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Abstract: 19 

The inhibition of anaerobic digestion (AD) by phenolic compounds is an obstacle to 20 

the efficient treatment of organic wastes. Besides, hydrochar produced from 21 

hydrothermal liquefaction of biomass has been previously reported to enhance AD. 22 

The present study aimed to provide deep insights into the microbial shifts at the 23 

species level to phenol (0-1.5 g/L) inhibition in AD of glucose with and without 24 

hydrochar by metagenomic analysis. Phenol higher than 1 g/L had severe inhibition 25 

on both the amount and rate of methane production in control experiments, while 26 

hydrochar significantly enhanced methane production, especially at phenol 1 g/L and 27 

1.5 g/L. From metagenomic analysis, 78 High-quality metagenome-assembled 28 

genomes (MAGs) were obtained. Principal components analysis showed that the 29 

microbial communities were shifted when phenol concentration was increased to 0.25 30 

g/L in control experiments and 1 g/L in hydrochar experiments. In control 31 

experiments, no MAGs involved in acetogenesis were found at phenol 1.5 g/L and 32 

Methanothrix sp.FDU243 was also inhibited. However, hydrochar resulted in the 33 

maintenance of several MAGs involved in acetogenesis and Methanothrix sp.FDU243 34 

even at phenol 1.5 g/L, ensuring a persistent methane production. Furthermore, 6 35 

phenol-degrading MAGs were identified, shifting dependent on the concentrations of 36 

phenol and the presence of hydrochar. 37 

 38 

Environmental Implication: A variety of natural or factitious phenolic compounds 39 

with severe inhibition of microbes by damaging cytomembrane and altering the cell 40 
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wall permeability are recognized as the main cause of anaerobic digestion (AD) 41 

failure. The concentrations of phenolic compounds could be several grams per liter in 42 

different kinds of organic wastes, including pig manure, coal gasification wastewater, 43 

municipal solid waste, sewage sludge, palm oil mill wastewater, paper industry 44 

wastewater, etc. The present study provided deep microbial insights on the inhibition 45 

of phenol on AD and methods to enhance phenol degradation and alleviate its 46 

inhibition on AD. 47 

 48 

Key words: Phenol; Anaerobic digestion; Hydrochar; Metagenomic analysis; 49 

Microbial shifts 50 

  51 
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1. Introduction 52 

Anaerobic digestion (AD) is an economical, sustainable and environmental-friendly 53 

bioprocess converting organic wastes into methane, which simultaneously enables 54 

organic wastes stabilization with simultaneous renewable energy production [1]. 55 

However, the microbially driven process is extremely sensitive to inhibitory 56 

substances, which induces unstable performance and therefore limits the wide 57 

application of AD [2]. These inhibitory substances (E.g., ammonia, long-chain fatty 58 

acids, and phenolic compounds) can be either substantially contained in organic 59 

wastes, or released in AD process (E.g., ammonia is derived from protein 60 

fermentation) [3, 4]. 61 

A variety of natural or factitious phenolic compounds with severe inhibition of 62 

microbes by damaging cytomembrane and altering the cell wall permeability are 63 

recognized as the main cause of AD failure [4]. For example, high concentrations 64 

(e.g., >0.5 g/L) of phenol could result in the failure of the AD process [4]. The 65 

concentrations of phenolic compounds could be several grams per liter in different 66 

kinds of organic wastes including pig manure, coal gasification wastewater, municipal 67 

solid waste, sewage sludge, palm oil mill wastewater, paper industry wastewater, etc 68 

[5]. phenol is a principal and essential component among phenolic compounds, which 69 

is formed from the degradation of natural aromatic compounds such as tannins and 70 

humic acids or biodegradation of xenobiotic compounds such as phenolic resin and 71 

pesticides [6]. In addition, specific pretreatments of lignocellulosic materials aimed at 72 

increasing biogas production efficiency also resulted in the production of phenol [7].  73 
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The degradation of phenol as the sole substrate has been extensively studied 74 

previously including the optimization of the AD process and the elucidation of the 75 

microbial mechanisms [8-10]. The inhibitory effects of phenol on substrate 76 

degradation, volatile fatty acids (VFA) accumulation and methane production in AD 77 

of organic wastes were also well investigated [4, 11, 12]. However, previous studies 78 

mainly focused on the microbes degrading phenol, and the responses of microbes 79 

degrading organic wastes to different phenol concentrations were less investigated. 80 

Chapleur et al. found in the AD of cellulose, the activity of fermentative bacteria was 81 

inhibited with IC50 at phenol 2 g/L, while the activity of methanogens was inhibited 82 

with IC50 at phenol 1.4 g/L [11]. They also found microbial communities resisted 83 

different concentrations of phenol through structural adaptation based on automated 84 

ribosomal intergenic spacer analysis (ARISA) method [11]. In addition, Poirier et al. 85 

found shifts in microbial communities started from phenol 0.5 g/L during AD of food 86 

wastes, and certain genera could adapt to high phenol concentrations based on 16S 87 

rRNA gene analysis [4]. It should be noted that previous studies only described the 88 

dynamics of microbial communities towards phenol inhibition, the functions of 89 

enriched microbes at different phenol concentrations in such a complex AD system 90 

have not be elucidated due to the limitations of the methods for microbial analysis 91 

used in the above studies. 92 

The methods to reduce the inhibition of phenol on AD of organic wastes were also 93 

studied previously. For example, the utilization of activated carbon to adsorb phenol 94 

and aerobic pretreatment by different bacteria to degrade phenol in the organic wastes 95 
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have been proposed to decrease the inhibition of phenol on AD [13-15]. Hydrochar, 96 

produced during hydrothermal liquefaction of different organic wastes (corn straw 97 

and sewage sludge, etc.), has been shown to enhance the methane production rate in 98 

AD of glucose and waste activated sludge through direct interspecies electron transfer 99 

(DIET) via surface oxygen containing functional groups [16], which might have 100 

different mechanisms to alleviate phenol inhibition as compared to adsorption and 101 

aerobic pretreatment. In our previous studies, it was also shown hydrochar was more 102 

effective in enhancing AD of glucose and waste activated sludge as compared to 103 

biochar and activated carbon since it had higher surface oxygen containing functional 104 

groups [1, 16]. However, its application to reduce phenol inhibition on AD of organic 105 

wastes has not been investigated. Hydrochar might accelerate the degradation of both 106 

phenol and organic wastes during AD process. Therefore, the microbes enriched by 107 

hydrochar might be more tolerant to phenol inhibition, and the dynamics of microbial 108 

communities towards phenol inhibition with the presence of hydrochar also deserves 109 

investigation, which might be different from the microbial shifts in AD without 110 

hydrochar. 111 

It should be noted that only a small part of the microbes in the environment have been 112 

well studied by isolation, and more than 99% of the microbes cannot be isolated in the 113 

laboratory [17]. Therefore, our understanding of the microbial genetics, physiology 114 

and metabolic pathways is extremely limited. It is necessary to explore the functional 115 

characterization of individual species extracted from the complex microbial 116 

community by reconstructing their genomes [18]. The genome-centric metagenomic 117 
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approach provides a powerful tool to identify metagenome-assembled genomes 118 

(MAGs) reconstructed by binning the scaffolds [19]. Accordingly, mixed communities 119 

comprised of various MAGs and functional characteristics can be found in AD 120 

processes, which raises the possibility to discover new microbial species and 121 

interactions of phenol-tolerant microbes with specific functionalities in the AD 122 

process. 123 

Based on the above considerations, the present study aimed to investigate the effects 124 

of phenol on the methane production in AD process with and without hydrochar. 125 

Genome-centric metagenomic analysis was also applied to discover the key microbial 126 

species and their potential metabolic functions, as well as the microbial shifts in 127 

response to phenol inhibition in AD process. The study not only provided a method to 128 

alleviate phenol inhibition on AD process, but also elucidated the dynamics of 129 

microbes in species level, which provided new insights into the response of microbes 130 

to phenol inhibition. 131 

2. Material and Methods 132 

2.1 Inoculum and substrate 133 

Anaerobic granular sludge was obtained from an up-flow anaerobic sludge bed 134 

reactor treating cassava stillage. The anaerobic granular sludge was not dried and it 135 

was directly put into a grinder to make it homogeneous. The pulverize sludge was 136 

used as inoculum for methane production. The inoculum had the following 137 

characteristics: Total solids (TS) 34.6 ± 1.5 g/L, volatile solids (VS) 27.5 ± 0.9 g/L, 138 

and pH 7.22 ± 0.09. Glucose (>99.5%, Aladdin) was used as a model organic 139 
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substrate in the present study, since several phenol-containing organic wastewater 140 

