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A new primer set was designed to specifically amplify ca. 1,100 bp of aoxB genes encoding the As(III) oxidase
catalytic subunit from taxonomically diverse aerobic As(III)-oxidizing bacteria. Comparative analysis of AoxB
protein sequences showed variable conservation levels and highlighted the conservation of essential amino
acids and structural motifs. AoxB phylogeny of pure strains showed well-discriminated taxonomic groups and
was similar to 16S rRNA phylogeny. Alphaproteobacteria-, Betaproteobacteria-, and Gammaproteobacteria-related
sequences were retrieved from environmental surveys, demonstrating their prevalence in mesophilic As-
contaminated soils. Our study underlines the usefulness of the aoxB gene as a functional marker of aerobic

As(III) oxidizers.

Arsenic (As) exists mainly in two toxic soluble forms, arse-
nite, As(III), and arsenate, As(V), with the latter tending to
associate with some oxyhydroxides and clay minerals. The bac-
terial oxidation of As(III) can thus contribute to a natural
attenuation of As contamination by decreasing As bioavailabil-
ity. These properties have recently been used to develop a
bioprocess for removing As from a mining effluent by using the
activity of As-metabolizing bacteria indigenous to the contam-
inated site (4). The feasibility of such a process depends on a
good knowledge of the ability of the indigenous microflora to
oxidize As(III) and requires reliable methods for detecting,
identifying, and monitoring As(III) oxidizers in the environ-
ment.

More than 50 phylogenetically diverse As(III)-oxidizing
strains distributed among 25 genera have been isolated from
various environments so far. Bacterial aerobic As(III) oxida-
tion is performed by a dedicated enzyme, the As(III) oxidase
(1, 36, 40), which belongs to the dimethyl sulfoxide (DMSO)
reductase of the molybdenum family (9). In Alcaligenes faeca-
lis, it is an o, B, heterodimer comprising a large subunit incor-
porating a molybdenum center and a [3Fe-4S] cluster and a
small subunit incorporating a Rieske-type [2Fe-2S] cluster (9).
Genes encoding these subunits are cotranscribed as an operon
and have been successively characterized in Herminiimonas
arsenicoxydans (26), Rhizobium sp. strain NT-26 (36), and
Agrobacterium tumefaciens (21). They have also been found in
the genome of Chloroflexus aurantiacus, on a plasmid in Ther-
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mus thermophilus, in two aerobic thermophilic As(IIT) oxidizers,
and in the genome of strains for which the ability to oxidize
As(IIT) has not been experimentally proven (27).

Due to the polyphyly of As(IIl)-oxidizing bacteria, the aoxB
gene encoding the catalytic subunit of the enzyme seems to be
a valuable molecular marker for investigating its ecology and
the potential of As(III) oxidation in the environment. To this
end, a recent study described primers targeting the first quarter
of the aoxB gene to detect its presence and expression in the
environment and suggested that the gene is widely distributed
among the Bacteria and also is widespread in soil-water systems
containing As (16).

In our present study, we designed new primers to extend the
genetic information to the first half of the aoxB gene. We then
explored the genetic diversity of this gene in order (i) to iden-
tify conserved structural and functional domains, (ii) to com-
pare AoxB and 16S rRNA phylogenies to evaluate whether
phylogenetic information about As(II)-oxidizing bacteria can
be inferred from the aoxB gene, and (iii) to assess the compo-
sition of As(III)-oxidizing communities in environmental di-
versity surveys.

Primer evaluation and validation. Primers aoxBM1-2F (5'-
CCACTTCTGCATCGTGGGNTGYGGNTA-3', positions 66
to 92 in the H. arsenicoxydans aoxB open reading frame) and
aoxBM3-2R  (5'-TGTCGTTGCCCCAGATGADNCCYTTYT
C-3', positions 1150 to 1177) were designed on the most distantly
located conserved regions with the CODEHOP program
(32) from nine AoxB protein sequences from the Bacteria
(Alcaligenes faecalis [GenBank accession no. AY297781],
Herminiimonas arsenicoxydans [accession no. AF509588],
“Thiomonas arsenivorans” [accession no. EU304260],
Agrobacterium tumefaciens [accession no. DQ151549], Rhi-
zobium sp. strain NT26 [accession no. AY345225], Chlo-
roflexus aurantiacus [accession no. NZ_AAAH01000321],
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and Thermus thermophilus [accession no. NC_000854]), and
the Archaea (Aeropyrum pernix [accession no. NC_000854]
and Sulfolobus tokodaii [accession no. NC_003106]). The
primers target the first part (amino acids 22 to 32, H. ar-
senicoxydans AoxB numbering) of the CX,CX;CX,,S motif
(CHFCIVGCGYH) required for binding a [3Fe-4S] cluster
and the consensus motif YEKGIIWGN (amino acids 383 to
391).

