Geomicrobiology Journal, 26:522–536, 2009
Copyright © Taylor & Francis Group, LLC
ISSN: 0149-0451 print / 1521-0529 online
DOI: 10.1080/01490450903102525

Arsenic in the Evolution of Earth and Extraterrestrial
Ecosystems
Ronald S. Oremland,1 Chad W. Saltikov,2 Felisa Wolfe-Simon,3 and John F. Stolz4
1

U.S. Geological Survey, Menlo Park, CA 94025, USA
Department of Environmental Toxicology, University of California, Santa Cruz, CA 95064, USA
3
Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, USA
4
Department of Biological Sciences, Duquesne University, Pittsburgh, PA 15282, USA

Downloaded By: [Harvard University] At: 18:01 17 September 2009

2

If you were asked to speculate about the form extra-terrestrial
life on Mars might take, which geomicrobial phenomenon might
you select as a model system, assuming that life on Mars would
be ‘primitive’? Give your reasons.

At the end of my senior year at Rensselaer Polytechnic Institute in 1968, I took Professor Ehrlich’s ﬁnal for his Geomicrobiology course. The above question beckoned to me like the Sirens
to Odysseus, for if I answered, it would take so much time and
thought that I would never get around to the exam’s other essay
questions and consequently, would be “shipwrecked” by ﬂunking
the course. So, I passed it up. With this 41-year perspective in mind,
this manuscript is now submitted to Professor Ehrlich for (belated)
“extra-credit.” R.S. Oremland
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THE BIOGEOCHEMISTRY OF ARSENIC
Arsenic ranks as only the 20th abundant element in the
Earth’s present-day crust (0.0005%).When taken together with
its notoriety as a toxin, its relative sparseness makes it an improbable element to focus upon when considering the pattern
of microbial evolution on the early Earth, or in the context of
microbial life’s occurrence elsewhere in our Solar System. Yet
arsenic is, paradoxically, an element that supports diverse microbial life, can accumulate to high concentrations in selected
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environments, and preliminary evidence suggests that it may
have been of importance as an early means of energy generation
on the primordial Earth. Indeed, it was probably more abundant
on the early Earth’s surface than it is today because the original accretion material (probably in the form of phosphorus-rich
meteorites; e.g., Olsen et al. 1999; Hamaguchi et al. 1969) also
contained up to 0.1% arsenic. Estimates of the Earth’s current crustal composition point to a general global depletion of
volatile elements from its early crust (Kargel and Lewis 1993).
After the early accretionary phase of the Earth as it cooled and
geologically differentiated, sulfur and chalcophilic elements like
As were signiﬁcantly enriched within its interior (core and mantle), relative to its crust because of the sinking of these denser
metal(loid)-sulﬁdes. Arsenic is brought back to the Earth’s surface from the interior by volcanism, a phenomenon that “distills”
upwards the ore bodies of precious metals as well (Cabral et al.
2007; Witt-Eickschen et al. 2009). Hence, at the beginning of
the Archean (∼3.8 Ga), it is likely that considerably more arsenic occurred on the surface of our home orb than does today,
thereby posing a biochemical challenge (and opportunity) for
the early emergent life.
Arsenic exists in nature in 4 oxidation states, As(-III) (arsine),
As(0) (native or elemental arsenic), As(III) and As(V). The ﬁrst
two forms are relatively rare and although arsines in particular
are of great interest, they are not the focus of this discussion.
The latter are represented by the oxyanions arsenite [HAsOs2−
] and arsenate [HAsO4 2− ], respectively, which we will annotate
simply as As(III) and As(V). The As(V)/As(III) couple has a
potential of + 130 mV making it a much stronger oxidant than
sulfate (sulfate/sulﬁde = −220 mV) but considerably less so
−
than nitrate (NO−
3 /NO2 = + 440 mV) or oxygen (O2 /H2 O = +
818 mV). Arsenite has greater hydrologic mobility and toxicity
than As(V). Arsenate also tends to adsorb to more mineral surfaces than As(III), thereby making it less mobile than As(III) in
ﬂuvial environments like subsurface aquifers.
As a Group 15 element, arsenic is an analog of phosphorous
(and nitrogen) and As(V) is consequently a potent inhibitor
of oxidative phosphorylation. Arsenite binds with sulfhydryl
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groups (as well as with free sulﬁde ions), and thereby inactivates
a number of key enzymes, including some involved in aerobic
respiration. These toxic properties became known to humans
a few millennia ago as a consequence of the general knowledge gained from the smelting of metal ores, which also yielded
arsenic trioxide as a by-product (Azcue and Nriagu 1994). It
also led to the employment of this form of arsenic as an acute,
undetectable poison administered by people with the nefarious
intentions of murdering their chosen victims (Emsley 2005).
Details on the biogeochemical, pharmacological, toxicological,
and environmental behavior of arsenic can be found in a number of relatively recent reviews (e.g., Stolz et al. 2006; Silver
and Phung 2005; Oremland et al. 2004; Oremland and Stolz
2003; Smedley and Kinniburgh 2002; Mukhopadhyay et al.
2002; Pott et al. 2001; Thomas et al. 2001; Stolz and Oremland
1999). Severe health issues (i.e., arsenicosis) eventually leading to liver disease, cardiovascular stress, cancers and death are
associated with the prolonged habitual ingestion of sub-acute
levels of arsenic in drinking water. This literally affects millions of people around the globe, but is especially pronounced
in the deltaic regions of south Asia (e.g., Bangladesh; West
Bengal) and surrounding regions (e.g., Taiwan, Cambodia). It is
a continued focus of several intensive interdisciplinary hydrologic/biogeochemical investigations (e.g., Harvey et al. 2002;
Islam et al. 2004; Polizzotto et al. 2008) especially since arsenic
can also cause embarrassing intimate situations by promoting
impotence (Hsieh et al. 2008).
While naturally-occurring arsenic found in aquifers can have
deleterious impacts on human health, these concentrations are
comparatively low (10 µM) and are constrained by the strong
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adsorptive behavior of As(III) and As(V) onto solid mineral
phases of much more abundant elements like Al, Fe, and Mn.
Hydrothermal ﬂuids, however, are generally rich in arsenic as
they can leach this element out of the mineralized, solid phase
deposits. A number of biogeochemical investigations conducted
in the chemically-diverse thermal environments of Yellowstone
National Park have focused on arsenic (e.g., Planer-Friedrich
et al. 2006, 2007), especially from the perspective of microbial
arsenite oxidation in acidic springs (Langner et al. 2001; Jackson
et al. 2001; Donahoe-Christiansen et al. 2004; D’Imperio et al.
2007; Clingenpeel et al. 2009). When As-rich hydrothermal
ﬂuids drain into closed basin lakes located in arid regions, an
evapo-concentrative effect occurs with time. If these lakes are
also alkaline (“soda lakes”) the high carbonate content and pH
conspire to keep reduced forms of As(III), such as thioarsenites,
in solution from which they would normally precipitate out
as solids (e.g., realgar or orpiment) in pH neutral or acidic
systems (Newman et al. 1997; Senn and Hemond 2002). Several
such arsenic-rich soda lakes occur in the western USA in the
Great Basin and Mohave Desert (Fig. 1). Two in particular,
Mono Lake and Searles Lake, are hypersaline, alkaline, and
have extraordinarily high arsenic concentrations and research
conducted therein will be the focus of this discussion.
With further evaporation these can form playas, like those
that occur in the Andean regions of Chile, wherein reductive
microbial reactions in the precipitation of arsenic sulﬁde minerals have been noted (Demergasso et al. 2007).
A number of seminal discoveries concerning the resident
bacteria and their contributions to arsenic biogeochemistry have
been made in these soda lake ecosystems (partly reviewed by

