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Abstract: The effect of dissolved organic matter (DOM), derived from composted pig manure or 27 

rice straw, on arsenic methylation and subsequent biovolatilization in paddy soils was 28 

investigated. Arsine production following pig manure DOM application was 2.7- and 9.6-fold 29 

higher than that of soils treated with rice straw DOM and the control, respectively. 30 

Trimethylarsine was the dominant arsine at 54%, followed by dimethylarsine at 22%, arsine at 31 

21%, and monomethylarsine at 3%. The copy numbers of the total and As-methylating bacteria 32 

were significantly enhanced in paddy soils treated with DOM. Pig manure DOM altered soil 33 

bacterial profile by increasing the OTU number of As methylation-inducing bacteria, such as 34 

Proteobacteria, Bacteroidetes, Geobacter, Sphingomonas, Streptomyces, and 35 

Rhodopseudomonas, thereby promoting As volatilization and methylation in paddy soils. The 36 

higher relative content of alkyl-C, N-alkyl C, and carboxyl-C in pig manure DOM was responsible 37 

for the increase in total and arsM-carrying bacteria in paddy soils, leading to enhanced As 38 

methylation. These observations will promote a better understanding of the role of DOM in 39 

mediating As methylation and volatilization, along with how organic fertilization affects 40 

straighthead disorder of rice, a condition caused by methylated arsenic species.  41 

Keywords: Biotransformation; Pig manure; Arsine; arsM; High-throughput sequencing 42 
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1. Introduction 47 

Arsenic (As) present in soils is normally speciated as arsenite [As(III)] and arsenate [As(V)], 48 

termed together as inorganic arsenic (iAs), monomethylarsonic acid (MMAs), dimethylarsinic acid 49 

(DMAs), trimethylarsine oxide (TMAsO), and arsenic sulfide (Yuan et al., 2005). Arsenic is 50 

mobilized into soil solution under the reduced conditions of paddy cultivation (Meharg and Zhao, 51 

2012), whereupon the rice crop readily assimilates mobilized As species as the phosphate and 52 

silicic acid analogues As(V) and As(III), respectively (Ma et al., 2008; Kamiya et al., 2013). Rice 53 

grain contains approximately 10-fold elevated levels of As compared to that in most crops; thus, 54 

consumption of rice represents the major source of human iAs intake through the food-chain (Li 55 

et al., 2011; Williams et al., 2006).  56 

 57 

Grain As is dominated by iAs and DMAs species (Meharg et al., 2009). The ratio between 58 

inorganic and organic As in rice grains varies among different regions (Zhu et al., 2008; Williams 59 

et al., 2005). DMAs leads to straighthead disorder, ultimately decreasing rice yield (Zavala et al., 60 

2008). DMAs is not synthesized in plants, being only generated by soil microbes (Qin et al., 2006). 61 

It is not well assimilated by roots yet once within the plant, DMAs is readily translocated to grain 62 

(Arao et al., 2011). Microbes methylate iAs sequentially through S-adenosylmethionine (SAM), 63 

encoded by the commonly found arsM gene, to produce MMAs, DMAs, and TMAsO (Qin et al., 64 

2006; Qin et al., 2009; Zhao et al., 2013a). These species can be further reduced to their 65 

corresponding arsines, which are volatile species that can be lost from soils (Wang et al., 2014).  66 

 67 

Organic matter plays a crucial role in the As methylation in paddy soils (Huang et al., 2012). The 68 
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degree of As volatilization in soils amended with composted cereal straw was twice that obtained 69 

upon alfalfa compost supplementation (Huang et al., 2012). The addition of organic matter 70 

regulates microbial activities in soil by both providing an energy source and by depleting oxygen 71 

through this consumption, driving soils to be more reducing (Jia et al., 2013a). This affects As 72 

oxidation status and enhances methylation (Huang et al., 2012; Edvantoro et al., 2004; 73 

Mohapatra et al., 2008). Moreover, because the surface of dissolved organic matter (DOM) is 74 

normally negatively charged, it can compete with As(V) for the adsorption sites on the surface of 75 

soil colloids and facilitate the desorption of As to the soil solution (Mohapatra et al., 2007). In 76 

addition, DOM can enhance the mobility of As by forming a direct bond between As and a 77 

positively charged amino group on the surface of DOM (Saada et al., 2003). DOM in soil can also 78 

act as an electron donor or acceptor in redox reactions, thereby becoming directly involved in As 79 

reduction and oxidation (Dong et al., 2014; Jie et al., 2009). DOM from various sources exhibits 80 

distinctive differences in the composition of reactive functional groups (Zhang et al., 2018). 81 

Furthermore, as an effective source of carbon and nitrogen for microorganisms, DOM influences 82 

the soil microbial community structure (Goldberg et al., 2017), with soil microbes tending to have 83 

more interaction with DOM molecules following organic matter input (Li et al., 2019).  84 

