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Abstract

The ancient Zloty Stok (SW Poland) gold mine is such an environment, where different

microbial communities, able to utilize inorganic arsenic species As(III) and As(V), are found.

The purpose of the present study was to (i) estimate the general diversity of microbial mats in

bottom sediments of this gold mine, (ii) identify microorganisms that can metabolize arsenic, and

(iii) estimate their potential role in the arsenic geochemistry of the mine and in the environment.

The oxidation/reduction experiments showed that the microbial mat community may

significantly contribute to arsenic contamination in groundwater. The presence of both arsenite

oxidizing and dissimilatory arsenate reducing bacteria in the mat was confirmed by the detection

of arsenite oxidase and dissimilatory arsenate reductase genes, respectively. This work also

demonstrated that microorganisms utilizing other compounds that naturally co-occur with

arsenic are present within the microbial mat community and may contribute to the arsenic

geochemistry in the environment.

Capsule

The microbial mats from this ancient gold mine can mediate oxidation/reduction reaction of

arsenic and in this way may significantly contribute to arsenic contamination in groundwater.

Introduction

43 Microbial mobilization of arsenic into the aqueous phase is one of the main sources of arsenic

44 contamination of groundwater in many parts of the world (Nriagu 2002; Welch et al., 2000). It is

45 well known that bacteria can mobilize arsenic from minerals, utilizing them as a source of

46 energy. Arsenite oxidizers can use arsenic from arsenopyrite (FeAsS) as an electron donor,

47 which leads to the oxidization and release of arsenic into the environment (Dave et al., 2008).

48 Dissimilatory arsenate reducers can utilize ferrous-arsenate minerals in respiratory processes (as
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a terminal electron acceptor) and release 49 toxic arsenite into the aqueous phase (Ahmann et al.,

50 1997). Besides the release of arsenic into the environment through redox transformation,

51 microbial activity can also promote dissolution of arsenic minerals as a by-product of mineral

52 weathering for nutrient acquisition. For example, bacteria can solubilize arsenic from the apatite

53 mineral lattice during weathering (Mailloux et al., 2009).

54 The manner of microbial arsenic mobilization is dependent on the geochemical background

55 of the environment, but both arsenite oxidizers and arsenate reducers, or other physiological

56 groups of bacteria that metabolize arsenic, can occur within the same habitat. The ancient Zloty

57 Stok (in south-west Poland) gold mine is such an environment, where different inorganic and

58 organic arsenic species are found and are subject to various microbial arsenic transformations. In

59 the Zloty Stok mine, the basic rock is composed of mica schists, mica-quartz schists and

60 quartzite schists (Kowalski 1963), and arsenic occurs mainly as loellingite (FeAs2), scorodite

61 (FeAsO4x2H2O) and arsenopyrite (FeAsS) (Chlebicki et al., 2005). Elevated concentrations of

62 inorganic arsenic species have been detected in the mine water and bottom sediments, and their

63 presence is connected with mineral dissolution mediated by bacteria in the mine biofilms. Two

64 different biofilm types have been observed in the Gertruda Adit: a gelatinous form on rock

65 surfaces and microbial mats in the bottom sediments.

66 In our previous studies, we have demonstrated that bacteria isolated from both biofilm

67 types can directly and indirectly contribute to the arsenic geochemistry of this mine (Drewniak et

68 al., 2010). A total of twenty two arsenic-resistant bacteria were isolated from the rock biofilms,

69 whereas only seven strains were isolated from the arsenic-rich bottom sediment microbial mat.

70 Chemolithoautotrophic bacteria, which utilize arsenic compounds in basic metabolic processes

71 and directly contribute to the biogeochemistry of arsenic, were not identified among the rock

72 isolates (Drewniak et al., 2008a). Despite this fact, we found that the arsenic-resistant bacteria

73 present in the rock biofilms were able to enhance the mobilization of arsenic from natural rocks
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by siderophore production and the dissol 74 ution of ferrous-arsenic minerals (Drewniak et al.,

75 2010). Direct utilization of arsenic minerals was confirmed for three strains isolated from the

76 microbial mat. Two of these, Shewanella sp. O23S and Aeromonas sp. O23A, were able to grow

77 in the absence of oxygen by employing energy-generating arsenate respiration coupled with

78 lactate oxidation (Drewniak et al., 2009). Both of these dissimilatory arsenate reducers promoted

79 efficient dissolution of arsenic minerals under anaerobic conditions (Drewniak et al., 2010). The

80 productive mobilization of arsenic from minerals was also mediated by Sinorhizobium sp. M14,

81 an arsenite oxidizing strain isolated from bottom sediments. Under aerobic conditions, this strain

82 was able to grow chemolithoautotrophically using arsenite or arsenopyrite as a source of energy

83 (Drewniak et al., 2008b, Drewniak et al., 2010).

