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Abstract

Pit lakes resulting from the flooding of abandomathes represent a valuable freshwater
reserve. However, water contamination by toxic e€ets, including arsenic, compromises
their use for freshwater supply. For a better mansnt of these reserves, our aim was to
gain insight into arsenic cycling in two Moroccalkadine pit lakes. We first showed that
dimethylarsenic dominated in stratified lake ZA wdes in lake ZL1, As(V) was prevailing.
Because microbially mediated processes largelyribute to arsenic cycling, the diversity of
arsenic-methylating and -oxidizing bacteria waseduatned through the sequencingantM
andaioA genes. DiversarsM-carrying bacteria were thriving in ZA while a Iadiversity of
aioA genes was detected in ZL1. We also determinedstheture of the total bacterial
communities by fingerprinting (ARISA). Contrastingrsenic speciation and bacterial
communities in the two lakes were associated wiifierénces of conductivity, Total Organic
Carbon and temperature. In ZA, dissolved oxygenraddx potential were the main factors
driving the total bacterial community structure atiee ArsM diversity. In ZL1, stable
bacterial communities were associated with limieater physico-chemistry variations. Our
study provides new insights into the biogeochemlwghavior of arsenic and the role of

arsenic transforming bacteria in alkaline pit lakes

Keywords:. arsenic; biotransformation; alkaline pit lake;thyation; oxidation.

1. Introduction

Mining of metalliferous deposits leads to excawatiof large amounts of rocks
resulting in open pits where mineralized rocks exposed to weathering. As rainwater

accumulates and groundwater rebounds, a lake nray iftside the mine pit. Lake waters
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represent precious freshwater supply, especialhareas suffering from deficient water
resources as in semi-arid area in southern Meditean countries. However, the potential
release of metals and metalloids from mineralizezks seriously jeopardizes the safe use of
this freshwater resource. Among these toxic elesjeatsenic represents a threat for
environmental and public health. Arsenic is widesgrin mining areas where it is frequently
associated with the exploited metal sulfides [1].

In Morocco, opencast mining operations of metafides left a number of pit lakes
which are currently used for irrigation and livestavatering [2-4]. These lakes exhibit near-
neutral to alkaline pH due to the predominanceaobanate rocks [5]. Arsenic concentrations
exceeding Moroccan standards for irrigation wasarehbeen measured in these lakes [2-4].
The release of arsenic from mine pit wall is fabag alkaline pH because arsenic oxyanions,
arsenite (HAsO;y) and arsenate (HAs®), hardly sorb to the surfaces of negatively chdrge
iron oxyhydroxides [6,7].

Microorganisms have evolved diverse strategiesatostorm arsenic for detoxification
or metabolism purpose) [8,9]. Arsenic microbiallyedmated biotransformationare highly
relevant to the global arsenic cycling in the eoniment [10]. Many bacteria have the ability
to oxidize arsenite into less toxic and less moaikenate [11-14], for detoxification purposes
or energy generation. This function is conferredahyarsenite oxidase (encodedaby gene)
[15-17]. Another type of As(lll) oxidase was iddd in 2010 in haloalkaliphile
Alkalilimnicola ehrlichii MLHE-1. In this strain isolated from Monoake, the oxidatiorof
arsenite is coupled to the reduction of nitrate eendied out by a new gene family callacA
[18]. Some microorganisms have the capacity tosfaam arsenite into methylated forms
[19]. This biomethylation process involves the ®yambylmethionine methyltransferase
encoded by arsM genes [20]. Methylated As spedety volatile (e.g. trimethylarsenic

(TMA) and trimethylarsine (TMAO) and non-volatile.§g. monomethylarsenic (MMA) and
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dimethylarsenic (DMA)), are less toxic than the&ioliganic forms [21]. Thus, biomethylation
is generally considered as one of the main detmatibn pathways for As in the environment
[22]. However, because some intermediate produethighly toxic, arsenic biomethylation
as a detoxification process has been questioned 23124]. Finally, under reducing
conditions, dissimilatory arsenate-reducing prokteyg use As(V) as final electron acceptor
for anaerobic respiration [25].

So far, attention has been mainly focused on ardgiogeochemistry in paddy soils
[26], marine waters [27-28], groundwater used askdrg water (for a recent review see
[29]), or in extreme environments such as sodasl&beated in geothermal regions [30-31]. In
comparison, the question of the microbially mediat&ansformations of arsenic in alkaline
mine pit lakes, characterized by a moderate salifmbnductivity) compared to soda lakes
(6.1-15.5 mS/cil in ZA or ZL1 compared to 42-86 mS/Enin Mono Lake,) has received
little attention. Such alkaline pit lakes are common along the somthmargin of the
Mediterranean Sea, where metal deposits occur iwithrbonated layers of Mesozoic and
Tertiary sediments [5,32].

In the present study, we investigated the spatial seasonal dynamics of arsenic
concentrations (total dissolved As and its spe@esenite, arsenate, monomethylarsenic
(MMA) and dimethylarsenic (DMA)) in two Moroccankaline pit lakes used for irrigation
and livestock watering. The dynamic of the wholetbaal community thriving in these lakes
was assessed by an automated fingerprinting agprfagtomated Ribosomal Intergenic
Spacer Analysis [33]). ARISA has a similar capadty metabarcoding to discriminate
environmental samples and to correlate bacteriainconity structure with environmental
variables [34]. To gain insight into the biogeochemical processestrolling arsenic

speciation in these environments, and based omiarspeciation results, we specifically
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targeted microbial populations involved in arsemxedation and biomethylation through the

study of their respective marker geesA andarsM.

2. Materialsand methods

2.1.Stedescription
The Zeida mining area is located in the High Moykbasin. It is bounded by the High Atlas
on the southeast and by the Middle Atlas on théhmast (Fig. 1A). The geology of the area
has been described in [4] and [35]. The climaticditions in the upper Moulouya region are
semi-arid, with annual precipitation of 100-400 namd mean annual temperatures of 12—
14°C. The region faces a rainfall deficit caused rbgurrent droughts. Lead has been
exploited until 1985, from lead-barite ores [2]. Zeida, the exploited orebody consisted
mainly of cerussite [PbC4p (70%) and galena [PbB0%) [36]. After mining activity

ceased, the region shifted into livestock breeding orchards (apple trees).

The two pit lakes under study were lake ZA (32°3Q!1N, 04°57.223" W), with a
volume of 1 Mni, and lake ZL1 (32°47.517' N, 04°58.815' W), withvalume of 2 Mni.
They are located respectively 2 km north-east akdhSouth-west from the small town of
Zeida (Fig. 1A). ZA is located next to the wastée mf the ore treatment facility of Zeida
which treated the ore by mechanical (crushing &t @&, grinding at 0.3 mm) and chemical
processes (flotation with the use of sulfydrateismdamylxanthate, sodium silicate and pine

tree oil) (Fig. 1B). ZL1 is surrounded by tailingmaterial from ore excavation (Fig. 1C).

2.2.Sampling

In October 2012 and in July 2013, water samplds) {dere collected from a boat in lake
ZA and lake ZL1, at the surface and the bottomheflakes (5 m depth for lake ZA, 12.5 m

depth for lake ZL1), using a Merkos sampler (Hytras, Germany). The main physico-
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chemical parameters (pH, temperature, redox paierdonductivity and dissolved oxygen
concentration) were measurggsitu as soon as the sampler was taken out of the wsiteg

an HQ40d portable multi-parameter (HACH Co., LonelaCO, USA) equipped with a
refillable standard pH liquid electrode (pHC30103), standard conductivity electrode
(CDC40101), a gel filled ORP electrode (MTC1010Xdaa standard LDO electrode

(LDO10101).

