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17 Abstract: Acidic anaerobic digestion attracted much attention and interest due to its 

18 significant advantage in wastewater treatment. In the present study, methanogenic 

19 fermentation was successfully operated under acidic condition during treating 

20 wastewater containing oxytetracycline (OTC) in a scale up anaerobic baffled reactor 

21 (ABR). After start-up process, the pH value in the first compartment was 4.60 with 

22 high activity of methanogenesis. After stabilization, different OTC loading of 1.0, 3.3 

23 and 5.0 g/m3/d was added in the influent for OTC removal. The resulted showed that 

24 OTC addition had little impact on the methane generation with whole COD and OTC 

25 removal rate of 95% and 60%, respectively. The microbial analysis, OTC addition 

26 could significantly influence the bacteria and archaea communities. To be more 

27 specific, Methanosaeta showed the highest relative abundance and tolerance to OTC 
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28 under acidic condition. The present work supplied deeper insights into methane 

29 generation from acidic condition during wastewater containing OTC treatment. 

30 Keywords: Anaerobic digestion; Acidic methanogen; Antibiotic wastewater; 

31 Oxytetracycline; Anaerobic baffled reactor.

32 1. Introduction

33 Currently, with rapid development of economy, more and more antibiotics are 

34 produced and applied in industry and agriculture. Consequently, the abuse of 

35 antibiotic poses high threaten to human health and environment safety (Tian et al., 

36 2019). The pharmaceutical wastewater was reported the main source of antibiotic in 

37 surface and groundwater (Pan et al., 2019). Therefore, safe and proper treatment of 

38 wastewater containing antibiotics attracts much attention and interest. Among 

39 different treatment methods such as physical, chemical and biological approaches, 

40 biological treatment method presents huge advantage in dealing with wastewater due 

41 to its higher antibiotics and chemical oxygen demand (COD) removal efficiencies 

42 (Bing and Tong, 2010). However, due to the drawback of aerobic technology in 

43 treating high COD concentration wastewater, anaerobic process achieves effective 

44 performance and promising prospect in removing organic matters and decomposing 

45 refractory matters for wastewater treatment (He et al., 2005; Pan et al., 2019).

46 During anaerobic digestion process, the acidification of anaerobic reactor has 

47 always been a bottleneck problem limiting the wide application of anaerobic digestion 

48 technology (Rajendran et al., 2020). In addition, to achieve the highest removal rate of 

49 organic pollutant, the methanation in anaerobic process is the limiting step due to that 
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50 methanogens have low metabolic rate and are easily impacted by ecological niche (Ye 

51 et al., 2018). Without efficient conversion of produced volatile fatty acids (VFAs) by 

52 methanogen, the accumulated VFAs could decline pH value, leading to the failure of 

53 anaerobic reactor or low removal rate of organic matters (Lv et al., 2020). Florencio et 

54 al. observed that VFAs accumulation occurred in the continuous treatment of 

55 methanol under organic loading of 21 g COD/L/d, which resulted in poor COD 

56 removal rate of 16.3% (Florencio, 1995). For the reason of acidification, it is mainly 

57 resulted from the unbalance of metabolic rate between acidogen, acetogen and 

58 methanogen (He et al., 2005). The acidogens generally grow faster than methanogens. 

59 The organic acids producing rate from hydrolytic acidification of organic matters is 

60 higher than that of acetoxylation and methanation, which results in the acids 

61 accumulation (Florencio, 1995). The accumulated acids could inhibit not only the 

62 acetoxylation and methanation, but also the former hydrolytic acidification of organic 

63 matters, leading to the failure of anaerobic reactor (Lv et al., 2020). Additionally, 

64 once the acidification occurred, it is difficult to recover the anaerobic reactor to 

65 normal condition.

66 To resolve the acidification problem in anaerobic digestion, much attention has 

67 been paid to exploring higher efficient anaerobic reactor and process regulation (Ban 

68 et al., 2014). The general applied method for relieving acidification is decreasing 

69 organic loading. However, it would lead to large reactor volume and decline in 

70 treatment capacity. According to the analysis on reason of acidification, operating 

71 anaerobic digestion under acidic condition is a promising and efficient approach to 
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72 resolve the acidification problem. Previous researchers have paid much attention to 

73 acid anaerobic digestion for wastewater and solid waste treatment (Li et al., 2018; Ali 

74 et al., 2019; Giordani et al., 2019). Li et al. (2008) investigated the bioaugmentation 

75 strategy for recovering overloaded anaerobic digestion with acid-tolerant 

76 methanogenic culture, which found that Methanothrix and Methanolinea dominated 

77 the archaea community. Ali et al. (2019) successfully operated anaerobic digestion 