(E.g., palm oil mill wastewater and hydrolysate) are rich in carbohydrate [5]. 141 

2.2 Preparation of hydrochar 142 

Hydrothermal liquefaction of corn straw was conducted to obtain hydrochar in a 3 L 143 

hydrothermal reactor equipped with a stirrer and temperature controller. The reactor 144 

was heated to 260 °C and maintained for one hour at a stirring rate of 150 rpm. Then 145 

tetrahydrofuran was used to wash hydrochar in order to remove the bio-oil attached 146 

on it. This procedure was repeated multiple times. Finally, the hydrochar was dried in 147 

a vacuum oven at 60 °C overnight for further utilization. The hydrochar had the 148 

following characteristics: pH 5.65±0.05, surface area 56.76±2.81 m2/g, elemental 149 

composition (C 58.21±1.21%, N 2.11±0.02%, H 3.98±0.01%, S 0.18±0.01%, O 150 

9.51±0.15%), and ash content 26.14±1.15%. 151 

2.3 Experimental set-up 152 

Batch experiments were conducted to investigate the effects of phenol on the 153 

methane production from glucose with and without hydrochar. 118 mL serum bottles 154 

with a working volume of 60 mL were used as the reactors. Each bottle contained 5 155 

g/L glucose, 2 g/L sodium bicarbonate, 2 mL inoculum and basic medium. The 156 

composition of basic medium was described in a previous study, which contained 157 

necessary nutrients for microbial growth [20]. Phenol was added to the serum bottles 158 

at the final concentrations of 0, 0.25, 0.5, 1.0, and 1.5 g/L, and the phenol 159 

concentrations were chosen based on its concentrations in wastewater and also widely 160 

studied in previous studies [4, 15, 21]. In AD with hydrochar, hydrochar was added to 161 
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the serum bottles at a final concentration 10 g/L with different concentrations of 162 

phenol, and 10 g/L hydrochar has been demonstrated to be optimal for the 163 

enhancement of AD process [16]. The initial pH of each serum bottle was adjusted to 164 

7.5 by 2M HCl and 2M NaOH. Each serum bottle was flushed with pure N2 to keep 165 

the anaerobic condition, sealed with butyl rubber stoppers and then placed in a 166 

thermostatic incubator with the temperature controlled at 37 °C. All the experiments 167 

were conducted in triplicates. The above experiments were repeated thrice. The 168 

microbial communities would gradually adapt to different phenol concentrations in 169 

the presence and absence of hydrochar in the consecutive batch experiments. 170 

Therefore, the gas and liquid samples were collected only from the third experiments 171 

periodically for analysis, which had relatively stable microbial communities. The 172 

modified Gompertz model was applied to simulate the methane production at 173 

different phenol concentrations (Supporting information)[22]. The extracellular 174 

electron transfer (EET) capacity of the enriched sludge and the adsorption of phenol 175 

by hydrochar were also tested (Supporting Information). 176 

2.4 Metagenomic analyses 177 

The enriched sludge of each condition was collected for metagenomic analysis. 178 

The samples were labelled as P0, P0.25, P0.5, P1, P1.5, PH0, PH0.25, PH0.5, PH1 179 

and PH1.5. “P” stands for the control experiments, while “PH” stands for the 180 

hydrochar experiments. The number represents the concentration of phenol. The total 181 

genomic DNA was extracted by PowerMax Soil DNA Isolation Kit (MoBio 182 

Laboratories, USA), and then quality-checked using agarose gel electrophoresis and a 183 
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Nanodrop ND-2000c (Thermoo Fisher Scientific,USA). The extracted DNA was then 184 

used for metagenomic sequencing. Metagenome libraries (2 x 150 bp) were 185 

sequenced on the Illumina Hiseq 2500 platform (Illumina Inc., USA). Raw sequences 186 

have been deposited in the National Center for Biotechnology Information (NCBI) 187 

website under BioProject PRJNA865089. The Trimmomatic software (v0.38) was 188 

used to filter and trim the paired-end reads with these parameters (LEADING:3, 189 

TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:36). Trimmomatic is a flexible, 190 

pair-aware and efficient preprocessing tool to trim the adapters and filter the low 191 

quality sequences, which was optimized for Illumina next-generation sequencing data 192 

[23]. The metagenome assembly process was carried out using MEGAHIT (v1.0) in 193 

order to generate one co-assembly. Metagenomic binning was applied to the 194 

co-assembly according to MetaBAT2, CONCOCT and MaxBin2. Then MetaWRAP 195 

software was used to consolidate the MAGs generated from the above binning 196 

softwares into a single bin set to form the final MAGs. The characteristics of the final 197 

MAGs including completeness and contamination were determined using CheckM 198 

(v1.0.18). Prokka (v1.13.7) was used to annotate the MAGs. Taxonomic 199 

classifications assigned to MAGs were performed using CAT (v5.12) and GBDK-Tk 200 

(v1.3.0). The metabolic mechanism and functional analysis of MAGs were measured 201 

using GhostKOALA. The coding sequences (CDS) dataset of the MAGs was 202 

annotated with Evolutionary Genealogy of Genes: Non-supervised Orthologous 203 

Groups (eggNOG) and Kyoto Encyclopedia of Genes and Genomes (KEGG). The 204 

heatmap of MAGs in different samples was generated by R pheatmap package. 205 
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Principal components analysis (PCA) of different samples based on the abundances of 206 

MAGs was conducted by Canoco 5.1. Pearson analysis of the correlation between 207 

maximum methane production rate (Rm) and MAGs were calculated by SPSS 20.0. 208 

2.5 Analytical methods 209 

The analysis of total solids (TS), volatile solids (VS), VFA, phenol and gas 210 

composition were determined based on our previous study [5]. The analysis of 211 

variance (ANOVA) at p < 0.05 was used to test the significance of results. The figures 212 

relating with methane production, VFA concentrations, phenol concentrations, and 213 

COD mass balance were generated by OriginPro 9.1.  214 

3. Results and Discussion 215 

3.1 Effects of phenol on methane production from AD of glucose 216 

The cumulative methane production from glucose at different phenol concentrations 217 

with and without hydrochar are shown in Fig 1. The kinetic parameters (maximum 218 

methane production P, maximum methane production rate Rm and lag phase λ) 219 

calculated based on the modified Gompertz model are summarized in Table 1. In the 220 

control experiments without hydrochar, phenol at both 0.25 and 0.5 g/L had around 20% 221 

inhibition on the Rm, however, the P was increased by around 10% and 20% as 222 

compared to P0 (p<0.05), respectively. The increase of P was due to that phenol was 223 

also converted to methane accompanied with glucose degradation. Nevertheless, the P 224 

was significantly decreased by 70% and 86% at phenol 1 g/L and 1.5 g/L, respectively 225 

(p<0.05), which were calculated based on the P values of phenol 1 g/L and 1.5 g/L as 226 

compared to that of 0 g/L. At the same time, Rm was also significantly decreased by 227 
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more than 80% at both phenol 1 g/L and 1.5 g/L (p<0.05). The above results clearly 228 

showed that phenol at higher concentration (e.g. ≥1g/L) had profound inhibition to 229 

AD of glucose. The inhibition of phenol on AD of organic wastes was also reported 230 

previously [4, 15]. However, the degree of inhibition was not the same. For example, 231 

Poirier et al. showed that phenol at 1.5 g/L and 2 g/L resulted in the inhibition of 232 

methane production from food wastes by around 10% and 50% [4]. It seems phenol 233 

had more inhibition in the present study, and it might be due to the differences in the 234 

inoculum, environmental conditions (temperature, pH) and properties of substrates. 235 

The addition of hydrochar improved the AD efficiency at each phenol concentration 236 

compared with the control experiments considering the higher Rm. At phenol 0, 237 

hydrochar resulted in the increase of Rm by 22.4% compared to that obtained in 238 

control experiment (p<0.05), and similar effects were also observed at phenol 0.25 239 

g/L and 0.5 g/L. However, it more effectively increased the Rm at higher 240 

concentrations of phenol. For instance, hydrochar resulted in a significant increase of 241 