 85 

In the present study, the nature of DOM and arsM abundance and diversity were related to As 86 

methylation and biovolatilization. We hypothesized that the diversity in DOM characteristics 87 

differentially influences As methylation and volatilization by modifying the substrate and 88 

arsM-carrying bacterial community in paddy soils. The findings have important implications for a 89 

better understanding of DOM-mediated promotion of As methylation and the future selective 90 
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application of organic fertilizer in paddy soils.  91 

 92 

2. Materials and methods 93 

2.1. Experimental soil and DOM 94 

A Quarternary bedrock-derived red soil, pH 5.0, was collected from paddy soil contaminated with 95 

As from realgar mining, Shimen County, Hunan Province (N 29º38', E 111º01'). The total and 96 

available As content was approximately 60 and 1.45 mg·kg–1, respectively. The available As in soil 97 

was extracted with 0.5 M NaHCO3 (Woolson et al., 1971) and analyzed using a hydride 98 

generation-atomic fluorescence spectrometer (HG-AFS, 9120, Beijing Titan Instrument Co., Ltd.). 99 

Other physical and chemical properties of the soils are provided in Table S1.  100 

 101 

DOM samples were extracted from composted pig manure, chicken manure, and cow dung in 102 

addition to rice straw, and were labeled as PD, CMD, CDD, and RD, respectively. The pig manure, 103 

cow dung, and chicken manure were dried naturally, ground, and then sieved through a 20-mesh 104 

(0.850 mm) sieve. The rice straw was air-dried naturally and was cut into pieces of approximately 105 

2 cm in length. DOM solutions of pig manure, cow dung, and chicken manure were prepared by 106 

leaching with ultrapure water (manure:water = 1:10) (Liu et al., 2014). The rice straw DOM 107 

solution was prepared by incubating with fresh soil extract for 60 days (Chen et al., 2018). The 108 

detailed extraction process and the physical and chemical properties of the DOM are provided in 109 

supporting information and Table S2–S5 and Fig. S1–S3. Comparatively, all DOM samples had 110 

approximately the same H/C ratio of 0.15–0.17 (Table S3). PD showed the lowest aromaticity, 111 

hydrophobicity, extent of humification, and average molecular mass, whereas RD had the highest 112 
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values (Table S4). The relative abundance of carboxyl-C in animal-derived DOM was significantly 113 

higher than that in RD (Table S5). Animal-derived DOM contained more aliphatic alkane 114 

compounds such as alkyl-C and N-alkyl-C. RD contained the highest O-aryl-C and CDD had the 115 

highest aryl-C (Table S5). All prepared DOM was sterilized by γ-ray irradiation prior to the 116 

experiment.  117 

 118 

2.2. Incubation Experiment 1: Effect of DOM on the efficiency of As methylation in paddy soils  119 

The paddy soil was sieved through a 2-mm sieve, of which 30 g was subsequently transferred to a 120 

50-mL polyethylene centrifuge tube. DOM samples as PD, CMD, CDD, and RD each with various 121 

concentrations of dissolved organic carbon (DOC) (40, 80, 160, and 320 mg·L−1) were added to 122 

individual centrifuge tubes. Flooding was imposed by maintaining a 2-cm water level above the 123 

soil surface. The centrifuge tubes were placed in an incubator at 25 ± 1C for 40 days, during 124 

which time ultrapure water was added by weighing to maintain constant water content. Sterile 125 

ultrapure water instead of DOM was used in the control treatment. Each treatment was repeated 126 

four times. After the incubation, the supernatant was extracted for the analysis of As speciation 127 

and DOC following centrifugation (4,052 g, 20 min).    128 

 129 

2.3. Incubation Experiment 2: Effect of DOM on As volatilization in paddy soils  130 

Two types of DOM that had exhibited marked difference in the influence on As methylation in 131 

Experiment 1: pig manure DOM (PD-320) and rice straw DOM (RD-320), both with a TOC content 132 

of 320 mg·L −1, were chosen for use in Experiment 2. Aliquots of air-dried paddy soils (200 g) were 133 

placed in the conical flask of a volatile trapping device (Fig. S4). Silica gel beads impregnated with 134 
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10% AgNO3, to trap volatile As (Huang et al., 2012), were placed at the mouth of the flask, below 135 

which were located three air inlets that transferred all volatile As to the trapping device along 136 

with the airflow. PD-320 and RD-320 solutions (200 mL) were added to separate conical flasks. 137 

