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Abstract The microbial community and sulfur oxygenase
reductases of metagenomic DNA from bioreactors treating
gold-bearing concentrates were studied by 16S rRNA
library, real-time polymerase chain reaction (RT-PCR),
conventional cultivation, and molecular cloning. Results
indicated that major bacterial species were belonging to the
genera Acidithiobacillus, Leptospirillum, Sulfobacillus, and
Sphingomonas, accounting for 6.3, 66.7, 18.8, and 8.3%,
respectively; the sole archaeal species was Ferroplasma sp.
(100%). Quantitative RT-PCR revealed that the 16S rRNA
gene copy numbers (per gram of concentrates) of bacteria
and archaea were 4.59×109 and 6.68×105, respectively.
Bacterial strains representing Acidithiobacillus, Leptospi-
rillum, and Sulfobacillus were isolated from the bioreactors.
To study sulfur oxidation in the reactors, pairs of new PCR
primers were designed for the detection of sulfur oxygenase
reductase (SOR) genes. Three sor-like genes, namely,
sorFx, sorSA, and sorSB were identified from metagenomic
DNAs of the bioreactors. The sorFx is an inactivated SOR
gene and is identical to the pseudo-SOR gene of Ferro-
plasma acidarmanus. The sorSA and sorSB showed no
significant identity to any genes in GenBank databases. The
sorSB was cloned and expressed in Escherichiacoli, and

SOR activity was determined. Quantitative RT-PCR deter-
mination of the gene densities of sorSA and sorSB were
1,000 times higher than archaeal 16S rRNA gene copy
numbers, indicating that these genes were mostly impossi-
ble from archaea. Furthermore, with primers specific to the
sorSB gene, this gene was PCR-amplified from the newly
isolated Acidithiobacillus sp. strain SM-1. So far as we
know, this is the first time to determine SOR activity
originating from bacteria and to document SOR gene in
bioleaching reactors and Acidithiobacillus species.
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Introduction

Sulfurous compound-oxidizing bacteria and archaea are
widely distributed in soil (Stubner et al. 1998), water
(Spring et al. 2000), and in extreme environments including
terrestrial hot springs (Yamamoto et al. 1998), solfataras
(Kletzin et al. 2004), and oceanic hydrothermal vent (Ruby
et al. 1981), and these microbes gain energy from sulfur
oxidation processes and play very important roles in the
global sulfur cycle (Amend and Shock 2001). Some
sulfurous compound-oxidizing bacteria and archaea have
been used in bioleaching (Olson et al. 2003; Rawlings
1997, 2002), a process of recovering high valuable metals
from the essentially undissolvable metal sulfides, although
the same reaction is also well-known for producing acid
mine drainages causing serious environmental problem.

A few processes are known to be involved in dissimi-
latory sulfur oxidation (for review, see Friedrich et al.
2005). In the domain Bacteria, dissimilatory sulfur oxida-
tion is catalyzed by sulfur-oxidizing (Sox) enzyme systems.
The α-Proteobacteria harbor the complete sox genes
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(Friedriech et al. 2001), while β- and γ-Proteobacteria and
the Chlorobiaceae contain incomplete sox gene clusters that
lack the genes encoding sulfur dehydroxygenase (Hanson
and Tabita 2003). These Sox enzymes have been found in
the periplasm of mesophilic and neutrophilic bacteria and
characterized. But this system is absent from the acidophilic
bacteria and archaea that contribute to bioleaching and acid
mine drainage formation. Instead, sulfur oxygenase reduc-
tase (SOR) was found in several acidophilic archaea such as
Acidianus ambivalens (Kletzin 1989) and Acidianus teng-
chongensis (He et al. 2000). The SOR represents the best
known example that catalyzes the disproportional reaction
of the element sulfur, producing sulfite, thiosulfate, and
sulfide (He et al. 2000; Kletzin 1992; Sun et al. 2003). The
reaction is dioxygen (O2)-dependent and it does not require
any external cofactors or electron donors (Kletzin 1989). In
a high-resolution crystal structure of the A. ambivalens
SOR, the holoenzyme forms a large hollow sphere
enclosing a positively charged nano-compartment, with
apolar channels proving access for linear sulfur species
(Urich et al. 2006). A cysteine persulfide and a low-
potential mononuclear non-heme iron site accorded by a 2-
His-1-carboxylate facial triad in a pocket of each subunit
constitute the active site accessible from the inside of the
sphere where the iron is likely the site of both sulfur
oxidation and sulfur reduction (Urich et al. 2004, 2006).
The importance of cysteine residues (C31, C101, and C104)
and a 2-His-1-carboxylate facial trail (H86, H90, and E114) to
the SOR activity has also been demonstrated using
recombinant enzymes (Chen et al. 2005; Urich et al. 2005).

Archaeal species of Acidianus and Ferroplasma have
been implicated in biotechnological application of bio-
leaching processes (Konishi et al. 1999; Golyshina and
Timmis 2005). Interestingly, members of both Acidianus
and Ferroplasma encode a SOR. The other microbes
carrying a sor or sor-like gene belonging to Sulfolobus
tokodaii (Kawarabayasi et al. 2001), Picrophilus torridus
(Futterer et al. 2004), and Aquifex aeolicus (Deckert et al.
1998). Thus, we aimed to determine how widely SOR-
encoding microbes were present in natural environments
and what roles they played in the bioleaching processes. In
this study, we address these issues by the metagenomic
method with newly designed polymerase chain reaction
(PCR) primers that target sor genes.

Materials and methods

Sampling and bioreactors

Samples used in this study were from bioreactors that were
used for pre-oxidation of gold-bearing concentrates. The
reactors had a total volume of 600 m3 and were operated at

temperature 40–50°C and pH 1.0–1.5. By the sampling
time, the bioreactors consumed about 100 tons of low-grade
gold-bearing concentrates daily and had been in full
operation for more than 2 years. Samples collected from
the reactors were transported to the laboratory at room
temperature. Upon arrival at laboratory, the samples were
used for extraction of metagenomic DNAs and for isolation
of bacterial strains.

Bacterial and archaeal strains, isolation, identification,
and cultivation

The bacterial and archaeal strains used in this study are
listed in Table 1. Acidianus brierleyi DSM1651 was
cultivated at 70°C in broth containing (per liter) 3 g of
(NH4)2SO4, 0.5 g of K2HPO4·3H2O, 0.5 g of
MgSO4·7H2O, 0.1 g of KCl, 0.01 g of Ca(NO3)2, 0.2 g of
yeast extract (Oxoid), and 10 g of elemental sulfur.
Acidithiobacillus and Sulfobacillus species were cultivated
in media described by Duquesne et al. (2003) and Johnson
et al. (1987). All Escherichia coli strains were cultivated in
Luria–Bertani (LB) broth or on LB agar plates at 30 or
37°C as indicated, and where applicable, antibiotics were
added as follows: ampicillin 100 μg/ml, kanamycin 15 μg/ml,
tetracycline 12.5 μg/ml, or chloramphenicol 34 μg/ml.

