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26 ABSTRACT

27 The interplay between rice roots and manuring with respect to arsenic speciation, subsequent 

28 assimilation into roots, and translocation to shoots in paddy soil was investigated, alongside 

29 bacterial diversity characterization. Planting increased soil Eh and decreased soil solution 

30 arsenic species: inorganic arsenic (iAs), monomethylarsonic acid (MMA), trimethylarsenic 

31 oxide (TMAO) and dimethylarsinic acid (DMA). Presence of plant roots increased copy 

32 number of Clostridium and Tumebacillus 16S rRNA as well as Streptomyces arsenic 

33 methylating gene (arsM), but decreased Acidobacteria_GP1 16S rRNA and R. palustris 

34 BisB5 arsM. Sum of arsenic species decreased under root influence due to the interplay of 

35 inorganic arsenic mobilization in bulk soil under anaerobic and immobilization under 

36 oxygenated rhizospheric conditions. Manuring increased all soil solution arsenic species 

37 (>90%), shoot total arsenic (60%), copy number of Geobacter 16S rRNA and R. palustris 

38 TIE-1 arsM, indicative of a shift towards microbes with iron reduction and oxidation as well 

39 as arsenic methylation capabilities.
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51

52 INTRODUCTION

53 Rice grain is circa. 10-fold elevated in inorganic arsenic, a class-one, non-threshold 

54 carcinogen, compared to virtually all other arable crops.1 The levels of inorganic arsenic in 

55 rice grain is such that they are deemed a threat to human health and have led to legislation to 

56 regulate inorganic arsenic’s concentrations in rice products by the European Union at 0.2 

57 mg/kg As in white rice,2 with the WHO setting advisory levels at this concentration.3 Young 

58 children are considered to be at particular threat and stricter levels have been set at 0.1 mg/kg 

59 of arsenic for rice based baby foods by the European Union2 and, at the time of writing, this 

60 threshold for rice based baby foods is also under consideration in the USA.4 The introduction 

61 of food-standards will challenge the food processing industries to produce rice products lower 

62 in inorganic arsenic as baby foods currently exceed these standards in circa 50% of samples 

63 tested in the EU.5  

64

65 The reason why rice is problematic with respect to inorganic arsenic is simply due to the soil 

66 reduced redox conditions that predominate under paddy rice cultivation.6 Arsenic, as 

67 arsenate, from sources such as the weathering of rocks, builds up in iron (III) oxyhydroxide 

68 (iron plaque) that coats soil particles and sediments under aerobic conditions. Under anoxic 

69 conditions insoluble iron (III) is reduced to soluble iron (II) and relatively insoluble arsenate 

70 (As(V)) to the more soluble arsenite (As(III)). It is As(V) and As(III) together that are termed 

71 “inorganic arsenic”, iAs, as they are readily interchangeable depending on prevailing abiotic 

72 and biotic conditions. As(V) and As(III) are analogues of the nutrients phosphate and silicic 

73 acid, respectively.6 Rice has a high demand for both phosphate and is a silicic acid 

74 accumulator.7 If iAs is available to roots, such as under paddy cultivation, rice will take up 
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75 high levels of iAs, to such an extent that rice shoot to soil arsenic concentrations are in the 

76 order of 1:1,8 remarkable for a non-essential toxicant. 

77

78 iAs species are not the only forms of arsenic found in rice grain. Dimethylarsinic acid (DMA) 

79 can contribute over 50% of the arsenic concentration in grain, with DMA concentrations in 

80 rice being highly variable around the globe.1 DMA is not produced in planta9 and derives 

81 from the methylation of iAs, metabolised by soil bacteria that express arsM genes,10 with 

82 subsequent assimilation of DMA by roots.11 Although roots are relatively inefficient at 

83 assimilating DMA, as compared to arsenate or arsenite, DMA is much more efficiently 

84 translocated to grain than iAs species, primarily as it is not as retarded in its progression 

85 through the plants vascular system by phytochelatin complexation that iAs species undergo in 

86 planta.12 Under reducing conditions arsM catalyses a stepwise conversion of iAs to 

87 monomethylarsonic acid (MMA), DMA, trimethylarsenic oxide (TMAO) and finally 

88 tetramethylarsonium (TETRA).10 All of these species, with the exception of TMAO, can be 

89 found in polished rice grain though DMA predominates.13

90

91 The reason why DMA is variable in rice throughout the globe is not known. Evidence 

92 suggests that soil organic matter (SOM), which is a key driver in soil redox has a role with 

93 methylated species in soil solution correlating with soluble SOM, and methylation increasing 

94 with different organic matter (OM) amendments to soil.14,15 The interplay between the 

95 rhizosphere and arsenic speciation dynamics also may have a role. Rice aerates its roots 

96 through aerenchyma leading to their (partial) coating in iron plaque with subsequent 

97 sequestration of arsenic, as both arsenate and arsenite.16-18 Bulk soil then acts as a source of 

98 labile As(III), which is moved due to advective transpiration-driven forces and via molecular 

99 diffusion along a concentration gradient to the root.19-22 Microbes expressing arsM genes are 
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100 highly diverse in soil and root rhizosphere, both phylogenetically and ecologically,20,23 which 

101 could have significant role in biogeochemical cycling of arsenic. However, it is not known 

102 how the rhizosphere and amendments with OM interplays with arsenic methylation and 

103 subsequent assimilation by the roots, and how this varies with soils of differing origin. 

104 Planted and unplanted microcosms, with soils sampled across one of the main EU rice 

105 growing regions, Valencia, Spain, were monitored through time to investigate methylation of 

106 arsenic to further understand the role of the rhizosphere in rice assimilation of arsenic. Here 

107 we investigated the arsenic speciation in the soil to shoot continuum with concurrent 

108 monitoring of soil bacterial genomic arsM and 16S rRNA copy number through qPCR. 

109 Following this, we chose 1 soil to investigate the interaction of planting and manuring, using 

110 the same methods plus paired amplicon sequencing24,25 of arsM and 16S rRNA for in depth 

111 phylogenetic analysis of arsenic methylating soil microbial communities.

112
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114 MATERIALS AND METHODS

115 Experimental design

116 Paddy soils, classified as Entisols, were collected from five different fields across the region 

117 of Valencia, Spain, as described and characterized by Signes-Pastor et al.,26 were used in this 

118 study. The location and characteristics of soils are shown in Table S1. Field moist soils were 

119 sieved to < 2mm before the experiment. Rice seed (IRGA 425) was the plant cultivar used. 

120 Before planting, rice seeds were sterilized with H2O2 and then germinated at 250C for 5 days. 

121 Two different microcosm experiments were conducted.

122

123 Experiment 1 (5 soils, planted/unplanted): For the first microcosm experiment field moist soil 

124 (for details on soil 1-5 see Table S1) was added to 50 ml centrifuge tubes to an equivalent of 

125 30 g dry weight. Pre-germinated seedlings were planted into half the microcosms resulting in 

126 unplanted and planted treatments. In total 90 microcosms (5 soils, 2 treatments, 9 time points) 

127 were set up to enable 9 destructive harvests at weekly spacing, with each soil represented by 

128 one planted and unplanted replicate at each harvest. On planting the microcosms had ultra-

129 pure water added to maintain a 2cm layer of standing water above the soil surface. 