Specific amplifications (35 cycles, annealing temperature of
52°C, 1 min 10 s elongation time) of ca. 1,100 bp were obtained
for the following 21 chemoautotrophic and chemoheterotro-
phic As(III)-oxidizing strains belonging to Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, and Chloroflexi. T.
arsenivorans b6" (3), Leptothrix sp. strain S1.1 (4), Variovorax
sp. strain 4.2 (4), H. arsenicoxydans ULPAs1T (43), Acidovorax
sp. strain 75, Acinetobacter sp. strain 33, Alcaligenes sp. strain
YI1013H, Alcaligenes sp. strain T12RB, Aminobacter sp. strain
86, Burkholderia sp. strain YIO19A, Limnobacter sp. strain 83,
Pseudomonas sp. strains 1, 46, 72, 73, 89, and D2OHC]J, and
Ralstonia sp. strain 22 were isolated in our laboratories from
As-contaminated environments (see Table S1 in the supple-
mental material). Thiomonas sp. strain WJ68 and Thiomonas
sp. strain NO115 were isolated from mining sites (7, 15). Chlo-
roflexus aurantiacus DSM635 was isolated from hot springs
(30). A less-specific amplification was obtained for the ar-
chaeon Aeropyrum pernix DSM11879. The detection of distinct
genera thus indicated the ability to detect diverse taxa of this
metabolic group with the newly designed primers. No ampli-
fication was obtained from the 10 non-As(III)-oxidizing bacte-
ria used as negative controls, of which 6 harbor a molybdenum
enzyme of the DMSO reductase family (i.e., Rhodobacter spha-
eroides, Desulfitobacterium hafniense, Bacillus selenitireducens,
Geobacter metallireducens, Escherichia coli, and Halomonas
denitrificans).

Sensitivity tests showed that as little as 8.3 pg of template
DNA of H. arsenicoxydans was needed for aoxB gene amplifi-
cation. Knowing that the 3.4-Mb genome of H. arsenicoxydans
contains only one aoxB gene (27), this would represent approx-
imately 2.2 X 10° copies of the aoxB gene. The sensitivity was
lower than that of H. arsenicoxydans for the phylogenetically
distant C. auriantiacus strain, with the detection limit being 1.7 X
10* aoxB gene copies.

Protein and nucleotide sequence analyses. Analyses were
conducted on 29 sequences of As(III)-oxidizing isolates, ex-
cluding recently published short sequences (16) and sequences
from whole-genome data for which there is no experimental
evidence that the corresponding strains oxidize As(III).

Examination of nucleotide sequence alignments using
DnaSP version 4 software (33) revealed a high proportion of
variable sites (82%), of which 74% were parsimony informa-
tive. Conservation degrees ranged from 48.6% to 92.3%. The
second codon positions were clearly better conserved. The
third codon positions were the most variable (99%), and sat-
uration analysis using DAMBE program version 4.0.50 (44)
showed that saturation occurred at this position. The number
of substitution sites was higher for phylogenetically distant
strains than for closely related ones. Nucleotide substitution
causing amino acid substitution was more frequent than syn-
onymous substitution, which accounted for only 23.7% of all
substitutions.
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Comparative analysis of the deduced AoxB protein se-
quences showed variable conservation levels (38.4 to 96.8%
identity), comparable to data obtained for other functional
genes, e.g., those involved in sulfur oxidation, nitrous oxide
reduction, and sulfite reduction (28, 37, 42). The 15 partial
AoxB sequences presented in Fig. 1 showed 22% identity on
372 amino acids. Three of the four domains of the AoxB
subunit described for A. faecalis (9) were retrieved in the
aligned region (the fourth domain extends outside the se-
quences presented here). Domain I extends from residue 21 to
residue 119 (according to A. faecalis protein sequence num-
bering) and binds the Rieske subunit and the [3Fe-4S] cluster
coordinated by the motif C,-X,-C,,-X5-Cy5-X5-Soo. Except
for amino acids present in the X, region, a high conservation
was observed, particularly between residues 21 and 31 and
between residues 86 and 103. A highly conserved region be-
tween residues 166 and 261 encompassed domains II (residues
120 to 195) and III (residues 196 to 392) and contains several
structural motifs, such as alpha-helices and residues like H195
and E203 implicated in the substrate-binding site of the en-
zyme. Interestingly, the HNRPAYNSE motif is exactly con-
served in all bacterial As(III) oxidases. The conserved S99 and
A199 residues are important in the demarcation of the cata-
lytic subunit of As(III) oxidase with the other members of the
DMSO reductase family of molybdenum enzymes (9). A lower
amino acid conservation was observed in the other parts of the
protein, although the presence of multiple conservative substi-
tutions suggests that the physicochemical properties of these
amino acids play a role in the structure and/or the functioning
of the As(III) oxidase enzyme. Finally, regions that contain no
structural element showed a low amino acid conservation. For
example, the C. aurantiacus sequence shows six additional
amino acids between residues 330 and 331. In addition, the
three Alphaproteobacteria, namely A. tumefaciens, Rhizobium
sp. strain NT26, and an Aminobacter sp., harbor 24 additional
amino acids in this region. This further supports the low amino
acid conservation observed throughout the As(III) oxidase
protein sequence in these microorganisms compared to that of
the Betaproteobacteria protein sequences. Taken together, our
observations suggest that the As(III) oxidases identified here
show moderate amino acid conservation but share several
structural and functional domains similar to those found in A4.
faecalis AoxB (Fig. 1), supporting the important role of these
domains in As(III) oxidase activity.

