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19 Abstract

20 Mercury exists in various forms in the environment and the indigenous bacteria mediated 

21 processes have the potential to be used for mercury remediation. In this study, two mixed cultures 

22 of indigenous bacteria at the Oak Ridge Reservation site (i.e., ORR soil culture and ORR sediment 

23 culture) were selected to study the microbial mediated mercuric reduction under an aerobic 

24 condition as well as mercury adsorption onto bacterial surfaces. PCR analysis was performed to 

25 provide insights into the microbial community. The mercuric volatilizing experiment 

26 demonstrated the mercuric reducing capacity for both ORR cultures, in which the Pseudomonas 

27 genus was the dominating Hg0 producer. The investigation of the impact of the sole carbon source 

28 revealed the energy-dependent characteristics of the mercuric reduction in this study. Namely, the 

29 mercuric reduction was nearly not impacted by the type of carbon source but positively related to 

30 the energy that a unit amount of substrate could provide. The study also indicated that the mercury 

31 adsorption competed with the reduction. According to the fitting of the Langmuir isotherm, the 

32 ORR soil culture was found to have a higher mercury adsorption capacity (i.e., 67.5 mg Hg/g dry 

33 biomass) than the ORR sediment culture (i.e., 53.1 mg Hg/g dry biomass). The negative correlation 

34 between the reduced mercury mass and adsorbed mercury mass was identified for both ORR 

35 cultures. 

36
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38 Adsorption, Mercury, Microbial Community, Reduction. 
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39 1 Introduction

40 Mercury is a naturally occurring element and ubiquitously exists in the environment in 

41 various forms including elemental mercury (Hg0), inorganic mercury salts (i.e., mercuric Hg2+ and 

42 mercurous Hg2
2+), and organic mercury compounds (e.g., methylmercury CH3Hg+, ethylmercury 

43 C2H5Hg+, and dimethylmercury (CH3)2Hg). Mercury and most of its compounds are highly toxic 

44 to humans even at a low dosage (Zahir et al., 2005). The health effects of mercury depend on its 

45 form: The elemental mercury vapor can quickly penetrate the blood-brain barrier and primarily 

46 cause brain damage once it is inhaled. The inorganic mercury salts accumulate in its major target 

47 organ, kidney, and would cause more acute symptoms such as abdominal pain, vomiting, and 

48 bloody diarrhea. The organic mercury is widely distributed throughout the human body and would 

49 react with sulfhydryl groups and therefore interfere with DNA transcription, protein synthesis, and 

50 central nervous system development (Zahir et al., 2005; Fernandes Azevedo et al., 2012; Park and 

51 Zheng, 2012). 

52 Due to its high toxicity and wide impact, mercury is considered a chemical of global 

53 concern. Elemental mercury is the dominant form of mercury emission, accounting for more than 

54 90% of the total mercury in the atmosphere (Gonzalez-Raymat et al., 2017). It can remain in the 

55 atmosphere for up to 1.7 years, which allows its long-distance travel from the emission sources 

56 (Ariya et al., 2015). Elemental mercury is returned to the earth's surface by wet and dry deposition 

57 in more soluble forms of inorganic mercury salts. Most of the deposited mercury would complex 

58 with organic matters and reside in the soil and sediment pool (Skyllberg et al., 2003; Selin, 2009). 

59 Under specific natural conditions, mercury methylation can occur with the help of suitable abiotic 

60 methyl donors (e.g., methyl iodide and humic substances) or biotic methylator (e.g., sulfate-

61 reducing bacteria and iron-reducing bacteria) (Celo et al., 2006; Gilmour et al., 2013). Compared 
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62 to other mercury species, methylmercury is more concerned since it easily bioaccumulates and 

63 biomagnifies in food webs and directly posts threats to the health of humans and other predators 

64 (Lavoie et al., 2013). Through global cycling, mercury could travel a long distance in the 

65 atmosphere, lithosphere, and hydrosphere, and therefore has a broad impact on human society and 

66 ecosystems at local and global scopes. Further driven by the presence of organomercury, the health 