130 Microcosms were then placed into plant growth chambers (Fitotron) with day/night 

131 temperature 280C /250C, light period 16h per day. Rice seedlings were harvested weekly, 

132 starting at 2 weeks. Rice seedlings were taken out of tubes by shaking the tube and carefully 

133 removing the adhering soils. After repeated rinsing with ultra-pure water rice shoot and root 

134 were separated and stored at -200C until subsequent analysis. Once the plant was removed the 

135 centrifuge tubes were placed in a centrifuge (Sorvall Legend RT at 4600 rpm) for 20 minutes, 

136 soil porewater decanted and both soil and porewater immediately frozen and stored at -200C 

137 until subsequent analyses. Chemical and molecular analysis (qPCR) from soil, plant and pore 

138 water samples was conducted (described below).
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139

140 Experiment 2 (1 soil, full factorial design, planted/unplanted and manured/non-manured): For 

141 the second microcosm experiment soil-5 (see Table S1) was incubated with four treatment 

142 combinations and five replicates of each treatment: non-manured unplanted (NMNP), non-

143 manured planted (NMP), manured unplanted (MNP) and manured planted (MP), for 

144 molecular and chemical analysis. Bovine farm Yard Manure (FYM) was dried in an oven at 

145 70C to a constant weight and ground to fine powder. Following this, the total element 

146 content of FYM was analysed by X-ray florescence spectrophotometry (XRF). For manure 

147 treated microcosms the ground and dried FYM was applied to the soil @ 10% dry weight 

148 basis, and mixed very well before rice seedlings were planted into half of the manured 

149 microcosms. Ultra-pure water was added to maintain flooded condition during the incubation. 

150 Microcosms were then placed into a plant growth chamber (Fitotron) for 2 weeks using the 

151 same growth condition as in microcosm experiment 1. After 2 weeks, samples were collected 

152 as described above for experiment 1. Chemical and molecular analysis (qPCR) from soil, 

153 plant and pore water samples was conducted as described below. In addition to these, 

154 amplicon sequencing of soil DNA to assess the diversity of bacterial arsM and 16S rRNA 

155 was conducted (described below). The Eh and pH was measured in planted and non-planted 

156 microcosms by inserting an Eh/pH meter through the soil surface, with the live plant still in 

157 place in the planted microcosm, to a depth of 2 cm and then waiting for the reading to 

158 stabilize before recording that reading.

159

160 Arsenic speciation in soil pore water 

161 Arsenic species in 0.4 micron Millipore membrane filtered soil porewaters (iAs, MMA, 

162 DMA, TMAO and TETRA) were determined using a Dionex IC chromatographic system 

163 interfaced with ICP-MS (ICS-5000 DC, Thermo Scientific) as outlined in detail in Signes-
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164 Pastor et al. 5,26 Using an arsenic speciation specific IC-column, IC-ICP-MS, unlike HPLC – 

165 anion exchange – ICP-MS, separates TMAO, and we run authentic TMAO samples, and 

166 cross validate with cation exchange IC-ICP-MS27.  We have added TMAO to the list of 

167 analytes detected in soil porewaters. Results were expressed on a per kg soil (g/kg) and 

168 statistical analysis performed in Minitab as outlined below. 

169

170 Plant analysis 

171 Plant shoot and root material was digested using concentrated nitric acid microwave 

172 digestion, again following protocols outlined in Signes-Pastor et al. for total arsenic 

173 (experiment 2) and arsenic species (experiment 1).5,26 Statistical analysis was performed in 

174 Minitab as outlined below. For further details see the supporting information 1.

175

176 DNA extraction 

177 Soil DNA was extracted from 0.5g soil from each microcosm using the Powerlyzer® 

178 PowersSoil® DNA isolation kit (MOBIO Laboratories, Inc.) following the manufacturer's 

179 instructions. For further details see the supporting information 1.

180

181 Quantitative PCR 

182 Relative bacterial 16S rRNA and arsM copy number were measured on the Eppendorf 

183 mastercycler (Realplex4, Hamburg, Germany) using precisionPLUS MasterMix premixed 

184 with SYBR green (PrimerDesign, USA). Primer pairs of 16S_1369F/16S_1492R21 and 

185 arsMF1/arsMR220 were used to amplify and quantify the relative copy number of bacterial 

186 16S and arsM genes, respectively. For further details see the supporting information 1. 

187

188
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189 Amplicon sequencing and processing of the resultant data 

190 Following quantification, 20 DNA samples extracted from soil of each microcosm of 

191 experiment 2, were submitted for 250bp paired end amplicon sequencing of the 16S rRNA 

192 (V4 region) and arsM gene on the Miseq. Initial processing of the data involved adapter 

193 trimming28 and clipping29 followed by quality control analysis using fastqc30 and merging of 

194 forward and reverse paired reads with fastq-join31. For further details see the supporting 

195 information 1. 

196

197 Bioinformatics and statistical analysis of the amplicon sequencing data

198 Both 16S rRNA and arsM merged sequences were processed using QIIME version 1.832 for 

199 generation of absolute and relative OTU count-tables, taxonomic assignment and alpha and 

200 beta diversity analysis. Quality filtering of both 16S rRNA and arsM OTUs involved removal 

201 of OTUs with lowest abundance. The arsM OTUs were also filtered to remove any OTUs 

202 with <70% identity and query coverage to arsM protein sequences (blastx against nr), 

203 followed by taxonomic annotation based on blastn against bacterial genomes and arsM 

204 related sequences downloaded from the fungene database33. For 16S rRNA, phyla (level 2) 

205 and genera (level 6) showing relative abundance >1% were identified, followed by statistical 

206 analysis (see section Minitab below). Statistical analysis on the overall arsM OTU and genus 

207 level 16S rRNA OTU count tables was performed in R with DESeq2 using the False 

208 Discovery Rate (FDR) <0.05 and an absolute log2 foldchange (Log2FC) >1 as cutoff for 

209 significance. Identified significant changes in copy number were assigned to 4 groups: Group 

210 I: OTUs with significant plant effect and increased copy number in unplanted soil, Group II: 

211 OTUs with significant plant effect and increased copy number in planted soil, Group III: 

212 OTUs with significant manure effect and increased copy number in manured soil, Group IV: 

213 OTUs with significant manure effect and increased copy number in non-manured soil. OTUs 
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214 within each group were visualised via a heatmap (R version 3.2.2, R package gplots and 

215 heatmap2), variance partition analysis (R version 3.2.2, R package variencePartition34), 

216 network analysis (Qiime version 1.832, Cytoskape version 3.735) and for each arsM OTU in 

217 Group I-IV the most highly correlated Group I-IV genus level 16S rRNA OTU identified 

218 (Spearman’s rank correlation, GraphPad Prism version 6.0 for MAC OS). For further details 

219 see the supplementary information 1. 

220

221 General linear modelling 

222 Minitab version 16 (Minitab, PA, USA) was used as the statistical platform for the analysis of 

223 chemical data, qPCR data and relative count data of abundant phyla and genera. For plant and 

224 soil solution speciation data, qPCR and relative count data of abundant phyla and genera 

225 (Level 2 and level 6 16S rRNA amplicon data), General Linear Modelling (GLM) was 

226 employed. For Eh and pH measurements the un-paired t-test was used for identification of 

227 significant differences. Results were plotted in GraphPad Prism (version 7). For further 

228 details see the supporting information.