To isolate bacterial strains from bioreactors, samples
were inoculated into various broth media corresponding to
those used for cultivating Acidithiobacillus (Duquesne et al.
2003), Leptospirillum (Breed et al. 1999; Pizarro et al.
1996), or Sulfobacillus (Norris et al. 1996). Incubation was
carried out at 30 and 45°C for 10 days, yielding three
enrichment cultures. These enrichments were then diluted
and plated onto the same media solidified with 0.7% Gelrite
(Sigma) after a series of dilutions. Well-separated colonies
were picked up and restreaked onto fresh Gelrite plates.
Repeated restreakings were carried out until pure cultures
were obtained.

Metagenomic and genomic DNA extraction

Metagenomic DNAs were extracted from 1-g samples
collected from the bioreactor slurries according to Martin-
Laurent et al. (2001). Genomic DNAs of Acidithiobacillus,
Leptospirillum, and Sulfobacillus, A. brierleyi, and E. coli
were extracted according to Marmur (1961). The obtained
DNAs were individually dissolved in 30 μl of Tris–EDTA
buffer (pH 8.0) and were kept at −73°C until use.

PCR reactions and cloning of PCR fragments

The PCR reactions were carried out as follows: one round of
hot-start Taq DNA polymerase activation (10 min at 95°C),
40 cycles of template denaturation (30 s at 94°C), primer
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annealing (1 min at 31.5°C), and elongation (1 min at 72°C).
Genomic DNA of E. coli and A. brierleyi were used as
negative and positive controls, respectively. The obtained
PCR products were then purified by gel purification with
the Wizard® SV Gel and PCR Clean-Up System by
following the instruction of the manufacturer (Promega,
Cat# A9281). The purified PCR products were individually
cloned onto pGEM®-T vector (Promega, Cat# A3600).

Amplification and construction of 16S rRNA gene library

16S rRNA gene libraries of archaea and bacteria in the
bioreactors were individually constructed as follows: two
pairs of PCR primers targeting specifically to bacterial 16S
rRNA genes, B27F and U1495R (Picard et al. 2000), as
well as those annealing to archaeal ones, A21F and A958R
(Beja et al. 2002) were utilized to amplify 16S rRNA genes
of the microbial population in the samples. The amplified
16S rRNA genes products were individually cloned onto
pGEM®-T vector (Promega, Cat# A3600). A 16S rRNA
gene library for all bacterial species and another for archaea
were created respectively by electroporation of archaeal and
bacterial 16S rRNA genes into E. coli strain XL1-blue

competent cells. Each library was subjected to plasmid
extraction and restriction enzyme digestion to evaluate the
diversity of the inserts. To further reveal the diversity of
microbes in the reactors, 15 clones from the archaeal library
and 50 clones from the bacterial library were randomly
selected and sequenced.

Amplification of sor gene fragments and sor whole genes
by PCR

Two degenerate primers, sorC1-F and sorH1-R (Table 2),
were designed for amplifying sor gene fragments from the
metagenomic DNAs prepared from the bioreactor samples.
PCR reactions and cloning of PCR fragments were
conducted as described above. The obtained colonies were
screened by plasmid extraction and PCR amplification of
the insert DNAs using M13 forward and reverse primers,
then subjected to sequencing.

To clone the complete sor genes (sorSA and sorSB), the
PCR products obtained above were extended using Site-
Finding PCR method (Tan et al. 2005). The complete DNA
sequences of sorSA and sorSB were obtained by merging the
sequences of different DNA fragments that were recovered

Table 1 Bacterial strains and plasmids used in this study

Strains or plasmids Usage or characteristics Source or reference

Strains
A. brierleyi DSM1651 Used for positive control when SOR gene amplified Segerer et al. (1986)
E. coli
Strain XL1-blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac

[F´ proAB lacIqZΔM15 Tn10 (Tetr)]
Sambrook and Russell (2001)

Strain HB101 F−Δ(gpt-proA)62 leuB6 supE44 ara-14 galkK2 lacY1
Δ(mcrC-mrr) rpsL20 (Strr ) xyl-5 mtl-1 recA13(4,5)

Sambrook and Russell (2001)

Strain Rossetta-gamiB(DE3) Δara-leu 7697 ΔlacX74 ΔphoAPvuII phoR araD139 ahpC
gale galK rspL F’[lac+(lacIq)pro] gor522::Tn10 (TcR)
trxB::kan (DE3) pRARE (CmR)

Novagen

Acidithiobacillus strain SM-1 Utilizing elemental sulfur and other reduced sulfur compounds
as energy source for growth

This study

Acidithiobacillus strain SM-2 Utilizing So and other reduced sulfur compounds as energy
source for growth

This study

Leptospirillum strain LfA-1 Utilizing Fe2+, but not So, as energy source for growth This study
Sulfobacillus strain StA5-4 Utilizing Fe2+, So and other reduced sulfur compounds as energy

source for growth
This study

Plasmids
pBluescript SK(-) ApR, cloning vector Stratagene
pGEM®-T vector ApR, cloning vector Promega
pBV220 ApR, PLPR, expression vector He et al. (2000)
pBV220/sorAt pBV220 harboring sor gene from Acidianus tengchongenses He et al. (2000)
pBV220/sorSA pBV220 harboring sorSA This study
pBV220/sorSA pBV220 harboring sorSA This study
pGEM®-T /sorFx pGEM-T-vector harboring sorFx This study
pGEM®-T/Ecoli16S pGEM-T-vector harboring 16S rRNA gene from E. coli K12 This study
pGEM®-T/Abr16S pGEM-T-vector harboring 16S rRNA gene from Acidianus brierleyi This study
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by SiteFinding PCR and with primers of SA1∼SA3,
SA4∼SA6, SB1∼SB3, SB4∼SB6 (Table 2) and Long Tag
DNA polymerase (Tiangen, ET103-01). To reveal any
mispairing due to low fidelity of the Long Tag DNA
polymerase, the sor genes were cloned from metagenomic
DNA samples by PCR with Pfu DNA polymerase, an
enzyme with higher fidelity (Tiangen, ET10). These PCR
fragments were subsequently cloned and characterized by
DNA sequencing as described above.