FIG. 1. Arsenic concentrations, pH, and salinity of several lakes located in the western USA, including three soda lakes. For comparison, the current minimum
concentration limits (MCL) for arsenic in drinking water is ∼ 0.13 µM. Figure adapted from Oremland et al. (2004).
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Oremland et al. 2004). Notably, As(V)-respiration in the anoxic
water of Mono Lake column can mineralize up to 14% of annual primary productivity (Oremland et al. 2000; Hollibaugh
et al. 2005). Chemo-autotrophic anaerobes capable of recycling
arsenic by As(III) oxidation linked to nitrate were discovered
in the water column, one of which was isolated (Hoeft et al.
2002; Oremland et al. 2002), named (Alkalilimnicola ehrlichii)
and characterized. The latter included the sequencing and annotation of its genome (Hoeft et al. 2007). Chemoautotrophic
As(V)-reducers that use sulﬁde as their electron donor were also
discovered in the lake and described as well (Hoeft et al. 2004;
Hollibaugh et al. 2006).
These ﬁnds came after the description of two heterotrophic
anaerobes, Bacillus selenitireducens and Bacillus arseniciselenatis were isolated from Mono Lake sediments and shown to be
capable of achieving growth via dissimilatory As(V) reduction
(Switzer Blum et al. 1998). A fully operative arsenic redox cycle was detected in the extreme environment of Searles Lake,
including the isolation of strain SLAS-1 (Halarsenatibacter silvermanii) that grew and respired As(V) at salt saturation either
as a heterotroph (lactate e-donor) or chemoautotroph (sulﬁde
e-donor) (Oremland et al. 2005; Switzer Blum et al. 2009).
Two reports that compared microbial activities and the As(V)reducing communities by ampliﬁcation of 16S rRNA and the
arrA gene sequences between Mono and Searles Lake were published by Kulp et al. 2006, 2007. Notably, while As(V) reduction
was obvious in Searles Lake sediments, sulfate-reduction could
not be detected owing in part to the high salinity but also the
high borate content of this system.
THE MICROBIOLOGY OF ARSENIC
Diverse microorganisms have the capacity for As-resistance
which allows them to function in environments that are rich
in arsenic. This can be achieved either by oxidizing uncharged
As(III) ions to As(V) on the cell surface so as to preclude their
passive uptake by aquaglycerol porins, or in the case of cytoplasmic accumulations of As(V), its reduction to As(III) via the
ArsC system to facilitate export out of the cell in a reaction
that consumes ATP. Many papers and reviews have been written
on these phenomena, see Bhattacharjee and Rosen (2007) for
a recent comprehensive update. Although bacterial As(III) oxidation had been known for decades (Green 1918; Turner 1954;
Osborne and Ehrlich 1976; Philips and Taylor 1976) a chemoautotrophic link of this process was ﬁrst reported for Pseudomonas
arsenitoxidans (Ilyaetdinov and Abdrashitova 1981), a strain
that was eventually lost.
Santini et al. (2000) re-established credibility for this phenomenon with their isolation of strain NT-26, an aerobic Alphaproteobacterium, from an Australian gold mine. On the
anaerobic side, As(V) was ﬁrst reported to serve as an electron acceptor by supporting the anaerobic, heterotrophic growth
of strain MIT-13 (Ahmann et al. 1994) and was subsequently
shown to do this as well for strain SES-3 (Laverman et al.
1995). These two strains are closely related Epsilonproteobac-

teria, being formally named Sulfurospirillum arsenophilus and
Sulfurospirillum barnesii (Stolz et al. 1999). In the years since
1994, many novel species of both chemoautotrophic arsenite
oxidizing prokaryotes (“CAOs”) and dissimilatory arsenate reducing prokaryotes (“DARPs”) have been described (Fig. 2).
Currently there are well over 20 bacterial species of described
DARPs, mostly consisting of anaerobic heterotrophs that can use
either simple (i.e., acetate) or complex (i.e., aromatics; Liu et al.
2004) organic electron donors to respire As(V). With one notable
exception (strain MLMS-1; Hoeft et al. 2004), all strains are
facultative As(V)-respirers, being able to use other substances
like nitrate, fumarate, sulfate, and other inorganic/organic substances as their electron acceptors (depending upon the particular species) as alternatives to As(V). Strain MLMS-1 is thus far
the only known obligate As(V) respirer, and is also an obligate
chemoautotroph that oxidizes sulﬁde to sulfate with reduction
of As(V) to As(III) in a 1:4 ratio (Hoeft et al. 2004). Hydrogen
has also been reported to sustain the chemoautotrophic growth
of DARPs, including strain Y5 (Liu et al. 2004) and two species
of hyperthermophilic Crenarchaea (Huber et al. 2000), which
currently are the only representative DARPs from the Domain
Archaea.
This > 20:1 disparity between Bacteria vs. Archaea with
demonstrable phenotypic ability to respire As(V) served as the
impetus to explore the arsenic cycle in Searles Lake (Fig. 1) with
the goal in mind of isolating an extremely halophilic Archaeon
that harbored a capacity to respire As(V). Instead, strain SLAS1 was recovered (Oremland et al. 2005), being the ﬁrst example
of a true extremophile from the bacterial domain that grows
via dissimilatory As(V)-reduction. Strain SLAS-1 (Halarsenatibacter silvermanii) can grow either as a heterotroph (lactate
e-donor) or as a chemoautotroph (sulﬁde as e-donor) (Switzer
Blum et al. 2008).
In contrast to the wide phylogenetic diversity of the DARPs,
CAOs appear to be conﬁned mostly to the Alphaproteobacteria,
with the notable examples of A. ehrlichii in the Gammaproteobacteria (Fig. 2) and the CAOs from the Betaproteobacteria (Rhine et al. 2006; Garcia-Dominguez et al. 2008). This
comparatively constrained taxonomic distribution could also be
explained as an artifact of a dearth of investigators pursuing
classical microbiological isolations of new species, as opposed
to perhaps the lure of using modern molecular techniques for
ampliﬁcation of arsenite oxidase genes from natural populations
(e.g., Inskeep et al. 2007, Rhine et al. 2007). An increased effort
towards isolations would likely broaden the 16S rRNA-gene
sequenced based taxonomic distribution of aerobic CAOs.
Indeed, A. ehrlichii is a facultative anaerobe that only
oxidizes As(III) when respiring nitrate which it reduces to
nitrite (Hoeft et al. 2007). Two other chemoautotrophic As
(III)-oxidizing, nitrate-respiring bacteria (in these cases full
denitriﬁers) have been isolated, Azoarcus sp. DAO1 (Betaproteobacterium) and Sinorhizobium sp. DAO10 (Alphaproteobacterium) (Rhine et al. 2006) that indicate a wider current phylogenetic diversity for anaerobic CAOs than is illustrated in Fig. 2.