229

230 RESULTS

231 Microcosm experiment 1 (5 soils, planted/unplanted)

232 The location and properties of the 5 soils used in experiment 1 are presented in Table S1. Soil 

233 of origin was significant for all arsenic species soil solution concentrations with the exception 

234 of TMAO (P>0.05), and both arsM and 16S relative copy number varied significantly 

235 between soils (Figure S1, Table S2). The iAs was the most variable between soils ranging, on 

236 average, 4-fold between soils (0.2-0.8 g/kg). The soil solution concentrations of all arsenic 

237 species were significantly suppressed in the planted microcosms as compared to non-planted 

238 microcosms (Figure S1, Table S2). The As species were dominated by iAs and were 
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239 suppressed by >30% in planted microcosms in all 5 soils (Figure S1). Similar levels of 

240 suppression were observed for DMA and TMAO. The greatest suppression of arsenic species 

241 in soil solution when comparing unplanted versus planted soil was observed for MMA. 

242 Further to that qPCR showed a significant decrease in relative arsM copy number in planted 

243 compared to unplanted soils (Figure S1, Table S2). 

244

245 Considering the interaction terms in the statistical model, for planted/unplanted*soil, there 

246 was a significant interaction (p<0.05) for each arsenic species, and for 16S rRNA relative 

247 copy number (P<0.05), but not for arsM relative copy number (Table S2). This showed that 

248 the soils are inherently variable in the way they interact with planting with respect to arsenic 

249 speciation, but that the arsM DNA copy number is relatively consistent across soils between 

250 the two treatments, i.e. that the treatment was the dominant factor in arsM copy number as 

251 this was highly significant (P=0.002). Treatment*time interaction for iAs and 16S relative 

252 copy number were also significant (P<0.05). Soil*time interactions (Table S2) were 

253 significant for iAs, MMA and DMA, indicating that the individual soil 

254 microbiology/mineralogy varied with respect to temporal patterns of arsenic release. 

255

256 Plant biomass production progressed in a linear manner throughout the experiment, positively 

257 correlated with time, with root and shoot biomass being similar in quantity (Figure S2). iAs 

258 concentrations were over an order of magnitude higher in roots compared to shoots, with 

259 roots initially having 100 mg/kg iAs. The iAs content of both root and shoot declined over 

260 time, in shoots more so than roots (Figure S2). Similar magnitudes of differences between 

261 roots and shoots were also observed for MMA, though at week 1 MMA was quite high in 

262 shoot compared to future time points. MMA concentrations were ~2-orders of magnitude 

263 lower than iAs concentrations, though were similar to DMA concentrations in magnitude, at 
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264 least towards the end of the experiment. DMA in shoots was initially higher at week 1, but 

265 declined through the experiment, while root concentrations remained consistent (Figure S2). 

266 TMAO concentrations in both root and shoot converged at 0.01 mg/kg, 3-orders of 

267 magnitude lower than iAs in shoots (Figure S2). The sum of arsenic species in plant tissue 

268 (root and shoot) constituted 0.17 – 1.24 % of arsenic in the microcosms, from week 1 to week 

269 9, respectively. Given that root biomass is intimately associated with soil, plant biomass 

270 arsenic is only a small sink relative to soil stores. 

271

272 Microcosm experiment 2 (1 soil, planted/unplanted and manured/non-manured)

273 Soil solution arsenic species analysis and qPCR

274 Soil solution arsenic species concentrations in microcosm experiment 2 were suppressed 

275 significantly in planted soil compared to unplanted soil (P>0.05) (Figure 1, Table S3). The As 

276 species were dominated by iAs, which decreased in planted microcosm and increased in 

277 response to manure treatment (Figure 1). MMA, DMA and TMAO also decreased in planted 

278 microcosm and increased in response to manure treatment (Figure 1). Planting was shown to 

279 significantly increase Eh from -28 mV to -14 mV (p<0.001) and decrease pH from 7.5 to 7.25 

280 (p<0.001) (Figure S3).  As in experiment 1 there was a significant decrease in relative arsM 

281 copy number in the planted microcosms (p=0.001), as well as relative arsM/16S (p=0.002), 

282 while 16S relative copy number remained unchanged (Figure 1, Table S3). 

283

284 FYM had significant influence on the soil solution As species concentration and 16S relative 

285 copy number (Figure 1, Table S3). In manured soil, the highest concentration was observed 

286 for iAs (0.90 g/kg, mean of manured planted and unplanted) followed by TMAO (0.90 

287 g/kg, mean of manured planted and unplanted) and DMA (0.54 g/kg, mean of manured 

288 planted and unplanted), with FYM significantly increasing all As species by 94% or more 
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289 when compared with non-manured soil. Highest percent increase due to FYM was observed 

290 in MMA (from 0.02 mean of non-manure planted and non-manure unplanted) to 0.72 g/kg 

291 (mean of manure planted and manure unplanted). Soil arsM relative copy number was not 

292 significantly increased by FYM (p=0.143) (Figure 1, Table S3). FYM significantly increased 

293 the total As concentration in roots by 54% (from 39.67 mg/kg to 61.36 mg/kg) and in shoots 

294 by 60% (from 0.54 mg/kg to 0.87 mg/kg) (Figure S4). Non-manured plants contained 0.82 % 

295 of arsenic in the microcosms, and manured 0.54 % of this figure; again, as for experiment 1, a 

296 small portion of the soil store.  

297

298 The manure*plant interaction effect was only found to be significant for MMA (p<0.001), 

299 with manure-planted soil showing a significantly higher concentration of MMA compared to 

300 manured-unplanted soil (p <0.05, post-hoc multiple comparison test, Minitab) (Figure1, 

301 Table S3).  There was no significant manure*plant interaction observed for iAs, DMA, 

302 TMAO and relative copy number of arsM and 16S rRNA (p>0.05), indicating that the 

303 treatments individually influenced these parameters (Figure 1, Table S3).

304

305 Amplicon sequencing of the arsM and 16S rRNA

306 Amplicon sequencing of the arsM and 16S rRNA genes was used to investigate soil bacterial 

307 community composition and diversity. After paired end joining of reads, a total of 6,733,356 

308 sequences for the 16S rRNA gene were retained, ranging from 301,26 to 369,822 per sample 

309 (Table S4). Rarefaction curves for alpha diversity (diversity within samples) measures 

310 (Chao1, Shannon and Simpson) indicated that sequencing depth was sufficient to detect the 

311 majority of the 16S rRNA sequence types in all samples (Figure S5A). Significant differences 

312 in species richness (Chao1) and diversity (Shannon and Simpson) were observed. Manure 

313 addition significantly increased species diversity (Shannon and Simpson, P<0.001, Figure 
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314 S6A) and species richness (Chao1, P<0.01, Figure S6A). Principle coordinate (PCoA) plots 

315 for overall bacterial community diversity between the samples is shown in Figure S7A. The 

316 principle component 1 and 2 explained 47.9 % and 15.5 % of the total variation, respectively 

317 (Figure S7A) with samples amended with FYM clearly separated from those without FYM 

318 and with a less defined level of separation also observed between the unplanted and planted 

319 treatments (Figure S7A).

