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The genetic basis of anoxygenic photosynthetic arsenite
oxidation
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Borenl, Laurence Miller2, Shelley McCann?, Michael Rosen?, Ronald S. Oremland?, and
Chad W. Saltikov®"

1Department of Microbiology and Environmental Toxicology, University of California Santa Cruz,
1156 High Street, Santa Cruz, CA, 95064, USA

2US Geological Survey, 345 Middlefield Road Menlo Park, CA, 94025, USA
3US Geological Survey, 2730 N. Deer Run Road, Carson City, NV, 89701, USA

Summary

‘Photoarsenotrophy’, the use of arsenite as an electron donor for anoxygenic photosynthesis, is
thought to be an ancient form of phototrophy along with the photosynthetic oxidation of Fe(ll),

H>S, Hz and NO; . Photoarsenotrophy was recently identified from Paoha Island's (Mono Lake,

CA ) arsenic-rich hot springs. The genomes of several photoarsenotrophs revealed a gene cluster,
arxBZABI1CD, where arxA is predicted to encode for the sole arsenite oxidase. The role of arxAin
photosynthetic arsenite oxidation was confirmed by disrupting the gene in a representative
photoarsenotrophic bacterium, resulting in the loss of light-dependent arsenite oxidation. /n situ
evidence of active photoarsenotrophic microbes was supported by arxA mRNA detection for the
first time, in red-pigmented microbial mats within the hot springs of Paoha Island. This work
expands on the genetics for photosynthesis coupled to new electron donors and elaborates on
known mechanisms for arsenic metabolism, thereby highlighting the complexities of arsenic
biogeochemical cycling.

Introduction

Despite its toxicity arsenic can be used by certain organisms in a favourable way to generate
cellular energy (Oremland, 2003; Saltikov, 2011; Amend et al., 2014). Oremland et al.
(2009). More specifically, this has been defined as *arsenotrophy’ or the coupling of arsenic
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reduction or oxidation to cellular energy production (Oremland et a/., 2009). The
interconversion of arsenate and arsenite also has environmental consequences that are known
to affect arsenic contamination of water (Harvey, 2002; Kocar et al., 2008; Fendorf et al.,
2010). Arsenotrophic microbes oxidize/reduce two major forms of arsenic oxyanions:
arsenite [As(I11)] and arsenate [As(V)] (Islam et a/., 2004; Oremland and Stolz, 2005; Dhar
et al., 2011; Stuckey et al., 2015). The latter arsenical is typically less toxic, more stable
under oxidizing conditions, and favours sequestration within minerals (O'Day et al., 2004,
Kocar and Fendorf, 2009). However, the onset of reducing conditions stimulates microbial
arsenate reduction to arsenite. Relative to arsenate, arsenite is more toxic, has a greater
partitioning into the aqueous phase, and is more readily transported within anoxic
groundwater (Masscheleyn and Delaune, 1991; Kocar et a/., 2008). South Asian countries
have the most serious arsenic groundwater problems that are manifested by high prevalence
of arsenic-related illnesses such as arsenicosis and cancer (Nickson et al., 1998; Acharyya et
al., 1999; Smith et al., 2000). The underlying microbial genes responsible for microbial
reactions relevant to public health likely developed on the early Earth when the prevailing
environmental conditions were reducing (Sessions et al., 2009). During this time, arsenic
may have been more abundant in aquatic environments because of increased volcanic
activity, which would have brought arsenite and other chalcophilic compounds to the Earth's
surface (Oremland et a/., 2009). This would have provided the necessary niche that allowed
the evolution of autotrophic pathways for arsenite oxidation. Finally, recent discoveries
where both arsenic and microbial organic signatures found in a Mars (Wallis and
Wickramasinghe, 2015) meteoroid and within stromatolites (Sforna et al.,, 2014) from 2.7
b.y.a., raises the question on how arsenite may have played a role in arsenotrophy as life
evolved within arsenic rich environments.

Most of the well-known pathways of arsenotrophy have been determined in chemotrophic
microbes. However, arsenotrophic reactions now include a light-dependent pathway
involving anoxygenic photosynthesis with arsenite as an electron donor (Budinoff and
Hollibaugh, 2008; Kulp et al., 2008; Hoeft et al., 2010), or ‘photoarsenotrophy’. Kulp et al.
(2008) first described the occurrence of photosynthetic arsenite oxidation in red-pigmented
biofilms found within the hot springs of Paoha Island Mono Lake, CA, an arsenic-rich,
hypersaline, alkaline lake. Moreover, the first photoarsenotroph, Ectothiorhodospira sp. str.
PHS-1, was isolated from the Paoha Island hot spring milieu. The genome of PHS-1 lacked
evidence for an a/ioA-type arsenite oxidase, which at the time was the prevailing consensus
pathway for arsenite oxidation (Lett et al., 2011). Instead, Zargar et al. (2010) revealed a
potentially ‘new’ genetic pathway for arsenite oxidation based on a recently identified
anaerobic arsenite oxidase gene, arxA, in a related chemoautotroph, A/kalilimnicola
ehrlichii str. MLHE-1. The predicted ArxA enzyme was shown to form a new clade within
the DMSO reductase family of oxidoreductases (Zargar et al., 2012), which also contains a
separate clade for the AioA enzyme. In the absence of a genetic system in a
photoarsenotroph, circumstantial evidence suggested that the arxA-like gene of PHS-1
encodes for a molybdenum-containing arsenite oxidase. Furthermore arsenite exposure
resulted in the induction of the arxA gene in PHS-1. However, the function of ArxA in
PHS-1 could not be ascertained because of difficulties in establishing a genetic system in
this organism. Ultimately, the ArxA phylogenetic analysis and molecular genetic studies
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with the chemotrophic, MLHE-1 (Zargar et al., 2010) bacterium suggested that ArxA is the
most plausible pathway for photoarsenotrophy in PHS-1.

