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Abstract 23 

The sulfate-reducing efficiency of sulfate-reducing bacteria (SRB) is strongly influenced 24 

by the presence of oxygen, but little is known about the oxygen tolerance mechanism of SRB 25 

and the effect of oxygen on the metalliferous immobilization by SRB. The performance 26 

evaluation, identification of bioprecipitates, and microbial and metabolic process analyses 27 

were used here to investigate the As3+ immobilization mechanisms and survival strategies of 28 

the SRB1 consortium under different oxygen-containing environments. Results indicated that 29 

the sulfate reduction efficiency was significantly decreased under aerobic (47.37%) compared 30 

with anaerobic conditions (66.72%). SEM analysis showed that under anaerobic and aerobic 31 

conditions, the morphologies of mineral particles were different, whereas XRD and XPS 32 

analyses showed that the most of As3+ bioprecipitates under both conditions were arsenic 33 

minerals such as AsS and As4S4. The abundances of Clostridium_sensu_stricto_1, 34 

Desulfovibrio, and Thiomonas anaerobic bacteria were significantly higher under anaerobic 35 

than aerobic conditions, whereas the aerobic Pseudomonas showed an opposite trend. 36 

Network analysis revealed that Desulfovibrio was positively correlated with Pseudomonas. 37 

Metabolic process analysis confirmed that under aerobic conditions the SRB1 consortium 38 

generated additional extracellular polymeric substances (rich in functionalities such as Fe-O, 39 

S=O, C=O, and -OH) and the anti-oxidative enzyme superoxide dismutase to resist As3+ 40 

stress and oxygen toxicity. New insights are provided here into the oxygen tolerance and 41 

detoxification mechanism of SRB and provide a basis for the future remediation of heavy 42 

metal(loid)-contaminated environments.  43 

Keywords: Sulfate-reducing bacteria, Response strategies, As3+, Anaerobic, Aerobic 44 
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1. Introduction 45 

Heavy metal(loid) pollution of soil and industrial wastewater (including acid mine 46 

drainage) is a global environmental concern with the presence of more than 10 million 47 

polluted sites worldwide (Fei et al., 2019; Xiao et al., 2019; Xu et al., 2021b). It is well 48 

known that the cumulative effects of industrialization and anthropogenic activities have led to 49 

severe pollution by heavy metal(loid)s (HMs) (Chun et al., 2021) caused by the construction 50 

of mines, metal smelters, coal-fired power stations, and manufacturing factories (Yun et al., 51 

2018; Zhang et al., 2021; Li et al., 2022a; Li et al., 2022b). Superfluous HMs entering into 52 

the environment can severely diminish soil and water quality and productivity, thereby 53 

disturbing the balance of the surrounding ecosystem, and decreasing the stability of the 54 

microbial community (Chun et al., 2021; Ran et al., 2021; Zhang et al., 2021). The release of 55 

HMs into the environment can also pose a serious health threat to humans and sensitive 56 

species of the food web (Ran et al., 2021; Li et al., 2015; Liu et al., 2017). Therefore, it is 57 

important to adopt appropriate remediation strategies for HM pollution. 58 

Microbial strategies offer a viable and eco-friendly alternative to the stabilization of 59 

HMs using organisms such as fungi, bacteria, and plants (Sun et al., 2017; Chun et al., 2021). 60 

Biological treatment based on sulfate-reducing bacteria (SRB) is an increasingly attractive 61 

remediation strategy due to its cost-effectiveness, and ability to remove and immobilize HMs 62 

(Liu et al., 2018; Bao et al., 2020; Dev et al., 2021; Si et al., 2023). SRB is generally regarded 63 

as strict anaerobic bacteria that are widely distributed in seawater, marine sediments, hot 64 

springs, and geothermal fields, as well as in oil and gas wells (Cypionka et al., 1985; 65 

Ravenschlag et al., 2000; de Matos et al., 2018) and acid mine drainage (Giloteaux et al., 66 
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2013), where they play an important role in the global S-cycle (Zhou and Xing, 2021; Si et al., 67 

2023). SRB can use sulfate (SO4
2−) as the terminal electron acceptor to generate sulfide (S2–), 68 

which reacts with free HM ions to form insoluble metal sulfide precipitates (Liu et al., 2018; 69 

Lv et al., 2022). The role of the biomineralization process has been studied in recent years 70 

(Gu et al., 2021; Zampieri et al., 2021; Yan et al., 2023). For example, Desulfovibrio 71 

desulfuricans can remove Zn as zinc sulfide (ZnS) in the presence of SO4
2− from acid mine 72 

drainage (Hwang and Jho, 2018). Whereas an enriched SRB consortium achieved the 73 

simultaneous removal of multiple metals, including Cr, Cu, Ni, and Zn (Kieu et al., 2011). 74 

SRB can also enhance the passivation performance of biochar for immobilizing HMs (Si et 75 

al., 2023). During the application of SRB for HMs remediation, the availability of an 76 

anaerobic environment is not often assured, and SRB will face exposure to an oxygenated 77 

environment as it transits down the soil column. From the initial aerobic layer, and the SRB 78 

gradually penetrates down to the anoxic layer interface and finally reaches the anaerobic 79 

layer interface at a certain depth. Therefore, for practical purposes, the survival of SRB in 80 

oxygen-containing environments must be elaborated. To the best of our knowledge, most 81 

peer-reviewed SRB studies have been conducted in anaerobic environments. The 82 

immobilization of HMs by SRB under aerobic conditions has rarely been reported. Therefore, 83 

this knowledge gap regarding the effect of oxygen on the metalliferous immobilization by 84 