84 Besides the strains identified so far, many other microorganisms that we were unable to

85 cultivate in the laboratory are likely to participate in arsenic transformation in this gold mine. A

86 complex community analysis of the mine biofilms is required to complement the culture-based

87 studies performed so far.

88 The purpose of the present study was to (i) estimate the general diversity of microbial mats

89 in bottom sediments of this gold mine, (ii) identify microorganisms that can metabolize arsenic,

90 and (iii) estimate their potential role in the arsenic geochemistry of the mine.

91

92 Methods

93 Area description

94 The ancient Zloty Stok gold mine in south-west Poland has some 300 km of underground

95 passages on 21 levels and was closed in 1962. Most of the underground galleries and shafts are

96 now flooded with water and are partially or totally inaccessible. One of the main and the most

97 well preserved galleries is transportation adit Gertruda. At this site there is a stable low air
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temperature (10.4–11.1°C), a reduced concentration of 98 oxygen (17.2%), almost total humidity

99 (~100%), and the water is slightly alkaline (pH 7.4–8.1) (Drewniak et al. 2008a).

100 Sample collection and chemical analysis

101 Samples of microbial mat and mine water were collected from the end of Gertruda Adit.

102 Microbial mat samples were placed in sterile 250 ml bottles, and the mine water was collected in

103 sterile 15 l barrels. Samples were prepared for elemental analysis and were analyzed as described

104 by Drewniak et al. (2008a)

105 Scanning electron microscopy

106 Microbial mat samples were fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer

107 (pH 7.2). After 24 h incubation at 4ºC, the samples were centrifuged and the obtained pellet was

108 treated with 0.2 M sodium cacodylate buffer (pH 7.2) for 1 h. The samples were then dehydrated

109 in a graded ethanol series (10, 20, 30, 40, 50, 60, 70, 80, 90, 96, 99,8%) and coated with gold or

110 platinum. The coated samples were viewed using a LEO 1430VP scanning electron microscope

111 (LEO Electron Microscopy, UK).

112 Bacterial strains and plasmids

113 Three strains, previously isolated from Zloty Stok microbial mat, were used in arsenic

114 respiratory experiments: (i) one chemoautotrophic arsenite-oxidizing strain – Sinorhizobium sp.

115 M14 (Drewniak et al., 2008b), and (ii) two dissimilatory arsenate respiring strains – Aeromonas

116 sp. O23A and Shewanella sp. O23S (Drewniak et al., 2009).

117 For the construction of microbial mat 16S rDNA, aoxB and arrA genes libraries,

118 Escherichia coli TOP10 (Invitrogen) was used as the host and the plasmid pCR4-Topo

119 (Invitrogen) was used as the vector.

120 Media and growth conditions

121 E. coli TOP10 was grown in Luria-Bertani medium (LB) (Sambrook & Russell, 2001) at 37ºC.

122 Arsenic metabolizing strains (Sinorhizobium sp. M14, Aeromonas sp. O23A, Shewanella sp.
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O23S) were cultivated at 22ºC (optimal growth t 123 emperature in laboratory conditions; Drewniak

124 2009) in minimal salts medium (MSM) (Santini et al., 2000) containing 5 mM arsenic compound

125 (sodium arsenite or sodium arsenate) and supplemented with yeast extract (0.04% w/v).

126 To determine the ability of microbial mat samples and arsenic metabolizing strains (M14,

127 O23S, O23A) to oxidize As(III) or reduce As(V) and use these arsenic compounds in respiratory

128 processes, cultures were propagated in supplemented MSM. To examine As(III) oxidation, the

129 MSM contained 5 mM sodium arsenite as the electron donor, whereas to examine As(V)

130 reduction, the medium contained 10 mM sodium lactate as a carbon source and 5 mM sodium

131 arsenate as the electron acceptor. In both experiments, 5 ml samples of microbial mat were added

132 to the appropriate medium (final volume 100 ml) and the cultures incubated at 22ºC for 96 h. For

133 aerobic growth, 100 ml cultures were incubated in 300 ml Erlenmeyer flasks. For anaerobic

134 growth, 100 ml serum bottles with N2:CO2 (80:20) injected into the headspace were used. These

135 bottles were closed with rubber stoppers secured by aluminum crimp seals.

136 DNA extraction

137 Total DNA was extracted from microbial mat samples using a modification of the method of

138 Zhou et al., 1996. Each mat sample (10 ml) was placed in a sterile 15 ml tube and centrifuged for

20 min at 11,500 g at 4◦139 C. The pellet was mixed with glass beads (3.5 g Ø 0.40–0.60 mm,

140 Sartorius) and the tube filled with 13 ml of DNA extraction buffer (100 mM Tris-HCl [pH 8.0],

141 100 mM sodium EDTA [pH 8.0], 100 mM sodium phosphate [pH 8.0], 1.5 M NaCl, 1% CTAB).