Downloaded By: [Harvard University] At: 18:01 17 September 2009

EVOLUTION OF EARTH ECOSYSTEMS AND ARSENIC

525

FIG. 2. Phylogenetic diversity of DARPs (blue dots) and CAOs (red squares), and heterotrophic arsenite oxidizers (gold triangles; not complete) as compiled
by Oremland and Stolz (2003). Since that time several new species of DARPs (and CAOs) have been described including a very adorable, Alkaliphilus oremlandii
(Fisher et al. 2008).

Indeed, the detection of As(III)-linked denitriﬁcation activity
in diverse anoxic sludge and sediment samples suggests it is a
common phenomenon, that with further investigation may yield
new species from other taxonomic clades than those already
described (Sun et al. 2008).
The greater phylogenetic diversity of DARPs, however, as
opposed to CAOs for example (Fig. 2), can be explained by two
competing theories: 1) respiratory reduction of As(V) is a geologically “recent” phenomenon associated with an oxygenated
atmosphere [to cycle As(III) to As(V)] and hence a high degree of interspecies promiscuity (i.e., lateral gene transfer of the
arrAB operon); this explanation is favored by Duval et al. (2008)
based on their “in silico” analyses of annotated genomes; or 2)
As(V)-reduction is an “ancient” microbial process that arose on
the primordial Earth (e.g., during the Archean period, 3.8–2.5
Ga) and has radiated outwards over the prokaryotes over the past
few billion years (through both vertical gene transfer and divergent evolution). However, if the primordial Earth was arsenicrich but also anoxic, we have a paradox as As(III) would have
been the form of this element rather than As(V). Oxidation of
As(III) to As(V) by CAOs requires the presence of either molecular oxygen or nitrate as electron acceptors, oxidizing agents that
would also have been rare in the reducing primordial milieu.

It is not clear when “signiﬁcant” oxygen levels (e.g., ≥ 1%)
ﬁrst appeared in the Earth’s atmosphere. Recent stable isotopic
data from ancient shale suggest that a complete nitrogen cycle,
including O2 -linked nitriﬁcation, was fully operative at ∼2.5 Ga
under otherwise ambient sub-oxic conditions (Garvin et al.,
2009).
Hence, localized evolution of oxygen from photosynthetic microbes would have opened niches for aerobic
chemolithotrophic microbes well prior to the appearance of
an oxygen-containing atmosphere. However, mounting physiological and biochemical evidence suggests that arsenic biochemistry may indeed be ancestral beyond the geochemical
evidence related to the N-cycle. A recent investigation of Hydrogenobaculum Aox genes suggests a deep ancestry within
the Proteobacteria (Clingenpell et al. 2009). Curiously, arsenite oxidase (AoxBA) has been proposed to be an “ancient”
enzyme that preceded the divergence between the Bacterial
and Archaeal domains (Lebrun et al. 2003). It should be
noted, however, that molecular “biochronometers” like these
two examples provide only relative conceptual frameworks
but not actual temporal assignments in Earth’s distant past.
We will address this paradox in a subsequent section, but
the basic controversy has resulted in a succinct exchange of
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FIG. 3. The arsenite oxidase and arsenate reductase of prokaryotes. TAT stands for a twin argenine transporter for translocation from the cytoplasm to the
membrane/periplasm. Adapted from Silver and Phung (2005) with permission.

viewpoints (Schoepp-Cothenet et al. 2009; Oremland et al.
2009).

THE BIOCHEMISTRY AND MOLECULAR ECOLOGY
OF ARSENIC
We collectively refer to prokaryotes that gain energy for
growth by using either As(III) as an autotrophic electron donor
or As(V) as a respiratory electron acceptor as “arsenotrophs.”
The primary enzymes involved in arsenotrophy are As(III) oxidase (Aox) and As(V) reductase (Arr). Both are members of
the larger DMSO reductase family of Mo-containing enzymes
(McEwan et al. 2002) but have signiﬁcant differences (Fig. 3;
Silver and Phung 2005). Both of these proteins are heterodimers
but maintain (similar) metal content cores: the small subunit
in Arr (ArrB) contains at least three, possibly four, [4Fe-4S]
clusters, whereas the small subunit of Aox (AoxA) contains a
Rieske-type [2Fe-2S] cluster.
The catalytic pocket of each large subunit is comprised of
unique, but highly conserved, amino acids (SHSSICAEAE in
ArrA, IHNRPAYNSE in AoxB) with a cysteine residue predicted to coordinate to the molybdenum in ArrA, and a noncoordinating alanine in AoxB (Stolz et al. 2006). Both are associated with the cell envelope (periplasm or membrane), however
the leader sequence with the diagnostic twin arginine (TAT) motif, is found on the catalytic subunit of Arr (ArrA) but on the
small subunit of Aox (AoxB)(Fig. 3). Lastly, until recently, they

were believed to be unidirectional with Aox as a donor complex and Arr as an acceptor complex (Silver and Phung 2005).
The arsenite oxidase of aerobic arsenotrophs is reasonably
well-conserved amongst several species, and responds well to
ampliﬁcation with degenerate primers (Quéméneur et al. 2008).
The As(III) oxidases of resistant and chemoautotrophic As(III)
oxidizers are in essence, of the same genre protein, the fundamental difference being that one links to energy conservation while the other does not (Santini and vanden Hoven 2004;
vanden Hoven and Santini 2004). In contrast, the cytoplasmic
lower molecular weight As(V)-reductase (“ArsC”: Mukhopadhyay and Rosen 2002) of arsenic-resistant microbes bears no
resemblance to the respiratory As(V) reductase (Saltikov and
Newman 2003; Silver and Phung, 2005). Rather they bear strong
resemblance to tyrosine phosphatase families as explored next.
Nonetheless, arsenate-respiring bacteria also have the necessary ArsC-based detoxiﬁcation mechanism that allows then
to grow in the presence of high As(V) concentrations (Saltikov
et al. 2005). The diversity of ArrA proteins amongst As(V)respiring arsenotrophs is high (Fig. 4). Furthermore, immunological tests using antibodies developed against the ArrA of B.
selenitireducens also reacted with B. arseniciselenatis, Alkaliphlus oremlandii, and Bacillus macyae, but not with any of
three Sulfurospirillum species tested, strain MLMS-1, or strain
SLAS-1 (Stolz et al. in press). This supports the idea of greater
diversity amongst this reaction-centered protein within known
strains of As(V)-respiring arsenotrophs.
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FIG. 4. Unrooted neighbor-joining tree of representative protein sequences of the DMSO reductase family of molybdenum oxidoreductases. The current analysis
is an expanded version of the one reported in Saltikov and Newman (2003). Grey shaded areas represent clades for the arsenate respiratory reductase and arsenite
oxidase. The GenBank accession numbers are listed at the end of the organisms’ names. Text within the parenthesis indicates the location of the particular DNA
coding sequence within the genome sequence of the particular organism. Numerical superscripts indicate species identiﬁed by physiological tests that can grow by
respiring As(V)1 or can oxidize As(III)2 .