67 risk of mercury is expanded to the biosphere and anthroposphere (Selin, 2009; Beckers and 

68 Rinklebe, 2017). 

69 Mercury is persistent in the environment. The mercury concentrations in contaminated soil 

70 and water body can reach as high as 9,000 mg Hg/kg and 27 μg Hg/L, respectively (Wang et al., 

71 2012; Gworek et al., 2016). In the U.S., mercury is reported as a contaminant at around 50% of the 

72 Superfund sites in different forms (Bigham et al., 2017). At the U.S. Department of Energy (DOE) 

73 managed Oak Ridge Reservation (ORR) site, the area around its Y-12 National Security Complex 

74 was heavily contaminated by mercury due to the extensive amount of mercury (i.e., 108,000 to 

75 212,000 kg) released from 1950 to 1963 (Brooks and Southworth, 2011). Since the site was placed 

76 on the U.S. National Priorities List in 1989, a lot of efforts have been made to investigate and 

77 remediate the mercury contamination at the ORR site (Southworth et al., 2000; Han et al., 2006; 

78 Dong et al., 2010). The mercury concentration in the surface water of East Fork Poplar Creek, 

79 where the mercury-contaminated wastewater from Y-12 Complex was discharged to, was 

80 successfully reduced by 85% from around 2 μg Hg/L in the 1980s and was close to the cleaning 

81 goal (i.e., 0.2 μg Hg/L) (Brooks and Southworth, 2011). However, there is still a larger mercury 

82 inventory remaining in the creek sediments (i.e., 334 kg), which continue to post threats to 

83 uncontaminated areas at the ORR site (Demers et al., 2018). 
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84 In the environment, plenty of bacteria can survive under highly mercury-contaminated 

85 conditions. And the microbial activities of these indigenous bacteria (e.g., mercury adsorption, 

86 reduction, and methylation) can be used for the onsite mercury remediation. For example, some 

87 bacteria strains (e.g., Bacillus cereus and Drepanocladus revolvens) have high mercury adsorption 

88 capacity and could bioaccumulate the mercury in aquatic conditions (Sari and Tuzen, 2009; Sinha 

89 et al., 2012). Some aerobic bacteria and archaea (e.g., Bacillus cereus and Pseudomonas putida) 

90 can reduce soluble mercury ions to elemental Hg0 by mercuric reductase (merA) protein and mer 

91 operon functions (Ariya et al., 2015). And the microbial reduction of mercury could detoxicate 

92 contaminated sites and recovery mercury resources simultaneously (Nascimento and Chartone-

93 Souza, 2003). Moreover, some bacteria strains (e.g., Methanogens) could demethylate 

94 methylmercury, which significantly reduced the risk of bioaccumulation in food webs (Oremland 

95 et al., 1991; Bolan et al., 2013). While polymerase chain reaction (PCR) technology is a popular 

96 method to provide insight into the microbial community. Numerous studies have used next-

97 generation high throughput, amplicon-based sequencing of 16S ribosomal RNA (16S rRNA) gene 

98 regions to study the composition of the mercury transformation-related microbial communities 

99 from a variety of habitats including terrestrial and aquatic ecosystems (Christensen et al., 2019; 

100 Song et al., 2019).

101 In this study, two major mechanisms for microbial mercury remediation, namely mercury 

102 reduction and adsorption, were investigated with two mixed cultures of ORR indigenous bacteria. 

103 The objectives of this study include (1) evaluation of mercury adsorption on ORR site cultures by 

104 adsorption isotherm simulation; (2) quantification of microbial mercuric reduction and 

105 characterization of the impact of carbon sources on the reduction; and (3) evaluation of the impact 

106 of the microbial community on mercuric reduction with PCR analysis. This study clearly 
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107 demonstrated the mercury remediation potential of indigenous bacteria at the ORR site, revealed 

108 the energy-dependent characteristic of the microbial mercuric reduction under the aerobic 

109 condition, and evidenced the competition between the mercury adsorption and the reduction. 