Rm by 290% at phenol 1 g/L and 1062% at 1.5 g/L (p<0.05), which were calculated 242 

based on the Rm at phenol 1 g/L with and without hydrochar and Rm at phenol 1.5 243 

g/L with and without hydrochar. The above results indicated hydrochar was very 244 

effective to alleviate the inhibition of phenol at high concentrations. In addition, the P 245 

was not obviously affected by hydrochar at the phenol below 0.5 g/L, while it was 246 

significantly increased by 413% and 555% at phenol 1 g/L and 1.5 g/L as compared to 247 

that obtained in control experiments, respectively (p<0.05). It should be noted that the 248 

P at phenol 1 g/L with hydrochar was close to the theoretical methane production 249 
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(Table 1), which indicated that hydrochar could not only alleviate the inhibition of 250 

phenol on AD of glucose, but also effectively promoted phenol degradation into 251 

methane even at high concentration of phenol. A previous study showed activated 252 

carbon supported nano zero-valent iron material was effective to increase methane 253 

yield of glucose by around 70 % at 500 mg/L phenol, while they did not calculate the 254 

methane production rate [15]. Therefore, it was not comparable with the present study 255 

since glucose was almost theoretically converted to methane at 500 mg/L with and 256 

without hydrochar, and hydrochar only increased the methane production rate. The 257 

differences could be resulted from the differences in substrate concentration and 258 

inoculum in different studies, and further studies should be conducted to compare the 259 

ability of different materials for alleviating phenol inhibition at the same conditions.  260 

The produced VFA were mainly acetate, propionate and butyrate in all the 261 

experiments as presented in Fig 2. In the control experiments, the higher 262 

concentrations of phenol 1 g/L and 1.5 g/L led to higher accumulation and longer 263 

degradation phases of all VFA, which suggested that phenol inhibited VFA degraders 264 

during the AD process. However, hydrochar resulted in fast decrease of the 265 

accumulated VFA. It indicated that hydrochar alleviated the inhibition of phenol and 266 

promoted the consumption of total VFA, which was also consistent with the higher P 267 

and Rm in the hydrochar experiments at each phenol concentration. 268 

The changes of phenol concentrations in the AD process are presented in Fig 3. In the 269 

control experiment, phenol was completely degraded at up to 0.5 g/L, and it was also 270 

consistent with the higher P at phenol 0.25 g/L and 0.5 g/L as compared to that 271 
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obtained at phenol 0. In the hydrochar experiments, phenol can be completely 272 

degraded even when the concentration of phenol reached 1 g/L, considering that P 273 

was close to the theoretical value (Table 1). Considering the maximum methane 274 

production was obtained at phenol 1 g/L with hydrochar in all the experiments, 275 

hydrochar effectively promoted phenol degradation, which also decreased the 276 

inhibition of phenol to AD and led to faster methane production. It is known that 277 

hydrochar had adsorption capacity for organic compounds [24], which might be a 278 

reason for the enhanced methane production in AD process by decreasing the phenol 279 

inhibition. The adsorption experiments showed hydrochar indeed had certain phenol 280 

adsorption capacity (Table S1), which was below 20% of the initial phenol 281 

concentration. It should be noted that at phenol 1.5 g/L with hydrochar, there was still 282 

1 g/L phenol left at the end of the AD process, and the decrease of phenol 283 

concentration could be due to the adsorption and bio-degradation. However, 1 g/L 284 

phenol had severer inhibition of methane production in the control experiment, and 285 

both P and Rm were much lower than that at 1.5 g/L with hydrochar, which indicated 286 

that hydrochar significantly alleviated the inhibition of phenol even final phenol 287 

concentration was still at high level. Consequently, the ability of hydrochar to 288 

promote methane production could also be related to the enrichment of some 289 

microbes involved in AD that can adapt to higher phenol concentrations. The COD 290 

mass balance was also calculated as shown in Fig S1, and the unbalanced COD 291 

accounted for < 10 % in all the experiments, which could be related with the 292 

microbial growth. The above results indicated all the consumed and produced 293 
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compounds were well tracked. 294 

3.2 Effects of phenol on microbial communities as revealed by metagenomic 295 

binning 296 

The metagenomic assembly and binning process resulted in the recovery of 78 297 

MAGs with high quality (>85% completeness, <5% contamination) (Table S2). The 298 

functional genes of the above MAGs were also annotated against KEGG database to 299 

identify their potential functions in AD process (Table S3 and S4). About 67% of the 300 

above MAGs were not assigned to species level, which indicated that these microbial 301 

species were not characterized previously and might be related to new species (Table 302 

S5). The MAGs contained 76 bacterial and 2 archaeal genomes, taxonomically 303 

assigned into eleven phyla, namely Planctomycetes, Firmicutes, Bacteroidetes, 304 

Chloroflexi, Synergistetes, Armatimonadetes, Spirochaetes, Thermotogae, 305 

Actinobacteria, Proteobacteria, and Euryarchaeota. A large clade (18 out of 76) of 306 

bacterial MAGs was assigned to Firmicutes phylum, and 2 archaeal MAGs were both 307 

assigned to Euryarchaeota phylum. PCA analysis showed that phenol had different 308 

effects on the shifts of microbial communities in control and hydrochar experiments 309 

(Fig 4). For instance, phenol obviously changed the microbial communities in the 310 

control experiments from 0.25 g/L and also resulted in the decreased methane 311 

production. However, the microbial communities were changed obviously from 312 

phenol 1 g/L in the hydrochar experiments, which indicated that the addition of 313 

hydrochar alleviated the negative effects of phenol on microbial communities in AD 314 

process. Furthermore, even without phenol, the microbes in the control and hydrochar 315 
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experiments were still different, which was consistent with the previous study that 316 

hydrochar itself could alter the microbial community structure during the AD process 317 

and enhance biogas production [16]. Pearson analysis showed 8 MAGs were 318 

significantly positively correlated with Rm, while 3 MAGs were significantly 319 

negatively correlated with Rm (Table S2). Several above mentioned MAGs 320 

(Paludibacteraceae sp.FDU103, Spirochaetes sp.FDU163, Methanobacterium 321 

sp.FDU374, Ignavibacteriaceae sp.FDU377, and Sporanaerobacter acetigenes 322 

FDU550) had high relative abundances (>1% at least in one sample) and changed 323 

obviously at different phenol concentrations with and without hydrochar, which were 324 

therefore discussed in details in the following part. 325 

3.2.1 Microbes response to phenol in the control experiments 326 

As presented in Fig 5 and Table S2, Paludibacteraceae sp. FDU103 dominated the 327 

microbial community with the relative abundance of 10.3%-21.3% at all the 328 

concentrations of phenol, which indicated that this MAG could adapt to high phenol 329 

concentrations. The dominance of Paludibacteraceae sp. FDU103 was consistent 330 

with the substrate used in this study, since Paludibacteraceae sp. FDU103 had the 331 

complete fermentation pathways involving in glucose acidification (Table S4). It was 332 

also previously reported that Paludibacteraceae sp. could utilize various 333 

carbohydrates to produce SCFAs such as acetate and propionate, and was identified to 334 

be dominant in AD process treating biowastes rich in complex carbohydrates [25]. 335 

Planctomycetota sp. FDU453 was only presented (Relative abundance of 8.5%) at 336 

phenol 0, and disappeared with the presence of phenol, indicating that this genome 337 
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was very sensitive to phenol. The phylum Planctomycetota was reported as aerobic 338 

and mesophilic microbes present in a variety of ecosystems such as aquatic and 339 

terrestrial habitats as well as some extreme environments [26], and it also contained 340 

some members represented of Candidatus Brocadia that might be participate in 341 

anammox [27]. The ability of this MAG in the AD of glucose has not been reported. 342 

According to the KEGG annotation, this MAG harbored the complete genes involved 343 

in acidogenesis to convert glucose to VFA. Consequently, it could be suggested that 344 

phylum Planctomycetota was able to participate in the AD process and particularly 345 

vulnerable to phenol inhibition. 346 

Syntrophomonas sp. FDU385, Cloacimonas sp. FDU069, Petrimonas sp. FDU467, 347 

Bacteroidales sp. FDU110, Armatimonadota sp. FDU411, and Clostridium butyricum 348 

