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Abstract 25 

Biological arsenite (As(III)) oxidation is an important process in the removal of toxic arsenic (As) from 26 

contaminated water. However, the diversity and metabolic potentials of As(III)-oxidizing bacteria (AOBs) 27 

responsible for As(III) oxidation in wastewater treatment facilities are not well documented. In this study, two 28 

groups of bioreactors inoculated with activated sludge were operated under anoxic or oxic conditions to treat 29 

As-containing synthetic wastewater. Batch tests of inoculated sludges from the bioreactors further indicated 30 

that microorganisms could use nitrate or oxygen as electron acceptors to stimulate biological As(III) oxidation, 31 

suggesting the potentials of this process in wastewater treatment facilities. In addition, DNA-based stable 32 

isotope probing (DNA-SIP) was performed to identify the putative AOBs in the activated sludge. Bacteria 33 

associated with Thiobacillus were identified as nitrate-dependent AOBs, while bacteria associated with 34 

Hydrogenophaga were identified as aerobic AOBs in activated sludge. Metagenomic binning reconstructed a 35 

number of high-quality metagenome-assembled genomes (MAGs) associated with the putative AOBs. 36 

Functional genes encoding for As resistance, As(III) oxidation, denitrification, and carbon fixation were 37 

identified in these MAGs, suggesting their potentials for chemoautotrophic As(III) oxidation. In addition, the 38 

presence of genes encoding secondary metabolite biosynthesis and extracellular polymeric substance 39 

metabolism in these MAGs may facilitate the proliferation of these AOBs in activated sludge and enhance 40 

their capacity for As(III) oxidation. 41 

Importance 42 

AOBs play an important role in the removal of toxic arsenic from wastewater. Most of the AOBs have been 43 

isolated from natural environments. However, knowledge regarding the structure and functional roles of 44 

As(III)-oxidizing communities in wastewater treatment facilities are not well documented. The combination 45 

of DNA-SIP and metagenomic binning provides an opportunity to elucidate the diversity of in situ AOBs 46 

community inhabited the activated sludges. In this study, the putative AOBs responsible for As(III) oxidation 47 
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in wastewater treatment facilities were identified, and their metabolic potentials including As(III) oxidation, 48 

denitrification, carbon fixation, secondary metabolites biosynthesis, and extracellular polymeric substances 49 

metabolisms were investigated. This observation provides an understanding of anoxic and/or oxic AOBs 50 

during the A(III) oxidation process in wastewater treatment facilities, which may contribute to the removal of 51 

As from contaminated water. 52 

Keywords: DNA-stable isotope probing; Metagenomic binning; As(III)-oxidizing bacteria; 53 

Arsenic-contaminated water; Biological As(III) oxidation 54 

Introduction 55 

Arsenic (As) is a toxic and carcinogenic metalloid belonging to group 15 of the periodic table. It is generally 56 

accepted that arsenite (As(III)) and arsenate (As(V)) are the predominant forms of inorganic As in the 57 

environment (1). Of these two As species, As(V) is less toxic and mobile than As(III) (1). Chronic exposure to 58 

As can cause various adverse health effects to humans (2). It has been estimated that hundreds of millions of 59 

people in more than 70 countries are threatened by As pollution (3). High amounts of As in aquifers have been 60 

found in various natural environments, such as groundwater and surface water (4-6). Wastewater may also 61 

contain a significant amount of As due to the widespread usage of As in herbicides, pesticides, and wood 62 

preservatives (4, 5, 7-9). This adds to the contamination of water supplies and poses a global health problem (6, 63 

10). Therefore, the removal of As from contaminated water is a critical issue worldwide (3). As(III) oxidation 64 

is considered as a key step in the removal of As from the aqueous phases because As(V) is more readily 65 

removed by the following units, such as coagulation and precipitation (7-9). It is generally recognized that 66 

microbiologically mediated As(III) oxidation is more environmentally friendly than chemical As(III) 67 

oxidation and does not generate oxidant residuals and harmful byproducts(11). In fact, many 68 

As-contaminated wastewater have been treated by biological As(III) oxidation (9, 11, 12). 69 
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As(III)-oxidizing bacteria (AOBs) are responsible for biological As(III) oxidation. These bacteria are 70 

widespread in the environment (4, 13, 14) and are broadly classified into two categories: heterotrophic AOBs 71 

and chemoautotrophic AOBs (15). Heterotrophic As(III) oxidation is a bacterial detoxification process. 72 

Heterotrophic As oxidizers can convert As(III) to As(V) but they can not derive major energy for growth from 73 

this process (16). In contrast, chemoautotrophic AOBs use As(III) as the electron acceptor and gain energy 74 

from As(III) oxidation for CO2 fixation and cell growth under aerobic (17), nitrate-reducing (14), or 75 

chlorate-reducing (18) conditions. Generally, chemoautotrophic AOBs are more beneficial than heterotrophic 76 

bacteria for As removal because of their lower nutritional requirements (5, 11, 14, 19). To date, most of the 77 

known chemoautotrophic AOBs have been isolated from natural environments, such as pyrite mines (20), 78 