2.3. Sample treatment and chemical analyses

Fifty milliliters of unfiltered water was used fdhe analysis of bicarbonate and
carbonate by titration with standardized HCI 0,1Rdr total organic carbon, samples (60 ml)
were taken in amber glass bottles previously descomated by heating at 550 °C, preserved
by adding HPO, 1:1000 (v:v) and analyzed within 2 weeks. AnotB@0 ml of water were
filtered in the field through 0.22 pm Millipore ménanes fitted on Sartorius polycarbonate
filter holders. Subsamples were preserved for thayais of major anions (GISQ%) and
cations (N3 K*, Mg?*, C&™"), trace elements and arsenic speciation accotditige routine
procedures described in [37] and analyzed witHewadays after collection.

Inorganic and methylated arsenic species (As(A3(V), MMA and DMA) were
analyzed using anion-exchange chromatography (2% e¢lri mm i.d. Hamilton PRP-X100
column and SpectraSystem P4000 ThermoScientificgpuwroupled to ICP-MS (Thermo X7
Series), in gradient elution mode, with an ammonplmsphate eluent, as described in [38].
Analysis of major cations and anions was carrigdusing ion chromatography (Dionex ICS-
1000). Total organic carbon concentration was daterd using a high-temperature catalytic
oxidation method (HTCO), with a Shimadzu TOC-VCSttat organic carbon analyzer.
Analysis of trace elements (Mn, Al, Zn, Pb, and We}p carried out using ICP-MS (Thermo

X7 Series), as described elsewhere [37].
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To estimate the photosynthetic microbial biomas$ilo@phyll a (Chla) was
guantified on 300 ml samples of lake waters preslpdiltrated on glass fiber filters
according to the method NF T 90 -117 (Centre dywed Mediterrannée Pyrénées,

Perpignan, France).

2.4 Sample treatment and microbial analysis

Microbial analyses were performed on water samifptes the surface and the bottom
of each lake, for the two sampling campaigns. Fmhevater sample, six aliquots of 250 ml
were filtrated in the field through 0.32n cellulose acetate filter (Sartorius stedim bibtec
Aubagne, France) to obtain six replicates. Eacterfilvas immediately transferred to a
cryotube, kept at 4°C in a container with ice paok®re reaching the laboratory and frozen
at-80°C until DNA extraction. This protocol waspiipd in October 2012 for ZL1 lake and in
July 2013 for ZA and ZL1 lakes. For ZA lake in Ooto 2012, an alternative treatment was
used to collect the microbial biomass; indeed, higlhn suspended matter content prevented
the filtration of ZA lake watergn situ. Water samples (300 ml, in triplicate) were céaged
(6,000 g, 20 min) back to the laboratory to pellet microbial cells. The cell pellets were
stored at -20°C until DNA extraction. Samples weamed as follow: ZAsO12 for ZA lake
sampled at the surface in October 2012, ZAbO12Zarlake sampled at the bottom in
October 2012, ZAsJ13 and ZAbJ13 for ZA in July 202B1sO12 and ZL1bO12 for ZL1 in

October 2012, ZL.1sJ13 and ZL1bJ13 for ZL1 in JW§2

2.4.1. Microbial DNA isolation and Automated Ribosomal Intergenic Spacer Analysis
(ARISA)
Total DNA was extracted from the filters (ZL1 Ocer2012 and July 2013, and ZA

July 2013) or from cell pellets obtained by centétion (ZA October 2012) using the
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PowerWater® DNA Isolation Kit (Qiagen, Hilden, Geany) according to the manufacturer’s
instructions. Yield of DNA was determined using tReBit® fluorometer (Invitrogen,
Carlsbad, CA, United States) and the high sensitikssay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). For each sample, triplicate DMNtractions were performed from
three of the six filters or pellets (the three otteplicates were kept at -80°C as backup). The
bacterial intergenic spacer regions between thdl ga&S) and the large (23S) subunits of
ribosomal sequences were amplified from extract®thRby PCR, using primers ITSF (5
GTCGTAACAAGGTAGCCGTA-3) and ITSR (5GCCAAGGCATCCACC-3 [39]. For
each of the eight samples, three independent PC& pegformed on triplicate DNA extracts.
PCR mix was prepared as follows: around 1 ng of Da#%&act, 12 pl of amplitag Gold 360
master mix (Thermo Fisher Scientific), 2.5 ug o¥ibe serum albumin, and 0.5 uM of each
primer, in a total volume of 25 ul. Cycling condits were as previously described in [39].
PCR products were checked on a 2% agarose gel. FG@&h products were analyzed on a
microfluidic lab-on-a-chip (Agilent technologiesat@a Clara, United States). The lab-on-a-
chip device is a fully automated electrophoresisteay consisting of circuits of tiny closed
channels and wells, etched onto a plastic microc®dgmples (PCR products) passed through
selected pathways in a controlled manner. The DiNgrhents (ranging between 263 and
1500 bp depending on the bacterial taxa) were aggghusing the Agilent 2100 bioanalyser
and the High Sensitivity DNA Analysis Kit. The fltescence intensity was plotted versus the
DNA fragment size and electropherograms correspanth the band profiles characteristic
of each bacterial community were edited with theilé&xg 2100 bioanalyser software
(including background noise removal). Then, threpreoducible ARISA profiles were
obtained for each water sample.

Data (expressed as peak size and peak area) wpostaxk into Excel. One peak

corresponds to one band on the profile (charae@tw its size), and thus theoretically to one
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bacterial phylotype present in the community; tmeaaof the peak reflects the relative
abundance of the corresponding phylotype insideMingle community. To take into account
the variability of the technique, peak sizes (barms) were classified inside 10 pb-interval

classes. A peak table was generated using therAgitdtware for each triplicate.

Statistical analyses were performed using the $@féware R 3.4.3 (http://www.r-
project.org/, 2017). Nonmetric multidimensional Isgga (NMDS) was used to graphically
depict differences between the structures of thetel@al communities from the different
samples (based on the normalized ARISA data exgdeas the area of the peaks). The
significance of the observed repartition of sampleghe ordination plot was assessed by an
ANalysis Of SIMilarity (ANOSIM, 999 permutationsJo examine the relationships between
bacterial structure communities and environmentliables, the main physico-chemical
variables (temperature, pH, conductivity, redoxeptiall, dissolved oxygen concentration and
Total Organic Carbon concentration) were fittedooNMDS. The environmental fitting (ef)
model was tested with Monte Carlo permutation t€3® randomized runs) to determine its
significance. Plotting was limited to the most diigant variables with argument p.max =
0.05 (after adjustment of the p values with thefBanoni correction). The length of the arrow
is proportional to the correlation between the mation of bacterial community structures and

the environmental variable, called the strengtthefgradient.