FDU329 were all enriched with the increase of phenol concentrations, but strongly 349 

inhibited at higher phenol concentrations. Syntrophomonas sp. had been reported to 350 

convert butyrate to acetate [28], and the metabolic reconstruction of Syntrophomonas 351 

sp. FDU385 in the present study further proved its ability to oxidize butyrate. In 352 

addition, it was also found Syntrophomonas sp. FDU385 possessed a complete 353 

pathway for the acidogenesis of glucose. However, this genome had low tolerance to 354 

phenol and was significantly inhibited at 0.5 g/L phenol. Similar phenomenon was 355 

also observed for Cloacimonas sp. FDU069 and Petrimonas sp. FDU467. Specifically, 356 

Cloacimonas sp. FDU069 was affiliated to phylum Cloacimonetes, and the propionate 357 

metabolism has been demonstrated in this phylum [29]. However, according to the 358 

KEGG annotation, Cloacimonas sp. FDU069 did not possess a complete gene set 359 
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involved in the propionate metabolism, while it could be involved in the acidogenesis 360 

of glucose in the present study. Although the genus Petrimonas has been reported to 361 

be involved in acidogenesis with carbohydrate as substrate [30], the metabolic 362 

reconstruction of Petrimonas sp. FDU467 showed that this MAG displayed versatile 363 

functions in AD process, such as acidogenesis and acetogenesis (butyrate and 364 

propionate metabolism). By contrast, Bacteroidales sp. FDU110 dominated the 365 

microbial community with a relative abundance between 15.2% and 18.7% even up to 366 

0.5 g/L phenol. Although Bacteroidales has been reported to possess the ability to 367 

counteract disturbances such as shock loading, their exact role in the AD process is 368 

still unknown [4]. According to the reconstructed pathway of Bacteroidales sp. 369 

FDU110, this genome was able to perform acidogenesis and propionate metabolism, 370 

suggesting that it played an important role in AD at phenol 0.25 g/L and 0.5 g/L. The 371 

same metabolism was also observed for Armatimonadota sp. FDU411, which was 372 

only annotated to phylum level and might be a new species. Its relative abundance 373 

gradually increased along with the increased phenol concentrations up to 0.5 g/L, and 374 

it was also involved in acidogenesis. Previous studies also showed it could take part in 375 

the glucose fermentation in the AD of sewage sludge and food waste [31]. In 376 

comparison to MAGs discussed above, Clostridium butyricum FDU329 showed 377 

higher resistance to phenol. It was able to be gradually enriched with increase of 378 

phenol concentration up to 1 g/L. Clostridium butyricum is well-known for its 379 

capability of butyrate metabolism [32], which is consistent with the complete butyrate 380 

metabolism pathway involved in Clostridium butyricum FDU329 according to 381 
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metabolic reconstruction (Table S4). 382 

It should be noted Spirochaetales sp. FDU468 was only enriched at high 383 

concentrations of phenol (1 g/L and 1.5 g/L), and the relative abundance reached 28.2% 384 

at 1.5 g/L phenol. Spirochaetales has been reported to not only participate in 385 

acetogenesis and syntrophic acetate oxidation in order to provide precursors for 386 

methanogenesis [33], but also be involved in anaerobic iron respiration [34]. The 387 

metabolic reconstruction of Spirochaetales sp. FDU468 showed it had the potential 388 

for acidogenesis of glucose. In consideration of lower methane yield and higher 389 

amounts of VFA accumulated at 1.5 g/L phenol, it was speculated that this enriched 390 

MAG with higher phenol tolerance mainly participated in acidogenesis in the present 391 

study. Furthermore, Firmicutes sp. FDU409, Defluviitoga tunisiensis FDU046, 392 

Sporanaerobacter acetigenes FDU550, Lachnotalea sp. FDU079 and Firmicutes sp. 393 

FDU142 were only enriched at phenol 1.5 g/L, which were involved in acidogenesis. 394 

It was worth noting that the microbes enriched at phenol 1.5 g/L were mainly 395 

involved in acidogenesis, and the lack of microbes involved in acetogenesis indicated 396 

higher phenol concentration inhibited VFA oxidation, which would also led to the low 397 

methane production. 398 

For the methanogens, only two MAGs (Methanothrix sp.FDU243 and 399 

Methanobacterium sp.FDU374) were obtained. It was obvious Methanothrix 400 

sp.FDU243 was dominant at phenol concentrations ≤ 0.5 g/L, and further increase of 401 

the phenol concentration resulted in the significant decrease of the MAG. On the 402 

contrary, Methanobacterium sp.FDU374 was dominant at high concentrations of 403 



20 
 

phenol. The genus Methanothrix is aceticlastic methanogen, while the genus 404 

Methanobacterium is hydrogenotrophic methanogen [16], which was consistent with 405 

the metabolic pathways analysis of Methanothrix sp.FDU243 and Methanobacterium 406 

sp.FDU374. However, it was also found Methanothrix sp.FDU243 had complete 407 

pathway for hydrogenotrophic methanogenesis, and previous studies also showed the 408 

genus Methanothrix could accept e− via DIET for the reduction of CO2 to methane 409 

[35]. The above results indicated different methanogens had different phenol tolerance, 410 

and therefore phenol resulted in the changes of methanogens. 411 

The above results showed that the final AD performance was not impaired up to 0.5 412 

g/L phenol due to the coexistence of MAGs with capabilities of resistance to phenol, 413 

even though they failed to prevent the deterioration of AD performance at phenol no 414 

lower than 1 g/L. Meanwhile, phenol induced level-dependent changes of the 415 

microbial communities, as the PCA analysis revealed that progressive shifts were 416 

detected from 0.25 g/L phenol. Thus, it was obvious that the shifts of MAGs with 417 

various functions at different phenol concentrations finally resulted in the changes of 418 

methane production rate and yield. 419 

3.2.2 Microbes response to phenol in the hydrochar experiments 420 

As previously mentioned, hydrochar improved the methane production at each phenol 421 

concentration as compared to the control experiments. Both glucose and phenol were 422 

completely degraded even at phenol 1 g/L, and higher amount of methane was still 423 

produced at phenol 1.5 g/L, which might be due to the enrichment of MAGs that 424 

could survive in high phenol concentration. Paludibacteraceae sp. FDU103 assigned 425 
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to the order Bacteroidales was dominant in the microbial community with the relative 426 

abundances between 7.9% and 11.5% at all phenol concentrations, which was 427 

consistent with the control experiments. The maintenance of major percentages of 428 

Bacteroidales in the digester has already been suggested to play an important role in 429 

AD process [4].  430 

Both Ignavibacteriaceae sp. FDU377 and Margulisbacteria sp. FDU440 were 431 

dominant at phenol 0 with the relative abundances of 10.6% and 11.2%, respectively, 432 

and their relative abundances gradually decreased down to 0% along with the increase 433 

of phenol concentrations. The family Ignavibacteriaceae is known to contain only one 434 

species so far, which has been characterized as important fermentative bacteria that 435 

grow upon hydrolysis of extracellular polymeric substances [36]. Reconstructing the 436 

metabolic pathways of Ignavibacteriaceae sp. FDU377 showed that it encoded 437 

complete genes sets involved in acidogenesis and acetogenesis (butyrate and 438 

propionate metabolism), indicating Ignavibacteriaceae had more versatile functions 439 

in AD as compared to its previously described functions. Furthermore, 440 

Ignavibacteriaceae could achieve extracellular electron transportation (EET) via a full 441 

set of genes for electron transfer complexes [37]. Through gene annotation of this 442 

MAG, it was found that cytochromes membrane cytochrome (ccdA) was present, 443 

which was important for electron transfer through nanowires. Taken together, 444 

Ignavibacteriaceae sp. FDU377 displayed versatile functions in AD and might be also 445 

capable of establishing a DIET network with methanogens during the AD process. 446 