7

110 2 Method

111 2.1 Bacterial Cultures

112 The two applied mixed cultures were derived from indigenous bacteria in the soil and 

113 sediment samples collected from the mercury-contaminated ORR site. The mixed cultures 

114 contained mercury resistant strains due to pre-exposure to mercury. They were cultured according 

115 to the method adapted from previous studies (Davis et al., 2005; Li et al., 2019a). Specifically, 2 

116 grams of nutrient broth (Remel, Thermo scientific)  was added to 1 L of tap water and the mixture 

117 was pre-sterilized by an autoclave (Tuttnauer) under 121°C and 20 psi for 20 minutes. Then, 0.5 

118 gram of ORR soil or sediment sample was added to 100 mL of the sterilized media. The culture 

119 flask was cultivated at 30oC and shaken on an orbital shaker (Model 1000, VWR) at a constant 

120 rate of 120 rpm. After 4 days, 2 mL of the supernatant (with soil or sediment particles settling 

121 down) was collected and grown in another culture flask under the same condition. 

122

123 2.1 Mercury adsorption experiment

124 Mercury adsorption on two ORR mixed cultures was investigated following the method 

125 described in the previous study (Li et al., 2019b). Specifically, bacterial biomass in 10 mL of 

126 culture was harvested by centrifuging at 2000×g for 25 minutes. Then the harvested biomass was 

127 re-suspended in the same volume of mercuric chloride solution with concentrations ranging from 

128 2 to 1,200 mg Hg/L. The mixture was shaken on a digital rotator (Glas Col) at a constant rate of 

129 40 rpm for 12 hours to reach equilibrium. The mixture was then centrifuged at 2000×g for 25 

130 minutes, after which mercuric concentration in the supernatant was measured using an inductively 

131 coupled plasma mass spectrometry (iCAP RQ ICP-MS, Thermo Scientific). Every measurement 
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132 was replicated three times for quality control. Mercury adsorbed on bacteria was calculated based 

133 on mass balance:

𝑞 = (𝐶0 ― 𝐶𝑒) ×
𝑉
𝑀

(1)

134 where q is the adsorbed mercury in the unit of mg Hg/g dry biomass, C0 and Ce are initial and 

135 equilibrium mercuric concentrations in the unit of mg Hg/L, V is the volume of the mixture in the 

136 unit of L, and M is the dry mass of bacterial biomass in the unit of g. 

137 The obtained mercury adsorption results were fitted with two adsorption isotherms, 

138 including the Freundlich and the Langmuir isotherms (Ayawei et al., 2017). And the least-squares 

139 method was used to estimate isotherm parameters.

𝑞 = 𝐾𝐹𝐶
1
𝑛
𝑒

(2)

𝑞 =
𝑏𝑄𝑚𝑎𝑥𝐶𝑒

𝑏𝐶𝑒 + 1
(3)

140 where KF and n are Freundlich isotherm constants, Qmax and b are Langmuir isotherm constants.

141 Control experiment for mercury adsorption was conducted following the same protocol 

142 described in this section without adding ORR soil and ORR sediment cultures. 

143

144 2.2 Microbial mercury volatilizing experiment

145 The microbial mercuric reduction by two ORR mixed cultures was investigated by a 

146 volatilizing experiment. Figure S1 depicts the schematic set-up for the experiment. The bacterial 

147 culture was diluted 100 times by deionized and sterilized water (18.2 mΩ, milli-Q) and 250 mL 

148 diluted volume was added to a 500 mL glass batch reactor. Then mercuric stock solution (i.e., 

149 1,000 mg Hg/L) was added to the reactor to reach a mercuric concentration around 1,000 μg Hg/L. 

150 The reactor was wrapped with aluminum foil to prevent possible photochemical reactions. The 
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151 produced Hg0 in the reactor headspace was flushed out by nitrogen gas (Airgas) every 0.5 or 1 

152 hour at a constant flow rate of 25 mL/min and was then oxidized and collected in two mercury 

153 trapping solutions (i.e., 0.05 M KMnO4 with 5% H2SO4) which were connected to the top of the 

154 reactor (Kritee et al., 2007). All glassware was sterilized by the autoclave under 121°C and 20 psi 

155 for 20 minutes before the experiment. 