78 under low pH of 3.50, which found that Methanothrix soehngenii was the dominant 

79 methanogen and the relative abundance of Methanosaeta increased with elevating 

80 acetate concentration. The above research also proved that both acetoclastic and 

81 hydrogenotrophic methanogens could grow well under acid condition. In addition, the 

82 species of methanogen living under acidic condition is limited and they were mainly 

83 detected from extremely acidic environment. It was reported that methane can be 

84 produced under acidic pH value in wetlands (Bergman, 1998; Horn et al., 2003). And 

85 some methanogens such as Methanobacterium espanolae and Methanosarcina 

86 barkeri MS (T) were isolated from the extreme acidic morass environment 

87 (Maestrojuan and Boone, 1991). It was found that Methanosarcina barkeri MS (T) 

88 could survive in extreme environment at pH value of 4.30 (Maestrojuan and Boone, 

89 1991). Up to now, few studies were reported on antibiotic wastewater treatment by 

90 controlling and regulating anaerobic biological process in acidic condition. In addition 

91 to the effect from pH on methanogen, its activity may be also inhibited by the 

92 antibiotics or relevant metabolites. Masse et al. reported that the presence of penicillin 

93 and tetracycline in manure slurries could reduce methane yield by 35% and 25%, 
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94 respectively (Masse, 2000). Same results obtained by Alvarez and Arikan showed that 

95 methane production was reduced by 56%, 60% and 62% at oxytetracycline (OTC) 

96 and tetracycline concentrations of 10, 50 and 100 mg/L, respectively (Arikan et al., 

97 2006; Alvarez et al., 2010). So, it can be concluded that methanogenesis in anaerobic 

98 process is the limiting step for antibiotic wastewater treatment due to the inhibition of 

99 pH and antibiotics. And now, little work was reported on the effect of acidic 

100 environment and antibiotics on wastewater treatment in anaerobic reactor.

101 Due to the advantage in pollutants removal of anaerobic baffled reactor (ABR) 

102 for its separating acidogenesis and methanogenesis, a scale up ABR with volume of 

103 26 L was used for wastewater containing OTC treatment under acid condition in the 

104 present study. During the operation, methane could be successfully produced under 

105 acidic condition with pH value of 4.60, which significantly resolved the acidification 

106 problem. In addition, the operation performance of the ABR was systematically 

107 studied for wastewater containing OTC treatment. In addition, the removal 

108 performance of OTC was also investigated under different OTC loading. Finally, the 

109 microbial community structure was deeply studied to elucidate and effect between 

110 microorganism and antibiotics under acid condition. 

111 2. Material and methods

112 2.1 Material and operation conditions

113 The sucrose and vanderbilt mineral medium are used as primary substrate and 

114 nutrients in this study. The COD concentration of primary substrate was 4500 mg/L, 

115 and the vanderbilt mineral medium was prepared according to the previous study 
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116 (Speece, 1983). NH4Cl and KH2PO4 were added to supply nitrogen and phosphorus, 

117 respectively. The anaerobic microbial cultures used in the study was collected from 

118 the wastewater treatment plant in Xiamen, Fujian province, China. The operating 

119 temperature of the ABR was maintained at 35 ± 1 °C by recycling 45 °C water. The 

120 pH value of the influent was controlled between 7.00 and 7.50. The initial alkalinity 

121 was adjusted to 450 mg CaCO3/L.

122 2.2 Construction of the anaerobic baffled reactor

123 The ABR was continuously operated with a working volume of 26 L with 10 cm 

124 in width, 56 cm in length and 50 cm in height. The ABR reactor is divided into four 

125 equal compartments by vertical baffles as showed in Fig. 1. Each compartment is 

126 further divided into two sections by slanted edge baffles (45 °) to create down-comer 

127 and up-comer regions. This provides effective mixing and contacting between 

128 wastewater and biomass. The length of the down-comer and up-comer are 2.5 cm and 

129 11.5 cm, respectively. The liquid sampling port is located at the upper section of each 

130 compartment with a distance of 25 mm from the effluent opening. The sludge 

131 sampling port is located in the middle of each compartment away 30 mm from the 

132 bottom. Before collecting sample, all the connection points were sealed with grease to 

133 prevent gas leakage and keep an anaerobic environment in the reactor. A peristaltic 

134 pump was applied for feeding influent, and the produced biogas was collected from 

135 the top sampling port for measurement.