142 The subsequent steps in the DNA extraction were performed exactly as described in Zhou et al.,

143 1996. The total DNA preparation was finally purified using the Wizard Plus Minipreps DNA

144 Purification System (Promega, Madison, WI, USA) according to the manufacturer’s instructions.

145 Approximately 60 μg of DNA was isolated from each 10 ml biofilm sample.
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The purified DNA was u 146 sed as the template in PCRs to amplify (i) the variable region of

147 16S rRNA genes with universal primers for Archaea and for Bacteria and (ii) the aoxB and arrA

148 genes.

149 PCR amplification

150 PCR amplification was performed with a Mastercycler (Eppendorf) using synthetic

151 oligonucleotides and HotStar Hifidelity polymerase (Qiagen) (with 3'→5' exonuclease activity).

152 For the amplification of 16S rRNA gene sequences of Bacteria, the primer pair 27f and 1492r

153 (Lane, 1991) was used. Nested PCR with primer pair 357F-GC and 519R (Muyzer et al., 1993)

154 was then used to amplify fragments spanning the highly variable V3 region of the 16S rRNA

155 gene (~160 bps) for clone library construction. For the amplification of 16S rRNA gene

156 sequences (~550 bps) of Archaea, primer pair ARC344F (Raskin et al., 1994) and ARC915R

157 (Stahl & Amann, 1991) was used. The products of this PCR were used directly for clone library

158 construction. For amplification of the aoxB genes, primer pair 69F and 1374R were used as

159 described by Rhine et al., 2007. For amplification of the arrA genes, primer pair ArrAfwd and

160 ArrArev were used as described by Malasarn et al., 2004.

161 Clone library construction and DNA sequencing

162 Small subunit rRNA gene, aoxB gene and arrA gene clone libraries were constructed from

163 microbial mat samples collected in the Gertruda Adit in Zloty Stok gold mine. Gene fragments

164 were amplified by PCR from purified microbial mat DNA as described above and then analyzed

165 by agarose gel electrophoresis to confirm their size (~550bp for Archaea 16S rDNA, ~1400bp

166 for Bacteria rDNA, ~200bp for arrA and ~1100bp for aoxB genes) and assess their concentration.

167 The PCR products were ligated to the vector pCR4-TOPO and chemically competent OneShot

168 TOP10 Escherichia coli cells were transformed as specified by the manufacturer (TOPO TA

169 cloning kit; Invitrogen). Colonies containing plasmids with inserts were isolated by plating onto

170 LB agar containing 50 μg/ml kanamycin. Small overnight cultures of the selected strains were
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grown in LB broth plus kanamycin and pla 171 smid DNA was isolated using the Plasmid Mini kit

172 (A&A, Gdansk, Poland).

173 Plasmid inserts were sequenced on an ABI3730 DNA analyzer (Applied Biosystems) at the

174 Laboratory of DNA Sequencing and Oligonucleotide Synthesis, IBB PAS, using universal M13F

175 and M13R primers. Additional primers 518F and 519R, specific to conserved regions of the 16S

176 rRNA gene, were used for the Bacteria library. Partial sequences were assembled using Clone

177 Manager Professional Suite software (version 8) and were checked manually. Chimeric

178 sequences, identified using the programs Bellerophon (Huber et al., 2004) and

179 CHIMERA_CHECK (version 2.7) at the Ribosomal Database Project II website or NCBI

180 GenBank database, were excluded from subsequent analysis.

181 Phylogenetic analysis

182 Phylogenetic analyses were performed according to the following scheme: (1) sequences were

183 grouped into individual operational taxonomic units (OTUs) sharing >98% nucleotide similarity,

184 and one representative of each phylotype was included in phylogenetic analysis (sequences were

185 clustered into OTUs using the CD-HIT program; Li & Godzik, 2006); (2) clustered sequences

186 were used for phylogenetic analysis together with sequences of closely related BLAST matches

187 and cultured representatives of major clades within archaeal and bacterial subdivisions (in the

188 case of 16S rDNA analysis) or cultured representatives of arsenate reducers/arsenite oxidizers (in

189 the case of ArrA/AoxB analysis); (3) multiple alignments were performed using ClustalW

190 (www.ebi.ac.uk/clustalw) and adjusted manually; and (4) the alignments were used to construct

191 phylogenetic trees. Neighbor Joining trees were constructed using the programs from the

192 PHYLIP 3.5 software package (Felsenstein, 1989). Evolutionary distances were calculated for

193 protein sequences of ARR and AOX and DNA evolutionary distances were calculated for

194 16 S rRNA sequences. Protein distances were calculated using Protdist computer program and

195 DNA distances were calculated using DNAdist program.
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196 Nucleotide sequence accession numbers

197 All archaeal and bacterial gene sequences have been deposited in the GenBank nucleotide

198 sequence database with the following accession numbers: GU205476–GU205496 (16S rRNA

199 genes, Archaea), GU205497–GU205761 (16S rRNA genes, Bacteria), HQ316520- HQ316554

200 (aoxB genes) and HQ316496- HQ316519 (arrA genes).