156 After a certain time (i.e., 0.5 to 12 hours), an aqueous sample was collected from the bottom 

157 outlet of the reactor to quantify the dissolved mercuric concentration in the reaction solution. At 

158 the same time, two mercury traps were replaced and the trapping solution was sampled to quantify 

159 the amount of produced Hg0 within the time interval. The mercuric concentrations were measured 

160 by the ICP-MS (iCAP RQ ICP-MS, Thermo Scientific). Every measurement was replicated three 

161 times for quality control. Based on the mercuric concentration in the traps, the rate of mercury 

162 removal (due to the production of Hg0) was calculated by the following equation:

𝑅𝑎𝑡𝑒 =  
𝐶𝑇1 𝑖 × 𝑉𝑇 + 𝐶𝑇2 𝑖 × 𝑉𝑇

∆𝑡
(4)

163 where, CT1 i and CT2 i are ith measurements for the mercuric concentration in traps in units of μg 

164 Hg/L, VT is the volume of the trapping solution (i.e., 100 mL), and Δt is the time interval in the 

165 unit of hour.

166 Based on the mercuric concentration measurements and adsorption isotherm, we estimated 

167 the mercury mass recovery at the end of each mercury volatilizing experiment by the following 

168 equation:

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑀𝐷 + 𝑀𝑅 + 𝑀𝐴

𝑀0
(5)

169 where MD, MR, MA, and M0 are dissolved mercury mass in batch solution, reduced mercury mass 

170 in trapping solutions, adsorbed mercury mass on bacterial biomass, and total mercury mass at the 
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171 beginning of the experiment, respectively. They are all in the unit of μg Hg. The calculation of 

172 mercury mass species was described in the Supplementary Material.

173 Control experiment for mercury volatilizing was conducted following the same protocol described 

174 in this section without adding ORR soil and ORR sediment cultures. And the conditions for the 

175 volatilizing experiment were described in the Supplementary Materials (Table S1).

176 2.3 Impact of carbon sources

177 To evaluate the impact of carbon sources on microbial mercuric reduction, the volatilizing 

178 experiment was repeated with three sole carbon sources including acetate, citrate, and glucose. 

179 The stock solution of each carbon source was added to the reactor to reach a substrate concentration 

180 of 0.2 mol/L. To ensure the condition of the sole carbon source, bacterial biomass was harvest by 

181 centrifuging at 2000×g for 25 minutes and the supernatant containing nutrient broth media was 

182 discarded. Then, the harvested biomass was washed with the deionized and sterilized water (milli-

183 Q)  by repeating the centrifuging process for another 2 times. 

184 At the end of the experiment, the acetate and citrate concentration in the reactor was 

185 measured by an ion chromatographic system (Dionex, Aquion, Thermo Scientific), while the 

186 glucose concentration in the reactor was estimated from chemical oxygen demand measurements 

187 (Dr 3900, Hach). Based on the concentrations of reduced mercury and carbon source, the 

188 efficiency of mercury removal (due to the production of Hg0) was computed for each carbon source:

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
(𝐶𝑇1 𝑖 + 𝐶𝑇2 𝑖) × 𝑉𝑇

𝑀𝑊𝐻𝑔 × (𝐶𝐶0 ― 𝐶𝐶𝑖) × 𝑉 (6)

189 where, CT1 i and CT2 i are ith measurements for the mercuric concentration in traps in units of μg 

190 Hg/L, CC0 and CCi are concentrations of the carbon source at the beginning and the end of the 

191 mercury volatilizing experiment in the unit of mmol/L, MWHg is the molecular weight of mercury, 

192 and V is the volume of the reaction solution in the unit of mL.
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193 Control experiment for the investigation of carbon sources was conducted following the 

194 same protocol described in Section 2.2 without adding ORR soil and ORR sediment cultures.