320

321 With respect to 16S rRNA analysis in all treatments, Proteobacteria, Acidobacteria, 

322 Actinobacteria, Planctomycetes, Chloroflexi, Firmicutes and Bacteriodetes were the 

323 dominant phyla constituting >95% of total bacterial community and showing relative 

324 abundance >1% in at least 1 sample (Figure S8A). Among these phyla, Proteobacteria was 

325 the most abundant phylum in all treatments. Application of manure significantly increased 

326 (GLM, p<0.05, Table S5, Figure S8A) the relative abundance of Proteobacteria, Bacteroides 

327 and Firmicutes in both planted and unplanted non-manured treatments, while the 

328 Acidobacteria and Chloroflexi significantly decreased (GLM, p<0.05, Table S5, Figure S8A). 

329 At genus level, there were 17 dominant genera accounting for >1% in relative abundance this 

330 including OTUs significantly increased in manured (Flavisolibacter, Sphaerobacter, 

331 Singulisphaera, Geobacter, Desulfocapsa) and in planted (Nocardiodes, Singulisphaera, 

332 Clostridium) soil as well as OTUs significantly increased in non-manured (Caldilinea, 

333 Gemmatimona, Defluviicoccus, Thiobacillus, Syntrophobacter, Steroidobacter) and 

334 unplanted (Caldilinea, Gemmatimona, Thiobacillus, Syntrophobacter, Steriodibacter) soil 

335 (Table S6, Figure S8B). However, with respect to abundant genera, only for Clostridium, 

336 Geobacter and Desulfocapsa were the foldchanges shown to be large enough for these to be 

337 deemed as significant changes in copy number in response to manure treatment, and/or for 
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338 planting during DESeq2 analysis, as the significance threshold for Deseq2 was FDR<0.05 

339 and log2FC>1 (Table1, Figure 2A, Table S6). 

340

341 For all genus level 16S rRNA OTUs with at least 5 counts in at least 3 samples, the unique 

342 and overlapping DESeq2 results for pairwise comparisons are illustrated in the Venn diagram 

343 (Figure S9A). Manure effects (130 in total, Group III and Group IV, Figure 2A) showed 115 

344 significant OTUs in planted, 83 significant OTUs in unplanted, with 68 overlapping OTUs. 

345 Compared to this, plant effects (42 in total) showed 1 significant OTU in non-manured soil 

346 and 41 in manured soil with 1 overlapping OTU. With respect to the 42 significant genus 

347 level 16S rRNA OTUs identified for plant effect, 35 of these also showed a significant 

348 manure effect (Figure S8A). Hence, only 7 genera level 16S rRNA OTUs responded solely to 

349 planting (Group I and Group II, Figure 2A). DESeq2 analysis of genus level 16S rRNA 

350 OTUs, furthermore, showed that the manure treatment resulted in significant >2-fold increase 

351 (FDR<0.05) in copy number of 117 OTUs of specific genera within the phylum 

352 Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, Proteobacteria and 

353 Verrumicrobia (Group III in Figure 2A and Table 1); and 2-fold decrease (FDR<0.05) in 14 

354 OTUs of another set of genera within the Phylum Acidobacteria, Bacteroidetes, 

355 Cyanobacteria, Firmicutes, Proteobacteria (Group IV in Figure 2A and Table1). Of these only 

356 Desulfocapsa, and Geobacter from Group III were also within the list of most abundant 

357 (>1%) genera (Table1, Table S6). Planting resulted in significant >2-fold increase 

358 (FDR<0.05) in copy number of 3 OTUs of genera (Tumebacillus, Clostridium, 

359 Desulfotomaculum) within the phylum Firmicutes (Group II in Figure 3A and Table1); and a 

360 decrease in 4 OTUs of genera (Acidobacteria_GP1, Dehalogenimonas, Cryptomonadaceae 

361 and Alterococcus) within the phylum Acidobacteria, Chloroflexi, Cyanobacteria, 

362 Verrumicrobia (Group 1 in Figure 2A and Table1). Of all these, only Clostridium (Group II) 

Page 15 of 48

ACS Paragon Plus Environment

Environmental Science & Technology



16

363 was also within the list of most abundant (>1%) genera (Table1, Table S6). Hence 16S rRNA 

364 copy number changes of less abundant genera appear to contribute significantly to the overall 

365 effect of manure treatment and planting in this study. 

366

367 The diversity of the arsM gene was also assessed using amplicon sequencing and after paired 

368 end joining of reads, a total of 5,690,027 sequences for the arsM rRNA gene were retained, 

369 ranging from 210,483 to 609,670 per sample and a median of 274,036 (Table S4). 

370 Rarefaction curves for alpha diversity (diversity within samples) measures (Chao1, Shannon 

371 and Simpson) indicated that sequencing depth was sufficient to detect the majority of the 

372 sequence types in all samples (Figure S5B). Both FYM and planting significantly decreased 

373 the arsM diversity (Shannon and Simpson) (Figure S6B). A significant manure*plant 

374 interaction effect was observed for arsM species richness (Chao1) indicating that planting 

375 decreased the overall number of arsM OTUs, in particular in non-manured soil (Figure S6B). 

376 PCoA plots of the overall diversity of arsM in different treatments (Figure S6B), shows a 

377 clear separation due to manuring and planting, very similar to that observed for 16S rRNA 

378 diversity. Annotation (blastn against bacterial genomes) of the 2680 representative arsM 

379 OTUs that were retained in the filtered OTU table, returned matches for 2104 OTUs against 

380 97 different bacterial genera. Most arsM OTUs showed highest sequence similarity to the 

381 genus Rhodopseudomonas (25%), followed by Roseiarcus (6%), Gemmatirosa (5%), 

382 Streptomyces (4%), Thiobacillus (3%) and Rhodoplanes (2%); with the rest of the genera 

383 matching less that 2% of these OTUs (Table 2). The most numerous were matches of arsM 

384 OTUs to genomes of the species Rhodopseudomonas palustris (638 OTUs) with best matches 

385 obtained to 9 different strains within this species: TIE-1 (212 OTUs), BisB5 (180 OTUs), 

386 YSC3 (94 OTUs), XCP (69 OTUs), HaA2 (41 OTUs), CGA009 (19 OTUs), DX-1 (8 OTUs), 

387 BAL398, (6 OTUs), R1 (9 OTUs). With regards to the genus Rhodopseudomonas, there were 
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388 also 33 OTUs with best matches to R. pentothenatexigens strain JA575. Of the 165 arsM 

389 OTUs with best match against Roseiarcus ferementans, 124 returned R. palustris TIE-1 as 

390 second-best match (blastn against bacterial genomes) and 120 as best match when using 

391 blastn against the fungene_arsM database33. 

392

393 For all significant arsM OTUs, the unique and overlapping DESeq2 results for pairwise 

394 comparisons are illustrated in the Venn diagram (Figure S9B). Manure effects (319 in total) 

395 showed 258 significant OTUs in planted soil and 222 significant OTUs in unplanted soil, 

396 with 162 overlapping OTUs. Compared to this, plant effects (73 in total) showed 46 

397 significant OTUs in non-manured soil and 34 in manured soil with 7 overlapping OTUs. 

398 With respect to the 73 significant OTUs identified for the plant effect, 12 of these also 

399 showed a significant manure effect (Figure S9B). 

400

401 Corresponding arsM and genus level 16S rRNA OTUs for 4 identified significant copy 

402 number patterns were identified. These are visualized in a heatmap in Figure 2A (genus level 

403 16S rRNA) and Figure 2B (arsM OTUs). For arsM OTUs 29 were assigned to Group I, 32 to 

404 Group II, 256 to Group III and 57 to Group IV.  For genus level 16S rRNA, OTUs belonging 

405 to Group I, II, III and IV are summarized in Table 1. While overall species richness (number) 

406 of arsM OTUs was decreased in response to planting and manuring, the largest number of 

407 arsM OTUs with significantly changed copy number were observed in Group III (Figure 2B). 