DNA template standards

PCR fragments of the 16S rRNA genes of A. brierleyi and
E. coli and of sorSA,sorSB and sorFx were generated with
primer pairs, A25F and U1525R (Robb et al. 1996), B27F
and U1492R (Lane 1991), SA-F and SA-R and SC-F and
SC-R; these fragments were then cloned into various
plasmids. The resulting plasmids, pGEM®-T/Ecoli16S,
pGEM®-T/Abr16S, pBV220/sorSA, pBV220/sorSB, and

Table 2 Primers used in this study for degenerate PCR, SiteFinding PCR, gene cloning and real-time quantitative PCR

Primers Sequences(5′-3′) Applications References

B27F AGAGTTTGATCCTGGCTCAG Bacterial 16S rRNA genes cloning Lane (1991)
U1492R GGTTACCTTGTTACGACTT Bacterial 16S rRNA genes cloning Lane (1991)
U1495R ACGGCTACCTTGTTACGACT Bacterial 16S rRNA genes library Picard et al. (2000)
A25F CTGGTTGATCCTGCCAG Archaeal 16S rRNA genes cloning Robb et al. (1996)
U1525R AAGGAGGTGATCCAGCC Archaeal 16S rRNA genes cloning Robb et al. (1996)
A21F TTCCGGTTGATCCYGCCRG Archaeal 16S rRNA genes library Beja et al. (2002)
A958R YCCGGCGTTGAMTCCAATT Archaeal 16S rRNA genes library Beja et al. (2002)
sorC1-F GTIGGICCNAARGTNTGY degenerate PCR This study
sorH1-R RTGCATNTCYTCRTGRTC degenerate PCR This study
SiteFinder CACGACACGCTACTCAACACACCACC

TCGCACAGCGTCCTCAAGCGGCCGCaNNNNNNGCCT
SiteFinding PCR Tan et al. (2005)

SFP1 CACGACACGCTACTCAACAC SiteFinding PCR Tan et al. (2005)
SFP2 ACTCAACACACCACCTCGCACAGC SiteFinding PCR Tan et al. (2005)
SA1 CCCACCGCTTCCACATGGTGTAC SiteFinding PCR This study
SA2 GAATGCCTAAGGGATTGAGGGTTTGAC SiteFinding PCR This study
SA3 CAAATCCGGAATGGTTTGCCGTG SiteFinding PCR This study
SA4 GGCAAACCATTCCGGATTTGTAGG SiteFinding PCR This study
SA5 CCAAAACCACGTGCAAATCGGG SiteFinding PCR This study
SA6 CCGAAATGGACATGCGTCAAACC SiteFinding PCR This study
SB1 CACATAGTGTATTGACGAATACCAATGGGG SiteFinding PCR This study
SB2 ACGAATACCAATGGGGTTTAGTTCTTCG SiteFinding PCR This study
SB3 ATCCGGGGTGATTCGCGGTG SiteFinding PCR This study
SB4 CCGCGAATGACCCCGGATTC SiteFinding PCR This study
SB5 ACCCCGGATTCGTTGGTTTCCAG SiteFinding PCR This study
SB6 GCGCCAAAATGGACATGCACG SiteFinding PCR This study
SA-F CGGAATTCbATGCCAAAACCTTATATTGCGATT Cloning This study
SA-R CGGGATCCcGATATTACGAGTGCAAATACTCCCG Cloning This study
SB-F CGGAATTCbATGCCTCGTCCATATATCAC Cloning This study
SB-R CGGGATCCcGGATAGAAGAAATAATTACTCGTTG Cloning This study
Fx-F AGTTGGATCCcATAATATGGTGATAAAAAATGCCT Cloning This study
Fx-R TATACTGCAGdTTTATGGAGAGTTAAGGTACT Cloning This study
BACT1369F CGGTGAATACGTTCYCGG Real-time PCR Suzuki et al. (2000)
PROK1492R GGWTACCTTGTTACGACTT Real-time PCR Suzuki et al. (2000)
A364aF CGGGGYGCASCAGGCGCGAA Real-time PCR Kemnitz et al. (2005)
A934bR GTGCTCCCCCGCCAATTCCT Real-time PCR Kemnitz et al. (2005)
qSA-F GGTCACGGCAAACCATTCC Real-time PCR This study
qSA-R GTTTGACGCATGTCCATTTCG Real-time PCR This study
qSB-F AGACAACCCACCTAAGAACAAAGAAG Real-time PCR This study
qSB-R AGTTTAAGTCCATCCACTCCATGTG Real-time PCR This study
qFx-F TAAACCTTACGTAGCAATAAACGAAGTG Real-time PCR This study
qFx-R TGGCTGTTACCTGGCATACTTTC Real-time PCR This study

Restriction endonuclease sites: a, NotI; b, EcoRI; c, BamHI; d, PstI
I inosine, N = A/T/C/G, R = A/G, W = A/T, Y = T/C
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pGEM®-T/sorFx, were purified and used as DNA templates
and standards for determining the copies of individual
genes present in the metagenomic DNAs by quantitative
real-time PCR (RT-PCR).

Cloning, expression, and enzymatic assay
of the recombinant SOR

Three sor-like genes (sorFx, sorSA, sorSB) were obtained
from metagenomic DNAs of the bioreactor with Pfu
polymerase. Since the entire sorFx and sorSA had reading
frame shift mutations, only the sorSB genes was cloned into
pBV220 (He et al. 2000) and was expressed in E. coli
HB101 and Rosetta-gamiB (DE3) cells. At cellular optical
density (OD600 nm) of 0.6, the synthesis of SOR protein in
the culture was induced by shifting its incubation temper-
ature from 30 to 40°C and incubating for 8 h, as described
previously (Chen et al. 2005). Cells from culture were
harvested and stored at −73°C until use.

Protein concentration was determined using a bicinchon-
inic acid protein assay kit (Sigma) following the instruc-
tions of the manufacturer. The oxygenase activity of SOR
was assayed as described previously (Kletzin 1989), except
that the assays were conducted at 75°C and pH 7.5, which
are the optimal reaction conditions for this enzyme. One
unit is defined as the amount of enzyme required for the
formation of 1 μmol of sulfite plus thiosulfate per minute.
The optimal pH for the enzyme activity was estimated in
the pH range of 4.0–10.0 with 0.5 pH unit interval. The
following buffer systems were used, all at 20 mM: acetate
buffer for pH 4.0–5.5, Bis–Tris–HCl for pH 5.5–7.0, Tris–
HCl for pH 7.0–9.0, CHES–HCl for pH 9.0–10.0. The
optimal temperature for the enzyme was assayed in the
temperature range of 40–90°C with a 5°C interval.

