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Extensive arsenic contamination of groundwater, rivers, and agricultural farms has led to widespread arsenic poisoning and consequent problems associated with health and economy. In recent years, many studies have been performed to understand bacterial arsenic detoxification and metabolism which has paved the way for bioremediation applications. This study attempted to isolate and characterize arsenic-resistant bacteria from the drying Urmia lake. As a result of the 16S rDNA analysis, six arsenic-resistant strains were identified as the members of Shouchella, Salipaludibacillus, and Evansella genera. For some of the strains, the maximum tolerance concentration for either arsenate or arsenite was considerably high, 320 and 16 mM, respectively. All the strains harbored the arsenate reductase gene (arsC). The arsenate permease (arsB) gene was identified in all strains except in strains S1, S12, and E15. The metabolic genes of respiratory arsenate reductase (arrB) and arsenite oxidase (arxA) were identified in none of these strains. This feature of the strains with the arsC gene region can be exploited to bioremediate arsenic from contaminated areas by using a two-step process. The second step can be carried out by the adsorption of arsenite to iron oxide or by precipitation with sulfide. Today, more and more ecosystems are being destroyed due to anthropogenic pollution, and it is important to reveal the negative effects and solutions of this situation on the ecosystems. So, the current study provides a potential source of bacteria for such studies that implement bioremediation practices to prevent arsenic catastrophe in vicinal territories, and reveals arsenic pollution in Urmia lake.
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1 INTRODUCTION
Arsenic is known to be a toxic metalloid and is naturally present in the Earth’s crust, water, soil, and air. Natural geological activities and some human-based activities such as the use of pesticides and wood preservatives, mining activities, and coal burning can lead to arsenic contamination (Wang and Mulligan, 2006). There are two forms of inorganic arsenic available in the environment. More toxic forms are arsenite [As(III)] and arsenate [As(V)], a phosphate analog (Firrincieli et al., 2019). Especially due to the contamination of these two forms of arsenic, several environmental pollution problems may arise. Arsenic contamination of water and agricultural areas from different sources has led to serious problems in many countries worldwide. Bangladesh, India, China, and the United States are experiencing very serious arsenic problems (Kao et al., 2013). This situation is becoming a disaster especially in West Bengal and Bangladesh, where underground waters are the most important drinking water resources and consequently millions of people are being exposed to arsenic (Smedley and Kinniburgh, 2002). In addition to water sources used as drinking and utility water, food and various aquatic sources also cause arsenic exposure. One of the factors is the salty lakes, which are about to dry up with the effect of global warming. Urmia Salt Lake is one of these lakes, which is one of the 59 biospheres under the protection by UNESCO. Lake Urmia, the second largest salt lake in the world, is located between the East and West Azerbaijan provinces of Iran and the northwest of the country. The drying Urmia lake was declared as a wetland of international importance with the Ramsar Convention in 1971 and a UNESCO biosphere reserve as designated in 1976 (Soudi et al., 2017). In recent years, Lake Urmia has experienced severe droughts due to climate change and the construction of dams around the lake (77 dams). On the other hand, it has been massively polluted as a consequence of the industrial sites and factories around the lake (Taghipour et al., 2013; Ouria and Sevinc, 2016). The drying up of the lake and increase in pollution rates due to anthropogenic effects negatively affect not only the lake ecosystem but also the entire environment, especially through aerosols. It has been reported that fine aerosol particles accumulate many elements, especially arsenic (As), cadmium (Cd), copper (Cu), iron (Fe), sodium (Na), nickel (Ni), and lead (Pb), on the northern and southern shores of Lake Urmia, and it has been emphasized that this situation endangers public health (Gholampour et al., 2017). So, unfortunately, high levels of salt and heavy metals are spreading in the region due to wind and consequently cause soil and water pollution. In addition, this ecological catastrophe in the region also threatens neighboring countries like Turkey, and the situation is becoming a major issue (Mohammadi et al., 2018). A large number of organisms living in areas that are likely to be affected by this require very long evolutionary selections in order to adapt to these conditions and not be harmed. Microorganisms, on the other hand, represent an advantageous group in the adaptation process due to their small surface/volume ratio. So, during the evolutionary process, arsenic defense mechanisms have been developed in a wide variety of microorganisms, which are exposed to high levels of the arsenic derivatives (Ben Fekih et al., 2018). As in every biochemical reaction, some genetic arrangements occur for the necessary reactions to take place, and there are genes responsible for the production of specific proteins. These genes mediate the exclusion of arsenic from the cell in order to neutralize its toxic effects in bacteria (Sá-Pereira et al., 2007). Some genes may exist in gene clusters to enable organisms to more rapidly regulate the expression of various genes depending on the environmental conditions. The genes required for arsenic metabolism are also arranged in this framework. So, four types of arsenic-related operons have been discovered. One is the ars operon that is involved in detoxification mechanism, dissimilatory arsenate reduction by arr operon, and aio/arx for respiratory As(III) oxidation (Andres and Bertin, 2016). The ars operon, which confers arsenic resistance to microorganisms, is widespread among microorganisms. Although ars operons vary between strains, three central genes are always present. As in Escherichia coli, the three-gene operon (arsRBC) provides the basic arsenic resistance (Carlin et al., 1995). The five-gene operon (arsRDABC) found in E. coli plasmid R773 ensures elevated arsenic resistance (Chen et al., 1986).