The flood surface was maintained at a level of 2 cm higher than the soil surface. The water 138 

content was kept constant by weighing during the incubation. The soil was incubated in darkness 139 

at 25 ± 1C for 13 weeks. Sterile ultrapure water rather than DOM was used in the control 140 

treatment. Samples containing only the two types of DOM were established as blanks to 141 

eliminate the effect of the DOM itself. Each treatment was repeated three times. After 1, 5, 9, 142 

and 13 weeks of incubation, 5 g of soil samples and 5 mL of supernatants were collected and 143 

stored in a freezer at −80C. The soil samples collected were used to extract DNA for the 144 

molecular biological analysis, whereas the supernatants were used to determine the As 145 

speciation. Soil pH and redox potential (Eh) were measured in-situ after 13-week incubation. 146 

Collected silica gel beads were added to aqua regia (1:3 HNO3: HCl), from which we obtained 147 

digestion after 2 h at 100C (Agricultural Industry Standard of the People's Republic of China, 148 

NY/Y 1121.11-2006). This digestion was then used to determine the total As content. To further 149 

characterize the chemical speciation of volatile As, four weeks of additional incubation was 150 

performed. Volatile As bound on the silica gel beads was extracted in 1% HNO3 (Huang et al., 151 

2012). Following microwave digestion (TANK BASIC, SINEO, Shanghai, China) with the following 152 

program: 60 °C for 10 min, 80 °C for 10 min, and 100 °C for 30 min with 5 min ramp time between 153 

each stage, As speciation was determined.  154 

 155 

2.4. Determination of total As and As speciation  156 
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The As speciation in the soil supernatants and silica gel bead extracts was determined using high 157 

performance liquid chromatography–inductively coupled plasma mass spectrometry 158 

(HPLC-ICP-MS, PerkinElmer NexION 300X). The test solution was filtered through a 0.22-µm filter 159 

and subsequently supplemented with 2% H2O2 and allowed to rest for 15 min prior to the 160 

analysis (Mestrot et al., 2009). For quality control, As(III) standard solution (GBW08666) and 161 

DMAs standard solution (GBW08669) were detected once every ten samples. The recovery of 162 

different As speciation in the standard water sample was 91–102%; The total As in the soil 163 

supernatants and silica gel bead extract was determined using HG-AFS. Mass balance, 164 

determined by comparing the sum of As speciations in soil supernatants with the total As value 165 

determined separately, was found to be within the range of 67–122%.  166 

 167 

Soil pH was measured in a solid-to-deionized water ratio of 1:2.5 using a digital pH meter 168 

(Thermo Orion 4 Star, Beverly, MA, USA). Soil Eh was measured prior to the soil solution 169 

collection via platinum electrodes, using Ag/AgCl electrodes as references. The concentration of 170 

dissolved organic carbon (DOC) in the soil solution was determined using a TOC/N analyzer (multi 171 

N/C2100, Analytik Jena AG, Jena, Germany). The content of iron, manganese, and sulfur in the 172 

soil solution after filtered through a 0.22 µm filter was analyzed using an inductively coupled 173 

plasma-optical emission spectrometer (ICP-OES, Optima 5300DV, Perkin Elmer, USA).  174 

 175 

2.5. Soil DNA extraction and quantitative PCR assay of 16S rRNA and arsM 176 

The DNA in soil samples was extracted according to the procedures of the Fast DNA SPIN Kit for 177 

Soil DNA (MP Bio). The copy numbers of 16S rRNA and arsM genes were determined using 178 
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real-time quantitative PCR (iQ5 Thermocycler; BioRad). Primers and amplification procedures for 179 

16S rRNA and arsM are provided in supporting information. The linear standard curve in the 180 

quantitative assay was in the range of R2 > 0.99. The amplification efficiency was 90−110%. Only 181 

one characteristic peak was observed in the melt curve of the reaction product. Three biological 182 

replicates were performed for each sample. Details of the real-time quantitative PCR are 183 

provided in the supporting information.  184 

 185 

2.6. High-throughput sequencing of 16S rRNA and arsM 186 

The V3–V4 hypervariable regions of the 16S rRNA and arsM genes were subjected to 187 

high-throughput sequencing using the Illumina MiseqPE300 sequencing platform. The latter, 188 

which more accurately and comprehensively reflects the bacterial community than terminal 189 

restriction fragment length polymorphism (T-RFLP) analysis (Zhang et al., 2015), has been widely 190 

used in bacterial community analysis (Reid et al., 2017). The V3-V4 region of the bacteria 16S 191 

rRNA and arsM genes were amplified using respectively 338F (ACTCCTACGGGAGGCAGCA) /806R 192 