136 2.3 Analytical methods

137 The analyses of COD, pH, alkalinity, oxidation reduction potential (ORP), 

138 volatile suspended solid (VSS) were carried out according to the Standard Methods 
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139 for the Examination of Water and Wastewater (APHA, 2012). The VFAs and biogas 

140 were measured by gas chromatograph FULI GC9790II. The microorganism in sludge 

141 were observed by scanning electron microscope (SEM, Hitachi S-4800, Japan). The 

142 obtained samples were fixed by 2.5% solution of paraformaldehyde for 0.5 h, and 

143 dehydration by ethanol of 50%, 70%, 80%, 90% and 100% (v/v) for 0.5 h each time, 

144 then dried by a critical point dryer (HCP-2, Hitachi Ltd., Japan). The concentration of 

145 OTC in the wastewater was determined using high performance liquid 

146 chromatography (HPLC, Agilent 1200, USA). The mobile phase was comprised of 

147 oxalic acid, acetonitrile and methanol with ratio of 80:10:10 (v/v/v). The mobile phase 

148 was pumped at a flow rate of 1 mL/min, and UV detection wavelengths were set at 

149 260 nm and 350 nm (Pan et al., 2019).

150 2.4 Microbial analysis 

151 The sludge samples obtained from the first and second compartments of ABR 

152 were used for DNA extraction for 16S rRNA gene sequencing. Soil DNA Kit 

153 (OMEGA BIO-TECH) was used for extracting DNA from collected sludge samples 

154 after cleaning with Phenol: Chloroform: Isoamyl Alcohol with ratio of 25:24:1. The 

155 DNA gene was amplified by PCR using the primers 515Fmodf (5'-

156 GTGYCAGCMGCCGCGGTAA-3') and 806RmodR (5'-

157 GGACTACNVGGGTWTCTAAT-3') bacteria and archaea, respectively. The 

158 concentration of PCR product was assayed by NanoDrop (Thermo Scientific). The 

159 bacterial and archaeal 16S rRNA gene clone libraries were constructed using the 

160 bacterial universal primer set 27F (5'-GAGAGTTTGATCCTGGCTCAG-3') and 

161 1492R (5'-CTACGGCTACCTTGTTACGA-3') and the archaeal universal primer set 

162 1Af (5'-TCYGKTTGATCCYGSCRGAG-3') and 1100Ar (5'-
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163 TGGGTCTCGCTCGTTG-3'), respectively. More information on data and microbial 

164 analysis can be recorded in our previous study (Li et al., 2020).

165 2.5 Start-up of the anaerobic baffled reactor

166 The whole process was started with increasing COD concentration of the influent 

167 step by step under settled hydraulic retention time (HRT) of 24 h. The start-up process 

168 lasted 49 days including three phases: start-up phase: 1st to 7th days with COD load of 

169 2000 g/m3/d; adaptation phase: 8th to 35th days with COD load of 4200 g/m3/d; stable 

170 phase: 36th to 49th days with COD load of 4500 g/m3/d. From 42th to 49th day, 0.1 

171 g/m3/d of OTC was added with influent COD concentration of 4500 mg/L. When the 

172 ABR was stabilized, different OTC load of 1.0, 3.3 and 5.0 g/m3/d were added into 

173 the influent to investigate the effect of various OTC load on the performance of the 

174 ABR. Each OTC load lasted 14 days with average COD concentration of 4500 mg/L.

175 2.6 Statistical analysis

176 The statistical analysis was performed using SPSS. Principal component analysis 

177 was used to visualize differences of microbial communities and composition between 

178 different OTC loads conditions in compartment 1 and compartment 2 in ABR system.

179 3. Results and discussion

180 3.1 Performance of the anaerobic baffled reactor during start-up process

181 To well operate the experiment under stable condition, the start-up process of 

182 ABR lasted 49 days under different influent COD concentrations. As shown in Fig. 

183 2A, the COD removal rate reached to 95.0% with the influent COD concentration of 

184 2000 mg/L in the start-up phase (1st to 7th days). While, it decreased to 85.0% in the 

185 adaptation phase due to the shock increase of COD loading to 4200 mg/L, which was 
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186 also reflected from the decline of the pH value in Fig. 2B (significant decline of pH 

187 with increasing COD concentration). In the whole adaptation phase from 8th to 35th 

188 day, the COD concentration of influent fluctuated below 4200 mg/L to avoid shock 

189 decline of COD removal rate. After recovery in 3 days, the COD removal rate was 

190 successfully kept at 95% during the whole adaptation phase. In addition, the pH, 

191 alkalinity and ORP also fluctuated during the adaptation phase due to the fluctuation 

192 of influent COD concentration. During 42 days regulation, the process reached steady 

193 state. After that, the start-up of ABR was operated successfully with experimental 

194 influent COD concentration of 4500 mg/L, pH value of 7.20 and alkalinity of 550 

195 mg/L. From the 42th to 49th day, 0.1 g/m3/d of OTC was added into the influent to 

196 make the microbe adapt the OTC contained environment. Then, the reactor was 

197 operated 14 days under each OTC load of 1.0 g/m3/d, 3.3 g/m3/d and 5.0 g/m3/d at 

198 influent COD concentration of 4500 mg/L.

