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Microbial biotransformations have a major impact on environments contaminated with toxic elements,
including arsenic, resulting in an increasing interest in strategies responsible for how bacteria cope with
arsenic. In the present work, we investigated the metabolism of this metalloid in the bacterium Ochrobactrum
tritici SCII24. This heterotrophic organism contains two different ars operons and is able to oxidize arsenite to
arsenate. The presence of arsenite oxidase genes in this organism was evaluated, and sequence analysis
revealed structural genes for an As(III) oxidase (aoxAB), a c-type cytochrome (cytC), and molybdopterin
biosynthesis (moeA). Two other genes coding for a two-component signal transduction pair (aoxRS) were also
identified upstream from the previous gene cluster. The involvement of aox genes in As(III) oxidation was
confirmed by functionally expressing them into O. tritici 5bvl1, a non-As(III) oxidizer. Experiments showed that
the As(III) oxidation process in O. tritici requires not only the enzyme arsenite oxidase but also the cytochrome
c encoded in the operon. The fundamental role of this cytochrome c, reduced in the presence of arsenite in
strain SCII24 but not in an O. tritici �aoxB mutant, is surprising, since to date this feature has not been found
in other organisms. In this strain the presence of an aox system does not seem to confer an additional arsenite
resistance capability; however, it might act as part of an As(III)-detoxifying strategy. Such mechanisms may
have played a crucial role in the development of early stages of life on Earth and may one day be exploited as
part of a potential bioremediation strategy in toxic environments.

Arsenic is naturally present in soil, water, and air, and arsenic
contamination of drinking water constitutes an important public
health problem in numerous countries throughout the world (33).
Arsenic occurs in nature in the oxidation states �5 (arsenate), �3
(arsenite), 0 (elemental arsenic), and �3 (arsine). Although ar-
senic is most notorious as a poison threatening human health,
recent studies suggest that arsenic species may have been involved
in the ancestral taming of energy and played a crucial role in early
stages in the development of life on Earth (reviewed in reference
34). The two soluble arsenic species, arsenate [As(V) as
H2AsO4

� and HAsO4
2�] and arsenite [As(III) as H3AsO3

0 and
H2AsO3

�] are the most common forms and exhibit different
toxicities for living organisms. Several studies have documented
the role of bacteria on speciation and mobilization of arsenic in
the environment (23). Microorganisms are known to influence
arsenic geochemistry by their metabolism, i.e., reduction, oxida-
tion, and methylation (for reviews, see references 5, 19, and 22),
affecting both the speciation and the toxicity of this element.
Arsenate is less toxic than arsenite, but paradoxically, resistance
to As(V) requires its reduction to As(III), which is then extruded
by an active efflux pump.

Another well-documented arsenic transformation is the mi-
crobiological oxidation of arsenite to arsenate. This redox re-
action is generally carried out by microorganisms either for
detoxification or for energy generation to support cellular

growth (23). The oxidation of As(III) by heterotrophic micro-
organisms is generally considered to be a detoxification strat-
egy, since the microbes do not gain energy from this reaction
(32). These heterotrophic As-oxidizing organisms include the
most-studied Alcaligenes faecalis (3), Herminiimonas arsenoxi-
dans (21), Thermus species (13, 14), Hydrogenophaga sp. strain
NT-14 (35), and Agrobacterium tumefaciens (17). In contrast,
other organisms have been described as autotrophic As(III)
oxidizers able to use the energy gained from the oxidation
reaction for growth. Autotrophic As(III) oxidation has been
best studied in strain NT-26 (27, 28) but has also been reported
for Thiomonas sp. (10), strain MLHE1 (24), and other envi-
ronmental isolates (7, 16, 25, 26).