Quantitative RT-PCR

Specific primer pairs qSA-F and qSA-R, qSB-F and qSB-R,
and qSC-F and qSC-R (Table 2) were designed to quantify
the sor genes by using Primer Express 2.0 software. A364aF
and A934bR (Kemnitz et al. 2005) as well as BACT1369F
and PROK1492R (Suzuki et al. 2000) were used to quantify
bacterial and archaeal populations, respectively. All primers
were checked for specificity firstly by general PCR and
agarose gel electrophoresis and then secondly by dissocia-
tion curve during RT-PCR. Absolutely quantitative RT-PCR
were performed on an ABI Prism 7000 Sequence Detection
System. PCR conditions were set for 2 min at 50°C, 10 min
at 95°C, and 40 cycles of 15 s at 95°C and 1 min at various
temperatures: 66°C for A364aF & A934bR and qSB-F &
qSB-R, 60°C for qSA-F & qSA-R and qSC-F & qSC-R,
56°C for BACT1369F & PROK1492R. The reaction volume
was 25 μl, containing 1×SYBR® Green PCR Master Mix

(ABI, Part No. 4309155), 200 nM of each primer, and 2 μl
of different folds diluted DNA preparations. Dissociation
curve and cycle thresholds were determined by using the
ABI Prism 7000 SDS software.

Phylogenetic analyses of SOR and nucleotide sequence
accession numbers

Phylogenetic analyses on these and other SOR or putative SOR
sequences were conducted by using MEGA software (version
3.1) (Kumar et al. 2004) with the following parameters:
Neighbor-Joining (NJ), bootstrap (1000), random seed, and
substitution model (pairwise deletion). SOR and putative SOR
sequence identities were evaluated by BioEdit software (Hall
1999). The obtained sor sequences were deposited in public
databases under the NCBI accession numbers of DQ480731–
DQ480734 and those of the 16S rRNA genes of bacterial
strains SM-1, SM-2, LfA-1, and StA5-4 are DQ675568,
DQ675569, DQ665868, and DQ675570, respectively.

Results

Microbial community in bioreactors

Since some extremophilic microbes are usually resistant to
convenient cultivation, we employed microbial molecular
ecological method to study the microbial community of
microorganisms present in the bioreactors. Bacterial-specif-
ic and archaeal-specific 16S rRNA gene libraries were
constructed, and 16S rRNA gene sequences of 15 archaeal
clones and 50 bacterial ones were determined as described
in the “Materials and methods”. Whereas the archaeal
clones appeared monophyletic, all showing 99–100%
sequence identity to the 16S rRNA gene of F. acidarmanus,
an acidiphilic archaeaon widely present in bioleaching and
acidic hot environments (Golyshina and Timmis 2005), the
bacterial community was comprised of four distinctive
groups, including those closely related to Leptospirillum
species (32 clones, 16S rRNA gene identity range 98–
99.9%), Sulfobacillus (9 clones, 16S rRNA gene identity
range 98–99.9%), Acidithiobacillus (3 clones, 16S rRNA
gene identity range 98–99.9%), and Sphingomonas (4
clones, 16S rRNA gene identity range 98–99.9%; see
Table 3). Members of these genera, except for Sphingomo-
nas, have been well-documented for their roles during
bioleaching. The Leptospirillum species are important play-
ers for ferrous ion (Fe2+) oxidation (Breed et al. 1999), and
species of Sulfobacillus and Acidithiobacillus are involved in
elemental sulfur and other reduced sulfur compounds
oxidation (Valenzuela et al. 2006; Kinnunen et al. 2003).

Next, we were interested in determining the densities of
bacterial and archaeal cells in these bioreactors. To avoid
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the problem of culturability of bacteria and archaea and
given that microbial cells contain fixed numbers of 16S
rRNA genes (see the table notes in Table 3), the bacterial
and archaeal cell densities were determined by estimatng
the copies of 16S rRNA genes in the metagenomic DNA
preparations with RT-PCR technology. This analysis
revealed that the bacterial and the archaeal populations
were 4.59×109 and 6.68×105 copies of 16S rRNA genes
per gram sample, respectively, indicating bacteria species
dominated microbial population in the bioreactors (Table 3).

Detection and amplification of three sor-like genes
from the bioreactors

Thus far, six archaeal species and one bacterial species
were known to encode an SOR or a homologous sequence
(Chen et al. 2005). To reveal if sor genes were detectable in
bioleaching and natural environments, we amplified sor or
sor-like sequences from the metagenomic DNAs prepared
from the bioreactors treating gold-bearing concentrates and
from other different environments including sediments from
freshwater Tai Lake and sludge from Tengchong hotspring.
This was possible since there were two highly conserved
motifs within SOR sequences, V26–G–P–K–V–C31 and
D85–H–E–E/D–M–H90 (A. tengchongensis SOR number),
which were used for designing degenerate primers (sorC1-F
and sorH1-R, Table 2). Following the procedure described
in the “Materials and methods”, we have obtained a PCR
product of the predicted size from the examined bioreac-
tors, whereas this product was absent from all other
samples (Fig. 1a). Furthermore, sequencing 20 clones from
a library generated from the DNA fragments amplified above
revealed that they contained three different DNA fragments,
which comprised 30, 65, and 5% of total clones. These clones
were respectively designated as SA, SB, and SC.

The obtained DNA sequences were then compared with
those deposited in public databases. This revealed that the
sequence of SC fragment was identical to the corresponding
region of the pseudo-sor gene (sorFa) in the genome of F.
acidarmanus (http://genome.jgi-psf.org/draft_microbes/
ferac/ferac.home.html). To obtain the full length of the sor
gene (sorFx) containing the SC fragment, we designed the
primers that corresponded to sorFa 5′- and 3′-flanking
sequences and used them for PCR amplification. As
expected, we cloned a full-length sorFa-like gene from the
metagenomic DNA, which was identical to the one of F.
acidarmanus. This suggested that the SC fragment was
mostly likely originated from a Ferroplasma species, of
which was detected in the bioreactors, as described above.

Furthermore, the SA and SB sequences did not show any
significant identity according to DNA sequences, but their
translational products exhibited a significant sequence
similarity to the predicted region of the SORs of A.
tengchongensis (53.2%, AAK58572) and A. ambivalens
(47.9%, CCA39952) in BLASTX search, suggesting that
these sequences might be originated from the genes
encoding a sulfur oxygenase reductase. Here, SA and SB
were denoted as sor-like sequences. To further study
environmental sor genes, a recently developed technique
called the SiteFinding PCR (Tan et al. 2005) was employed
to extend sequences from both ends of SA and SB to obtain
the complete sequence of the putative sor genes (see the
“Materials and methods”). Four fragments, designated SA2
(∼1.3 kbp), SA5 (∼1.4 kbp), SB2 (∼800 bp), and SB5
(∼2 kbp) were found to extend SA and SB fragments
(Fig. 1b). These fragments were then sequenced and
compiled to yield draft sequences of sor-like genes denoted
sorSA and sorSB.