SRB should be investigated. 85 

The fermentation efficiency of an anaerobic system could be facilitated by a small 86 

amount of oxygen (Nguyen et al., 2019), which enhances the diversity and activity of 87 

facultative bacteria to maintain the activity of oxygen-sensitive anaerobic bacteria. The 88 
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presence of oxygen may create a niche for specific bacteria in an anaerobic consortium to 89 

facilitate biological metabolic processes, such as the methanogen and organohalide-respiring 90 

bacteria (Chen et al., 2023). Furthermore, the oxygen tolerance of anaerobic bacteria could be 91 

due to the consumption of oxygen by co-existing aerobic bacteria or that aerobic bacteria 92 

protect anaerobic bacteria from oxygen exposure (Dalsgaard et al., 2014; Oshiki et al., 2016; 93 

Yue et al., 2018; Okabe et al., 2023). These studies indicate that anaerobic bacteria can 94 

survive under aerobic conditions and possess oxygen tolerance, thereby providing support for 95 

the aerobic survival of SRB (Fourçans et al., 2007). However, relatively little is known about 96 

the survival strategies of SRB in oxygen-containing environments. 97 

The sulfate-reducing consortium, SRB1, which was obtained in a previous study (Li et 98 

al., 2022b), can still immobilize As3+ and retain sulfate-reducing function in the tailings 99 

remediation process (under aerobic conditions), and suggests that SRB1 can tolerate a certain 100 

concentration of oxygen. Therefore, the objectives of the present study are (1) to compare the 101 

differences in the immobilization mechanism of As3+ by an SRB1 consortium under 102 

anaerobic and aerobic conditions and (2) to reveal the survival strategies of SRB in the SRB1 103 

consortium under oxygen-containing conditions from a molecular perspective.  104 

2. Materials and methods 105 

2.1 Chemicals, reagents, and culture media 106 

Analytical grade sodium arsenite (NaAsO2, CAS 7784-46-5) was purchased from 107 

Beijing Inokay Technology (China). The standard reference material GSB 04-1767-2004 108 

(obtained from the National Center of Analysis and Testing for Nonferrous Metals and 109 
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Electronic Materials, China) confirmed the analytical quality of arsenic determinations. 110 

Information on medium A is detailed in Supplementary Text S1. All other chemicals used in 111 

this study were obtained from commercial sources and were at least of analytical grade 112 

purity. 113 

2.2 Biosystem setup and operational conditions 114 

The SRB1 microbial consortium was obtained from Huilong nonferrous metal smelter 115 

soil, which was heavily contaminated with arsenic (Li et al., 2022b). The SRB1 microbial 116 

consortium was cultured in medium A. Batch experiments were performed by adding 117 

NaAsO2 stock solution (2000 mg/L) to medium A to achieve an initial concentration of 50 mg 118 

As3+ /L. This concentration was selected because the SRB1 consortium can function well at 119 

50 mg As3+ /L (Li et al., 2022b).  120 

All batch experiments were performed using 250 mL serum bottles filled with 121 

approximately 200 mL medium A and sterilized by autoclaving at 121℃ for 25 min and 122 

protected against light by aluminum foil to minimize photo-oxidation of As3+. The 123 

experimental group (nine serum bottles) was inoculated with SRB1 microbial consortium and 124 

was treated under anaerobic, anoxic, and aerobic conditions, whereas the abiotic controls 125 

(nine serum bottles) received the same treatments but did not contain added inoculum. The 126 

anaerobic experiments were degassed using bubbled pure N2 for 10 min and sealed with 127 

rubber plugs. The anoxic experiments were sealed using an airtight cap, and the aerobic 128 

experiments were sealed with an air-porous membrane. The initial dissolved oxygen (DO) 129 

concentrations under three conditions were measured by a DO meter (PreSens Fibox 4 trace, 130 

Germany). Sample aliquots were taken daily, and the biomass and solid samples were taken 131 
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and harvested by centrifugation at 8000 rpm for 10 min at specific time points (0, 2, 5, and 7 132 

d) under anaerobic, anoxic, and aerobic conditions for the microbial and mineralogical 133 

analyses. All treatments were performed in triplicate and incubated at 30℃ for 7 d. 134 

2.3 Immobilization of As3+ studies 135 

2.3.1 Aqueous speciation analysis 136 

The microbial culture sample was centrifuged and then the supernatant was passed 137 

through a 0.22-µm filter to facilitate subsequent analysis. The pH, ORP, biomass of bacterial 138 

culture (OD600), and the concentrations of total As, SO4
2−, and S2− were determined in the 139 

samples (details in Supplementary Text S2).  140 

2.3.2 Solid phase analysis 141 

The samples collected under the studied conditions during specific periods were 142 

centrifuged before being washed with ultrapure water and freeze-dried for 24 h. These 143 

samples were sent to Beijing Weizhen Technology (China) for further analysis. Detailed 144 

information is provided in Supplementary Text S2.  145 

2.4 Microbial analysis 146 

The analyses of microbial communities of the collected SRB1 consortium exposed to 50 147 

mg As3+/L were carried out at 0, 2, 5, and 7 d under anaerobic, anoxic, and aerobic culture 148 

conditions. The details of total genomic DNA extraction are described in Supplementary Text 149 