199 To be more specific, the acidification occurred in the first compartment with 

200 decrease of pH to about 4.74 after adaptation phase. While the pH values in the last 

201 three compartments increased gradually with reaching the average values of 6.42, 

202 6.76 and 6.78, respectively, which are significantly different from the results reported 

203 by Boopathy and Bayrakdar et al (Boopathy, 1998; Bayrakdar et al., 2009). With 

204 treating swine wastewater and acidic wastewater using ABR reactor. In their studies, 

205 the pH values in the last two compartments for methanogenesis are all higher than 

206 6.50, and there is no methane production in the former three compartments. While in 

207 the present study, methane was produced at low pH value condition in four 
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208 compartments, particularly in the first compartment with lower pH value. This is 

209 mainly related to the specific activity of microbial community structure (especially 

210 methanogen) in the compartment, which is detailed discussed in the following parts. 

211 In terms of alkalinity in each compartment (Fig. 2C), they stabilized at values of 46 

212 mg/L, 360 mg/L, 480 mg/L and 525 mg/L, respectively. In addition, the ORP (Fig. 

213 2D) in each compartment are all below -200 mV, which supplied the suitable 

214 ecological condition for anaerobic digestion. 

215 3.2 Methane generation from the acidic fermentation

216 After stabilization of ABR, different loads of OTC were added in the influent, 

217 and Table 1 shows the pH change and biogas generation performance from four 

218 compartments of the ABR under different OTC loading. In general, bacteria has 

219 higher tolerance to pH change, while, methanogens are more sensitive to pH value 

220 with narrow activity range of 6.50-7.50 (Li et al., 2020). What is interesting that 

221 methanogen showed high activity at acid condition in the first compartment in the 

222 present study. The pH in the first compartment stabilized at 4.60, 4.60 and 4.40 under 

223 three different OTC loading of 1.0, 3.3 and 5.0 g/m3/d. Additionally, the pH values in 

224 all compartments are lower than the optimal pH range for methanogens according to 

225 the traditional point of view (Li et al., 2020). The results in the present study 

226 confirmed that methanogenesis could successfully occur under acidic environment, 

227 which was also verified by previous research (Li et al., 2018; Ali et al., 2019).

228 For methane generation, the biogas is mainly produced from the first two 

229 compartments, indicating the organic matters are mostly decomposed and converted 



11

230 to methane in the first two compartments. At OTC load of 1.0 g/m3/d, the methane 

231 yields are 19.4 L/d and 16.6 L/d in compartment 1 and 2 with methane content of 

232 62.2% and 52.3%, respectively. With OTC load increasing to 3.3 g/m3/d and 5.0 

233 g/m3/d, the methane yields reduced to 18.1 L/d vs 17.6 L/d in compartment 1 and 14.8 

234 L/d vs 13.1 L/d in compartment 2. These results also verified that high OTC load had 

235 slight negative impact on methane generation. There was previous study showed that 

236 antibiotics addition had significantly inhibition on methane generation during 

237 anaerobic digestion (Masse, 2000; Arikan et al., 2006; Alvarez et al., 2010). However, 

238 our previous study found that the antibiotics addition had little effect on methane 

239 generation in nanometer zero valent iron added anaerobic system (Pan et al., 2019). 

240 All the above research were conducted under normal neutral pH range. There is little 

241 work on methane generation from acid anaerobic digestion of wastewater containing 

242 antibiotics, which might be related to the microbial community and antibiotic.

243 3.3 Chemical oxygen demand and oxytetracycline removal performances

244 It was shown in Table 2 that the VSS concentration in compartment 1 is 42.5 

245 g/L, 44.8 g/L and 44.1 g/L under OTC load of 1.0, 3.3 and 5.0 g/m3/d, respectively. 

246 The biomass concentration kept relative stable with increasing OTC concentration. 

247 This also indirectly reflected that OTC concentration had little effect on the biomass 

248 of microorganism in ABR. It was obviously observed that there was no significant 

249 change in COD removal rate under different OTC loads. The total COD removal rate 

250 remained around 95.0% during the whole process. Specifically, the removal rates in 

251 compartment 1 and compartment 2 reached the highest value of 56.2% and 72.3%, 

252 respectively under OTC load of 3.3 g/m3/d. It indicated that most organic matters 
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253 were removed in the first two compartments, and also the COD removal in the first 

254 two compartments contributed significantly to the total COD removal rate, which was 

255 also verified by Vossoughi (Vossoughi et al., 2003). This is also consistent with the 

256 methane generation that most methane is generated from the compartments 1 and 2 

257 (Table 1). In addition, the COD removal rate decreased gradually in the following 

258 compartments, varying between10% - 15% and 5% - 10% in compartments 3 and 4, 

259 respectively, which was not listed in Table 2, with ultimate effluent COD 

260 concentration nearly 200 mg/L.