To get an insight into the richness and the microbes that
might carry these sor homologous genes, we determined
the densities of sorSA, sorSB, and sorFx in the metagenomic

Table 3 Determination of bacterial and archaeal populations by 16S rRNA gene library and copy numbers of sor-like genes by real-time PCR

Amounts
(per gram of sample±RSD%)

Ingredients of the microbial
community

Percentage
(clones/total clones)

Bacterial 16S rRNA gene copy numbers 4.59×109±1.24 Leptospirillum species 66.7 (32/48)
Acidithiobacillus spp. 6.3 (3/48)
Sulfobacillus species 18.8 (9/48)
Sphingomonas species 8.3 (4/48)

Archaeal 16S rRNA gene copy numbers 6.68×105±4.71 Ferroplasma species 100 (15/15)
Copy number of
sorSA 3.18×108±1.30
sorSb 2.23×108±1.83
sorFx 6.36×105±3.84

The quantifications of archaeal and bacterial populations represented by 16S rRNA genes and the determination of sor-like gene densities through
real-time PCR were standardized with various DNA templates (Fig. 1). The data are averages of triplicate experiments in parallel and
standard deviations are provided.
Average of 16S rRNA gene copy number in bacteria was estimated to be 4.1 (Klappenbach et al. 2001), while there was only one copy of 16S
rRNA gene in the Ferroplasma genome.
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DNAs using RT-PCR. As shown in Table 3, the three sor
sequences, sorSA, sorSB, and sorFx, were estimated to be
3.18×108, 2.23×108, and 6.36×105 copies per gram
sample, respectively. These results suggested that (1) the
sorSA and sorSB must be originated from bacteria, since
copies of sorSA and sorSB genes exceeded the number of
the total archaeal population by 1,000 folds; (2) since
copies of sorFx gene and 16S rRNA genes of the
Ferroplasma species fell into the same range, sorFx must
be originated from Ferroplasma species. This revealed, for

the first time, that SOR enzymes might occur in bioleaching
bacterial communities.

Phylogenetic analysis and functional identification of sorSB

To obtain the authentic sor sequences for further analysis,
sorSA and sorSB were amplified directly from the meta-
genomic DNA samples using Pfu polymerase, and the
resulting PCR fragments were cloned and sequenced as
described in the “Materials and methods”. Comparison of

Fig. 1 Detection of sor-like gene segments and amplification of sorSB
from DNAs extracted from various environmental samples and
Acidithiobacillus strain SM-1 (a) and SiteFinding PCR to obtain the
full sequences of the sor-like genes sorSA and sorSB (b). Lanes: M
DNA marker (bp), 1 negative control (E. coli strain), 2 positive control
(A. brierleyi), 3 metagenomic DNAs extracted from Tai Lake, 4∼7
metagenomic DNAs extracted from Tengchong hotspring samples,
8∼11 metagenomic DNAs extracted from bioreactors, 12∼15sorSB

amplified from reactors, 16sorSB amplified from Acidithiobacillus
strain SM-1. Lanes 17∼22 Sitefinding PCR to obtain various
fragments of SA2 and SA5 with primers of SA1∼SA3, SA4∼SA6;
23∼28 Sitefinding PCR to obtain various fragments of SB2 and SB5
with primers of SB1∼SB3 and SB4∼SB6, respectively. PCR products
of SA2, SA5, SB2, and SB5 were selected according to their sizes as
expected and were extracted from the gel and subjected sequencing
after cloning into pBluescript SK(−)
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the obtained sequences with the draft version of sorSA and
sorSB obtained by SiteFinding PCR revealed several
differences. We considered the sequences derived from the
PCR fragments of sorSA and sorSB were authentic to the
metagenomic DNAs and used them for further studies.

The translated protein sequences of SORSA and SORSB

showed 75.8% identity to each other. They also exhibited
54.0–55.8% sequence identity to putative SORs of P.
torridus (SORPt) and F. acidarmanus (SORFa), 50.1–
53.2% sequence identity to the SORs of A. ambivalens
and A. tengchongensis, but only 34.9 and 35.7% sequence
identity to the putative bacterial SORAqa; the last sequence
identity was identified in the genome sequence of A.
aeolicus (Deckert et al. 1998). We then made a phyloge-
netic analysis of known SORs and their homologous
sequences, in which a closely related cluster of Acid-
ianus–Sulfolobus SORs appeared (Fig. 2). These SORs,
together with putative SORFa from F. acidarmanus and
SORPt from P. torridus, constituted an archaeal SOR
cluster, whereas SORSA and SORSB form a cluster that
was only distantly related to the former (Fig. 2). These two
clusters were joined by a putative bacterial SORAqa

representing the SOR enzyme family.
To test whether these bacterial sor-like genes encode a

functional SOR, sorSB was cloned and overexpressed in E.
coli. Cells of E. coli HB101 and Rosetta-gamiB (DE3) were
used as hosts for this work. Whereas there was only a poor
synthesis of SORSB protein in the HB101 cells, a
significant amount of SORSB was produced from the
Rosetta-gamiB (DE3) cells. Subsequently, recombinant
SORSB protein was purified from the Rosetta-gamiB
(DE3) cells and the SOR activity of the obtained enzyme
was assayed as previously described (Chen et al. 2005).
SORSB exhibited 3.76 U/mg, the specific oxygenase
activity under the optimal reaction condition (75–80°C
and pH 7.5). This indicated that SORSB was a true sulfur

oxygenase reductase that catalyzed sulfur disproportional
reaction in the same manner as for the known SORs.

Isolation and identification of bacterial strains
and amplification of sorSB from Acidithiobacillus sp.
strain SM-1

The presence of high copies of sorSA and sorSB were
indicative that they should be related to bacteria rather than
to archaea (see above paragraphs). This copy number fell
within the range of all major groups of bacteria revealed by
16S RNA gene analyses. These were Leptospirillum,
Sulfobacillus, Acidithiobacillus, and Sphingomonas. Next,
we aimed to enrich these bacterial species by cultivation
and to isolate them as pure cultures. Four bacterial strains,
LfA1, SM-1, SM-2, and TSB2-6, were obtained, and these
were tentatively identified as members representing the
genera Leptospirillum, Sulfobacillus, and Acidithiobacillus.
Strain LfA1 was Gram-negative, utilized Fe2+ for energy
source for growth, but not elemental sulfur. Its 16S rRNA
gene exhibited 99.9% identity to that of Leptospirillum
ferriphilum. Strains SM-1 and SM-2 were Gram-negative
rods, utilized elemental sulfur, and reduced sulfur as energy
sources for growth. The 16S rRNA genes of strain SM-1
and SM-2 showed 99.8 and 99.9% identities to Acid-
ithiobacillus caldus and Acidithiobacillus thiooxidans,
respectively. Strain StA5-4 was Gram-positive rods, utilized
both elemental sulfur, and Fe2+ as energy source for
growth. Its 16S rRNA gene showed 99.6% identity to that
of Sulfobacillus thermosulfidooxidans.