The enhanced EET by hydrochar was also demonstrated as shown in Fig S2, which 447 
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indicated hydrochar promoted DIET. The phylum Margulisbacteria was firstly 448 

discovered from metagenomes of sediment and groundwater in 2016, and it does not 449 

contain any cultured species [38]. The exact function of phylum Margulisbacteria is 450 

not yet known, and recent studies reported that it was phylogenetically closely related 451 

to Cyanobacteria with the capacity to metabolize low molecular weight DOM for 452 

energy [39]. Results from the KEGG annotation of Margulisbacteria sp. FDU440 453 

showed that its critical metabolism pathways in AD were all incomplete, and thus its 454 

potential functions remained unknown even with the metagenomic analysis. It is 455 

noteworthy that both Ignavibacteriaceae sp. FDU377 and Margulisbacteria sp. 456 

FDU440 were almost absent in the control experiments, indicating that hydrochar 457 

selectively enriched these two MAGs. 458 

Phenol had no negative effects on Syntrophomonas sp. FDU385, and it was more 459 

significantly enriched at phenol 1 g/L and 1.5 g/L with relative abundances of 6.2% 460 

and 19.1%, respectively. However, Syntrophomonas sp. FDU385 was completely 461 

inhibited at phenol 1 g/L in the control experiments as mentioned previously. It could 462 

be due to the enhanced phenol degradation with hydrochar at phenol 1 g/L. For 463 

instance, phenol could be completely degraded in the presence of hydrochar at 1 g/L, 464 

while there was still 0.9 g/L left in the control experiments. It is also worth noting that 465 

at phenol 1.5 g/L in the hydrochar experiments, there was still 1 g/L phenol left at the 466 

end of the experiment, while Syntrophomonas sp. FDU385 was still greatly enriched. 467 

On the contrary, in the case of 1 g/L phenol in the control experiments, this MAG was 468 

completely inhibited. Therefore, it seems the promotion of phenol degradation by 469 
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hydrochar could not be solely used to explain the enrichment of Syntrophomonas sp. 470 

FDU385, and the enrichment of Syntrophomonas sp. FDU385 by hydrochar might be 471 

complicated. It was possible that biofilm was formed on hydrochar, and 472 

Syntrophomonas sp. FDU385 might be located inside the biofilm that could protect it 473 

from being inhibited by phenol [40]. However, further study deserves to be carried out 474 

to provide evidences. Likewise, Synergistaceae sp. FDU208 was also significantly 475 

enriched at 1 g/L and 1.5 g/L with relative abundances of 5.5% and 9.9%, respectively. 476 

The family Synergistaceae has been demonstrated as VFA oxidizers that could 477 

syntrophically grow with methanogens for methane production (Yi et al. 2020). 478 

Results from the metabolic reconstruction of Synergistaceae sp. FDU208 showed that 479 

it could not only participate in propionate oxidation, but also be involved in 480 

acidogenesis. Although Synergistaceae sp. FDU208 was not dominant in the control 481 

experiments, its relative abundance was also increased along with increasing phenol 482 

concentrations, which was consistent with a previous study reported by Poirier et al 483 

[4]. Thus, this MAG played an important role in acidogenesis and acetogenesis at 484 

high phenol concentrations. 485 

Syntrophosphaera thermopropionivorans FDU371 was enriched at 1.5 g/L phenol 486 

with relative abundances of 8.1%, indicating they could adapt to high concentrations 487 

of phenol. Furthermore, the relative abundance of Syntrophosphaera 488 

thermopropionivorans FDU371 in the control experiments of 1 g/L phenol was 8.3%, 489 

which was close to the hydrochar experiments of phenol 1.5 g/L. As previously 490 

mentioned, around 1 g/L phenol was left at the end of the fermentation at phenol 1.5 491 
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g/L with hydrochar, and it further indicated that Syntrophosphaera 492 

thermopropionivorans FDU371 was more suitable for survival at phenol 1 g/L. 493 

Syntrophosphaera thermopropionivorans, a novel representative of phylum 494 

Cloacimonetes, was the key player for syntrophic propionate metabolism enriched 495 

from a thermophilic anaerobic reactor, and it was also found to be present in 496 

mesophilic anaerobic reactor [41]. The metabolic reconstruction showed that 497 

Syntrophosphaera thermopropionivorans FDU371 could participate in acidogenesis 498 

and propionate metabolism, indicating that it could participate in the key steps 499 

involved in the AD process even at high concentration of phenol. Pelotomaculum sp. 500 

FDU503 was only detected at phenol 1.5 g/L in hydrochar experiments with relative 501 

abundance of 8.6%. Previous studies have reported that the genus Pelotomaculum was 502 

a typical syntrophic propionate-oxidizing bacterium in co-culture with methanogens, 503 

and it was also syntrophic phenol degrader enriched in AD process treating phenolic 504 

wastewater [42, 43]. The metabolic reconstruction of Pelotomaculum sp. FDU503 505 

also showed this MAG encoded both propionate metabolism and phenol degradation 506 

pathways, and at the same time it had butyrate metabolism pathway and could also 507 

participate in acidogenesis, which showed Pelotomaculum sp. FDU503 had versatile 508 

functions in AD process. 509 

For the methanogens, phenol did not obviously inhibit this MAG and the relative 510 

abundances of Methanothrix sp.FDU243 were between 6.2% and 7.3%, which was 511 

different from the control experiments where Methanothrix sp.FDU243 was obviously 512 

inhibited at phenol ≥1g/L. It was possible biofilm could be formed on the surface of 513 



25 
 

hydrochar and therefore protect Methanothrix sp.FDU243 from being inhibited by 514 

high concentrations of phenol. In addition, the relative abundance of Methanothrix 515 

sp.FDU243 was all higher than that in control experiments at all tested phenol levels, 516 

and it showed hydrochar resulted in the enrichment of Methanothrix sp.FDU243, 517 

which could be related with the increased Rm since Methanothrix could participate in 518 

DIET [16]. In addition, the enhanced EET was also demonstrated as seen in Fig S2, 519 

which further proved the enhanced DIET by hydrochar as previously mentioned. The 520 

relative abundances of Methanobacterium sp.FDU374 were between 0.5% and 4.6%, 521 

which was lower than that of Methanothrix sp.FDU243. It indicated hydrochar could 522 

enrich and alleviate the inhibition of phenol to the functionally important 523 

methanogens, and thus maintain efficient methane production. 524 

The above results showed that the microbial community enriched in the 525 

hydrochar experiments gradually shifted in response to increased phenol 526 

concentrations. However, the microbial shifts of the hydrochar experiments were 527 

different from that of the control experiments. For example, even in the case of high 528 

concentrations of phenol, VFA oxidizing bacteria could still be enriched in the 529 

hydrochar experiments, which ensured a persistent conversion of glucose to methane. 530 

Hydrochar might provide surfaces for the biofilm formation, which can protect certain 531 

microbes from directly contacting with high concentrations of phenol and therefore 532 

retained more active microbes at high phenol concentrations [44]. In addition, 533 

hydrochar also facilitated DIET considering the increased EET at each phenol 534 

concentration, which resulted in the enhanced methane production at each phenol 535 
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concentration. Certain microbes (Ignavibacteriaceae sp. FDU377, and Methanothrix 536 

sp.FDU243) potentially involved in DIET were also identified to be enriched with 537 

hydrochar, especially Methanothrix sp.FDU243 that had higher abundances at each 538 

phenol concentration as compared with the experiments without hydrochar.  539 

3.2.3 Microbes involved in the phenol degradation 540 

The previous analysis mainly focused on the shifts of dominant microbes in response 541 

to phenol in the AD of glucose, and only one dominant MAG (Pelotomaculum sp. 542 

FDU503) capable of phenol degradation was observed at phenol 1.5 g/L with 543 

hydrochar. It was possible that other MAGs involved in phenol degradation were 544 

present at different conditions considering the degradation of phenol. However, they 545 

might be in low relative abundances since more dominant MAGs were involved in 546 

AD of glucose, especially in the case of lower concentrations of phenol. Table S4 547 

shows a total of 6 MAGs contained complete phenol degradation pathway, which 548 

belonged to the phyla Firmicutes, Proteobacteria, and Spirochates. 549 

Both Syntrophomonadaceae sp. FDU080 and Pelotomaculum sp. FDU503 were only 550 

enriched at phenol 1.5 g/L in the hydrochar experiments with the relative abundances 551 

of 1.5% and 8.6%, respectively. The family Syntrophomonadaceae has been reported 552 

to anaerobically degrade long-chain fatty acids through beta oxidation in close 553 

association with hydrogenotrophic methanogens [45]. It was also found 554 

Syntrophomonadaceae sp.FDU080 had complete pathways for butyrate metabolism 555 

and phenol degradation, indicating it could participate in phenol degradation and 556 

acetogenesis in AD process at high phenol concentration. Although the relative 557 
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abundance of Syntrophomonadaceae sp. FDU080 was not as high as that of 558 

Pelotomaculum sp. FDU503, both MAGs played critical roles in acetogenesis and 559 

phenol degradation at phenol 1.5 g/L with hydrochar. On the contrary, Spirochaetes sp. 560 