261 In previous study, researcher paid much attention to the antibiotic addition on 

262 organic matters removal as COD in anaerobic digestion process, little work focuses 

263 on the antibiotics removal in pharmaceutical wastewater treatment via anaerobic 

264 digestion. Although high COD removal efficiency could be achieved, the biological 

265 treatment processes may be ineffective in the removal of antibiotics under some 

266 circumstances. Our previous study also found that the tetracycline could be mostly 

267 degraded by some bacteria during anaerobic digestion with addition of nanometer 

268 zero valent iron (Pan et al., 2019). Therefore, it is necessary to investigate the 

269 antibiotic degradation associated with organic matter removal in wastewater treatment 

270 processes. In the present study, the OTC removal rate remained around 60% at 

271 different loads of OTC. This also indicated that increasing OTC loads did not decline 

272 its removal rate. Similar to the COD removal, the OTC was mostly removed in the 

273 first two compartments. However, the OTC removal rate from the first compartment 

274 increased from 34.0% to 45.0% with OTC load increasing from 1.0 to 5.0 g/m3/d. The 

275 removal performance was related to the specific microbial community in the reactor, 

276 while will be detailed analyzed in the microbial community section.

277 3.4 Volatile fatty acids performance in first compartment 
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278 To deeply investigate the acidic digestion, the VFAs composition and 

279 concentration of compartment 1 under different OTC loads is analyzed. The VFAs 

280 concentrations in the last three compartments were low, which was not listed in Fig. 

281 3. The VFAs concentration in ABR decreased from the first compartment to the last 

282 compartment during operation with 1578 mg/L and 254 mg/L in compartment 1 and 

283 2, respectively. The lower VFAs concentration under OTC loading of 3.3 g/m3/d 

284 might be due to the higher archaea activity after operation under OTC loading of 1.0 

285 g/m3/d. The near zero VFAs concentration in compartment 3 and 4 was also 

286 compliant to the high COD removal rates in compartment 1 and 2. In addition, the 

287 acetate and propionate were the main components with low concentration of butyrate. 

288 It was also reported that the propionate production is favored at pH 4.0 - 4.5 (Yu and 

289 Fang, 2002). And also, the VFAs concentration in the compartments 3 and 4 were 

290 found to be zero at all OTC loading rates. It could be concluded that the VFAs mainly 

291 produced in compartment 1 was further converted to methane in compartment 1 and 

292 2.

293 It was found that there was no VFAs accumulation occurred during wastewater 

294 treatment containing OTC, and the methanogenesis was also not inhibited in the 

295 acidic condition. Therefore, the OTC loads have little impact on the type of 

296 acidification dominated by acetate or propionate. However, the OTC loads presented 

297 some effect on the VFAs concentration. The concentration of acetate 1203 mg/L, 491 

298 mg/L and 1150 mg/L under OTC loads were 1.0, 3.3 and 5 g/m3/d, and it was 298 

299 mg/L vs 189 mg/L vs 127 mg/L for propionate. The slight VFAs accumulation in 
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300 compartment 1 under 1.0 g/m3/d load was resulted from the adaptation period of the 

301 ABR. The lowest VFAs concentration and highest COD removal rate was obtained 

302 under 3.3 g/m3/d OTC load after adaptation. While, the accumulation of VFAs 

303 occurred again under 5.0 g/m3/d OTC load, which can be explained by the weakened 

304 tolerance of ABR to OTC loading. Additionally, Arikan et al. (2006) also reported 

305 that the accumulated OTC and its metabolites (such as 4-epi-oxytetracycline, α-apo-

306 oxytetracycline and β-apo-oxytetracycline) in the digestion tank had an adverse effect 

307 on anaerobic digestion.

308 3.5 Microorganisms morphology observation by SEM

309 After the whole experiments, sludge from different compartments were analyzed 

310 by SEM to characterize their structures and dominated morphology. Different 

311 bacterial morphologies were observed within compartment 1 of ABR. All examined 

312 granules were composed of short and long bacilli (Casper, 2003). The SEM images of 

313 the compartment 2 showed that granules had compact structure and naturally occurred 

314 cavities on the surface. This might be associated with the high biogas production in 

315 this compartment that the biogas broke through the granular sludge resulting in the 

316 formation of cavities. In compartment 3, the observed morphotype were rod-shaped, 

317 filamentous bacteria and streptococcal-like microorganism. Besides, filamentous and 

318 short bacilli were also found in compartment 4. The above SEM photomicrographs 

319 showed that all granules had a heterogeneous bacterial population and the dominant 

320 cells in each compartment appeared to be different morphologies.

