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A comparative analysis of the genomes of four dissimilatory (per)chlorate-reducing bacteria has revealed a
genomic island associated with perchlorate reduction. In addition to the characterized metabolic genes for
perchlorate reductase and chlorite dismutase, the island contains multiple conserved uncharacterized genes
possibly involved in electron transport and regulation.

Perchlorate is a stable, soluble, and toxic anion that is de-
posited in the environment by both natural and anthropogenic
means (18). It represents a potential health risk to humans, as
it accumulates in food sources (17, 24), where it can interfere
with thyroid function upon ingestion (20). As a result of its
persistence in the environment, certain bacteria have evolved a
mechanism to reduce perchlorate and chlorate [collectively
(per)chlorate] that is coupled to energy metabolism (8). The
two key enzymes in the perchlorate reduction pathway are
perchlorate reductase and chlorite dismutase, which are en-
coded by the pcrABCD and cld genes, respectively (3, 4, 8, 27).

The first (per)chlorate-reducing organism whose genome
was sequenced was Dechloromonas aromatica strain RCB (9).
Recently, we have acquired draft genome sequences for sev-
eral other perchlorate reducers, including Azospira suillum
strain PS (2), Magnetospirillum bellicus strain VDYT (26), and
Dechloromonas agitata strain CKB (2, 6) (DOE Joint Genome
Institute and Eureka Genomics). Additionally, the only known
non-(per)chlorate-reducing member of the Dechloromonas ge-
nus, Dechloromonas sp. strain JJ (9), was also sequenced as
part of this study (Eureka Genomics).

The genera Dechloromonas and Azospira are both located
within the Rhodocyclaceae family of the Betaproteobacteria,
from which perchlorate-reducing organisms are frequently iso-
lated (10). In contrast, M. bellicus strain VDYT is a member of
the Alphaproteobacteria and shares 96% 16S rRNA gene se-
quence identity with the magnetotactic species Magnetospiril-
lum magnetotacticum and Magnetospirillum gryphiswaldense,
despite its apparent inability to form magnetosomes (26)
(Fig. 1).

In our initial analysis of the A. suillum genome, we identified
11 genes adjacent to the genes encoding both perchlorate re-
ductase and chlorite dismutase that were also present in
D. aromatica, which was unsurprising, given their close phylo-
genetic relationship (Fig. 1). To examine the complete extent
of the synteny surrounding pcr and cld across all four perchlo-
rate reducers, we used a simple protein similarity search (phm-

mer) (12) by querying the translations of the genes surround-
ing pcrA from D. aromatica against a database of 1,109 curated
and finished genomes from HAMAP (21), in addition to the
draft genomes of A. suillum, M. bellicus, D. agitata, and De-
chloromonas strain JJ. We found 17 pairs of similar genes with
conserved synteny between A. suillum and D. aromatica, in
addition to subsets of these genes in D. agitata (10 genes) and
M. bellicus (12 genes) (Fig. 2). While in most cases the best-
scoring hits from the D. aromatica queries were from the other
(per)chlorate reducers, there were a few aberrant instances.
For example, the gene encoding the molybdopterin biosynthe-
sis protein A (moaA) homolog in M. bellicus had only a mod-
erate degree of similarity to the closely related moaA genes of
D. aromatica, A. suillum, and D. agitata, despite its similar
genomic location (Fig. 2). Dechloromonas strain JJ did not
have high-scoring hits to most of the 17 genes shared by A.
suillum and D. aromatica, despite its close phylogenetic affili-
ation, and any homologs were noncontiguous, suggesting that
there is no comparable genomic region in that organism.

While it has been proposed that cld has a phylogenetic
history indicative of lateral gene transfer (5), the nature and
extent of such a transfer event were unknown. However, the
conservation of 10 or more genes among four (per)chlorate
reducers leads us to propose that this 10- to 25-kb region
constitutes the core of a horizontally transferred (per)chlorate
reduction-associated genomic island (PRI).

