A~ w N

© 00 ~N o o

10

11
12

13
14
15
16
17

18
19

20

21
22

23
24

25
26

This is an accepted version of a manuscript submitted to Geochemistry, Geophysics, Geosystems

Combined genomic and imaging techniques show intense arsenic enrichment caused
by detoxification in a microbial mat of the Dead Sea shore
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Key Points:
e Intense arsenic enrichment is detected for the first time around the Dead Sea

e Arsenic is accumulated in the organic matter of a microbial mat as methylated
organoarsenic

e The enrichment results from microbial detoxification and may be fossilized
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Abstract

Microbial mats and microbialites are essential tools for reconstructing early life and its
environments. To better understand microbial trace element cycling, a microbial mat was
collected from the sinkhole systems of the western shores of the Dead Sea, a dynamic
environment exhibiting diverse extreme environments. Intense arsenic enrichment was measured
(up to 6.5 million times higher than current concentrations in water, and 400 times the bulk
concentration in the mat). Arsenic was found predominantly as As(V) in organic molecules, as
shown by XANES spectra and high-resolution elemental mapping. Arsenic cycling genes
obtained from metagenomic analysis were associated with arsenic detoxification, supporting an
active mechanism of As(V) uptake, As(l11) efflux and organoarsenic accumulation in the
extracellular polymeric substances (EPS) of the mat. Thus, we propose that such localized As
enrichment can be attributed to a transient increase in As(V) concentrations in the circulating
subsurface water of the Dead Sea shore and its subsequent incorporation into organoarsenic
molecules through microbial detoxification processes.

Our dataset supports the possibility of metalloid enrichments recorded in very localized facies
due to rapid geogenic fluctuations in chemistry of the water flowing over a biofilm. In this
context, this example calls for caution in interpreting metal(loid) enrichment in organic matter-
rich layers and microbialites of Paleoproterozoic origins. Arsenic signatures in Precambrian
organic matter and carbonate rocks may host biosignatures, including evidence for extracellular
polymeric substances, As-binding and detoxification processes, without supporting arsenotrophy.
They do, however, provide clues to better assess the paleoenvironmental conditions at the time of
microbial mat formation.

Plain Language Summary

Microbial mats and microbialites are like time machines helping us learn about ancient life and
its environments. We collected a microbial mat from the unique Dead Sea's sinkholes, where life
thrives in extreme conditions. In this mat, we found for the first time in this area a staggering 6.5
million-fold increase in arsenic, an element toxic to life. By closely studying the genes and
chemistry of this microbial mat, we discovered that microbes were striving to clean up this
excess arsenic, in a sort of natural detoxification process. It seems that a temporary spike in
arsenic levels in the Dead Sea water triggered this clean-up work, which eventually stored the
arsenic safely in the mat, away from the microbial cells. Our findings suggest that in the past,
when microbial mats were one of the only ecosystems on Earth, changes in the water flowing
over mats like this one could have caused similar accumulations of metals. So, when scientists
study ancient fossilized microbial layers, these discoveries can help us look into the past and
understand the chemical and biological conditions under which these ancient microbial mats
formed.
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1 Introduction

Despite its low abundance in the Earth’s crust, arsenic (As) is a common element in the
environment. It is known for its toxicity to life, mainly because of the use of As>Os for murders
by poisoning. What is true for humans is also true for the rest of the tree of life. For example, the
common form of As in the environment, arsenate -As(V)- is molecularly close to phosphate and
can enter microbial cells via phosphate transporters and inhibit oxidative phosphorylation.
Several mechanisms have evolved to cope with and remove As from cells. They generally
involve arsenate -As(V)- reduction to arsenite -As(l11)- and expulsion pathways through the Ars
operon, involving the transport of arsenite and/or methylation reactions into less and non-toxic
organic molecules (Rosen, 2002; Xu et al., 1998). Some examples found in the environment are
methylarsonate, dimethylarsinate, mono and dimethylarsinic acid, trimethylarsine oxide,
tetramethylarsonium or volatile trimethylarsine (Honschopp et al., 1996; Lakso & Peoples, 1975;
Mcbride & Wolfe, 1971; Zhu et al., 2014), arsenobetaine (the only non-toxic organoarsenic;
Caumette et al., 2012; Edmonds et al., 1977), or arseno-sugars (Morita & Shibata, 1990). In this
context, life plays an important role in global As cycling through the employment of such
detoxification processes. Additionally, some prokaryotes also use As(V) as their respiratory
oxidant coupled to organic matter oxidation (Oremland & Stolz, 2003). These dissimilatory
arsenate-reducing organisms include Proteobacteria, Firmicutes, Clostridia, and thermophilic
Archaea isolated from freshwater sediments, soda lakes, hot springs (Oremland & Stolz, 2003),
aquifers (Saikat et al., 2001) or animal digestive tracts (Herbel et al., 2002). They all use an
arsenate respiratory reductase (arr) thought to have evolved from the polysulfide reductase
enzyme allowing respiratory conversion of S° to H,S (Duval et al., 2008). Heterotrophic and
chemolithoautotrophic arsenite oxidizers can also cycle arsenite as a detoxification system using
the aio enzyme (Anderson et al., 1992) or through the use of As(l11) as electron donor for nitrate
reduction (Zargar et al., 2010) or anoxygenic photosynthesis (Kulp et al., 2008) via the arxA
gene found in Gammaproteobacteria Thioalkalivibrio and Halomonas for example (Edwardson
& Hollibaugh, 2017). ArxA, aioA, arrA all belong to the Dimethylsulfoxide (DMSO) reductase
superfamily of molybdenum-containing enzymes (Andres & Bertin, 2016; McEwan et al., 2002).
Arsenite oxidase (aio) has been suggested to emerge before the Archaea/Bacteria divide (Lebrun
et al., 2003), inferring the presence and role of arsenite in biogeochemical cycling of Archean
habitats (Mukhopadhyay et al., 2002; Sforna et al., 2014), along with mechanisms to cope with
its toxicity (Chen et al., 2020). Respiratory arsenate reductase (arrA), and the arsenate resistance
system is suggested to have evolved contemporaneously with the oxygenation of the atmosphere
(Duval et al., 2008), in concert with increased photosynthetic activity around the Great Oxidation
Event (Chen et al., 2020), although debate exists for Archean antiquity of arrA (Kulp et al.,
2008; Schoepp-Cothenet et al., 2009). Arsenic has therefore become an element of prime interest
for geobiology studies as it may hint at early Earth microbial cycling.

Analogous environments in modern settings where active As cycling has been identified
have been used to better assess the potential for As-based ecosystems. Numerous studies of the
hypersaline and alkaline environments of the high-altitude Andean lakes (Farias et al., 2013;
Fernandez et al., 2016; Sancho-Tomaés et al., 2018; Saona et al., 2021), Searles Lake (Oremland
et al., 2005) and Mono Lake (Kulp et al., 2008; Switzer et al., 1998) have advanced our
understanding of As cycling. Some of these environments contain microbial mats that can be
seen as modern equivalents of primordial ecosystems exhibiting As cycling (Visscher et al.,
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2020). These modern examples could explain As enrichments in fossilized microbial structures
observed for the Archean Dresser Formation stromatolites (Baumgartner et al., 2020) and the
Tumbiana stromatolites (Sforna et al., 2014), where the coupling of As cycling with anoxygenic
photosynthesis has been hypothesized to be a potential phototrophic pathway before the
emergence of oxygenic photosynthesis (Oremland et al., 2009).

In the Dead Sea water, potentially toxic trace element concentrations are relatively high
(Nissenbaum, 1977) but their levels are not thought to be “seriously limiting to life” (Oren,
1983). Adaptations to these elevated concentrations have nonetheless been identified in DNA
extracted from subsurface evaporitic units (Thomas et al., 2014). In contrast, As is neither
enriched in the brines nor the mud of the modern Dead Sea. Kotova et al. (2016) measured As
concentrations of 0.01 mg.L* in the Dead Sea Brine, and up to 3 mg.L™ in shallow Dead Sea
mud of the western shore. Similar ranges of concentrations were measured from the eastern
shore mud (Abdel-Fattah & Pingitore, 2009).

Metalloid-like use by microbes from the Dead Sea was identified in a selenate-breathing
anaerobic bacterium isolated from shallow sediments (Switzer et al., 2001). High metabolic
diversity was found in microbial mats near and within underwater freshwater springs (lonescu et
al., 2012), including phototrophic communities (green and purple sulfur bacteria, cyanobacteria)
and potential metal reducers (mainly associated with Fe-cycling). While life in the Dead Sea
brines is strongly limited by hypersalinity and high divalent cation concentrations (Oren, 1999,
2010), dilution of the brine by freshwater springs onshore (Adar et al., 2014; Hirshberg & Ben-
Ami, 2019) or offshore (Hausler, Noriega-Ortega, et al., 2014; lonescu et al., 2012), or by heavy
rainfalls (Levy et al., 2022; Oren, 1993; Oren et al., 1995), allows diversification of microbial
communities and metabolic potential, including the possible use of other metalloids.