(GGACTACHVGGGTWTCTAAT) (Li et al., 2015) and arsMF (5'-TCYCTCGGCTGCGGCAAYCCVAC-3') 193 

/arsMR (5'-CGWCCGCCWGGCTTWAGYACCCG-3') (Jia et al., 2013). Purified amplicons were pooled 194 

in equimolar ratios and paired-end sequenced (2 × 300) on an Illumina MiSeq platform according 195 

to standard protocols. Raw paired-end reads were joined after the filtering of adaptors, 196 

low-quality reads, ambiguous Ns, and barcodes to generate clean joined reads. The sequences 197 

were clustered into operational taxonomic units (OTUs) at a similarity level of 97% via the uparse 198 

method. For 16S amplicons, the rdp Classifier tool was used to classify representative sequences 199 

into different taxonomic groups based on the SILVA ribosomal RNA gene database. For arsM 200 
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amplicons, the megablast method of blastn was used to classify representative sequences into 201 

different taxonomic groups based on the nucleotide sequence (NT) database. Details of PCR and 202 

data processing after sequencing are provided in the supporting information.  203 

 204 

2.7. Data analysis 205 

The As speciation data were processed using NexION software (PerkinElmer, Shelton, CT, USA). 206 

The graphs were plotted with the use of Origin 9 software. Univariate analysis of variance 207 

(ANOVA) and Duncan’s multiple range test were performed using SPSS 22.0. The significance level 208 

for the latter was set at P < 0.05. For high-throughput sequencing data, clustering analyses and 209 

principal coordinate analysis (PCoA) were applied based on the OTU information from each 210 

sample using R (ade4 package loaded with the relative count table) to examine the similarity 211 

between different samples. The heatmaps were generated with the top 20 OTUs using R (vegan 212 

package) to compare the membership and structure of communities in different samples. All data 213 

are expressed as the means ± standard error (SE).  214 

 215 

3. Results 216 

3.1. Effect of DOM derived from different sources on the efficiency of As methylation in paddy 217 

soils 218 

DOM derived from different sources vary in efficiency with regard to regulating As methylation in 219 

paddy soils. As TOC concentration in DOM increased, the amounts of iAs, MMAs, DMAs, and 220 

TMAsO were detected differentially. The content of organic As and total As in the soil solution 221 

decreased to some extent when DOM was applied at lower concentration. When 320 mg TOC·L−1 222 



 

 13

DOM was added, the organic As accounted for 76, 68, 76, and 62% of the total As in the soil 223 

solutions treated with PD, CMD, CDD, and RD, respectively, representing approximately 2.2, 2.0, 224 

1.7, and 1.6 times the quantity of organic As present in the control (Fig. S6). In addition, a 225 

significant positive correlation was observed between the TOC and the number of methyl groups 226 

bound to As in soil supernatants (P < 0.01) (Fig. S7). Similarly, the rate of As methylation was 227 

increased to a considerably greater extent with the addition of exogenous PD. The efficiency of 228 

As-methylation in soil solution per unit was found to be 0.006 µmol methyl groups binding to As. 229 

However, a lower efficiency of As-methylation was observed by RD treatment, with 0.004 µmol 230 

methyl groups binding to As.  231 

 232 

3.2. Trapped As in silica gel beads and speciation analysis 233 

Following the application of DOM, the As volatilization in the paddy soils was markedly enhanced, 234 

with the amount of As volatilization increasing substantively with time (Fig. 1a). Compared to the 235 

other treatments, PD-320-mediated promotion of As volatilization in paddy soils was the greatest 236 

at all observed time points. After 13 weeks of incubation, the trapped volatile As of treatment 237 

PD-320 was 2.5 µg, which was 2.7 and 9.6-fold that of RD-320 (0.93 µg) and of the control (0.26 238 

µg), respectively. Further speciation analysis revealed that the trapped volatile As mainly 239 

comprised trimethylarsine (TMAs), dimethylarsine (Me2AsH), arsine (AsH3), and 240 

monomethylarsine (MeAsH2) (measured as their pentavalent derivatives of TMAsO, DMAs, iAs, 241 

and MMAs, respectively) (Fig. 1b). In comparison, the volatile As trapped from treatment PD-320 242 

was dominated by TMAs (16.1 µg·kg−1), which accounted for 54% of the total As trapped, 243 

followed by Me2AsH (6.4 µg·kg−1), AsH3 (6.2 µg·kg−1), and MeAsH2 (1.0 µg·kg−1), which accounted 244 
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for 22, 21, and 3% of the total As trapped, respectively. For treatment RD-320, the AsH3, TMAs, 245 

Me2AsH, and MeAsH2 content was 4.2, 2.8, 2.1, and 1.9 µg·kg−1 respectively, accounting for 38, 25, 246 

19, and 18% of the total As trapped. For the control, no Me2AsH was detected, whereas the AsH3, 247 

MeAsH2, and TMAs content was 8.0, 0.72, and 0.49 µg·kg−1, respectively, representing 87, 8, and 248 