The ecological distribution and environmental impact of photoarsenotrophs to the arsenic
cycle remains unknown. Currently our awareness of the distribution of photoarsenotrophy is
limited to the environment where PHS-1 was isolated. Molecular detection of arxA from
other extreme environments such as Yellowstone, WY, and other hot spring environments
around the Mono Lake, CA (Zargar et al., 2012) area, suggest the possibility of anaerobic
arsenite oxidation. These extreme, arsenic-rich environments are analogous to the conditions
of early Earth (Kempe and Kazmierczak, 1997) that may have favoured the evolution of
anoxygenic photosynthetic pathways that are present in green and purple (non-) sulfur
bacteria. In order to comprehend the evolutionary trajectory of these metabolisms and to
better appreciate the past, present, and future impact of photoarsenotrophs on arsenic
geochemistry, additional work is needed to confirm that arxA is responsible for arsenite
oxidation in photoarsenotrophs.

The purpose of this report is to present the first genetic evidence that arxA is the main
arsenite oxidase in a photoarsenotroph. We demonstrated that the arxA gene is also
expressed in the Paoha Island red-mat biofilms where PHS-1 was first isolated. These results
not only validate the function of the arx gene pathway but also further expand on the
complexities of the arsenic biogeochemical cycle by adding ‘light’ as a considering factor.
Investigating the geochemical impact of photoarsenotrophy will depend on further
understanding the regulation and kinetic parameters of arx genes and protein products, and
developing molecular tools to track the genetic signatures of arx-containing microorganisms.
Thus, this work lays the critical groundwork for these future studies.

Results and discussion

Molecular mechanism for photoarsenotrophy

Our current understanding of the molecular mechanism for anoxygenic photosynthesis
coupled to arsenite oxidation is based on previous genetic confirmation that the arx gene
cluster in Alkalilimnicola ehrlichii str. MLHE-1 is required for oxidation and anaerobic
growth on arsenite coupled to nitrate reduction (Zargar et al., 2010). The identification of arx
gene homologs in the PHS-1 genome (Zargar et al., 2010; 2012) and the absence of an aio-
type gene cluster further supports the hypothesis that photosynthetic arsenite oxidation is
conferred by arx genes. In anoxygenic photosynthesis electrons are required in order to
generate a proton motive force, which in turn can drive numerous biological reactions in the
cell such as producing ATP and NAD(P)H that are used for anabolic metabolisms. Due to
thermodynamic constraints reduced substrates such as sulfide, nitrite (Griffin ef af, 2007),
iron(11) (Widdel et al., 1993) and arsenite (Budinoff and Hollibaugh, 2008) may be oxidized
via cyclic or non-cyclic electron flow within anoxygenic photosynthetic bacteria. During
cyclic electron flow, light energizes electrons within the photosynthetic reaction centre
(PRC) followed by electron transport through quinone intermediates to cytochrome bc¢;,
which generates a proton motive force. The cycle is completed when bc; transfers its
electrons to a periplasmic c-type cytochrome (e.g., ¢, and ultimately back to the PRC for
another cycle (Lavergne et al., 2009). In non-cyclic electron flow, reduced quinols (e.g.,
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ubiquinol/ubiquinone, +70 to +112 mV) can be used to drive reverse electron transport,
which uses the energy from the proton motive force to generate reducing power [e.g.,
NAD(P)H] to fuel carbon dioxide assimilation and biosynthesis. Based on the

HAsof1 ~/H;As0, redox potential of +154 mV (Budinoff and Hollibaugh, 2008), electrons

from arsenite could be transferred to either a c,-like cytochrome (+325 mV) (Cammack et
al., 1981) similar to the predicted cyclic electron transfer for photosynthetic Fe(ll) oxidation
(Ehrenreich and Widdel, 1994) or the quinone pool (ubiguinone, +70 to +112 mV).
Although it is not known how arsenite oxidation is coupled to photosynthesis, we
hypothesize that arsenite is oxidized to arsenate by ArxA followed by electron transfer to
Fe-S containing subunits (either ArxB2 and/or ArxB1). The predicted protein sequences for
ArxB2 and ArxB1 share low amino identities/similarities (14.4%/22.8%) however they both
have predicted amino acid motifs for 4Fe-4S clusters (based on pfam analysis http://
pfam.xfam.org). Their function with respect to the electron transport chain for
photosynthesis or in chemoautotrophs remains unknown. Electrons could then either be
transferred to ¢, (or similar ¢-type cytochromes) and back to the PRC or to the quinone pool
mediated by ArxC, a predicted membrane protein homologous to the polysulfide reductase
NrfD-like membrane protein. The latter is known to transfer electrons from the quinone pool
during polysulfide reduction (Jormakka et al.,, 2008). Nonetheless the generation of
NAD(P)H is dependent on electrons from arsenite and coupled to the proton motive force,
generated by cytochrome bc¢;, which together ultimately generate reducing power,
NAD(P)H, and ATP for biological reactions within the cell.