Of the arsenite-oxidizing bacteria, A. faecalis (3), NT-26
(27), and NT-14 (35) have been studied in detail and their
arsenite oxidases purified and characterized. Moreover, a crys-
tal structure of the A. faecalis arsenite oxidase has been eluci-
dated (11). Genes encoding As(III) oxidases (aox) have also
been identified and sequenced in several organisms, showing a
common genetic organization, aoxA-aoxB, that encodes the
small and large subunits, respectively. These aox operons usu-
ally contain additional genes, e.g., cytC, which encodes a cyto-
chrome c, and moeA, which encodes an enzyme involved in
molybdenum cofactor biosynthesis (32).

The genome exploration of the alphaproteobacterium
Ochrobactrum tritici revealed that it possesses heretofore-un-
suspected mechanisms for coping with arsenic. This work re-
ports the identification of a locus involved in arsenic oxidation
in a heterotrophic bacterium previously characterized as car-
rying two operons involved in arsenic resistance. One operon
confers resistance to arsenite and antimonite, while the second
one is responsible for resistance to arsenate.
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MATERIALS AND METHODS

Media and growth conditions. Bacterial strains and plasmids used in this study
are listed in Table 1. O. tritici strains were grown aerobically at 30°C in a minimal
defined medium (MDM) that consisted of MgSO4 � 7H2O at 1.0 g/liter, NH4Cl
at 1.0 g/liter, Na2SO4 at 0.5 g/liter, K2HPO4 at 0.01 g/liter, CaCl2 at 0.067 g/liter,
NaHCO3 at 0.08 g/liter, and 1% stock vitamin solution (31). The final pH of the
medium was 7.2. Chemolithoautotrophic growth was achieved with arsenite as
the electron donor and the heterotrophic growth medium was supplemented
with 0.05% yeast extract with or without arsenite. Escherichia coli S17-1 was
cultivated on Luria-Bertani medium (Difco). Gentamicin (15 �g/ml) and ampi-
cillin (100 �g/ml) were included for selection of transformants when mobilizing
plasmids into strain 5bvl1.

Amplification and sequencing of aox genes. The amino acid sequences of some
previously identified arsenite oxidase large subunits (aoxB) were aligned using
ClustalW (15), and degenerated oligonucleotide primers were designed based on the
conserved motifs aoxBf (5�-TGYCAYTWYTGYATCGTCGGCTG-3�) and aoxBr
(5�-RWAGCCRAAMAGCATRAAGGT-3�), with Y indicating C/T, W indicating
A/T, R indicating A/G, and M indicating A/C. PCRs were carried out according to
standard protocols, and a PCR product of the appropriate length (about 2.25 kbp)
was amplified, purified, and sequenced by using an ABI Prism 3100 genetic analyzer
(Applied Biosystems, Foster City, CA). Upstream and downstream sequences were
identified using inverse PCR (IPCR). Templates for IPCR were obtained from
about 1 �g of total DNA digested with enzymes that did not cut inside of the
sequence previously obtained. The digested DNA preparations (500 ng) were ligated
overnight at 14°C in a volume of 50 �l with 3 U of T4 DNA ligase (Roche). DNA
flanking this sequenced region was amplified by PCR with specific reverse and
forward primers for 5� and 3� sequences, respectively. The PCR products obtained
were purified and sequenced. Database searches and sequence analyses were per-
formed using the BLAST program (1).

Cloning of arsenite oxidation genes in strain 5bvl1. The aoxAB and aoxABcytC
genes were amplified by PCR using specific forward and reverse primers
containing additional KpnI and BamHI recognition sites, respectively. The
PCR products were purified after digestion with KpnI and BamHI and ligated
into the corresponding sites of a pBBR1MCS-5 vector (18). Then, each
construct was transformed into competent E. coli S17-1 cells. These plasmids
were mobilized into strain 5bvl1 by biparental conjugation according to stan-
dard protocols (9). All strain-plasmid combinations were analyzed for their
As(III) oxidation abilities.