We justify the definition of this region as a genomic island on
the basis of the criteria presented by Juhas et al., some of which
we will summarize here (16). Like the GC content of most
genomic islands, that of the PRI core is different from the
background GC content of the surrounding chromosome (Ta-
ble 1). Additionally, the region that we have delineated as the
PRI core in D. aromatica was identified as a genomic island by
the Web-based IslandViewer software, which integrates mul-
tiple methods for identifying genomic islands (19). While we
have not identified any flanking direct repeats indicative of
site-specific integration or homologous recombination, there is
a Pro tRNA gene within 3 kb of the PRI in A. suillum and 35
kb of the PRI core in D. aromatica. This was previously iden-
tified as a chromosomal integration site for a phage of Rhizo-
bium meliloti (25). In the genome of M. bellicus, there is no Pro
tRNA in the vicinity of the PRI core, but a Glu tRNA is
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located 7 kb upstream of the moaA gene of the PRI. In the
�30-kb region downstream of the histidine kinase of the PRI
in M. bellicus, there are two genes from the XerCD site-specific
recombinase family, in addition to a restriction endonuclease/

restriction site modification operon. The core of the PRI of
D. agitata is located on a relatively small contig (19 kb), but
we were still able to identify a transposase 2 kb away from
the PRI core which was not homologous to any gene from

FIG. 1. Phylogenetic distribution of genomes of perchlorate reducers. This tree is the result of multilocus sequence analysis using a concate-
nated alignment of nine conserved housekeeping proteins (AtpD, DnaA, DnaK, FtsZ, GyrB, RecA, RpoB, SecA, and Srp54). The parameters for
this alignment were optimized using ProtTest, and the tree was calculated with bootstrap values by phyml (1, 14). The names of perchlorate
reducers are identified by a gray background.

FIG. 2. Structure of the conserved “core” of the PRI. The conserved genes from four examples of the PRI are shown here, using the conserved
pcrABCD operon structure to generally align the four islands. Each gene is identified by either its given name or an abbreviation/acronym for the
predicted function of the gene product. The white numbers represent amino acid similarity to the homologous genes in the D. aromatica PRI.
pcrABCD are components/accessory genes of perchlorate reductase, cld is chlorite dismutase, and moaA is a part of the molybdenum cofactor
biosynthesis pathway. QDH denotes a gene predicted to encode a membrane-associated tetraheme c-type cytochrome with quinol dehydrogenase
activity, while DHC denotes a diheme c-type cytochrome. HK, RR, and PAS represent the histidine kinase, response regulator, and PAS domain
sensor of a putative two-component system, while S/AS is a predicted sigma factor/anti-sigma factor system. OR? indicates genes annotated as
various types of oxidoreductase components, but the substrate and function of their gene products within the context of perchlorate reduction are
unknown. FNR/RpoN represents a conserved promoter for pcrA that contains consensus binding sites for FNR and RpoN.
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the PRIs of the other three genomes. In the �35-kb region
between the PRI core and the Pro tRNA in D. aromatica,
there are homologs of the F plasmid conjugative transfer
genes traIDLEBVFWUNH (15). None of these gene families
are present in the PRI of A. suillum, but there are multiple
genes in its flanking regions annotated as “phage associ-
ated.” This genomic evidence suggests that the PRI may have
been historically mobilized by conjugation, transformation,
and transduction with subsequent integration into host chro-
mosomes via a variety of mechanisms. The fact that there is
such heterogeneity among the non-core PRI genes of the four
isolates, including three closely related strains from the family
Rhodocyclaceae, suggests that mobile elements containing the
PRI core genes are extremely diverse and we have sampled
only a fraction of that genetic diversity. It is worth noting that
we have never observed a spontaneous mutant incapable of
(per)chlorate reduction, unlike in other organisms, where
genomic island integration and excision can be directly ob-
served (11, 13). As a result, the exact boundaries delineating
the PRI from the host chromosome may be ambiguous, par-
ticularly if there has been fixation of the PRI via erosion of
site-specific excision loci or loss of a flanking direct repeat
following a homologous recombination event.

The conservation of PRI genes outside of pcrABCD and cld
suggests that there are additional regulatory and metabolic
mechanisms involved in (per)chlorate reduction that are un-
described. The presence of the molybdenum cofactor biosyn-
thesis protein homolog moaA is unsurprising, as perchlorate
reduction is dependent on molybdenum, presumably due to
the use of molybdopterin as a cofactor of PcrA (3, 7). Addi-

tionally, there are three distinct families of c-type cytochromes
in the PRI, none of which have an experimentally validated
function but which we predict are involved in electron trans-
port to perchlorate.