5% of the total As trapped.  249 

 250 

3.3. Arsenic speciation in paddy soil solution with time after DOM addition  251 

The amount of iAs, MMAs, DMAs, and TMAsO in the soil solution with pig manure DOM and 252 

straw DOM increased with time (Fig. 2). In the control, there was no apparent change in the 253 

amount of each of the As species with time. After 13 weeks of incubation, the iAs, MMAs, DMAs, 254 

and TMAsO content in PD-320-treated samples increased by approximately 1.6, 3.7, 17.8, and 255 

2.9-fold, respectively, compared to that after one week. For the RD-320 treatment, the iAs, 256 

MMAs, DMAs, and TMAsO content increased by approximately 2.1, 5.9, 3.9, and 2.5-fold 257 

compared to that after one week, respectively. The content of iAs, MMAs, DMAs, and TMAsO 258 

was obviously higher in the soil solution following DOM addition than that in the control, 259 

especially at the later stage of incubation. Relatively higher methylated As was observed than 260 

inorganic As in soil solution following DOM addition. The ratio of methylated As reached 261 

approximately 74.9 and 59.8% of the total As in PD-320 and RD-320-treated samples, respectively, 262 

after 13 weeks of incubation.  263 

 264 

In addition, after 13 weeks of flooded incubation, the pH and Eh of the treated soils were 265 

significantly different from those of the control (Fig. S8). The soil pH values of treatments PD-320 266 
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and RD-320 were 7.23 and 7.02, which were 1.07 and 0.86 units higher than that of the control 267 

(6.16). The soil Eh values in treatments PD-320 and RD-320 were significantly lower than that of 268 

the control. The Eh in treatment PD-320 was 522.3 mV, which was the lowest among the DOM 269 

tested. For treatment RD-320 and the control, the soil Eh values were 612.0 and 699.7 mV, 270 

respectively. Furthermore, significantly positive and negative relationships between iAs in the soil 271 

solution with dissoluble iron (P < 0.05) and sulfur (P < 0.01) were observed, respectively, whereas 272 

the relationship between iAs in the soil solution and dissoluble manganese was not significant 273 

(Fig. S9).  274 

 275 

3.4. Abundance of 16S rRNA and arsM in paddy soil after DOM addition 276 

The gene abundance of 16S rRNA and arsM in the treated paddy soils was found to increase with 277 

time. Among all treatments, the gene abundance was the highest in treatment PD-320 (Fig. 3). 278 

After 13 weeks of incubation, the 16S rRNA gene copy numbers (Log2) in treatments PD-320, 279 

RD-320, and control were 32.34, 31.28, and 29.91 copies·g−1·dry soil, respectively, whereas the 280 

arsM gene copy numbers (Log2) were 29.47, 28.13, and 27.46 copies·g−1·dry soil. The 16S rRNA 281 

and arsM abundance of pig manure DOM-treated soil was significantly higher than that of straw 282 

DOM-treated soil and the control (P < 0.05). The relationship between arsM copy number and 283 

organic As content was further analyzed (Fig. S10). The addition of exogenous pig manure DOM 284 

was the most effective in accelerating As methylation in paddy soils.  285 

 286 

3.5. Diversity of the total bacterial communities in paddy soils after DOM addition 287 

There were significant differences in the diversity of bacterial communities among various 288 
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treatments after incubation for different durations. After nine weeks of incubation, the α 289 

diversity indices; for example, Chao, observed species, phylogenetic diversity whole tree, and 290 

Shannon indices of treatments PD-320 and RD-320 were considerably higher than those of the 291 

control (P < 0.05) (Table S6). The sequencing data was also analyzed using PCoA. Marked changes 292 

were observed in the bacterial community structures not only in each of the treatments as the 293 

cultivation time increased but also among treatments (Fig. S11a). In addition, notable differences 294 

occurred in the bacterial community structures at phylum and genus levels among treatments. At 295 

the phylum level, the sum of the relative abundances of six bacterial phyla; i.e., Proteobacteria 296 

(25–42%), Firmicutes (8–36%), Chloroflexi (4–21%), Acidobacteria (6–13%), Bacteroidetes (1–297 

12%), and Actinobacteria (3–16%) exceeded 80% (Fig. S12). The abundance of Proteobacteria and 298 

Bacteroidetes in each treatment increased with time. In treatment PD-320, the abundance of 299 

Proteobacteria increased from a range of 25–32% in weeks 1–5, to 36–42% in weeks 9–13. The 300 

abundance of Bacteroidetes increased from 4% in week 1 to 13% in week 13, both of which were 301 

considerably higher than that of the control and RD-320 in the same incubation period. The 302 

differences among various treatments at the genus level (top 20 in abundance) were further 303 

investigated (Fig. 4). The relative abundance of the unidentified was determined to be 42–68%, 304 

indicating that as-yet-unidentified microbes at the genes level clearly predominated. We also 305 

identified genera including Clostridium_sensu_stricto_10 (0–5%), Anaerolinea (0–5%), Geobacter 306 