The application of degenerate primers to amplify arrA gene
fragments from several DARPs species was ﬁrst reported by
Malasarn et al. (2004). They achieved broad success, but
with two notable exceptions (Desulfosporosinus auripigmentum
strain OREX-4, and Pyrobaculum arsenaticum). Nonetheless
they concluded that arrA genes were conserved amongst the
species tested and successfully ampliﬁed arrA genes from DNA
extracted from the sediments of Haiwee Reservoir in California. However, subsequent investigations with DNA extracted
from Mono and Searles lakes proved more problematical, as the
primers employed by Malasarn et al. (2004) did not work in these
systems. Only after they were modiﬁed by one of us (C.W.S.) to
include codons of halophilic archaea could they be successfully
applied to naturally occurring population of DARPs dwelling
in these hypersaline/alkaline environments (Kulp et al. 2006).
The results are shown in Figure 5 that indicates an exceptionally
broad diversity of sequences that extend far-beyond the range

of known species of DARPs, including strain SLAS-1, some 71
sequences in all including a far-outlying group comprised of 56
sequences. A similar case of a broad sequence diversity of previously unreported arrA amplicons lying outside the range of
those found in pure cultures was recently reported in a survey of
3 stations located in Chesapeake Bay (Song et al. 2009). Chesapeake Bay, however, is neither an extreme environment nor one
particularly rich in arsenic as is Mono Lake, which implies that
the phenomenon is quite widespread in nature.
Collectively, the data suggest that contrary to the early opinion of Malasarn et al. (2004), the arrA sequence is not well
conserved amongst DARPs, both those in culture and those in
natural assemblages. This would be consistent with a long-term
presence ( ≥3 billion years) of this trait within the prokaryotic
realm resulting in divergent evolution from a common ancestral
gene. Hence, a vertical line of gene transfer is suggested rather
than a horizontal one. This would also explain the broad species
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FIG. 5. Diversity of arrA sequences ampliﬁed from DNA extracted from the sediments of Mono and Searles Lakes, California. Diversity of enzymes from
known species of As(V) reducers and As(III) oxidizers are shown in the upper left hand corner. The work was conducted in the laboratory of Dr. C. Saltikov
(UCSC) and published in Kulp et al. (2006) and reproduced with permission.

diversity of DARPs in culture (Fig. 2). Recent discoveries have
shown that anoxygenic photosynthesis carried out by certain
cyanobacteria and photosynthetic bacteria can generate As(V)
from As(III) using only the energy present in photons (Kulp
et al. 2008; Appendix 1). We will say more about this phenomenon below, but photosynthetic generation of As(V) from
As(III) negates the need to invoke the presence of strong oxidants in the Archean with which to generate As(V) from ambient
As(III). It also lends credence to the second hypothesis stated
earlier, namely that As(V) and DARPs have been around for a
very long time.
Further evidence for arsenic as a driving force in evolution
may be found in the Ars systems for arsenic resistance. There
are 3 described families of detoxiﬁcation-associated arsenate
reductases namely Escherichia coli (ArsC), Staphylococcus aureus (ArsC), and yeast (ACR2). Although similar in function,
they are not biochemically related. Of interest, two of these
families retain strong evolutionary ties to protein tyrosine phosphatase families. The ArsC that uses thioredoxin as a source of
reducing power (e.g., S. aureus) also exhibits low-level phosphatase activity (Ji et al. 1994; Zegers et al. 2001). On the other

hand, the ArsC that maintains a HisCys(X)5 Arg motif similar to cell cycle protein phosphatases (e.g., E. coli), does not
have native phosphatase activity but mutants were easily constructed that lost arsenate reductase activity and gained phosphatase activity (Rosen 2002). Taken together, this evidence
also suggests a very ancient and ﬂuid evolutionary ﬂow between
the biochemistry of resistance arsenate reductases and that of
phosphatases.

RECENT DISCOVERIES: MICROBIOLOGY AND
BIOCHEMISTRY OF AS(III) OXIDATION WITH NITRATE
OR VIA ANOXYGENIC PHOTOSYNTHESIS
The initial discovery of nitrate-linked As(III) oxidation in
Mono Lake water (Hoeft et al. 2002) resulted in the isolation of strain MLHE-1 (Oremland et al. 2002), later named
Alkalilimnicola ehrlichii (Hoeft et al. 2007). This Gammaproteobacterium is taxonomically within the family Ectothiorhodospiracea of nominative photosynthetic bacteria often found
inhabiting saline/alkaline ecosystems. However, this organism and its two closest taxonomic relatives are colorless and
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FIG. 6. Reversible nature of Arr from A. ehrlichii. (A) Native gel of cell lysate
from anaerobic chemolithoautotrophically grown cells. Arrow indicates Arr.
(B) Native gel of the membrane fraction from chemolithoautotrophically grown
cells developed for arsenite oxidase activity with DCIP as electron acceptor.
(C) Same gel as in B, but developed for arsenate reductase activity with methyl
viologen as electron donor. (D) SDS-PAGE gel of the active band excised from
the native gel shown in B and C. MALDI-TOF MS analysis of the three bands
indicated that the top band is ArrA, the bottom band is ArrB and the middle
band is the ArrAB complex. (Modiﬁed from Richey et al. 2009 and reproduced
with permission).