S3. The raw sequence data of the bacterial community obtained in this study was submitted to 150 

the NCBI database (Accession No. PRJNA983256). The microbial extracellular polymeric 151 

substances (EPS) consisting of extracellular protein (PN), polysaccharide (PS), and 152 
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humic-like substances (HS) were also determined and quantified at 2, 5, and 7 d under the 153 

studied incubation conditions. Moreover, it is generally accepted that reactive oxygen species 154 

(ROS) can be produced after molecular oxygen enters the cells. Being potent oxidants ROS 155 

can damage DNA and proteins (Morris, 1975; Okabe et al., 2023). Microorganisms can 156 

secrete anti-oxidative enzymes to detoxify ROS and adapt to excess oxygen (Jenney et al., 157 

1999). Catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD) activities were 158 

determined at day 7, according to Okabe et al (2023), as described in Supplementary Text S4.  159 

2.5 Statistical analysis 160 

The relative abundance, heatmap, and co-occurrence patterns were plotted using 161 

commercial software (as described in Supplementary Text S5). Spearman’s correlation 162 

coefficient analysis (R > |0.7| and P < 0.05) was calculated to confirm the biological 163 

interactions. Statistically significant differences between different groups at P < 0.05 were 164 

carried out by the one-way analysis of variance (ANOVA) using SPSS software (ver.18.0). 165 

Data was expressed as mean ± SD (standard deviation) (n = 3).  166 

3. Results and discussion 167 

3.1 Performance of SRB1 consortium on As3+ immobilization 168 

Using an initial As3+ concentration of 50 mg/L, the performance of the SRB1 consortium 169 

was determined under anaerobic, anoxic, and aerobic conditions. There were significant 170 

differences in DO under anaerobic, anoxic and aerobic conditions, which reached 3.05±0.14 171 

mg/L, 5.62 ± 0.21 mg/L and 6.35 ± 0.12 mg/L, respectively (P < 0.05, Fig. S1). The pH of 172 

the SRB1 consortium decreased initially on day 1 (from pH 5.58-5.68 to pH 5.44-5.49) under 173 
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the three conditions, and then increased from day 2 to day 7 (Fig. 1A). There was no 174 

difference in pH between anaerobic and anoxic conditions (P > 0.05), and the pH increased 175 

slightly from pH 5.58-5.68 to ~ pH 6.0 on day 7. It was noteworthy that the pH increased by 176 

35.71% from the initial pH 5.6 ± 0.1 to pH 7.6 ± 0.1 on day 7 (P < 0.05) under the aerobic 177 

conditions, which was higher than those under anaerobic or anoxic conditions. This increase 178 

in pH was likely attributed to HCO3
– (in the system) that consumes H+ to increase the pH 179 

(Liu et al., 2018). In contrast, the pH of the control group remained stable at approximately 180 

pH 4.5.  181 

There were significant differences among the ORP variation of the SRB1 consortium (P 182 

< 0.05) under the three conditions (Fig.1A). The initial ORP was maintained below zero, 183 

likely due to the initial addition of the inoculated microbial consortium. The ORP varied 184 

similarly under the anaerobic and anoxic conditions (P > 0.05), decreasing slowly from day 1 185 

(-20 ± 14.7 mV) to day 7 (-8 ± 10.7 mV). Under aerobic conditions, the ORP decreased 186 

sharply from day 1 to day 2, and subsequently remained stable, from an initial value of -38 ± 187 

10 mV and reached about -127 ± 8.7 mV on day 7. The pH and ORP are important 188 

environmental factors for the function of microorganisms (Jin and Kirk, 2018). The present 189 

results indicate that the pH and ORP under aerobic conditions were different compared to 190 

those under anaerobic and anoxic conditions and suggest that aerobic conditions provide a 191 

favorable habitat for SRB1. 192 

The density of plankton biomass (at OD600) under the different culture conditions is 193 

shown in Fig. 1B. Under anaerobic conditions, the plankton biomass gradually increased and 194 

reached 2.4 ± 0.1 on day 7. Under anoxic conditions, the plankton biomass increased slowly 195 
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from day 0 to day 4, entered a plateau period, and then began to decline after day 5, reaching 196 

an OD600 of 1.4 ± 0.1 on day 7. Under aerobic conditions, the plankton biomass increased 197 

sharply from the initial OD600 of 0.8 ± 0.1 to 3.2 ± 0.1 during 7 d of operation, which was 198 

higher than that under anaerobic and anoxic conditions (P < 0.05), indicating that aerobic 199 

conditions were more conducive to the growth of SRB1 microorganisms. 200 

The decrease in the total As concentration in the aqueous phase was noticeable during 201 

the first three days of the study (Fig. 1B). Under anaerobic conditions, the total As 202 

concentration (mg/L) continued to decrease after day 3, from the initial value of 54.7 ± 1.1 to 203 

6.5 ± 1.6 on day 7. Under anoxic conditions, the total As concentration decreased during the 4 204 

d of incubation, from the initial 54.6 ± 1.2 to 9.1 ± 0.6 on day 4 and then increased to 10.1 ± 205 

0.9 on day 7. Interestingly, the total As concentration gradually increased under aerobic 206 

conditions from 11.1 ± 0.6 on day 3 to 21.1 ± 1.9 on day 7, which was higher than that under 207 

anaerobic (6.5 ± 1.6) or anoxic conditions (10.1 ± 0.9) on day 7. This difference was probably 208 

related to the oxidation of As-containing minerals in the aerobic water environment 209 

suggesting that aerobic and anoxic conditions do not favor As3+ immobilization by SRB. 210 