(0–3%), and Sphingomonas (1–4%) as genera with substantial predominance, in which the 307 

relative abundance of Geobacter in treatment PD-320 increased from 1% in week 1 to 3% in week 308 

13, and that of Sphingomonas increased from 1% in week 1 to 4% in week 13, with both of being 309 

considerably higher than that of the control and RD-320 at the same incubation time.  310 
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 311 

3.6. Diversity of arsM-carrying bacteria in paddy soils after DOM addition 312 

Distinct differences were observed in the genetic diversity of arsM-carrying bacteria between 313 

DOM treatments and the control. The PD_whole_tree parameter of treatment PD-320 was 314 

significantly higher than those of RD-320 and control treatments (P < 0.05), except in the ninth 315 

week of incubation (Table S7). Analysis of the sequencing data using PCoA identified differential 316 

changes in the community structure of arsM-carrying bacteria in each of the treatments over 317 

incubation time and among treatments (Fig. S11b). At both phylum and genus levels, the 318 

community structures of arsM-carrying bacteria in soil differed among treatments. At the phylum 319 

level, the sum of the relative abundances of four of the bacterial phyla: Proteobacteria (28–41%), 320 

unidentified (18–44%), Actinobacteria (6–39%), and Gemmatimonadetes (9–14%) exceeded 90% 321 

(Fig. S13). The abundance of Proteobacteria in each of the treatments increased with cultivation 322 

time, among which the abundance of Proteobacteria in treatment PD-320 increased from 28% in 323 

week 1 to 41% in week 13, with both being significantly higher than those of control (30–37%) 324 

and RD-320 (28–39%) treatments in the same incubation period. The differences among the 325 

treatments at the genus level (top 20 in abundance) were also investigated (Fig. 5). The sum of 326 

the relative abundances of eight types of bacteria including unidentified (17–40%), 327 

Rhodopseudomonas (18–34%), Cellulomonas (1–35%), Gemmatirosa (9–14%), Rhodomicrobium 328 

(1–6%), Sphaerobacter (1–5%), Streptomyces (1–5%), and Stackebrandtia (0–4%) exceeded 90%, 329 

among which the unidentified group and Rhodopseudomonas comprised the genera with marked 330 

predominance, accounting for 30–70% in each of the treatments. The abundances of 331 

Rhodopseudomonas, Sphaerobacter, and Streptomyces in treatment PD-320 were significantly 332 



 

 18

higher than those in RD-320 and control treatments.  333 

 334 

4. Discussion 335 

Soil properties and agriculture practices perturb the biogeochemical cycle of As (Zhang et al., 336 

2015; Zhu et al., 2017), with the responses to nitrate (Zhang et al., 2017), iron (Yang et al., 2018) 337 

and organic matter (Williams et al., 2011) being well characterized. DOM mediates the functional 338 

state of soil bacterial communities (Li et al., 2019); in the present study, its quality was shown to 339 

cause a differential response in arsM diversity. Accordingly, DOM also plays an important role in 340 

As adsorption, desorption, and transformation in paddy soils (Williams et al., 2011). In the 341 

present study, higher content of methylated As than iAs was obtained in soil solutions, especially 342 

following addition of pig manure DOM. This is consistent with the results of Afroz et al. (2019), 343 

who found considerably increased proportions of methylated As than iAs in manure-treated soils. 344 

In particular, the diversity in DOM characteristics might differentially influence As methylation by 345 

modifying the substrate in addition to the arsM-carrying bacterial community in paddy soils.  346 

 347 

DOM addition directly or indirectly contributed to As release from the soil phase, especially at 348 

higher TOC concentration. The functional groups on the surface of DOM, such as carboxyls and 349 

hydroxyls, can directly perform ligand exchange with iAs (Mohapatra et al., 2007). Microbially 350 

reduced humics, particularly fulvic acid, act as an electron shuttles to promote As reduction and 351 

release (Qiao et al., 2019). In addition, DOM-mediated change in Eh and pH condition can also 352 

indirectly affect the adsorption affinities of solid-phase As in paddy soil (Redman et al., 2002). Soil 353 

Eh potentials drop whereas pH has a tendency to increase owing to the consumption of H+ 354 



 

 19

(Frohne et al., 2011), which promotes the release of soil As into solution (Bennett et al., 2012). In 355 

the present study, a more significant decrease in the Eh and increase in pH was observed for soil 356 

supplemented with pig manure DOM. The release of solid-phase As from the soil to the solution 357 

was promoted, providing more substrates for As methylation in paddy soil.  358 

 359 

Arsenic solubility is also associated with the biogeochemical processes of iron and sulfur (Zhu et 360 

al., 2017). In the present study, a significantly positive and negative relationship between iAs in 361 

soil solution and dissoluble iron (P < 0.05) and sulfur (P < 0.01) was observed, respectively. The 362 

reduction of iron oxide or hydroxide might be stimulated by the addition of DOM as a potential 363 

electron donor to result in the release of As and Fe in soil solution (Islam et al., 2004). The 364 

increase in dissoluble sulfur is conducive to reduce Fe and As solubility by forming pyrite (FeS2), 365 

realgar (AsS), orpiment (As2S3), or arsenopyrite (FeAsS) (Kim et al., 2002; O'Day et al., 2004). 366 