To identify if anyone of these bacterial isolates harbored
the sorSB gene, genomic DNAs were extracted from these
strains individually and were used as templates for PCR
amplification of the sorSA and sorSB genes. This experiment
indicated that the strain SM-1 contained sorSB since it
yielded a PCR product with the sorSB specific primers
(Fig. 1) and that the sequence of the PCR product was
identical to that of SORSB. None of these strains carried a
sorSA gene although it occurred also at high density in the
bioreactors.

Discussion

The use of microorganisms to recover metals from low-
grade ores and mineral concentrates has developed into a
successful and expanding area of biotechnology (Rawlings
2005; Rohwerder et al. 2003). Considering the importance
of biomining of metals, it is surprising that only few studies
on the microbial community of commercial biomining
processes were published (Goebel and Stackebrandt 1994;
Okibe et al. 2003). Reports on the composition of
microflora in bioleaching reactors revealed that there was

Fig. 2 Phylogenetic tree of nine SOR and putative SOR protein
sequences. SORAt SOR from A. tengchongensis, SORAb SOR from A.
brierleyi, SORAa SOR from A. ambivalens, SORSt SOR from S.
tokodaii, SORPt SOR from P. torridus, SORFa SOR from F.
acidarmanus, SORAqa SOR from A. aeolicus.SORSB, SORSA, and
SORFx are SORs from metagenomic DNAs of bioleaching bioreactors,
while SORSB was identified from Acidithiobacillus strain SM-1
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limited biodiversity, and the frequently identified microbial
species were Acidithiobacillus sp., Leptospirillum sp.,
Sulfobacillus, and Ferroplasma sp. Our analysis of micro-
bial populations in the commercial bioreactors treating
gold-bearing concentrates revealed the same scenario. Four
major groups of bacteria have been identified; two-thirds of
the sequenced clones were derived from Leptospirillum,
whereas one-third of the organisms originated from
Sulfobacillus, Acidithiobacillus, or Sphingomonas. When
the contribution of archaeal species to the bioleaching
industry was addressed, we found that Ferroplasma species
was the sole archaeal species and it accounted for ca. 0.1%
of the total microbial population. Okibe et al. (2003)
reported that the Ferroplasma population increased as
mineral oxidation progressed and eventually accounted for
>99% (based on plate isolation). In the bioreactors we
examined, this archaeon comprised only ca. 0.1% of the
microflora, and this may reflect the fact that oxidation of
concentrates was at its early stage.

Four archaeal sor genes had been functionally identified
from A. tengchongensis (Chen et al. 2005; He et al. 2000;
Sun et al. 2003), A. brierleyi (Emmel et al. 1986), A.
ambivalens (Kletzin 1989), and S. tokodaii (unpublished
data), respectively. These four SORs formed a tight
subcluster of Acidianus–Sulfolobus SORs. This Acidia-
nus–Sulfolobus subcluster together with two putative SORs
(SORFa from F. acidarmanus and SORPt from P. torridus)
generated the archaeal SOR cluster (Fig. 2). The two newly
identified SORs (SORSA and SORSB) are distantly related
to the archaeal SORs and to the putative bacterial SOR
(SORAqa), which is represented by a sole sequence from A.
aeolicus. Although sorSA and sorSB are phylogenetically
more related to the putative sor gene of P.torridus (Fig. 2),
which is a theromophilic archaeon of the phylum
Euryarchaeota, determination of the SOR gene density
and prokaryote populations in the reactor suggested that
they were from bacterial species rather that from archaeal
species. Moreover, this sorSB was PCR-amplified from
Acidithiobacillus sp. strain SM-1, which was isolated from
the reactor. It remains to be tested if the putative bacterial
sor-like sequence (SORAqa) encodes an active enzyme and
if so, the enzyme exhibits the archaeal SOR properties. We
noticed that SORSB functioned optimally at 75–80°C,
which exhibited a typical thermophilic enzyme nature and
this temperature was much higher than the optimal growth
temperature for Acidithiobacillus. A possible explanation to
this might be that the Acidithiobacillus strain SM-1
obtained this sorSB gene by horizontal gene transfer from
a thermophilic bacterium or a thermophilic archaeon.

Sulfur oxidizing system(s) in thiobacilli has been of
interest to microbiologists for a long time. Suzuki (1965)
and Sugio et al. (1989) reported that Thiobacillus ferroox-
idans and Thiobacillus thiooxidans had a glutathione-

dependent sulfur oxidizing system. Interestingly, Tano and
Imai (1968) detected a SOR-like activity in the cell extracts
of a mesophilic bacterium belonging to A. thiooxidans,
although this has not been confirmed by other independent
investigations. Our finding that Acidithiobacillus sp. strain
SM-1 encodes sorSB suggests that mesophilic or moderately
thermophilic bacteria do encode SOR enzymes. Thus, the
activity observed by Tano and Imai about 40 years ago
might be encoded by a SORSB homologous enzyme.
Furthermore, the other bacterial SOR encoded by sorSA
was characterized only by cloning from metagenomic DNA
and the organism carrying this gene remains to be isolated.
In conclusion, this study revealed, for the first time, that sor
genes can be present in bioleaching reactors and in Acid-
ithiobacillus spp. Apart from these interesting discoveries,
this study also raises several questions, such as: how widely
are sor genes present in Acidithiobacillus and mesophilic
bacteria? Where did this sor gene originate? How does the
bacteria carrying a sor gene evolve? All these issues remain
to be studied to increase our knowledge in SORs and their
roles in bioleaching processes and the global sulfur cycle.

Acknowledgements This work is partially supported by grants
from National Natural Science Foundation of China (30670018) and
from the Ministry of Science and Technology (2004CB719602)
and from BHP Billiton. We also acknowledge Prof. Chengcai An
and Dr. Guihong Tan at Peking University (Beijing) for their advice
on performing SiteFinding PCR.