To investigate the performance of the SRB1 consortium on sulfate reduction under 211 

anaerobic, anoxic, and aerobic conditions, the dynamic changes of SO4
2– and S2– 212 

concentrations were determined. The concentration of SO4
2– (mg/L) decreased from the 213 

initial 691.2 ± 4.3 and 722.3 ± 2.0 to 230.0 ± 10.1 and 406.5 ± 6.9 during the 7 d of operation 214 

(P < 0.05), under anaerobic and aerobic conditions, respectively (Fig. 1C). However, the 215 

SO4
2− concentration decreased narrowly under anoxic conditions, and the SO4

2– reduction 216 

efficiency was only 10.3% during operation. On the other hand, the production of S2– under 217 
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anoxic conditions was much lower than that observed under either anaerobic or aerobic 218 

conditions (Fig. 1C), which coincided with the dynamic changes of SO4
2−. The dynamic 219 

changes of biomass and total As concentration, along with the reduction of SO4
2− and the 220 

production of S2–imply that the behavior of the SRB consortium under aerobic conditions 221 

differs compared to under anaerobic conditions. This observation suggests that the growth of 222 

SRB1 microorganisms is favored under aerobic conditions which is in contrast to the 223 

immobilization of As3+ and the reduction of SO4
2− that are favored under anaerobic 224 

conditions.  225 

3.2 Identification of bioprecipitates under varied conditions 226 

The SEM, XRD, and XPS analyses were used to investigate the transformation process 227 

of SRB1 consortium solid phase morphology for different durations under the three studied 228 

conditions. In SEM images (Fig. 2), the morphology of mineral particles was similar on day 2, 229 

exhibiting multiple columnar clusters irrespective of the incubation condition. However, after 230 

day 5, these mineral particles displayed an inconsistent appearance between the anaerobic 231 

and aerobic conditions. Under anaerobic conditions, the solids took a smooth blanket-like 232 

structure on day 5, despite the presence of nano-sized particles on the surface; transformation 233 

into tight columnar clusters was seen on day 7. Compared to anaerobic conditions, many 234 

nano-sized surficial particle layers were more dispersed and distributed from days 5 to 7 235 

under aerobic conditions. The morphology of the solid phase under anoxic conditions was 236 

similar to those found in the middle of aerobic and anaerobic exposures, with many 237 

aggregates forming by day 5, and then converted to a porous flake-like cluster on day 7. 238 

The XRD analysis showed that the main components of bioprecipitates were similar 239 
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under anaerobic and aerobic conditions (Fig. 3). During incubation, the indicative diffraction 240 

peaks of AsS and As4S4 were detected, and the sharp peaks appeared at 2θ = 13.231° on day 7, 241 

which indicates the presence of arsenolamprite (As). Uniquely, the ferrisymplesite 242 

(Fe3(AsO4)2
.6H2O) appeared on day 7 under aerobic conditions. Thus, the XRD patterns 243 

suggest that the main formation of bioprecipitates was weakly associated with anaerobic and 244 

aerobic conditions during the short term and that aerobic conditions did not affect the 245 

sulfate-reducing activity of the SRB1 consortium. 246 

Further investigations using XPS analysis were performed to infer the formation and 247 

composition of bioprecipitates, with a focus on determining the chemical species of As, Fe, 248 

and S. The XPS spectrum related to As-3d was mainly divided into three particular peaks (eV) 249 

at 41.28, 42.96, and 44.78, which were assigned to As(-I)-S, As(III)-S, and As(III)-O, 250 

respectively. On day 7, the As-3d was similar under anaerobic and anoxic conditions (Fig. 4), 251 

existing mainly as As(III)-S and As(III)-O. The additional As(-I)-S components were detected 252 

in aerobic conditions only. Such observation suggested that the surficial arsenic-containing 253 

sulfide minerals were oxidized before day 7 (Fig. 1B), consistent with the previous studies 254 

(Feng et al., 2021; Chen et al., 2022). 255 

The S 2p signals in XPS spectra contained mainly five peaks (eV) at approximately 256 

163.08, 164.68, 168.69, and 170.28, corresponding to S2
2–, S0, SO4

2–, and S2O3
2–, respectively. 257 

The S2
2– had a higher content (%) under aerobic conditions (66.23) than under anaerobic 258 

(54.35) and anoxic (24.74) conditions. Correspondingly, the SO4
2– had a lower content under 259 

the aerobic (11.92) than under the anaerobic (33.69) or anoxic (52.63) conditions. These 260 

results suggested that the biological reduction of SO4
2– under anoxic conditions was much 261 
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slower than that under the anaerobic and aerobic conditions, which coincided with the 262 

previous changes of SO4
2– concentration (Fig. 1C). Moreover, many intermediate-valent S 263 

products were detected in the process of SO4
2– reduction, such as S2O3

2–, S0
, and SO3

2– (Fig. 264 

4). 265 

The XPS spectra of Fe 2p were also analyzed and fitted with many peaks (eV), including 266 

Fe2+ signals at 710. 92 and 725.18, Fe0 signals at 719. 28 and 720.68, and different Fe3+ 267 

signals at 712.88, 715.98, 717.08, 726.68, 728.58, and 729.48. Fe2+ is the chemical state of 268 