Furthermore, when DOM was applied at lower concentration, total As in soil solution decreased 367 

to some extent. This may have occurred because the direct adsorption of DOM by soil colloid 368 

(Avneri-Katz et al., 2017) might compromise the contribution of ligand exchange with iAs to As 369 

release from the soil. DOM can also complex with As through the formation of metal-bridged 370 

soluble ternary As-Fe-DOM, reducing As solubility (Borggaard et al., 2019).  371 

 372 

Paddy soil DOM characteristics significantly associate with the variances in microbial community 373 

(Li et al., 2018), being a direct source of carbon and energy (Li et al., 2019). DOM quality is also 374 

important with respect to microbial diversity (Guerrero-Feijóo et al., 2017; Li et al., 2019). The 375 

relative content of alkyl-, O-aryl, aryl-, and carbonyl-C can explain a large amount of the variation 376 
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in soil microbial activity and composition (Ng et al., 2014). In the present study, compared to rice 377 

straw DOM, pig manure DOM exhibited a higher relative content of alkyl-C, N-alkyl C, and 378 

carboxyl-C and lower O-aryl-C, whereas no significant difference in the relative content of aryl-C 379 

among treatments was observed. Lower aromaticity, hydrophobicity, extent of humification, and 380 

average molecular mass were also found in pig manure DOM. Alkyl-C is mainly contained in lipids, 381 

waxes, cutins, suberins, lignin, and proteins (Baldock et al., 2004; Baumann et al., 2009) with 382 

N-alkyl C being found in proteins and lignin (Baldock et al., 2004). Carboxyl-C, as the best 383 

predictor of soil microbial activity, is found in proteins and organic acids (Ng et al., 2014). Alkyl-C, 384 

N-alkyl C, and carboxyl-C are important labile carbon forms whereas O-aryl-C and aryl-C are 385 

mainly associated with stabilized OM (Ng et al., 2014).  386 

 387 

Pig manure DOM containing more labile C forms is readily assimilated by bacteria, whereas those 388 

containing more aromatic compounds such as rice straw DOM are less susceptible to microbial 389 

assimilation (Jamieson et al., 2014; Fellman et al., 2008). The differences in the nature of various 390 

types of DOM may reflect the differences in total bacterial and arsM-carrying bacterial 391 

abundance in treated paddy soils, leading to enhanced methylation. This was verified by the 392 

correlation between the efficiency of As methylation in soil solution and the relative content of 393 

total labile carbon (Fig S14a) or alkyl carbon in DOM (Fig S14b). Arsenic methylation was 394 

accelerated with the increase of total labile carbon to some extent (P = 0.13) whereas alkyl 395 

carbon significantly positively contributed to As methylation (P < 0.05). In particular, alkyl carbon, 396 

accounting for 25.7–32.5% of the carbon-containing functional groups in DOM and 53.1–61.3% of 397 

the total labile carbon, was the most crucial in promoting As methylation.  398 
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 399 

Furthermore, the differences in nutrient input during DOM addition may also affect As 400 

methylation. Here, we found that the content of total K and EC in pig manure DOM was lower 401 

than that in rice straw DOM. No significant difference was found in total Fe or S between the two 402 

types of DOM. The pig manure DOM exhibited higher total N, total P, and dissolved organic 403 

nitrogen (DON) content (Table S8). These might help to improve the community of arsM-carrying 404 

bacteria to some extent by providing nutrition sources, thereby enhancing As methylation. 405 

Additional research is needed to explore the possible contribution of nutrient input. Nevertheless, 406 

the selective application of rice straw rather than animal manure is suggested to limit As 407 

methylation in paddy soils and avoid the DMAs-induced straighthead disorder of rice.  408 

 409 

Pig manure DOM modified soil bacterial profile by increasing the OTU number of As 410 

methylation-inducing bacteria, thereby promoting As volatilization and methylation therein. In 411 

the present study, Proteobacteria and Bacteroidetes OTUs increased to become prominently 412 

higher following pig manure DOM addition compared to those of control and straw DOM. 413 

Proteobacteria, which constitutes one of the dominant microorganisms in rice root systems 414 

(Mestrot et al., 2009; Knief et al., 2012), possesses a strong As methylation ability (Bennett et al., 415 