Deduced protein sequences of closely related species were
generally better conserved than nucleotide sequences. For ex-
ample, Alcaligenes species exhibited sequence identity values
ranging from 80.2 to 96.8% for proteins and from 76.6 to
92.2% for nucleotides. AoxB sequences within the same sub-
class of Proteobacteria showed generally higher identity values
(e.g., between 72.6% and 96% for Alphaproteobacteria). The
highest divergences in protein sequences were observed be-
tween distantly related bacterial lineages, i.e., Proteobacteria
versus the nonproteobacterial Thermus and Chloroflexus
strains (identities between 38.4% and 50.7%), and Alphapro-
teobacteria (except Hydrogenophaga sp. strain CL3; see below)
versus Betaproteobacteria and Gammaproteobacteria (identities
between 46.7 and 53.5%). In contrast, nucleotide sequences
were better conserved than protein sequences for distantly
related species. Similar events have been reported for other
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FIG. 1. Protein sequence alignment and putative secondary structure of As(III) oxidases. The Alcaligenes faecalis sequence and its secondary

structure were retrieved from the PDB database (http://www.rcsb.org/pdb/welcome.do). Other As(III) oxidase protein sequences were deduced
from nucleotide aoxB sequences. Sequence alignment was carried out by CLUSTAL W (39). Amino acid residue numbers are defined according
to the A. faecalis protein sequence, which starts at a histidine residue at position 22. Residues identical to those of the A. faecalis sequence are
shown in gray-scale boxes. Residues known to play a role in As(III) oxidase activity are framed in black. Black arrows at positions 120 and 196
indicate the beginning of domains 2 and 3, respectively. The beta-sheet and alpha-helix are shown according to the three-dimensional structure

of A. faecalis protein (9).

functional genes, e.g., those involved in denitrification and
sulfur oxidation (5, 28). In the case of aoxB genes, these ob-
servations can be explained by saturation at the third codon
position for comparison of distant strains. The observed diver-
gences suggest that the aoxB gene may have a long evolution-
ary history and support the hypothesis of an early common
ancestor (24). Rhine et al. (31) recently reported that autotro-
phic aoxB genes formed a phylogenetic group distinct from
heterotrophic aoxB genes, with the exception of A. tumefaciens
aoxB genes, and suggested that the two groups evolved sepa-
rately from a common ancestor. However, our study demon-
strated that the aoxB gene of the autotrophic 7. arsenivorans is
phylogenetically affiliated with heterotrophic aoxB genes and
not with genes of autotrophic As(III) oxidizers. Further data
on aoxB gene sequences from pure heterotrophic and autotro-
phic strains will thus be needed to elucidate the evolution of
this gene.

Protein sequences are usually used for reconstructing the
phylogeny of protein-encoding genes (6, 37). In addition, pro-
tein sequences appeared less noisy and more resolutive than

nucleotide sequences for large-scale (phylum) analysis. Fur-
ther reconstruction of As(III) oxidase phylogeny has thus been
based on protein sequences.