Fe-oxide and sulfide species, and Fe3+ is the oxidized state (Xu and Fu, 2022). Under aerobic 269 

and anoxic conditions, the integrated peak area of Fe3+ was higher than that under anaerobic 270 

conditions, indicating that the iron oxidation was more intense under aerobic and anoxic 271 

conditions. Therefore, although there are differences in the changes of As, Fe, and S species 272 

under anaerobic and aerobic conditions, the SRB1 consortium can generally achieve sulfate 273 

reduction and immobilize As in the form of arsenic minerals (AsS and As4S4) under anaerobic 274 

and aerobic conditions. Moreover, Fe likely plays an important role in the process of As 275 

detoxification. 276 

3.3 Dynamics of microbial community structure 277 

The microbial diversity of the SRB1 consortium incubated under the three studied 278 

conditions was characterized through the 16S rRNA gene sequencing to identify the 279 

interactions between microorganisms in samples taken at days 0, 2, 5, and 7. After 280 

de-multiplexing and removing chimeras, a total of 936,663 valid reads were obtained from 12 281 

samples of the SRB1 consortium, which were clustered into 410 operational taxonomic units 282 

(OTUs) according to the sequence similarity of 97%. The sequencing coverage of all samples 283 
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was > 0.99, indicating that the constructed reads library was sufficiently reliable for further 284 

analysis. Regardless of the conditions, the OTUs and Chao1 values gradually declined in the 285 

first five days and increased subsequently (Table S1). The Shannon index significantly 286 

increased after two days compared with the initial value, whereas the opposite trend was 287 

observed in the Simpson index. These results showed that under arsenic stress, the microbial 288 

community richness and diversity of the SRB1 consortium displayed a significant difference 289 

during the experiment. 290 

The microbial population structure of the SRB1 consortium under the three studied 291 

conditions at the phylum level was altered significantly during sulfate reduction (Fig. S2). 292 

Pseudomonadota is predominant in the initial community of the SRB1 consortium with a 293 

relative proportion > 90.0%, decreased subsequently throughout the prolonged incubation in 294 

all three conditions. In contrast, Bacillota was enriched after two days, and the relative 295 

proportions (%) of Bacillota under anaerobic (43.8 - 45.0) and anoxic conditions (41.7 - 49.4) 296 

were higher than that obtained under aerobic conditions (15.4 - 37.4) (P < 0.05). Bacteroidota 297 

was also slightly enriched after five days, with the relative proportions of 5.6 -7.7 (anaerobic) 298 

and 5.2 -6.4 (aerobic), respectively, whereas no obvious difference was seen under anoxic 299 

conditions. 300 

The top 15 predominant genera were identified (Fig. 5A). The taxa affiliated with 301 

unclassified_f_Enterobacteriaceae, Clostridium_sensu_stricto_1, and Pseudomonas were the 302 

most abundant genera, accounting for > 70% of the whole microbial sequences. The 303 

microbial diversity and structures of the SRB1 consortium at the genus level were 304 

significantly distinct under aerobic, anaerobic, and anoxic conditions (Fig. 5B). Compared to 305 
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the inoculum, the relative proportions of Clostridium_sensu_stricto_1 and Anaerocolumna 306 

showed a significant upward trend with the ongoing sulfate reduction. The relative 307 

proportions (%) of unclassified_f_Enterobacteriaceae decreased greatly under anaerobic 308 

(from 69.9 to 41.6), anoxic (from 67.3 to 40.6), and aerobic (74.5 to 16.0) conditions.  309 

The relative proportions of the taxa affiliated with the anaerobic bacteria 310 

Clostridium_sensu_stricto_1, Anaerocolumna, Desulfovibrio, and Thiomonas were higher 311 

under anaerobic and anoxic conditions than under aerobic conditions (P < 0.05). In the 312 

present study, the relative abundances (%) of Clostridium_sensu_stricto_1 under anaerobic, 313 

anoxic, and aerobic conditions were 31.0, 31.4, and 11.3, respectively. 314 

Clostridium_sensu_stricto_1 is affiliated with iron-reducing members and usually has high 315 

relative abundances during changing redox conditions. Anaerocolumna was determined on 316 

day 7 under aerobic conditions with an abundance of 0.4%, while its abundance under the 317 

anaerobic and anoxic conditions reached 0.7% and 0.9%, respectively. Anaerocolumna (an 318 

anaerobic bacteria) is widely found in the anaerobic digestive system and has a relatively 319 

superior environmental resistance (Xu et al., 2021a). Thiomonas belongs to the facultative 320 

chemolithoautotrophs and has a growth preference for a mixed nutrient medium containing 321 

reducing inorganic S compounds and organic matter (Jia et al., 2022).  322 

Desulfovibrio, a typical SRB widely present in anaerobic and anaerobic environments 323 

(Zhou et al., 2014; Li et al., 2022c) was detected on day 5 under anaerobic, anoxic, and 324 

aerobic conditions with an abundance (%) of 0.7, 0.9, and 0.2, respectively. In the present 325 

study, the relative abundance of Desulfovibrio under aerobic conditions was significantly 326 

lower than that under anaerobic or anoxic conditions. This implies that the abundance of 327 
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Desulfovibrio was positively and proportionally related to the oxygen concentration, which is 328 

consistent with the normal survival law of anaerobic bacteria. Moreover, the presence of 329 

Desulfovibrio under aerobic conditions also suggests that it can tolerate oxygen concentration 330 

within a certain range.  331 

The taxa affiliated with Pseudomonas showed an opposite trend, being detected on day 7 332 

with a relative abundance (%) of 1.2, 13.2, and 57.4 under anaerobic, anoxic, and aerobic 333 

conditions, respectively. Members of the Pseudomonas genera, gram-negative obligate 334 

aerobe, can grow using different anaerobic mechanisms (Jia et al., 2022). For example, 335 