As(V) reductase (arsC), As(III) permease (arsB), and regulatory protein (arsR) are clustered in the ars operon. As(V) enters the cell through the phosphate transport PiT system and is reduced to As(III) by As(V) reductase and effluxed out of the cell via the transmembrane protein arsB (Rosen, 2002). Detecting these gene regions in arsenic resistance and the bacteria that have them is necessary for the protection of ecosystems that are about to disappear. Urmia Salt Lake, which is about to dry up, is one of these ecosystems. Although Urmia Salt Lake is located in the north-west of Iran and is the largest lake in the Middle East, it is, however, one of the largest permanent hypersaline lakes on Earth. When evaluated in terms of the area it covers in the world, it is seen that the lake, which initially covered an area of 5,000–6,000 km2, now covers an area of 1,000 km2 (Mardi et al., 2018). As the most important factors in the 90% reduction of the lake area, global warming and climate change, spring water movements, increased agricultural activities, and many anthropogenic activities are considered (Tourian et al., 2015; Ghale et al., 2017). As a result of the decrease in the amount of lake water, the surface of the resulting lake bed becomes active salt and dust sources that are sensitive to wind erosion. The Aral Sea is one of the most obvious examples of this. Studies carried out on people in residential areas around such dried-up lakes show that there is an increase in cases of risk of thyroid disease and nodules (Mazhitova et al., 1998; Houshyar et al., 2022). Apart from this, many problems that might appear in the long term are already awaited, and when we evaluate this within the scope of a single health approach, it can be seen that many components are in danger. Considering that every lake will dry up one day, it is necessary to determine the factors that endanger all living forms in such habitats and to identify potential living groups for further studies.
In this context, within the scope of this study, it was aimed to determine the arsenic content of Urmia Salt Lake, identify bacteria that have adapted to these conditions in the evolutionary process, and perform arsenic resistance profiling. In this way, new data would have been added to the studies reporting arsenic contents of different parts of lakes in the last few years (Kazemi et al., 2019; Alvyar et al., 2022) and at the same time, data on the isolation and identification of arsenic-resistant bacteria from Lake Urmia will be presented for the first time. Thereby, potential bacterial source candidates will be presented for other studies to determine their potential for pollution removal.
2 MATERIALS AND METHODS
2.1 Description of site
Water and sediment samples were obtained from a region close to the Tabriz–Urmia causeway bridge in East Azerbaijan province (7.76° 45' 41.3' N–45.3° 18' 28.6'' E) during the summer of 2018 (Figure 1). The summer season was chosen as the sampling time because the lake water level decreases more in summer and the anthropogenic pollution effects are more evident in this season. The region of the lake close to agricultural areas and industrial sites was chosen as the sampling point. The samples were taken to the laboratory in sampling bottles embedded in ice packs for bacterial isolation and heavy metal analysis using the inductively coupled plasma mass spectrometer (ICP-MS). The water and sediment samples were examined in terms of 24 different heavy metals. All heavy metal analyses were performed using the EPA method 3051 analysis method. The amount of heavy metals was determined by microwave-assisted nitric acid digestion using 10 mL HNO3 (Yang et al., 2007). In situ water pH and temperature measurements (HANNA HI991001) were done.
[image: Figure 1]FIGURE 1 | Satellite image of Urmia Salt Lake.
2.2 Bacterial isolation and phenotypic characteristics
Isolation of arsenic-resistant bacteria was carried out by using the spread plate method by diluting the samples of water and sediment. The isolation medium used was Luria–Bertani (LB) medium modified with 10 mM sodium arsenate, 7.5% sodium chloride, and pH adjusted at 9.5 using carbonate buffer. The samples were incubated at 30°C for 3–7 days (Sunitha et al., 2015). At the end of the incubation period, colonies with different morphologies and different colony colors were taken for the purification processes. After purification, glycerol stocks were prepared with a 25% final glycerol concentration and stored at −80°C for all arsenic-resistant strains.
For phenotypic characterization, briefly, Gram reaction, the KOH test, endospore and capsule staining, the catalase test, starch hydrolysis (1% soluble starch), caseinase, gelatinase (12% gelatine), esterase (1% tributyrin), the motility test, and nitrate reduction were carried out. For all biochemical assays, the bacterial density was adjusted to correspond to 1 McFarland. To perform the carbohydrate fermentation test, 1% of glucose, fructose, mannose, sorbitol, arabinose, and maltose carbohydrates was prepared. A solution of 0.008% (w/v) thymol blue was added as the indicator (Yumoto et al., 2008; Alfred and Heidi, 2016). The incubation conditions were determined to be 30°C and 48 h. At the same time, in all media, the pH and NaCl concentration of the medium were adjusted to 9.5 and 7.5%, respectively.