non-photosynthetic. A surprising ﬁnding came when the Joint
Genome Institute(s) decoded and annotated its full genomic sequence, because A. ehrlichii’s genome contains no homologs
for arsenite oxidase (aoxBA), but rather contains two close homologs of dissimilatory arsenate reductase (arrAB). This was
despite the fact that we saw no physiological evidence for As(V)
reduction. Hence, it was hypothesized that the ArrAB arsenate
reductase complex was actually running in reverse and functioning in vivo as an As(III) oxidase. It was subsequently conﬁrmed that the enzyme was constitutively expressed only in
cells grown anaerobically with As(III) and nitrate (Richey et al.
2009). Although A. ehrlichii can grow as an acetate-oxidizing
heterotroph under aerobic or anaerobic conditions, it can only
oxidize As(III) with nitrate (anaerobic). Further work showed
that gel-puriﬁed As(V)-reductase from A. ehrlichii extracts was
reversible in vitro, being able to reduce As(V) with methyl viologen or oxidize As(III) with DCIP (Fig. 6; Richey et al. 2009).
At least one other anaerobic As(III)-oxidizer also appears to lack
a bonaﬁde As(III) oxidase, based on the inability of primers to
produce aoxB amplicons (Rhine et al. 2006). Here the matter
rested as a continuing object of scientiﬁc curiosity and ongoing
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investigation, until the phenomenon of As(III)-linked anoxygenic photosynthesis was discovered (Kulp et al. 2008).
Hot springs on Paoha Island in Mono Lake contain either red
or green bioﬁlms, depending on their ambient temperatures. The
red (∼ 45◦ C) prominently contained photosynthetic bacteria
while the green (63◦ C) contained Oscillatoria-like cyanobacteria (Fig. 7). Both bioﬁlm types, when incubated in the light
under N2 clearly oxidized As(III) to As(V), but this did not occur in the dark or in killed controls. A photosynthetic bacterium,
strain PHS-1, was isolated from this milieu which demonstrated
As(III)-dependent growth in the light under N2 (Fig. 8). The isolate was a close relative of Ectothiorhodospira shaposhnikovii,
but several attempts at ampliﬁcation of aoxB genes were unsuccessful. However, like A. ehrlichii strain PHS-1 contained
two arrA homologs closely related to the ArrA proteins of A.
ehrlichii (Fig. 8). We concluded that this reverse functionality of
ArrA represents in essence a “new” type of As(III) oxidase, although from an antiquity sense it probably preceded AoxB. The
discovery of As(III)-fueled anoxygenic photosynthesis has signiﬁcant implications for the “deep-time” concept of microbial
arsenic metabolism on this planet, probably extending well back
into the late Archean (∼ 3.0 Ga). Indeed, that As(V) could be
generated biologically on an anoxic planet merely by employing photons under anoxic conditions eliminates our conceptual
need for the presence of strong oxidants like oxygen or nitrate.
Chemoautotrophic As(III) oxidation by “CAOs” probably
arose later in time, ≤2.7 Ga (Oremland and Stolz 2003; Kulp
et al. 2008). As(III)-linked anoxygenic photosynthesis thereby
opened niches for the ﬁrst DARPs, a ﬁnding that further supports
our theory that their broad taxonomic diversity (Fig. 2) and their
associated As(V)-reductases (e.g., Fig. 4 and 5) probably reﬂect
a pattern of linear and divergent evolution (Schoepp-Cothenet
et al. 2009; Oremland et al. 2009).

EARLY EARTH, MARS, AND BEYOND
The discovery of As(III)-dependent anoxygenic photosynthesis allows us to posit this process back at least 2.7 Ga, and
probably much further back. This signpost event comes from
the detection of 2-methyl hopanes in ancient laminated rocks of
2.7 Ga age, presumably from the remains of cyanobacteria (originally: 2-methylhopane polyols) (Summons et al. 1999). The
2.7 Ga date is taken for the milestone where molecular oxygen
ﬁrst began being put into the Earth’s early biosphere. However, it
is hard (if not impossible) to extrapolate actual physiology (i.e.,
O2 production) to the presence of residual organic biomarkers. Cyanobacteria can also conduct anoxygenic photosynthesis
(Cohen et al. 1975) which calls into question whether or not
they were carrying out oxygenic photosynthesis at that time.
Photosynthetic bacteria also contain these biomarker molecules
and form laminations (Bosak et al., 2007; Rashby et al. 2007).
Hence, these deposits could have been formed by anaerobic
photosynthetic bacteria. Since photosynthetic bacteria evolutionarily preceded the appearance of cyanobacteria in Earth
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FIG. 7. Photographic and microscopic images of the hot spring-fed pools on Paoha Island. (A) Green pool. (B) Confocal microscopic image of green pool
bioﬁlm microbes showing a ﬂuorescing Oscillatoria-like cyanobacterium. (C) Red pool. (D) Photomicrographic image of red pool bioﬁlm material composed
primarily of Ectothiorhodospira-like bacteria. From Kulp et al. (2008) and reproduced with permission.

history, it’s likely that anoxygenic photosynthesis arose well
before the 2.7 Ga, perhaps 3.0–3.5 Ga (Tice and Lowe 2004).
Clearly anoxygenic photosynthesis was a key process in altering the Earth’s ancient surface from being highly reducing to
moderately reducing, by oxidizing sulﬁde, Fe(II), nitrite, and
As(III) to sulfur/sulfate, Fe(III), nitrate, and As(V) and in doing
so creating niches for respiratory anaerobes that could reduce
these mild oxidants.
Whether or not life exists, or existed, on other planets/planetoids in our Solar System is a fundamental question.
We will not discuss these points here, but sufﬁce to say that there
is great societal interest in the exciting prospect of encountering evidence that “we are not alone” in the universe. From a
more practical perspective, let us consider our neighbor Mars,
and speciﬁcally why arsenic might be relevant for the search
for life thereon (or therein). Mars seems an unlikely place to
look for extant life. With half the Earth’s diameter and ∼12%
of its mass (∼38% of Earth’s gravity), Mars was dealt a poor
starting hand. It never had enough mass to differentiate into
distinct geologic strata, and never developed a rotating Fe-core
dynamo, thereby enveloping the planet in a protective magnetic

ﬁeld. Although Mars clearly had ﬂowing water present on its
ancient Noachian surface (circa 3.5–4.0 Ga), had obvious volcanic activity and an appreciable atmosphere once-upon-a-time
(Noachian/Hesperian age), it could not hold onto these volatile
assets. Without a protective magnetic ﬁeld to shield it from the
solar wind, Mars quickly lost the bulk of its atmosphere long
ago, along with whatever liquid water was pooled on its surface.
Currently, Mars has a 95%CO2 /5% N2 atmosphere that is only
a wisp of Earth’s (about 1%). Consequently, the combination of
ambient low temperature and pressure conspire to keep water as
either a solid or vapor, but without a liquid phase.
Although the Spirit and Opportunity Rovers have given us
detailed evidence of a Martian ﬂuvial past, they have also shown
little aqueous-based alteration over the past ∼ 3 billion years.
The waters that once ﬂowed at Meridiani Planum (Opportunity)
were quite acidic, and were so saline as to perhaps preclude the
possibility of life (Tosca et al. 2008). Moreover, pooled water
on the ancient Martian surface may not have been around long
enough, or was interconnected enough, or was composed of
enough of the “appropriate” chemical ingredients to allow for
the origin of life to occur and disperse. The surface of Mars as
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FIG. 8. (A) Anaerobic growth of strain PHS-1 on As(III) in the light. Arrows indicate additions of 2 or 4 mM As(III). Symbols represent the mean of three
cultures, and bars indicate +/−1 SD. (B) Additional growth data (OD; A680 , absorbance at 680 nm) of strain PHS-1 compared to live controls incubated in the
light without As(III) or in the dark with As(III). (C) Phylogenetic tree based on 16S rRNA gene sequence showing the relationship of strain PHS-1 to other species
of Ectothiorhodospiraceae. All sequences have been deposited in GenBank. (D) Phylogenetic tree based on ArrA-like gene sequences showing the relationship
between strain PHS-1 genes with others from the GenBank database. From Kulp et al. (2008) and reproduced with permission.

viewed from today’s technical lenses is a cold, dusty, arid, and
very, very lifeless place. There is no obvious hint that life, either
in macro- or micro-form, ever resided on its inhospitable and
barren surface.