As-contaminated soils (13), or lakes (14). However, knowledge regarding As(III)-oxidizing communities in 79 

wastewater treatment facilities remains limited. Therefore, it is necessary to elucidate the diversity and 80 

metabolic potentials of the in situ microbial community responsible for As(III) oxidation in wastewater 81 

treatment facilities. The emergence of cultivation-independent techniques, such as DNA-based stable isotope 82 

probing (SIP) and omics-related approaches, have been shown to reveal the activities of environmental 83 

microorganisms and their metabolic potentials without isolation (21, 22). The analysis of stable 84 

isotope-labeled DNA followed by molecular techniques links microbial identities to functions in complex 85 

environmental samples (19, 23). 86 

In this study, two groups of bioreactors were operated to treat As-containing synthetic wastewater under oxic 87 

and anoxic conditions. The phylogeny of putative AOBs that actively participated in As(III) oxidation were 88 

identified in the 
13

C-labelled batch incubations. Metagenomic binning was used to reconstruct the 89 

metagenome assembled genomes (MAGs) of AOBs from these complex microbial communities. Genomic 90 

potentials with regard to As(III) oxidation, carbon fixation, and microbial interactions were investigated in the 91 

AOB-associated MAGs. The current study aims to investigate (1) Which microorganism are responsible for 92 
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As(III) oxidation in activated sludge? (2) What are the metabolic potentials of these AOBs? The results 93 

provide an understanding of the diversity and metabolic potentials of AOBs during the As(III) oxidation 94 

process in wastewater treatment facilities, which may contribute to the removal of As from contaminated 95 

water. 96 

Results 97 

Performances of the As(III)-oxidizing bioreactors under oxic and anoxic conditions 98 

Two types of lab-scale bioreactors were set up under oxic conditions (RO) and anoxic conditions (RN) to 99 

treat As-containing synthetic wastewater (Figure 1). As(III) was supplemented as the sole electron donor to 100 

these reactors for five operation cycles to select the chemoautotrophs. The concentrations of aqueous As(III) 101 

and As(V) were monitored over the course of operation. It was observed that concentrations of As(III) 102 

constantly decreased with the concomitant generation of As(V), suggesting that As(III) could be oxidized to 103 

As(V) under both oxic and anoxic conditions. Moreover, the As(III) oxidation rates in the two bioreactors had 104 

a good linear fit with the pseudo-first-order and pseudo-second-order kinetic models as R
2
 > 0.8 (in all cases, 105 

Figure S2). Within the five cycles of As(III) oxidation, the k1 values of the RO (0.06, 0.62, 0.60, 0.35, and 106 

0.86, averaged as 0.50 d
-1

) were higher than those of the RN (0.04, 0.03, 0.09, 0.09, and 0.09, averaged as 0.07 107 

d
-1

). In addition, the k2 values of the RO (0.09, 1.42, 1.17, 0.78, and 2.29, averaged as 1.15 mM
-1

 d
-1

) were also 108 

higher than those of the RN (0.05, 0.04, 0.11, 0.13, and 0.12, averaged as 0.09 mM
-1

 d
-1

). The kinetic model 109 

suggested that the As(III) oxidation rates in the RO were higher than those in the RN as reflected by the higher 110 

slopes. In addition, the As(III) oxidation gene (aioA) was quantified from DNA extracted from the two 111 

bioreactors as a proxy of the potential activity of As(III) oxidation. It is observed that the ratio of the aioA gene 112 

to 16S rRNA gene in the RO was higher than those in the RN (Figure S3), suggesting higher potential of 113 

As(III) oxidation in RO than that in RN. 114 
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Microbial community in the As(III)-oxidizing bioreactors 115 

Microbial communities in the RO and RN were characterized at the end of cycle 1, cycle 3, and cycle 5, as 116 

well as in the raw inoculum sludge. The Bray-Curtis distances based PCoA plots indicated that the microbial 117 

communities from the RO samples were distinct from the RN samples (Figure S4). This result indicated that 118 

redox conditions substantially impacted the innate microbial community. Indeed, different microbial taxa 119 

were enriched in the RO and RN bioreactors (Figure 2). At the phylum level, Proteobacteria dominated in all 120 

of the reactors (over 80%) from cycle 1 to 5, while Chloroflexi (2%–6%) and Bacteroidetes (3%–6%) were the 121 

second most dominant phylum in the RN and RO bioreactors, respectively. At the genus level, 122 

Pseudoxanthomonas dominated in the RN bioreactor, with relative abundances ranging from 5% to 40%, 123 

followed by Pseudomonas (1%–13%) and Thermomonas (4%–8%). Other genera, such as Thiobacillus, 124 

Acinetobacter, and Nitrosomonas, had a abundances of less than 1%. In the RO bioreactor, the dominant 125 

genera were Comamonas (21%–32%), followed by Stenotrophomonas (11%–18%), Hydrogenophaga (3%–126 