To begin testing the photosynthetic reaction mechanism for arsenite oxidation, we first
addressed the hypothesis that arxA (or genes within the arxBZAB1CD cluster) is required
for photosynthetic arsenite oxidation. Because no genetic systems were available for a
photoarsenotrophic microbe, our first task was to identify a suitable strain for genetic system
development. PHS-1 was determined to be intractable for this purpose because of difficulties
in reliably culturing the strain on solid media. We then isolated another photoarsenotroph,
Ectothiorhodospira sp. str. BSL-9 from Big Soda Lake (NV), an arsenic-rich hypersaline
alkaline crater lake similar to Mono Lake (Cloern et al., 1983; Zehr et al., 1987). BSL-9 was
facile to work with relative to PHS-1 and could be grown under less “extreme” conditions
such as pH 8 and 20 g/L salt. Although BSL-9 was unable to grow in the presence of
oxygen, the strain was aerotolerant facilitating the preparation of conjugation reactions and
streak plates on the bench prior to incubation under anaerobic conditions. Genetic system
development was also aided by completing the BSL-9 genome. Analysis of the genome
indicated an arx gene cluster with 100% synteny to that found in PHS-1 and MLHE-1
genomes. The BSL-9 ArxA was homologous to other ArxA sequences from
Ectothiorhodospira sp. str. PHS-1 (75% similarities), Alkalilimnicola ehrlichii str. MLHE-1
(86% similarities), and other sequences found in NCBI database such as Halorhodospira
halophila str. SL-1 (78% similarities). As previously described for other PHS-1 and
MLHE-1 ArxA sequences, the BSL-9 ArxA clustered within these sequences and formed its
own distinct clade within the DMSO reductase family of molybdenum containing enzymes
(Fig. 1). The genomic and phylogenetic evidence strongly supported that the arxB2ZAB1CD
gene cluster of BSL-9 encoded for an anaerobic arsenite oxidase, arxA (ECTOBSL9 2837,
locus tag number) and that it was the best candidate gene for further genetic manipulation.
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We were interested in determining if expression of arxA in BSL-9 was regulated by arsenite.
In our experiments, we used custom-built infrared (IR) LED (850 nm peak centred between
800 and 900 nm) arrays as the primary light source because this was originally used for
enrichment cultures to eliminate the growth of oxygenic photoautotrophs, such as
cyanobacteria, which absorb light in the visible range spectrum. Oxygen produced by
cyanobacteria and algae inhibited the growth of anoxygenic phototrophs in our enrichment
cultures. In purple sulfur bacteria the absorbance spectra depends on the bacterial species,
light, and growth conditions but most typically have peak absorbance within the near-
infrared (~ 800-900 nm) (Overmann, 2008; Robert, 2009). BSL-9 cells grown under IR had
comparable absorbance peaks near 800, 860 and 900 nm. To demonstrate the regulation and
induction of arxA only in the presence of arsenite (Fig. 2, bar graph), BSL-9 cultures were
grown on acetate (Fig. 2, solid lines) under infrared (IR) lights to mid-log phase. We then
extracted total RNA from BSL-9 cultures spiked with 300 uM arsenite and compared with
BSL-9 cultures lacking arsenite over time. After 2 hours of the arsenite spike, arxA
expression increased ~ 20-fold relative to cultures without arsenite (Fig. 2, bar graph). Peak
arxA expression (40-fold) was detected after 12 hours following the arsenite spike. This
result is consistent with previous reports that showed arsenite also induced arxA expression
in PHS-1 (Zargar et al., 2012) and MLHE-1 (Zargar et al., 2010). The increased expression
of arxA by the addition of arsenite is evident of arxA being regulated under different growth
conditions. The ajo-type arsenite oxidase is also regulated in response to arsenite (Kashyap
et al., 2006; Sardiwal ef al., 2010), which is mediated by a two-component sensor histidine
kinase (AioS) and response regulator (AioR). Genes for an analogous regulatory system,
arxXSR (ArxX, periplasmic binding protein; ArxS, sensor histidine kinase; and ArxR,
response regulator), are present immediately upstream and in the reverse direction of the
arxB2ABI1CD gene clusters in BSL-9 (Fig. 3A), PHS-1 and MLHE-1. This gene cluster,
arxXSR, is of great interest to future studies regarding the regulation of arxA in both
chemoautotrophic and photoautotrophic organisms. Together with the ArxA phylogenetic
analysis, the conservation of arxXSR and arxBZAB1CD gene clusters within the
chemoautotroph, MLHE-1 and photoautotrophs, PHS-1, SL-1 and now BSL-9, paved the
way for developing a genetic system in BSL-9 to confirm the function of arx genes in
photoarsenotrophy.

To begin elucidating the genetics of photoarsenotrophy we developed a genetic system to
test if arxA was required for photosynthetic arsenite oxidation. Mutagenesis often requires
the use of selectable markers, typically encoded by antibiotic resistance genes. Our analyses
indicated that BSL-9 was resistant to kanamycin, ampicillin, gentamycin, but sensitive to
chloramphenicol (Cm). A Cm-resistant broad host range plasmid was used to develop a
conjugation method for introducing foreign DNA into BSL-9 wild-type strains from an
Escherichia coli WM3064 donor strain (Saltikov and Newman, 2003), yielding ~ 103-104
CmR CFU mlI~1. We then took a gene disruption approach to ‘knock out’ the function of
arxA gene in BSL-9, using a mutagenesis plasmid, pSMV20 (Zargar et al., 2010), which
contains the chloramphenicol acetyltransferase resistance encoding cat gene. An 800 base
pair internal fragment of arxA was cloned into the mutagenesis plasmid (pSMV20). The new
plasmid (pSMV20::arxA) was introduced into BSL-9 wild-type by conjugation with an £.
coli donor strain. The partial arxA DNA fragment in pPSMV20 allowed the disruption of