And yet there has also been a continual ﬂow of tantalizing
scientiﬁc information dating back to the times of Percival Lowell
to suggest that Mars once harbored and may still harbor “primitive” life. Recent Mars Reconnaissance Orbiter observations
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revealed phylosilicate minerals (i.e., clays) on Mars that suggest a more complicated, wet, and chemically-diverse Noachian
environment (Bishop et al. 2008; Mustard et al. 2008) than what
was envisioned. Much of the terrain covered by the Opportunity
Rover is post-Noachian, and therefore probably masks (and destroyed) evidence for a more clement earlier terrain. Mars has a
surface area of about 145 × 106 km2 , equivalent to the total terrestrial surface area of Earth, so the Rover missions have literally
only scratched the Martian surface. Other more “hospitable” locales to ancient life may yet be uncovered. Indeed, the ﬁndings
of the Phoenix Polar Lander indicate that the local polar “soil”
is alkaline and akin to terrestrial garden soil (Smith et al. 2009).
Recent orbital imagery even suggests the presence of ancient
“hot” springs in the vicinity of Vernal Crater, possibly providing a haven to emergent microbial life as the overall Martian
environment became hostile towards survival (Allen and Oehler
2008). Additionally, Earth-based observations of microbes surviving deep (>1600 m) below the surface at temperatures in
excess of 100◦ C (Roussel et al. 2008) may provide a framework
to understand the potential for a deep Martian biosphere as well.
A case can be made to focus on arsenic as a font for Martian
life. Mars had a clear volcanic history, and associated hydrothermal ﬂuids may have entrained dissolved arsenic minerals in their
circulation, eventually emptying into depressions (i.e., lakes)
on the Noachian to Hesperian age surface. Over time, these
“lakes” would have been exposed to decreasing temperatures
and atmospheric pressures as Mars lost its volatiles, and the
remaining ﬂuids eventually reached saturation as dense remnant brines underlying a salt/ice crust. Under such conditions,
key brine components like arsenate would reach high concentrations. Anaerobes that employ low potential electron acceptors like methanogens (CO2 ) or sulfate reducers would be energetically disadvantaged under such a regimen of high salinity
compared with arsenate-respirers (Oren 1999; Newman et al.
1997a). Indeed, salt-saturated Searles Lake (Fig. 1) has an active full microbiological arsenic cycle (Oremland et al. 2005)
but lacks any capacity for sulfate-reduction (Kulp et al. 2006,
2007). The strict anaerobe Halarsenatibacter silvermani grows
optimally on As(V) at salt-saturation (Oremland et al. 2005;
Switzer Blum et al. 2009). A similar analogy can be supposed
for ancient Mars, or perhaps concentrated brines believed to be
lying in deep within buried aquifers. If anoxygenic photosynthesis also occurred on early Mars, then As(III) of volcanic origin
deposited on its surface could have been converted to As(V)
and the full As-cycle initiated. The current surface of Mars has
become highly oxidized over time by physical/chemical processes, which also would have left residual deposits of As(V). It
would certainly be of interest in future Martian surface robotic
missions to look for the presence of arsenic minerals, a capacity
that current surface Rovers and other robotic missions lack.
A similar argument for arsenic can be made for planetoids of
the outer Solar System that orbit around the gas giants Jupiter
and Saturn (McCord et al. 1998, 2001; Kargel et al. 2000).
Satellites like Europa, Callisto, Titan, and Enceladus although