The Dead Sea lake level has been dropping by ca. 1 m per year for the last 30 years (Abu
Ghazleh et al., 2009; Lensky et al., 2005). Freshwater aquifers follow the retreat of the denser
Dead Sea Brine as lake level drops and infiltrate the Quaternary lacustrine deposits of the Dead
Sea paleolake (Shalev et al., 2006; Yechieli et al., 2006). Inside these evaporitic formations,
halite is easily dissolved by the circulating subsurface freshwater, which leads to land instability,
epitomized by frameworks of fractures and sinkhole formation along the coasts of the Dead Sea
(Closson & Abou Karaki, 2009; Nof et al., 2019). Some circulating freshwater may emerge and
form springs of varying chemistry, heat and salinity, depending on their hydrographic specificity
(interactions with groundwater, brine, sediments...). The resulting structures are often networks
of ponds and sinkholes providing favorable conditions for the development of diverse life
(Hirshberg & Ben-Ami, 2019), including microbial communities and microbial mats (Adar et al.,
2014; lonescu et al., 2012; Thomas et al., 2021).

We identified As-rich environments and associated microbial mats in the sinkhole
systems of Dead Sea western shores. Here, we investigate this actively accreting microbialite
environment to determine whether it is has the potential to serve as a model system for As
biosignature incorporation in living microbial mats, providing needed insight into fossilized
counterparts. In this study, we use a combination of imaging techniques (including
fluorescent/hyperspectral microscopy), (meta)genomics, mass spectrometry, and synchrotron-
based techniques to map the elemental distribution and microbial structure of the As-rich
microbial mat. Together, these analyses allow us to assess the characteristics of As and its
relationship to intact in situ biological features. Our objective is to better understand the
processes leading to the incorporation of As and trace metal (bio)signatures into microbial mats
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potentially recognizable as analogues of Precambrian ecosystems and ancient microbial
stratiform deposits.

2 Materials and Methods

2.1 Sampling site

The investigated sinkhole is located at 59°78°55 and 23°79°00, close to the Ein Gedi Kibbutz
(Fig. 1a). It lies within a small system of recently formed sinkholes (named “pools” in Fig. 1b-C)
exhibiting biofilms and microbial mats of different colors and textures. At the time of sampling
(January 2020), the sinkhole of interest (pool 1 in Fig. 1c) was a 2 m in diameter and 40 cm deep
depression at its maximum, situated at an altitude of -431.6 m above sea level (Fig. 1c-d). It was
the highest pool of the whole system, it was among the coldest ones (Pool 1, 22.9 °C) and had
the lowest salinity (27.9 g.L™ TDS). No water source or outflow could be located in pool 1.
However, the water temperature rose right at the base of the Dead Sea-facing exterior rim of pool
1, where we located an outflow of water (active hot spring) with temperatures reaching 30°C
(marked by an arrow in Fig. 1c). This water fed a stream flowing into a series of interconnected
ponds downstream (from pool 2 to pool 7), almost all the way to the Dead Sea (temperature and
pH measured for the Dead Sea : T = 24.5 °C, pH = 6,5). The bottom of pool 1 was draped by a
partly mineralized microbial mat of ca. 2 to 4 cm thickness, immersed in water with an Eh of
26.6 mV and a pH of 7.8. The surface of the mat was pustular with brownish to orange mineral
clusters (CaCO:s), intertwined at its base by green wavy gel-like laminae on top of a pink wavy
lamina. A dark brown to dark grey biofilm layer formed the base of the mat (Fig. 1e).

i z R 7
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Dead Sea

Figure 1. Photographs of sampling system and location. Location of the sinkhole system (white
dot) on the western shore of the Dead Sea, within the Levantine region (a). A network of several
ponds formed by evaporite dissolution by circulating fresher water flowing towards the Dead Sea
was sampled. Samples and data presented originate from the pool identified by the black arrow
(b), named pool 1 in the drone photo showing the sinkhole system and their overall properties
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(c). Zoomed-in photo of pool 1 (d), and field photo of the well-laminated microbial mat (e).
Water circulates from pool 2 to pool 7. However, no water was clearly observed flowing out of
pool 1 and pool 1b suggesting a disconnection of these two pools, with a spring slightly above
pool 2 feeding pools 2 to pool 7.

2.2 Field sampling and sample preparation

Microbial mats, water samples, and in situ measurements of environmental parameters were
collected in January 2020. Fresh sections of the microbial mat were collected in plastic boxes
and kept immersed in the pool water. The microbial mat section used for pigment and elemental
imaging was subsampled on site and kept cool (4°C) in a plastic vial until resin embedding in the
geomicrobiology laboratory of the Earth Science Department at the University of Geneva, a few
days after sampling. There, the 1.5 cm long sample was immersed in successive baths of absolute
ethanol (99 % purity), and then in freshly opened acrylic LR white resin (Sigma Aldrich®,
Merck KGaA, Darmstadt, Germany). The sample was brought to 40 °C for 1 hour and further
incubated at 60 °C for 3 days to achieve maximum desiccation. The resulting LR white resin-
embedded microbial mat was then engulfed in classic epoxy resin Epo-Tek® 301 (Epoxy
Technology, inc., Billerica, MA, USA) and mirror polished.

2.3 Epifluorescence microscopy

The resin-embedded sample was used to observe natural autofluorescence using a LSM780
Airyscan Zeiss microscope and filters adapted to DAPI (excitation wavelength 353 nm, emission
wavelength 465 and detection between 400 and 509 nm), APC (excitation wavelength 651 nm,
emission wavelength 660 nm and detection between 635 and 700 nm) and Rhodamine
(excitation wavelength 558 nm, emission wavelength 575 nm and detection between 562 and 700
nm), and processed using the Zen 3.2 imaging software by Carl Zeiss Microscopy GmbH®
(Oberkochen, Germany), at the Bioimaging Center of the University of Geneva.

2.4 Elemental chemistry of the pool water and bulk microbial mat

Water parameters (pH, eH, and temperature) were measured on site during sample collection
using a CTD probe. Water samples were filtered with a 0.22 um pore size filter (Millipore,
Merck KGaA, Darmstadt, Germany) and stored in sterile metal free plastic tubes in the dark at 4
°C until further analysis. Major anions and cations in the water were measured on a Dionex ICS-
3000 (Thermo Scientific, Waltham, MA, USA) ion chromatograph at the University of Geneva.

Further elemental analysis was conducted in the Biogeochemistry Laboratory at the Rosenstiel
School of Marine, Atmospheric, and Earth Science. All sample and standard preparation were
conducted in Class 100 trace metal workstation in a metal-free ISO Level 7 Clean Room using
distilled nitric acid (Savillex Acid Purification System, DST-1000) and 18MQ MilliQ water. The
concentration of As in the water sample was determined using a standard addition method
following the procedure recommended by Yang et al. (2018). In brief, a 50 ug.L* As spike
solution was created by diluting NIST-traceable SPEX CertiPrep Solution 2A with 0.16 M
ultratrace HNOgz. A seawater certified reference material (CASS-6, NRC Canada) was diluted
gravimetrically by a factor of 10x with 0.16M ultratrace HNOs, resulting in a diluted seawater
solution with 0.1 ug.L™* As. Next, the spike solution was added in variable proportions to six
aliquots of this seawater to create a range from 0.1-1.8 ug.L™ As. Analysis of this suite of spiked
CRM solutions was performed using a triple quadrupole inductively coupled plasma mass
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spectrometry (Agilent 8900 ICP-QQQ) using a UHMI setting of 25. The instrument setup
included an integrated autosampler (SPS-4) with HEPA filtration and coverkit, Ni skimmer and
sampler cones, and a standard electron multiplier detector. During the analysis, the instrument
was operated using Mass Hunter 4.5 Workstation Software (C.01.05). Each measurement was
performed in triplicate, with 100 sweeps each, and all reported values had less than 5% Relative
Standard Deviation (RSD). Prior to each analysis, instrument tuning was conducted using a
tuning solution containing 1 pg.g™ Li, Y, and TI from Agilent Technologies Tuning solution to
optimize signal sensitivity and peak resolution at low, mid, and high m/z ranges. To monitor
interference, plasma-derived oxides and doubly charged ions were checked before each
analytical batch and kept below 2% and 3%, respectively. Scandium was introduced using
Agilent's in-line internal standards kit as an internal standard to monitor instrument drift
throughout the analysis. The measurement of As was performed using the mass shifted O gas
mode (°As = % As). Sample counts were corrected for contributions from the blank solution by
analyzing an acid blank prepared from the same 0.16M HNO3 used to prepare the CASS-6
seawater dilutions. Counts measured for each of the seven CASS-6 solutions were then regressed
against the expected concentrations in the spike of each standard solution. The resulting curve
was characterized by a linear relationship (R? = 0.9968), and the intersection of this curve with
the x-axis provided the concentration of As in the unspiked standard reference material (CASS-
6) with 96% recovery. Using this CASS-6 verified external 7-point calibration curve, we
calculated the concentration of As in the Dead Sea water sample based on measured counts. The
detection limit, calculated by the Mass Hunter Software for this analysis was 0.06 ug.L™.