321 In addition, previous studies reported that the former compartments of ABR were 

322 mainly composed of acid hydrolysis bacteria, and the methanogens for the latter 

323 compartments (Krishna et al., 2009). While, methanogens played important role in 
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324 compartment 1 under acidic condition in the present study without inhibition from 

325 OTC. The Methanosaeta and Methanobacterium using acetate and H2/CO2 as 

326 substrates (confirmed from the microbial analysis section), which well explained the 

327 higher acetate degradation rate and methane production yield in compartment 1 under 

328 acidic condition. In addition, the structure of the multiple microbial communities 

329 ensured the stable operation of ABR. 

330 3.6 Microbial community analysis from bacteria and archaea aspects

331 The microbial community analysis based on high throughput sequencing was 

332 used to reveal the functional microorganism and their relationship with OTC addition 

333 under the specific acidic condition. The composition and relative abundance of 

334 bacteria and archaea were deeply investigated from different taxonomic levels from 

335 compartment 1 and 2 under three different OTC loads.

336 Bacteria aspect: There are general four steps in anaerobic digestion process 

337 including hydrolysis, acidogenesis, acetogenesis and methanogenesis (Lv et al., 

338 2020). The bacteria played important role in the first three steps with converting 

339 original substrates into different precursors for following methanogen. In the present 

340 study, it was expected that there was clear effect of OTC on bacterial community due 

341 to the OTC is a spectrum antibiotic with a mechanism preventing binding of 

342 aminoacyl tRNA (Hillen, 1996). Not surprisingly, the bacteria composition 

343 significantly varied with the increase of OTC addition as shown in Fig. 4A,B. This 

344 was also verified from the connection between samples and bacteria community (Fig. 

345 5A). The far distance between samples from same compartment under different OTC 

346 condition proved the significant difference. Generally, the organic matters were 

347 mainly degraded by Bacteroidetes and Firmicutes in during hydrolysis and 

348 acidification of anaerobic digestion process. However, Halil et al. reported that 
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349 Firmicutes dominated bacterial community with relative abundance of 87% during 

350 60-day batch incubation of cow manure with different concentrations of antibiotics 

351 (including OTC) addition (Stone et al., 2009). The differences of Bacteroidetes’s high 

352 abundance in the present study might derive from the acidic operation condition in 

353 studied ABR system. Christian et al. also found that the relative abundance of 

354 Bacteroidetes was significantly higher than Firmicutes in acidic environment with pH 

355 values range of 4.0-5.0 (Lauber et al., 2009). The change of relative abundance of 

356 Bacteroidetes and Firmicutes in the present study might be also resulted from the 

357 acidic environment and OTC inhibition. 

358 In genus level, Megasphaera and Prevotella were predominant in first 

359 compartment with OTC load of 1.0 g/m3/d, while their relative abundances decreased 

360 with increase of OTC load (Fig 4B). It indicated that Megasphaera and Prevotella had 

361 high activity in low OTC concentration environment than in high OTC load. In 

362 contrast, the increase of relative abundance of Treponema and Bacteroidales with the 

363 increase of OTC load in first compartment elucidated that Treponema and 

364 Bacteroidales had higher tolerance to OTC than Megasphaera and Prevotella. 

365 Additionally, it was obvious that the bacteria composition in second compartment was 

366 quite different from it in first compartment, which proved that the first compartment 

367 and second compartment played different roles in substrate degradation in ABR 

368 system (Barber and Stuckey, 1999). Nevertheless, either Megasphaera and Prevotella 

369 or Treponema and Bacteroidales, they are all acetogen which can supply enough 

370 substrates (H2/formate, acetate) for the growth and methane generation from 

371 methanogen, which also explained the little impact on methanation from methane 

372 yield in the acidic ABR.
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373 Archaea aspect: The methanogen played important role in anaerobic digestion 

374 due to its function in converting metabolic intermediates to methane. In phylum level, 

375 Euryarchaeota dominated in all the samples (Fig. 4C). In addition, the relative 

376 abundance of Methanosaetaceae accounted for 47.7% and 42.7% in compartment 1 

377 under OTC loads of 3.3 and 5.0 g/m3/d, while little contribution occurred under OTC 

378 load of 1.0 g/m3/d (Fig. 4D). This is also corresponded to the relative lower acetate 