FDU163 was found at phenol 0 and 0.25 g/L in the control and hydrochar experiments 561 

with low relative abundances between 0.1%-1.07%, and significantly inhibited at 562 

higher phenol concentration, indicating Spirochaetes sp. FDU163 had lower phenol 563 

tolerance. The phylum Spirochaetes has been reported to be involved in syntrophic 564 

acetate oxidation in AD process [46]. Based on the KEGG annotation, Spirochaetes sp. 565 

FDU163 indeed had syntrophic acetate oxidation pathway through the reverse 566 

Wood-Ljungdahl pathway, and at the same time could be involved in acidogenesis of 567 

glucose and butyrate metabolism. Likewise, Spirochaete sp. FDU376, also belonged 568 

to the phylum Spirochaetes, was found in both control (0-1 g/L phenol) and hydrochar 569 

experiments (0-1.5 g/L phenol), and the relative abundances of this MAG was lower 570 

(<1.5%) except for phenol 0.5 g/L in the control experiments, which was 3.8%. 571 

Syntrophorhabdaceae sp. FDU400 was only found at phenol 0.25 g/L in the 572 

hydrochar experiments with a relative abundance of 2.6%. Previous studies showed 573 

that the family Syntrophorhabdaceae in the phylum Proteobacteria could degrade 574 

aromatic compounds such as phenol and 4-hydroxybenzoate [47, 48]. Our results also 575 

provided further support of the above function based on the KEGG annotation. In 576 

addition, this MAG also encoded a complete Wood-Ljungdahl pathway, and it might 577 

be also involved in syntrophic acetate oxidation. Desulfobacterales sp. FDU421 was 578 

mainly found in the control experiments with the relative abundances between 1% and 579 
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2%, while its relative abundances were below 0.5% in the hydrochar experiments. It 580 

has previously been reported Desulfobacterales was involved in anaerobic benzene 581 

degradation [49]. The present study showed Desulfobacterales sp. FDU421 had 582 

versatile functions in AD process including acidification of glucose, syntrophic 583 

acetate oxidation, butyrate and propionate metabolism. 584 

It is noteworthy that the MAGs with complete phenol degradation pathway in this 585 

study all contained butyrate and propionate metabolism pathways, indicating that 586 

phenol-degraders had multi-functions, not only degrading phenol but also 587 

participating in other steps in AD process. Furthermore, the above results showed 588 

different microbes were found to be involved in phenol degradation, while only one 589 

phenol-degrader, Spirochaete sp. FDU376, was found in all the conditions. The 590 

occurrences of the other phenol-degrader depended on the AD conditions such as the 591 

concentrations of phenol and the presence of hydrochar.  592 

The present study showed hydrochar was effective to alleviate phenol inhibition on 593 

AD of glucose, which could be used as carriers in various anaerobic reactors (E.g., 594 

up-flow anaerobic sludge blanket reactor, and anaerobic sequencing batch reactor) to 595 

enhance the AD performance of phenol-rich wastewater (E.g., palm oil mill 596 

wastewater, and hydrolysate of biomass). In the future, studies should be conducted in 597 

continuous experiments with various operational conditions (HRT, OLR, substrate 598 

type, reactor configuration, etc.) to investigate the promotion effects of hydrochar on 599 

alleviating phenol inhibition on AD of organic wastes and the involved key functional 600 

microbes. In addition, the changes of biomass concentrations in continuous 601 
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experiments induced by hydrochar should also be investigated, which might also 602 

contribute to the alleviation of phenol inhibition by hydrochar. Furthermore, the 603 

alleviation of phenol inhibition on methane production at various hydrochar 604 

concentrations along with gene expression data should also be investigated since 605 

metagenomic analysis in the present study only showed the potential functions of each 606 

MAG and their active metabolic capacities need to be further verified by gene 607 

expression analysis. 608 

4. Conclusions 609 

The present study showed phenol higher than 1 g/L had severe inhibition on AD 610 

process resulting in the decrease of both P and Rm in AD of glucose conversion to 611 

methane. The study also clearly showed that hydrochar alleviated the inhibition. 612 

Hydrochar significantly increased the Rm by 290% and 1062% at phenol 613 

concentrations 1 and 1.5 g/L, respectively, while the enhancement was only around 20% 614 

at phenol <1g/L. Metagenomic analysis revealed the shifts of dominant MAGs 615 

involved in acidogenesis and acetogenesis in control experiments, and the lack of 616 

MAGs involved in acetogenesis at 1.5 g/L was consistent with the severe inhibition 617 

on methane production. It was also found Methanothrix sp.FDU243 was inhibited at 618 

higher concentrations of phenol, while Methanobacterium sp.FDU374 was not 619 

negatively affected. In hydrochar experiments, different MAGs involved in 620 

acidogenesis and acetogenesis were found as compared to control experiments. 621 

Hydrochar also resulted in the enrichment of MAGs involved in acetogenesis and 622 

Methanothrix sp.FDU243 at 1.5 g/L, which ensured efficient methane production. 6 623 
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phenol-degrading MAGs were also identified, and the occurrences of different 624 

phenol-degrading MAGs depended on the concentrations of phenol and the presence 625 

of hydrochar. The study also found Paludibacteraceae sp. FDU103 involved in 626 

acidogenesis and Spirochaete sp. FDU376 involved in phenol degradation were 627 

enriched in all the conditions, indicating their high tolerance to phenol. 628 
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Abstract: 19 

The inhibition of anaerobic digestion (AD) by phenolic compounds is an obstacle to 20 

the efficient treatment of organic wastes. Besides, hydrochar produced from 21 

hydrothermal liquefaction of biomass has been previously reported to enhance AD. 22 

The present study aimed to provide deep insights into the microbial shifts at the 23 

species level to phenol (0-1.5 g/L) inhibition in AD of glucose with and without 24 

hydrochar by metagenomic analysis. Phenol higher than 1 g/L had severe inhibition 25 

on both the amount and rate of methane production in control experiments, while 26 

hydrochar significantly enhanced methane production, especially at phenol 1 g/L and 27 

1.5 g/L. From metagenomic analysis, 78 High-quality metagenome-assembled 28 

genomes (MAGs) were obtained. Principal components analysis showed that the 29 

microbial communities were shifted when phenol concentration was increased to 0.25 30 

g/L in control experiments and 1 g/L in hydrochar experiments. In control 31 

experiments, no MAGs involved in acetogenesis were found at phenol 1.5 g/L and 32 

Methanothrix sp.FDU243 was also inhibited. However, hydrochar resulted in the 33 

maintenance of several MAGs involved in acetogenesis and Methanothrix sp.FDU243 34 

even at phenol 1.5 g/L, ensuring a persistent methane production. Furthermore, 6 35 

phenol-degrading MAGs were identified, shifting dependent on the concentrations of 36 

phenol and the presence of hydrochar. 37 

 38 

Environmental Implication: A variety of natural or factitious phenolic compounds 39 

with severe inhibition of microbes by damaging cytomembrane and altering the cell 40 
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wall permeability are recognized as the main cause of anaerobic digestion (AD) 41 

failure. The concentrations of phenolic compounds could be several grams per liter in 42 

different kinds of organic wastes, including pig manure, coal gasification wastewater, 43 

municipal solid waste, sewage sludge, palm oil mill wastewater, paper industry 44 

wastewater, etc. The present study provided deep microbial insights on the inhibition 45 

of phenol on AD and methods to enhance phenol degradation and alleviate its 46 

inhibition on AD. 47 

 48 

Key words: Phenol; Anaerobic digestion; Hydrochar; Metagenomic analysis; 49 

Microbial shifts 50 

  51 
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1. Introduction 52 

Anaerobic digestion (AD) is an economical, sustainable and environmental-friendly 53 

bioprocess converting organic wastes into methane, which simultaneously enables 54 

organic wastes stabilization with simultaneous renewable energy production [1]. 55 

However, the microbially driven process is extremely sensitive to inhibitory 56 

substances, which induces unstable performance and therefore limits the wide 57 

application of AD [2]. These inhibitory substances (E.g., ammonia, long-chain fatty 58 

acids, and phenolic compounds) can be either substantially contained in organic 59 

wastes, or released in AD process (E.g., ammonia is derived from protein 60 

fermentation) [3, 4]. 61 

A variety of natural or factitious phenolic compounds with severe inhibition of 62 

microbes by damaging cytomembrane and altering the cell wall permeability are 63 

recognized as the main cause of AD failure [4]. For example, high concentrations 64 