To analyze the bulk microbial mat composition, approximately 100 mg of freeze-dried and
powdered samples were weighed into pre-cleaned 30 mL perfluoroalkoxy alkane (PFA)
digestion vessels (Savillex, USA). As previously, a two-step, sequential digestion protocol was
conducted using ultra-trace grade 30% H»>0, and 16 M distilled HNOs as described previously
(Abdool-Ghany et al., 2023). First, approximately 3 mL of ultratrace H20O> were added to the
PFA vessel, the lid was tightly capped, and put on a hot plate set to 115 °C for 24 h. After
cooling, the PFA vessels were weighed again to assess mass loss during digestion, which was
less than 1.7% on average. Samples were uncapped and put on a hotplate set to 70 °C in a metal
free Class-100 workstation to evaporate H>O>. Next, 3 mL of 16 M distilled HNO3 were added to
each vessel. After tightly capping, sample weights were recorded again, and the vessels were
placed on a hotplate set to 135 °C for 48 h. After cooling, sample weights were recorded, and the
samples were again placed to evaporate on a hotplate set to 70 °C. Residual sample was
resuspended in 5 mL of ultra-trace 0.16M HNO3, and aliquots were diluted volumetrically for
analysis of elemental concentrations. Procedural blanks, NIST-Traceable SPEX CertiPrep
solutions, and certified reference materials (FEBS-1, NCS-DC-73340, IAEA 413, IAEA 392,
DOLT-5) digested in the same manner as the samples were analyzed with every batch of samples
to confirm accuracy. Average CRM recovery and detection limit for each element are indicated
in Table S1. Based on replicate analyses of certified reference materials, measurement accuracy
was within +4.5% of certified reference values on average. Analyses were made on a triple
quadrupole inductively coupled mass spectrometer (Agilent 8900 ICP-QQQ, Agilent, Santa
Clara, CA, USA) using a UHMI setting of 8 in He-gas mode on mass for *Mg and >*Mn, H: gas
mode for 4°Ca, and in Oz mass shift mode for 32S, "°As, and *®Fe. Scandium was introduced as an
on-line internal standard via the Agilent ISTD kit, and plasma-derived oxides and doubly
charged ions were maintained below 2 and 3% respectively as described above.
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2.5 Particle-induced X-ray Emission (PIXE) imaging

Experiments were performed on the resin-embedded sample at the AIFIRA Facility (LP2i-
Bordeaux, France) with a 3 MeV protons microbeam (Beam diameter = 1 um, Beam current ~
100 pA). The fast raster of the beam allowed elemental mapping of few mm square areas. pPIXE
were done with Si(Li) detectors (Raypsec Ltd, High Wycombe, UK) equipped with a Carbon
Funny Filter (thickness 500 pum, hole size 2 mm) which detect X-rays emitted from the
interaction of protons with the samples. The beam current was set to keep deadtime below 10%
on the PIXE detector. uRBS (Rutherford Backscattering spectroscopy) were done with a Silicon
PIPS detector (Mirion Technologies, Inc., Atlanta, GA, USA) which detects backscattered
protons; it is used for quantification. Data treatment and quantification were done with SIMNRA
7.02 (www.simnra.com) and GUPIXWIN 2.2.1 (http://pixe.physics.uoguelph.ca/gupix/main;
Campbell et al., 2010). Maps and image analyses were obtained using combined imageJ and R
protocols. The relative grey scale intensity was transformed into a matrix of values for each pixel
using the “image to result” command in ImagelJ (V. 1.53¢), and then processed as surface plots.
Pixel matrices were processed and analyzed for each element with R using the raster and
rasterVis packages.

2.6 Synchrotron-based X-ray fluorescence and XANES spectra analyses

The resin embedded sample was brought to the Swiss Light Source, at the Paul Scherrer
Institute, Villingen, Switzerland. Synchrotron-based scanning XRF and absorption contrast was
performed at the microXAS beamline, using an X-ray energy of 12 keV, focused to 1x1 um?
using a Kirkpatrick—Baez mirror system. The scans were recorded in fly scan mode, recording
the full XRF spectra every 100 ms with variable step size. The XRF spectra were recorded with
single-element silicon drift detectors (Ketek GmbH, Germany) coupled to FalconX pulse
processors (XIA LLC, USA). XRF data was fitted using PyMCA (Solé et al., 2007). X-ray
absorption near edge structure (XANES) were collected around the following As K-edge regions
and step sizes : 11.839-11.86 keV at 0.001 keV steps, 11.86-11.88 at 0.0004 keV steps, 11.88-
11.90 at 0.001 keV steps, 11.9-11.95 at 0.002 keV steps and 11.95-12.1 at 0.003 keV steps. Data
processing was done with the software Athena, using the corresponding normalization and
background removal parameters : EO = 11867.5 eV, 3" normalization order, pre-edge range -
28.522 t0 -17.110, flatten normalized data and normalization range between 58.490 and 229.190,
with 464237.57 edge steps. Rbkg was at 1.0 and K-weight at 2. Spline range were set between 0
to 7.767 in k, and sO to 230.01978 in E. XANES measurements were performed five times each
point, which induced modifications of the spectrum over time by the beam. For this reason, all
spectra presented here are from the first acquisition at each location. A example of the beam-
induced transformation is shown in Fig. S1.

Redox maps were constructed after obtaining XRF maps for arsenic at the following energies:
11850 eV, 11868 eV, 11873 eV, 11880 eV and 11890 eV. Noise on these images was removed
on imageJ using the “despeckle” prompt and then divided by the “image calculator” prompt.
The relative grey scale intensity of XRF map images was transformed into a matrix of values for
each pixel using the “image to result” command in ImageJ (V. 1.53¢). Pixel matrices were then
processed and analyzed for each element with R using the raster and rasterVis packages.

Arsenopyrite (solid mineral), As>S, powder (Arsenic(1l) sulfide, Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany), As>Os powder (As(l11) oxide , Thermo Scientific Chemicals, Waltham,
MA, USA), As2Os powder (As(V) oxide, metal base, Thermo Scientific Chemicals, Waltham,
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MA, USA), and triphenylarsine powder (As(111)(CsHs)s (Thermo Scientific Chemicals,
Waltham, MA, USA) were used to obtain reference XANES spectra. Powders were mixed with
boron nitride and mounted on in nearly 2 mm-thick plexiglass frames.

2.7 Hyperspectral imaging of bacterial pigments

The resin-embedded sample were scanned by hyperspectral Specim PFD-CL-65-V10E linescan
camera (Specim, Oulu, Finland) following the method of Butz et al. (2015). The scanning
resolution i.e. the pixel size was 60 um. We examined the sample and the resin for their spectral
absorption to identify pigments. The Relative Absorption Band Depth (RABD) in certain
wavelength ranges was calculated from the spectra to quantify relative changes in pigments
throughout the sample. RABD620 represents phycocyanin, a pigment produced by cyanobacteria
(Sorrel et al., 2021). RABD660-670 is interpreted as total chloropigments-a, which represents
total algal abundance (Butz et al., 2017; Rein & Sirocko, 2002; Zander et al., 2022). The spectral
absorption of the surrounding resin was determined and used as background in calculation to
remove any potential matrix effect of the resin on the sample spectra.

2.8 16S rRNA gene and metagenomic analysis of arsenic-related genes

Several samples from the Dead Sea pool system were extracted using the DNeasy
PowerBiofilm® Kit (Qiagen, Germantown, MD, USA) following the instructions provided by
the company. Each sample corresponded to one single mat found in this sinkhole system.
Genomic results presented below are from only one mat (i.e. one sample), described in section
2.1. The rest of the dataset will be published elsewhere. The extracts were quantified using
Invitrogen Qubit ds DNA HS assay kit (Life Technologies, #Q32851, Grand Island, NY, USA),
and sent for amplification of the 16S rRNA gene to Fasteris (Genesupport SA, Geneva,
Switzerland) using the primers 515F (5’-GTGYCAGCMGCCGCGGTA-3’) and 909R (5°-
CCCCGYCAATTCMTTTRAGT-3") (Yong Wang & Qian, 2009). Samples were then purified,
quantified, pooled for library preparation (no PCR cycle to finish the library) and sequenced by
[llumina Miseq (1 paired-reads run 2 x 300 bp; Illumina Inc San Diego, CA, USA). Yield and
quality controls were within specifications. Samples were then filtered and trimmed using
cutadapt (Martin, 2011), assembled and checked for chimeras using dada2 (Callahan et al., 2016)
and further analyzed using phyloseq (McMurdie & Holmes, 2013) and vegan (Oksanen et al.,
2007)packages with R (R Core Team, 2013), as described in the Open Research Statement
below.