195

196 2.4 PCR Analysis

197 Total genomic DNA extraction from soil and water samples was performed using the 

198 PowerSoil DNA isolation kit (MO BIO Laboratories Inc.; CA, USA) according to manufacturer’ 

199 protocols. The concentrations and purity of isolated DNA solution were measured using the 

200 NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). The primer set 515F (5′-

201 GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACVSGGGTATCTAAT-3′) was used 

202 for the V4 region of the 16S rRNA gene amplification (Caporaso et al., 2011). The PCR reaction 

203 parameters were: 95°C, 3 min; 95C, 30 s, 55C, 30 s, 72C, 30 s, 25 cycles; 72C, 5 min. After 

204 two steps of PCR amplification, qualified libraries were sequenced on the Illumina MiSeq platform 

205 using the MiSeq Reagent Nano Kit V2 (500 cycles). 

206 The raw demultiplexed paired-end sequences in FASTQ format were processed using 

207 Quantitative Insights Into Microbial Ecology version 2 (QIIME2) software for phylogenetic 

208 analysis (Bolyen et al., 2019). After the amplicon primers removal, reads were denoised and 

209 trimmed using DADA2 (Callahan et al., 2016), and then amplicon sequence variants were 

210 classified using the sklearn QIIME feature-classifier at 100% operational taxonomic units 

211 sequence identity level with the SILVA v132 reference database.
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212 3 Result and discussion

213 3.1 Mercury adsorption experiment

214 In the adsorption experiment, the highest mercury adsorption was observed for the ORR 

215 soil culture (i.e., 69.4 mg Hg/g), which was 25% higher than that of the ORR sediment culture 

216 (i.e., 55.5 mg Hg/g). Compared with the ORR sediment culture, the ORR soil culture reached the 

217 maximum adsorption faster when Ceq was less than 120 mg Hg/L, which was attributed to the 

218 difference in the bacterial surface functional groups or the adaptability to mercury exposure in the 

219 same geochemistry condition (Ngwenya et al., 2003; Li et al., 2019b).

220 Based on the observation, experiment results were fitted with two adsorption isotherms, 

221 including the Freundlich and the Langmuir isotherms. Two statistical parameters (i.e., correlation 

222 coefficient (R) and summed squared error (SSE)) were used to evaluate the fitting of two adsorption 

223 isotherms (Table 1). 

224 Overall, the Langmuir isotherm had better statistical performance, with larger R (i.e., 0.938, 

225 and 0.968 for the ORS soil culture and ORS sediment culture, respectively) and smaller SSE (i.e., 

226 674 and 213, respectively). The good fit of the Langmuir isotherm suggested that the microbial 

227 mercury adsorption can be regarded as a monolayer adsorption process (Al-Ghouti et al., 2020). 

228 A reasonable explanation is that the adsorption was mainly controlled by the complexation 

229 between mercuric ion and functional groups (e.g., carboxyl, sulfhydryl, and thioether) on the 

230 bacterial surface, which agreed well with previous studies about microbial adsorption of heavy 

231 metals (Daughney et al., 1998; Sinha et al., 2012; Li et al., 2019a). The fitting with the Freundlich 

232 isotherm led to lower R and higher SSE, which were around 2.3 times larger than those of the 

233 Langmuir isotherm fitting. Therefore, it was insufficient to describe the adsorption process in this 

234 study. According to the Langmuir isotherm fitting, the mercury adsorption capacities were 67.5 
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235 mg Hg/g and 53.1 mg Hg/g for the ORR soil culture and ORR sediment culture, respectively (Table 

236 1), which were comparable with mercury adsorption capacities reported in previous studies (Das 

237 et al., 2007; Noghabi et al., 2007). The obtained Langmuir adsorption isotherm parameters were 

238 used to estimate mercury adsorption at the end of mercury volatilizing experiments 

239 (Supplementary Material).