(e.g., >0.5 g/L) of phenol could result in the failure of the AD process [4]. The 65 

concentrations of phenolic compounds could be several grams per liter in different 66 

kinds of organic wastes including pig manure, coal gasification wastewater, municipal 67 

solid waste, sewage sludge, palm oil mill wastewater, paper industry wastewater, etc 68 

[5]. phenol is a principal and essential component among phenolic compounds, which 69 

is formed from the degradation of natural aromatic compounds such as tannins and 70 

humic acids or biodegradation of xenobiotic compounds such as phenolic resin and 71 

pesticides [6]. In addition, specific pretreatments of lignocellulosic materials aimed at 72 

increasing biogas production efficiency also resulted in the production of phenol [7].  73 



5 
 

The degradation of phenol as the sole substrate has been extensively studied 74 

previously including the optimization of the AD process and the elucidation of the 75 

microbial mechanisms [8-10]. The inhibitory effects of phenol on substrate 76 

degradation, volatile fatty acids (VFA) accumulation and methane production in AD 77 

of organic wastes were also well investigated [4, 11, 12]. However, previous studies 78 

mainly focused on the microbes degrading phenol, and the responses of microbes 79 

degrading organic wastes to different phenol concentrations were less investigated. 80 

Chapleur et al. found in the AD of cellulose, the activity of fermentative bacteria was 81 

inhibited with IC50 at phenol 2 g/L, while the activity of methanogens was inhibited 82 

with IC50 at phenol 1.4 g/L [11]. They also found microbial communities resisted 83 

different concentrations of phenol through structural adaptation based on automated 84 

ribosomal intergenic spacer analysis (ARISA) method [11]. In addition, Poirier et al. 85 

found shifts in microbial communities started from phenol 0.5 g/L during AD of food 86 

wastes, and certain genera could adapt to high phenol concentrations based on 16S 87 

rRNA gene analysis [4]. It should be noted that previous studies only described the 88 

dynamics of microbial communities towards phenol inhibition, the functions of 89 

enriched microbes at different phenol concentrations in such a complex AD system 90 

have not be elucidated due to the limitations of the methods for microbial analysis 91 

used in the above studies. 92 

The methods to reduce the inhibition of phenol on AD of organic wastes were also 93 

studied previously. For example, the utilization of activated carbon to adsorb phenol 94 

and aerobic pretreatment by different bacteria to degrade phenol in the organic wastes 95 
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have been proposed to decrease the inhibition of phenol on AD [13-15]. Hydrochar, 96 

produced during hydrothermal liquefaction of different organic wastes (corn straw 97 

and sewage sludge, etc.), has been shown to enhance the methane production rate in 98 

AD of glucose and waste activated sludge through direct interspecies electron transfer 99 

(DIET) via surface oxygen containing functional groups [16], which might have 100 

different mechanisms to alleviate phenol inhibition as compared to adsorption and 101 

aerobic pretreatment. In our previous studies, it was also shown hydrochar was more 102 

effective in enhancing AD of glucose and waste activated sludge as compared to 103 

biochar and activated carbon since it had higher surface oxygen containing functional 104 

groups [1, 16]. However, its application to reduce phenol inhibition on AD of organic 105 

wastes has not been investigated. Hydrochar might accelerate the degradation of both 106 

phenol and organic wastes during AD process. Therefore, the microbes enriched by 107 

hydrochar might be more tolerant to phenol inhibition, and the dynamics of microbial 108 

communities towards phenol inhibition with the presence of hydrochar also deserves 109 

investigation, which might be different from the microbial shifts in AD without 110 

hydrochar. 111 

It should be noted that only a small part of the microbes in the environment have been 112 

well studied by isolation, and more than 99% of the microbes cannot be isolated in the 113 

laboratory [17]. Therefore, our understanding of the microbial genetics, physiology 114 

and metabolic pathways is extremely limited. It is necessary to explore the functional 115 

characterization of individual species extracted from the complex microbial 116 

community by reconstructing their genomes [18]. The genome-centric metagenomic 117 
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approach provides a powerful tool to identify metagenome-assembled genomes 118 

(MAGs) reconstructed by binning the scaffolds [19]. Accordingly, mixed communities 119 

comprised of various MAGs and functional characteristics can be found in AD 120 

processes, which raises the possibility to discover new microbial species and 121 

interactions of phenol-tolerant microbes with specific functionalities in the AD 122 

process. 123 

Based on the above considerations, the present study aimed to investigate the effects 124 

of phenol on the methane production in AD process with and without hydrochar. 125 

Genome-centric metagenomic analysis was also applied to discover the key microbial 126 

species and their potential metabolic functions, as well as the microbial shifts in 127 

response to phenol inhibition in AD process. The study not only provided a method to 128 

alleviate phenol inhibition on AD process, but also elucidated the dynamics of 129 

microbes in species level, which provided new insights into the response of microbes 130 

to phenol inhibition. 131 

2. Material and Methods 132 

2.1 Inoculum and substrate 133 

Anaerobic granular sludge was obtained from an up-flow anaerobic sludge bed 134 

reactor treating cassava stillage. The anaerobic granular sludge was not dried and it 135 

was directly put into a grinder to make it homogeneous. The pulverize sludge was 136 

used as inoculum for methane production. The inoculum had the following 137 

characteristics: Total solids (TS) 34.6 ± 1.5 g/L, volatile solids (VS) 27.5 ± 0.9 g/L, 138 

and pH 7.22 ± 0.09. Glucose (>99.5%, Aladdin) was used as a model organic 139 
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substrate in the present study, since several phenol-containing organic wastewater 140 

(E.g., palm oil mill wastewater and hydrolysate) are rich in carbohydrate [5]. 141 

2.2 Preparation of hydrochar 142 

Hydrothermal liquefaction of corn straw was conducted to obtain hydrochar in a 3 L 143 

hydrothermal reactor equipped with a stirrer and temperature controller. The reactor 144 

was heated to 260 °C and maintained for one hour at a stirring rate of 150 rpm. Then 145 

tetrahydrofuran was used to wash hydrochar in order to remove the bio-oil attached 146 

on it. This procedure was repeated multiple times. Finally, the hydrochar was dried in 147 

a vacuum oven at 60 °C overnight for further utilization. The hydrochar had the 148 

following characteristics: pH 5.65±0.05, surface area 56.76±2.81 m2/g, elemental 149 

composition (C 58.21±1.21%, N 2.11±0.02%, H 3.98±0.01%, S 0.18±0.01%, O 150 

9.51±0.15%), and ash content 26.14±1.15%. 151 

2.3 Experimental set-up 152 

Batch experiments were conducted to investigate the effects of phenol on the 153 

methane production from glucose with and without hydrochar. 118 mL serum bottles 154 

with a working volume of 60 mL were used as the reactors. Each bottle contained 5 155 

g/L glucose, 2 g/L sodium bicarbonate, 2 mL inoculum and basic medium. The 156 

composition of basic medium was described in a previous study, which contained 157 

necessary nutrients for microbial growth [20]. Phenol was added to the serum bottles 158 

at the final concentrations of 0, 0.25, 0.5, 1.0, and 1.5 g/L, and the phenol 159 

concentrations were chosen based on its concentrations in wastewater and also widely 160 

studied in previous studies [4, 15, 21]. In AD with hydrochar, hydrochar was added to 161 
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the serum bottles at a final concentration 10 g/L with different concentrations of 162 

phenol, and 10 g/L hydrochar has been demonstrated to be optimal for the 163 

enhancement of AD process [16]. The initial pH of each serum bottle was adjusted to 164 

7.5 by 2M HCl and 2M NaOH. Each serum bottle was flushed with pure N2 to keep 165 

the anaerobic condition, sealed with butyl rubber stoppers and then placed in a 166 

thermostatic incubator with the temperature controlled at 37 °C. All the experiments 167 

were conducted in triplicates. The above experiments were repeated thrice. The 168 

microbial communities would gradually adapt to different phenol concentrations in 169 

the presence and absence of hydrochar in the consecutive batch experiments. 170 

Therefore, the gas and liquid samples were collected only from the third experiments 171 

periodically for analysis, which had relatively stable microbial communities. The 172 

modified Gompertz model was applied to simulate the methane production at 173 

different phenol concentrations (Supporting information)[22]. The extracellular 174 

electron transfer (EET) capacity of the enriched sludge and the adsorption of phenol 175 

by hydrochar were also tested (Supporting Information). 176 

2.4 Metagenomic analyses 177 

The enriched sludge of each condition was collected for metagenomic analysis. 178 