408 With respect to annotation of significant arsM OTUs, blastn against bacterial genomes 

409 showed the following: Most Group 1 arsM OTUs showed closest sequence similarity to R. 

410 palustris BisB5 (41%) followed by R. palustris  YSC3 (10%). Group 2 arsM OTUs showed 

411 closest sequence similarity to Streptomyces aurantiacus  (12%) followed by R. palustris TIE-

412 1 (9%). Group 3 arsM OTUs showed closest sequence similarity to R. palustris TIE-1 (29%) 
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413 and Roseiarcus fermentans (46%) (88% of the latter returned as second-best genome match 

414 also R. palustris TIE-1), followed by Thioalbus denitrificans (3%). Group 4 arsM OTUs 

415 showed closest sequence similarity to R. palustris TIE-1 (16%) and Gemmatirosa 

416 kalamazoonesis (11%) followed by R. palustris BisB5 (7%). Hence with respect to 

417 predominant arsM copy number changes, manuring resulted mainly in increase of R. 

418 fermentans (blast against the fungene-arsM database33 returns for 85% of these R. palustris 

419 TIE-1) and R. palustris TIE-1, while planting resulted in decrease of R. palustris BisB5 and 

420 increase in S. aurantiacus annotated OTUs. For further details see Table 2 & Supporting 

421 information File 2.

422

423 Variance partition analysis for Group I and II 16S rRNA OTUs verified that 60% of the 

424 variation in Acidobacteria_GP1 copy number was due to planting, while for the other 6 

425 OTUs in Group I and II this was around 20-35% (Figure 3). For Group I and II arsM OTUs, 

426 this analysis verified that 45% of the variation in copy number was due to planting (Figure 

427 S10). Variance partition analysis for Group III and IV 16S rRNA OTUs showed that 28% and 

428 for Group III and IV arsM OTUs that 25% of the variation in copy number was due the 

429 manure effect (Figure S11 and Figure S12). 

430

431 With regards to significant correlation (Spearman’s rank correlation, P<0.05) of copy number 

432 patterns between genus level 16S rRNA and arsM OTUs the following results were obtained. 

433 Of the 29 arsM OTUs in Group I, 100% correlated with at least 1 Group I genus level 16S 

434 rRNA OTU. Of these 97% correlated most strongly with Acidobacteria_GP1 and 3% with 

435 Dehaligenimonas (Table S7). Of the 32 arsM OTUs in Group II, 65% correlated with at least 

436 1 Group II genus level 16S rRNA OTU. Of these 34% correlated most strongly with 

437 Clostridium and 31% with Tumebacillus (Table S8). All Group III arsM OTUs correlated 

Page 18 of 48

ACS Paragon Plus Environment

Environmental Science & Technology



19

438 highly significantly with multiple Group III genus level 16S rRNA OTUs. Of these, highest 

439 number of arsM OTUs  (9%) correlated most significantly with Luteolibacter (phylum 

440 Verrucomicrobia), followed by Devosia (7%), and Herbaspirillum (6%) (phylum 

441 Proteobacteria). The rest of the Group III arsM OTUs correlated most significantly to a 

442 highly diverse range of genus level 16S rRNA OTUs (Table S9) within the phyla 

443 Proteobacteria (25 genera), Firmicutes (21 genera, this including Pseudomonas), 

444 Bacteroidetes (5 genera), Acidobacteria (Geothrix) and Actinobacteria (Thermobifida). All 

445 Group IV arsM OTUs correlated with at least one Group IV genus level 16S rRNA OTU. Of 

446 these 23% correlated most significantly with Acidobacteria_Gp25, 14% with Terrimonas, 

447 12% with Acidobacteria_GP22, 11% with Streptophyta and 11% with Tepidibacter  (Table 

448 S10). 

449

450 Network analysis plots for genus level 16S rRNA OTUs that responded to planting (Group I 

451 and II) are shown in Figure 4A-G. The network for Acidobacteria_GP1 (Figure 4A) shows 

452 the strongest connection to all unplanted samples (Group I), due to higher copy number in 

453 unplanted soil and was also most highly correlated to Group I arsM OTUs (Table S7). In a 

454 similar manner Tumebacillus and Clostridium (Figure 4E and 4F), show the strongest 

455 connections to all planted samples (Group II), due to higher copy number in planted soil and 

456 these were also most highly correlated to Group II arsM OTUs (Table S8). Network analysis 

457 plots for genus level 16S rRNA OTUs that responded to manuring are shown in Figure S13. 

458 Individual networks are shown for those Group IV genus level 16S rRNA OTUs (Figure 

459 S13A-E) that showed highest levels of correlation with Group IV arsM OTUs (Table S10), 

460 with Acidobacteria_GP25 (Figure S13A), Terrimonas (Figure S13B), Acidobacteria_GP22 

461 (Figure S13C), Streptophyta (Figure S13D), Tepidobacter (Figure S13E) all showing 

462 strongest connections to non-manured samples, due to higher copy number in non-manured 
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463 soil, but with this effect clearly most pronounced for Acidobacteria_GP22 (Figure S13A). 

464 Acidobacteria_GP22 were also shown to be the most highly correlated to Group IV arsM 

465 OTUs (Table S10). For Group III genus level 16S rRNA OTUs the overall network shows a 

466 clear separation of manure and non-manure samples (Figure S13F), the same applies to 

467 networks for Group III and Group IV arsM OTUs (Figure 14A and 14B). Contrary to that, 

468 network analysis plots for arsM OTUs that responded to planting (Group I and Group II) 

469 show clear separation of planted versus unplanted samples (Figure S15A and S15B). Hence 

470 these results provide further evidence of treatment effects and present potential targets for the 

471 study of arsM and microbial arsenic methylation efficiency in paddy soil. 

472

473 DISCUSSION

474 Microbial driven methylation, and potential subsequent volatilization, mediated by arsM 

475 plays a crucial role in biogeochemical cycling of arsenic.36 Previous studies on arsM diversity 

476 in natural rice paddy microbial communities have used low throughput cloning and Sanger 

477 sequencing,20,23,36 or have limited Illumina sequencing of arsM amplicons to the study of 

478 enrichment cultures from paddy soil37, or metagenomics analysis to characterize arsenic 

479 metabolizing genes in 5 soils38. Our study provides a step-change as it employs arsenic 

480 speciation characterization combined with qPCR and high throughput Illumina amplicon 

481 sequencing (16S rRNA and arsM gene) to study arsenic mobilization and transformation in 

482 response to planting and manuring, alongside detailed analysis of the diversity of complex 

483 natural bacterial arsenic transforming communities in rice paddy soil.