201

202 Results

203 1. Microbial mat chemistry and morphology

204 Microbial mats (Fig. 1) are located at the end of Gertruda Adit (at 800 and 1000 m from the

205 entrance) in a fault zone at the site of a gallery collapse. At the predominant location of the

206 microbial mats, high concentrations of arsenic (1.58–3.51 mg/l), calcium (42.18–104.34 mg/l),

207 manganese (8.77–22.11 mg/l) and nickel (1.55–41.55 mg/l) were detected in the mine waters.

208 Interestingly, the concentration of iron in the examined water samples was below the detection

209 limit of the ICP-MS method (i.e. 0.5 μg/l), although ferric compounds are the main ore minerals

210 present in this mine. In contrast to the mine waters, high concentrations of iron (10,766–14,068

211 mg/kg) and arsenic (5833–6879 mg/kg) were present in dried microbial mat.

212 Scanning electron microscopy showed that the microbial mat had a typical multilayered,

213 heterogenous mosaic structure (Fig 2.). The surface layers of the biofilm contained

214 microorganisms forming filamentous structures (Figs. 2A and 2B), interleaved with detritus and

215 traces of extracellular matrix. The internal layers were formed mainly by cocci and cylindrical

216 forms embedded in extracellular gelatinous substance (Figs. 2C and 2D).

217 2. Archaeal and Bacterial diversity in the microbial mat

218 One of the main goals of this study was to estimate the phylogenetic diversity of Archaea and

219 Bacteria in the microbial mat communities. Two 16S rRNA gene clone libraries were

220 constructed: the first with fragments amplified using specific primers for Archaea, and the

10

second with fragments amplified 221 using universal Bacteria primers. On account of the low level

222 of diversity observed in the DGGE analysis (data unpublished) with the Archaea primers, only

223 100 randomly chosen clones were analyzed for this library. Due to its greater complexity, 500

224 randomly chosen clones from the Bacteria library were analyzed. The selected cloned fragments

225 were sequenced and clustered into OTUs (Operational Taxonomic Units).

226 Twenty one OTUs were identified in the Archaea 16S rDNA library, and rarefaction

227 analysis showed that the number of clones sequenced in this study covered most of the archaeal

228 diversity of the library (Fig. 3). Three phylotypes (ZSA9, ZSA10 and ZSA15) were the most

229 highly represented (40, 15 and 11 clones, respectively) in the analyzed microbial mat samples,

230 indicating that they are dominant in the examined environment. Comparative analysis of the

231 obtained sequences with 16S rRNA genes deposited in the RDBII database showed that only two

232 OTUs, ZSA1 and ZSA2, could be classified (both to the Methanomicrobia class). Other OTUs

233 showed similarity (ranging from 86 to 100%) to sequences of uncultured Archaea, usually

234 derived from metagenomics projects. The low level of similarity of the analyzed OTUs to

235 cultivable Archaea was confirmed by phylogenetic analysis (Fig. 4).

236 The Bacteria 16S rDNA library was much more complex, with as many as 265 of the 500

237 analyzed sequences classified into different OTUs, and 220 of them detected only once.

238 Rarefaction curve derived from this library did not reach the saturated state (Fig. 3). Among all

239 the clustered phylotypes, 9.4% of the OTUs exhibited almost total similarity (≥99%) to 16S

240 rDNA sequences deposited in GenBank. About 20% of the OTUs could be classified at the

241 genus level (97-99% similarity). Over 68% of the phylotypes represented potentially new species

242 of Bacteria (similarities <97%), and amongst these, over 17% showed a similarity level of below

243 90%. Most of the examined OTUs were closely related to uncultured Bacteria, with only 24

244 phylotypes showing high similarity (≥97%) to the 16S rRNA gene sequences of cultivable or

245 classified bacteria (e.g. Crenothrix polyspora) (Tab. 1).
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The analyzed sequences 246 were classified into six phyla: Proteobacteria, Bacteroidetes,

247 Verrucomicrobia, Acidobacteria, Planctomycetes and Spirochaetes (Fig. 5). The most highly

248 represented and diverse phylum was the Proteobacteria, with 203 phylotypes and 381 clones.