2.3 Genomic DNA extraction and 16S rDNA amplification
For genomic DNA extraction, bacterial pellets were collected in the exponential phase and the PureLink™ Genomic DNA extraction kit (ThermoFisher Scientific, K182001) was used for DNA extraction. For the 16S rDNA amplification of isolates, fD1 5′-AGA​GTT​TGA​TCC​TGG​CTC​AG-3′ and rD1 5′-AAGGAGGT GATCCAGCC-3′ primers were used (Weisburg et al., 1991) and the PCR conditions were first denaturation at 94°C for 15 min followed by 35 cycles at 94°C for 30 s, 55°C for 1 min, 2 min at 72°C, and final elongation at 72°C for 10 min (Weisburg et al., 1991). The bidirectional sequence analysis of purified amplicons (with the Sephadex® G-50 kit, Sigma-Aldrich G5080, Merck KGaA, Darmstadt, Germany) was conducted with the ABI 3130xl Genetic Analyzer (Applied Biosystems, Waltham, MA, United States) using the same primers. Chromatograms were analyzed with the FinchTV, ApE, and BioEdit programs. The phylogenetic relationship of organisms was then determined by the comparison of the individual 16S rDNA sequence with other existing sequences in the public database (GenBank http:www.ncbi.nlm.nih.gov/). The sequences of strains were deposited in the NCBI GenBank database to acquire the accession numbers (Ersoy Omeroglu et al., 2022). The phylogenetic tree was constructed by the neighbor-joining method using the Geneious 6.0 software.
2.4 Detection of arsC and arsB, arrB, and arxA
In order to determine the cytoplasmic arsenate reductase gene arsC (370 bp), the primers of 5′-GTA ATA CGC TGG AGA TG ATC CG-3′ and reverse 5′-TTT TCC TGC TTC ATC AAC GAC-3′ were used (Saltikov and Olson, 2002). The reaction was carried out in a total volume of 25 µL using the Geneaid PCR kit, and the PCR conditions were first denaturation at 94°C for 3 min followed by 30 cycles of denaturation at 94°C for 30 s, elongation at 56°C for 30 s, annealing at 72°C for 30 s, and final extension at 72°C for 7 min (Saltikov and Olson, 2002). For arsenate permease gene (arsB), the forward 5′-CGG​TGG​TGT​GGA​ATA​TTG​TC-3′ and 5′- GTC​AGA​ATA​A-GAG​CCG​CAC​C-3′ reverse primers were used (Mazhitova et al., 1998). The PCR reaction was done in a total volume of 25 µL. The PCR conditions were first denaturation at 94°C for 3 min followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, elongation at 72°C for 30 s, and the final extension at 72°C for 7 min (Saltikov and Olson, 2002).
The respiratory arsenate reductase (arrB) gene was amplified using the forward primer 5′-AAC ACG AAC GAC GGT ATT CAC TGG-3′ and reverse primer 5′-ATA CCT TGC TCT GTG GAT CAT CTA-3′ (Chang et al., 2007). The PCR conditions were first denaturation at 94°C for 5 min, 30 cycles of denaturation at 94°C for 40 s, annealing at 62°C, elongatıon at 72°C for 1 min, and final extension at 72°C for 7 min (Chang et al., 2007).
The arsenite oxidase (arxA) gene was amplified using the forward 5′-GGA​CTA​GTC​CAA​CTC​GCG GTAGTAGTCC-3′ and reverse 5′-GGA​CTA​GTG​ATC​GGA​CCC​ACC​GTA​TAG​A-3′ primers (Zargar et al., 2012). The PCR reaction was carried out using the PfuTurbo Cx Hotstart Polymerase (Agilent, #600410) for a total volume of 50 µL. The PCR conditions were denaturation at 95°C for 1 min, 30 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, elongation at 72°C for 1 min, and final extension at 72°C for 7 min (Zargar et al., 2012). For all PCR assays, Shewanella ANA-3 (Saltikov et al., 2003), Halomonas sp. BSL (Conrad, 2014), Staphylococcus aureus ATCC 25923 (Rosdahl and Rosendal, 1980), and Enterobacter sp. strain L MF000792 (strain from our other studies) were used as the positive controls.
2.5 Detection of maximum tolerable concentrations and physicochemical properties
Since the preferred temperature for bacterial isolations from habitats with similar characteristics is 30°C, it was selected as the incubation temperature in order to determine the maximum tolerable concentration (MTC) values and physicochemical properties of the strains. To find out As(V) and As(III) MTCs, 0–320 mM sodium arsenate and 0–32 mM sodium arsenite were used. The LB medium (7.5% NaCl and pH 9.5) containing different concentrations of A(V) and As(III) was prepared and 250 µL was added in each well of flat bottom 96-well plates (Bruvoll, 2017) (see Supplementary Material, Supplementary Figure S1).