484

485 Phylogenetic annotation based on the protein coding functional gene arsM, may provide 

486 additional information as well as a higher taxonomic resolution compared to the well-

487 established 16S rRNA gene-based analysis, but is limited by the number of curated arsM 
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488 protein sequences in the database33. Correlated 16S rRNA and arsM gene copy numbers 

489 provide complementary information to highlight organisms that may promote arsenic 

490 methylation in paddy soil. The arsM based amplicon sequencing analysis revealed a great 

491 level of arsM sequence diversity with highest number of top matches against phototrophic 

492 purple non-sulfur bacteria of the genus Rhodopseudomonas. These were dominated by strain 

493 R. palustris TIE-1 with smaller numbers of arsM OTUs showing matches to R. palustris 

494 strains BisB5, YSC3, XCP, HaA2, CGA009 and DX1. High frequency of R. palustris arsM 

495 sequences in rice paddy soil has previously been reported38. The R. palustris arsM gene has 

496 been proven to methylate As(III) to the relatively nontoxic pentavalent species DMA(V) and 

497 TMAO and confer arsenic resistance to an arsenic sensitive Escherichia coli strain10. Further 

498 to that, members of this species have been proposed, based on their As detoxification 

499 mechanisms, for bioremediation of arsenic contaminated areas surrounding mines as have 

500 been shown to be able to oxidise As(III) to As (V)39. Members of this species can grow with 

501 or without light or oxygen, fix nitrogen and degrade a wide range of organic compounds, 

502 with different strains shown to harbour strain specific genes and exhibit distinctive 

503 physiological characteristics with respect to anaerobic fermentation, expanded 

504 biodegradation, or expanded light-harvesting capabilities40,41 leading to the proposal that they 

505 should be reclassified into different species42. Hence, differences in copy number of these 

506 strains due to plant and manure induced changes in redox potential, pH and available carbon 

507 sources is of considerable interest in the context of arsenic in rice grain.

508

509 FYM increased all present arsenic species including methylated species in paddy soil solution 

510 and with respect to arsM gene OTUs led to significant increase in copy number of large 

511 numbers of R. fermentans and R. palustris TIE-1 annotated OTUs, with R. fermentans 

512 reported to grow best under micro-oxic conditions by means of fermentation of sugars and 
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513 organic acids43 and R. palustris TIE-1 shown to be able to grow on a wide variety of carbon 

514 sources as well as perform phototrophic Fe(II) oxidation44,45,46. It is important to note in this 

515 context that R. fermentans annotated arsM OTU sequences (genome match), also showed 

516 high similarity to R. plaustris TIE-1. Further to that, 16S rRNA amplicon sequencing showed 

517 manure induced increase in Geobacter, an anaerobe shown to perform anaerobic oxidation of 

518 aromatic hydrocarbons to carbon dioxide via reduction of Fe(III)47,48 as well as thought to be 

519 capable of nitrate dependent Fe(II) oxidation49. Hence, manuring appears to stimulate 

520 microbes involved in arsenic methylation as well as in both iron plaque formation (Fe(II) 

521 oxidation) and degradation (Fe(III) reduction), leading to binding and release of arsenic from 

522 Fe-plaque around roots.22,50

523

524 Higher redox potential of rhizosphere due to oxygenation from rice roots led to suppression 

525 of all present arsenic species, including methylated species. This corresponded to decreased 

526 arsM copy number (qPCR), species richness (amplicon sequencing, Chao1) and diversity 

527 (amplicon sequencing, Simpson, Shannon). This implies that in our study, the number of 

528 arsM organisms decreased in planted soil. With respect to Rhodopseudomonas annotated 

529 arsM OTUs, some with highest sequence similarity to R. palustris BisB5 were suppressed by 

530 planting. R. palustris strain BisB5 was shown to contain a gene cluster for anaerobic 

531 phenylacetate degradation and was proposed to be best adapted to degradation of plant 

532 material in oxygen depleted environments that are exposed to light40. In contrast to this arsM 

533 OTUs with closest match against S. aurantiacus were increased in planted soil. Streptomyces 

534 are generally aerobic bacteria and isolates from rice paddies have been shown to contribute to 

535 better growth of rice plants as well as increased levels of arsenic methylation and uptake of 

536 DMA into rice shoots51. Change in redox potential may therefore play a role in the observed 

537 copy number changes of these organisms in response to planting. In our study, the fact that 
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538 rhizosphere soils have lower methylated arsenic species than bulk soil coupled with decrease 

539 and shift in arsM organisms could be attributable to oxygenation of the rhizosphere by the 

540 root, as radial oxygen loss (ROL), regulates rice rhizosphere Eh,52 and subsequent 

541 assimilation of arsenic18. However, total arsenic species, inorganic as well as methylated, 

542 decreased in the rhizosphere suggesting that redox, while part of the answer, does not fully 

543 explain the reduction in methylated species. 

544

545 The root itself is a sink for all arsenic species, but rates of MMA and DMA accumulation by 

546 rice roots are low with much higher rates of arsenate and arsenite assimilation.11 Thus, if the 

547 root was acting as a major sink, to the extent that they affect soil solution concentrations, then 

548 it may be expected that iAs species are preferentially depleted. This was not the case here. 

549 Rather than the root tissue, per se, being the sink for arsenic species that leads to the lowering 

550 of these species in porewater, it may be associated iron plaque in the rhizosphere. Iron plaque 

551 preferentially binds arsenate to arsenite, but has a high capacity to sorb both species, and 

552 methylated species.17 It is interesting that our arsM amplicon data indicates increase in 

553 bacteria with arsenic methylation and Fe(II) oxidation and Fe(III) reduction capacity in 

554 manured soil, as this could lead to formation of iron plaques and subsequent release of 

555 arsenic from iron plaque.44-50,18 As well as the root potentially creating new sinks for arsenic 

556 species, iron plaque and root tissue, the enhanced oxygenation of the planted microcosms 

557 here may have led to lower mobilization of iAs from sediment stores as it is reducing 

558 conditions that drive this mobilization.19,22 Lower mobilization of iAs would mean lower 

559 substrate for methylation and, hence, lower production of methylated arsenic species.

560

561 A number of studies have considered arsenic species mobility in the rhizosphere.20,21 The 

562 current study differs from these in that it compares planted versus non-planted microcosms, 
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563 while the other studies sampled a rhizosphere continuum from bulk soil to root surface. The 

564 studies of Jia et al.20,21 did not show the inhibition of in culture medium solution of arsenic 

565 species concentration in the rhizosphere. In essence these studies have a relatively small and 

566 constrained rhizosphere, to enable spatial sampling, with the root-soil interface surrounded by 

567 a large volume of bulk soil to resupply arsenic species if they become depleted in the 

568 rhizosphere. In the field, particularly in densely planted agronomic systems, the rhizosphere 

569 can be considered as a continuum, with dense and overlapping roots.53 In our experiments the 

570 soil:fresh root biomass ratio was considerable, being 150:1 at week 2 when Eh measurements 

571 were made. Even at these low biomass ratios the presence of the root had a profound effect 

572 on both Eh and arsenic speciation.    

573

574 Here, the detailed reporting of arsenic species in both roots and shoots over a time course 

575 illustrates, again, that while iAs concentrations in planta are higher than methylated species, 

576 it is the methylated species that are more readily translocated to the shoot.12 The root 

577 measurements do not distinguish between surface plaque bound and species actually 

578 assimilated into plant tissues and this must be born in mind when interpreting the data as 

579 plaque in roots can have high arsenic concentrations.6 Here, the shoot measurements are free 

580 from such qualifications and only represent arsenic species assimilated by root and then 

581 translocated to shoot. Hydroponic experiments have shown that although iAs species are 

582 more efficiently assimilated by the root,11 their translocation to shoot are retarded as 

583 compared to methylated species, with MMA less effectively translocated to the shoot from 

584 roots than DMA.12 Arsenate is reduced to arsenite in plant cells and then phytochelatin (PC) 

585 complexed, with arsenite-PC complexes then transported into vacuoles via ABC 

586 transporters.6 MMA can be thiol complexed, though less efficiently than arsenite, while 

587 DMA has lower affinity for thiol complexation,12,54 with the affinity to PCs explaining their 

Page 24 of 48

ACS Paragon Plus Environment

Environmental Science & Technology



25

588 relative efficiency in translocation to the shoot.12 This pattern can also be seen here, with the 

589 addition of TMAO which shows equivalency between root and shoot in concentration, 

590 indicating further that increasing methylation leads to enhanced translocation to the shoot. 