As(III) oxidation analysis. O. tritici strains were checked for oxidation of
arsenite to arsenate by the AgNO3 method. Agar plates were flooded with a
solution of 0.1 M AgNO3. A brownish color revealed the presence of arsenate in
the medium, while the presence of arsenite was detected by a yellow color.

The conversion of As(III) to As(V) was also measured in liquid medium using
a colorimetric method. As(V), in contrast to As(III) but similarly to phosphate,
can react with the molybdate, producing a complex of blue color that has an
absorbance peak at 820 nm (2). Then, this complex is measured using a UV/Vis
spectrophotometer. Controls employing the culture medium were performed to
exclude any phosphate interference in arsenate determination. A standard curve
correlating absorbance and concentrations of As(V) was prepared to convert the
A820 into As(V) concentrations.

Preparation of total protein extracts and enzyme assays. For preparation of
total protein extracts, O. tritici SCII24 was grown in the presence or absence of

As(III) to late log phase and cells were harvested by centrifugation and resus-
pended in cold 50 mM morpholineethanesulfonic acid (pH 6.0). Cells were
disrupted by double passage through a French press. Unbroken cells were re-
moved by centrifugation at 30,000 � g (4°C). The arsenite oxidase activity was
measured as described previously by Anderson and coworkers (3). The reduction
of the artificial electron acceptor 2,4-dichlorophenolindophenol (60 �M) was
monitored at 600 nm in the presence of 200 �M As(III). The Bradford reagent
was used to determine protein concentrations.

Mutagenesis. The aoxB gene was cloned into the suicide plasmid pK18mob and
was disrupted by insertion of a tetracycline resistance gene into its HindIII restriction
site. This plasmid, p�aoxB, was transformed into E. coli S17-1 and transferred into
O. tritici SCII24 by conjugation. Transconjugants selected from plates with tetracy-
cline (15 �g/ml) and ampicillin (100 �g/ml) were tested for their ability to oxidize
arsenite. Positive mutants (O. tritici �aoxB) were confirmed by PCR.

Redox activity assay. The reduction abilities of c-type cytochromes upon
addition of As(III) were measured as previously described (4, 8). Cell extracts of
the O. tritici type strain and O. tritici �aoxB were obtained by disruption through
a French press (Thermo Electron Corporation) at 12,000 lb/in2 in Tris-HCl (100
mM; pH 7.2), followed by centrifugation at 19,000 � g for 10 min at 4°C to
remove unbroken cells and debris. The extracts (26.3 to 32.4 mg protein/ml) were
flushed with nitrogen and 1 ml was transferred to a cuvette. The extracts were
completely oxidized by adding 40 �l potassium ferrocyanide (100 mM) together
with 90 �l potassium cyanide (0.5 M). Arsenite (10 mM) was added to the
extracts to test for reduction of the c-type cytochromes. Sodium dithionite was
added to completely reduce cytochromes at the end of the assays. Optical ab-
sorption spectra were measured between 400 and 650 nm (6405 UV/Vis spec-
trophotometer; Jenway).

RT-PCR experiments. RNA was prepared from O. tritici SCII24 cells grown in
MDM to exponential phase. Total RNA was extracted with RNeasy total RNA
(Qiagen) according to the manufacturer’s instructions and was treated with DNase
I (Roche). Reverse transcription-PCRs (RT-PCRs) were carried out using the
AccessQuick RT-PCR system (Promega) according to the manufacturer’s instruc-
tions. The primers used in these RT-PCRs were the following: aoxRf, 5�-ACTCG
GCATTTCACGCACAAC-3�; aoxAf, 5�-TCCGTTGAGCTATTCGGCGGA-3�;
aox1Bf, 5�-ATCGTTTGGCAATCTGCCTTTC-3�; aox2Bf, 5�-TCGACAAATCG
ACCTTGCGCC-3�; cytCf, 5�-ACACTATCGTTATGCGTGCTTATG-3�; aoxAr,
5�-ACGGTTGACAGGATACTCGAG-3�; aox1Br, 5�-AGCTTGTCGGCTGCAT
CTGGCC-3�; aox2Br, 5�-TCCGTATAGAGACGCTGGGTG-3�; cytCr, 5�-TCAT
GGTGTCTGGAATGTTTTAA-3�. RT-PCR products were examined by agarose
gel electrophoresis, and the absence of DNA contamination of the RNA was con-
firmed by PCR using Taq polymerase without reverse transcriptase.