ice-covered are thought to have dense liquid brines underlying
their thick ice surfaces. The brines are formed by a selective
partitioning of freshwater into the ice phase at the surface while
the saltier brine remains in solution. Because these satellites
orbit relatively close to their parental high gravitational ﬁelds,
their solid cores become deformed during orbital passages, a
situation akin to the Earth’s interior but caused in the latter
case by the heat of decay from radioactive elements rather than
friction. The gravitational deformation in effect sets up a type
of volcanism that causes exchange of dissolved mineral constituents between the “squeezed” solid core and the overlying
brines (e.g., hydrothermal marine vents). Presumably arsenic
oxyanions would be a component of such a brine milieu. If oxidants [e.g., Mn(IV)] can also arise within the brines caused by
exposure of these satellites to the effects of constant exposure
to ionizing radiation stemming from Jupiter and Saturn (Chyba
and Hand 2001), then As(V) can be generated from As(III)
and the stage set for their utilization by anaerobic microbes,
should they have come into being and evolved under these
conditions.
The question that next arises is what substance(s) could serve
as the source of electron donors (and reduced carbon) to fuel
anaerobic extremophiles ostensibly living on the outer planets
or their satellites? We assume that photosynthesis, even anoxygenic photosynthesis, cannot occur under these conditions due
to the faintness of light at these distances from the Sun, as well
as the fact that even this weak light would be ﬁltered out by the
thick ice sheets lying above any internal aqueous “biosphere.” A
similar case can be made for Mars, where hypothesized remaining life would have retreated into saline aquifers deep within the
regolith.
However, new evidence suggests otherwise with regard to
foreclosing on the possibility of Martian and outer planet(oid)
photosynthesis. The most important components necessary for
the evolution of light-driven electron capture are the local star’s
(here, the Sun) radiation spectrum and the spectral transmittance
of the medium (atmosphere/liquid) the organisms evolve within
(Kiang et al. 2007a). Kiang and others (2007b) calculated that
the maximum photon ﬂux density needed for the infrared (IR)and near infrared (NIR)-based photosynthesis could be achieved
even on planets distant from their parent star. They estimated
the requirements for a variety of star-planet types and concluded
that the key for extrasolar photosynthesis is the evolution of pigments that evolved in response to the photons that arrive at the
planet surface and the absorbance bands of surrounding medium
(2007b). NIR on other planets could even fuel oxygenic photosynthesis in a similar manner as novel low-light adapted chlorophyll d-containing cyanobacteria on Earth (Chen et al. 2005;
Kiang et al. 2007b; Larkum and Kuhl 2005) thus, the oxidation
of As(III) would pose no obstacle. Last, even if the radiation is
much too faint from a local star, the discovery of a green anoxygenic photosynthetic bacteria on Earth utilizing NIR generated
by the geothermal radiation of deep sea hydrothermal vents
suggests the possibility of photosynthesis wholly independent
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of starlight (Beatty et al. 2005). Given these constraints, it is not
entirely unlikely for arsenic-driven anoxygenic photosynthesis
to be a very real possibility in our solar system or other reaches
of the Universe.
Certainly these heavenly bodies, especially the outer
planet(oid)s are also rich in molecular hydrogen as well as
gaseous hydrocarbons, primarily methane (which now includes
Mars; e.g., see Mumma et al. 2009). These electron donors could
couple to any number of possible dissolved biological oxidants.
While the best studied oxidant for anaerobic methane oxidation has been sulfate in marine systems (Reeburgh 2007), this
general phenomenon also couples with nitrate (Raghoebarsing
et al. 2006), potentially with Fe (III) and Mn (IV) (Beal et al.
2009), and arsenate is at least a theoretically possibility (Thauer
and Shima 2008; Caldwell et al. 2008). Higher alkanes like
ethane and propane are also abundant in the atmospheres of
these planet(oid)s, and are even more susceptible to anaerobic degradation then is methane (Wake et al. 1977). Finally, a
case can be made for acetylene oxidation coupled to arsenate
reduction, as this gas is also a common constituent of these
environments resulting from the photolysis of methane in their
atmospheres. Anaerobes like Pelobacter acetylenicus can hydrate it to form acetaldehyde, followed by its dismutation to
ethanol and acetate (Oremland and Voytek 2008). These latter
two electron donors would readily couple to the reduction of
As(V) to As(III) with the concomitant production of CO2 and
H2 O.
Summary
The Group 15 elements above arsenic in the Periodic Table,
namely nitrogen and phosphorous, play key roles in the biochemistry of life. Nitrogen is an essential structural element in
binding together the myriads of carbon compounds found in the
cell, its redox properties allow it to serve as an electron acceptor
or donor, and its gaseous forms are agents of inter-cellular signaling. Phosphorus, because of its stability in the +5 oxidation
3−
state (E0 = PO3−
4 /PO3 = −690 mV), took on the dual roles of
molecular structural support (e.g., DNA) and as an energy currency. Arsenic, with the exception of a few organic arsenicals
(e.g., arsenobetaine) became relegated to the poisonous “party
spoiler” element. Yet, because arsenic is an analog of these two
key elements, there has been speculation about the possibility
of “undetected” life hiding in plain sight as it were, where As
substitutes for P given known biological arsenic interactions
(Wolfe-Simon et al. 2009).
Such speculation has been around long enough that it has
even spilt into the realm of science ﬁction literature (e.g., Slonczewski 2000). While As-structurally based life is tempting to
think about, the bond lengths are only 10% greater for As vs.
P and yet, they would break too easily (Dixon 1997), unless at
extremely low temperatures, like on the outer planet/planetoids
(B. Rosen, pers. comm.). But beyond these scientiﬁc musings, it
has now been established that arsenic has a full biogeochemical
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cycle on Earth just involving redox changes between its 3+ and
5+ oxidation states. The discoveries of As(III)-based anoxygenic photosynthesis (Budinhoff and Hollibaugh 2008; Kulp et
al. 2008) coupled with an arsenic-based biosphere in the extreme
environment of Searles Lake (Oremland et al. 2005) lead us to
conclude that the process is ancient enough to have been manifested on the primordial Earth, and robust enough to survive
and persist in an anoxic Martian brine, and possibly even on the
outer planet(oid)s. Yet, at this time it is not clear if As(III)-based
anoxygenic photosynthesis is conﬁned just to the Ectothiorhodospira or is much more broadly distributed amongst photosynthetic prokaryotes, including cyanobacteria. If the later case is
true, then we will have stronger evidence for its antiquity, which
when coupled with our greater understanding of its biochemical basis (i.e., reverse Arr) will allow for us to search for it in
genomic databases.
Similarly, while we think that respiratory As(V) reduction is
an ancient process too, others argue the opposite (Duval et al.
2008).
Indeed, it is not clear if “true” As(V)-respiration extends into
the Archaea, as these authors suggested its mediation by a polysulﬁde reductase rather than a true Arr-operon. Only further
examples of novel, As(V)-respiring archaea isolated from extreme environments (hot springs and salt-saturated lakes) when
coupled with genomic, proteomic, and old fashioned physiology/biochemistry investigations may give us a better understanding of the antiquity and perhaps the importance of As-based
life on this planet. These outcomes could then be extended to
our search for “primitive life” on Mars and elsewhere in our Solar System, and thereby ﬁnally answering Question #2 in Prof.
Ehrlich’s ﬁnal exam after a 41-year period of thought incubation.
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Hollibaugh JT, Carini S, GiirleyÜk H, Jellison R, Joye SB, et al. 2005. Arsenic
speciation in Mono Lake, California: response to seasonal stratiﬁcation and
anoxia. Geochim Cosmochim Acta 69:1925–1937.
Hseih F-I, et al. 2008. Risk of erectile dysfunction induced by arsenic exposure through well water consumption in Taiwan. Environ Health Perspect
116:532–536.
Huber R, Sacher M, Vollmann A, Huber H, Rose D. 2000. Respiration of
arsenate and selenate by hyperthermophilic Archaea. Syst Appl Microbiol
23:305–314.
Ilyaletdinov AN, Abdrashitova SA. 1981. Autotrophic oxidation of arsenic by
a culture of Pseudomonas arsenitoxidans. Mikrobiol 50:197–204.
Inskeep WP, Macur RE, Hamamura N, Warelow TP, Ward SA, Santini JM.
2007. Detection, diversity, and expression of aerobic bacterial arsenite oxidase
genes. Environ Microbiol 9:934–943.
Islam FS, et al. 2004. Role of metal-reducing bacteria in arsenic release from
Bengal delta sediments. Nature 430:68–71.
Jackson CR, Langner HW, Donahoe-Christiansen J, Inskeep WP, McDermott TR. 2001. Molecular analysis of microbial community structure in
an arsenite-oxidizing acidic thermal spring. Environ Microbiol 3:532–
542.
Ji G, Garber EAE, L. Armes G, Chen C-M, Fuchs JA, Silver S. 1994. Arsenate reductase of Staphylococcus aureus Plasmid p I258. Biochem 33:7294–
7299.
Kargel JS, Lewis JS. 1993. The composition and early evolution of Earth. Icarus
105:1–25.
Kargel JS, Kaye JZ, Head. III. JW, Marion GM, Sassen R, Crowley JK, Ballesteros OP, Grant SA, Hogenboom DL. 2000. Europa’s crust and ocean: origin,
composition, and the prospects for life. Icarus 148:226–265.
Kiang NY, Segura A, Tinetti G, Govindjee, Blankenship RE, Cohen M, Sierert J, Crisp D, Medows VS. 2007b. Spectral Signatures of Photosynthesis.
II. Coevolution with other starts and the atmosphere on extrasolar worlds.
Astrobiol 7:252–274.
Kiang NY, Siefert J, Govindjee, Blankenship RE. 2007a. Spectral Signatures of
Photosynthesis. I. Review of Earth organisms. Astrobiol 7:222–251.
Kulp TR, Han S, Saltikov C, Lanoil B, Zargar K, Oremland RS. 2007. Effects
of imposed salinity gradients on dissimilatory arsenate-reduction, sulfatereduction, and other microbial processes in sediments from two California
soda lakes. Appl Environ Microbiol 73:5130–5137.
Kulp TR, Hoeft SE, Miller LG, Saltikov C, Nilsen J, Han S, Lanoil B, Oremland
RS. 2006. Dissimilatory arsenate- and sulfate-reduction in sediments of two
hypersaline, arsenic-rich soda lakes: Mono and Searles Lakes, California.
Appl Environ Microbiol 72:6514–6526
Kulp TR, Hoeft SE, Asao M, Madigan MT, Hollibaugh JT, Fisher JC, J.F.
Stolz JF, Culbertson CW, Oremland RS. 2008. Arsenic(III) fuels anoxygenic
photosynthesis in hot spring bioﬁlms from Moo Lake, California. Science
321:967–970.
Larkum AWD, Kuhl M. 2005. Chlorophyll d : the puzzle resolved. TRENDS
Plant Sci 10:355–357.
Laverman AM, Switzer Blum J, Schaeffer JK, Philips EJ, Lovley DR, Oremland
RS. 1995. Growth of strain SES-3 with arsenate and other diverse electron
acceptors. Appl Environ Microbiol 61:3556–3561.
Lebrun E, Brugna M, Baymann F, Muller D, Liévremont D, Lett M-C, Nitschke
W. 2003. Arsenite oxidase, an ancient bioenergetic enzyme. Mol Biol Evol
20:686–693.
Liu A, Garcia-Dominguez E, Rhine ED, Young LY. 2004. A novel arsenate
respiring isolate that can utilize aromatic substrates. FEMS Microbiol Ecol
48:323–332.
Malasarn D, Saltikov C, Campbell KM, Santini JM, Hering JG, Newman DK.
2004. arrA is a reliable marker for As(V) respiration. Science 306:455.
McCord TB, Hansen GB, Fanale FP, Carlson RW, Matson DL, Johnson TV,
Smythe WD, Crowley JK, Martin PD, Ocampo A, Hibbitts CA, Granahan