Furthermore, there are two separate modules in the PRI
that are predicted to regulate the transcription of (per)chlorate
metabolism genes, including pcrABCD and cld. These two
modules consist of a putative � factor/anti-� factor pair and a
two-component system. The two-component system is of par-
ticular interest, as the response regulator contains a �54 inter-
action/activation domain and we have identified a promoter
upstream of pcrA in A. suillum and D. agitata with binding sites
for the �54 factor RpoN and the regulator of anaerobic me-
tabolism FNR (23).

All perchlorate-reducing organisms utilize oxygen as an elec-
tron acceptor, and all but one (D. agitata) can sustain growth
via denitrification. Both of these electron acceptors are pre-
ferred to perchlorate by model perchlorate reducers. Because
�54-interacting response regulators generally act as transcrip-
tional activators, we propose that the two-component system is
active in the absence of nitrate and FNR is activated anaero-
bically. When both of these systems are active, transcription of
pcrABCD would be induced. The absence of this regulatory
system in D. agitata supports such a hypothesis, as this organ-
ism is unable to denitrify and would not need to repress the
transcription of pcrABCD when nitrate is available.

This is the first identification of conserved gene families
linked with the perchlorate reductase and chlorite dismutase
genes in (per)chlorate-reducing organisms. The architecture of
the PRI and surrounding chromosomal regions suggests that

TABLE 1. Characteristics of the PRI from the four sequenced perchlorate reducers

Parameter Dechloromonas
aromatica RCB Azospira suillum PS Dechloromonas

agitata CKB
Magnetospirillum

bellicus VDY

Genome status (no. of contigs) Finished Draft (22) Draft (120) Draft (324)

Taxonomy
Class Betaproteobacteria Betaproteobacteria Betaproteobacteria Alphaproteobacteria
Order Rhodocyclales Rhodocyclales Rhodocyclales Rhodospirillales
Family Rhodocyclaceae Rhodocyclaceae Rhodocyclaceae Rhodospirillaceae

Genome size (Mb) 4.5 3.8 4.0 8.4
No. of predicted protein-coding

genes
4,171 3,454 3,957 8,040

Size of PRI core (kb) 19.1 19.5 10.3 17.6

GC content (%) of:
Chromosome 59.2 65.3 62.9 61.5
PRI core 50.9 51.2 43.4 63.2

Chlorite dismutase (cld) Yes Yes Yes Yes
Perchlorate reductase

(pcrABCD)
Yes Yes Yes Yes (pcrABD duplicated)

Mo cofactor biosynthesis gene
(moaA)

Yes Yes Yes Yes

Two-component system Yes Yes No Yes (missing PAS domain
protein)

Putative sigma factor/anti-sigma
factor pair

Yes Yes Yes No

Unknown oxidoreductases Yes Yes No Yes (unrelated to RCB/
PS genes)

Unknown c-type cytochromes Yes Yes Yes Yes
FNR/RpoN pcrA promoter Yes Yes No No
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these genes have been cotransferred and are completely absent
in investigated organisms closely related to (per)chlorate re-
ducers (e.g., Dechloromonas strain JJ and M. magnetotacti-
cum). These findings imply that the PRI represents a modular
metabolism in that it packages necessary regulatory elements
with metabolic genes in order to facilitate the integration of
the horizontally transferred PRI into the host metabolism. To
the best of our knowledge, this represents only the second
example of a genomic island that encodes a respiratory process
in addition to the recently identified genomic island involved in
organohalide reduction (22). However, the PRI is the first
respiratory genomic island known that crosses phylogenetic
boundaries (class, order, and family), as the organohalide
genomic island has been observed only in the genus Dehalo-
coccoides.

Funding of (per)chlorate metabolism research in the laboratory of
J.D.C. has been provided through the Energy Biosciences Institute,
University of California, Berkeley.

REFERENCES

1. Abascal, F., R. Zardoya, and D. Posada. 2005. ProtTest: selection of best-fit
models of protein evolution. Bioinformatics 21:2104–2105.

2. Achenbach, L., U. Michaelidou, R. Bruce, J. Fryman, and J. Coates. 2001.
Dechloromonas agitata gen. nov., sp. nov. and Dechlorosoma suillum gen.
nov., sp. nov., two novel environmentally dominant (per)chlorate-reducing
bacteria and their phylogenetic position. Int. J. Syst. Evol. Microbiol. 51:
527–533.

3. Bender, K., et al. 2005. Identification, characterization, and classification of
genes encoding perchlorate reductase. J. Bacteriol. 187:5090–5096.