Environ Microbiol. Author manuscript; available in PMC 2018 May 24.
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arxA within the BSL-9 genome by a single homologous recombination event (Fig. 3A). PCR
was utilized to verify that the BLS-9 exconjugants integrated pSMV20::arxA within the
arxA gene. Figure 3B shows positive detection for the recombination event within the arxA
gene indicated by a ~ 2 kb PCR product in Cm resistant BSL-9 colonies using the primer set
Ext_arxA_Forward and M13_Reverse primer, which binds upstream of the arxA disruption
and within pPSMV20 DNA, respectively. As expected, only DNA from BSL-9 Cm resistant
colonies produced a 2 kb PCR product (Fig. 3B, lane 3). Furthermore, Fig. 3B shows
positive detection for sacB gene, which is present in pSMV20 constructs and yields a 200 bp
product (lane 14). Detection of sacB was observed only in genomic DNA of a BSL-9 Cm
resistance isolates (lane 13) and no detection in BSL-9 wild-type genomic DNA (lane 12)
was observed. The data in Fig. 3B confirms that the BSL-9 Cm resistant exconjugant
colonies contain a genomic plasmid insertion mutation within arxA, potentially disrupting
the function of the arsenite oxidase. The BSL-9 arxA insertion mutant is referred to as
ARXAL

We performed various physiological growth curve experiments with different electron
donors to test for specificity of arxA disruption to arsenite. The ARXAL mutant grew
similarly to the wild-type under photoautotrophic (thiosulfate) and photoheterotrophic
(acetate) conditions (Supporting Information Fig. S1). Photoheterotrophic growth was also
observed with sucrose, lactate, pyruvate, succinate, malate, propionate and photoautotrophic
growth with sulfide as electron donors (data not shown). Photoautotrophic growth on
arsenite only occurred in BSL-9 wildtype cells with an intact arxA gene (Fig. 4A).
Moreover, ARXALI strain was only deficient when grown with arsenite as an electron donor
(Fig. 4A). Background arsenate carryover is observed initially when adding arsenite.
However there was no indication of arsenite oxidation in ARXA1 even though there was an
increase of 33 UM of arsenite and 30 UM of arsenate over time (Fig. 4C). More evidently,
arsenite oxidation was observed in BSL-9 wild-type cells with the conversion of ~ 400 uM
arsenite to ~ 400 uM arsenate (Fig. 4B). Together the arsenite growth inhibition (Fig. 4A)
and no arsenite oxidation (Fig. 4C) in the ARXA1 mutant strongly support the hypothesis
that arxA is the sole arsenite oxidase within the arxB2ZAB1CD gene cluster. Thus far, our
genetic model development system establishes a successful way to disrupt gene functions in
Ectothiorhodospira sp. str. BSL-9.

Photosynthetic bacteria are unique in evolving diverse strategies to capture light in order to
generate biomass. The uniqueness of photoarsenotrophy is how arsenite oxidation can be
driven by light energy. We were interested in addressing if arsenite oxidation was light
dependent. Figure 5A shows arsenite oxidation in the presence of light in cell suspension
experiments (~ 108 cells mI~1) by utilizing BSL-9 and ARXA1 mutant. When cell
suspensions were initiated in the dark and then shifted to the light, as shown in Fig. 5B,
arsenite oxidation was not observed until the suspensions were shifted into the light.
Arsenite oxidation promptly occurred in BSL-9 but not in ARXAL. The cell suspension
experiments in Fig. 5 confirmed that arsenite oxidation is coupled to light in BSL-9 and
dependent on the arxABI1CD gene cluster. These findings highlight arxABICD as the
essential genes to carry out photoarsenotrophy.

Environ Microbiol. Author manuscript; available in PMC 2018 May 24.
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We then investigated the polar effects of the pSMV20::arxA plasmid insertion mutation in
ARXAL1 to determine if transcription of the downstream arxBCD genes were affected by the
mutation. To investigate polar effects of ARXA1 mutant, we first observed evidence for the
induction of the arxB2ZAB1CD gene cluster by the addition of arsenite in the BSL-9 wild-
type strain (Supporting Information Fig. S2A, lanes 2, 4, 6, 8, 10 and 12). Arsenite (300 uM)
was added to BSL-9 wild-type and ARXA1 mutant cultures grown initially on acetate. The
expression of the arx gene cluster was determined by reverse transcription-polymerase chain
reaction (RT-PCR). For the BSL-9 wild-type strain each gene, arxB2ZAB1CD, was expressed
when induced with arsenite (Supporting Information Fig. S2A, lanes 2, 4, 6, 8, 10 and 12).
However, only arxB2and arxA upstream of the mutation were expressed in the ARXAL
strain (Supporting Information Fig. S2A, lanes 3 and 4), and little to no RT-PCR products
were observed for arxA downstream of the mutation, arxB1 and arxC (Supporting
Information Fig. S2A, lanes 7, 9 and 11). RT-PCR without reverse transcriptase enzyme
lacked detectable PCR products. These results support the conclusion that the arxA insertion
mutation caused polar effects on the transcription of the downstream genes. Although we
cannot conclusively state that arxA is responsible for photosynthetic arsenite oxidation our
data strongly suggests that the arx gene cluster is responsible for photoarsenotrphy in
BSL-9. Future work will be needed to generate gene deletions. However, this has been
challenging because of difficulties optimizing sucrose counter selection using sacB as a
sensitivity marker.

Environmental impact of photoarsenotrophy

Lastly, we were interested in determining if arxA transcription could be detected in an
arsenic rich environment where previous photoarsenotrophs have been identified. The
expression of the arxA gene in the environment would signal potential arsenite oxidation
activity /n situ. \We therefore sampled the red biofilms within the Paoha Island hot spring
microbial mats and analysed the total RNA for the presence of arxA mMRNA by RT-PCR. As
previously reported in 2008, arsenite oxidation was confirmed geochemically in microcosm
red mat slurries containing artificial hot spring media. The presence of the arxA DNA was
also detected within the red mat material (Kulp et a/,, 2008). Our analysis of the total RNA
extracts from these same hot spring biofilms demonstrated /n situ arxA expression (Fig. 6A)
and indirectly arsenite oxidase activity. As a control we also detected 16S rRNA gene
expression within the environmental samples (Fig. 6B). Both arxA4 and 16S rRNA gene
DNA and cDNA PCR products from the red mats were cloned and sequenced. All the
environmental arxA cDNA sequences were nearly 100% identical to the arxA of PHS-1. The
16S rRNA gene sequencing data also confirmed that the red mat was dominated by a PHS-1-
like bacterium, suggesting that photoarsenotrophy is active in this extreme environment and
likely carried out by Ectothiorhodospria species similar to PHS-1. Our microbial ecology
data when considered in the context of Kulp et a/. (2008), provides additional evidence that
ArxA is active within the environment and likely impacting arsenic cycling in the Paoha
Island hot springs.