9%), Delftia (5%–6%), and Pseudoxanthomonas (1%–4%). 127 

Batch tests for the As(III) oxidation 128 

The batch incubations were further established using acclimated activated sludges obtained from the two types 129 

of bioreactors and were incubated under oxic and anoxic conditions (Figure S5). Under anoxic conditions, 130 

As(III) oxidation only occurred in the treatments amended by nitrate and As(III), while no As(III) oxidation 131 

was observed in the treatments amended by As(III) only or in the sterile controls. The concentrations of nitrate 132 

(NO3
-
) constantly decreased with the concomitant generation of nitrite (NO2

-
). The results suggested that 133 

As(III) could be oxidized to As(V) by coupling with the reduction of nitrate. Under oxic conditions, As(III) 134 

oxidation was only observed in the treatments amended by oxygen and As(III), while As(III) oxidation did not 135 

occur in the absence of oxygen or sterilized treatments. 136 
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Furthermore, DNA-SIP batch incubations were performed to identify the AOBs by feeding the 
13

C-labeled 137 

NaH
13

CO3 as the sole carbon source. Genomic DNA from different gradient fractions, including the 138 

13
CAsN/

13
CAsO, 

12
CAsN/

12
CAsO, and 

13
CAs treatments, were separated into heavy and light fractions using 139 

the CsCl gradient ultracentrifugation. The copy numbers of the 16S rRNA gene were measured across each 140 

fraction of these treatments from three time points (i.e., days 7, 15, and 30) (Figure 3). The copies of 16S 141 

rRNA were initially observed at the maximum relative abundance in the “light fractions (BD values of 1.707 g 142 

mL
-1

)” in all treatments at day 7. The “peak” of 16S rRNA gradually shifted to the “heavy fractions” (BD 143 

values of 1.73–1.75 g mL
-1

) in either the 
13

CAsN or the 
13

CAsO treatments at latter time points on days 15 144 

and 30. This suggested that the AOBs gradually incorporated NaH
13

CO3 under both anoxic and oxic 145 

conditions. In a comparison, no significant enrichment of the 16S rRNA genes in the “heavy fractions” was 146 

observed in either the 
12

CAsN/
12

CAsO or the 
13

CAs treatments. 147 

Phylogeny of the AOBs 148 

The genomic DNA of the representative fractions (i.e., “heavy” or “light”) from the three treatments (i.e., 149 

13
CAsN/

13
CAsO, 

12
CAsN/

12
CAsO, and 

13
CAs) at the three time points (i.e., day 7, 15, and 30) were collected 150 

for 16S rRNA amplicon sequencing. Specifically, the bacterial taxa enriched in the heavy fractions of the 151 

either
13

CAsN or 
13

CAsO treatments were considered as the putative AOBs because they may have 152 

incorporated 
13

C from the NaH
13

CO3 for autotrophic As(III) oxidation. The details on the sample collections 153 

are shown in Table S1. 154 

The microbial communities of each fraction are shown in Figure 4. Under anoxic conditions, bacteria 155 

affiliated with Thiobacillus were identified as one of the most abundant bacteria in the 
13

CAsN_heavy 156 

fractions, suggesting that they may have been responsible for nitrate-dependent As(III) oxidation. The relative 157 

abundance of Thiobacillus was found to be the highest in the 
13

CAsN_heavy fractions on day 15 (accounting 158 
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for 56%) and day 30 (69%). In contrast, the relative abundances of Thiobacillus were only 0.4% (day 15) and 159 

1% (day 30) in the corresponding 
13

CAsN_light fractions. Additionally, Serratia and Acidovorax were also 160 

detected in the 
13

CAsN_heavy fractions but with lower relative abundances (less than 0.6%). 161 

Under the oxic conditions, bacteria affiliated with Hydrogenophaga dominated in the 
13

CAsO_heavy fractions, 162 

followed by Serratia, Brucella, and Stenotrophomonas. The relative abundances of Hydrogenophaga 163 

accounted for 9% and 23% in 
13

CAsO_heavy fractions on day 15 and day 30, respectively. The relative 164 

abundances of the other genera only accounted for a small proportion, such as Serratia (1%–3%), Brucella 165 

(0.2%–2%), and Stenotrophomonas (2%–3%). Notably, Serratia were detected in the heavy fractions of both 166 

13
CAsN and 

13
CAsO, suggesting that they may be capable of oxidizing As(III) under two redox conditions. In 167 

addition, the putative AOBs identified by the DNA-SIP, Thiobacillus and Hydrogenophaga, were also 168 

identified as the keystone taxa of the bacterial communities in the RN and RO bioreactors, respectively 169 

(Figure 5). Although their percentages in the bioreactors were relatively low (Thiobacillus in RN: <1%, 170 