Nucleotide sequence accession number. The nucleotide sequence determined
in this study for O. tritici SCII24 has been deposited in GenBank under accession
number FJ465505.

RESULTS

Growth of strain O. tritici SCII24 in medium with arsenite.
Strain O. tritici SCII24 was not able to grow in minimal me-
dium without or with arsenite as electron donor (see Fig. S1A
in the supplemental material). Inoculation of this strain into

TABLE 1. Strains and plasmids used in this work

Strain or plasmid Relevant properties Source or reference

Strains
O. tritici SCII24 Type strain, As resistant, As(III) oxidizing 6
O. tritici 5bvl1 As sensitive, not As(III) oxidizing This study

5pBBR Strain 5bvl1 carrying vector pBBR1MCS-5 This study
5PaoxAB Strain 5bvl1 carrying vector pBBR1MCS-5 containing the aox promoter and aoxA and

aoxB genes
This study

5PaoxABC Strain 5bvl1 carrying vector pBBR1MCS-5 containing the aox promoter and aoxA, aoxB,
and cytC genes

This study

O. tritici �aoxB Mutant aoxB This study
E. coli S17-1 Pro� Mob�, conjugation donor 9

Plasmids
pK18mob pUC18 derivative, lacZ� Kanr, mob site, suicide plasmid 30
pBBR1MCS-5 Broad-host-range cloning vector, mob site, InsP Gmr 18
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minimal medium supplemented with organic matter (0.05%
yeast extract) and in the presence or absence of As(III) re-
sulted in bacterial growth (see Fig. S1B in the supplemental
material). In addition, O. tritici in medium with a high concen-
tration of arsenite (5 mM) was able to oxidize arsenite to
arsenate. As shown in Fig. 1, this strain revealed a remarkable
arsenite-oxidizing rate, being able to oxidize almost 5 mM
As(III) within 14 h of bacterial growth. However, this As(III)
oxidizer was only able to grow in the presence of an extra
source of energy and carbon (yeast extract). This result indi-
cates that this organism cannot gain energy from As(III) oxi-
dation.

Sequencing of the arsenite oxidase-encoding genes. Using
degenerate oligonucleotide primers for the large subunit of the
arsenite oxidases followed by IPCR and primer walking tech-
niques, different open reading frames (ORFs) related to the
genes involved in arsenite oxidation were found in the DNA of
O. tritici SCII24. Based on the BLAST analysis, the cluster is

comprised by several ORFs which encode proteins that belong
to families previously reported to be involved in arsenite oxi-
dation, such as AoxS, AoxR, AoxA, AoxB, CytC, and MoeA
(Fig. 2). Upstream of the aoxA gene, we identified a putative
promoter that comprised a consensus sequence, TGGCACX5

TTGCW, that was also found in strain NT-26 (29).
The aoxB gene encodes the large subunit of the arsenite

oxidase protein (AoxB), with 846 amino acids, and shows clear
homologies to AoxB proteins from different organisms. Align-
ment with the different proteins showed the highest identity
(92%) with the larger subunit of the arsenite oxidase from
Agrobacterium tumefaciens 5A (AoxB) (17) and Rhizobium sp.
strain NT-26 (AroA) (27). The [3Fe-4S] cluster-binding con-
served motif, C-X2-C-X3-C-X70-S, of Alcaligenes faecalis arsen-
ite oxidase, in which most of the residues interact with the
molybdenum center (11), are conserved in AoxB of O. tritici.
Moreover, the four amino acids (H, E, R, and H) that have
been predicted to bind As(III) (11) also appear in O. tritici
AoxB (His199, Glu207, Arg488, and His452).