Metagenomes were obtained from the same extracts using lllumina NovaSeq S4 (2x150;
Illumina Inc San Diego, CA, USA) after shotgun Library Prep at the Rush University Genomics
and Microbiome Core Facility. Genomic DNA samples were prepared for sequencing by an
initial quantification using Qubit 4 Fluorometer (Life Technologies, #Q32851, Grand Island,
NY, USA). Library preparation was performed using the Illumina DNA Prep Workflow with
UDI indexing (#20018705, 20027213 Illumina Inc San Diego, CA, USA) according to the
manufacturer’s instructions with 50 ng template input and 5 cycles of PCR. An equal-volume
pool of all libraries was then made. The pool was quantified using a Qubit DNA High Sensitivity
kit (Life Technologies, #Q32851, Grand Island, NY, USA), and size distribution was assessed
using an Agilent 4200 TapeStation System (Agilent Technologies, G2991AA, Santa Clara, CA,
USA) using TapeStation D5000 ScreenTape, ladder and assay (Agilent Technologies, # 5067-
5588, 5067-5590 and 5067-5589, Santa Clara, CA, USA). The pooled libraries were run on
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[llumina MiniSeq instrument using MiniSeq Reagent MO Kit, (300 cycles) (Illumina Inc San
Diego, CA, USA) run for quality control and libraries balancing purposes. A new pool was made
based on the MiniSeq run results, quantified same as described above and sequenced on an
Illumina NovaSeq 6000 instrument (300 cycles) (Illumina Inc San Diego, CA, USA), with a 1%
phiX spike-in. Raw sequence reads were quality trimmed and filtered using Trimmomatic
(v0.39) (Bolger et al., 2014) and assembled de novo using SPAdes (v 3.13) (Bankevich et al.,
2012) using the —meta option for metagenomic assembly. Reads from each sample were mapped
to the assembled contigs of each file using BBmap (sourceforge.net/projects/bbmap/) and
converted to sorted BAM files using SAMTools (Danecek et al., 2021). The depth profiles for
each assembly were generated using the jgi_summarize_bam_contig_depths tool provided with
Metabat2 (Kang et al., 2015). Binning was done using Metabat2 (v 2.15) (Kang et al., 2015)
using default setting. Completeness and contamination of genomes was estimated with CheckM
tool (v2) (Parks et al., 2015). Taxonomic classification of metagenomic bins was performed with
GTDB-Tk (v 2.1.1) (Chaumeil et al., 2020). Annotation of bins was done with Prokka V
(Seemann, 2014), BlastKoala (Kanehisa et al., 2016) and EggNOG-mapper v; (Cantalapiedra et
al., 2021). To obtain annotation of proteins found in unbinned contigs, open reading frames were
called using Glimmer (Delcher et al., 2007) from the assembly result and subsequently annotated
using GhostKoala (Kanehisa et al., 2016) and EggNOG-mapper (Cantalapiedra et al., 2021).

3 Results

3.1 Microbial mat composition

The microbial mat consisted mostly of organic matter (Fig. 1e) that is here loosely grouped under
the term EPS, as described by Flemming et al., (2016), and encompassing a wide variety of
organic molecules secreted by microbial cells and structuring a community in a biofilm. It
included pigment-rich EPS, with occasional localized mineral clusters (upper right corner, Fig.
2a-b), and more isolated detrital minerals and concretions (Fig. 2c). The sample was partially
mineralized on its surface, as could be seen by the orange to brownish pustular structures in the
hand samples (Fig. 1d). These minerals had a blue autofluorescence when viewed using a DAPI
filter (excitation 350-400 nm; emission 420-480 nm), which is typical of calcium carbonates
(Fig. 2a-b) further identified as aragonite by Raman Spectroscopy (not presented here). These
mineralized areas occurred in the upper right corner of the sample section (Fig. 2a) in rather
heterogeneous lithofacies composed of aragonite needles partially to completely agglomerated as
concretions reaching ~100 um in length (Fig. 2b, Fig. S2). In this mineralized region of the
sample (Fig. 2b), organic matter is more dispersed as supported by low yellow to red
autofluorescence (filters for Rhodamine and APC) compared to the rest of the investigated
sample, that is largely structured by microbially secreted EPS.

High-resolution epifluorescence imaging (Fig. S2) revealed a common occurrence of
dinoflagellates and diatom shells in the top 5 mm of the sample. The sample also presented
cavities and voids (dark blue to black in Fig. 2), observed particularly in the middle of the
sample, possibly triggered by the resin hybridization protocol. Filaments of various lengths and
diameters were present all along the sample, displaying red and yellow autofluorescence (using
APC and Rhodamine filters). These filaments were either structureless, organized around voids,
or observed in well-ordered, parallel laminae. The resulting filamentous network formed well-
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identifiable wavy textures (see Fig. 2c, and in the bottom part of the sample, Fig. 1e and Fig. 2a).
Coccoids, interpreted here as Cyanobacteria based on autofluorescence, occasionally formed
denser aggregates. Photopigments were identifiable all the way down the core, with higher
autofluorescence observed at the bottom. This downward trend of autofluorescence intensity was
confirmed by hyperspectral images (Fig. S3 and S4) of chlorophyll a, and b, and phycocyanin.
Overall, yellow-red autofluorescence visualized the EPS content and the structure of the mat,
while blue (Fig. 2b-c) represented carbonate minerals, as confirmed by Mg and Si mapping that
are commonly enriched in EPS of the Dead Sea system (Fig. S5). In the bottom part of the
sample, these blue zones were less present and large black patches/islands showed detrital
minerals (silicates).

Figure 2. Epifluorescence microscopy images of the microbial mat from the surface of the
microbial mat (top of image (a)) to bottom of the mat (bottom of the section in (a)). The
unstained mat was imaged using a combination of the following filters (filter for DAPI: blue
color showing autofluorescence of calcium carbonate minerals; filter for APC: red color covering
autofluorescence of chlorophyll, allophycocyanin and phycocyanin; filter for Rhodamine: yellow
color covering autofluorescence of cyanobacterial phycoerythrin and phycoerythrocyanin). The
stacked images highlight most photosynthetic pigments in yellow-red, while minerals (mainly
aragonite) are colored in blue. (b) Zoom on the frame labelled (b.) in photo a. (c) Zoom in the
frame labelled (c.) in photo a.

3.2 Elemental distribution and local chemical enrichment

Synchrotron-based XRF indicates that As is enriched in most of the EPS, but to varying degrees
across the sample (Fig. 3). The As content reaches a maximum of 15700 ppm in the middle
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lamina (arrows Fig. 3 and Fig. 4), much higher than other trace elements (e.g., Mn: 2200 ppm,
Fe: 660 ppm; Table 1). The As concentration was more than 390x the bulk concentration
measured for the whole sample (40.1 ppm; Table 1), and more than 6.5 millionx the
concentration measured in the water from pool 1 at the time of sampling (2.39 pug.L™ ; Table 1).
Manganese was often co-enriched with As in many occurrences in the mat, particularly in the
max-As layer (Fig. 3), where it reached a factor of 5x compared to the bulk sample composition
(389.3 ppm Mn). Sulfur enrichment in the As-rich layer was relatively minor (2.5x compared to
the bulk at 7126.5 ppm S) and reached a maximum in the bottom part of the mat. Calcium was
only mapped within mineral phases in Fig. 3, but Ca-enrichment was also observed in the EPS
(Fig. 4), although it does not correlate with the As-Mn-rich phase.

Omj 45821 mﬁ 825 0 counts 92 m 47007
Figure 3. Synchrotron-based XRF maps of the microbial mat showing strong As enrichment,
associated to a certain extent with Mn concentrations. CaCO minerals are mainly located in the
top right corner and associated with Ni and K (not shown). Sulfur increases in the bottom of the
mat but has overall relatively low concentrations. The color scale indicates XRF intensities from
the detection limit (purple) to the maximum measured (yellow). Black arrow in As frame shows

the location of the PIXE analyses presented in Figure 4, and numbers correspond to XANES
analysis points (Figure 5).
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442  Figure 4. Surface plot of elemental concentrations measured by PIXE mapping in the As-rich
443  zone (arrow in Fig. 3). It shows co-enrichment in Si, As, Mn and Mg. Fe and Ca were also
444  detected. The PIXE spectra also show peaks of Na, S, CI, Br, Rb, Sr, and very faint Cu and Zn
445  (see supplementary material Fig. S6). Images are 250 um x 250 pum. The color scale shows
446 relative intensity from below detection limit (black) to maximum (white) values.