2.4.2. arsM and aioA amplification, cloning and sequencing

For each of the eight samples, triplicate DNA estsawere pooled in equimolar
proportions and PCR were performed on the eight [M¥Als. Reactions, cycling conditions
and primers forarsM gene amplification were previously described in][4tr aioA gene

amplification, primers aoxBM1-2F (5'-CCACTTCTGCATAGGGNTGYGGNTA-3’) and
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aoxBM3-2R (5-TGTCGTTGCCCCAGATGADNCCYTTYT C-3’) werused to amplify a
1100 bp fragment [17]. The reaction contained QU32 of each primer, 10 ng of DNA
extract, 1.5 mM MgGl 200uM of each deoxynucleoside triphosphate, 2.5 U @ BAQ™
DNA polymerase (Eurobio, France) and 1X PCR bufféater was added to a final volume
of 50 pl. The PCR conditions included a 5 min derston step at 94°C, followed by 35
cycles of a 45 s denaturation at 94°C, primer dimgaf 45 s at 55°C, a 50 s extension at
72°C, and a final extension at 72°C for 5 min. TdmieM and aioA PCR products were
visualized and purified after migration on an agargel using the Gel Band Purification Kit

(GE-Healthcare, Munich, Germany).

arsM and aioA purified PCR products were cloned into a pCR® ®ettor and
transformed into One Shot® TOP10 chemically Computelscherichia coli TOP10 (Life
Technologies, Carlsbad, CA) according to the pmaitof the manufacturer. Twenty-seven to
45 positive clones per library were sequenced by GAiotech (Konstanz, Germany) with
the M13 reverse primer. Nucleotide sequences wapeea with Muscle [41]. Conversion in
protein sequences and phylogenetic analysis wereedaout with the software MEGAG6.06
[42]. Amino acid sequences were compared with trenBank database (NCBI) using
BLAST [43]. Operational taxonomic units (OTUs) wetetermined using similarity levels
between sequences of at least 80% of nucleotididasity for arsM and 95% foraioA using
Mothur v.1.33.2 [44]. Amino acid phylogenetic treegre constructed with a sequence
representative of each OTU using the Maximum Li@dd method based on the LG model
with 1000 bootstraps replicates. Initial tree(sj the heuristic search were obtained by
applying the Neighbor-Joining method to a matriypairwise distances estimated using a JTT
model. A discrete Gamma distribution was used. OfR&J-based DNA clustering data were
also used to calculate rarefaction curves with R03to assess OTU richness from the

different samplings.

10
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2.4.3. Sequence accession numbers

The nucleotide and amino acid sequences reportédsrarticle have been deposited
in the GenBank database under the accession nurAB#88135to AP183142.1 faaioA and

API83143.1 to AP183165.1farsM.

3. Results
3.1.Physico-chemical characterization of the |ake waters
The two lakes exhibited a water temperature indéinge 19.8 — 25.7 °C (Table 1). The
highest temperature was recorded at the surfalzkefZA in July 2013. The pH was slightly
alkaline, from 8.5 to 8.9 in ZA and from 9.0 to ¥1ZL1. The two lakes were characterized
by very high conductivity, particularly ZL1 (6.1 ~0 mS/cm in ZA; 14.5 — 15.5 mS/cm in
ZL1). In lake ZA, redox potential (Eh) and dissalvexygen concentration values (DO)
revealed a redox gradient from the surface (DO H % mg/L, exceeded saturation in July
2013; Eh = 360-400 mV) to the bottom (DO = 4-5 mgAh = 60-150 mV). Conversely,
minor variations of DO and Eh occurred in lake Zetween the surface (DO=7.9-8.2 mgl/L;
Eh=312-336 mV) and the bottom (D0O=8.3-9.2 mg/L; BP3-331 mV) whatever the
sampling date. Total Organic Carbon concentratidd) was higher in ZA[{ 30-40 ug/L)
than in ZL1 (J02-5 ug/L). The Chla concentration, measured iy 20lL3 at the surface, was
higher in ZA (7 pg/L) than in ZL1 (< 1 pg/L).
Major ion concentrations revealed the Na-Cl;S&xies of the lake waters (Table 1).
The concentrations of these elements largely exxbdlde regulation values for irrigation
waters in the Moroccan legislation ([N& 69 mg/L; [CI] > 350 mg/L; [SQ?] > 250 mg/L).
Maximum arsenic concentrations reached 42 pug/LAmAd 147 pg/L in ZL1. The values in

ZL1 also exceeded Moroccan water quality stand&odsrrigation (100 pg/L). ZA was

11
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characterized by the predominance of dimethylacseand As(V) (July 2013) or

dimethylarsenic and As(lll) (October 2012). HoweVBMA was not detected at the bottom
of lake ZA in October 2012. In ZL1, As(V) was thelp species detected (Table 1). Among
other trace elements regulated for irrigation waterand Mo also exceeded Moroccan

standards in ZA ([Mo] > 10 pg/L) and ZL1 ([Mo] > 1@/L; [Li] > 2500 pg/L) (Table S1).

3.2. Whole bacterial community analysis

Whole bacterial community structure and its sp&tioporal variations were assessed
by ARISA. The data, expressed as peak tables (deddfrom ARISA electrophoregrams
generated for each sample in triplicate), were igetiMDS analysis. The NMDS ordination
shows that distinct bacterial communities thrivedvaters from lakes ZL1 and ZA (ANOSIM
r2 = 0.5845, p = 0.001; Fig. 2A). In lake ZL1, aniied spatio-temporal variability was
observed among bacterial communities. In Octobek22@he structures of the bacterial
communities at the surface and at the bottom wedistinguishable. In contrast, marked
temporal and spatial variations were observed ke IZA. In particular, the bacterial
communities sampled in October 2012 appeared wiieflgrent between surface and bottom.
Vector fitting of possible explanatory environmdnparameters revealed that conductivity
(Cond), temperature (T°) and TOC contributed to #teucturation of the bacterial
communities in lake ZL1 and lake ZA. In ZL1, ba@ercommunity structures were
associated with a higher conductivity  0.7382, p = 0.006). In ZA, the structure of the
communities was mainly associated to higher tenperd = 0.4322, p = 0.006) and TOC
concentration fr= 0.5364, p = 0.012) (Fig. 2A). On NMDS analysisé on data from lake
ZA only, Eh (f = 0.9768, p =0.006), DO {= 0.9335, p = 0.006) and conductivity’ (r

=0.9934, p = 0.006) emerged as the main factoustsiting the communities (Fig. 2B). Other

12
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factors correlated with spatio-temporal changesbatterial community structure were

temperature fr= 0.9316, p = 0.006) and TOC & 0.9535, p = 0.018).

3.3. Arsenic methylating populations

No arsM amplification was obtained with DNA extracted frathl water samples.
arsM gene could be amplified from all the ZA samplesept those collected at the bottom in
July 2013. ThearsM diversity was not entirely covered (rarefactiomves did not reach an
asymptote), reflecting the important diversity oéthylating bacteria in lake ZA (Fig. S1). A
total of 22 OTUs were identified. In October 2012e richness was slightly higher at the
surface (13 OTUSs) than at the bottom of the lak®@Js). In July 2013, twelve OTUs were

identified at the surface of the lake.

Phylogenetic analysis (performed with one repregam@ sequence of each of the 22
OTUs) showed a wide phylogenetic distribution of methyigtbacteria in ZA (Fig. 3).
Amino acid derived sequences were affiliated wittsM sequences from Acidobacteria,
Chloroflexi, Proteobacteria, Firmicutes, Bactertéde Nitrospirales, Planctomycetes as well
as uncultured environmental clones. Interestinglg large majority (83 %) of the ArsM
sequences from ZAbO12 grouped into five specificU9T(containing no sequences from
other samples). On the same way, 37% of the clisoes ZAsO12 grouped into five specific
OTUs. These observations suggest that distinct spetific methylating populations are
thriving at the surface and at the bottom of tlikel No clear seasonal variations were
observed for the distribution adrsM gene at the surface of the lake, suggesting these
populations were stable over time. The most donmir@mU (represented by sequence
ZAsJ13.23) contained sequences from all the ZA wsaenples (11% from ZAsO12, 3%

from ZAbO12 and 58% from ZAsJ13). This OTU was laffed (87% of amino acid
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similarity) with the aerobic chemo-organotroph Asdd@cteriaBryobacter aggregatus isolated
from an acid peat soil [45]. The second most dontireand specific OTU (represented by
sequence ZAb012.22) contained 49% of the ZAbOlRemees affiliated with a clone from
a Chinese paddy soil contaminated with arsenic (80%mino acid similarity) [46]. The third
main OTU (represented by sequence ZAb0O12.36) vemssglecific of the bottom of the lake
(25% of the ZAbO12 library). This OTU was relatedTher moflexus hugenholtzi (80% of
amino acid similarity), a thermophilic, heterotraphmicroaerophilic and facultatively
anaerobic bacterium isolated from sediment of GBegling Spring in Nevada [47]. Overall,
few OTUs were closely related to any ArsM sequenam an isolated microorganism (Fig.