Immediately upstream from aoxB is the aoxA gene, which
encodes the arsenite oxidase small subunit. The predicted pro-
tein AoxA (175 amino acids) displayed 93% identity and 91%
identity with the AroB and AoxA from strains NT-26 and A.
tumefaciens, respectively. The SignalP prediction software (12)
predicted a cleavage site located between Ala40 and Ala41.
This 40-amino-acid-long, predicted TAT signal sequence con-
tains the usual conserved motifs: a positively charged region
harboring the conserved motif RRXFL, a region rich in hy-
drophobic amino acids, and a motif in which a cleavage site is
located. The residues coordinating the [2Fe-2S] Rieske cluster
(C-X-H-X15-C-X2-H) detected in other small subunits of ar-
senite oxidases are also conserved in AoxA of O. tritici. Down-
stream from aoxB, there is an ORF which, based on a BLASTP
search, encodes a cytochrome c (127 amino acids) that displays
high sequence identity to the strain NT-26 (75%) and A. tu-
mefaciens (74%) c-type cytochrome 552. The N-terminal se-
quence of the cytochrome contains a conserved motif, C-X2-
C-H, which is characteristic of heme-binding sites. Based on
analysis with the SignalP program (12), the c552 has a predicted
signal peptide cleavage site between Ala20 and Glu21. Since it
does not contain any other transmembrane domains, it is as-
sumed to be a periplasmic protein. Further downstream, an
additional ORF (partial) was detected which encodes a protein
homologous to the members of MoeA family, which usually
are involved in biosynthesis of the molybdenum cofactor, an

FIG. 1. Growth of O. tritici SCII24 and O. tritici 5bvl1 in MDM
supplemented with yeast extract (0.05%). Results shown include the
optical density at 600 nm of O. tritici SCII24 in the absence (�) and
presence (}) of 5 mM As(III), the optical density of O. tritici 5bvl1 in
medium without arsenite (Œ), and the concentration of arsenate re-
sulting from O. tritici SCII24 growth (E).

FIG. 2. Genetic organization of the aox gene cluster in O. tritici SCII24. Upstream of aoxA is a putative promoter sequence (Paox). The
consensus sequence is indicated in bold, the ribosome-binding site is underlined, and the start codon is in a box.
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important cofactor of a diverse group of enzymes, including
AoxAB.

Upstream from aoxA and the putative promoter was found
an ORF (aoxR) that encodes a 441-amino-acid protein homol-
ogous to a putative transcriptional regulator from A. tumefa-
ciens (89% identity). This product (AoxR) has the amino acid
structural features common to regulators of two-component
signal transduction systems. This protein also contains the same
residues as A. tumefaciens, Asp13, Asp14, Asp58, and Lys107, that
are considered to be important in the process of the phosphory-
lation signal essential for regulatory function (17). Immediately
upstream of aoxR was an ORF (aoxS) coding for a 488-amino-
acid protein that displays high identity to a putative sensor histi-
dine kinase of A. tumefaciens (82%).

Arsenite oxidase activity of O. tritici SCII24. Arsenite oxi-
dase activity was determined in crude extracts of cells grown in
minimal medium containing yeast extract (0.05%) and in the
presence or absence of As(III) (5 mM). It was found that the
optimum pH for arsenite oxidase activity (average of triplicate
measurements) was at pH 6.0. Arsenite oxidase activity was
found exclusively associated with the soluble fraction, with
0.065 and 0.0054 �mol As(III) oxidized min�1 mg of protein�1

in cells grown in the presence or absence of As(III), respec-
tively, while no activity was detected in the membrane fraction.
The arsenite oxidase enzyme is located most probably in the
periplasm in O. tritici SCII24, as has been observed in Hydro-
genophaga sp. strain NT-14 (35) and strain NT-26 (28), while it
is located in the membrane fraction in A. faecalis (3) and
Herminiimonas arsenicoxydans strain ULPAs1 (21).

