and anaerobic conditions, as described above. Also, the ubiqui-
none/menaquinone biosynthesis methyltransferase gene (ubiE
[AFE_0289]) that is part of the ubiquinone biosynthesis pathway
(55) was upregulated under anaerobic conditions.

Chemoautotrophy and central carbon metabolism. A. fer-
rooxidans fixes CO2 for growth via the Calvin-Benson-Bassham
(CBB) cycle, and its genome contains a total of 5 cbb gene clusters
with multiple copies of form I and a copy of form II ribulose-1,5-
bisphosphate carboxylase oxygenase (RubisCO) (56). The second
RubisCO copy (cbbL2 [AFE_2155]) from the cbb2 operon was
upregulated under aerobic conditions (Table 1; see Fig. S3 in the
supplemental material), in agreement with earlier predictions
(57). Under anaerobic conditions, several genes and proteins
linked to CO2 fixation (AFE_0536, AFE_1683, AFE_1685,
AFE_1690, and AFE_3252) were upregulated (Table 1), probably
due to the CO2 supply being intermittent (56). Differences in car-
bon fixation in the presence of various levels of CO2 are important
for optimizing bioleaching (58).

Many proteins associated with central carbon metabolism
were upregulated under aerobic conditions (Fig. 2 and Table 1),
reflecting higher growth rates, with relatively few upregulated un-
der anaerobic conditions. The former included the � and 	 sub-
units from the pyruvate dehydrogenase multienzyme complex
(AFE_1813 and AFE_3069) that connects glycolysis and the tri-
carboxylic acid (TCA) cycle, a single protein (isocitrate dehydro-
genase [AFE_0424]) from the incomplete TCA cycle present in A.
ferrooxidans, pentose phosphate pathway proteins (Fig. 2) (in-
cluding a 6-phosphogluconate dehydrogenase [AFE_2024] and
glucose-6-phosphate 1-dehydrogenase [AFE_2025]), and several
nonoxidative branch proteins (AFE_1843, AFE_3247, and
AFE_0419), possibly to produce reducing power and ribulose-5-
phosphate for carbon sequestration. Other proteins identified as
being upregulated under aerobic conditions included those with
roles in carbon/energy storage and others associated with the
glyoxylate cycle (Fig. 2).

Cell wall, membrane, and envelope biogenesis. The most
prominent membrane protein spots on the anaerobic gels were a
reproducible train of 5 spots. All the spots were identified as an
OMPP1/FadL/TodX family protein (AFE_2542; high levels of the
respective gene products were detected under both conditions in
the transcriptomics assay) and the major outer membrane protein
40 (AFE_0365; not upregulated between the conditions) (Table
1). The OMPP1/FadL/TodX family protein is suggested to trans-
port hydrophobic compounds from outside the cell to the
periplasm (59). The protein spots with acidic isoelectric point
(pIs) had higher intensities under anaerobic conditions, while the
spots with a more basic pI had higher intensities under aerobic
conditions (see Fig. S2 in the supplemental material). OMPP1/
FadL/TodX family proteins have been demonstrated to be located
in the outer membrane (A. Yarzábal and V. Bonnefoy, unpub-
lished data) and to be upregulated during aerobic S0 metabolism
compared to during Fe2� oxidation (19, 60). The gene encoding
survival protein A (surA [AFE_3035]), which is required for cor-
rect folding of outer membrane proteins (61), was also upregu-
lated under anaerobic conditions.

Other differentially regulated genes and proteins. Several ox-
idative stress and molecular chaperone proteins were upregulated
under aerobic growth (Table 1), presumably due to response to
production of oxygen free radicals and higher growth rates. Other
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genes and proteins observed to be differentially regulated during
aerobic and anaerobic growth were those involved in translation,
transcription, cell cycle, amino acid metabolism, and nucleotide
metabolism and transport, which were upregulated under aerobic
conditions, and ribosome subunit proteins and different nucleo-
tide metabolism and transport genes/proteins, which were up-
regulated under anaerobic conditions (see Tables S2 and S3 in the
supplemental material).

Conclusions. The results of this study suggest models for the
coupling of S0 oxidation to Fe3� reduction. It is posited that they
provide useful frameworks for the design of future biochemical
experiments.

Evidence from transcriptomic and proteomic analysis, supported
by some physiological data, suggests that Fe3� reduction by A. fer-
rooxidans grown anaerobically using S0 as electron donor is mediated,
at least in part, by an indirect mechanism involving H2S. A new model

representing the proposed mechanism is shown in Fig. 1. The extent
to which indirect iron reduction is complemented by a direct mech-
anism involving electron flow from S0 to Fe3� via the bc1 complex, a
soluble cytochrome, and possibly other electron carriers is unknown.
Since H2S would not be generated as a waste product by A. ferrooxi-
dans when grown on hydrogen (electron donor) and Fe3� (electron
acceptor), an additional mechanism to the indirect pathway in the
present study presumably exists. Faster growth rates under aerobic
conditions correlated with a number of proteins involved in central
carbon pathways being upregulated.

Fe3� reduction coupled to S0 oxidation results in the genera-
tion of Fe2�, which is an energy substrate for many bioleaching
microorganisms. This could represent an important mechanism
for recycling the Fe3�/Fe2� couple and might be of considerable
significance for heap bioleaching of copper and other minerals
where gradients of air and nutrients occur.

FIG 2 Aerobic (gene numbers in boxes) and anaerobic (gene numbers in ovals) upregulated central carbon metabolism genes and proteins. Solid lines signify
direct conversions, while dashed lines signify hidden intermediates (for clarity, not all connections have been included). The gene numbers refer to AFE_1843,
tkt-1 transketolase (EC 2.2.1.1); AFE_3252, tkt-2 transketolase; AFE_3247, ribulose phosphate 3-epimerase; AFE_0536, phosphoribulokinase; AFE_2053,
phosphoketolase; AFE_1823, phosphoglycolate phosphatase; AFE_1667, transketolase pyridine binding domain protein; AFE_2324, phosphoglucomutase;
AFE_2924, glucose-6-phosphate isomerase (EC 5.3.1.9); AFE_1802, fructose-bisphosphate aldolase (class I); AFE_3248, fructose-bisphosphate aldolase (class II)
(EC 4.1.2.13); AFE_3069, pyruvate dehydrogenase, E1 component, 	 subunit (EC 1.2.4.1); AFE_1813, dehydrogenase complex; AFE_2836, 1,4-�-glucan
branching enzyme; AFE_2025, glucose-6-phosphate 1-dehydrogenase; AFE_2024, 6-phosphogluconate dehydrogenase family protein; AFE_0423, aconitate
hydratase; AFE_0424, isocitrate dehydrogenase, NADP dependent. 5P, 5=-phosphate; 1,5-P2, 1,5-diphosphate; 2P, 2-phosphate; 1P, 1-phosphate; 6P, 6-phos-
phate; 1,6-P2, 1,6-diphosphate; 3P, 3=-phosphate; Acetyl Co-A, acetyl coenzyme A; 6P-gluconate, 6-phosphogluconate.
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