249 The remaining phyla and unclassified Bacteria constituted only 23.5% of the total number of

250 phylotypes and 16.6% of all clones. Among the Proteobacteria, the most highly represented and

251 diverse classes were the γ-Proteobacteria (235 clones) and β-Proteobacteria (107 clones). The

252 most abundant bacterial phylotypes in the analyzed community were two OTUs, ZSB C6-5

253 (49 clones; 10.7% of all clones) and ZSB C12-6 (40 clones; 8.75% of all clones), closely related

254 to Crenothrix polyspora (Methylococcales, γ-Proteobacteria) (Fig. 5). There were also

255 phylotypes closely related to other filamentous bacteria from the Clonothrix, Geothrix,

256 Leptothrix and Thiothrix genera. Apart from the Crenothrix-like OTUs, the analyzed biofilm was

257 dominated by phylotypes closely related to the Methylococcales family (Fig. 5). One of the most

258 common OTUs was closely related to the iron-reducing bacterium Rhodoferax ferrireducens (Fig.

259 5).

260 Among the 265 analyzed OTUs, only one showed relatively high similarity to the 16S

261 rRNA gene sequence of a strain previously isolated from a microbial mat community. The

262 sequence ZSBE5-7 displayed 99% identity to the 16S rDNA of Sinorhizobium sp. M14

263 (Drewniak et al., 2008b).

264 3. Identification of uncultivated bacteria with the potential to metabolize arsenic

265 We previously demonstrated that three cultivable isolates from the Zloty Stok microbial mat

266 were able to use arsenic in respiratory processes (Drewniak et al., 2010). However, the real

267 ability of the whole mat microbial community to metabolize arsenic via oxidation and reduction

268 reactions is unknown. The potential of other, uncultivable mat microorganisms to catalyze redox

269 transformation of arsenic was determined by examining the diversity of amplified aoxB and arrA

270 genes.
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The aoxB and arrA gene clone libra 271 ries were made from PCR fragments amplified using

272 specific primers from total DNA extracted from microbial mat. In both cases, 100 randomly

273 chosen aoxB and arrA gene fragment clones were sequenced and clustered into OTUs. A total of

274 35 aoxB-like and 22 arrA-like OTUs were obtained and characterized. BLAST analysis showed

275 similarities of the sequences to aoxB or arrA genes in the NCBI database ranging from 72–99%,

276 but for most clones, the level of similarity was below 96% (Fig. 6). Saturation curves for both

277 libraries indicates that full coverage of these genes was obtained (Fig. 3).

278 In the aoxB library, three OTUs, ZSAOX33, ZSAOX34 and ZSAOX35, were highly

279 similar (98, 98 and 99%, respectively) to nucleotide sequences of aoxB genes of Pseudomonas

280 spp. Phylogenetic analysis of predicted protein products confirmed that two of them (ZSAOX34

281 and ZSAOX35) were closely related to arsenite oxidase (AOX) of Pseudomonas sp. O23P (Fig.

282 7), a heterotrophic arsenite oxidizer isolated from Zloty Stok microbial mat. Another sequence

283 (ZSAOX27) was closely related to the arsenite oxidase sequence of Sinorhizobium sp. M14, a

284 chemolithoautotrophic arsenite oxidizing strain previously isolated from the Zloty Stok

285 microbial mat (Drewniak et al., 2008b). Within the "Sinorhizobium sp. M14"cluster, the other

286 nine sequences was also localized (Fig. 7).

287 In the arrA libraries, only two sequences, ZSARR3 and ZSARR13, exhibited relatively

288 high similarity (96 and 97% identity, respectively) to arrA genes deposited in the NCBI database.

289 Both were closely related to the arrA gene of Alkaliphilus oremlandii OHlLAs, a known

290 dissimilatory arsenate reducer. Phylogenetic analysis of predicted protein sequences showed that

291 most of the OTUs did not fit well to any of the clusters containing of arsenate reductases of

292 known arsenate respiratory bacteria (Fig. 8). However, twelve ArrA sequences of micorbial mats

293 were in the same cluster as arsenate reductse of Aeromonas sp. O23A - an arsenate respiratory

294 bacterium previously isolated from Zloty Stok microbial mat (Drewniak et al., 2009). There were

295 also clusters of sequences related to ArrA of Shewanella spp. including Shewanella sp. O23S -
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another arsenate respiratory strain pre 296 viously isolated from the microbial mat (Drewniak et al.,

297 2009).

298 4. Arsenic redox transformation mediated by gold mine microbes

299 To examine arsenic redox transformations catalyzed by microorganisms in Zloty Stok microbial

300 mat, arsenite oxidation in aerobic conditions and anaerobic arsenate reduction were analyzed.

301 The kinetics of these redox reactions mediated by microbial mat samples was compared with the

302 rates of oxidation and reduction performed by single strains previously isolated from the

303 analyzed community (Drewniak et al., 2008b, Drewniak et al., 2009).