Ability of aox gene products to confer arsenite oxidation.
Our previous studies showed that the wild-type O. tritici SCII24
is arsenate resistant and contains two operons coding for two
different arsenate reductases (6). Nevertheless, the strain ex-
hibits an As(III)-oxidizing phenotype in the presence of arse-
nite. Different constructs of the aox genes were used to eval-
uate the role of these genes in the arsenite oxidation process by
O. tritici 5bvl1, a non-As(III) oxidizer. Silver nitrate staining of
the strain 5bvl1 carrying several constructs showed that only
5PaoxABC could convert As(III) to As(V) (Fig. 3A). In con-
trast, an arsenite-oxidizing phenotype was not observed in cells
of strain 5bvl1 carrying the empty vector (5pBBR) or carrying
the construct PaoxAB (5PaoxAB). The importance of the genes
aoxA-B-cytC on the arsenite oxidation mechanism was also
confirmed when strain 5bvl1 carrying this group of genes, in
contrast to other constructs, was able to convert As(III) to
As(V) (Fig. 3B). However, the onset of arsenate production
seems to occur later in growth in strain 5PaoxABC compared
to strain SCII24 (Fig. 1). We also sought to determine whether
these strain-plasmid combinations were more resistant to
As(III) than the wild-type strain 5bvl1. In liquid-grown cultures
amended with 1 mM As(III), there was no difference in growth
phenotype between the native strain without any arsenite
oxidase gene and the strain 5bvl1 harboring the PaoxAB or
PaoxABC constructs (Fig. 3B).

The aox mutant (O. tritici �aoxB) failed to oxidize As(III) to
As(V), as was revealed by the yellow color associated with agar
inoculated with the mutant (Fig. 4A). Even though that mutant
did not show arsenite oxidase activity, the mutation did not
seem to affect the arsenite resistance, given that the mutant

was able to grow in the presence of high arsenite concentra-
tions (Fig. 4B).

Redox activities. The ability of c-type cytochromes to serve
as electron acceptors during As(III) oxidation by the arsenite
oxidase was investigated by spectroscopy. The source of both
arsenite oxidase and cytochrome c was crude cell homogenate,
which also included membrane components. The spectrum
obtained from the samples showed three peaks, as expected, at
417, 523, and 552 nm, characteristic of ferrous c-type cyto-
chromes. In Fig. 5A, the cytochromes of the O. tritici type
strain cell extract were totally oxidized by potassium ferrocya-

FIG. 3. Heterologous expression of aox genes in O. tritici 5bvl1.
(A) Comparison of the As(III) oxidation phenotypes of strain 5bvl1
carrying the different clones (empty vector, PaoxAB, and PaoxABcytC).
The presence of As(V) is indicated by the dark color, whereas the
presence of As(III) is indicated by yellow. (B) Growth of several
constructs in MDM with yeast extract (0.05%) amended with 1 mM
As(III). Culture growth is shown with filled symbols and As(V) con-
centration is shown with open symbols: 5pBBR (circles), 5PaoxAB
(triangles), and 5PaoxABC (squares). Error bars represent standard
errors of the means calculated from triplicate experiments.
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nide, and after addition of 10 mM arsenite showed reduction
within 1 min. The response to 10 mM arsenite was maximal, as
higher concentrations of arsenite did not increase the peak
intensity. The same was observed after the addition of dithio-
nite. The mutant O. tritici �aoxB, under the same experimental
conditions, did not exhibit the same spectra, failing to show
cytochrome c reduction upon addition of arsenite (Fig. 5B).
However, the following addition of dithionite caused reduction
of the c-type cytochromes present in the cell extract, resulting
in cytochrome c reduction to an extent similar to the one
observed with the wild-type strain (Fig. 5C).