240

241 3.2 Mercury volatilizing experiment

242 The presence of mercury in two trapping solutions indicated the mercuric reducing capacity 

243 of both ORR cultures (Figure 2). Within the experiment of 12 hours, the ORR sediment culture 

244 removed more mercury in the form of Hg0 (i.e., 128 μg Hg) with higher removal efficiency (i.e., 

245 52.9%) than those of the ORR soil culture (i.e., 57 μg Hg, 24.3%, respectively). The removal 

246 mainly occurred in the first 3 hours with a rapid dissolved mercuric concentration decrease in the 

247 batch reactor. Meanwhile, high mercury removal rates (due to production of Hg0) were observed 

248 in the traps for the ORR sediment culture (i.e., as high as 59 μg Hg/hour), which was nearly 3 

249 times of the highest mercury removal rate of the ORR soil culture (i.e., 20 μg Hg/hour). Then, the 

250 mercury removal gradually decreased and the dissolved mercuric concentration remained at a 

251 stable level. 

252 As PCR results presented, the mercury exposure significantly altered the microbial 

253 community structure. After the volatilizing experiment, the microbial community was extremely 

254 simplified in both ORR soil and ORR sediment cultures, in which Proteobacteria became the most 

255 dominant bacterial phylum (i.e., increased from 40% to 77% and from 43% to 90% in the ORR 

256 soil culture and the ORR sediment culture, respectively) (Figure 3a). Correspondingly, other major 

257 phyla in the original microbial community were eliminated. At the genus level, a high percentage 
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258 of the microbial community (i.e., 78% and 85% for the ORR soil culture and the ORR sediment 

259 culture, respectively) cannot be identified for raw indigenous cultures due to the lack of 

260 information in the applied database (Figure 3b). For the microbial community of the ORR sediment 

261 culture (after mercury exposure), several major genera are known as the holder for the mercuric 

262 reductase protein (merA), including Pseudomonas (56%), Aeromonas (9%), and Bacillus (0.2%) 

263 (De et al., 2003; Zhang et al., 2012; Dash et al., 2014). Therefore, the major involved mechanism 

264 for mercury removal in the volatilizing experiment was the microbial mercuric reduction meditated 

265 by the mercury resistant (mer) system with aerobic mercury resistant bacteria. While the relative 

266 abundance of similar genera was less than 18% in the microbial community of the ORR soil culture, 

267 which contributed to the difference of mercuric reducing capacity between these two ORR cultures. 

268

269 3.3 Impact of carbon source on mercury reduction

270 When sole carbon sources were used, major mercury removal still occurred in the first 3 

271 hours (Figure 4) and the PCR results indicated a similar microbial community at the level of 

272 phylum (Figure 5a). For the ORR sediment culture, the Hg0 production was lower (i.e., 45%, 30%, 

273 and 40% for acetate, citrate, and glucose, respectively) than that of the previous experiment with 

274 nutrient broth (53%). The maximum mercury removal rate (due to the production of Hg0) 

275 decreased from 59 μg Hg/hour to 33 μg Hg/hour, 34 μg Hg/hour, and 36 μg Hg/hour for acetate, 

276 citrate, and glucose, respectively. Compared with the previous microbial community at the genus 

277 level (Figure 3b), the relative abundance of Pseudomonas decreased by more than a half (i.e., 

278 decreased from 56% to 18%, 19%, and 25% with acetate, citrate, and glucose, respectively), while 

279 the relative abundance of other possible mercury-reducing genera (i.e., Aeromonas and Bacillus) 

280 remained at a similar level. For ORR soil culture, the difference in Hg0 production was less than 6% 
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281 for all mercury volatilizing experiments (i.e., normalizing the largest Hg0 production difference by 

282 the average Hg0 production), which corresponded with the comparable relative abundance in all 

283 possible mercury-reducing genera (Figure 3b and Figure 5b). This observation implied that the 

284 Pseudomonas was the dominating Hg0 producer in ORR indigenous bacteria. On the other hand, 

285 ORR sediment cultures had a faster substrate consumption rate in the first 4 hours, which may 

286 contribute to more mercury reduction (Figure S2).

287 Previous studies have reported that several strains under the Pseudomonas genus have the 

288 capacity to reduced dissolved mercuric ion to elemental Hg0 in natural or laboratory conditions. 