Hydrogenophaga in RO: 3%–9%, Figure 2), high connection degrees between these two AOBs and other 171 

bacteria were observed in the co-occurrence networks, suggesting that they may have played critical 172 

ecological roles in both the anoxic and oxic bioreactors. 173 

Metagenomic binning of the AOBs 174 

Four metagenomes from representative heavy and light fractions of either 
13

CAsN or 
13

CAsO were assembled 175 

by metagenomic binning. Metagenomic binning reconstructed 71 high-quality metagenome-assembled 176 

genomes (MAGs) with > 60% completeness and < 10% contamination from the four metagenomes. The 177 

coverage, completeness, contamination, abundance, and taxonomy of the qualified MAGs were evaluated 178 

(Table S2, Figures S6 and S7). Among the recovered MAGs, three MAGs associated with putative AOBs, 179 

including Thiobacillus sp. (bin.9), Hydrogenophaga sp. (bin.59), and Serratia sp. (bin.30), were obtained and 180 
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selected for further investigation. 181 

Metabolic potentials of the AOBs 182 

The functional genes of the MAGs associated with the three AOBs were annotated (Figure 6). The key genes 183 

involved in the As(III) oxidation, (i.e., aioA and aioB), were detected, suggesting their capability to oxidize 184 

As(III). In addition, genes encoding for As resistance (ACR3 and arsBC) and methylation (arsM) were also 185 

observed in these MAGs. In contrast, the As(V) respiratory reductase gene (arrA) was not detected. 186 

Because anoxic As(III) oxidation was coupled with nitrate reduction in this study, the genes responsible for 187 

denitrification, including nitrate (NO3
-
) reduction (nasAB, narGHIJ, and napAB), nitrite (NO2

-
) reduction 188 

(nirAB, nirK, and nirS), nitric-oxide (NO) reduction (norB and norC), and nitrous-oxide (N2O) reduction 189 

(nosZ), were searched for in the MAGs. The MAGs associated with the two anaerobic AOBs (i.e., 190 

Thiobacillus-associated bin.9 and Serratia-associated bin.30) had all of the necessary genes for denitrification, 191 

such as napAB, narG, nirK, norB, and nosZ. In addition, all three AOB-associated MAGs contained genes 192 

encoding for six major carbon fixation pathways, suggesting their capacity for chemoautotrophic growth. 193 

In addition, a set of genes encoding for secondary metabolites biosynthesis and extracellular polymeric 194 

substance (EPS) biosynthesis, regulation, and secretion were investigated in the three AOB-associated MAGs 195 

(Figure 6). Details on the detected genes can be found in Tables S2 and S3. For the secondary metabolite 196 

biosynthesis, genes encoding dihydroanticapsin dehydrogenase (bacC), 1-deoxy-11beta-hydroxypentalenate 197 

dehydrogenase (ptlF), and secoisolariciresinol dehydrogenase (SDH) were ubiquitously identified in the three 198 

AOB-MAGs. Additionally, a number of genes encoding for antibiotic biosynthesis, such as the puromycin 199 

biosynthesis protein (Pur7 and Pur3) and bacilysin biosynthesis (bacF and bacG), were also detected. 200 

Additionally, a high abundance of genes involved in EPS metabolism (e.g., glycosyltransferase (EpsD), 201 
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sensor histidine kinase (KdpD), glycosyltransferase 2 family protein, and UDP-glucose 4-epimerase) and 202 

polysaccharide biosynthesis (polysaccharide biosynthesis proteins (PslH, PslF, and PelF)) were detected in 203 

three AOB-associated MAGs. 204 

Discussion 205 

Biological As(III) oxidation under different redox conditions 206 

Biological As(III) oxidation driven by AOBs has important environmental implications for treating 207 

As-contaminated water. Microbially mediated As(III) oxidation has been extensively studied in natural 208 

habitats such as paddy soils (13), sediments (24), and lakes (14). This study further investigated the diversity 209 

and metabolic potentials of AOBs inhabiting engineering environments (e.g., activated sludge). Although the 210 

activated sludge was inoculated from municipal wastewater treatment plants with low As concentrations, the 211 

performances of the two bioreactors indicated that As(III) could be readily oxidized under both anoxic and 212 

oxic conditions with the enrichment of AOBs (Figure 1). In addition, by fitting the kinetic models, the oxic 213 

As(III) oxidation had a relatively higher rate than the anoxic As(III) oxidation (Figure S2). 214 

As(III) could be oxidized in the wastewater treatment facilities using different electron acceptors. The 215 

succession of the electron acceptors for As(III) oxidation generally follows the order of oxygen > nitrate > 216 

manganese > iron > sulfate > methanogenesis (25). Dissolved oxygen (DO) may be easily exhausted by 217 

various reduced compounds in the bioreactors. Thus, anoxic As(III) may be another important pathway for 218 

As(III) oxidation. Given the abundant nitrate in wastewater (26) and the high position of nitrate in the redox 219 

tower, microorganisms are likely to use nitrate as electron acceptor to oxidize As(III) in the absence of DO. 220 

In this study, the batch incubation further that confirmed the concomitant consumption of As(III) and the 221 

generation of As(V) were driven by microorganisms using nitrate or oxygen as the terminal electron acceptors 222 