591 Although not tested, to date, it is likely that TMAO has poor affinity to plant thiols. 

592

593 Most studies use anion exchange HPLC-ICP-MS to speciate arsenic, where TMAO elutes on 

594 the solvent front.13 As we used the more discriminatory IC-ICP-MS, TMAO was readily 

595 detected and quantified. Even though iAs’s movement is retarded through the plant, because 

596 initial starting concentrations in soil solution and root tissues are much higher, shoot 

597 concentrations were circa. 100-fold higher than for MMA, DMA and TMAO. However, in 

598 rice grain only iAs and DMA are found in significant quantities, with DMA in many regions 

599 of the world reaching equivalency with iAs or exceeding in cases.1 Traces of MMA can be 

600 found routinely, and TETRA in very elevated grain samples, but interestingly not TMAO.13 

601 The differences in grain unloading of DMA and iAs have been studied for rice,55 but MMA, 

602 TMAO and TETRA not. It is clear that we still have a way to go in understanding the 

603 physiology of all arsenic species found in rice with respect to uptake and translocation. 

604

605 As in previous studies in paddy soil, 20,23,36-38,56 high diversity of bacterial 16S rRNA and 

606 arsM were observed, and shown to be affected by soil amendments. Recent studies on arsM 

607 have identified high levels of diversity with Proteobacteria, Gemmatmonadales and 

608 Firmicutes36 as the most common bacterial communities in paddy soil, this including high 

609 frequency of R. palustris38 and many phylogenetically divergent microbes have been shown 

610 to harbor the arsM gene and to be able to convert aqueous iAs to methylated species37. Pure 

611 culture studies have, furthermore, shown that microbes vary with respect to their methylation 

612 efficiency with Methanosarcina acetivorans C2A57 (phylum Euryarchaeota), Clostridium sp. 
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613 BXM58 (phylum Firmicutes) shown to transform 10%, while Streptomyces sp.59 (phylum 

614 Actinomycete), Pseudomonas alcaligenes60 (phylum Proteobacteria) and Arsenicibacter 

615 rosenii61 (phylum Bacteriodetes) shown to transform more than 50% of aqueous iAs to 

616 methylated species. In addition our observed correlated arsM and 16S rRNA copy numbers 

617 are worth further investigation. The copy number of many Group II arsM OTUs was for 

618 example correlated to 16S rRNA Clostridium OTUs, which is interesting as co-culture of R. 

619 palustris and Clostridium has previously been shown to lead to increased hydrogen 

620 production and R. palustris genes involved in organic compound catabolism and nitrogen 

621 fixation62. The copy number of Group III arsM OTUs on the other hand showed correlation 

622 to a very diverse range of genus level 16S rRNA OTUs, with highest matches to 

623 Luteolibacter and Devosia. Luteolibacter have previously reported as one of the 5 most 

624 abundant genera in arsenic contaminated soil63 and Devosia were shown to exhibit high 

625 sequence similarity to arsenic tolerant organisms isolated from arsenic rich environments64. 

626 Therefore, both the genomic matches of arsM OTUs and the correlated copy number patterns 

627 in Group I, II, III and IV arsM and genera level 16S rRNA OTUs present potential targets for 

628 identification of arsM organisms and the study of arsenic transformation in paddy soil. 

629

630 The relative arsM copy number is known to be variable between soils,20,23,36-38,56 and we have 

631 shown this again in the current findings, with highly significant differences also observed 

632 between planted and unplanted microcosms. Similarly, arsenic speciation was profoundly 

633 influenced by soil origin, planting and manuring. Inherent variation in DMA in soil solution 

634 has been shown in other studies,15 and the results shown here illustrate that this chemical is 

635 spatially and temporally variable in soils, interacting with environmental factors. 

636 Environmental factors such as soil solution soluble OM was found to correlate well with 

637 DMA in soil solution.15 As plants obtain all their DMA from soil solution,9 DMA variability 
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638 in soil solution will be reflected in root uptake, and ultimately in grain DMA concentrations.1 

639 As DMA is less toxic than iAs to humans, altering grain arsenic through paddy soil 

640 management can lead to higher DMA to iAs, but some caution is required before promoting 

641 soils microbes to convert iAs to DMA. For example, SOM, while promoting arsenic 

642 methylation in paddy soils also liberates more arsenic in general leading to enhanced plant 

643 uptake to both inorganic and organic species.14 Also, while less toxic to humans, DMA is 

644 strongly implicated in “straight-head” disease of rice where yield is greatly lowered by DMA 

645 (and MMA) exposure due to introducing sterility.23,65 It is clear if rice is to be managed to 

646 lower grain iAs content then caution needs to be heeded to ensure that adverse consequences 

647 are negated. Understanding that the rhizosphere environment greatly alters arsenic 

648 concentrations and speciation is a step forward in developing strategies for minimizing grain 

649 iAs content without impacting yield. Further studies need to be conducted in a wide range of 

650 paddy soils to validate the role of rhizosphere interactions, including microbial mediated 

651 arsenic methylation as well as Fe(II) oxidation and Fe(III) reduction and its effect on arsenic 

652 bound to iron-plaque, and how these can be manipulated to minimize iAs in rice grain. 

653
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957 Table 1: Corresponding differential copy number patterns (see heatmap Figure 4a & 4b) 

958 identified for 16S rRNA OTUs and arsM gene OTUs in planted versus unplanted and 

959 manured versus non-manured pairwise comparisons. Group-I = significant increase in 

960 unplanted soil, Group-II = significant increase in planted soil, Group-III = significant 

961 increase in manured soil, Group-IV = significant increase in non-manured soil, ** highest, * 

962 second highest (if applicable) correlation to arsM OTUs. In bold >1% abundant genera, 

963 increase= increase in copy number

Bacterial 16S rRNA OTUs 
Group 

Phylum level Genus level

Acidobacteria Acidobacteria_GP1 sp.**

Chloroflexi Dehalogenimonas sp.

Cyanobacteria Cryptomonadaceae sp.

I

Verrumicrobia Alterococcus

II Firmicutes Tumebacillus*, Clostridium**32, Desulfotomaculum

Acidobacteria Geothrix

Actinobacteria Aeromirobium, Georgenia, Thermobifida, Patulibacter, Cellulomonadaceae sp.

Bacteroidetes Paludibacter, Flavobacterim, Muricauda, Chitonophaga, Parasegetibacter, Algoriphagus, 
Dyadobacter

Cyanobacteria Cyanobacteria_GpIV sp. Bacillariophyta sp.