For physicochemical parameters, in order to determine the salt concentrations at which the isolates are metabolically active, LB media (pH 9.5) containing 0–25% NaCl were prepared. Then, for each of the different media, 250 µL of the medium was added to each well of the flat bottom 96-well plates. To determine the reproductive abilities at different pH levels, LB media (7.5% NaCl) were prepared at pH values varying between 4.5 and 10.5. Different buffer solutions (acetate buffer, phosphate buffer, and carbonate buffer for pH 4.5–5.5, 6.5–7.5, and 8.5–10.5, respectively) were used to adjust for different pH levels. For all different conditions, 250 µL of media was added to each well of the 96-well microplates to determine the pH growth intervals. For the growth temperature, the LB liquid medium (7.5% NaCl and pH 9.5) was dispersed into the wells (250 µL) and the temperature values of 25°C, 30°C, 35°C, 45°C, and 55°C were selected to examine the growth. To equalize the amount of bacteria in all wells, 1 McFarland density (3.0 × 108 cfu/mL) of bacterial solutions was prepared, and for inoculation to wells, 10 µL of bacterial suspension was added to each wells. All microplates were incubated at 30°C for 24 h. Then, 0.1% triphenyltetrazolium chloride (TTC) was prepared as a vitality indicator and 20 µL was added to each well. After that, bacterial incubation was continued during the extra 24 h. The formation of red-pink triphenylformazan (TPF) was evaluated as positive for bacterial growth. While the value of the well in which TPF did not occur was considered as the minimum inhibitory concentration, the highest value at which TPF occurred was determined as the MTC (Bruvoll, 2017). All bacterial growths were determined via optical density measurement at OD620nm and bacterial vitality was corrected by using TTC.
2.6 Arsenic transformation assay
An arsenic transformation assay was performed using a silver nitrate test (Sarkar et al., 2013). For optimization, three different agar media [chemically defined medium (CDM), Basal Mineral Salt Medium (BSM), and LB] were used. For arsenic-resistant bacteria that live optimally under aerobic and neutral conditions, the arsenic transformation test is usually performed using the LB medium. However, since the experiment was conducted with halophilic and alkaliphilic bacteria in this study, the experiment was carried out in three media with different contents in order to obtain the real result. All media were supplemented with sodium arsenate (Na3AsO4, 10 mM) and sodium arsenite (NaAsO₂, 1 mM). After streaking onto agar plates, all cultures were incubated at 30°C for 5 days. As soon as the incubation period had elapsed, all plates were flooded with a 0.1 M silver nitrate (AgNO3) solution and conserved in dark conditions. Color precipitations were examined to evaluate the results. A brownish bright yellow precipitate indicated the presence of silver arsenate (Ag3AsO4) (arsenite-oxidizing bacteria) and silver arsenite (Ag3AsO3) (arsenate-reducing bacteria), respectively. As positive controls, Shewanella ANA-3 (Saltikov et al., 2003) and Halomonas sp. BSL-1 (Conrad, 2014) were used.
2.7 Growth determination of isolates under anaerobic conditions and BSM containing organic acids and As(V)
In order to determine the growth potential of the isolates under anaerobic conditions, 18–24 h fresh microorganisms were adjusted to 0.5 McFarland concentration and 10 µL of each was placed on LB and Brewer Anaerobic Agar media (HiMedia) inside the anaerobic jar and incubated for 48 h at 30°C (Alfred and Heidi, 2016).
Under aerobic conditions, the BSM [NaCl (20.0 g/L), KH2PO4 (0.48 g/L), K2HPO4 (0.6 g/L), (NH4)2SO4 (0.45 g/L), MgSO4 (0.20 g/L), 2 mg/mL vitamin B12 (200 μL/L), SL-10 trace element solution (2 mL/L), and 1,000× vitamins solution (20 mL/L)] was prepared containing an electron donor to determine the growth of isolates. BSM was supplemented with 10 mM As(V) and sodium lactate (10 mM), sodium acetate (10 mM), and sodium citrate (10 mM). Then, the isolates were prepared at 0.5 McFarland concentration (1.5 × 108 cfu/mL) and spotted on petri plates. After this, they were incubated at 30°C for 48 h (Hoeft et al., 2004).
3 RESULTS
3.1 Feature of sampling point
The pH and temperature of the lake water was measured to be 8.6 and 33°C, respectively. The concentrations of arsenic were found to be 8.739 and 0.230 mg/kg for sediment and water samples, respectively. The results of 24 different heavy metal analyses of water and sediment samples are given in Table 1. As expected, it was determined that there was more arsenic in the sediment samples due to excessive decrease in lake water.
TABLE 1 | Concentration of some heavy metals for water and sediment samples of Urmia Salt Lake.
[image: Table 1]3.2 Phenotypic characteristics of isolated arsenic-resistant bacteria
In total, six isolates designated as S1, S2, S4, S12, and E15 for the sediment sample and UW1 for the water sample were selected due to the differences in colony morphology. The phenotypic characteristics of the isolates are given in Table 3. It was determined that all strains were gram-positive and rod shaped, had endospores and capsules, showed a positive reaction in the catalase enzyme test, assimilated fructose, mannose, maltose, arabinose, and sorbitol, and were not metabolically active under anaerobic conditions. It is seen that there are different characteristics between species in terms of mobility, and amylase and esterase activities (Supplementary Material; Supplementary Figure S2).