Pseudomonas can change the hydrophobicity of its cell wall by adjusting the composition of 336 

the cell membrane lipopolysaccharide, thus enhancing the interactions with other substances 337 

(Rogers et al., 2020).  338 

It is worth noting that the SRB1 bacteria can retain its sulfate-reducing activity under 339 

aerobic conditions (Fig. 1C), indicating that sulfate-reducing bacteria (Desulfovibrio) can 340 

survive and stay functional under aerobic conditions. Although SRBs are traditionally 341 

considered strictly anaerobic, many studies have consistently observed aerobic survival and 342 

oxygen resistance (Fournier et al., 2004; Ramel et al., 2013; Ramel et al., 2015; Chen and 343 

Zhang, 2019). Certain SRB species can survive temporarily when exposed to oxygen 344 

(Cypionka et al., 1985). Desulfovibrio is a relatively common class of SRB that plays a major 345 

role in the S cycle (Chen and Zhang, 2019; Nagar et al., 2022). Risatti et al. (1994) analyzed 346 

the microbial communities of cyanobacteria from saline-evaporated ponds and found that the 347 

Desulfovibrio population was overwhelmingly dominant in oxygenated areas with light. In 348 

addition, the co-culture experiments have shown that coexisting bacteria can consume oxygen 349 
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in the environment to aid Desulfovibrio survival in a high-oxygen environment (Sigalevich et 350 

al., 2000; Vita et al., 2008). Therefore, the observation reported here is not only related to the 351 

adaptation strategy of Desulfovibrio in an aerobic environment but also reflects the beneficial 352 

contribution of co-existing bacteria (possibly the aerobes, e.g., Pseudomonas) in the SRB1 353 

consortium, which would increase Desulfovibrio oxygen tolerance by consuming the oxygen 354 

in the environment (Sigalevich et al., 2000; Chen and Zhang, 2019). 355 

3.4 Co-occurrence patterns of bacterial communities and metabolic process variation 356 

To further study the bacterial interactions in the SRB1 consortium, the microbial 357 

co-occurrence patterns were constructed by the strong correlations (Spearman R > |0.7|) and 358 

significant differences (P < 0.05) to filter the OTUs (Fig. 6A). The networks of the SRB1 359 

consortium consisted of 206 nodes and 549 edges (Table S2). Pseudomonadota (34.95%) and 360 

Bacillota (16.02%) affiliated phylotypes dominated the networks, followed by 361 

Actinomycetota (11.17%), norank_k_Bacteria (10.68%), Acidobacteriota (8.25%), 362 

Bacteroidota (7.77%), Gemmatimonadetes (3.4%), and Chloroflexi (1.94%).  363 

Interestingly, 99% of edges were positively correlated, indicating that the 364 

microorganisms in the SRB1 consortium could cooperate in response to arsenic and oxygen 365 

stress. To investigate the hypothesis that symbiotic aerobic bacteria (Pseudomonas) in the 366 

SRB1 consortium consume environmental oxygen to provide a niche for SRB (e.g., 367 

Desulfovibrio), the co-cultures were used to determine the species cooperation network at the 368 

genus level (Fig. 6B). The screening condition was kept to only the genera whose sum of 369 

relative abundance was > 0.005%, and the filtered OTUs simultaneously appeared in five 370 

samples. Spearman’s correlation coefficient analysis (R > |0.7| and P < 0.05) was then carried 371 
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out to investigate the interactions with each of the two genera (Li et al., 2023). These results 372 

provide further evidence that the taxa affiliated with Pseudomonas had a positive cooperative 373 

relationship with Desulfovibrio (Table S3). In future studies, pure strains of Desulfovibrio and 374 

Pseudomonas genera should be screened from the SRB1 consortium, and the interactions of a 375 

synthetic microbial community could be studied to further determine the survival strategy of 376 

SRB under oxygen-containing conditions. 377 

Moreover, extracellular polymeric substances (EPS) produced by SRB play an important 378 

role in immobilizing HMs in the environment (Liu et al., 2021). Exposure to HMs could 379 

induce microorganisms to generate EPS, forming complexes with metals as a defense 380 

mechanism (Wang et al., 2014). The EPS includes proteins (PN), polysaccharides (PS), 381 

humic substances (HS), and nucleic acids, among which proteins are a dominant component 382 

affecting the fate of HMs (More et al., 2014; Yan et al., 2020). Therefore, the EPS fraction of 383 

the SRB1 consortium was determined under anaerobic, anoxic, and aerobic conditions. Data 384 

indicated that PN was the main EPS, followed by HS, and a small quantity of PS (Fig. 6C). It 385 

is worth noting that these EPS components decreased progressively during incubation, which 386 

was inseparable from the decrease in As concentrations because the production of EPS by 387 

microorganisms was not needed for the As stress resistance (Wang et al., 2014). In addition, 388 

the PN produced by the SRB1 consortium on day 2 under aerobic conditions was 389 

significantly higher than under the other two conditions, which may be related to the response 390 

of SRB to oxygen stress under aerobic conditions.  391 

The FTIR analysis was used to determine the changes of functional groups on the EPS 392 

fraction under the different incubation conditions (Zhao et al., 2023). No obvious shifts 393 
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occurred, as evidenced by the main absorption bands (cm-1) (Fig. 6D) appearing at about 618 394 