Comparison of AoxB and 16S rRNA gene phylogenies. AoxB
and 16S rRNA neighbor-joining (34) trees were constructed
from unambiguous residues on distances estimated by the
Kimura (22) and Jukes and Cantor (20) methods, respectively.
The AoxB tree reconstructed the major taxonomic levels and
was similar to the 16S rRNA tree (Fig. 2). Indeed, the C.
aurantiacus AoxB sequence is clearly separated from the AoxB
proteobacterial sequences, with a strong bootstrap support
(100%). The Alphaproteobacteria and BetaproteobacterialGam-
maproteobacteria AoxB sequences form distinct phylogenetic
branches, supported by 100% bootstrap values. In addition,
sequences from species of the same genus, such as Thiomonas
or Alcaligenes, cluster together.

However, a detailed comparison of the two trees revealed
some discrepancies. For example, the pseudomonads are di-
vided into two groups in the AoxB-based tree. Group 1 forms
a distinct phylogenetic branch supported by a high bootstrap
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FIG. 2. Neighbor-joining phylogenetic trees showing the relationships between partial AoxB protein (351-residue) and partial 16S rRNA
(1,139-nucleotide) sequences of bacterial As(III) oxidizers. Bacteria whose sequences were determined in this study are in bold. The Thermus
thermophilus AoxB sequence was used as the outgroup. Circles at the branch nodes represent bootstrap percentages for 100 replicates (10): large
filled circles, 95 to 100%; small filled circles, 75 to 95%; open circles, 50 to 75%. Scale bars correspond to 10 mutations per 100 residues.
Phylogenetic programs were implemented in the TREECON package (41). Parsimony analysis (11) gave similar topologies.

value (100%), while group 2 forms a separate branch of
sequences more closely related to those from the Betapro-
teobacteria. The major inconsistency is the position of the
betaproteobacterium Hydrogenophaga sp. strain CL3 within
Alphaproteobacteria, which suggests the possibility of lateral
gene transfer. However, two Hydrogenophaga spp. were prop-
erly positioned among the Betaproteobacteria on an AoxB tree
constructed from shorter sequences (16). However, strain CL3
is also branching within Alphaproteobacteria when a tree is built
from short sequences (data not shown). Collection of aoxB
sequences from other Hydrogenophaga isolates would help to
determine whether or not this conspicuous event is limited to
the Hydrogenophaga species. Interestingly, the aoxB gene is
plasmid carried in Thermus thermophilus HBS8 and is carried by
a genomic island in A. faecalis (38) and H. arsenicoxydans (27),
indicating that lateral transfer of the gene can occur. These
events have also been demonstrated for other functional genes
(12, 23), particularly for arsC, a gene involved in the As cycle
and in encoding the cytoplasmic As(V) reductase (18). Con-
sequently, AoxB sequences must be used with caution to infer
phylogenetic information about environmental As(III)-oxidiz-

ing bacteria. A greater collection of aoxB genes will undoubt-
edly increase confidence in the AoxB phylogeny.

AoxB diversity in environmental samples. Diversity surveys
of aoxB genes were conducted for evaluating the pertinence of
the newly developed assay to assess the composition of As(I1T)
oxidizers in the environment. Gene libraries were constructed
(TA cloning kit; Invitrogen, Carlsbad, CA) on (i) an As-con-
taminated industrial soil (T12R) obtained from a former cok-
ery (19), (ii) an enrichment of this soil under As(III)-oxidizing
chemoheterotrophic conditions, and (iii) an enrichment of this
soil under As(I1I)-oxidizing chemoautotrophic conditions. En-
richments were made from a 100-fold-diluted (wt/vol) T12R
soil suspension in CasO1 selective medium (2) containing 200
mg liter ! of As(III) and supplemented with 5 mM Na lactate,
5 mM acetate, and 0.2% yeast extract under heterotrophic
conditions; As(III) oxidation was measured as described by
Battaglia-Brunet et al. (2). DNA was extracted from 1 g of soil
and 50 ml of enrichment cultures using the MoBio UltraClean
soil extraction kit (MoBio, Solana Beach, CA).

Of the 133 clones screened by Rsal/Haelll restriction anal-
yses, 62 inserts were sequenced and finally grouped into 28
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FIG. 3. Neighbor-joining phylogenetic tree of bacterial AoxB sequences retrieved from environmental surveys. TI2RSOL, As-contaminated
soil T12R; T12ROA, an As(III)-oxidizing chemoautotrophic enrichment of soil T12R; T12ROH, an As(III)-oxidizing chemoheterotrophic
enrichment of soil T12R. Bacteria whose sequences were determined in this study are in bold. The Thermus thermophilus AoxB sequence was used
as the outgroup. Circles at the branch nodes represent bootstrap percentages for 100 replicates (10): large filled circles, 95 to 100%; small filled
circles, 75 to 95%; open circles, 50 to 75%. The scale bar corresponds to 10 mutations per 100 residues. All phylogenetic programs were

implemented in the TREECON package (41).