3.3 16S rDNA sequencing and phylogenetic tree construction
The phylogenetic analysis based on the 16S rDNA gene sequence indicated that the isolates S1 and S2 were closely related to Alkalihalobacillus sp. and Alkalihalobacillus patagoniensis, S4 and S12 isolates were related to Salipaludibacillus sp. and Salipaludibacillus neizhouensis, UW1 was related to Evansella sp. and Evansella cellulosilytica, and finally E15 was related to Alkalibacillus filiformis and Alkalibacillus haloalkaliphilus. Based on the partial 16S rDNA sequences, the Geneious 6.0 program was used and a phylogenetic tree was created using the neighbor-joining method (Figure 2; Table 2).
[image: Figure 2]FIGURE 2 | Phylogenetic tree was constructed based on the neighbor-joining method using Geneious 6.0 software. 16 s rDNA sequences were deposited in NCBI GenBank by the following accession numbers: S1 (MH482548.1), S2 (MH557090.1), S4 (MH484050.1), S12 (MH497597.1), UW1 (MH497595.1), and E15 (MH477286.1). Bootstrap analysis was carried out as 1,000 replications. Numerals above branches indicate statistical bootstrap values. The correct names of the strain Alkalihalobacillus lonarensis, Alkalihalobacillus xiaoxiensis, Bacillus patagoniensis, Bacillus neizhouensis, Bacillus clarkii, Bacillus tamaricis, Bacillus vedderi, and Bacillus cellulosilytica are Shouchella lonarensis, Shouchella xiaoxiensis, Shouchella patagoniensis, Salipaludibacillus neizhouensis, Evansella clarkia, Evansella tamaricis, Evansella vedderi, and Evansella cellulosilytica, respectively.
TABLE 2 | Partial 16S rDNA similarities of arsenic-resistant bacteria from Urmia Salt Lake.
[image: Table 2]3.4 Detection of some arsenic marker genes
Arsenate reductase gene (arsC) was detected in all of the strains, while arsenate permease gene (arsB) was not detected in S1, S12, and E15 strains. The arrB and arxA genes were detected in none of the strains. Although strains S1 and S2 were of the same species, it was determined that strain S2, unlike S1, had the arsB gene region. A similar situation was encountered in strains S4 and S12 (Table 3).
TABLE 3 | Characteristics of arsenic-resistant bacteria.
[image: Table 3]3.5 MTCs and effects of physicochemical parameters
All strains could grow between 9.5 and 10.5 pH values. The bacterial growth temperature ranged from 25 to 35°C. The maximum tolerance concentration was determined to be 320 mM As (V) for the S1, S4, and UW1 strains and 16 mM As(III) for the E15 strain. Also, the E15 strain was evaluated as the only strain that could grow in 25% NaCl medium (Table 3) (see Supplementary Material, Supplementary Figure S3).
3.6 Silver nitrate test
The AgNO3 screening technique was used to detect the oxidation of As(III) to As(V) or the reduction of As(V) to As(III). Although we tried different environments and conditions that have been stated in the literature in order to obtain results, no results could be obtained for alkaliphilic organisms (Ersoy Omeroglu et al., 2022).
3.7 Growth under anaerobic conditions and in BSM
All strains failed to grow under anaerobic conditions and were considered as strict aerobes. Except for strain S4, all strains could grow in the medium that included As(V) and sodium lactate, sodium citrate, and sodium acetate (Table 4). The strains probably transformed arsenic oxyanions in a detoxification fashion, while sodium lactate, sodium citrate, and sodium acetate could be used as carbon sources.
TABLE 4 | Growth characteristics in BSM medium containing organic acids and As(V).
[image: Table 4]4 DISCUSSION
Urmia Salt Lake (northwest of Iran, South Azerbaijan) can be considered as one of the world’s largest salt lakes, and there is a similarity in morphological and chemical properties between Lake Urmia and the Great Salt Lake in the western United States (Kelts and Shahrabi, 1986). It is the second largest hypersaline lake with an active food chain. It is saltier than the Aral Sea (>100 g/L) and Garabogazköl, Kara-Bogaz-Gol and also Black Strait Lake (Leroy et al., 2006). However, a progressive drought caused many dramatical changes to its physicochemical properties and volume of water (Hoseinpour, 2010): the salinity exceeded ˃300 g/L and its surface area decreased to less than 2,366 km2. The level of the lake decreased to 1,271 m and the water volume decreased from 42 billion to 223 km3 between 1995 and 2010, respectively. As a result of all these negative effects, the water depth decreased to 6 m (Hoseinpour, 2010), and because of negative changes in the physicochemical properties of the lake, not only was the lake ecosystem but also its surrounding habitats adversely affected by the situation. Several studies have reported high heavy metal contaminations such as arsenic in the nearby rivers, agricultural soil, and plant leaves (Saatloo et al., 2014; Mohammadi et al., 2018). This situation was also seen to be very effective on the lake microbiota.