Ca

441

447
water bulk mat As-rich zone | EPSto bulk EPS to water
(PIXE) enrichment enrichment
(mg.L™) | ppm (mg.kg™) | ppm (mg.kg™)

Mg | 3.54x10° 31.8 x103 152 x103 4.8 43

Ca | 2.20x10° 166 x10° 25.5 x10° 0.2 12

S 514 7.12 x103 17.9 x10° 2.5 35
Mn - 399 2.25 x103 5.8 -

Fe - 3.19 x10° 660 0.2 -

As | 2.4x10° 40.1 15.7 x10° 392 6.5x10°

448  Table 1. Chemical composition of the mat water and bulk mat (as measured from ion
449  chromatography and QQQ-ICP-MS) and specific As-enriched zone (as measured by PIXE). EPS
450  to bulk enrichment is a ratio between the elements measured in the As-rich zone by PIXE and
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those measured in the bulk mat. EPS to water enrichment is a ratio between the elements
measured in the As-rich zone by PIXE and those measured in the water. Concentrations of sulfur
in the bulk mat samples are informational, all other elements were measured using replicate
analyses of reference materials (Table S1).

Over twenty XANES spectra were acquired across the sample. They showed similar patterns
with a white line peak energy consistently measured at 11872.4 eV and a single peak shape as
shown for the four points spread from the top to the bottom part of the mat (Fig. 3 and Fig. 5).
The curve shape of all measured points is relatively similar to that obtained for As,Os, but with a
difference in the As white line peak energy (measured at 11874.9 eV). The obtained white line
peak energies for the standards are 11871.2 eV for As2O3, 11869.9 eV for AsS, and 11872.4 eV
for triphenylarsine. The peak energy of the triphenylarsine is thus identical to the peak energy of
the points measured throughout the sample, although the shape of the curve is radically different.
These data are presented in Fig. 6 and compared to other published white line peak energies for
common reference material, including organoarsenic compounds that were not measured during
this study, but are more commonly found in the environment. Based on these comparisons, the
white line measured in this study better matches that of a combination of As(V) organoarsenic
species. Values obtained from methylated arsenate (in particular tetramethylarsonium) overlap or
are very close to those measured across the mat. Other organoarsenic species, such as
arsenobetaine and choline, also show close white line peak energy values but published spectra
differ in overall shapes, as discussed in the next sections. Published examples of As(V) organic
compounds like methylarsonate, dimethylarsinate and trimethylarsine oxide (MMA(V),
DMA(V) and TMAO respectively) show similar shapes, with a high intensity peak followed by a
linear behaviour between 11875 and 11900 eV, and maximum energy peaks that may contribute
together to the observed wide peak measured in the mat (Jahrman et al., 2022; Smith et al.,
2005). Arsenic mapping at 11868 eV (representative of As(l11)) and 11873 eV (representative of
As(V)) generally shows similar features dominated by As(V) species (Fig. S7). When compiled
in redox maps and count distribution plots, one occurrence in region 2 (As-rich lamina) presents
possible co-occurrence of As(l11) and As(V) (Fig. S7h). Therefore, the contribution of As(I11)
cannot be ruled out in the XANES spectra of the mat.
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Figure 5. XANES spectra of As across the mat (see fig. 3 for localization), and in reference
materials. The broken line refers to the identical white line peak energy (11872.4 eV) obtained
for all points measured throughout the sample.

As,S, % ¢

R f—

Tetramethylarsonium[——]

Monomethylarsenic —
(1) diiodide

]
I
]
]
Triphenylarsine W Dimethylarsinate: DMA(V)
]
]
]
]
]
]
]
]
i

|
i * As,Og

5 |
[ Arsenobetaine

] Trimethylarsine oxide: TMAO(V)
] Arsenocholine

[ Arseno-sugars

AsS B
n —— S——
As(OH), | ] [ |
Methylarsenate: MMA(V)
I T T T T T T
11869 11870 11871 11872 11873 11874 11875

1
11876

Figure 6. White line energies (in eV) of reference As material including material measured in
this study (stars), from Smith et al. (2005; white bars), Bacquart et al. (2007; black bars) and
Bacquart et al. (2010; grey bars). Measured whiteline across the mat (see Fig. 5) is represented

by the broken line and ticked box.
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3.3 Hyperspectral imaging of bacterial pigments

Several spectral absorption troughs in the spectral profiles of the sample as well as of the
embedding resin were identified (Supplementary material Fig. S3). The fact that the resin itself
has a specific spectral profile means that the resin is absorbing light at certain wavelengths, more
specifically at 560-570 nm, 630 nm, 710 nm, 820 nm, 870 nm and 915 nm. The sample absorbs
light at wavelengths of 550 nm, 620 nm, 660 nm and 915 nm. From these data, the presence of
phycocyanin, a pigment produced by cyanobacteria, is observed in the lower part of the sample
(Fig. S4, RABD620 in blue). Chlorophyll-a and its derivatives represent photosynthetic primary
productivity (Fig. S4, RABDG660 in dark green). We can state with high confidence that these
two pigments are present in the sample as the spectral profile of the resin showed no absorbance
at these wavelengths (Fig. S3, panel C), thus causing no interference. The bacteriochlorophyll-
c,d and e (RABD?~15) produced by green sulphur bacteria cannot be assessed as we observe an
interference with the resin absorption in the same wavelength (Figures S3 and S4, RABD715 and
RABDs20). The resin signal is here represented by one of its several absorption troughs —
RABD820 (Fig. S4, RABDs20). No absorption was observed at the wavelengths specific for the
bacteriopheophytin-a, which would show the presence of purple sulphur bacteria. Thus, no
anoxic primary producers are found in the sample, only cyanobacterial and photosynthetic
primary production.

3.4 Genetic composition of the mat

The 16S rRNA gene sequences obtained from this mat show a composition of Cyanobacteria
predominantly (57 %), Alphaproteobacteria (17 %), Bacteroidota (15 %), Chloroflexi (10 %)
Spirochaeta (4 %) and Gammaproteobacteria (0.8 %). The overall abundance of Cyanobacteria
matches the observations from the field, smear slides and fluorescence microscopy (Fig. 1e and
2). A few phototrophic organisms other than Cyanobacteria have potentially been identified
within the Alphaproteobacteria class as Rhodobacterales (0.7 %) and Chloroflexales (0.7 %).
Additionally, a few halophilic purple sulfur bacteria affiliated to Halochromatium were
identified (0.1%). No clade or taxa known to cycle As in a dissimilatory way was identified.

A total of 2190 metagenomic bins were obtained from the 12 mat samples. The metabolic
potential of these organisms will be discussed in a separate study. Genes related to As processing
were identified in 94 bins in our microbial mat (pool 1). Of these, 70 were affiliated to the
arsenical resistance operon repressor and 20 could be linked to arsB arsenite efflux system
(including arsenite efflux pump, arsenite-antimonite arsAB efflux family transporter, arsenite
transmembrane transporter activity, arsenite-activated ATPase arsA and arsenical-resistance
protein). Additionally, 11 bins contained an arsenate reductase gene, 3 bins associated to the
arsenical resistance protein arsH encoding for methylarsenite oxidase, and 1 to As methylase
arsM. No bin affiliated with any energy-gaining system from As cycling could be found.
Alphaproteobacteria and Chloroflexia had a large number of hits for arsenite efflux systems, but
all taxa that could be linked to an As cycle-related bin unsurprisingly had some bins associated
with an arsenite efflux system. Finally, arsenate reductase was found for Alphaproteobacteria,
Gammaproteobacteria, Bacteroidia and Spirochaeta. ArsH was only tied to
Gammaproteobacteria Halothiobacillales and Cyanobacteria (Synechococcus), and the arsM hit
was connected to Spirochaeta (Alkalispirochaeta genus).
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Figure 7. Phylogenetic diversity and As functions of the microbial mat. (a) Genomic affiliation
from the microbial mat using 16S rRNA gene sequences and (b) from As-associated genes
obtained from metagenomic sequencing and including genes from the arsenite efflux system,
arsenate reductase, arsH and arsM.

4 Discussion

4.1  Microbial mat structure and composition

At the time of collection, the mat was located at the margin of an active hot spring (Fig. 1c). It
was in the uppermost pool (pool 1; Fig. 1c) of a system consisting of a series of seven pools
seemingly connected by a small stream flowing into the Dead Sea. However, no connection
could be observed between pool 1 and the other pools. Based on temperatures, salinity and pH,
we interpret that pool 1 is likely to be disconnected from the underlying system (pool 2 to pool
7). This fate is experienced by many similar sinkholes in the surrounding area (e.g. pool 1b; Fig.
1c) and above, given the rapidly declining Dead Sea level (Al-Halbouni et al., 2021; Nof et al.,
2019). This stranding status likely influences the ability to form structured and mineralized mats
(which are not observed in the pools below pool 1) and, therefore, the overall chemical, physical
and biological characteristics of the sample.