289 Prior research found a P. putida strain (i.e., SP1) isolated from a marine environment was able to 

290 volatilize and remove almost 100% of mercury in the aquatic environment (Zhang et al., 2012). 

291 Another research reported a mercuric reducing rate of 99.7% under saline condition by a P. 

292 aeruginosa strain (i.e., FA-2) isolated from landfill leachate (Imron et al., 2019). Although the Hg0 

293 removal efficiency of the ORR cultures was not as remarkable as pure strains, the ORR bacteria 

294 still have the potential for the mercury remediation since the indigenous bacteria would have minor 

295 impact on the ecosystem at contaminated sites (Cowan et al., 2011).  

296 Among three carbon sources, both ORR cultures had more Hg0 production with acetate 

297 (i.e., 45% and 24% for ORR sediment and ORR soil cultures, respectively), although this 

298 difference for the ORR soil culture was minor (Figure 4). However, this observation cannot be 

299 explained from the microbial community aspect, since the sole carbon sources led to a similar 

300 community structure after mercury exposure with a limited difference (Figure 5). To fully 

301 understand the results, the total amount of Hg0 production was further normalized with the amount 

302 of consumed substrate (Figure 6). The normalized Hg0 production was found linearly to increase 

303 with the standard Gibbs free energy provided by a unit amount of substrate (i.e., the ORR soil 
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304 culture and the ORR sediment culture had R2 of 0.79 and 0.82, respectively), indicating that the 

305 microbial mercuric reduction in this study was an energy-dependent process. Among three sole 

306 carbon sources, acetate, even though had the lowest standard Gibbs free energy (i.e., 219.2 kJ/mol), 

307 was more consumed, resulting in more mercury removal subsequently (Figure 5). Compared with 

308 citrate and glucose, acetate has a shorter carbon chain and may be more bioavailable to ORR 

309 cultures.

310 The explanation was also supported by the Venn diagram derived from the PCR results 

311 (Figure S3). The highly overlapped microbial community at the genus level (i.e., 13 out of 19, and 

312 15 out of 18 major genera in the ORR soil culture and the ORR sediment culture, respectively) 

313 was observed with the amendment of three sole carbon sources. Moreover, the genera that cannot 

314 utilize all the sole carbon sources only accounted for less than 0.5% in the microbial community 

315 of both ORR cultures. Therefore, the difference in sole carbon sources had limited impacts on the 

316 microbial diversity and population distribution, which was in agreement with the above-mentioned 

317 thermodynamics analysis that the observed microbial mercury reduction was an energy-dependent 

318 process in this study.

319

320 3.4 Interaction between mercury adsorption and reduction.

321 In the mercury volatilizing experiments, the computation of the Hg0 production rate failed 

322 in capturing the decrease of dissolved mercury concentration after the first 3 hours (Figure 2 and 

323 Figure 4). It was suspected that mercury adsorption onto bacterial surfaces also played a role. At 

324 the end of the experiments, the mercury mass speciation (i.e., dissolved mercury mass in batch 

325 solution, reduced mercury mass in trapping solutions, and adsorbed mercury mass on bacterial 

326 biomass) was estimated (Table S4). The reduced and adsorbed mercury accounted for 22% - 53% 
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327 and 6% to 11% with respect to the mass of total mercury. Overall, the mercury mass recovery was 

328 higher than 92% for both ORR cultures, indicating a reasonable mercury mass balance in the 

329 estimation. The major source of error underlined the computation of adsorbed mercury mass with 

330 the adsorption isotherm parameters, which were specific for ORR cultures before the mercury 

331 volatilizing experiment. According to the PCR results, the mercury exposure altered the microbial 

332 community for both ORR cultures (Figure 3 and Figure 5), and corresponded mercury adsorption 

333 characteristics may also change.