Several microorganisms such as green sulfur bacteria, purple sulfur bacteria, and iron bacteria are found in the sediments of Lake Urmia (Ghaheri et al., 1999). Of course, the diversity and abundance of the existing species cannot remain stable as a result of changes in the ecosystem. There are naturally high amounts of heavy metals in a few hypersaline systems. For instance, the Searles Lake and Mono Lake (Western US) contain high As(V) levels. However, the majority of heavy metal–rich saline systems are due to industrial and human activities (Voica et al., 2016).
Based on this information, Lake Urmia is also an important habitat facing arsenic pollution and destruction of biodiversity. To the best of our knowledge, there is some information about arsenic-resistant microorganisms in Lake Urmia. In a study, Haloarcula sp. was isolated from Lake Urmia and analyzed for its bioremediation potentials (Taran et al., 2013). When we evaluate in general, based on their physiological characteristics, the Bacillus species appeared to be commonly found in such habitats. For this reason, by determining the genotypic and phenotypic characteristics of the Bacillus species isolated from such habitats, it has been revealed that there are different characteristics between the members of the same species. For this reason, updates were accelerated in the Bacilllaceae systematics in the 2000s. The order Bacillales within the class Bacilli (or Firmibacteria) represents an extremely heterogeneous bacterial taxon. The family Bacillaceae is one of the largest taxa in the order Bacillales, in which several novel genera have been reported (Sultanpuram and Mothe, 2016). Bacillus patagoniensis, Bacillus neizhouensis, and Bacillus cellulosilyticus species were proposed under new genera names [Shouchella patagoniensis (Joshi et al., 2012), Salipaludibacillus neizhouensis (Sultanpuram and Mothe, 2016), and Evansella cellulosilytica] and caused changes in the systematics. Especially for the Bacillus patagoniensis species, a change in taxonomy was first suggested for Alkalihalobacillus patagoniensis, but it was updated as Shouchella patagoniensis as a result of recent studies (Joshi et al., 2012). When the species obtained within the scope of this study are examined based on their partial 16S rDNA sequences, it can be said that they are the members of Bacillus. However, despite 98% sequence homology, different species may also emerge. In this context, considering the current systematics, it can be said that the strains obtained belong to the genera Shouchella, Salipaludibacillus, and Evansella. The best approach to classify an isolate is by sequencing its genome. Also, it should be evaluated in terms of the many features within the scope of the study aiming for this purpose. For example, strain UW1 shows the same degree of sequence similarity to both Evansella cellulosilytica and Evansella clarkia. However, in terms of phenotypic characteristics, while it is stated in the literature that Evansella cellulosilytica strains are not motile (Liu et al., 2022), the UW1 strain was found to be active, unlike this feature.
Bacillus members are usually found in arsenic-contaminated environments (Magar et al., 2022). They have recently attracted much interest due to their role in arsenic bioremediation and have been shown to carry chromosomal or plasmid-borne arsC genes, and these genes may remove arsenic from contaminated environments. The abundance of Bacillus isolates harboring arsC and also aioA genes plays an important role in the degradation and oxidation of arsenic. This also shows their potential in future bioremediation processes (Anderson and Cook, 2004). In this context, it is seen that the arsC gene is commonly found in strains that are specified as the Bacillus sp. in the old systematics but are now classified under the new genus. The fact that six strains obtained within the scope of the study have this gene region appears as the supporting data. Arsenic-resistant Bacillus species such as B. infantis and B. solimangrovi impact the alkaline crater lakes in India (Bagade et al., 2016). Furthermore, a hyper-tolerant B. firmus L-148 strain (updated as Cytobacillus firmus) was reported to have tolerated 3.3 M As(III) and 4 M As(V). This strain, which is the most known tolerant strain, contains both ars and aio operons with the ability of As(III) oxidation under alkaline conditions (Bagade et al., 2020). Another study reported the isolation of arsenic-resistant B. cellulosilyticus (updated as Evansella cellulosilytica) and Salipaludibacillus aurantiacus from Maharloo Lake which could tolerate up to 600 mM sodium As(V) (Fatemi et al., 2021). As a result of our study, it was determined that a single strain (Alkalibacillus sp. strain E-15) was tolerant to As(III) concentration as high as 16 mM. The highest As(V) resistance (320 mM) was found in Alkalihalobacillus sp. strain S1, Salipaludibacillus sp. strain S4, and Evansella sp. strain UW1. Interestingly, although S1 and S2 strains were both defined as the same genus (Alkalihalobacillus sp.), the arsB gene region was absent in S1 but present in S2. It was observed that this situation caused a difference in As(V) resistance. While S1 strain could tolerate 320 mM As(V), S2 strain could not survive in the environment containing more than 40 mM As(V) (Table 2; Table 3). When all these data are evaluated, it becomes clear how important it is to measure arsenic from different areas contaminated with arsenic and to isolate resistant bacteria. There are differences in resistance profiles and gene regions between the members of the same genus, depending on the strain difference. Due to increasing global warming and anthropogenic pollution inputs, more resistant bacteria with different gene region combinations are needed for the bioremediation of arsenic from these ecosystems.