(Figure S5). Taken together, these findings suggested that biological As(III) oxidation coupled with the 223 
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reduction of nitrate or oxygen may have occurred in the As-containing wastewater treatment process. 224 

Putative AOBs and their metabolic potentials 225 

The enrichment of AOBs has successfully promoted the removal of As from many full-scale wastewater 226 

treatment plants (7, 9, 11, 27). In this study, the microbial communities inhabiting the RO and the RN were 227 

characterized using 16S rRNA gene sequencing (Figure 2). A distinct microbial cluster formed during the 228 

course of incubation, suggesting that the redox conditions shaped the microbial communities of the activated 229 

sludge (Figure S4). For instance, Pseudoxanthomonas was enriched as the most abundant genus in the RN 230 

while Comamonas was enriched as the most abundant genus in the RO (Figure 2B). However, the 231 

dominance of specific taxa in the bioreactors may not indicate that they are responsible for As(III) oxidation 232 

(28). For example, He et al. (9) found that Bacillus and Pseudomonas were the As(III) oxidation related 233 

genera, but the percentages of these bacteria in the microbial community were less than 0.1%. Li et al. (11) 234 

isolated a number of AOBs from bioreactors and found that their abundances in the bioreactor were low. 235 

Therefore, DNA-SIP was used here to identify the phylogeny of the putative AOBs (Figures 3 and 4). In our 236 

previous work, this method was successfully applied to identify the nitrate-dependent AOBs in paddy soils, 237 

such as Azoarcus, Rhodanobacter, Pseudomonas, and Burkholderiales-related bacteria (23). However, none 238 

of these AOBs were identified in this study. Instead, bacteria associated with Thiobacillus were identified as 239 

nitrate-dependent AOBs in sludge, while bacteria associated with Hydrogenophaga were identified as aerobic 240 

AOBs. Serratia spp. were identified as AOBs under both redox conditions, suggesting that the inoculum may 241 

also influence the diversity of AOBs. 242 

Thiobacillus spp. have been previously described as anaerobic denitrifying bacteria with the capability to 243 

oxidize Fe(II) (29), FeS (30), and U(IV) oxide minerals (31). Garcia-Dominguez et al. (24) reported that 244 

Thiobacillus spp. were able to oxidize As(III) aerobically. The current study suggested that Thiobacillus is 245 
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able to anaerobically oxidize As(III) using nitrate as the electron acceptor as well. Metagenomic binning 246 

further indicated that a set of key genes involved in As(III) oxidation and denitrification were identified in the 247 

Thiobacillus-associated bin.9, suggesting their ability to couple As(III) oxidation with nitrate reduction 248 

(Figure 6A). In addition to As(III) oxidation, genes associated with As resistance were detected in 249 

Thiobacillus-associated bin.9, which could enable these bacteria to survive under a high concentration of As 250 

(32). Moreover, genes encoding six carbon fixation pathways also were identified, suggesting their capability 251 

for chemoautotrophic growth. 252 

Under oxic conditions, bacteria associated with Hydrogenophaga were identified as putative AOBs. 253 

Hydrogenophaga spp. have been reported to have versatile abilities to oxidize As(III). For example, 254 

Hydrogenophaga sp. NT-14 was found to heterotrophically oxidize As(III) (33). Hydrogenophaga sp. CL-3 255 

was able to oxidize As(III) under oxic conditions autotrophically (24). Hydrogenophaga sp. H7 can 256 

simultaneously oxidize As(III) and degrade aromatic compounds, which is helpful to co-remediate metals and 257 

aromatic compounds (34). In addition, members of Hydrogenophaga are well known for their capacity for 258 

autotrophic growth using CO or hydrogen as electron donors (35). Indeed, the presence of genes encoding 259 

As(III) oxidation and carbon fixation further confirmed their roles in autotrophic As(III) oxidation (Figure 260 

6B). In addition, Serratia spp. were identified as AOBs under both anoxic and oxic conditions. Serratia spp. 261 

have been previously identified as putative As(III)-resistant bacteria (36, 37), but have not been reported as 262 

AOBs. In this study, a number of genes encoding As resistance, As(III) oxidation, denitrification, and carbon 263 

fixation were identified in the Serratia-associated bin.30, suggesting their metabolic versatility to 264 

autotrophically oxidize As(III) under different redox potentials (Figure 6C). 265 

Ecological roles of AOBs in the bacterial community 266 

Given the complexity of the microbial communities residing in activated sludge, it is of great interest to 267 
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investigate the interactions of these AOBs with other microorganisms inhabiting the sludge. Notably, 268 

Hydrogenophaga and Thiobacillus were identified as “keystone taxa” within the microbial community due to 269 

their high connections with other taxa inhabiting the bioreactors (Figure 5) (38). These keystone taxa are 270 

critical in structuring the microbial interactions and functions by mediating the microbial community 271 

composition in response to both environmental and biological factors (38, 39). It has been reported that 272 

keystone taxa may use secondary metabolites to regulate other microorganisms in the community (40). 273 