Downloaded By: [Harvard University] At: 18:01 17 September 2009

EVOLUTION OF EARTH ECOSYSTEMS AND ARSENIC
JC, et al. 1998. Salts on Europa’s surface detected by Galileo’s near infrared
mapping spectrometer. Science 280:1242–1245.
McCord TB, Hansen GB, Hibbitts CA. 2001. Hydrated salt minerals on
Ganymede’s surface: evidence of an ocean below. Science 292:1523–1525.
McEwan AG, Ridge JP, McDevitt CA, Hugenholtz P. 2002. The DMSO reductase family of microbial molybdenum enzymes; Molecular properties and
role in the dissimilatory reduction of toxic elements. Geomicrobiol J 19:3–22.
Mukhopadhyay R, Rosen BP. 2002. Arsenate reductases in prokaryotes and
eukaryotes. Environ Health Perspect 110:745–748.
Mukhopadhyay R, Rosen BP, Phung LT, Silver S. 2002. Microbial arsenic: from
geocycles to genes and enzymes. FEMS Microbiol Rev 26:311–325.
Mumma, MJ, Villanueva GL, Novak RE, Hewagama T, Bonev BP, DiSanti
MA, Mandell AM, Smith MD. 2009. Strong release of methane on Mars in
northern summer 2003. Science 323:1041–1045.
Mustard JF, et al. 2008. Hydrated silicate minerals on Mars observed by the
Mars reconnaissance orbiter CRISM instrument. Nature 454:305–309.
Newman DK, Ahmann D, Morel FMM. 1997a. A brief review of microbial
arsenate respiration. Geomicrobiol J 15:255–268.
Newman DK, Beveridge TJ, Morel FMM. 1997b. Precipitation of arsenic trisulﬁde by Desulfomaculum auripigmentum. Appl Environ Microbiol 63:2022–
2028.
Olsen EJ, Kracher A, Davis AM, Steele IM, Hutcheon ID, Bunch TE (1999)
The phosphates of IIIAB iron meteorites. Meteorites Planet Sci 34:285–300.
Oremland RS, Dowdle PR, Hoeft S, Sharp JO, Schaefer JK, Miller LG, Switzer
Blum J, Smith RL, Bloom NS, Wallschlaeger D. 2000. Bacterial dissimilatory reduction of arsenate and sulfate in meromictic Mono Lake, California.
Geochim Cosmochim Acta 64:3073–3084.
Oremland RS, Hoeft SE, Bano N, Hollibaugh RA, Hollibaugh JT. 2002
Anaerobic oxidation of arsenite in Mono Lake water and by a facultative,
arsenite-oxidizing chemoautotroph, strain MLHE-1. Appl Environ Microbiol
68:4795–4802.
Oremland RS, Kulp TR, Switzer Blum J, Hoeft SE, Baesman S, Miller LG, Stolz
JF. 2005. A microbial arsenic cycle in a salt-saturated, extreme environment.
Science 308:1305–1308.
Oremland RS, Stolz JF. 2003. The ecology of arsenic. Science 299:939–944.
Oremland RS, Stolz JF, Hollibaugh JT. 2004. The microbial arsenic cycle in
Mono Lake, California. FEMS Microbiol Ecol 48:15–27.
Oremland RS, Stolz JF, Madigan M, Hollibaugh JT, Kulp TR, Hoeft SE, Fisher
J, Miller LG, Culbertson CW, Asao M. 2009. Response to Comment on
“Arsenic(III) Fuels Anoxygenic Photosynthesis in Hot Spring Bioﬁlms from
Mono Lake, California.” Science 323:583d.
Oremland RS, Voytek MA. 2008. Acetylene as fast-food: implications for development of life on the anoxic primordial Earth and planet(oid)s of the outer
solar system. Astrobiology 8:1–14.
Oren A. 1999. Bioenergetic aspects of halophilism. Microbiol Molec Biol Rev
63:334–348.
Osborne FH, Ehrlich HL. 1976. Oxidation of arsenite by a soil isolate of Alcaligenes. J Appl Bacteriol 41:295–305.
Philips SE, Taylor ML. 1976. Oxidation of arsenite to arsenate by Alcaligenesfaecalis. Appl Environ Microbiol 32:392–399.
Planer-Freidrich B, Lehr C, Matschullat J, Merkel BJ, Nordstrom DK, Sandstrom MW. 2006. Speciation of volatile arsenic at geothermal features in
Yellowstone National Park. Geochim Cosmochim Acta 70:2480–2491.
Planer-Freidrich B, London J, McCleskey RB, Nordstrom DK, Wallschlager D.
2007. Thioarsenates in geothermal waters of Yellowstone National Park: determination, preservation, and geochemical importance. Environ Sci Technol
41:5245–5251.
Polizzotto ML, Kocar BD, Benner SG, Sampson M, Fendorf S. 2008. Nearsurface wetland sediments as a source of arsenic release to ground water in
Asia. Nature 454:505–508.
Pott WA, Benjamin SA, Yang RSH. 2001. Pharmacokinetics, metabolism, and
carcinogenicity of arsenic. Rev Environ Contam Toxicol 169:165–214.
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