The mat is not structured in continuous isopachous lamina, rather it shows patchy structures,
except for the marked horizontal As-rich lamina. Overall, it consists of EPS highly enriched in
Mg and Si (Fig. 4), a feature observed in EPS of the Dead Sea shores (Thomas et al., 2016).
Interestingly, Mg-Si enrichments have been commonly described in (mineralizing) microbial
mats (e.g. Arp et al., 2003; Kazmierczak & Kempe, 2003; Kempe et al., 2011) where a
transitional Mg-Si phase, often referred to as “amorphous Mg-Si phase” precedes the formation
of carbonate minerals (Bontognali et al., 2010; Pace et al., 2018; Zeyen et al., 2015). This
enrichment has been interpreted as a transitional phase that enhances biofilm mineralization by
CaCOs precipitation (Pace et al., 2018; Suosaari, Lascu, et al., 2022). In the Dead Sea, heavy Mg
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enrichment (up to 152,000 ppm) is to be expected given the extreme concentration of Mg?* in the
environment (lonescu et al., 2012) and in the pond water (Table 1). Silicon concentration is not
high in the Dead Sea environment compared to other elements (5.1 mg L™ in average in the
water column; Moller et al., 2007), but microbial EPS is commonly enriched in Si, potentially
fed by dissolving diatom frustules (present in the mat, Fig. S2). This could explain the high [Si]
measured in specific laminae within the mat by PIXE (up to 409,000 ppm, Table 1, Fig. 4).
Several carbonate precipitates are found in the mat and in this context may result from localized
rise of alkalinity that may well be triggered by abiotic processes (Belmaker et al., 2019) or
microbial activity (e.g. Glunk et al., 2011).

Redox sensitive elements (e.g. Mn, Fe, As) are not clearly structured across a depth-gradient
along the mat, but rather co-exist at similar levels, pointing to dynamic electron cycling at the
mat scale and probably to passive metal binding by EPS, as described by Sforna et al. (2016).
Photosynthetic pigments are distributed throughout the sample. It remains to be resolved whether
the presence of photosynthetic pigments in the deepest part of the mat is associated with ongoing
oxygen production or is a relic of past activity. Interestingly, the maximum presence of
phycocyanin and chlorophyll was measured by hyperspectral imaging in a layer lying below 8
mm (Fig. S3). In addition, 16S rRNA gene sequence data show an abundance of anaerobic
communities, supporting a complex system structured in dynamic microniches that likely depend
on diel cycles, and/or alternate spectral niches (e.g. Wong et al., 2015). Organisms involved in
oxygenic photosynthesis include phycocyanin and chlorophyll-producing Cyanobacteria (Fig.
7). Other phototrophic organisms have also been detected, such as carotenoid-bearing
heterotrophic Rhodobacterales likely involved in the reddish lamina of the mat, filamentous
anoxygenic phototrophic of the order Chloroflexales (0.7% in the sample, Fig. 7) and few
potentially anoxygenic Halochromatium members. Since the genomic data are not depth-
resolved, we cannot draw conclusions about the structuring of the microbial mat based on this
informationHyperspectral imaging allows a more detailed localization of specific pigments
(chlorophyll vs phycocyanin, Fig. S4) but does not provide reliable results for
bacteriochlorophyll pigments found in anoxygenic phototrophs due to the emission of the acrylic
resin employed.

4.2  Arsenic cycling: no arsenotrophy but common arsenate detoxification

The absence of arsenotrophic organisms in the 16S rRNA dataset does not explain the
localization of significant As enrichments, nor does it suggest a link with anoxygenic
phototrophic organisms, as recently observed in the purple mat of Laguna La Brava, in the
Atacama Desert in Northern Chile (Visscher et al., 2020). Genes that relate to arsenotrophic
metabolisms (arr, arx or aio) could not be detected either. Instead, identified As-associated
genes point toward common detoxification processes conducted by a variety of organisms.
Arsenic resistance in prokaryotes is generally conferred by an arsenate reductase and the arsRBC
operon, which provides an overall control for the arsenite efflux system (Andres & Bertin, 2016;
Mukhopadhyay et al., 2002). Bins associated with this pathway were widely found in our dataset
(Fig. 7). Our data also show the presence of the less common arsA, that makes the efflux more
efficient and confers a higher level of As resistance through the arsRDABC operon
(Bhattacharjee & Rosen, 2007). In the sample, this gene was only found to be associated with
Cyanobacteria and one Euryarchaeota. Additionally, other ars genes linked to organoarsenical
detoxification were detected in a limited number of bins, and associated to arsM and arsH,
affiliated to Spirochaeta of the Alkalispirochaeta genus for arsM, Gammaproteobacteria
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Halothiobacillales and Cyanobacteria Synechococcus for arsH (Fig. 7). Methylation of arsenic
is found in all kingdoms, following Challenger’s mechanism (Challenger, 1945), which for As
involves the reduction of As(V) followed by successive oxidative and reductive methylations
steps from As(l11), leading to formation of methylated arsenite and arsenite, and ultimately to its
final product DMA(V). Some of these intermediate steps were summarized by Wang et al.
(2015) in bacteria, and involve genes like arsM and arsH (Chen et al., 2015; Qin et al., 2006;
Yang & Rosen, 2016). ArsM is a microbial arsenite S-adenosylmethionine methyltransferase that
catalyzes the formation of methylated compounds from As(l11), with volatile trimethylarsine as
end product (Qin et al., 2006). In this study, intermediate methylated compounds that have been
described corresponded to the low-toxicity TMAO and DMA(V), commonly found as trace As
substances in organic tissues (e.g. seafood ; Luvonga et al., 2020; Schmidt et al., 2018). The
arsH gene likely provides resistance to toxic methylated and aromatic As(111) by oxidation of
trivalent organoarsenical compounds derived from herbicides and antimicrobial growth
promoters (Chen et al., 2015) into low-toxicity pentavalent MMA(V). Therefore, we describe a
community potential for As detoxification through arsenate reduction into arsenite and efflux out
of the cell, either as arsenite or as As(V) methylated compounds (Fig. 8A). In particular,
DMA(V) is commonly described as an efflux product for microalgae in aquatic environments
(Filella et al., 2023; Wang et al., 2015). The corresponding As molecules that could be expelled
based on our dataset all have XANES peaks that could contribute together to the signature
obtained for the As-rich layer of the pool 1 sample (Fig. 8B). Maximum peak energies for the
XANES spectra published by Smith et al., (2005) lie between 11871 eV (for As(l11)) and
11874.5 eV (for MMA(V)), with a one-phased to two-phased post-peak linear descent between
11875 and 11900 eV. Comparison of our coupled metagenomic and synchrotron data with
published data suggests that such signature could be the result of an efficient detoxification
process leading to the efflux and preservation of organoarsenic molecules such as MMA(V),
DMA(V) and TMAO, and possibly presence of As(l11) in the EPS matrix of the mat (as
supported by Fig. S7). The obtained As-rich layer XANES spectrum may well be a combination
of the individual XANES spectra of these four species, but no curve fitting could be realized as
TMAO(V), DMA(V) and MMA(V) were not used as reference material during our synchrotron
experiment.
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Figure 8. Interpretation of As cycling and species in the Dead Sea mat. (a) Schematic summary
of hypothesized As cycling from As(V) rich pool water to immobilization in EPS as
organoarsenic. The organoarsenic species DMA(V), TMAO and MMA(V) may be formed
through identified arsM and arsH genes identified in the metagenomic pool. (b) XANES spectra
of putative organoarsenic molecules along with As(111) (all taken from Smith et al., 2005) with
the sample and reference material measured during this study.

The As redox state obtained from synchrotron-based redox maps across the mat supports an
overall As(V) occurrence throughout the mat (Fig. S7). XANES white lines are in accordance
with the presence of As(V) under the form of pentavalent organoarsenics (Fig. 6 ; Bacquart et al.,
2007, 2010; Smith et al., 2005). Nevertheless, As(l11) cannot be completely ruled out based on
XANES signatures, and would be supported by our metagenomic data, which are generally
enriched in bins associated to the arsenite efflux system. The stability of this As(I11) may
however be hindered by the oxic conditions that prevailed in the water of pool 1 at the time of
sample collection, and the oxidative effects of putative Mn oxides present in the environment
(Ying et al., 2012). Additionally, the overall role of EPS in binding and transforming As is
complex. Studies show that EPS production and composition are affected by toxic metalloids
like As (Deepika et al., 2016; Naveed et al., 2020). In particular, Deepika et al., (2016) show
functional and morphological changes for polysaccharides, proteins and uronic acid of EPS
produced by Rhizobium radiobacter exposed to As. These compounds all have affinities or
functional groups able to bind cations (Naveed et al., 2019; Yan et al., 2017). Naveed et al.
(2020) reported EPS production increase and sorption and transformation of As through binding
to specific functional groups for cyanobacteria Synechocystis. Some of these transformation
involved As(I11) oxidation and As(V) reduction in As-spiked solution containing extracted EPS.
Such interactions complicate our understanding of As redox cycling and detoxification processes
in complex and diverse environments such as our microbial mat.