Secondary metabolites are small organic molecules produced by an organism that are not necessary for their 274 

growth and reproduction, but are responsible for multiple functions in interactions with other organisms in the 275 

microbial communities (41). Thus, secondary metabolite production has been suggested to regulate 276 

community dynamics (40, 42). Indeed, a number of genes associated with secondary metabolite biosynthesis 277 

were observed in these keystone taxa (Figure 6). In particular, the detection of genes encoding the 278 

biosynthesis of antibiotics here might be important for the successful competition and niche establishment of 279 

these AOBs by outcompeting other microorganisms in the bioreactors (Table S3). Members of Thiobacillus, 280 

Hydrogenophaga, and Serratia have consistently been reported to encode or produce diverse secondary 281 

metabolites (43-46). Therefore, further investigation of the metabolic traits of the secondary metabolites 282 

synthesized by these “keystone taxa” AOBs could benefit the biological process of As(III) oxidation in 283 

wastewater treatment facilities. 284 

In addition, a variety of genes encoding key proteins for EPS biosynthesis, regulation, and secretion were 285 

detected in these three putative AOBs (Figure 6 and Table S4). EPS is a complex high-molecular-weight 286 

mixture of polymers in activated sludge that has a significant influence on the formation of microbial 287 

aggregates by providing protective shields (47). The formation of microbial aggregates is an adaptation that 288 

enhances the metabolism, survival, and propagation of the microorganisms (48). Likewise, Li et al. (11) 289 

enriched the microbial aggregates in biofilm reactors and achieved a higher As(III) oxidation capability and 290 
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operation stability as compared to those that only used single AOB strains. It is thought that many groups of 291 

bacteria coordinate their activities in spatial proximity, which promotes resilience as well as the efficiency of 292 

the community. Therefore, the EPS synthesized by AOBs has been suggested to enhance the stability of 293 

As(III)-oxidizing communities in activated sludge, which promotes biological As(III) oxidation. 294 

In summary, As(III) could be consistently oxidized to As(V) by microorganisms in activated sludge under 295 

oxic or anoxic conditions. The biological As(III) oxidation was mediated by AOBs using oxygen or nitrate as 296 

the electron acceptors, suggesting the potentials of this process in wastewater treatment facilities. 297 

Metagenomic binning reconstructed several high-quality MAGs associated with the putative AOBs, such as 298 

Thiobacillus, Hydrogenophaga, and Serratia. The presence of key genes associated with As(III) oxidation, As 299 

resistance, denitrification, and carbon fixation in these MAGs suggested their capability for chemoautotrophic 300 

As(III) oxidation. In addition, many genes involved in secondary metabolite biosynthesis and EPS metabolism 301 

were identified in these MAGs, which may facilitate the proliferation of the AOBs and enhance the As(III) 302 

oxidation process. This information provides an understanding of chemoautotrophic AOBs, which may 303 

contribute to the removal of As from contaminated water. 304 

Materials and methods 305 

Sample collection 306 

Fresh sludge was collected from a local wastewater treatment plant (WWTP), which was operated under a 307 

conventional activated sludge process. The WWTP received domestic sewage was not contaminated by As. 308 

The concentrations of As in the influent and effluent were less than 0.2 mg L
-1

). The sludge samples were 309 

transported to the lab immediately and stored at 4°C for further incubation or analysis. 310 
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Operation of the As(III)-oxidizing bioreactors 311 

Two groups of bioreactors were operated in triplicate to treat the As-containing synthetic wastewater 312 

(represented by As(III) solution) under anoxic or oxic conditions (1.5 L working volume; Figure S1, Design 313 

1). One group of reactors was purged with N2 and sealed to create anoxic condition (DO < 0.5 mg L
-1

, denoted 314 

as “RN”). Another group of reactors was purged with compressed air to create oxic condition (DO > 2 mg L
-1

, 315 

“RO”). All of the reactors were seeded with a 100 mL volume of sludge as the inoculum. The RN was fed with 316 

synthetic wastewater primarily consisting of 1 mM As(III) and 3 mM nitrate. In comparison, the RO was only 317 

fed with 1 mM As(III)-containing synthetic wastewater. All of the reactors were mixed using a magnetic 318 

stirrer and equipped with probes to monitor the DO, pH (controlled at 7.0 ± 0.2), and temperature (controlled 319 

at 25 ± 1°C). The effluent of each reactor was collected twice a week to measure the concentrations of As(III) 320 

and As(V). Once the As(III) was completely oxidized, the reactors were settled and the supernatant was 321 

replaced by fresh As(III)-containing synthetic wastewater (denoted as “one cycle”). A total of five cycles 322 

(over 40 days) were conducted. In addition, a kinetic model was calculated to evaluate the oxidation rates 323 

based on the pseudo-first-order kinetic model and pseudo-second-order kinetic model. Details of the formula 324 

can be found in the supporting information. 325 

DNA extraction from the bioreactors and quantitative PCR 326 

The sludge samples (ca. 2 mL) were collected in triplicate from the RO and RN at the end of running cycle 1 327 