379 concentration in compartment 1 under OTC load of 3.3 and 5.0 g/m3/d. Because 

380 Methanosaetaceae was typical acetoclastic methanogens with only using acetate as 

381 substrate (Kendall and Boone, 2006). To be more specific, Methanobrevibacter and 

382 Methanobacterium (hydrogenotrophic methanogens) were the two main genera in 

383 compartment 1 under OTC load of 1.0 g/m3/d. After operation under OTC loads of 

384 3.3 and 5.0 g/m3/d, Methanosaeta (acetoclastic methanogen) became the dominate 

385 methanogen. This also explained the slight decline in methane yield with OTC load 

386 increasing from 1.0 to 3.0 g/m3/d due to the higher methanation rate from H2/CO2 in 

387 anaerobic methanogenic environment (Pan et al., 2016). Stone et al. also reported that 

388 dominance of Methanosarcinales in anaerobic batch reactors with swine manure 

389 severing as substrates, and Methanosaetaceae was more abundance than 

390 Methanosarcinaceae (Stone et al., 2009). Finally, the OTC addition significantly 

391 affected the archaea distribution, which was also verified from the connection 

392 between samples and archaea community (Fig. 5B). However, the activity of 

393 methanogen was not inhibited during difference OTC loads. 

394 Another interesting phenomenon is that the high activity of methanogen under 

395 acidic condition. As reported above, we surprised to find that Methanosaeta showed 

396 high activity and played significant role in wastewater containing OTC treatment 

397 under acidic system (both compartment 1 and 2). It was also reported that 
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398 Methanosaeta had many methane synthesis routes and could grow under extremely 

399 pH value (Bomberg et al., 2011; Ali et al., 2019). In addition, it was reported that 

400 Methanosarcina and Methanosaeta were not inhibited during fermentation of 

401 wastewater containing OTC (Ince et al., 2012). This also proved that Methanosaeta 

402 had unknown acidophilic species, which needs more work on isolation. Nevertheless, 

403 Methanobacterium, Methanobrevibacter, Candidatus Methanoregula detected in the 

404 present study had been reported owning specific acidophilic species of 

405 Methanobacterium espanolae, Methanobrevibacter acididurans and Methanoregula 

406 boonei (Patel, 1990; Savant, 2002; Brauer et al., 2011). Additionally, 

407 Methanospirillum might also have some acidophilic species although the contribution 

408 of Methanospirillum was quite low in the studied reactor. In addition, another possible 

409 reason for the better methane generation under acidic condition was due to the 

410 unknown contribution from OTC addition. Bräuer found that the antibiotics could 

411 inhibit the growth of hydrogenotrophic acetogen to avoid the accumulation of VFA, 

412 consequently the growth of hydrogenotrophic methanogens were promoted (Bräuer et 

413 al., 2004). Cadillo-Quiroz et al. isolated the methanogen of E1-9CT with ability 

414 resisting many kinds of antibiotics such as penicillin, ampicillin, tetracycline (Cadillo-

415 Quiroz et al., 2008; Cadillo-Quiroz et al., 2009). Additionally, some methanogens 

416 could synthesize extracellular polymeric substrates (EPSs) to form capsule after 

417 stimulation by antibiotics, which protect methanogen from antibiotics penetrating to 

418 the cells to increase the tolerance of methanogen to adverse environment such as 

419 acidic pH condition, toxic substances and so on (Anderson et al., 2012).

420 Finally, although the activity of microorganism might be not influenced by above 

421 three OTC loads, the bacteria and archaea diversity and composition was significantly 

422 affected by different OTC loads. In addition, Methanosaeta has relevant higher 
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423 tolerance to high OTC concentration, while Methanobrevibacter was more sensitive 

424 to OTC concentration than Methanosaeta, which might cause the slight variation in 

425 methane yield under different OTC loads. 

426 4. Conclusions

427 Scale up ABR was applied to treat wastewater containing OTC for methane 

428 generation under acidic condition in the present work. After start-up process, the pH 

429 value of first compartment was 4.60 with high activity of methanogenesis. In addition, 

430 OTC addition had little impact on the methane generation with whole COD and OTC 

431 removal rate of 95% and 60%, respectively. Interestingly, the first two compartments 

432 mainly contributed to the COD, OTC removal and methane generation. Microbial 

433 analysis revealed that OTC could significantly influence the bacteria and archaea 

434 community. Specially, Methanosaeta dominated the archaea community with 

435 tolerance to OTC under acidic condition.
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599 Figure Captions

600 Fig. 1 The schematic diagram of the applied anaerobic baffled reactor.

601

602 Fig. 2 Performances of anaerobic baffled reactor during start-up process (A: COD; B: 
603 pH; C: Alkalinity; D: ORP).