Firmicutes

Geobacillus, Ammoniphilus, Brevibacillus, Cohnella, Paenibacillus, Thermobacillus, 
Paenisporosarcina, Sporosarcina, Planifilum, Thermoactinomyces, Dehalobacter, 
Thermoflavimicrobium, Oxobacter, Alkalibacter, Desulfitobacterium, Papillibacter, Halocella, 
Lutispora, Anoxybacillus, Ocenobacillus, Ureibacillus, Desmospora, Garciella, 
Parasporobacterium, Desulfosporosinus, Sporobacter, Dethibacter, Tepianaerobacter

Proteobacteria

Aquabacterium, Cellvibrio, Thermomonas, Brevundimonas, Beijerinckia, Bosea, Devosia*, 
Kaistia, Rhizobium, Xanthobacter, Paracoccus, Azospirillum, Magnetospirillum, Rickettsia, 
Novosphingobium, Sphingobium, Sphingopyxis, Sphingosinicella, Achromobacter, Ralstonia, 
Hydrogenophaga, Herbaspirillum, Herminiimonas, Methylophilus, Methylovorus, Aquaspirillum, 
Azoarcus, Shinella, Desulfocapsa, Geobacter, Rheinheimera, Halomonas, Pseudomonas33, 
Pseudoxanthomonas

III
 

Verrumicrobia Luteolibacter**, Verrucomicrobiaceae sp., Optutaceae sp

Acidobacteria Acidobacteria_Gp25**, Gp22, Gp11, Gp5 sp.

Bacteroidetes Bacteroides, Terrimonas*, Prevotellaceae sp.

Firmicutes Tepidibacter

Cyanobacteria Cyanobacteria_GpXI sp., Streptophyta sp.

IV

Proteobacteria Phaselicystis, Methylosarcina, Elioraea sp., Sinobacteraceae sp.
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964 Table2: Annotation of representative arsM OTUs via Blastn against bacterial genomes using 

965 1e-06 as cutoff for significance. The table shows the percentage of all sequences in each 

966 group with best match against each genome: 1) all 2680 arsM OTUs in the final filtered OTU 

967 table, 2) the 347 arsM OTU’s with identified significant changes in copy number, G1= 29 

968 OTUs increased in unplanted soil, G2= 32 OTUs increased in planted soil, G3= 256 OTUs 

969 increased in manured soil, G4= 57 OTUs significant increase in non-manured soil. 

blastn, genomes, top hit All 
arsM 

Sig. 
arsM  G1 G2 G3 G4

Rhodopseudomonas palustris TIE-1 7.9 23.3 3.4 9.4 28.9 15.8
Rhodopseudomonas palustris BisB5 6.7 5.6 41.4 0.0 2.0 7.0
Roseiarcus fermentans strain DSM 24875* 6.2 31.8 0.0 3.1 45.7 1.8
Gemmatirosa kalamazoonesis strain KBS708 5.0 2.4 3.4 3.1 0.4 10.5
Rhodopseudomonas palustris strain YSC3 3.5 1.6 10.3 0.0 0.4 3.5
Streptomyces zinciresistens K42 3.3 1.1 0.0 3.1 0.8 1.8
Thiobacillus denitrificans DSM 12475 3.2 0.5 0.0 0.0 0.4 1.8
Rhodopseudomonas palustris strain XCP 2.6 1.6 3.4 0.0 1.6 1.8
Blastopirellula marina DSM 3645 1.6 0.8 0.0 6.3 0.4 0.0
Rhodoplanes roseus strain DSM 5909 1.6 1.6 0.0 0.0 1.6 3.5
Rhodopseudomonas palustris HaA2 1.5 1.6 0.0 0.0 1.2 5.3
Rhodopseudomonas pentothenatexigens 1.2 1.1 0.0 3.1 0.0 5.3
Thioalbus denitrificans strain DSM 26407 1.1 1.9 0.0 0.0 2.7 0.0
Intrasporangium chromatireducens Q5-1 1.0 0.5 0.0 3.1 0.4 0.0
Rhodomicrobium udaipurense JA643 0.9 0.8 0.0 0.0 1.2 0.0
Rhodoplanes elegans strain DSM 11907 0.8 0.8 3.4 0.0 0.0 3.5
Streptomyces aurantiacus JA 4570 0.7 1.6 6.9 12.5 0.0 0.0
Rhodopseudomonas palustris CGA009 0.7 0.8 0.0 3.1 0.8 0.0
Nocardioides sp. JS614 0.7 0.5 0.0 0.0 0.0 3.5
Acidobacteriaceae bacterium SbA1 0.6 0.5 0.0 0.0 0.4 1.8
Stackebrandtia nassauensis DSM 44728 0.4 0.5 0.0 0.0 0.0 3.5
Halobacterium sp. DL1 0.4 0.5 0.0 0.0 0.4 1.8
Streptomyces sp. Root1310 0.4 0.5 0.0 0.0 0.4 1.8
Methanoculleus taiwanensis strain CYW4 0.4 0.5 0.0 0.0 0.0 3.5
Rhodopseudomonas palustris DX-1 0.3 0.5 0.0 3.1 0.4 0.0
Thiocapsa sp. KS1 0.3 0.5 6.9 0.0 0.0 0.0
Planctomyces sp. SH-PL62 0.2 0.5 0.0 6.3 0.0 0.0
Microlunatus phosphovorus NM-1 0.2 0.5 6.9 0.0 0.0 0.0
Telmatospirillum siberiense strain 26-4b1 0.1 0.5 0.0 6.3 0.0 0.0
matches to other genomes 25.0 7.5 10.3 21.9 3.5 15.8
no genome match 21.5 7.2 3.4 15.6 6.6 7.0

970
971 *most of these also highly similar to Rhodopseudomonas palustris TIE-1 (second best genome match)
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972 Legends to figures
973
974

975 Figure 1. Box plot of soil solution arsenic speciation and relative soil arsM and 16S rRNA 

976 copy number in replicated microcosms (experiment2). The error bars are standard error of 

977 means as calculated in the GLM analysis. Paired lines above bars show identified significant 

978 manure (2 larger lines) and plant effect (2 smaller lines), with ‘*’, ‘**’, ‘***’ above 

979 indicating p<0.05, p<0.01, ***p<0.001, respectively and ‘+’ indicating significant interaction 

980 effect of manure and plants (GLM, Minitab). The associated probabilities are reported in 

981 Table S3. 

982

983 Figure 2. Heatmap showing normalized counts of OTUs with significant differences in copy 

984 number (p<0.05 and absolute log2FC >1, experiment 2). (A) level 6 16S rRNA; (B) arsM 

985 gene OTUs. Darker blue indicates greater normalized count. Group-I = significantly higher 

986 copy number in unplanted soil, Group-II = significantly higher copy number in planted soil, 

987 Group-III = significantly higher copy number in manured soil, Group-IV = significantly 

988 higher copy number in non-manured soil. A: Acidobacteria, Ac: Actinobacteria, B: 

989 Bacteroidetes, Ch: Chloroflexi, Cy: Cyanobacteria, F: Firmicutes, P: Proteobacteria and V: 

990 Verrumicrobia.

991

992 Figure 3. Variance partition analysis plot for genus level 16S rRNA OTUs with significant 

993 differences in copy number in response to planting (heatmap, Group I and II). A: Violin plot, 

994 showing the median and variance of the contribution of manure treatment and planting across 

995 all OTUs, B: Corresponding bar chart for each OTU.  

996
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997 Figure 4. Network analysis of genus level 16S rRNA OTUs that show significant differences 

998 in copy number in response to planting. A, B, C, D= selected level 6 OTUs (genera) with 

999 significantly higher copy number in non-planted soil (heatmap, Group I), A= 

1000 AcidobacteriaGP1, B=Dehalogenimonas, C=Cryptomonadaceae, D= Alterococcus.  E, F, G= 

1001 selected level 6 OTUs with significantly higher copy number in planted soil (heatmap, 

1002 GroupII), E= Tumebacillus, F= Clostridium, G= Desulfomaculum. Missing samples in the 

1003 network for Cryptomonadaceae (C) are samples with a copy number count of 0. 
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1044 Figure 3. 
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