(day 15), cycle 3 (day 28), and cycle 5 (day 42). Genomic DNA was immediately extracted from the sludge 328 

samples using the FastDNA spin kit (MP Biomedicals, USA) (49). The qualified DNA was sent for 16S rRNA 329 

genes sequencing (Illumina MiSeq PE250) to characterize the microbial community composition in the 330 

bioreactors (50). The copy number of As(III) oxidation gene (aioA) in the bioreactors were measured using 331 

qPCR with the primers aoxBM1-2F/aoxBM2-1R (51). Details of the qPCR mix cocktail can be found in the 332 

supporting information. 333 
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Batch tests of the As(III) oxidation 334 

The AOB communities in the sludge were expected to be enriched after the long-term operation of the 335 

bioreactors, which could be used as acclimated inoculum in batch tests. Two sets of batch tests were 336 

established to characterize the biological As(III) oxidation under the control conditions: one was for the 337 

As(III)-oxidizing incubation and the other was for the DNA-SIP incubation. 338 

As(III)-oxidizing incubation (Figure S1, Design 2): Two types of As(III)-oxidizing incubations were set up to 339 

investigate the As(III) oxidation under oxic or anoxic (nitrate-reducing) conditions. The anoxic batch 340 

incubations were seeded with acclimatized activated sludge (collected from the RN), NaHCO3 (as a carbon 341 

source), and autoclaved mineral salt medium (MSM) in 100-mL serum bottles (52). The batch bottles were 342 

purged with N2 to exclude oxygen. A total of three anoxic treatments were set up by adding (A) 1 mM As(III) 343 

and 3 mM nitrate, and (B) 1 mM As(III) only. Autoclaved controls (C) were also established using sterilized 344 

sludge and 1 mM As(III) and 3 mM nitrate additions. 345 

For the oxic batch incubation, acclimatized activated sludge (collected from the RO) was mixed with NaHCO3 346 

and MSM in serum bottles as mentioned above. Three oxic treatments were established by adding (A) 1 mM 347 

As(III) and constantly purging with compressed air, or (B) 1 mM As(III) only without oxygen. Autoclaved 348 

controls (C) were also prepared. For each treatment, triplicate bottles were destructively sampled after 0−7 349 

days of incubation. The supernatant was collected for analyses of As(III), As(V), nitrate, and nitrite. Details of 350 

the batch incubation and analytical methods can be found in the supporting information. 351 

DNA-SIP incubation (Figure S1, Design 3): Batch incubations for DNA-SIP (DNA-SIP incubation) were set 352 

up under oxic and anoxic conditions to identify putative AOBs. The DNA-SIP incubations were prepared by 353 

mixing 4 mL of the acclimatized activated sludge, 1 mM As(III), and 46 mL of autoclaved MSM under anoxic 354 
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or oxic conditions. Because aerobic- or nitrate-dependent AOBs utilize HCO3
-
 as their carbon source, the 355 

assimilation of 
13

C-labeled NaH
13

CO3 was used to discern the putative AOBs. Two treatments with different 356 

terminal electron acceptors were amended by either 8 mM 
13

C-labeled NaH
13

CO3 (denoted as “
13

CAsN” for 357 

nitrate-dependent or “
13

CAsO” for oxic), or 8 mM unlabeled NaH
12

CO3 (denoted as “
12

CAsN” for 358 

nitrate-dependent or “
12

CAsO” for oxic). As a comparison, treatments without terminal electron acceptors 359 

were amended by 8 mM 
13

C-labeled NaH
13

CO3 (denoted as “
13

CAs”). All of the batch bottles were incubated 360 

in the dark and were destructively sampled at days 7, 15, and 30. 361 

DNA extraction from the DNA-SIP gradient fractionation 362 

Genomic DNA was extracted from the DNA-SIP batch incubations from the different treatments (i.e., 363 

13
CAsN/

13
CAsO, 

12
CAsN/

12
CAsO, and 

13
CAs) at three time points (days 7, 15, and 30). The labelled 364 

13
C-DNA and unlabeled 

12
C-DNA were separated into “heavy” fractions and “light” fractions using CsCl 365 

gradient ultracentrifugation. Details of the ultracentrifugation can be found in the supporting information. 366 

Quantitative PCR and high-throughput sequencing of the DNA-SIP gradient fractionation 367 

The relative abundances of 16S rRNA gene copies in each fraction were measured using qPCR. The gene 368 

copies were quantified using the primers 338F/518R (53). Details of the qPCR mix cocktail can be found in 369 

the supporting information. DNA samples from the representative gradient fractions (e.g., heavy or light 370 

fractions) in each treatment were selected for 16S rRNA amplicon sequencing (V4 region with the primer set 371 

515F/806R) to characterize the microbial communities. In addition, DNA samples from the representative 372 

gradient fractions (e.g., heavy or light fractions) in the either 
13

CAsN or 
13

CAsO cultures were sent for shotgun 373 

metagenomic sequencing (Illumina Hiseq 4000) (54). Detailed information about the selected fractions for 374 

amplicon and shotgun metagenomic sequencing can be found in Table S1. 375 
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Bioinformatic analysis 376 