604

605 Fig. 3 Variation of VFAs from the first compartment under different OTC loads.

606
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607 Fig. 4 Distribution of bacteria and archaea community on phylum (A, C) and genus 
608 (B, D) level in the first and second compartments under different OTC loads (C1 and 
609 C2 represent the first and second compartments; L1, L2 and L3 represent three 
610 different OTC loads of 1.0, 3.3 and 5.0 g/m3/d)

611

612 Fig. 5 The relative change of bacteria (A) and archaea (B) in diversity between 
613 samples and species. 
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652 Fig. 2 Performances of anaerobic baffled reactor during start-up process (A: COD; B: 
653 pH; C: Alkalinity; D: ORP).
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665 Fig. 3 Variation of VFAs from the first compartment under different OTC loads.
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690              

A

B

691 Fig. 5 The relative change of bacteria (A) and archaea (B) in diversity between 
692 samples and species. 

693

694

695

696 Table 1 pH change and biogas performance of ABR under different OTC loading

Items HRT OTC loads pH Biogas yield Methane content
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(h) (g OTC/m3/d) (L/d) (%)

1-a 24 1.0 4.60 ± 0.20 37.10 ± 0.04 52.3 ± 3.8

1-b 24 1.0 6.00 ± 0.10 26.60 ± 0.01 62.2 ± 3.8

1-c 24 1.0 6.40 ± 0.10 0.10 ± 0.00 46.3 ± 2.2

1-d 24 1.0 6.40 ± 0.10 0.10 ± 0.00 44.1 ± 3.0

2-a 24 3.3 4.60 ± 0.20 35.10 ± 0.02 51.6 ± 3.7

2-b 24 3.3 6.20 ± 0.10 25.10 ± 0.04 58.7 ± 3.9

2-c 24 3.3 6.40 ± 0.10 0.10 ± 0.00 70.1 ± 3.3

2-d 24 3.3 6.40 ± 0.10 0.10 ± 0.00 50.9 ± 4.5

3-a 24 5.0 4.40 ± 0.10 34.70 ± 0.03 50.8 ± 1.3

3-b 24 5.0 5.90 ± 0.10 24.20 ± 0.03 54.3 ± 3.4

3-c 24 5.0 6.50 ± 0.10 0.10 ± 0.00 66.9 ± 3.3

3-d 24 5.0 6.50 ± 0.10 0.70 ± 0.00 42.5 ± 2.4

697 a, b, c, d: data from the first, second, third and fourth compartments of ABR; 1, 2, 3: representing 
698 different OTC loads of 1.0, 3.3 and 5.0 g/m3/d.

699

700

701

702

703

704

705

706

707

708

709

710

711
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712

713

714

715

716

717

718 Table 2 The COD and OTC removal performances in the ABR

Items OTC loads

(g/m3/d)

Influent COD

(mg/L)

Effluent COD

(mg/L)

COD removal 
rate (%)

OTC removal 
rate (%)

VSS

(g/L)

1-w 1.0 4415.0 228.2 94.9 ± 0.6 59.9 ± 2.4 /

1-a 1.0 4415.0 2601.8 41.1 ± 2.7 34.0 ± 3.1 42.5

1-b 1.0 2598.7 950.4 63.4 ± 1.1 40.1 ± 2.0 21.8

2-w 3.3 4677.5 237.2 94.1 ± 1.0 59.7 ± 2.7 /

2-a 3.3 4677.5 2049.5 56.2 ± 3.2 37.0 ± 1.9 44.8

2-b 3.3 2258.5 624.5 72.3 ± 4.5 42.6 ± 3.1 25.9

3-w 5.0 4691.0 205.7 95.1 ± 0.6 57.7 ± 3.0 /

3-a 5.0 4691.0 2530.5 46.1 ± 2.6 45.0 ± 2.0 44.1

3-b 5.0 2528.7 1020.5 59.6 ± 3.2 41.2 ± 2.7 25.9

719 w: representing the whole process; a, b: data from the first and second compartments; 1, 2, 3: 
720 representing different OTC loading of 1.0, 3.3 and 5.0 g/m3/d.

721

722

723

724

725

726 Highlights
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727 Scale up anaerobic baffled reactor was used for treating oxyterracycline wastewater

728

729 Methane was generated under acidic condition with pH of 4.60

730

731 Chemical oxygen demand and oxyterracycline removal efficiencies reached 95% and 
732 60%

733

734 Oxyterracycline addition significantly changed the microbial community

735

736 Methanosaeta dominated the archaea community under acid condition

737

738

739