4. Bender, K. S., S. M. O’Connor, R. Chakraborty, J. D. Coates, and L. A.
Achenbach. 2002. Sequencing and transcriptional analysis of the chlorite
dismutase gene of Dechloromonas agitata and its use as a metabolic probe.
Appl. Environ. Microbiol. 68:4820–4826.

5. Bender, K. S., M. R. Rice, W. H. Fugate, J. D. Coates, and L. A. Achenbach.
2004. Metabolic primers for detection of (per)chlorate-reducing bacteria in
the environment and phylogenetic analysis of cld gene sequences. Appl.
Environ. Microbiol. 70:5651–5658.

6. Bruce, R. A., L. A. Achenbach, and J. D. Coates. 1999. Reduction of
(per)chlorate by a novel organism isolated from paper mill waste. Envi-
ron. Microbiol. 1:319–329.

7. Chaudhuri, S. K., S. M. O’Connor, R. L. Gustavson, L. A. Achenbach, and
J. D. Coates. 2002. Environmental factors that control microbial perchlorate
reduction. Appl. Environ. Microbiol. 68:4425–4430.

8. Coates, J., and L. Achenbach. 2004. Microbial perchlorate reduction: rocket-
fueled metabolism. Nat. Rev. Microbiol. 2:569–580.

9. Coates, J. D., et al. 2001. Anaerobic benzene oxidation coupled to nitrate
reduction in pure culture by two strains of Dechloromonas. Nature 411:1039–
1043.

10. Coates, J. D., et al. 1999. Ubiquity and diversity of dissimilatory (per)chlo-
rate-reducing bacteria. Appl. Environ. Microbiol. 65:5234–5241.

11. Domínguez, N. M., K. T. Hackett, and J. P. Dillard. 2011. XerCD-mediated
site-specific recombination leads to loss of the 57-kilobase gonococcal ge-
netic island. J. Bacteriol. 193:377–388.

12. Eddy, S. 1998. Profile hidden Markov models. Bioinformatics 14:755–763.
13. Fukuda, Y., Y. Okamura, H. Takeyama, and T. Matsunaga. 2006. Dynamic

analysis of a genomic island in Magnetospirillum sp. strain AMB-1 reveals
how magnetosome synthesis developed. FEBS Lett. 580:801–812.

14. Guindon, S., and O. Gascuel. 2003. A simple, fast, and accurate algorithm to
estimate large phylogenies by maximum likelihood. Syst. Biol. 52:696–704.

15. Ippen-Ihler, K. A., and E. G. Minkley. 1986. The conjugation system of F, the
fertility factor of Escherichia coli. Annu. Rev. Genet. 20:593–624.

16. Juhas, M., et al. 2009. Genomic islands: tools of bacterial horizontal gene
transfer and evolution. FEMS Microbiol. Rev. 33:376–393.

17. Kirk, A. B., et al. 2005. Perchlorate and iodide in dairy and breast milk.
Environ. Sci. Technol. 39:2011–2017.

18. Kounaves, S. P., et al. 2010. Discovery of natural perchlorate in the Antarctic
dry valleys and its global implications. Environ. Sci. Technol. 44:2360–2364.

19. Langille, M. G. I., and F. S. L. Brinkman. 2009. IslandViewer: an integrated
interface for computational identification and visualization of genomic is-
lands. Bioinformatics 25:664–665.

20. Lawrence, J. E., S. H. Lamm, S. Pino, K. Richman, and L. E. Braverman.
2000. The effect of short-term low-dose perchlorate on various aspects of
thyroid function. Thyroid 10:659–663.

21. Lima, T., et al. 2009. HAMAP: a database of completely sequenced micro-
bial proteome sets and manually curated microbial protein families in
UniProtKB/Swiss-Prot. Nucleic Acids Res. 37:D471–D478.

22. McMurdie, P. J., L. A. Hug, E. A. Edwards, S. Holmes, and A. M. Spormann.
2011. Site-specific mobilization of vinyl chloride respiration islands by a
mechanism common in Dehalococcoides. BMC Genomics 12:287.

23. Münch, R., et al. 2005. Virtual Footprint and PRODORIC: an integrative
framework for regulon prediction in prokaryotes. Bioinformatics 21:4187–
4189.

24. Sanchez, C. A., K. S. Crump, R. I. Krieger, N. R. Khandaker, and J. P.
Gibbs. 2005. Perchlorate and nitrate in leafy vegetables of North America.
Environ. Sci. Technol. 39:9391–9397.
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