References

Amend JP, Shock EL (2001) Energetics of overall metabolic reactions
of thermophilic and hyperthermophilic Archaea and Bacteria.
FEMS Microbiol Rev 25:175–243

Beja O, Koonin EV, Aravind L, Taylor LT, Seitz H, Stein JL, Bensen
DC, Feldman RA, Swanson RV, DeLong EF (2002) Comparative
genomic analysis of archaeal genotypic variants in a single
population and in two different oceanic provinces. Appl Environ
Microbiol 68:335–345

Breed AW, Dempers CJ, Searby GE, Gardner MN, Rawlings DE,
Hansford GS (1999) The effect of temperature on the continuous
ferrous-iron oxidation kinetics of a predominantly Leptospirillum
ferrooxidans culture. Biotechnol Bioeng 65:44–53

Chen ZW, Jiang CY, She Q, Liu SJ, Zhou PJ (2005) Key role of
cysteine residues in catalysis and subcellular localization of
sulfur oxygenase reductase of Acidianus tengchongensis. Appl
Environ Microbiol 71:621–628

Deckert G, Warren PV, Gaasterland T, Young WG, Lenox AL,
Graham DE, Overbeek R, Snead MA, Keller M, Aujay M, Huber
R, Feldman RA, Short JM, Olsen GJ, Swanson RV (1998) The
complete genome of the hyperthermophilic bacterium Aquifex
aeolicus. Nature 392:353–358

Duquesne K, Lebrun S, Casiot C, Bruneel O, Personné JC, Leblanc
M, Elbaz-Poulichet F, Morin G, Bonnefoy V (2003) Immobili-
zation of arsenite and ferric Iron by Acidithiobacillus ferroox-
idans and its relevance to acid mine drainage. Appl Environ
Microbiol 69:6165–6173

696 Appl Microbiol Biotechnol (2007) 74:688–698



Emmel T, Sand W, Koenig WA, Bock E (1986) Evidence for the
existence of a sulfur oxygenase in Sulfolobus brierleyi. J Gen
Microbiol 132:3415–3420

Friedriech CG, Rother D, Bardischewsky F, Quentmeier A, Fischer J
(2001) Oxidation of reduced inorganic sulfur compounds by
bacteria: emergence of a common mechanism? Appl Environ
Microbiol 67:2873–2882

Friedrich CG, Bardischewsky F, Rother D, Quentmeier A, Fischer J
(2005) Prokaryotic sulfur oxidation. Curr Opin Microbiol 8:
253–259

Futterer O, Angelov A, Liesegang H, Gottschalk G, Schleper C,
Schepers B, Dock C, Antranikian G, Liebl W (2004) Genome
sequence of Picrophilus torridus and its implications for life
around pH 0. Proc Natl Acad Sci USA 101:9091–9096

Goebel BM, Stackebrandt E (1994) Cultural and phylogenetic analysis of
mixed microbial populations found in natural and commercial
bioleaching environments. Appl Environ Microbiol 60:1614–1621

Golyshina OV, Timmis KN (2005) Ferroplasma and relatives,
recently discovered cell wall-lacking archaea making a living in
extremely acid, heavy metal-rich environments. Environ Microbiol
7:1277–1288

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment
editor and analysis program for Windows 95/98/NT. Nucleic
Acids Symp Ser 41:95–98

Hanson TE, Tabita FR (2003) Insights into the stress response and
sulfur metabolism revealed by proteome analysis of a Chlorobium
tepium mutant lacking the Rubisco-like protein. Photosynth Res
78:231–248

He Z, Li Y, Zhou P, Liu SJ (2000) Cloning and heterologous
expression of a sulfur oxygenase/reductase gene from the
thermoacidophilic archaeon Acidianus sp. S5 in Escherichia coli.
FEMS Microbiol Lett 193:217–221

Johnson DB, Maacvicar JHM, Rolfe S (1987) A new solid medium
for isolating and enumeration Thiobacillus ferrooxidans and
acidophilic heterotrophic bacteria. J Microbiol Methods 7:9–18

Kawarabayasi Y, Hino Y, Horikawa H, Jin-no K, Takahashi M, Sekine
M, Baba S, Ankai A, Kosugi H, Hosoyama A, Fukui S, Nagai Y,
Nishijima K, Otsuka R, Nakazawa H, Takamiya M, Kato Y,
Yoshizawa T, Tanaka T, Kudoh Y, Yamazaki J, Kushida N,
Oguchi A, Aoki K, Masuda S, Yanagii M, Nishimura M,
Yamagishi A, Oshima T, Kikuchi H (2001) Complete genome
sequence of an aerobic thermoacidophilic crenarchaeon, Sulfolo-
bus tokodaii strain 7. DNA Res 8:123–140

Kemnitz D, Kolb S, Conrad R (2005) Phenotypic characterization of
Rice Cluster III archaea without prior isolation by applying
quantitative polymerase chain reaction to an enrichment culture.
Environ Microbiol 7:553–565

Kinnunen PHM, Robertson WJ, Plumb JJ, Gibson JAE, Nicols PD,
Franzmann PD, Puhakka JA (2003) The isolation and use of iron-
oxidizing moderately thermophilic acidophiles from the Collie
coal mine for the generation of ferric iron leaching solution. Appl
Microbiol Biotechnol 60:748–753

Klappenbach JA, Saxman PR, Cole JR, Schmidt TM (2001) rrndb: the
Ribosomal RNA operon copy number database. Nucleic Acids
Res 29:181–184

Kletzin A (1989) Coupled enzymatic production of sulfite, thiosulfate,
and hydrogen sulfide from sulfur: purification and properties of a
sulfur oxygenase reductase from the facultatively anaerobic
archaebacterium Desulfurolobus ambivalens. J Bacteriol
171:1638–1643

Kletzin A (1992) Molecular characterization of the sor gene, which
encodes the sulfur oxygenase/reductase of the thermoacidophilic
Archaeum Desulfurolobus ambivalens. J Bacteriol 174:5854–5859

Kletzin A, Urich T, Müller F, Bandeiras TM, Gomes CM (2004)
Dissimilatory oxidation and reduction of elemental sulfur in
thermophilic Archaea. J Bioenerg Biomembr 36:77–91

Konishi Y, Asai S, Tokushige M, Suzuki T (1999) Kinetics of the
bioleaching of chalcopyrite concentrate by acidophilic thermo-
phile Acidianus brierleyi. Biotechnol Prog 15:681–688

Kumar S, Tamura K, Nei M (2004) MEGA3: Integrated software for
molecular evolutionary genetics analysis and sequence align-
ment. Brief Bioinform 5:150–163

Lane DJ (1991) 16S/23S rRNA sequencing. In: Stackebrandt E,
Goodfellow M (eds) Nucleic acid techniques in bacterial
systematics. Wiley, New York, NY, pp 115–175

Marmur M (1961) A procedure for the isolation of deoxyribonucleic
acid from microorganisms. J Mol Biol 3:208–218

Martin-Laurent F, Philippot L, Hallet S, Chaussod R, Germon JC,
Soulas G (2001) DNA extraction from soils: old bias for new
microbial diversity analysis method. Appl Environ Microbiol
67:2354–2359

Norris PR, Clark DA, Owen JP (1996) Characteristics of Sulfobacillus
acidophilus sp. nov. and other moderately thermophilic mineral-
sulphide-oxidizing bacteria. Microbiology 142:775–783