In conclusion, we provided genetic evidence that supports arxB2ZAB1CD gene cluster as
essential genes to the photoarsenotrophy mechanism and potentially ArxA as the sole
arsenite oxidase in Ectothiorhodospira sp. strain BSL-9. These findings raise new questions

Environ Microbiol. Author manuscript; available in PMC 2018 May 24.
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about the biochemical mechanism, such as how the pathway is regulated, and what are the
potential environmental impacts of ArxA-dependent arsenite fuelled anoxygenic
photosynthesis. For the latter question, we cannot rule out the possibility that AioA could be
a contributor to photoarsenotrophy. Chloroflexus is an abundant phototrophic organism in
many hot spring microbial mat environments and Engel et a/. (2013) identified
Chloroffexus-like AioA sequences in microbial mat samples from El Tatio Geyser Field in
Chile. Consequently, this opens up the possibility for an AioAdependent pathway for
photoarsenotrophy. In terms of biogeochemical cycling of arsenic, the environmental
impacts of photosynthetic arsenite oxidation needs further investigation.

Results from this study for the first time demonstrate that the arx gene cluster is responsible
for photosynthetic arsenite oxidation. The implications of our microbial ecology survey
further builds upon the case that photoarsenotrophs containing arxA may be impacting the
arsenic geochemical cycle as demonstrated by the /n situ detection of arxA mRNA in Paoha
Island hot springs of Mono Lake containing ~ 6 mM sulfide (Kulp et a/., 2008). Moreover a
broader distribution of arxA-like sequences occurs in the environment as observed in non-
extreme environmental metagenomic studies (Supporting Information Table S3). It may be
plausible that photoarsenotrophs are present within diverse euphotic environment such as
freshwater aqueous, sediment, subsurface groundwater and marine sediment microbial
communities as indicated by the presence of arxA-like metagenomic sequences (Supporting
Information Table S3). Detection of arx like sequences in groundwater microbial
communities may indicate arsenite oxidation coupled to nitrate by chemotroautotrophs
(Supporting Information Table S3), which is tremendously relevant in regions such as
Bangladesh and other south East Asia countries that suffer from groundwater arsenic
contamination. This work is foundational to future studies regarding the potential
contribution of photoarsenotrophs in diverse non-extreme environments. Results from this
work also have implications for arsenic cycling on the early Earth. Sforna et al. (2014)
provided evidence for the occurrence of microbial arsenic metabolism and cycling nearly 2.7
billion years ago. This predates the rise of oxygen. During this time, photoarsenotrophy may
have been a key metabolism to providing arsenate as a by-product, which would be used as a
terminal electron acceptor for arsenate respiring microbes. This would provide a mechanism
for photoarsenotrophy to co-exist with anaerobic arsenate-respiring microbes, as currently
occurs in the Paoha Island biofilms (Hoeft et a/,, 2010). Finally photosynthetic
microorganisms containing arxA capable of oxidizing arsenite in anoxic environments are
potential candidate metabolisms capable of surviving beyond the Earth, on or within other
planet(oid)s such as Mars and Europa. The recent finding of arsenic minerals within the
Tissint Martian meteorite raises the possibility of a primitive microbial arsenic metabolism
having once occurred on Mars (Wallis and Wickramasinghe, 2015).

Material and methods

Sampling site description

Ectothiorhodospira sp. strain BSL-9 was isolated from Big Soda Lake (BSL), a meromictic
hypersaline alkaline crater lake containing approximately 25 uM arsenic located in western
Nevada (39°31'N118°52"W) (Cloern et al., 1983; Zehr et al., 1987). Red colored biofilm-
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like microbial mat samples were collected from Paoha Island hot springs, located
(37°59.633 N, 119°01.376 W) in Mono Lake, CA. Paoha Island hot pools are alkaline
anoxic hypersaline environments containing ~ 100 uM arsenic and ~ 6 pM sulfide (Kulp et
al., 2008).

Media composition and growth conditions for photoarsenotrophs

Strain BSL-9 was grown in Basal Salt Media (BSM) with the following composition (g/L):
KH,PO4 (0.24), Ko;HPO4 (0.30), (NH4)2S04 (0.23), MgSO4 (0.12), NaCl (20), yeast extract
(0.25), SL-10 mineral mix (5 mL/L), Wolfe's vitamin mix (10 mL/L), [2 g/L] Vitamin B-12
(100 pL). Electron donors were added as needed. After autoclaving the basal medium, 1 and
10 mL of filter sterilized stock solutions of NaCO3 (300 g/L) and NaHCO» (600g/L) were
added respectively. The media was cooled in anaerobic chamber containing 95% nitrogen,
5% hydrogen mixed gas. Typically the pH of the media was 8.0-8.3. Agar (15 g/L) was
added to solidify the media when needed. BSL-9 physiology experiments for various growth
experiments are typically initiated from frozen (-80°C) 20% glycerol stock cultures by the
following method: using a sterile wooden stick, some ice from the glycerol stock is streak
plated onto BSM/acetate (20 mM) agar plates in the bench top. Agar plates are then
transferred to an anaerobic chamber and incubated at 358C for 3 days. Single colony
forming units (CFU's) are observed within 3 days with continuous illumination of IR (850
nm) LED lights. For liquid cultures, a CFU is picked with a sterile loop and inoculated into
an anaerobic Balch tube containing 20 mM acetate BSM media and grown for 2 days at
35°C under IR LED lights. To test other electron donors, cultures grown under acetate were
harvested from turbid cultures by centrifugation in the anaerobic chamber. Cell pellets were
washed three times in 1x PBS in order to re-suspended to a final optical density (OD) at 600
nanometers (nm) of 0.6 and then inoculated at 1:50 dilution into anaerobic media containing
electron donors of choice, all prepared in anaerobic Balch tubes with sterile butyl rubber
stoppers. Growth was followed over time using a spectrophotometer (Spectronic 20Dx). All
growth experiments where done in triplicates unless otherwise stated as similarly reported
(Zargar et al., 2012).