3).

3.4. Arsenite oxidizing popul ations

The aioA gene could be amplified only from ZL1sO12 and Z111% The whol&ioA
diversity was covered (rarefaction curves reache@dsymptote) for sample ZL1sO12 (Fig.
S2), reflecting a low diversity of oxidizing micriab populations (4 OTUS). A higher richness

(8 OTUs) was observed for sample ZL1sJ13.

The sequences from ZL1sO12 grouped into four OHas d@lso contained sequences
from July 2013. Other sequences from July 2013 ggdunto four specific OTUs suggesting
possible seasonal structuration of arsenite-oxididacterial communities. The majority of
the AioA sequences could not be related with camfa to any known organism, suggesting
the presence in ZL1 of As(lll) oxidizers not debed yet. The two dominant OTUs were
related to the putative AioA of the facultativeliigiotrophicRhodobacter capsulatus (97%

and 98% of amino acid similarity respectively) (F49.
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4. Discussion

4.1. Arsenic speciation in the mine pit lakes

In lake ZL1, arsenic was present as inorganic As{M)atever the season and the
depth. This is consistent with the fully oxygenatedditions observed. Indeed, As(V) is the
thermodynamically stable species in oxic conditigd8]. Arsenic speciation in ZL1 is
consistent with other As-rich alkaline pit lakesG@anada and California where the shallow
water depth favors oxygenated conditions and rapidation of arsenite near the bottom
sediment-water interface [49, 50]. In the preséumdys As(lll) was not detected in lake ZL1.
Thus, bacterially mediated reduction based oratBaletoxification system does not seem to
contribute significantly to arsenic cycling in tHake. If dissimilarity As(V) reduction is not
prone to occur in the oxygenated waters, such taguprocess is not excluded in the anoxic
sediments of the lake. Further characterizationheflake sediments would be required to
determine if arsenic cycling in these pit lakesludes arsenate respiration as previously

observed in sediments from a Mongolian soda laké¢ [3

In lake ZA, arsenic speciation was dominated by DNb&veral studies associated
arsenic methylation in aquatic environments withytpplankton development, linked to
nutrient enrichment or seasonality (i.e light aethperature increase) [48, 51-52]. In the
present study, ZA lake was characterized by a a&h-higher TOC concentration as
compared to lake ZL1. Moreover, the Chla conceiatngtJuly 2013) was seven-fold higher in
lake ZA (7 pg/L) than in lake ZL1 (1 pg/L). Thisggests phytoplankton development and
accumulation of organic matter in lake ZA. Tan@le{53] recently demonstrated that anoxia
induced by the degradation of algal biomass in hingger promoted reduction and
methylation of arsenic at the sediment/water iatf owing to the significant increase in

arsenate reductase genesrf and arsC), and arsenite methyltransferase gerasM).
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Although anoxia was not detected at the bottomaké IZA, the DO decline from surface to
bottom suggests that anoxia may occur in sedimpras)oting microbial processes similar to
those described by Tang et al. [53]. Thus, thegmes of DMA in ZA might be linked to the
eutrophic character of this lake. The high produistiof lake ZA may be favored by the
erosion and leaching of nutrients from the oreatioh residues originating from the Zeida
ore treatment facility, stored next to the lakelded, the phosphorus content of these residues
(1.77 %o, [3]) is higher than the average contergaih (0.6 %0) and they contain fine particles
(50 % of particles with size lower than 0.2 mm,)[3jropitious for phosphorous leaching.
DMA co-existed either with As(lll) (October 2012f with As(V) (July 2013) in ZA lake.
However, DMA was not detected at the bottom of £AJuly 2013. Seasonal differences
observed in arsenic speciation in ZA lake remainexplained and a more comprehensive

view of arsenic cycling in these pit lakes wouldue further investigations.

4.2. Microbial contribution to arsenic biogeochemical cycling in Moroccan pit lakes

A recent study investigated bacterial diversityaimeromictic pit lake where arsenic
was present under the forms As(lll) and As(V) dejieg on the redox conditions. Bacterial
genera including potential As(lll) oxidizers and (X¥ reducers were identified although
functional genes involved in arsenic biotransfoioratwere not investigated [54]. Arsenic
biogeochemistry has been studied in highly saliogaslakes originating from geothermal
water input in California [55, 56] and Mongolia [3Boda lakes exhibit considerably higher
As concentrations[{15 mg As/L)and salinity (70 to 90 g/L) compared to lakes Zintl ZA,
but similar pH (pH 9.8). Arsenic speciation in sddies is dominated by inorganic As(lll)
and As(V) species [55]. Arsenic oxidation in Monake is mediated by bacteria and is
coupled to the reduction of nitrate rather than gexy Although bothaioA and arxA

transcripts were detected in Mono Lake transcrigtos(lll) oxidation appeared to be
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predominantly catalysed by ArxA under anoxic coiodi$s [57]. In the present study, the
detection ofaioA gene in ZL1, together with the presence of As(M)ggests that aerobic
bacterial arsenite oxidation occurred in this akd. However, arsenic might be released from
the lake walls in the form of As(V). Furthermor@neidering the oxygenated conditions of
lake ZL1 whatever the season and depth, abiotidlAg(xidation, although being a slow
process, may not be excluded. Further investigatitased on the expressionandA would

be necessary to conclude if bacterial oxidatioruabt occurs in ZL1. Because it is not
possible to infer phylogenetic relationships base@ioA gene, the identity of the potential
arsenite oxidizers remains unknown. The fact taaA amplification failed for ZA lake
samples doesn’t necessarily reflects the absenaesehite oxidizers. They may be present in

very low proportions or they may not be targetedh®yprimers used in this study.

Contrary to ZL1, arsenic in ZA was predominantlytiie methylated form (DMA). A
wide range of prokaryotic and eukaryotic microoligars (bacteria, archaea, algae, and fungi)
has the capacity to methylate arsenic [19], inclgdiphotosynthetic organisms [58].
Furthermore, complex organoarsenic compounds ssclarsenosugars are produced by
diverse organisms including algae, bacteria, anwjifi59]. Methyl arsenic species may
originate from the degradation of such organic coomals by bacterial activity (as shown for
seawater bacteria degrading arsenobetaine, [60}yeMer, our results clearly showed that the
genetic potential for bacterially mediated arsen&thylation &rsM gene) is phylogenetically
diverse and widely distributed in ZA waters. Thisosgly suggests that bacterial activity
plays a direct role in the production of DMA ingHake. Environmental diversity surveys of
arsM gene on aquatic environments are scarce. An uptegeliversity of bacteria with the
genetic potential for arsenic methylation was &smlenced in a river impacted by acid mine
drainage [40]. Conversely, arsenic methylationvéagtiwas not evidenced in Mono Lake,

contrary to other arsenic-related functions [57¢céntly, Tang et al. [53] demonstrated in
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laboratory experiments that organic carbon enrichadxic environments promoted the
growth of arsenite methylating bacteria, leadingmtanced formation of methylated arsenic
at the sediment/water interface. To our knowledge, present work is the first report of
methylated forms of arsenic associated with thesgaree of methylating bacteria in an
alkaline pit lake. Similarly tocaioA, arsM phylogeny does not allow to infer taxonomic
identification of the corresponding bacteria. Hoaewur findings strengthen the idea that
bacterially mediated arsenic methylation may coote to the global As biogeochemical
cycle in freshwater ecosystems [40, @Lprominent role of biomethylation in soils wasals

recently suggested, based on the unexpected aleendéarsM in soil metagenomes [62].