All data taken together point to a mechanism of As-enrichment in the mat involving
detoxification process through As(V) uptake, reduction to As(l11) and methylation in
organoarsenic (V) molecules and additional As binding by EPS. The association of manganese
with As observed in uPIXE and uXRF remains unexplained. It is likely that environmental Mn
oxides influence the oxidation of arsenite released from the cells. Poorly crystalline Mn-oxides
were shown to oxidize As(l1) at varying levels, depending on the Fe(ll) content of the medium
(Wu et al., 2018). If the waters of pool 1 contain high concentrations of Mn compared to Fe, such
chemistry may affect competition between Mn and Fe for As sorption, and favor interaction with
Mn. Future analysis of trace metal composition of water would be useful to elucidate these
dynamics.

4.3  Origin and significance of the arsenic signature

The reason for the extreme As enrichment in the mat, together with its spatial restriction to a thin
horizontal lamina, remains to be determined. The combined redox (Fig. S7) and metagenomics
data (Fig. 7b) argue against an arsenotrophic process, which could be fueled by anoxygenic
photosynthesis. Arsenotrophy would have produced a different redox state of As, associated with
specific genes, as observed in environments involving active As-based metabolisms (Sancho-
Tomas et al., 2018; Visscher et al., 2020). The extreme As concentration measured in the mat of
pool 1 is also surprisingly high (15708 ppm) compared to lower values obtained in the current
pool water (0.0024 mg.L™?). Low temperatures compared to neighboring pools support a
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disconnection of the sampled pool/sinkhole from the hydrological system linking downstream
pools. These systems form when circulating groundwater makes its way to the surface through a
network of porous environments allowed by the dissolution of the evaporitic substrate. The
springs emerge sporadically and may cease fairly quickly or persist for a longer period. The size
of the system (ponds and streams) is a function of the intensity of flow, the density of water
networks and the stability of a system (lonescu et al., 2012; Yechieli et al., 2006). As water
flows continuously in a region, it dissolves more minerals and increases the size of ponds and
sinkholes. However, many systems can be abandoned due to the rapid dynamics of water
circulation powered by seasonal variations in precipitation/evaporation, associated flash floods,
and subsurface subsidence that can be generated in the evaporitic and calcareous undergrounds
(e.g. Abelson et al., 2017; Al-Halbouni et al., 2021; Yechieli et al., 2006; Zilberman et al., 2017).

We here hypothesize that the pond hosting the studied mat has been recently isolated from the
local hydrological system, which explains the variation between local As concentrations and the
current As concentration in the pond water and the low temperature. Recent stranding could also
explain the specific horizontal layering of As enrichment. A potential scenario is that an As-rich
water source flowed into this system for a limited time, leading to the production of an As-
enriched microbial mat laminae. Regionally, localized and sporadic As enrichments are not
uncommon, particularly in fractured bedrocks along fault zones (e.g. Sidle et al., 2001), a
situation analogous to that of the eastern Dead Sea subsurface. For example, As is found
enriched to a similar extent in a dry mat collected a few meters south of pool 1, in a dry sinkhole
system (50.19 ppm). One possibility could be that the pulse of arsenic-rich water was
accompanied by manganese oxides. In the Dead Sea, Fe is often ten times more concentrated
than Mn in pore water, even in the coastal subsoil (e.g., Nishri, 1984; Nishri and Nissenbaum,
1993). Manganese is believed to originate from oxidative alteration of Mn-rich carbonates to Mn
oxides (Nishri & Nissenbaum, 1993). Mn oxides have been shown to readily oxidise As(l1) to
As(V), before favouring sorption of As(V) onto Fe oxides (Ying et al., 2012). Studies of the
subsurface behaviour of As(V) in relation to sediments also show that dissolved organic matter
and Mn oxides compete for As(V) sorption, which can adsorb favourably on organic matter
rather than on Mn/Fe oxides (Mohapatra et al., 2006). Finally, the presence of Mg2+ or other
divalent cations (possibly Ca2+) was shown to favour the adsorption capacity of mineral
mixtures of ferruginous and manganous composition (Chakravarty et al., 2002). A combination
of these scenarios, favoured by the response of the microbial community to arsenic may result in
a combined enrichment of Mn with As (and not other metals, such as Fe, Ni or Zn) in a specific
layer (Fig. S8).

Arsenic enrichment may also be associated with anthropogenic activity, in particular from
pesticides/herbicides. Keeping in mind that the Dead Sea earned its name on the merit of the
scarcity of life forms, pesticides and herbicides are never needed in its vicinity. Anthropogenic
sources of arsenic are conceivably carried into the Dead Sea by flashfloods from its relatively
large drainage, yet this is not represented in lake brine concentrations. It still remain virtually
impossible with our current dataset to specify the original source of As, be it of organic or
inorganic origin. All we can suggest is that a sporadic increase in As concentrations in a spring
would have triggered a protective response to As by microbial mat communities and, therefore, a
rapid As-immobilization in the exposed EPS layer. Further mat growth could then carry on. The
transient nature of As enrichment in the environment could also be the reason for the lack of
evidence of an established arsenotrophic community as observed in stable As-rich environments
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such the Salar de Atacama, Searles or Mono lakes (Kulp et al., 2008; Oremland et al., 2017;
Visscher et al., 2020).

4.4 Significance for Precambrian signature

The intensity of As concentrations, focused in a millimetric EPS layer of the microbial mat
colonizing a Dead Sea pond is remarkable and the development of biotechnological engineering
using biofilms for As water decontamination (Ahsan et al., 2012; Singh et al., 2021) presents an
interesting area for future research. In some cases, As incorporation may occur through
metabolic use, detoxification mechanisms, and arsenotrophy. For instance, in the Salar de
Atacama microbialites of Laguna Brava, As (under the form of arsenate and arsenite) was not
found to associate with other trace metals , like calcium, silicon, and iron, in organic features,
leading the authors to suggest a microbially mediated As cycle, either through detoxification or
As-based metabolic pathway (Sancho-Tomaés et al., 2018). In the sample from pool 1 in the Dead
Sea, synchrotron XRF results showed no co-occurrence of As and other metals except for Mn
(Fig. 3), which in concert with XANES and metagenomic data suggest a detoxification process
rather than As-based metabolic pathways. Thus, we here show that spatially localized As
enrichments can occur in mats where no arsenotrophic activity can be detected, implying that
other mechanisms beyond arsenotrophy are consistent with intense As enrichment in
microbialites. Here, they involve As detoxification by a suite of diverse microorganisms (Fig. 7).
Such a process could have occurred in Paleoproterozoic settings given the fact that As(l11)
detoxification processes are considered to have appeared early in the history of life (Chen et al.,
2020; Zhu et al., 2014). The case of the 2.7 Ga Tumbiana environment, where independent lines
of evidence suggest the presence of oxidative conditions (Eigenbrode & Freeman, 2006; Stlieken
etal., 2017; Thomazo et al., 2011) could also be a witness of the first arsenate detoxification
processes, since its appearance would have triggered additional stress to the communities (Chen
etal., 2017, 2020). The specific dynamics of the Dead Sea provides a setting to observe the
formation mechanisms for this kind of biosignature.

Geologically speaking, the potential for such a biosignature to be preserved in the geological
archives of the Earth can be complex. Examples from the Tumbiana stromatolites show potential
cell remnants and micro-pyrites tightly linked to ancient organic matter laminae bearing specific
As enrichments (Marin-Carbonne et al., 2018; Sforna et al., 2014), and well-preserved trace
metal-organic associations were indeed found in stromatolites and fossilized biofilms, such as
the Dresser Formation stromatolites (Baumgartner et al., 2020). However, this phenomenon of
exceptional organic matter preservation appears rare; modern examples of comparable sheet-like
microbial mats actively accreting in locations like Big Pond (Bahamas) or Hamelin Pool
(Western Australia) exhibit poor preservation of organic material, even at shallow depths (Glunk
etal., 2011; Sforna et al., 2016; Suosaari et al., 2022). In the microbial mat from the Dead Sea
pool presented here, rare CaCOs3 concretions found in the As-rich layer of the mat do not contain
As (Fig. 3). No sulfides are found either in these layers. Organic matter degradation could
possibly induce the precipitation of Fe-S minerals given how active the sulfur cycle is in the
Dead Sea environment (Hausler et al., 2014; Thomas et al., 2016). Produced sulfide should bind
As (Farquhar et al., 2002; Saunders et al., 2018) along with other trace metals like Cu, Pb, Cd
and Zn as shown by Moreau et al. (2013). As argued by Reid et al. (2024), the preservation
potential of microbial mats is primarily driven by the composition of the initial architecture
produced by the mat and the timing of lithification. Organic-rich mats, similar to the one
described in this study, contain localized precipitates drowned in organic matter (i.e. Sforna et
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al., 2016). Taphonomic and/or diagenetic alteration of such organic-rich mats was inferred to
result in the formation of packstones or grainstones without obvious microbial contribution to
their formation (i.e., laminated fabrics, or preservation of cells; Reid et al., 2024). Consequently,
in the case of active microbialites in Big Pond, Bahamas, the preservation of metals (Cu, Zn, Fe,
and As) interpreted to be passively sorbed onto EPS (i.e., Sforna et al., 2016) may or may not be
preserved in the geological record. Thus, new insight from well-constrained modern microbialite
settings regarding the timing and mechanism of elemental enrichments and lithification is crucial
to accurate interpretation of the significance of ancient elemental enrichments in microbialites
throughout Earth history.