Xinjiang province, one of the most polluted areas of China, is affected by pollutants, especially with arsenic. Bacillus sp. XS2 strain at a concentration of 6,400 mg/L As(III) can grow and convert As(III) to As(V). In the study by Chang et al. (2007), the Bacillus sp. strain, which has a high tolerance to sodium As(III) of up to 50 mM and successfully transformed/oxidized up to a concentration of 1 mM, was isolated; however, the Bacillus sp. XS2 can oxidize As(III) up to 4,000 mg/L and is the most potent As(III) oxidation seen in a Bacillus. Arsenic-resistant B. indicus (updated as Metabacillus indicus), which was isolated from an aquifer in West Bengal, can tolerate As(V) and As(III) by 20 and 3 mM, respectively (Suresh et al., 2004). Other studies have also reported the characterization of hyper-tolerant strains such as Microbacterium sp. strain A33 and Rhodococcus erythropolis OS1 (Drewniak et al., 2008; Achour-Rokbani et al., 2010). However, since these studies were carried out before the changes in the systematics, it is seen that the highest resistance is in the members of the Bacillus genus. Therefore, it is important to isolate and identify from new sources in order to increase the available data in updated systematics.
B. subtilis skin element gives resistance to As(V) and As(III). The ars set in the skin element contains four genes in the order arsR, Orf2, arsB, and arsC. The arsR and arsC products are homologous to the products of S. aureus and E. coli, respectively. B. subtilis arsB product is also homologous with S. aureus arsB product. However, the arsB protein exhibits only limited sequence identity (24%) to S. aureus arsB. Furthermore, there is no homolog of the Orf1 product in S. aureus. The Bacillus sp. UWC, which was isolated from fly ash in acid mine drainage, was shown to contain five genes arsRBCDA which are arranged unusually when compared to the E. coli plasmid R773 arsRDABC operon (Musingarimi et al., 2010). The arsenite oxidase gene (aox) has been described in many Bacillus strains, e.g., B. flexus, isolated from rice fields in India (Majumder et al., 2013).
Although S1 and S2, as well as S4 and S12, strains obtained within the scope of the study showed similar sequence homology among themselves, it was observed that the arsB gene region was detected in one of the strains, while being absent in the other (Table 3). In a study, it had been seen that enteric bacteria obtained from samples taken from raw sewage were resistant to As(III) even though they did not have the arsB gene region and the studied ars genes (Saltikov and Olson, 2002). As a matter of fact, in our study, it has been seen that the E15 strain gave negative results in the PCR study of the arsB gene region but had the highest As(III) resistance (16 mM) among the strains (Table 3). At the same time, the fact that the E15 strain can grow in the medium containing 25% NaCl (Supplementary Material; Supplementary Figure S3), unlike other strains, reveals that the physiological and genotypic characteristics of this strain should be studied in more detail. Much less is known about the second family of As(III) transporters, Acr3p. The members of this family are found in bacteria, archaea, and fungi but have been functionally characterized in only a few species (Achour et al., 2007). In strains that are resistant to As(III) but do not have arsB gene region, this gene region may be effective in providing resistance. Therefore, screening of all gene regions and even the discovery of new gene regions should be studied. However, it is necessary to first carry out studies on the extent of arsenic pollution and existing bacteria. In this context, Shewanella sp. O23S strain attracts much attention. As a result of the study conducted by Staicu et al. (2022a), this strain isolated from an old gold mine in Poland was found to have both ars and arr genes. It has been found to be quite effective in bioremediation studies from real industrial wastes rich in arsenic. Studies on this strain have also shown that AsS biominerals are formed using a separate biochemical pathway to selenium biomineralization (Staicu et al., 2022b). It is very important to determine the gene regions that they have in order to reveal their potential for use in bioremediation studies. However, it is also important to determine the products released as a result of biochemical transformations. Therefore, a silver nitrate assay is used for arsenic biotransformation test. However, since many biochemical tests such as this test are pH dependent, they cause problems in alkaliphilic studies. Moreover, since the arsenic biotransformation test is both salt and pH dependent, it may cause false negative results in experiments performed with halophilic and alkaliphilic bacteria in the study. As a matter of fact, although trials were carried out with different media in the study, no results were obtained for any of the strains. In this direction, we come across a study conducted by Bahar et al. (2020). In this study, a new spectrophotometric method with high potential for screening arsenite-oxidizing bacteria was developed. In the experiment, which is carried out depending on the color intensity formed by mixing arsenic and potassium permanganate, a distinction can be made since arsenate and potassium permanganate do not react, and the pH can be studied in the range 4–9. The inability of the strains to grow under pH 9.5 and also the fact that these strains are halophiles caused negative results in many trials. However, with this new test technique (Bahar et al., 2020) and other tests to be developed, biotransformation trials of arsenic-resistant bacteria isolated from especially extreme habitats should be performed.