Transcriptional analysis of the aox operon by RT-PCR. The
genetic organization of the aox operon suggests that the genes
aoxS-R-A-B-cytC might be transcribed together. To analyze
this possibility, O. tritici SCII24 was grown and RNA was iso-

lated and used in RT-PCR experiments. As can be observed in
Fig. 6, no fragment was detected using primers directed to
the intergenic region between aoxR and aoxA. However, a
fragment corresponding to the intergenic region between
aoxB and cytC was observed. These results suggest the ex-
istence of coexpression of aoxA-B-cytC independent of the
remaining genes, aoxS and aoxR.

DISCUSSION

This study describes the contribution of the heterotrophic
alphaproteobacterium O. tritici SCII24 to the arsenic cycle.
This organism was previously reported to be able to resist up to
50 mM As(III), 10 mM Sb(III), and more than 200 mM As(V),
which makes it one of the most resistant microorganisms de-
scribed to date (6). This resistance was attributed to the pres-
ence of two functional ars operons (ars1 and ars2). The ars1
operon confers resistance to arsenite and antimonite, and ars2
is responsible for resistance to arsenite and arsenate. At the
time, it was not overruled that other mechanisms in the cell
could participate in arsenic resistance. Subsequent studies re-
ported here led to the identification in this strain of an operon
coding for an arsenite oxidase and a cytochrome c and dem-
onstrated that these genes are essential for arsenite oxidation
in O. tritici strain SCII24.

The physiological importance of arsenite oxidation in O.
tritici strain SCII24 is not completely clear, since this process
does not seem to be directly implicated in the energetic me-
tabolism but mainly seems to be a detoxification process for the
cell. Interestingly, an insertion mutation in the arsenite oxidase
gene did not prevent the organism from growing in the pres-
ence of arsenite, suggesting that ars1 and ars2 (6) are the most
important operons for the O. tritici SCII24 arsenic resistance
phenotype. Both reactions, As(III) oxidation and As(V) reduc-
tion, may occur simultaneously in the wild-type strain, but the
results indicate that the rate of As(III) oxidation exceeded
As(V) reduction, resulting in an arsenite-oxidizing phenotype.

The genetic organization of aoxAB, with the small Rieske
subunit gene upstream from the catalytic molybdopterin sub-
unit, is conserved in all the arsenite-oxidizing prokaryotes an-
alyzed to date, while no obvious conservation was observed in
the ORFs flanking these two genes. However, in A. tumefaciens
(17), Thiomonas sp. strain 3As (10), strain NT-26 (27), and O.
tritici SCII24 (this work), the aoxAB genes have been shown to
be cotranscribed with the downstream gene, a c-type cyto-
chrome. Redox studies with O. tritici SCII24 and a mutant
demonstrated that arsenite oxidation requires the presence of
cytochrome c and a functional arsenite oxidase. Therefore,
cytochrome c is essential in As(III) oxidation, and most prob-
ably the cytochrome c and the arsenite oxidase (the molybde-
num and Rieske Fe-S subunits) constitute an electron trans-
port system in O. tritici SCII24. This result was unexpected,
since in strain NT-26, cytC expression is not considered essen-
tial for arsenite oxidation (29). In spite of the detection of cytC
in the genome of some As(III)-oxidizing bacteria, little work
has been performed to clarify the exact role of cytochrome c in
arsenite oxidation. Consequently, it is not possible to know
whether this essential role of CytC in the oxidation of arsenite
is a particular characteristic of O. tritici strain SCII24 or can be
extended to other organisms.