5 Conclusions

The observation of an As-rich microbial mat is the first of its kind in the Dead Sea environment
and provides the first evidence of high As concentrations in the vicinity of Dead Sea sinkholes
and freshwater springs near the inhabited area of Ein Gedi. Arsenic in the sinkhole and pond
water was effectively immobilized in the EPS of the microbial mats. The nature of the As in this
EPS has been interpreted as organoarsenic in minimally toxic forms, such as methylated
arsenate, but the exact molecules are not fully characterized. Arsenic is not associated with
mineral phases, so the fossilization potential of these structures is probably poor, potentially
allowing the remobilization of As upon degradation of the mat. We suggest that the As
concentration at specific levels in the mat is associated with pulses of As contamination from
spring water that have resulted in a detoxification response of the communities present in the
mat, through efflux and EPS binding. Therefore, this signature is not linked to arsenotrophic
processes carried out by microbial communities and is rather of environmental origin, without
providing information on energy-gaining metabolisms or on the identity of the microbial
population. We therefore urge caution in interpreting the As-rich organic matter lamina in
modern and ancient stromatolites and fossilized mat structures as irrefutable evidence of
arsenotrophy. Here, we showed that As enrichment may not be related to a specific population
signature, but rather to the confluence of variable environmental conditions and the dynamic
response of a microbial community well-adapted to extreme conditions. Given the important role
of the detoxification processes and sorption on EPS, high concentrations of As in microbialites
remain a fingerprint of life. However, it is important to recognize that As enrichments in organic
matter can inform us about energy-conserving As cycling microbes, but can also provide
information about chemical gradients or transient enrichments in early life environments. The
continued study of well-constrained, modern microbialite settings is therefore critical to
unraveling the impacts of environmental and microbial influences on the incorporation of
chemical biosignatures into microbial deposits that record the evolution of biogeochemical
cycles on Earth.
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Supporting Information

Figure S1. Beam-induced effects on XANES spectrum over time during the measurement of one
single location (here point 3). Every scan was approximately 6 min, starting with scan 0000 (blue
line) and ending with scan 0004 (yellow line). Flux was somewhere between 2x1010 and 5x1010
ph/s. The temperature in the experimental hutch was 24 °C. To avoid the effects of the beam
damage on our XANEs spectra, we did not average all but presented and only spectra taken as
scan 0000.
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Fig. S2: Photographs of occurrence of diatoms, filamentous organisms and coccoid organisms
and aragonite precipitates in the mat sample (pool 1). (A) Autofluorescence photograph of a
region of the As-rich layer, seen under DAPI filter (no staining). The forms of diatoms can be
observed throughout the samples and examples are pointed by the black arrows.
B/Autofluorescence photograph of the same region seen under combined APC and Rhodamine
filter (no staining; filter for APC : red color covering autofluorescence of chlorophyll,
allophycocyanin and phycocyanin; filter for Rhodamine : yellow color covering autofluorescence
of cyanobacterial phycoerythrin and phycoerythrocyanin). Filaments appear clearly throughout
the sample, along with numerous coccoidal and rod-shaped microorganisms, with dominance of
red suggesting the presence of a large number of photosynthetic or chlorophyll-pigmented
organisms. C/ Scanning electron microscope image of a diatoms lying on EPS of the microbial
mat from pool 1. A large number of coccoid cells are observed associated with filaments formed
by the microbial mat. Some small detrital minerals (clay minerals) and aragonite needles can be
observed too. D/ Scanning electron microscope photograph of the polished resin sample from
pool 1 under back-scattered electron mode. The white minerals are aragonite needles
progressively agglomerating into larger aragonite concretions. A later stage aragonite concretion
is seen right below the needle agglomerates. Darker grey colors within the concretion and
aragonite needle accumulation report an increased presence of Mg-Si within the Ca-dominated
minerals. E/ Autofluorescence photograph under DAPI filter of the same aragonite agglomerate
and concretions. Aragonite is seen in autofluorescent light blue, within a darker blue matrix of
EPS mixed with resin.

Figure S3: (top) Spectral profile of the sample with a marked absorption depression at 550 nm,
620 nm, 660 mn, and 915 nm. (middle) Spectral profile of the embedding resin, with marked
absorption depressions at 560-570 nm, 630 nm, 710 nm, 820 nm, 870 nm and 915 nm. The X-
axis shows wavelengths and the y-axis absorbance, where 1 is no absorbance. (bottom)
Comparison of the mean spectral profile of the sample and the resin at the bottom part of the
sample, in the region with high RABDs.

Figure S4. Summary plots and spatial distribution of detected pigments: RABD612 stands for
cyanobacteria pigment phycocyanin, RABD660 represents chlorophyll-a and its green
derivatives. RABD715 should show bacteriochlorophyll-c, d and e and RABD820 shows the
resin signal. Index values above 1 are showing the absorbance at given wavelength. The red
square shows the area used for the mean spectral profile determination for figure S2.

Figure S5. (Top) Synchrotron-based XRF maps of the microbial mat (flipped horizontally, top of
the mat is towards the left) for elements As, CI, Fe and Si, with intensity distribution along
length and width. (Bottom) Matrix of element vs element clouds for the mat and intensity
distribution for each element. The color scale indicates XRF intensities from the detection limit
(black) to the maximum measured (yellow). In the bottom cloud matrix, superposition of dots is
marked by blue color. The brightest the blue, the highest the number of points.

Figure S6. PIXE spectra showing identified peaks within the As-rich lamina of the mat of pool 1.
Elemental maps corresponding to this zone are shown in Figure 4.

Figure S7. Arsenic mapping of As(l11) and As(V) dominated domains in three zones of the map,
and redox map with count distribution of the later. (a) Arsenic mapping at 11868 eV for region 1
defined in Fig. 3 of the main text; (b) arsenic mapping at 11873 eV for region 1; (c) redox map
of arsenic for region 1 (division of maps (b) by (a) ; (d) distribution histogram of redox map of
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region 1. (e) Arsenic mapping at 11868 eV for region 2 defined in Fig. 3 of the main text; (f)
arsenic mapping at 11873 eV for region 2; (g) redox map of arsenic for region 2 (division of map
(F) by (g) ; (h) distribution histogram of redox map of region 2. (i) Arsenic mapping at 11868 eV
in the region marked by the arrow on Fig. 3; (j) arsenic mapping at 11873 eV for the same
region; (k) redox map of arsenic for the same region (division of maps (j) by (i) ; (1) distribution
histogram of redox map (k). Mapping at 11868 eV should represent As(l11) dominant domains
while mapping at 11873 eV rather emphasizes As(V) organic domains. Ratio between the two
permits to map notable transitions from one domain to another. Divided count distribution plots
support homogeneous As species distributions in zones shown in (a-c) and (i-k) while a bimodal
distribution is observed in region 2 shown in (e-g), supporting the occurrence of both As(V)
organic species and As(I11) within this region. Maps a-c and e-g are 100x100 pum. Maps i-k are
200x100 pum. Lower intensity rounded areas are mineralized CaCO3 spheres in maps i and j.

Figure S8. (Top) Synchrotron-based XRF maps of the arsenic-rich layer of the microbial mat
(flipped horizontally, top of the mat is towards the left) for elements As, Mn, Fe, Zn, Ti, Ni, Si,
Cl, K. (Bottom) Matrix of element vs element clouds for the As-rich layer of the mat, and
intensity distribution for each element. Mn and As show similar distribution and co-occurrence.
Ni and K are also co-occurring, likely linked to mineral occurrences. Cl and Si to a lesser extent
have a similar enrichment pattern related to their presence in EPS. The color scale indicates XRF
intensities from the detection limit (white) to the maximum measured (green). In the bottom
cloud matrix, superposition of dots is marked by blue color. The brightest the blue, the highest
the number of points.

Table S1. Analytical configuration for elements measured on the ICP-QQQ in the bulk sediment
samples.