Environmental sample collection for RNA extractions

An environmental sample collection trip was conducted in October 2015 to collect red
coloured biofilm material from Paoha Island Mono Lake, CA. The red-coloured biofilm-like
coatings on the rocks were collected from the Pacha Island hot pools by scraping the
material off with a sterile metal spatula. Replicate microbial mat samples were added to
RNase/DNase free 1.5 mL microcentrifuge tubes and immediately flash frozen in liquid
nitrogen on site. The samples were transported back to the laboratory the next day and stored
at —80°C. Total RNA was extracted 2 weeks later and analysed by RT-PCR for 16S rRNA
and arxA gene expression.

DNA, RNA extractions and cDNA synthesis

In triplicates, environmental microbial genomic DNA and total RNA transcripts were
extracted by Qiagen RNeasy Mini kit and Qiagen DNA extraction kit according to the
manufacturer's instructions. After RNA extractions, 500 ng of RNA was then treated with
RQ1 DNase (Promega) in order to degrade any potential DNA carryover. RNA treated
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samples were then followed by reverse transcriptase reactions, synthesized by the Applied
Biosystems TagMan kit (Part No. N808-0234) in order to generate cDNA. The extracted
DNA and RNA concentrations were quantified by using a NanoDrop spectrophotometer at
absorbance 260 nm. All samples were store at —20°C until performing further analysis.

Amplification and detection of genes through PCR

PCR was performed in order to amplify and detect genes of interest in environmental, BSL-9
and ARXA1 mutant DNA and environmental cDNA samples. DNA Sequencing was
performed by Sequetech (San Jose, CA). The arxA-1824-deg-F and arxA-2380-deg-R
primer set was used as a positive control to detect the presence of arxA gene, which yields
approximately 500 base pair fragments. As a positive control for bacteria DNA, 16S rRNA
gene was amplified with the primer set 0341_16SV3V4-F and 0785_16SV3V4-R. In order
to generate the BSL-9 ARXA1 mutant an 800 base pair (bp) BLS-9 arxA homology region
was amplified with X-arxA_Int —F1 and X-arxA_int_R1 primers and cloned into pPSMV20.
To verify plasmid insertion within arxA in BSL-9 chloramphenicol resistant colonies two
primer sets were used. First the arxA_Ext_F and M13_R primer set was used which bind
outside arxA and within the pPSMV20 DNA, and yields 2 kb DNA fragments. Secondly a
partial DNA sequence of sacB which encodes for the enzyme levansucrase and is only found
in pSMV20 plasmids was amplified with sacB_FOR and sacB_REV primer set, generating
200 bp DNA products. Amplification of sacB was observed in positive control pPSMV20 and
in genomic DNA of BSL-9 ARXAL mutant. BSL-9 arxB2ZAB1CD gene cluster was
amplified with the following primer sets, arxB2 F and arxB2 R, arxA_UpS_F and
arxA_UpS_R, arxA DwnS_F and arxA DwnS_R, arxB1 _F and arxB1_R, arxC F and
arxC R, arxD_F and arxD_R. A thermocycler profile was set to 28 cycles of denaturation,
annealing, and extension for all PCR reactions. The primer annealing temperature and the
extension time varied due to the primer set composition and the product size being
amplified. Typically PCR parameters were set to 95°C for 5 min to denature DNA, [28
cycles of 95°C for 30 s to denaturation DNA, primer-specific annealing temperature for 30 s,
extension at 72°C and a final extension of 72°C for 5 min. Supporting Information Table S1
shows specific annealing and extension PCR parameters for specific primer sets. Typically
PCR reactions contained a final concentration of the following constituents: genomic DNA
10-50 ng] or [10 ug] of plasmid DNA, [0.4 uM] for each primer, 1x PCR Master Mix from
Promega containing, buffers, Tag DNA polymerase, dNTP's and Mg2*.

Strains, plasmids and primer sets

Strains and plasmids used in this study are listed in Supporting Information Table S1. Primer
composition, annealing and extension times are listed in Supporting Information Table S2.