2012); in addition, Bacteroidetes also contains the arsM gene sequence and promotes As 416 

methylation and volatilization in paddy soils (Jia et al., 2013b; Xiao et al., 2016). Geobacter and 417 

Sphingomonas were also prominent genera during cultivation following pig manure DOM 418 

application. Geobacter can mediate the dissimilatory reduction of As(V) to As(III), increasing the 419 

amount of substrate for As methylation (Qiao et al., 2018), whereas Sphingomonas promotes As 420 
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methylation in the rice rhizosphere, thereby playing an important role in the As methylation and 421 

volatilization in paddy soils (Knief et al., 2012; Liu et al., 2011). Based on arsM gene sequencing, 422 

the presence of Sphingomonas and higher abundances of Streptomyces and Rhodopseudomonas 423 

as dominant genera were also observed following pig manure DOM treatment. Streptomyces 424 

have been found to participate in the As methylation in composts (Zhai et al., 2017). In turn, 425 

Rhodopseudomonas palustris has a strong ability to methylate As (via RparsM) and can markedly 426 

enhance As methylation and volatilization in paddy soils (Chen et al., 2014). The 427 

as-yet-unidentified microbes also constituted the genera with absolute predominance of 16S 428 

rRNA and arsM. This suggested that the unidentified microbes played an important role at the 429 

genus level, necessitating further studies to understand their functions and characteristics.  430 

 431 

5. Conclusions 432 

In the present study, we found that the chemical characteristics of DOM were associated with As 433 

biotransformation and that the diverse nature of various types of DOM differentially influenced 434 

As methylation and volatilization based on their effects on the substrate along with the 435 

abundance and diversity of arsM-carrying bacteria in paddy soils. This result emphasizes the 436 

considerable role of DOM and its effects in shaping the soil microbial profile. These observations 437 

expand our knowledge regarding how As methylation is differentially promoted by the diverse C 438 

forms in paddy soils.  439 

  440 
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Figure captions: 667 

Figure 1. The trapped As with regard to time (a) and As speciation (b) in silicon beads after 668 

incubation in paddy soils. Control, without DOM; PD-320, pig manure DOM with TOC of 320 669 

mg·L–1; RD-320, rice straw DOM with TOC of 320 mg·L–1. Data are expressed as the means ± SE 670 

(n=3).  671 

Figure 2. Contents of different As speciation types in soil solution with time (weeks) after 672 

different DOM addition in paddy soils. Control, without DOM; PD-320, pig manure DOM with TOC 673 

of 320 mg·L–1; RD-320, rice straw DOM with TOC of 320 mg·L–1. Data are expressed as the means 674 

± SE (n=3).  675 

Figure 3. Abundance of As methylating bacteria (a, Log2 arsM) and total bacterial (b, Log216S 676 

rRNA) in soil after incubation with different types of DOM. Control, without DOM; PD-320, pig 677 

manure DOM with TOC of 320 mg·L–1; RD-320, rice straw DOM with TOC of 320 mg·L–1. Data are 678 

expressed as the means ± SE (n=3).  679 

Figure 4. Heat map of the top 20 abundant genera (as determined by 16S rRNA sequence) 680 

following each treatment. The color intensity in each cell indicates the transformed relative 681 

abundance by log2(x*100 + 1) of the corresponding genus. The relative abundance is expressed 682 

as the average relative abundance of the three replicates in each treatment by the average 683 

percentage of the targeted sequences to the total high-quality bacterial sequences of each 684 

sample. Control, without DOM; PD-320, pig manure DOM with TOC of 320 mg·L–1; RD-320, rice 685 

straw DOM with TOC of 320 mg·L–1. 686 

Figure 5. Heat map of the top 20 abundant genera (arsM-containing) in each treatment. The 687 

color intensity in each cell indicates the transformed relative abundance by log2(x*100 + 1) of the 688 
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corresponding genus. The relative abundance is expressed as the average relative abundance of 689 

the three replicates in each treatment by the average percentage of the targeted sequences to 690 

the total high-quality bacterial sequences of each sample. Control, without DOM; PD-320, pig 691 

manure DOM with TOC of 320 mg·L–1; RD-320, rice straw DOM with TOC of 320 mg·L–1.  692 
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Figure 1.   694 
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Figure 2.   698 
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Figure 3.   701 

 702 

  703 

23

24

25

26

27

28

29

30

0 5 10 15

Lo
g 2

 a
rs

M
 c

op
y 

nu
m

be
r(

co
pi

es
·g

-1
)

Cultivation time (week)

Control
PD-320
RD-320

26

27

28

29

30

31

32

33

0 2 4 6 8 10 12 14

 L
og

21
6S

rR
N

A 
co

py
 n

um
be

r (
co

pi
es

·g
-1

)

Cultivation time (week)

a

b



 

 39

Figure 4.  704 
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Figure 5.  708 
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