4.3. Physico-chemical drivers of bacterial communities

ARISA fingerprinting showed that the structure bktwhole bacterial community
differed between the two lakes. The main parametet shaped these communities were
conductivity, TOC and temperature. Salinity (i.enductivity) can indeed strongly control
microbial community composition [63, 64]. In frest@r reservoirs, organic carbon
concentration appeared an important driver of thetdyvial community composition, besides
pH and alkalinity [65]. Thus, the contrasting vauef conductivity, total organic carbon
concentration and temperature in lakes ZA and Zkdbgbly selected distinct bacterial
populations. The study of the marker genes invoiveds biotransformations points to the
same conclusion. Indeed, a high diversity of baxteith thearsM gene was recovered in
lake ZA while this gene was not detected in lakd ZConverselyaioA gene was amplified
only in lake ZL1. This suggests that distinct baetegroups were involved in the As cycle in

ZA and in ZL1.
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In lake ZL1, the spatio-temporal variations of thieole bacterial community as well
as of the arsenite oxidizing populations were kEaitThis is in agreement with the narrow
range of variations highlighted for the water plegschemical conditions. On the contrary, in
the stratified ZA lake, pronounced changes in badteommunity structure and ArsM
diversity were associated with marked spatio-temlpeariations of the water physico-
chemistry. Eighty three percent of ArsM sequeneesvered at the bottom of ZA lake were
not recovered in the surface waters (Fig.3). Thag/ fibe explained by the drastic change in
DO and Eh between surface (DO = 8.7-11.5 mg/L, B6+399 mV) and bottom (DO = 4.1-
4.8 mg/L, Eh = 61-153 mV) waters. Reducing condsigenerated near the sediment/water
interface may have selected specific bacterial [ajouns involved in As methylation [53].
Moreover, the dominant OTU containing 58% of &neM sequences retrieved from surface
waters in July 2013 represented only 10% of thelevasM sequences in October 2012 (Fig.
3). This suggests a seasonal dynamic of the batfmpulations involved in As methylation
in lake ZA. This dynamic can be related to seasa@hange of TOC, temperature or DO
(Table 1). The physico-chemical drivers structurthg bacterial community carrying As
transforming genes are poorly documented in teedlitire. In soils contaminated with arsenic
[46, 66], the most important factors shaping Assfarmation functional genes were soil pH,
phosphate-extractable As, and amorphous Fe cofiéht Total C and N also drove the
variation in gene abundance and microbial commuassociated with As biotransformation
[46]. Further work is necessary to decipher thespmioschemical parameters shaping the
bacterial diversity involved in As biotransformatigmethylation, oxidation) in alkaline pit

lakes.

4.4. Environmental significance

Arsenic biotransformations have been overlookethsfor moderately saline alkaline pit

lakes which are potentially important freshwatesorgces in semi-arid Mediterranean areas.
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In the present study, there is a body of evidehe¢ the bacterial communities inhabiting
such pit lakes are contributing to As biogeocheiigaling. The eutrophic or oligotrophic
status of the pit lakes and the salinity appeavdzketimportant drivers of the As-oxidizing and
As-methylating bacterial populations. Arsenic bidinyation evidenced in lake ZA may
contribute to attenuate the toxicity of arsenic paned to lake ZL1 where no methylation
occurs [21]. However, the possible presence ofctoriatile forms should be assessed since
they may represent a threat for public health [B3iithermore, other elements such as Mo

and Li compromise the use of this resource fogation [3].

5. Conclusion

Here we report for the first time arsenic specragod As-related bacterial genes diversity
in Moroccan alkaline mine pit lakes. The first aute is the contrasting arsenic speciation in
the two pit lakes that may be explained by theedg#ht content in organic carbon. Indeed,
high organic carbon concentration in ZA was assediavith a redox and DO gradient while
lake ZL1, characterized by lower organic carbonteoty showed no stratification. In lake
ZA, the high TOC content is probably an importaattdr associated with biomethylation
activity and the presence of diveraesM-carrying bacteria. In lake ZL1, fully oxygenated
conditions involved the predominance of As(V), imgreement with thermodynamic
predictions. Bacterial populations carrying teeA gene were evidenced in lake ZL1,
suggesting that biotic As(lll) oxidation may occkar a more comprehensive view of arsenic
cycling in these lakes, further work should focmsansenic speciation and bacterial diversity
at the sediment/water interface of the lake whedctive conditions are prone to favor

As(V) reduction and biomethylation.

20



482

483

484

Conflict of interest

Authors declare no conflict of interest.

21



485

486

487

488

489

490

491

492

Acknowledgements:

The authors thank Vincent Tardy for his help wittatistical analyses. We thank Pr
Mohammed Rouai for his help on the field. The atghthank the Cooperation program
“Convention d’échanges” CNRS/CNRST Maroc (2012-2048d the Sicmed network *

Activités minieres dans le bassin méditerranéemteractions contaminants métalliques /

écosystemes - interfaces avec la santé, I'enviroenéet la société.

22



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

References

[1] Smedley P, Kinniburgh D. A review of the sourbehaviour and distribution of arsenic in
natural waters. Appl Geochem 2002;17:517—68.

[2] EL Hachimi ML, EL Hanbali M, Fekhaoui M, Boudb A, EL Founti L, Saidi N. Impact
d’'un site minier abandonné sur I'environnement: dasla mine de Zeida (Haute
Moulouya, Maroc). Bull de I"institut Sci Rabat $&xi Terre 2005;93-100.

[3] EL Hachimi ML, Bouabdli A, Fekhaoui M. Les ré$e miniers de traitement
caractérisation, capacité polluante et impactsrenmementaux, mine Zeida, mine
Mibladen, Haute Moulouya (Maroc). Déchets ScieratéBechniques 2013;32—45.

[4] lavazzo P, Ducci D, Adamo P, Trifuoggi M, Mighzi A, Boni M. Impact of past mining
activity on the quality of water and soil in thegHi Moulouya Valley (Morocco).
Water Air Soil Pollut 2012;223:573-89.

[5] Metallogenic Map of Europe and neighbouring mimies. Prof. Gunnar Juve (NGU-
Norway), CGMW-Geological Survey of Norway (NGU) edition. 1997. Available
at : http://ccgm.org/en/catalogue/121-carte-meg@lioque-de-l-europe.html

[6] Fuller CC and Davis JA. Influence of couplingsmrption and photosynthetic processes
on trace element cycles in natural waters. Nat@89;840:52-54.

[7] Eary LE. Geochemical and equilibrium trendsmime pit lakes. Appl Geochem 1999;14:
963-87.

[8] Mukhopadhyay R, Rosen BP, Phung LT, Silver Scribbial arsenic: from geocycles to
genes and enzymes. FEMS Microbiol Rev 2002, 26-32%

[9] Bruneel O, Héry M, Laroche E, Dahmani I, Ferden-Rojo L, Casiot C. “Microbial
transformations of arsenic: from metabolism to @&mediation,” in Metal-microbe
Interactions and Bioremediation: Principle and Agadions for Toxic Metals, 2017,

eds S. Das and H. R. Dash (CRC Press: Abingdon).

23



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

[10] Zhu YG, Xue XM, Kappler A, Rosen BP, Meharg AARinking Genes to Microbial
Biogeochemical Cycling: Lessons from Arsenic. EarmiiSci Technol 2017 ; 51(13) :
7326-7339

[11] Santini JM, Sly LI, Schnagl RD, Macy JM. A neghemolithoautotrophic arsenite-
oxidizing bacterium isolated from a gold mine: glgénetic, physiological, and
preliminary biochemical studies. Appl Environ Mibiol 2000;66:92—-97.

[12] Duquesne K, Lieutaud A, Ratouchniak J, Mullzr Lett MC, Bonnefoy V. Arsenite
oxidation by a chemoautotrophic moderately acidiaphihiomonas sp.: from the
strain isolation to the gene study. Environ Micmdl#008;10:228-37.