Okibe N, Gericke M, Hallberg KB, Johnson DB (2003) Enumeration
and characterization of acidophilic microorganisms isolated from
a pilot plant stirred-tank bioleaching operation. Appl Environ
Microbiol 69:1936–1943

Olson GJ, Brierley JA, Brierley CL (2003) Bioleaching review part
B: Progress in bioleaching: applications of microbial processes
by the minerals industries. Appl Microbiol Biotechnol 63:
249–257

Picard C, Cello FD, Ventura M, Fani R, Guckert A (2000) Frequency
and biodiversity of 2,4-diacetylphloroglucinol-producing bacteria
isolated from the maize rhizosphere at different stages of plant
growth. Appl Environ Microbiol 66:948–955

Pizarro J, Jedlicki E, Orellana O, Romero J, Espejo RT (1996)
Bacterial populations in samples of bioleached copper ore as
revealed by analysis of DNA obtained before and after
cultivation. Appl Environ Microbiol 62:1323–1328

Rawlings DE (ed) (1997) Biomining: theory, microbes and industrial
processes. Springer, Berlin Heidelberg New York

Rawlings DE (2002) Heavy metals mining using microbes. Annu Rev
Microbiol 56:65–91

Rawlings DE (2005) Characteristics and adaptability of iron- and
sulfur-oxidizing microorganisms used for the recovery of metals
from minerals and their concentrates. Microb Cell Fact 4:13

Robb FT, Place AR, Sowers KR, Schreier HJ, Dassarma S,
Fleischmann EM (eds) (1996) Archaea, a laboratory manual.
Cold Spring Harbor Press, New York, pp 202–203

Rohwerder T, Gehrke T, Kinzler K, Sand W (2003) Bioleaching
review part A: process in bioleaching: fundamentals and
mechanisms of bacterial metal sulfide oxidation. Appl Microbiol
Biotechnol 63:239–248

Ruby EG, Wirsen CO, Jannasch HW (1981) Chemolithotrophic
sulfur-oxidizing bacteria from the Galapagos rift hydrothermal
vents. Appl Environ Microbiol 42:317–324

Sambrook J, Russell DW (eds) (2001) Molecular cloning, 3rd edn.
vol. 3. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY (appendix 3.6–3.10)

Segerer A, Neuner A, Kristjansson JK, Stetter KO (1986) Acid-
ianus infernus gen. nov., sp. nov., and Acidianus brierleyi
comb. nov.: facultatively aerobic, extremely acidophilic thermo-
philic sulfur-metabolizing archaebacteria. Int J Syst Bacteriol
36:559–564

Spring S, Schulze R, Overmann J, Schleifer KH (2000) Identification
and characterization of ecologically significant prokaryotes in the
sediment of freshwater lakes: molecular and cultivation studies.
FEMS Microbiol Rev 24:573–590

Stubner S, Wind T, Conrad R (1998) Sulfur oxidation in rice field soil:
activity, enumeration, isolation and characterization of thiosul-
fate-oxidizing bacteria. Syst Appl Microbiol 21:569–578

Appl Microbiol Biotechnol (2007) 74:688–698 697



Sugio T, Katagiri T, Inagaki K, Tano T (1989) Actual substrate for
elemental sulfur oxidation by sulfur:ferric ion oxidoreductase
purified from Thiobacillus ferrooxidans. Biochim Biophys Acta
973:250–256

Sun CW, Chen ZW, He ZG, Zhou PJ, Liu SJ (2003) Purification and
properties of the sulfur oxygenase/reductase from the acido-
thermophilic archaeon, Acidianus strain S5. Extremophiles
7:131–134

Suzuki I (1965) Oxidation of elemental sulfur by an enzyme system of
Thiobacillus thiooxidans. Biochim Biophys Acta 104:359–371

Suzuki MT, Taylor LT, DeLong EF (2000) Quantitative analysis of
small-subunit rRNA genes in mixed microbial populations via 5′-
nuclease assays. Appl Environ Microbiol 66:4605–4614

Tan G, Gao Y, Shi M, Zhang X, He S, Chen Z, An C (2005)
SiteFinding-PCR: a simple and efficient PCR method for
chromosome walking. Nucleic Acids Research 33(13):e122

Tano T, Imai K (1968) Physiological studies on thiobacilli. Part II. The
metabolism of colloidal sulfur by the cell-free enzyme system of
Thiobacillus thiooxidans. Agr Biol Chem 32:51–54

Urich T, Banerras TM, Leal SS, Teixeira M, Gomes CM, Kletzin A
(2004) The sulphur oxygenase reductase from Acidianus ambiv-
alens is a multimeric protein containing a low-potential mono-
nuclear non-haem iron center. Biochem J 381:137–146

Urich T, Kroke A, Bauer C, Seyfarth K, Reuff M, Kletzin A (2005)
Identification of core active site residues of the sulfur oxygenase
reductase from Acidianus ambivalens by site-directed mutagen-
sis. FEMS Microbiol Lett 248:171–176

Urich T, Gomes CM, Kletzin A, Frazao C (2006) X-ray structure of a
self-compartmentalizing sulfur cycle metalloenzyme. Science
311:996–999

Valenzuela L, Chi A, Beard S, Orell A, Guiliani N, Shabanowitz J,
Hunt DF, Jerez CA (2006) Genomics, metagenomics and
proteomics in biomining microorganisms. Biotechnol Adv
24:197–211

Yamamoto H, Hiraishi A, Kato K, Chiura HX, Maki Y, Shimizu A
(1998) Phylogenetic evidence for the existence of novel
thermophilic bacteria in hot spring sulfur-turf microbial mats in
Japan. Appl Environ Microbiol 64:1680–1687

698 Appl Microbiol Biotechnol (2007) 74:688–698


	Novel bacterial sulfur oxygenase reductases from bioreactors treating gold-bearing concentrates
	Abstract
	Introduction
	Materials and methods
	Sampling and bioreactors
	Bacterial and archaeal strains, isolation, identification, and cultivation
	Metagenomic and genomic DNA extraction
	PCR reactions and cloning of PCR fragments
	Amplification and construction of 16S rRNA gene library
	Amplification of sor gene fragments and sor whole genes by PCR
	DNA template standards
	Cloning, expression, and enzymatic assay of the recombinant SOR
	Quantitative RT-PCR
	Phylogenetic analyses of SOR and nucleotide sequence accession numbers

	Results
	Microbial community in bioreactors
	Detection and amplification of three sor-like genes from the bioreactors
	Phylogenetic analysis and functional identification of sorSB
	Isolation and identification of bacterial strains and amplification of sorSB from Acidithiobacillus sp. strain SM-1

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