FIG. 4. (A) Effect of aoxB mutation on the arsenite oxidation phe-
notype of O. tritici SCII24. The phenotype of mutant O. tritici �aoxB
was compared with wild type. (B) Growth rates for the wild type (E)
and aox mutant (Œ) in response to increasing arsenite concentrations.
Cultures were grown overnight in MDM supplemented with yeast
extract (0.05%).
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The genetic organization of the arsenite oxidase gene clus-
ters of O. tritici strain SCII24 and A. tumefaciens are similar,
although the location of the putative promoter upstream from
aoxAB and the absence of cotranscription of aoxR-aoxA indi-
cate that the aox operon of O. tritici could be regulated differ-
ently from previously described operons. In the case of A.
tumefaciens, a large operon, aoxSRABcytC, was required to
confer arsenite oxidase ability (17), and in H. arsenicoxydans
the inactivation of aoxRS led to a complete loss of arsenite
oxidase activity (20). The constructions in O. tritici strain 5bvl1
showed that aoxABcytC genes were essential for efficient ar-
senite oxidation, and the expression of aoxS or aoxR genes was
not necessary. This finding also indicates that other potential
downstream operon components may not be required for
As(III) oxidation in this organism. Possible interference of
native AoxSR proteins from strain 5bvl1 was not considered,
since Southern hybridization analysis of total DNA from strain
5bvl1 to detect aoxSR homologues gave a negative result (see
Fig. S2 in the supplemental material). The As(III) oxidation
ability of strain 5PaoxABC was observed only in the late expo-

FIG. 5. Effects of arsenite on cell extracts of O. tritici type strain (A) and mutant O. tritici �aoxB (B) containing c-type cytochromes and relative
cytochrome c reduction extension per milligram of protein by arsenite in O. tritici wild-type (WT) and O. tritici �aoxB mutant cells (C). The black
broken line represents the extract at the beginning of the assay, prior to oxidation with ferrocyanide. The black solid line shows the totally oxidized
extract, after addition of ferrocyanide and potassium cyanide. The gray line shows the spectrum obtained after addition of 10 mM arsenite. The
gray broken line represents the spectrum obtained after full reduction by dithionite and is not shown in panel A, as it superposes with the gray
solid line. The relative cytochrome c reduction was determined from the difference between the change in absorbance at 552 and 570 nm
[�A(552–570)] in the assay and the �A(552-570) when totally oxidized by ferrocyanide. The black bar represents cytochrome c reduction at the
beginning of the assay; the white bar represents cytochrome c reduction after complete oxidation with ferrocyanide followed by addition of 10 mM
As(III); the gray bar represents cytochrome c reduction after addition of sodium dithionite. Results are averages of three independent assays.

FIG. 6. RT-PCR analysis of the arsenite oxidase gene cluster.
Lanes show the RT-PCR products from total RNA extracted from O.
tritici SCII24. Lanes: 1, no amplification using primers (aoxRf and
aoxAr) for intergenic region aoxR-aoxA; 2, successful amplification
using primers (aoxAf and aox1Br) for intergenic region aoxA-aoxB; 3,
successful amplification using primers (aoxB1f and cytCr) for inter-
genic region aoxB-cytC; 4, amplification of an inner region from the
aoxB gene using the primers aox2Bf and aox2Br; 5, amplification of the
cytC gene using the primers cytCf and cytCr. MW, molecular weight
standards.
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nential growth phase, suggesting that transcription of the aox
operon in O. tritici could involve other factors, such as those
related to quorum sensing. In fact, a quorum-sensing-based
response was shown to be a second regulatory circuit for aox
transcription in A. tumefaciens (17).

Bacteria metabolizing toxic elements represent an attractive
tool to remediate contaminated sites. In this case, the ex-
tremely important ability of O. tritici strain SCII24 to oxidize
As(III) to As(V), a less toxic and more easily immobilized
form, can be considered a useful step within arsenic bioreme-
diation strategy. This capacity, associated with high arsenic
resistance conferred by ars genes, emphasizes the contribution
of this strain to restore livable conditions in environments
contaminated with arsenic.

ACKNOWLEDGMENTS
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