Isolation of Ectothiorhodospira sp. str. BSL-9

Strain BSL-9 was isolated from swamp sediments samples collected in Big Soda Lake,
Nevada. Basal salt media containing 2 mM arsenic and trace amounts of yeast (0.01 g/L)
was used to set-up enrichment cultures. Enrichment cultures were streaked on BSM agar
plates containing 2 mM arsenite in order to isolate single colonies. Purple like single colony
forming units (CFU's) were re-streaked in order to acquire a pure culture. Big Soda Lake
candidate isolates 1-14 were obtained; however, BSL-9 was selected since it grew well in
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BSM liquid cultures and in solid agar plates. The BLS-9 genome was sequenced using
PacBio technology by UC Davis genome sequencing centre. The genome assembly was
done by Pac-Bio HGAP_v2 assembly pipeline within approximate 300x coverage. The
annotation was done through NCBI Public Genome Annotation Pipeline service. The
Ectothiorhodospira sp. str. BSL-9 can be accessed from NCBI BioProject: PRINA232800 or
using the GeneBank accession number: CP011994.

arxA mutagenesis plasmid (pSMV20:arxA) construct

In order to disrupt arxA in BSL-9 wild-type, by single homologous recombination,
pSMV20::arxA was used. To construct pSMV20::arxA primer Int_arxA_F and Int_arx R
primers were used to amplified approximately 800 base pair homology region from BSL-9
arxA wild-type genomic DNA. The arxA homology sequence was ligated to pSMV20
(Zargar et al., 2010) by Gibson Assembly Kit (Gibson et al., 2009) according to the
manufacture protocol. The Gibson Assembly reaction was then transformed into £. co/i DH5
alpha Apir cell line (Saltikov and Newman, 2003). Cells were recovered in LB for an hour at
37°C and then plated on chloramphenicol 25 ug/ml agar plates. CFU's were then picked
from chloramphenicol agar plate and grown in chloramphenicol LB liquid media in order to
extract plasmid DNA and screen for the presence of pSMV20::arxA plasmid. Plasmid DNA
was extracted and screened with M13 F/R primer set for 800 bp fragments. The arxA
homology sequence was approximately 800 bp, which was obtained and verified through
sequencing. Plasmid (pSMV20::arxA) was then transformed into £. co/i WM3064 (Saltikov
and Newman, 2003) mating strain in order to carry out conjugation reactions with BSL-9
wild-type strain. Diaminopimelic acid (DAP) was added to growth media since £. coli
WM3064 is an auxotroph DAP mutant strain. BSL-9 exconjugants were then screened with
primer sacB_FOR and sacB_REV and Ext_arxA_F and M13_R primer sets in order to
detect pPSMV20::arxA genomic insertion within arxA gene in chloramphenicol resistant
colonies.

Generation of BSL-9 arxA gene disruption mutant

To perform mating reactions £. coli strain WM3064 cells containing pSMV20::arxA were
grown overnight at 37°C in Luria Broth (LB) containing DAP and BSL-9 wild-type strain
was grown in BSM for 2 days at 35°C under infrared (IR) lights. About 1 ml of £. coli
WM3064 containing pSMV20::arxA and BSL-9 Wild-type strain liquid cultures were
combined and spun down at 10,000 RPM for 1 min. The supernatant was removed (~ 2 ml),
and the combined cells were suspended in 1 ml of LB containing DAP. About 60 pl of the
combined cells were spot plated on the centre of an LB plate containing acetate and nitrate
with approximately pH 8.2. Reactions were incubated for 6 hours at room temperature under
IR lights in an anaerobic chamber. After 6 hours the mating reaction was collected with a
sterile metal loop and re-suspended in 200 ul BSM liquid media containing 5 pg/ml
chloramphenicol. The mixture was then plated on BSM agar plates containing 5 pg/ml
chloramphenicol. After a week, BSL-9 chloramphenicol resistant colonies were picked and
inoculated into BSM media containing chloramphenicol. Two days thereafter, BSL-9
chloramphenicol resistance cells were harvested by centrifugation and used to extract
genomic DNA for analysis of genomic plasmid integration.
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arxA mRNA quantification by gRT-PCR

BSL-9 wild-type cells were grown in BSM medium with 10 mM acetate to stationary phase
then diluted to ODgggnm 0f 0.6. A 1:100 dilution was made into 6 Balch tubes containing
BSM media with 10 mM acetate. After cells reached an ODgggnm Of 0.2, 1 mM arsenite was
spiked into each triplicate culture, while three other replicates did not receive arsenite. The
tubes were sampled before the arsenite spike and 2, 12 and 24 hours post arsenite addition.
Cells were processed for RNA purification and cDNA synthesis as described elsewhere
(Saltikov et al., 2005). Briefly 500 ng of DNase treated RNA was conveted to cDNA using
Applied Biosystems TagMan kit (Part No. N808-0234). To quantify arxA gene expression
relative to the 16S rRNA gene a probe-based real-time PCR assay was used. The IDT
PrimeTime qPCR primer probe sets for arxA were (arxA: Probe 50 -/56-FAM/
CCATCGCCA/ZEN/ATGGCAAGCTGTG/3IABKFQ/-30"; Primer 1, 5’-
CAAGGTCACCGCCATCTAC-3"; Primer 2, 5"-GTCCGGGTCATACAGGAAATAG-3"),
and 16S rRNA gene were (Probe 5’-/56-FAM/CGGTGTAGC/ZEN/
GGTGAAATGCGTAGA/3IABKFQ/-3; Primer 1, 5~
GCATGGCTAGAGTTTGGTAGAG-3’; Primer 2, 5"-CGCACCTCAGTGTCAGTTT-3").
Real-time PCR reactions consisted of 20 pl volume per reaction; 10 pul of 2xTaq Mix
(Promega), 1 ul of 20x probe-primer, 5 pl of H,O and 4 pl of cDNA (diluted 1:4 in H,0).
BSL-9 wild-type DNA was used as a positive control for generating standard curves in order
to quantify arxA relative expression. The Biorad Real-Time PCR machine was used with the
following thermal profile: 95°C for 5 min, 40 cycles of 95°C/30 s, 55°C/30 s and 72°C/30 s.
The quantification analysis of arxA expression was done using the AACq method (Livak and
Schmittgen, 2001). The ACq values were calculated using Cq values of arxA and 16S rRNA
gene. The no arsenite condition was used as a reference for the AACq calculation and the
fold change corresponded to 27AACq

Cell suspension arsenite oxidation assay

To test for growth independent arsenite oxidation, high-density cell suspension assays were
examined. BSL-9 wild-type and BSL-9 arxA mutant were grown in BSM media containing
10 mM acetate. Cells were washed and transfer to BSM media lacking yeast and acetate but
containing approximately 100 uM arsenite. Each growth condition was done in triplicates
with an initial ODggonm Of 0.5 (~ 4.0 x 108 cells/ml). Anaerobic samples were stored either
in the dark or under IR lights at 35°C. In order to analyse and quantify arsenite and arsenate,
500 ul of each sample was taken out over time, every hour and incubated at 4°C. Arsenic
analysis was done routinely two days after sampling.