In this context, within the scope of this study, it was aimed to determine the bacteria in the area with arsenic pollution and intense anthropogenic pollution. Heavy metal analysis results from tree leaves found around Lake Urmia, one of the largest salt lakes in the world, showed that it accumulated many metals, such as arsenic. Since there is a large amount of agricultural land around the sampling point and the amount of arsenic accumulated in these areas is high, the consumption of food produced from these areas by all living forms, especially humans, causes a risk to the health of these. However, as a result of anthropogenic pollution from these areas to the lake, the amount of arsenic in the lake is also increasing. With the effect of global warming, the arsenic contamination of agricultural lands and living spaces increases with the effect of winds from the lake, and this has become concentrated in terms of arsenic content with the gradual decrease of lake water. Both the deterioration of the ecological balance and the health of all living forms are in danger. As a result of this, our essential resources for many lives, which are in the status of renewable resources, are becoming depleted resources. In this context, it is necessary to ensure the sustainability of the environment, humans, animals, and microorganisms with the “One Health” approach. For this reason, it is important to determine arsenic contamination levels, which is one of the most important anthropogenic pollution sources, for the sustainability of Lake Urmia—which was defined as a protected area in 1967 and declared as a national park in 1976—and its local people. In addition, phenotypic and molecular characterization of the obtained arsenic-resistant bacteria should be made and their presence in the ecosystem should be revealed. Pathways to metabolize this toxic metalloid and resistance profiles should also be determined and announced to the scientific world in terms of their bioremediation potential.
Based on the data obtained from such studies, feasibility reports should be prepared and urgent preventive and cleaning approaches should be put into action. Otherwise, the existing high salt and heavy metal concentration starts to negatively affect the all living things in the surrounding countries. As a result of the pollution of water resources and agricultural lands, health problems will gradually increase and the agriculture and live-stock sector will be adversely affected by this situation. As a result of all this, all life forms such as humans will be forced to migrate and the ecological diversity of regions will be completely destroyed. Therefore, isolation and identification should be made, especially from extreme habitats. All microbiota members should be determined by the metagenomic techniques, especially due to the limitations of cultural methods. Arsenic metabolism pathways should be determined in terms of genetic and biochemical characteristics and their potential in bioremediation studies should be revealed.
5 CONCLUSION
This study was carried out to isolate and characterize arsenic-resistant bacteria from the drying Lake Urmia. This study could be remarkable of its kind in Lake Urmia because it is relatively the first study. The strains which are resistant to arsenic belong to the Shouchella, Salipaludibacillus, and Evansella genera. These new strains, previously classified as Bacillus genus, are commonly found in arsenic-containing environments based on publications on the initial identification data. The presence of arsenic-related genes (arsC, arsB, arrB, and arxA) was investigated. All of the strains were negative for arrB and arxA genes. All strains were also tolerant to high concentrations of arsenic. The current study provides data for studies conducting bioremediation applications in order to prevent arsenic disaster in vicinal territories. A two-stage bioremediation process was applied to bioremediate As(V)-contaminated habitats. In the first stage, As(III) was formed due to the activity of the arsC gene region, and in the second stage, the reaction was completed by the adsorption of As(III) to iron oxide or precipitation with sulfide. Another process performed was in converting the released As(III) to trimethyl arsine gas by methylation or evaporation. However, several factors should be carefully evaluated in choosing the methylation technique for the bioremediation of arsenic because the physiological significance and biochemical basis of arsenic methylation has uncertain points. Although at first it was thought that methylation was associated with arsenic detoxification as the pentavalent species were relatively harmless, it was later found that the process could increase arsenic toxicity since the trivalent species were more toxic than inorganic As(III). The toxicity of inorganic and organic arsenic is dimethylarsinous acid [DMA(III)], monomethylarsonous acid [MMA(III)] ˃ As(III) ˃ As(V) ˃ dimethylarsinic acid [DMA(V)], monomethylarsinic acid [MMA(V)], and trimethylarsine oxide (TMAO). The main pentavalent products DMA(V) and TMAO are approximately 100 and 1,000 times less toxic, respectively, and less toxic than As(III). MMA(III), DMA(III), and trimethylarsine [TMA(III)] are more toxic than As(III). In this way, they prevent its accumulation in the cell. However, here, the cell protects itself, but a toxic gas is released into the environment. For this reason, in case of bioremediation studies from arsenic-contaminated areas using the methylation technique, the system should be operated in a controlled room and arsine gas should be captured and disposed of instead of being released into the environment.
Since bacteria with the arsB gene region will form As(V), which is 100 times less toxic as a result of the reaction, these can be used in bioremediation studies with the same two-step process. These strains also have the arsC gene region. Undoubtedly, further transcriptomic studies will be useful in order to understand the exact mechanism and to identify the products released. In this way, important steps will be taken to propose new arsenic bioremediation processes by clarifying other arsenic-related processes for oxidation and respiratory reduction reactions.
Species that have adapted to live in arsenic concentrations that are toxic to other living forms in the evolutionary process have a high potential for arsenic bioremediation. In this process, they have been subjected to various evolutionary adjustments to metabolize arsenic. Thanks to these features, arsenic has to be removed for the sustainability of habitats that are in need of protection at risk, and therefore the species that can metabolize arsenic emerge as potential sources. By carrying out such studies, the pathway by which arsenic is metabolized is determined at the gene level. As a result, the data on which resistant strain can be used in areas contaminated with different forms of arsenic are obtained.
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