Raw amplicon sequencing data (19 samples from bioreactors and 75 samples from the DNA-SIP incubations) 377 

were merged, trimmed, and filtered using USEARCH. The non-redundant sequence was denoised to obtain 378 

the unique amplicon sequence variants (ASV) for the classification of taxonomy. Details of the analysis can be 379 

found in the supporting information. 380 

For the shotgun metagenomic sequencing data, a total of four metagenomes with 140 Gb raw reads were 381 

initially checked using Trimmomatic for quality control with options “SLIDINGWINDOW:4:20 382 

MINLEN:70” (49, 55, 56). The trimmed reads were then evaluated using the FastQC toolkit. The clean data 383 

were de novo assembled using MEGAHIT (k-mer: 21−121, at the step of 10) (57). Metagenomic binning of 384 

the assembled contigs was conducted by MetaWRAP using MetaBAT2, MaxBin2, and CONCOT software 385 

(58). The recovered MAGs were refined and reassembled to improve their quality. CheckM was used to retain 386 

the qualified MAGs with a completion of > 60% and contamination of < 10% (59, 60). The taxonomy of the 387 

MAGs was annotated using the Genome Taxonomy Database (GTDB) (61). The functional genes of the 388 

MAGs were annotated using the KofamKOALA with default parameters (62). 389 

Statistical methods 390 

Co-occurrence networks were constructed to explore the microbial correlations within the microbial 391 

communities (63). The co-occurrence networks were generated using the Spearman’s correlations with |R| > 392 

0.6 and P < 0.05 in R (“ggcorrplot”) (53). The calculated node-edge pairs were then used to construct the 393 

different networks in Gephi v. 0.92 software (64). The node size was proportional to the number of 394 

connections (65). Data visualization was performed using GraphPad Prism v. 8.  395 
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Figure legends 396 

Figure 1. Bioreactor performances under anoxic (RN) or oxic (RO) conditions: (A) concentrations of As(III) 397 

and (B) concentrations of As(V). Triplicated bioreactors of each condition were operated for five cycles by 398 

feeding with the As(III) synthetic wastewater. The triangles represent the sampling times for the microbial 399 

community analysis. 400 

Figure 2. Microbial communities in the anoxic bioreactors (RN) and oxic bioreactors (RO) for As(III) 401 

oxidation: (A) the major phyla (top 5) and (B) the major genera (top 20). Sludge samples were collected in 402 

triplicate from the raw inoculum sludge (0 day) and at the end of operation cycle 1 (15 days), cycle 3 (28 403 

days), and cycle 5 (42 days). 404 

Figure 3. 16S rRNA quantification by the quantitative PCR (qPCR) indicated that the As(III)-oxidizing 405 

bacteria (AOBs) were labeled in the (A) anoxic and (B) oxic DNA-SIP incubations. The distribution of the 406 

16S rRNA genes were normalized to the highest 16S rRNA gene copies. The legends “
13

CAsN” or “
13

CAsO” 407 

represent the treatments amended with the NaH
13

CO3 and terminal electron acceptors (nitrate for 
13

CAsN or 408 

oxygen for
13

CAsO). As a comparison, “
12

CAsN” or “
12

CAsO” represent the treatments amended with the 409 

NaH
12

CO3 and terminal electron acceptors (nitrate for 
12

CAsN or oxygen for 
12

CAsO). “
13

CAs” represent the 410 

treatment amended with NaH
13

CO3 without any electron acceptors. 411 

Figure 4. Relative abundances of the bacterial communities (genus level) in the heavy and light fractions 412 

from either (A) anoxic or (B) oxic DNA-SIP incubations, including three treatments (i.e., 
13

CAsN/
13

CAsO, 413 

12
CAsN/

12
CAsO, and 

13
CAs) at three time points (i.e., days 7, 15, and 30). The 

13
C-labeled bacteria 414 

represent the putative As(III)-oxidizing bacteria in the 
13

CAsN_heavy and 
13

CAsO_heavy fractions, which 415 

are highlighted with red bubbles. 416 
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Figure 5. The co-occurrence networks of the bacteria communities in the (A) anoxic bioreactors (RN) and 417 

(B) oxic bioreactors (RO). The 
13

C-labeled As(III)-oxidizing bacteria by DNA-SIP are highlighted with red 418 

and navy nodes in the two networks, respectively. The size of the node denotes the connection degree. 419 

Figure 6. Genes encoding As cycling (blue), denitrification (green), carbon fixation (purple), extracellular 420 

polymeric substance (EPS) metabolisms (red), and secondary metabolites (SMs) biosynthesis (yellow) in the 421 

three metagenome-assembled genomes (MAGs) associated with the putative As(III)-oxidizing bacteria: (A) 422 

Thiobacillus sp. (bin.9), (B) Hydrogenophaga sp. (bin.59), and (C) Serratia sp. (bin.30). The height of the 423 

bar indicates the gene abundance. 424 
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