304 Complete oxidation of 5 mM arsenite to arsenate mediated by the microbial mat

305 community was noted after 48 h, whereas the reaction catalyzed by a single strain,

306 Sinorhizobium sp. M14, took two times longer (96 h) for the conversion of As(III) to As(V) (Fig.

307 9). The rates of growth, arsenite oxidation and arsenate production of the microbial matt were

308 correlated but shifted in time. Moreover, the arsenite oxidation catalyzed by the microbial mat

309 was complete and an equivalent concentration of arsenate was detected in the culture supernatant

310 (Fig. 9). This contrasts with the situation observed for the Sinorhizobium sp. M14 monoculture

311 metabolizing arsenite, where the concentration of arsenic in the liquid phase was not at a

312 constant level. After 120 h of incubation, only 155 mg/L from the initial arsenic concentration of

313 388 mg/L was found in the solution.

314 Anaerobic arsenate reduction mediated by the microbial mat community was also much

315 more rapid and effective in comparison to single strain cultures. After 48 h of incubation,

316 complete reduction of 5 mM arsenate to arsenite was observed in the microbial mat culture. In

317 comparison, none of isolated strains (Shewanella sp. O23S or Aeromonas sp. O23A) were able to

318 completely utilize 5 mM arsenate in the same period. They could only reduce 2.5 mM of As(V),

319 and Shewanella sp. O23S was the only strain to achieve almost complete reduction to As(III)

320 (Fig. 10). After 96 h of incubation, the arsenate concentration in the O23S culture supernatant
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had decreased fr 321 om 2.5 mM (187.5 mg/l) to 0.09 mM (6.75 mg/l). In the case of the Aeromonas

322 sp. O23A culture, arsenate reduction was incomplete and the total arsenic concentration in the

323 liquid phase was not stable. From an initial total arsenic concentration 2.48 mM, only 2.23 mM

324 remained in the culture supernatant after 192 h of incubation, which suggests that the Aeromonas

325 cells had accumulated arsenic.

326 Discussion

327 The arsenic deposits in Zloty Stok gold mine are the largest in Poland and are a primary source

328 of arsenic contamination in surface and ground waters in the Klodzko valley (SW Poland) (Lis &

329 Pasieczna, 1995). Microorganisms from Zloty Stok mine biofilms have a significant impact on

330 the arsenic geochemistry in this environment. Our previous studies showed that bacteria isolated

331 from this mine can directly and indirectly contribute to arsenic mobilization from minerals into

332 the water and sediments (Drewniak et al., 2010). However, these studies did not elucidate the

333 true role of arsenic metabolizing microbes in the gold mine environment. Two outstanding

334 questions concerned the participation of the isolated strains in the analyzed mine biofilms and

335 the arsenic transformation ability of uncultured microorganisms present in these communities.

336 The primary goals of the present study were to estimate the diversity of microorganisms

337 inhabiting the microbial mats and to examine whether these bacteria are involved in arsenic

338 redox reactions.

339 Microbial diversity and the structure of environmental communities depend on many

340 physical and chemical factors including temperature, humidity, the presence of simple organic

341 compounds etc. In the Zloty Stok gold mine environment, the most important factor regulating

342 microbial growth, apart from low temperature (10°C), seems to be the presence of arsenic

343 compounds. Chemical measurements showed that the arsenic concentration in mine water

344 samples is relatively low (≤ 3.5 mg/L), whereas the concentration in the dry mass of microbial

345 mat is over 1500 times higher (~5800 mg/L). Therefore, the accumulation of high concentrations
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of arsenic probably has a considerable impa 346 ct on the qualitative and quantitative composition of

347 the microbial mat communities. It will limit the diversity, because the majority of the biofilm

348 microorganisms would require appropriate mechanisms of detoxification or need to use arsenic

349 in respiratory processes (as the source of energy or the electron acceptor). Protection against

350 arsenic toxicity could also be increased by the structure of microbial mats, especially the

351 presence of extracellular gelatinous substance.

352 Our results demonstrated that the microbial mat communities are highly diverse, both in

353 terms of morphology and phylogeny. SEM observations showed that filamentous bacteria are the

354 dominant morphological form, as in other previously described microbial mats (Jackson et al.,

355 2001; Macalady et al., 2006). Analysis of 16S rDNA libraries confirmed the dominance of

356 filamentous bacteria. Besides the most common Crenothrix-like sequences, there are phylotypes

357 closely related to other genera of filamentous bacteria: Clonothrix, Geothrix, Leptothrix and

358 Thiothrix. Representatives of the Methylococcales family are also among the group of

359 dominating bacteria. The abundance of strains closely associated with methanotrophic genera,

360 such as Crenothrix, Methylobacter, Methylococcus, Methylosarcina and Methylomonas, indicate

361 that methane rather than arsenic could be the main substance influencing the diversity of the

362 microbial mats. Further confirmation of this assumption is found in the presence of (i) methane

363 in the mine air (Drewniak, 2009) and (ii) methanogenic Archaea (from the Methanomicrobia

364 class) in the microbial mat community. Obviously, the presence and activity of methane365

metabolizing microbes in the Zloty Stok mine influences not only the carbon biogeochemical

366 cycle, but could also play a crucial role in the biotransformation of other metalloids or metals. It

367 has been experimentally confirmed (Tortesenko & Murrel, 2008) that the activity of

368 methanotrophs plays an essential role in both the dissolution and the immobilization of many

369 metals [Au(II), Cu(II), Co(II), Cd(II), Fe(III), Mn(II), Ni(III), Pb(II) and Zn(II)]. Furthermore,
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some of 370 the methane metabolizing microbes may not be able to use arsenic compounds in

371 respiratory process.