operational taxonomic units (OTU) based on a 90% sequence
identity. Only aoxB gene-related sequences were retrieved, and
such exclusive specificity for the target gene has the advantage
of reducing the stringency of annealing conditions, thus favor-
ing greater sensitivity. All the environmental AoxB sequences
contained the conserved residues predicted by Ellis et al. (9) as
being essential for As(III) oxidase activity in A. faecalis, sug-
gesting that these sequences produced functional enzymes.
The environmental AoxB sequences were affiliated with se-
quences from strains belonging to the Alphaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria, with high boot-
strap values (Fig. 3).

A large diversity (18 OTU) was detected from the soil T12R.
The library was dominated (58%) by Alphaproteobacteria-re-
lated sequences, among which 19% were related to a Bosea sp.
Five OTU formed separate branches of known Alphapro-

teobacteria sequences. Betaproteobacteria-related OTU (17%)
were mainly affiliated with an Acidovorax sp. Gammapro-
teobacteria-related OTU (25%) were mainly represented by
group 2 pseudomonads. Interestingly, incubation of this soil
under chemoheterotrophic As(III)-oxidizing conditions led to
a decrease in diversity with the selection of betaproteobacterial
Alcaligenes-related sequences (88%). Only 1 OTU showed a
close relationship to the Gammaproteobacteria group 2
pseudomonads. Remarkably, no alphaproteobacterium was
detected, although Alphaproteobacteria were dominant in the
soil. When this soil was incubated under chemoautotrophic
As(III)-oxidizing conditions, OTU related to sequences of the
autotrophic As(IIl)-oxidizing Thiomonas (55%) and Burkhold-
eria (17%), genera of the Betaproteobacteria, dominated the
library. The Alphaproteobacteria-related OTU represented
32% of the library (mainly an Ancylobacter sp.). To date, the
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majority of known As(III)-oxidizing strains belonging to Al-
phaproteobacteria are autotrophs, suggesting a predominance
of autotrophic metabolism among them (31). In contrast to the
As(IIT)-oxidizing chemoheterotrophic enrichment, neither
Gammaproteobacteria- nor Alcaligenes (Betaproteobacteria)-af-
filiated sequences were found. Our results underline the use-
fulness of functional molecular markers in diversity surveys for
directly detecting the functionality of an environment without
the need of cultivation.

The exclusive detection of environmental AoxB sequences
belonging to the phylum Proteobacteria is probably related to
the fact that we studied a mesophilic environment, which is
likely to contain a large majority of As(III) oxidizers from this
phylum. To date, all but two of the As(III)-oxidizing bacteria
isolated from mesophilic sites belong to the phylum Proteobac-
teria, and a recent study (16) has shown that 98% of aoxB-like
sequences retrieved from mesophilic As-contaminated soils
and sediments belong to the Proteobacteria. The only reports
on the ability of mesophilic gram-positive bacteria to perform
As(IIT) oxidation concerned Microbacterium lacticum (25) and
Bacillus arsenoxydans (14), with the general physiology of the
latter organism being similar to that of the betaproteobacte-
rium A. faecalis (29). As(IlI)-oxidizing bacteria belonging to
other phyla, such as Deinococcus-Thermus (13), Chloroflexi
(24), and Agquificae (8), have been isolated only from geother-
mic sites. It is also noteworthy that As(III)-oxidizing Proteobac-
teria are able to colonize geothermic sites (17, 35).

Our study has demonstrated that the aoxB gene has the
major features of a molecular marker. (i) The aoxB gene has
been found in all the aerobic As(III)-oxidizing bacteria tested
so far. (ii) Conserved regions across this gene have enabled the
design of valuable primers. (iii) The studied region is suffi-
ciently large to obtain genetic variation, allowing the discrim-
ination of phylogenetic groups. These data are encouraging for
the further use of the aoxB gene as a functional marker specific
to aerobic As(III) oxidizers in environmental diversity surveys.
Future work will focus on evaluating the link between As
speciation and concentration, and aoxB gene diversity and
abundance, in the environment.

Nucleotide sequence accession numbers. The aoxB se-
quences have been deposited in the GenBank database un-
der accession no. EU304260 to EU304278, EU304293 to
EU304310, and EU304313 to EU304321, and the 16S rRNA
gene sequences have been deposited under accession no.
EU304279 to EU304292.
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