(Fe-O), 1108 (S=O), 1655 (C=O), and 3291 (-OH) in the FTIR spectrum of EPS (Barakan et 395 

al., 2019; Feng et al., 2019; Zhang et al., 2019). Multifarious functional groups such as 396 

-COOH, C-N, and C-H (Shi et al., 2020; Wang et al., 2021; Wu et al., 2023) were also 397 

detected in the EPS. The -OH and -COOH were the key functional groups in the EPS of the 398 

cell surfaces, which are relevant to PN and HS or PS (Wu et al., 2023), likely providing 399 

potential binding sites for the exchange or complexation with As3+ (Zhao et al., 2023). 400 

Additionally, the CAT, POD, and SOD activities of the SRB1 consortium were 401 

determined under the three studied conditions on day 7 (Fig. S3). The results show that the 402 

SRB1 consortium exhibited higher SOD activities (U/mL) under aerobic conditions (15.58) 403 

than under anaerobic and anoxic conditions (both ranging from 2.57 to 3.58). The CAT and 404 

POD antioxidant enzymes of the SRB1 consortium possessed low activities under all 405 

exposure conditions, consistent with an earlier report (Okabe et al., 2023). The SOD activities 406 

of aerobic and facultative bacteria were between 10.9 and 49.7, and the normal SOD activity 407 

of aero-tolerant anaerobic bacteria was from 0.44 to 19.6 (Tally et al., 1977; Rolfe et al., 408 

1978). Therefore, the high SOD activity level of the SRB1 consortium under aerobic 409 

conditions can further explain the survival of SRB in an oxygen-containing environment. 410 

3.5 Possible survival mechanisms and environmental implications 411 

A model of As3+ immobilization and survival strategy by the SRB1 consortium under 412 

aerobic conditions is proposed in Fig. 7. Under aerobic conditions, the SRB1 consortium 413 

retained the ability to reduce SO4
2– and immobilize As3+ into arsenic sulfides (As4S4 and AsS), 414 

which was consistent with our previous findings of products under anaerobic conditions (Li 415 
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et al., 2022b). However, redissolution of arsenic likely occurs at a later stage under aerobic 416 

conditions. Additionally, the abundance of Desulfovibrio clearly decreased under aerobic 417 

conditions, whereas the aerobic Pseudomonas was significantly enriched. Bacterial 418 

interaction analysis demonstrates a positive correlation between Desulfovibrio and 419 

Pseudomonas. The enriched strains of Pseudomonas likely consume more oxygen, which 420 

would create a niche for the Desulfovibrio in the SRB1 consortium (Chen et al., 2023). It 421 

seems reasonable that the SRB1 consortium produces additional EPS (PN) and exhibited high 422 

antioxidative enzyme activity such as SOD to reduce ROS toxicity and survive in the 423 

presence of excess oxygen.  424 

Therefore, the survival of SRB in oxygen-containing environments may be related to the 425 

contribution of coexisting (mutualistic-symbiotic) bacteria providing a niche for 426 

Desulfovibrio by consuming oxygen in the environment and increasing their oxygen 427 

tolerance levels, as well as enabling the SRB to generate EPS and SOD as additional 428 

adaptation strategies. The complex mechanisms involved in the contribution of these 429 

co-existing bacteria to engender Desulfovibrio oxygen resistance under aerobic conditions 430 

were not confirmed here using pure strains. Future studies are planned to use metagenomics 431 

to uncover the underlying mechanisms of oxidative stress of the SRB1 consortium in an 432 

oxygen-containing water environment, as well as to identify the effects of oxygen on SRB1 433 

incubated in actual environmental media (soil and water samples). It is anticipated that these 434 

studies will stimulate the interest of researchers and environmental engineers to utilize SRB 435 

as a remediation tool to treat HM-contaminated wastewater or tailings. The present study 436 

furthers the awareness of traditional anaerobic SRB and provides a deeper understanding of 437 
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the biogeochemical behavior of SRB for future studies in the laboratory or field. 438 

4. Conclusion 439 

SRBs are generally regarded as strict anaerobic bacteria, which play a potential role in 440 

the bioremediation of nonferrous metal-contaminated environments, but little is known about 441 

the oxygen tolerance mechanism of SRB and the effect of oxygen on the metalliferous 442 

immobilization by SRB. In the present study, the immobilization mechanism of the SRB1 443 

consortium on As3+ under anaerobic and aerobic conditions was compared, as well as the 444 

survival strategy of SRB1 under oxygen-containing conditions was illustrated. The studied 445 

enriched sulfate-reducing consortium (SRB1) can generate additional EPS and SOD which 446 

were rich in functionalities such as Fe-O, S=O, C=O, and -OH under aerobic conditions to 447 

resist As3+ stress and oxygen toxicity. Such functional groups could potentially scavenge 448 

oxygen and also act as binding sites for As3+ leading to its immobilization under aerobic 449 

conditions. In contrast, this consortium showed similar As3+ immobilization activities under 450 

both conditions, such as the formation of As3+ bioprecipitates under both conditions, mainly 451 

arsenic minerals (AsS and As4S4) identified by XRD and XPS analysis. The anaerobic 452 

Desulfovibrio was positively correlated with aerobic Pseudomonas suggesting the potential 453 

symbiotic strategy to adapt to As3+ stress. We posit that the survival strategy of Desulfovibrio 454 

in the SRB1 consortium under aerobic conditions is attributed to co-existing bacteria that 455 

consume oxygen, providing a niche for Desulfovibrio and thus improving its tolerance to 456 

oxygen. On the other hand, another adaptation strategy of Desulfovibrio to the aerobic 457 

environment is the production of additional EPS and SOD. To our knowledge, this is the first 458 

report on the immobilization and survival strategy of SRB for As3+ under aerobic conditions. 459 
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This study presents new insights into the oxygen tolerance and detoxification mechanism of 460 