372 The microbial mat has a completely different species composition compared with

373 communities from other arsenic-contaminated sites. For example, in an acidic (pH 2.6–3.6)

374 geothermal environment, the dominant strains are related to Hydrogenobaculum spp., while the

375 predominant strains in near-neutral (pH 6.2–8) springs are Sulfurihydrogenibium spp.,

376 Thermocrinis spp. and Hydrogenobacter spp., as well as members of the Deinococci,

377 Thermodesulfobacteria and β-Proteobacteria (Hamamura et al., 2009). The microbial

378 community in the arsenic-rich Cambodian sediments was found to be dominated by strains

379 related to the genera Acidovorax and Comamonadaceae (Lear et al., 2007). The differences in

380 the phylogenetic structure of these microbial systems is most likely due to physical and chemical

381 conditions prevailing in the arsenic-rich environments.

382 Upon assessing the general microbial diversity of the mat it is noteworthy that only one

383 OTU (ZSB E5-7) in the ribosomal gene libraries showed relatively high similarity to 16S rDNA

384 of strains previously isolated from Zloty Stok mine. This suggests that the arsenic metabolizing

385 isolates might not dominate this environment, which may not necessarily be true. The finding

386 that among the 265 OTUs identified, 220 were detected only once and curve saturation was not

387 reached indicates that coverage of the species diversity was incomplete, because the capacity of

388 the constructed bacterial 16S rRNA gene library was too small. To gain a more accurate picture

389 of the true species composition of the microbial mat community, a larger number of clones

390 should be analyzed.

391 Appropriate, high sampling coverage was attained for both arsenic metabolism gene (aoxB

392 and arrA) libraries, as demonstrated in rarefaction analyses. However, the most important

393 conclusion from these data is that both arsenite oxidizers and dissimilatory arsenate reducers can

394 occur in the same habitat. The simultaneous presence of both types of arsenic-utilizing microbes
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has been described previously for other ha 395 bitats (Fan et al., 2008; Rhine et al., 2005), but to our

396 knowledge, this is the first time that both aoxB and arrA genes have been identified in the same

397 environment. Moreover, the obtained results showed that both libraries contain OTUs closely

398 related to arsenic respiratory genes found in bacterial strains previously isolated from the

399 microbial mat: Pseudomonas sp. O23P, Sinorhizobium sp. M14 (with aoxB genes) and

400 Aeromonas sp. O23A, Shewanella sp. O23S (with arrA genes). This important finding indicates

401 the dominance of the isolated strains and supports our earlier hypothesis that these bacteria could

402 play a significant role in the arsenic biogeochemical cycle in the gold mine environment. Within

403 the analyzed arsenic gene libraries, there were also some OTUs that are closely related to known

404 arsenic respiratory bacteria (e.g. Alkaliphilus oremlandii OHlLAs), but the majority of the

405 identified aoxB-like and arrA-like genes are novel and may be from uncharacterized species of

406 arsenic metabolizing microbes. Certainly, the presence of different arsenite oxidizers and

407 arsenate reducers considerably increased the productivity of arsenic oxidation/reduction

408 reactions conducted in the laboratory. Comparisons of the kinetics of redox reactions mediated

409 by microbial mat samples and by single isolates, clearly showed that arsenic transformation

410 catalyzed by the community was much more rapid and effective than that occurring in the

411 monocultures. It is likely that endogenous substrates (e.g. simple organic compounds) derived

412 from the microbial mat could stimulate and support oxidative/reductive biotransformation. It has

413 been reported that the addition of acetate to aquifer samples from the Bengal Delta can increase

414 the microbial reduction of arsenate (Islam et al., 2004). The high rate of arsenic transformation

415 mediated by microorganisms may have a profound effect on arsenic dissolution and

416 consequently on the extent of groundwater contamination.

417 The significant impact of microbial activity on the arsenic geochemistry in natural

418 environments may also affect microorganisms that utilize other elements that naturally co-occur

419 with arsenic. It has been demonstrated that the iron-reducing bacterium Shewanella alga releases
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As(V) into solution as a result of scorodite (FeAsO4•420 2H2O) reduction (Cummings et al., 1999).