Analytical techniques

Arsenic speciation was analysed and quantified by High Performance Liquid
Chromatography (HPLC) coupled to an Inductively Coupled Plasma-Mass Spectroscopy
(ICP-MS). Elemental detection was carried out by Thermo X-Series2 ICP-MS equipment.
The isocratic mobile phase contained 30 mM phosphoric acid, which was also used in the
autosampler flush. The flow rate was 1 min/ml with 100 ul sample injection loop. An anion
exchange column (Hamilton PRP-X-100, particle size 10 mm, size 4.1 x 50 mm) was used
with a run time of 3 min per sample. The column temperature was ambient. All samples
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were diluted in 30 mM phosphoric acid mobile phase containing germanium as an internal
control.

Phylogenetic analysis

The phylogenetic analysis of ArxA sequence of Ectothiorhodospira sp. str. BSL-9 and other
DMSO reductase family molybdenum-containing oxidoreductases was done as previously
described (Oremland, 2003).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ArxA

oxidoreductases. Phylogenetic analysis indicates that ArxA clusters more closely to the
arsenate reductase, ArrA than the arsenite oxidase, AioA. However ArxA is distinct from

other known DMSO oxidoreductase family enzymes. The ArxA clade contains

chemoautorophic® and photoautotrophic? arsenite oxidizers. The Genbank accession

numbers are indicated for the ArxA containing taxa. The scale bar indicates changes per

position within the multisequence amino acid alignment.
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Fig. 2.

arxA transcription induced by arsenite in Ectothiorhodospira sp. str. BSL-9. The wild-type
BSL-9 strain was grown photosynthetically with acetate (solid lines) and monitored over
time for arxA expression (indicated by the bars). After addition of arsenite (300 uM) at 12
hours (bold vertical arrow) arxA gene expression increased only in samples receiving the
arsenite spike (dashed lines). Relative arxA gene expression at each time point was
determined using the AAC; method with the corresponding “no arsenic” condition as the
control condition and 16S rRNA gene as the reference gene. Both growth and gene
expression data points and error bars represent the averages and standard deviation from
triplicate cultures.
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Development and verification of arxA disruption mutation in Ectothiorhodospira sp. str.
BSL-9. (A) The pSMV20 vector was inserted within arxA via homologous recombination.

(B) PCR analysis for DNA from wild-type BLS-9 (2, 7, 12), ARXAL (3, 8, 13), empty

pSMV20 vector (4, 9, 14), and water (5, 10, 15). The following PCR primers were used: (i)
arxA (Ext_arxA_F, arrow 1) gene and vector-specific (M13_R, arrow 2) (lanes 2-5), (ii) 16S
rRNA (0341_16SV3V4-F and 0785_16SV3V4-R) gene (lanes 7-10) and (iii) sacB (sacB_F

and sacB_R, arrows 3 and 4) (lanes 12-15). PCRs were analysed by agarose (1%) gel

electrophoresis.
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Effects of ARXAL mutant on anoxygenic photosynthetic arsenite oxidation. (A) Growth of
ARXAL1 (arxA mutant) and BSL-9 wild-type strains were compared under arsenite (600 pM)
conditions (M,J). All samples received an additional 1000 uM arsenite spike at the 96th
hour, indicated by the arrow. Growth was detected only in BLS-9 wild-type (O) and absent
in BSL-9 ARXA1 mutant l. (B) Arsenite (A) oxidation to arsenate (A) in BSL-9 wild-type
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cells. (C) Arsenite (O) to arsenate (@) oxidation inhibition in ARXAL cells. No clear
indication of arsenic transformations in ARXA1 mutant. Data points and error bars in
represent the averages and standard deviation of triplicate cultures, respectively.
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Fig. 5.

Li?;ht—dependent and growth-independent arsenite oxidation. Cell suspension samples were
spiked with approximately 75 pM arsenite and monitored for arsenic speciation. (A) Growth
independent arsenite oxidation (O) to arsenate (@) was inhibited in ARXA1 (arxA mutant).
However, wild-type BSL-9 was able to oxidize arsenite (A) to arsenate (A) within 3 hours.
No abiotic arsenic speciation was observed (l/0). (B) Light dependent arsenite oxidation
(A) to arsenate (A) was observed only after BSL-9 wild-type cells were shifted to IR light
conditions (¢= 2 hours). Data points and error bars in represent the averages and standard
deviation of triplicate samples, respectively.
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Evidence for environmental photoarsenotrophy activity determined by arxA gene expression
in situ. Red biofilm-like microbial mats within hot springs of Paoha Island Mono Lake, CA
were collected and the RNA and DNA extracts analysed for arxA (arxA_1824_deg_F and

arxA_2380_deg_R primers) (A) and 16S rRNA (B) by PCR and RT-PCR respectively.
Agarose gel electrophoresis of the PCRs and RT-PCRs are shown in A and B. For both

panels lanes correspond to: DNA ladder (1, 10), BSL-9 genomic DNA (2), water negative
control (3), environmental DNA (4-5), and cDNA of environmental RNA samples with (6—

7) and without (8-9) reverse transcriptase.
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