[13] Stolz JF, Basu P, Oremland RS. Microbial aisenetabolism: New twists on an old
poison: During the early anoxic phase on Earth,esomcrobes depended on arsenic
to respire. Microbe Mag 2010;5:53-9.

[14] Andreoni V, Zanchi R, Cavalca L, Corsini ApRagnoli C, Canzi E. Arsenite oxidation
in Ancylobacter dichloromethanicus As3-1b straietedtion of genes involved in
Arsenite oxidation and CO2 fixation. Curr Microb012;65:212-18.

[15] Anderson GL, Williams J, Hille R. The purifitan and characterization of Arsenite
oxidase from Alcaligenes faecalis, a molybdenumtaiomg hydroxylase. J Biol
Chem 1992;267(33):23674-82267.

[16] Inskeep WP, Macur RE, Hamamura N, Warelow WWRyd SA, Santini JM. Detection,
diversity and expression of aerobic bacterial dtsemxidase genes. Environ
Microbiol 2007;9:934-943.

[17] Quemeneur M, Heinrich-Salmeron A, Muller Delremont D, Jauzein M, Bertin PN,
et al. Diversity surveys and evolutionary relatiops of aoxB genes in aerobic

arsenite-oxidizing bacteria. Appl Environ Microb2008;74:4567-73.

24



542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

[18] Zargar K, Hoeft S, Oremland RS, and Saltikow Cldentification of a novel arsenite
oxidase gene arxA, in the haloalkaliphilic, arsemukidizing bacterium
Alkalilimnicola ehrlichii strain MLHE-1. J Bacteri@010;192:3755-62.

[19] Bentley R, Chasteen TG. Microbial MethylatiohMetalloids: Arsenic, Antimony, and
Bismuth. Microbiol mol biol reviews 2002;66(2):250A

[20] Yin XX, Chen J, Qin J, Sun GX, Rosen BP, Zhu.YBiotransformation and
volatilization of arsenic by three photosynthefiyanobacteria. PLANT Physiol
2011,;156:1631-38.

[21] Styblo M, Del Razo LM, Vega L., Germolec DRgCluyse EL, Hamilton GA, Reed W,
Wang C, Cullen WR, Thomas DJ. Comparative toxiotkyrivalent and pentavalent
inorganic and methylated arsenicals in rat and murells. Arch Toxicol 2000 ;
74(6):289—-299

[22] Qin J, Rosen BP, Zhang Y, Wang G, Franke Siskg C. Arsenic detoxification and
evolution of trimethylarsine gas by a microbial eanite S-adenosylmethionine
methyltransferase. Proc Natl Acad Sci USA 2006;1p23075-80.

[23] Dopp E, Kligerman AD, Diaz-Bone RA. Organoam®als. Uptake, metabolism, and
toxicity. Metal lons in Life Sciences 2010a;7: 2265.

[24] Dopp E, von Recklinghausen U, Diaz-Bone R,ndir AV, Rettenmeier AW. Cellular
uptake, subcellular distribution and toxicity osanic compounds in methylating and
non-methylating cells. Environmental Research 20100: 435-442.

[25] Oremland RS, Stolz JF. The ecology of arse®aience 2003; 300(5621):939-44.

[26] Kumarathilaka P, Seneweera S, Meharg A, Bumalscl. Arsenic speciation dynamics in
paddy rice soil-water environment: sources, phystoemical, and biological factors -

A review. Water Res 2018; 140:403-414

25



566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

[27] Andreae MO. Distribution and speciation ofan® in natural waters and some marine
algae. Deep Sea Research 1978;25(4):391-402.

[28] Andreae MO. Arsenic speciation in seawated anterstitial waters : the influence of
biological-chemical interactions on the chemistfyaotrace element. Limnol and
Oceanogr 1979 ; 24 (3) : 440-452.

[29] Cui J and Jing C. A review of arsenic interéhgeochemistry in groundwater and the
role of organic matter. Ecotoxicol Environ Saf 2028:109550

[30] Sorokin DY, Berben T, Melton ED, Overmars Laxburakis CD, Muyzer G. Microbial
diversity and biogeochemical cycling in soda laledremophiles 2014 ; 18:791-809

[31] Hamamura N, Itai T, Liu Y, Reysenbach AL, Ddnsliren N, Inskeep WP.
Identification of anaerobic arsenite-oxidizing andseaate-reducing bacteria
associated with an alkaline saline lake in Khovsddongolia. Environmental
Microbiology Reports 2014; 6(5): 476—-48

[32] Doumas P, Munoz M, Banni M, Becerra S, Brun€glCasiot C, Cleyet-Marel JC,
Gardon J, Noak Y, Sappin-Didier V. Polymetallic [pbn from abandoned mines in
Mediterranean regions: a multidisciplinary approszlenvironmental risks. Regional
Environmental Change 2018 ;18(3) : 677—692

[33] Ranjard L, Nazaret S, Gourbiére F, Thioulodiskinet P, Richaume A. A soil microscale
study to reveal the heterogeneity of Hg(ll) impawt indigenous bacteria by
guantification of adapted phenotypes and analysisoaimunity DNA fingerprints.
FEMS Microbiol Ecol 2000; 31:107-115.

[34] van Dorst J, Bissett A, Palmer AS, Brown MaPa |, Stark JS, Raymond B, McKinlay
J, Ji1 M, Winsley T, Ferrari BC. Community fingerging in a sequencing world.

FEMS Microbiol Ecol 2014 ; 1-15

26



590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

[35] EL Hachimi ML. Les districts miniers Aouli- Miaden-Zeida, abandonnés dans la Haute
Moulouya (Maroc): potentiel de pollution et impactr I'environnement. 2006. These
de Doctorat. Université IBN Tofail, Kénitra.

[36] Amade E. Les gisements de plomb de Zeida €alenia. Colloque sur des gisements
stratiformes de plomb, zinc et de manganése du dM&iotes Mém Serv Géol. 1965;
n°181:175 - 84.

[37] Casiot C, Egal M, Elbaz-Poulichet F, Brun€elBancon-Montigny C, Cordier MA, et
al. Hydrological and geochemical control of metaisl arsenic in a Mediterranean
river contaminated by acid mine drainage (the AmRiser, France); preliminary
assessment of impacts on fish (Leuciscus cephapg). Geochem 2009;24.:787-99.

[38] Halter D, Casiot C, Simon S, Heipieper HJ,r&eal M, Liévremont D, et al. Surface
properties and intracellular speciation revealedoaginal adaptive mechanism to
arsenic in the acid mine drainage bio-indicator |Eng mutabilis. Appl Microbiol
Biotechnol 2012; 93(4):1735-44.

[39] Cardinale M, Brusetti L, Quatrini P, Borin Buglia AM, Rizzi A, et al. Comparison of
different primer sets for use in Automated Ribosbimgergenic Spacer Analysis of
complex bacterial communities. Appl Environ Microb2004;70:6147-56.

[40] Desoeuvre A, Casiot C, Héry M. Diversity andtdbution of arsenic-related genes along
a pollution gradient in a river affected by acidnmidrainage. Microb Ecol 2016;71:
672-85.

[41] Edgar RC. MUSCLE: a multiple sequence alignteethod with reduced time and
space complexity. BMC Bioinformatics 2004;5:113.

[42] Tamura K, Stecher G, Peterson D, Filipski Aurkar S. MEGAG6: Molecular

evolutionary genetics analysis version 6.0. MollEwol 2013;30: 2725-29.

27



614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

[43] Altschul SF, Gish W, Miller W, Myers EW, LipmaDJ. Basic Local Alignment Search
Tool J Mol Biol 1990;215(3):403-10.