421 Analysis of the 16S rRNA gene libraries confirmed that iron-reducing bacteria are also present in

422 the microbial mat. These bacteria may significantly influence the rate of oxidation/reduction

423 reactions mediated by the mat community. Therefore, to fully understand the complex

424 biogeochemistry occurring in this environment, it will be necessary to characterize the activity of

425 microorganisms that utilize iron and other elements found in the gold mine.
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Table 1. Similarities of the selected OTUs to 16S rDNA 522 sequences deposited in GenBank.

523 Figure 1. Microbial mats occurring in the bottom sediments in the deepest section of

524 Gertruda Adit in Zloty Stok gold mine. A – biofilms on the surface of rocks under water; B –

525 biofilms on spruce wood beams submerged in water.

526 Figure 2. Scanning electron micrographs showing the structure of the microbial mat.

527 Figure 3. Rarefaction curves for 16S rRNA and arsenic oxidoreductase genes libraries. (A)

528 Curves for Archaea and Bacteria 16S rRNA and for aoxB (arsenite oxidase) and arrA (arsenate

529 reductase) genes. (B) Enlargement of curves for 16S rRNA Archaea gene, aoxB and arrA

530 libraries, constructed with a hundred randomly selected clones.

531 Figure 4. Neighbor-joining tree for the archaeal 16S rRNA sequences obtained from gold

532 mine microbial mat. Clones from this study are indicated in large bold type (ZSA clones). The

533 analysis included data from ~550 nucleotide positions. The tree is a consensus of 100 neighbor

534 joining trees. Percentage values on each branch represent the corresponding bootstrap probability

535 values obtained in 100 replications and numbers are only shown for values of >50%. The

536 abundance of a cluster (of each clone) is represented by the trapezoid thickness and the number

537 of isolates. Reference sequences are written in italics and followed by an [accession number].

538 Figure 5. Neighbor-joining tree for the bacterial 16S rRNA sequences obtained from gold

539 mine microbial mat. Clones from this study are indicated in large bold type (ZSB clones). The

540 analysis included data from ~700 nucleotide positions. The tree is a consensus of 100 neighbor

541 joining trees. Percentage values on each branch represent the corresponding bootstrap probability

542 values obtained in 100 replications and numbers are only shown for values of >50%. The

543 abundance of a cluster (of each clone) is represented by the trapezoid thickness and the number

544 of isolates. Reference sequences are written in italics and followed by an [accession number].

545 Figure 6. Similarities of aoxB-like and arrA-like sequences obtained from gold mine

546 microbial mat to aoxB and arrA genes present in the NCBI database. The highest BLAST

547 scores are included.

548 Figure 7. Neighbor-joining tree of partial AoxB (arsenite oxidase protein; 368-residues)

549 sequences obtained from gold mine microbial mat. Clones from this study are indicated in

550 large bold type (ZSAOX clones). The AoxB sequences of Sinorhizobium sp. M14 and

551 Pseudomonas sp. O23P (strains previously isolated from microbial mats) are indicated in red

552 type. The tree is a consensus of 100 neighbor joining trees. Percentage values on each branch

553 represent the corresponding bootstrap probability values obtained in 100 replications and

554 numbers are only shown for values of >50%. The Thermus thermophilus HB8 AoxB sequence

555 was used as the outgroup. The abundance of a cluster (of each clone) is represented by the

556 rectangular thickness and the number of isolates. Reference sequences are written in italics and

557 followed by an [accession number].

558 Figure 8. Neighbor-joining tree of partial ArrA (dissimilatory arsenate reductase protein;

559 59-residues) sequences obtained from gold mine microbial mat. Clones from this study are

560 indicated in large bold type (ZSARR clones). The ArrA sequences of Shewanella sp. O23S and

561 Aeromonas sp. O23A (strains previously isolated from microbial mats) are indicated in red type.

562 The tree is a consensus of 100 neighbor joining trees. Percentage values on each branch

563 represent the corresponding bootstrap probability values obtained in 100 replications and

564 numbers are only shown for values of >50%. The Thermoproteus uzonienzis F2L4M7 ArrA

565 sequence was used as the outgroup. The abundance of a cluster (of each clone) is represented by

566 the rectangular thickness and the number of isolates. Reference sequences are written in italics

567 and followed by an [accession number].
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Figure 9. Arsenite oxidation mediated by a sample 568 of microbial mat (A) and

569 Sinorhizobium sp. M14 (B) isolated from Zloty Stok gold mine. Arsenite oxidation was

570 tested using cultures grown under aerobic conditions in MSM supplemented with 5 mM (375

571 mg/l) sodium arsenite.

572 Figure 10. Arsenate reduction mediated by Shewanella sp. O23S (A), Aeromonas sp.

573 O23A (B), and a sample of microbial mat (C) from Zloty Stok gold mine. Arsenate

574 respiratory processes were tested using cultures grown under anaerobic conditions in MSM

575 supplemented with 2.5 mM sodium arsenate and 5 mM lactate.

576