334 According to the estimation of mercury mass speciation, the total mass of reduced mercury 

335 was negatively related to the total mass of adsorbed mercury (Figure 7). Although the values of R2 

336 were only 0.86 and 0.67 for the ORR soil culture and the ORR sediment culture, respectively, a 

337 general trend of competition between mercury adsorption and the mercuric reduction was 

338 demonstrated. In other words, the observation suggested that once the mercuric ion was complexed 

339 with the functional groups on the bacterial surfaces, it was no longer available for the mercuric 

340 binding protein (merP) and subsequent mercury reduction process. 

341 The observation is similar to those in the system of mercury-resistant bacteria and natural 

342 organic matters (Kannan and Krishnamoorthy, 2006). The complexation between mercuric ion and 

343 organic matters would limit the mercury bioavailability to bacteria since complexed mercuric ion 

344 cannot be transported across the bacterial membrane. On the other hand, mercuric ion could also 

345 be reduced to elemental Hg0 under anaerobic conditions with sulfate-reducing or iron-reducing 

346 bacteria. Although the reduction mechanism is totally different, the inhibition of mercury 

347 adsorption (mainly complexed with thiol function groups) on the reduction has also been reported 

348 (Hu et al., 2013). The competition between mercury adsorption and reduction would significantly 

349 affect the process of mercury remediation. Under a geochemical condition favoring mercury 
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350 adsorption, the mercury containing biomass needs to be carefully treated after the bioaccumulation. 

351 On the contrary, suitable mercury vapor traps would be required to prevent Hg0 emission and 

352 secondary contamination after long-distance travel of Hg0.
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353 4 Conclusion

354 The mercury remediation capacity of two ORR cultures was evidenced by the mercury 

355 adsorption experiment and the mercury volatilizing experiment. According to the fitting of the 

356 Langmuir isotherm, the ORR soil culture and the ORR sediment culture had a mercury adsorption 

357 capacity of 67.5 mg Hg/g dry biomass and 53.1 mg Hg/g dry biomass, respectively. On the contrary, 

358 the ORR sediment culture had better mercury reducing capacity, which removed as high as 53% 

359 of total mercury in the volatilizing experiment. PCR results indicated that the genus of 

360 Pseudomonas was the dominating Hg0 producer in ORR cultures. The investigation on the 

361 difference of sole carbon sources demonstrated a limited impact on the microbial community and 

362 subsequent mercury removal, which revealed the energy-dependent characteristic of microbial 

363 mercuric reduction in this study. Furthermore, the negative correlation between the reduced 

364 mercury mass and adsorbed mercury mass indicated the competence between mercury adsorption 

365 and mercuric reduction, which may significantly affect the process of mercury remediation.
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511 Table 1. Fitted adsorption isotherm parameters
Isotherms Parameters ORS Soil Culture ORS Sediment Culture

KF 20.9 13.7
n 0.189 0.214
R 0.853 0.921Freundlich

SSE 1,540 495

Qmax 67.5 53.1
b 0.221 0.158
R 0.938 0.968Langmuir

SSE 674 213
512
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513
514 Figure 1. Mercury adsorption and isotherm fitting. (a) ORR soil culture, and (b) ORR 
515 sediment culture. 
516
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517
518 Figure 2. Mercury removal and Hg0 production rate. (a) ORR soil culture, and (b) ORR 
519 sediment culture.
520
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521
522 Figure 3. The change of microbial community due to mercury exposure. (a) Phylum level, 
523 and (b) Genus level.
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524
525 Figure 4. Mercury removal and Hg0 production rate. (a) ORR soil culture with acetate, (b) ORR soil culture with citrate, (c) 
526 ORR soil culture with glucose, (d) ORR sediment culture with acetate, (e) ORR sediment culture with citrate, and (f) ORR 
527 sediment culture with glucose.
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528
529 Figure 5. The impact of sole carbon source on the microbial community. (a) Phylum level, 
530 and (b) Genus level.
531
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532
533 Figure 6. Normalized Hg0 production. (a) ORR soil culture, and (b) ORR sediment culture. 
534 Note: The standard Gibs free energy was adopted from Rittmann and McCarty, 2012.
535
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536
537 Figure 7. Competition between mercury adsorption and mercuric reduction.
538