[44] Schloss PD, Westcott SL, Ryabin T, Hall JR,rtheann M, Hollister EB et al.
Introducing mothur: open-source, platform-indepergde community-supported
software for describing and comparing microbial owmities. Appl Environ
Microbiol 2009;75:7537-41.

[45] Kulichevskaya IS, Suzina NE, Liesack W, Deds. Bryobacter aggregatus gen. nov.,
sp. nov., a peat-inhabiting, aerobic chemo-orgapbirfrom subdivision 3 of the
Acidobacteria. IJSEM 2010;60:301-06.

[46] Zhang SY, Zhao FJ, Sun GX, Su JQ, Yang XRHLEet al. Diversity and abundance of
arsenic biotransformation genes in paddy soils fseathern China. Environ Sci
Technol 2015;49:4138-46.

[47] Dodsworth JA, Gevorkian J, Despujos F, Cole 8krugapiran SK, Ming H, et al.
Thermoflexus hugenholtzii gen. nov., sp. nov., a thermophilic, microaeraphil
filamentous bacterium representing a novel classheaChloroflexi, Thermoflexia
classis nov., and description ofhermoflexaceae fam. nov. andlrhermoflexales ord.
nov. IJSEM 2014;64(6): 2119-27

[48] Hasegawa H, Rahman MA, Kitahara K, Itaya YakVIT, Ueda K. Seasonal changes of
arsenic speciation in lake waters in relation tdrgghication. Sci Total Environ
2010;408:1684-90.

[49] Martin AJ, Pedersen TF. Seasonal and interanmability of arsenic in a lake impacted
by metal mining. Environ Sci Technol 2002;36:1518-2

[50] Savage KS, Ashley RP, Bird DK. Geochemicallatron of a high arsenic, alkaline pit-

lake in the Mother Lode Gold District, Californiacon Geol 2009;104:1171-1211.

28



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

[51] Hasegawa H, Rahman MA, Matsuda T, KitaharaMgki T, Ueda K. Effect of
eutrophication on the distribution of arsenic specin eutrophic and mesotrophic
lakes. Sci Total Environ 2009; 407: 1418-1425

[52] Rahman MA, Hasegawa H. Arsenic in freshwatstems: Influence of eutrophication
on occurrence, distribution, speciation, and biocaadation. Appl Geochem
2012;27:304-14.

[53] Tang Y, Zhang M, Sun G, Pan G. Impact of epitioation on arsenic cycling in
freshwaters. Water Res 2019 ; 150 : 191-199.

[54] von Gunten K, Warchola T, Donner MW, Cossio Mao W, Boothman C, et al.
Biogeochemistry of U, Ni, and As in two meromicpa lakes at the Cluff Lake
uranium mine, northern Saskatchewan. Can J Earth088;55:463—-74.

[55] Oremland RS, Stolz JF, Hollibaugh JT. The wiixal arsenic cycle in Mono Lake,
California. FEMS Microbiol Ecol 2004,48:15-27.

[56] Oremland RS, Saltikov CW, Stolz JF, Hollibaughl. Autotrophic microbial
arsenotrophy in arsenic-rich soda lakes. FEMS Nbicid_ett 2017;364.

[57] Edwardson CF and Hollibaugh JT. Metatransongt analysis of prokaryotic
communities active in sulfur and arsenic cyclingono Lake, California, USA The
ISME J 2017;11:2195-208

[58] Ye J, Rensing C, Rosen BP, Zhu YG. Arsenicni@thylation by photosynthetic
organisms. Trends Plant Sci 2012; 17(3):155-62.

[59] Francesconi KA, Kuehnelt D. Arsenic compoumighe environment in Environmental
Chemistry of Arsenic (Ed. W. T. Frankenberger,20002, pp. 51-94 (Marcel Dekker
Inc.: New York).

[60] Hanaoka K, Nakamura O, Ohno H, Tagawa S, KaisBegradation of arsenobetaine to

inorganic arsenic by bacteria in seawater. Hydrolgia 1995 ; 316(1) : 75-80

29



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

[61] Héry M, Casiot C, Resongles E, Gallice Z, i¥al O, Desoeuvre A, et al. Release of
arsenite, arsenate and methyl-arsenic species $tosambed sediment affected by
acid mine drainage: a microcosm study. Environ CBed%;11:514.

[62] Dunivin TK, Yeh SY, Shade A. A global survey arsenic-related genes in soil
microbiomes. BMC Biology 2019 ; 17: 45

[63] Lozupone CA, Knight R. Global patterns in l&acl diversity. Proc Natl Acad Sci
2007;104:11436-40.

[64] Auguet JC, Barberan A, Casamayor EO. Globallaggcal patterns in uncultured
Archaea. ISME J 2010;4:182-90.

[65] Lliros M, Incealu O, Garcia-Armisen T, Anzil A, Leporcq B, PigneuM, et al.
Bacterial community composition in three freshwat=ervoirs of different alkalinity
and trophic status. PLoS ONE 2014;9:e116145.

[66] Gu Y, Van Nostrand JD, Wu L, He Z, Qin Y, Zh&Jd et al. Correction: Bacterial
community and arsenic functional genes diversitaigsenic contaminated soils from

different geographic locations. PLoS ONE 2017;1289656.

30



686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

Legendsto figures

Figure 1. General map of the study area (A) showing mindgkés ZA and ZL1, located
north and south from the town of Zeida (or Zaidelpsed to the Moulouya River (B).
Situation of lake ZA closed to ore treatment resgl(C) and lake ZL1 surrounded by tailings
piles (D). Water sampling stations are indicatedlvgd star. Adapted from Google Maps and

Google Earth.

Figure 2. Nonmetric multidimensional scaling (NMDS) ordiraati plots derived from

weighted pairwise Unifrac distances for bacteriammunities structure (ARISA) for all

samples (A) or samples from lake ZA only (B). Strealues for ordination plot are < 0.2
which indicates that these data are well-represebtethe two-dimensional representation.
Environmental fitting is based on the main physibemical parameters (T°: temperature;
pH; Cond: conductivity; Eh: redox potential; DOsslblved oxygen concentration; TOC: total
organic carbon concentration). The full and dotéetbws represent significant and non-

significant fittings, respectively (Bonferroni ceated, p < 0.05).

Figure 3: ArsM phylogenetic tree based on 112 to 157 AAuseges using the Maximum
Likelihood method. ArsM sequences (in bold) arereéspntative sequences of each OTUs
based on a 80% nucleotide sequence similarity fuf-or each of the three clone libraries,

the percentage of clones contained in each OThbisated in brackets.

Figure 4. AioA phylogenetic tree based on 242 to 265 AA seges using the Maximum
Likelihood method. AioA sequences (in bold) areresgntative sequences of each OTUs
based on a 95% nucleotide sequence similarity ffutfor each clone libraries, the

percentage of clones contained in each OTU is atddtin brackets
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Supplementary material

Table S1 - Concentrations of trace elements at the sudackeat the bottom of lakes ZA and
ZL1 in October 2012 and July 2013