SRB and provides a basis for future engineering applications of SRB as a remediation tool. 461 
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Figure captions 727 

Fig. 1.  Time course of pH and ORP (A), OD600, and total As (B), and SO4
2- and S2- concentrations 728 

(C) during 7 d of the As3+ immobilization of SRB1 consortium under anaerobic, anoxic, and 729 

aerobic conditions. Data are expressed as mean ± SD (n = 3). 730 

Fig. 2.  Scanning electron microscope images of metal precipitates formed during a 7-d 731 

biosynthesis process by SRB1 consortium under anaerobic (left column), anoxic (middle 732 

column), and aerobic (right column) conditions. 733 

Fig. 3.  X-ray diffraction patterns of metal precipitates formed during a 7-d biosynthesis process by 734 

SRB1 under anaerobic, anoxic, and aerobic conditions. 735 

Fig. 4.  XPS spectra of (A-C) As, (D-F) S, and (G-I) Fe species during 7 d of the As3+ 736 

immobilization of SRB1 consortium under anaerobic (panels A, D, and G), anoxic (B, E, 737 

and H), and aerobic (C, F, and I) conditions. 738 

Fig. 5.  The compositions (A) and top 15 abundant genera (B) of the bacterial community of the 739 

SRB1 consortium under anaerobic, anoxic, and aerobic conditions. Treatment group letters: 740 

CK represents the initial inoculum, A, B, and C represent the anaerobic, anoxic, and aerobic 741 

conditions, respectively. Different lowercase letters in the boxplots indicate significant 742 

differences (P < 0.05) among different conditions. 743 

Fig. 6.  Co-occurrence patterns of SRB1 consortium. (A) At the phylum level, all the OTUs were 744 

kept, (B) while at the genus level. Only those genera with the sum of relative abundances > 745 

0.005 were kept and the OTUs were filtered that simultaneously appeared in five samples. 746 

Edges are shown by strong correlations (Spearman R > |0.7|) and significant (P < 0.05). The 747 

nodes were colored by phylum level. The thickness of the edges corresponds to the strength 748 

of the correlation. Light pink lines indicate positive interactions and green lines indicate 749 

negative interactions. (C) FTIR spectra of EPS at day 7, and (D) the mean extracellular 750 

substance (EPS) content during 7 d of the As3+ immobilization of SRB1 consortium under 751 

anaerobic, anoxic, and aerobic conditions. PS = polysaccharide, PN = extracellular protein, 752 

and HS = humic-like substances.  753 

Fig. 7.   A proposed model of As3+ immobilization and survival strategy by SRB1 consortium under 754 

aerobic conditions. 755 
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Fig. 1. Time course of pH and ORP (A), OD600 and total As (B), and SO4
2- and S2- concentrations (C) during 7 d of the As3+ immobilization of 758 

SRB1 consortium under anaerobic, anoxic, and aerobic conditions. Data are expressed as mean ± SD (n = 3). 759 
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 761 

Fig. 2. Scanning electron microscope images of metal precipitates formed during a 7-d 762 

biosynthesis process by SRB1 consortium under anaerobic (left column), anoxic (middle 763 

column), and aerobic (right column) conditions. 764 
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 766 

Fig. 3. X-ray diffraction patterns of metal precipitates formed during a 7-d biosynthesis 767 

process by SRB1 under anaerobic, anoxic, and aerobic conditions. 768 
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 770 

Fig. 4. XPS spectra of (A-C) As, (D-F) S, and (G-I) Fe species during 7 d of the As3+ immobilization of SRB1 consortium under anaerobic 771 

(panels A, D, and G), anoxic (B, E, and H), and aerobic (C, F, and I) conditions. 772 
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 773 

Fig. 5. The compositions (A) and top 15 abundant genera (B) of the bacterial community of 774 

the SRB1 consortium under anaerobic, anoxic, and aerobic conditions. Treatment group 775 

letters: CK represents the initial inoculum, A, B, and C represent the anaerobic, anoxic, and 776 

aerobic conditions, respectively. Different lowercase letters in the boxplots indicate 777 

significant differences (P < 0.05) among different conditions. 778 

 779 



38 

 

 780 

Fig. 6. Co-occurrence patterns of SRB1 consortium. (A) At the phylum level, all the OTUs 781 

were kept, (B) while at the genus level. Only those genera with the sum of relative 782 

abundances > 0.005 were kept and the OTUs were filtered that simultaneously appeared in 783 

five samples. Edges are shown by strong correlations (Spearman R > |0.7|) and significant (P 784 

< 0.05). The nodes were colored by phylum level. The thickness of the edges corresponds to 785 

the strength of the correlation. Light pink lines indicate positive interactions and green lines 786 

indicate negative interactions. (C) FTIR spectra of EPS at day 7, and (D) the mean 787 

extracellular substance (EPS) content during 7 d of the As3+ immobilization of SRB1 788 

consortium under anaerobic, anoxic, and aerobic conditions. PS = polysaccharide, PN = 789 

extracellular protein, and HS = humic-like substances.  790 
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 792 

Fig. 7. A proposed model of As3+ immobilization and survival strategy by SRB1 consortium 793 

under aerobic conditions. 794 