ZA lake ZL1Lake
Parameter October-2012 July-2013 October-2012 July-2013
(hg/L) surface bottom (5 m) surface bottom (5 m) surface bottom (12.5 m) surface bottom (12.5 m)
Li 924 922 2296 2282 4502 4450 11400 10870
B 985 1009 980 997 2586 2539 2600 2479
Al 152 39.6 250 321 <DL <DL 37.0 25.0
Si <DL <DL 2025 3017 <DL <DL 16420 16120
Ti <DL <DL 1.6 22 <DL <DL 7.1 6.0
A% 53] 553 2.8 215 15.7 5% 17.3 16.6
Cr <DL <DL 0.2 02 <DL <DL 0.8 0.9
Mn 66.8 78.6 6.6 46.2 53 41 79 8.1
Fe 29)9) 18.8 324 409 <DL <DL 312 32.0
Co 0.6 0.6 0.5 0.6 <DL 0.3 02 02
Ni 1.6 1.5 22 2.1 <DL <DL 153 1.3
Cu 12 <DL 3.0 2.6 <DL <DL 29 <DL
Zn 11.5 7.7 5.6 61.6 <DL 269 289 <DL
Se 0.5 n.d. 0.4 0.2 4.6 9.1 64 38
Rb 345 36.5 33.8 354 2489 2483 256.3 2464
Sr 1300 1362 3961 4061 1672 1663 4730 4564
Mo 21.0 18.7 282 26.8 260.7 2634 262.5 2515
Ag <DL <DL 515 <DL <DL <DL <DL <DL
Cd 0.1 0.1 0.1 0.1 0.7 0.6 0.6 0.7
Sb 31 25 2.0 1.5 24 2137 24 20
Cs 0.3 0.3 0.3 03 41 4.1 355 35
Ba 415 403 299 30.6 83.3 82.7 86.9 81.2
Tl 0.0 0.0 0.5 0.0 0.1 0.0 0.0 0.0
Pb 16.1 9.2 8.1 6.1 109 347 11.6 64
U 31.9 30.9 29.0 27.8 3212 319.0 308.9 300.1

n.d. = not determined; <DL = below detection limit
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Table 1 - Main physico-chemical parameters (temperaturk,gonductivity, redox potential,

dissolved oxygen concentration), concentrationafilTOrganic Carbon (TOC), chlorophyll a

(Chla), major anions and cations and arsenic spetiéhe surface and at the bottom of lakes

ZA and ZL1 in October 2012 and July 2013. n.d. + aetermined; <DL = below detection

limit
ZA lake ZL1 Lake
parametel  Unit QOctober-2012 July-2013 QOctober-2012 July-2013
surface bottom (5 m) surface bottom (5 ) surface bo(tiehs m) surface bottom (12.5
T °C 21.8 19.8 25.7 218 215 21.1 22.3 21
Physico- pH 8.8 8.7 8.9 8.5 9.0 9.0 9.1 9.1
chemical Cond. uS/cm| 7020 6930 6150 6100 15470 15490 14530 1446
parameters Eh mvV 361 61 399 153 312 331 336 320
DO mg/L 8.7 4.1 115 4.8 8.2 8.3 7.9 9.2
Chlorophyll Chla pg/L n.d. n.d. 7.0 n.d. n.d. n.d. <1 n.d.
Totalorganicl 1o | g 39.7 406 30.7 280 43 5.0 23 28
carbon
Csz' mg/L 38 65 96 67 568 522 612 600
HCOs' mg/L 719 638 472 590 2147 2287 1873 1829
cr mg/L 1122 1125 1038 1022 3278 3347 3114 3046
i ) NOz’ mg/L n.d. n.d. n.d. n.d. n.d. 35 n.d. n.d.
Major anions _
and cations | SO ma/L 1543 1541 1466 1434 1721 1763 1742 1702
ca” mg/L 50 45 38 49 n.d. nd. nd. n.d.
Mg™ mg/L 161 162 194 191 168 192 266 266
Na" mg/L 1317 1322 1321 1275 3970 4166 4085 4009
K mg/L 34 38 41 35 133 115 104 103
Arsenic As(lll) pog/L 25 1.1 <DL <DL <DL <DL <DL <DL
species DMA po/L 34.8 <DL 21 23 <DL <DL <DL <DL
p As(V) g/l <DL <DL 14 19 115 114 142 147
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¥ ZL1bJ13

A 7/5012
V¥ zAb0O12
A 7As713
V 7AbI13



ArsMZAs012.24 - API83143.1 (7% ZAs012)
Fimbriimonas ginsengisoli - WP_038475358.1
ArsM2AsJ13.33- API83149.1 (4% ZAs012 - 7% ZAb0O12 - 3% ZAsJ13)
China paddy soil clone - KP060920.1

ArsMZAsJ13.31- API83160.1 (5% ZAsJ13)
Rhodopseudomonas palustris- WP_044415711.1
ArsMZAsJ13.28- API83148.1 (8% ZAsJ13)

ArsMZ2AsJ13.8 - API183161.1(4% 2As012 - 3% 2AsJ13)
ArsMZAs012.26 - API83157.1 (4% ZAs012 - 3% 2AsJ13)
China paddy soil clone - AlZ48115.1

Candidatus Nitrospira defluvii- WP_013250207.1

_|—_Ar5M ZAb012.22- API83162.1 (49% ZAb0O12)

97— China paddy soil clone - KP080815.1

ArsMZAs012.1 - API83153.1 (4% ZAs012)

69

53

China rice root clone - JQ924269.1
98| |r ArsMZAs012.36- AP183146.1 (18% ZAs012 - 3% ZAsJ13)
gs| | ' uncultured clone from arsenic contaminated River - AKS26156.1

Rubrivivax gelatinosus |L144 - WP_014428285.1

55| ArsMZAs012.9 - API83158.1 (11%ZAs012)

99%uncultured clone from arsenic contaminated River - AKS26174.1

‘I: ArsMzZAsJ13.23 - API183152.1 (11% ZAs012 - 3% ZAb0O12 - 58% ZAsJ13)
Bryobacteraggregatus - WP_031497805.1

2 ArsMZAbO12.25 - API83163.1 (3% ZAbO12)

99t Desulfotormaculum alcoholivorax- WP_027364526.1
ArsMZAsJ13.26 - API83159.1 (3% 2AsJ13)

63 China paddy soil clone - AlZ47894.1

ArsMZAb0O12.36 - AP183164.1 (25% ZAb012)

Thermoflexus hugenholtzii- PFG74307.1
or— ArsM ZAsJ13.18 - API183150.1 (4% 2As012 - 7% ZAb0O12 - 3% ZAsJ13)

L Leptospirillum ferriphilum—WP_081938145.1

a1

—— ArsMZAs012.5 - AP183147.1 (11%2As012)
[ ArsMZAsO12.35- AP183145.1 (14% ZAs012 - 5% ZAsJ13)

99— Xanthomarina gelatinilytica- WP_007646619.1
—— ArsM ZAsJ13.19- AP183151.1 (4% ZAs012 - 3% ZAsJ13)

Rubinisphaera brasiliensis- WP_013629311.1
ArsMZAs012.21- API83165.1 (4% ZAs012)

91
?LE ArsM2AsJ13.3 - API83154.1(3% ZAsJ13)
75 Desulfovibrio desulfuricans- WP_022660098.1

ArsMZAbO12.16- AP183155.1 (3% ZAb0O12)

ArsMZAb012.23- API83156.1 (3% ZAbO12)




AioA ZL1sJ13.18- API183135.1 (59% 2L1s012 - 38% ZL1sJ13)
g AioA ZL1sJ13.48- AP183136.1(21% ZL1s012- 13% ZL1sJ13)
a2 Rhodobacteraceae QY30 - WP_096518221.1
AioA ZL1sJ13.13- API183142.1 (2% ZL1sJ13)
L AioA ZL1sJ13.17- API183137.1(11% 2ZL1sJ13)
Rhodobacter capsulatus- WP_023920082.1
AioA ZL1sJ13.37- API183141.1(2% 2ZL1sJ13)

AioA ZL1sJ13.25- AP183140.1(15% ZL1s012 - 18% ZL1sJ13)

Uncultured bacterium japan sediment- AB838897.1
-I AioA ZL1sJ13.52- AP183138.1(5% ZL1s012-7% ZL15J13)
Roseovarius sp.- WP_009817403.1
| Thiomonassp. CB6 - ACA28587.1

99

100|_|: Herminiimonas arsenicoxydans- AJF38914.1
971 AioA ZL1sJ13.27 - API83139.1(9% ZL1sJ13)