The samples were labelled as P0, P0.25, P0.5, P1, P1.5, PH0, PH0.25, PH0.5, PH1 179 

and PH1.5. “P” stands for the control experiments, while “PH” stands for the 180 

hydrochar experiments. The number represents the concentration of phenol. The total 181 

genomic DNA was extracted by PowerMax Soil DNA Isolation Kit (MoBio 182 

Laboratories, USA), and then quality-checked using agarose gel electrophoresis and a 183 



10 
 

Nanodrop ND-2000c (Thermoo Fisher Scientific,USA). The extracted DNA was then 184 

used for metagenomic sequencing. Metagenome libraries (2 x 150 bp) were 185 

sequenced on the Illumina Hiseq 2500 platform (Illumina Inc., USA). Raw sequences 186 

have been deposited in the National Center for Biotechnology Information (NCBI) 187 

website under BioProject PRJNA865089. The Trimmomatic software (v0.38) was 188 

used to filter and trim the paired-end reads with these parameters (LEADING:3, 189 

TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:36). Trimmomatic is a flexible, 190 

pair-aware and efficient preprocessing tool to trim the adapters and filter the low 191 

quality sequences, which was optimized for Illumina next-generation sequencing data 192 

[23]. The metagenome assembly process was carried out using MEGAHIT (v1.0) in 193 

order to generate one co-assembly. Metagenomic binning was applied to the 194 

co-assembly according to MetaBAT2, CONCOCT and MaxBin2. Then MetaWRAP 195 

software was used to consolidate the MAGs generated from the above binning 196 

softwares into a single bin set to form the final MAGs. The characteristics of the final 197 

MAGs including completeness and contamination were determined using CheckM 198 

(v1.0.18). Prokka (v1.13.7) was used to annotate the MAGs. Taxonomic 199 

classifications assigned to MAGs were performed using CAT (v5.12) and GBDK-Tk 200 

(v1.3.0). The metabolic mechanism and functional analysis of MAGs were measured 201 

using GhostKOALA. The coding sequences (CDS) dataset of the MAGs was 202 

annotated with Evolutionary Genealogy of Genes: Non-supervised Orthologous 203 

Groups (eggNOG) and Kyoto Encyclopedia of Genes and Genomes (KEGG). The 204 

heatmap of MAGs in different samples was generated by R pheatmap package. 205 
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Principal components analysis (PCA) of different samples based on the abundances of 206 

MAGs was conducted by Canoco 5.1. Pearson analysis of the correlation between 207 

maximum methane production rate (Rm) and MAGs were calculated by SPSS 20.0. 208 

2.5 Analytical methods 209 

The analysis of total solids (TS), volatile solids (VS), VFA, phenol and gas 210 

composition were determined based on our previous study [5]. The analysis of 211 

variance (ANOVA) at p < 0.05 was used to test the significance of results. The figures 212 

relating with methane production, VFA concentrations, phenol concentrations, and 213 

COD mass balance were generated by OriginPro 9.1.  214 

3. Results and Discussion 215 

3.1 Effects of phenol on methane production from AD of glucose 216 

The cumulative methane production from glucose at different phenol concentrations 217 

with and without hydrochar are shown in Fig 1. The kinetic parameters (maximum 218 

methane production P, maximum methane production rate Rm and lag phase λ) 219 

calculated based on the modified Gompertz model are summarized in Table 1. In the 220 

control experiments without hydrochar, phenol at both 0.25 and 0.5 g/L had around 20% 221 

inhibition on the Rm, however, the P was increased by around 10% and 20% as 222 

compared to P0 (p<0.05), respectively. The increase of P was due to that phenol was 223 

also converted to methane accompanied with glucose degradation. Nevertheless, the P 224 

was significantly decreased by 70% and 86% at phenol 1 g/L and 1.5 g/L, respectively 225 

(p<0.05), which were calculated based on the P values of phenol 1 g/L and 1.5 g/L as 226 

compared to that of 0 g/L. At the same time, Rm was also significantly decreased by 227 
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more than 80% at both phenol 1 g/L and 1.5 g/L (p<0.05). The above results clearly 228 

showed that phenol at higher concentration (e.g. ≥1g/L) had profound inhibition to 229 

AD of glucose. The inhibition of phenol on AD of organic wastes was also reported 230 

previously [4, 15]. However, the degree of inhibition was not the same. For example, 231 

Poirier et al. showed that phenol at 1.5 g/L and 2 g/L resulted in the inhibition of 232 

methane production from food wastes by around 10% and 50% [4]. It seems phenol 233 

had more inhibition in the present study, and it might be due to the differences in the 234 

inoculum, environmental conditions (temperature, pH) and properties of substrates. 235 

The addition of hydrochar improved the AD efficiency at each phenol concentration 236 

compared with the control experiments considering the higher Rm. At phenol 0, 237 

hydrochar resulted in the increase of Rm by 22.4% compared to that obtained in 238 

control experiment (p<0.05), and similar effects were also observed at phenol 0.25 239 

g/L and 0.5 g/L. However, it more effectively increased the Rm at higher 240 

concentrations of phenol. For instance, hydrochar resulted in a significant increase of 241 

Rm by 290% at phenol 1 g/L and 1062% at 1.5 g/L (p<0.05), which were calculated 242 

based on the Rm at phenol 1 g/L with and without hydrochar and Rm at phenol 1.5 243 

g/L with and without hydrochar. The above results indicated hydrochar was very 244 

effective to alleviate the inhibition of phenol at high concentrations. In addition, the P 245 

was not obviously affected by hydrochar at the phenol below 0.5 g/L, while it was 246 

significantly increased by 413% and 555% at phenol 1 g/L and 1.5 g/L as compared to 247 

that obtained in control experiments, respectively (p<0.05). It should be noted that the 248 

P at phenol 1 g/L with hydrochar was close to the theoretical methane production 249 
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(Table 1), which indicated that hydrochar could not only alleviate the inhibition of 250 

phenol on AD of glucose, but also effectively promoted phenol degradation into 251 

methane even at high concentration of phenol. A previous study showed activated 252 

carbon supported nano zero-valent iron material was effective to increase methane 253 

yield of glucose by around 70 % at 500 mg/L phenol, while they did not calculate the 254 

methane production rate [15]. Therefore, it was not comparable with the present study 255 

since glucose was almost theoretically converted to methane at 500 mg/L with and 256 

without hydrochar, and hydrochar only increased the methane production rate. The 257 

differences could be resulted from the differences in substrate concentration and 258 

inoculum in different studies, and further studies should be conducted to compare the 259 

ability of different materials for alleviating phenol inhibition at the same conditions.  260 

The produced VFA were mainly acetate, propionate and butyrate in all the 261 

experiments as presented in Fig 2. In the control experiments, the higher 262 

concentrations of phenol 1 g/L and 1.5 g/L led to higher accumulation and longer 263 

degradation phases of all VFA, which suggested that phenol inhibited VFA degraders 264 

during the AD process. However, hydrochar resulted in fast decrease of the 265 

accumulated VFA. It indicated that hydrochar alleviated the inhibition of phenol and 266 

promoted the consumption of total VFA, which was also consistent with the higher P 267 

and Rm in the hydrochar experiments at each phenol concentration. 268 

The changes of phenol concentrations in the AD process are presented in Fig 3. In the 269 

control experiment, phenol was completely degraded at up to 0.5 g/L, and it was also 270 

consistent with the higher P at phenol 0.25 g/L and 0.5 g/L as compared to that 271 
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obtained at phenol 0. In the hydrochar experiments, phenol can be completely 272 

degraded even when the concentration of phenol reached 1 g/L, considering that P 273 

was close to the theoretical value (Table 1). Considering the maximum methane 274 

production was obtained at phenol 1 g/L with hydrochar in all the experiments, 275 

hydrochar effectively promoted phenol degradation, which also decreased the 276 

inhibition of phenol to AD and led to faster methane production. It is known that 277 

hydrochar had adsorption capacity for organic compounds [24], which might be a 278 

reason for the enhanced methane production in AD process by decreasing the phenol 279 

inhibition. The adsorption experiments showed hydrochar indeed had certain phenol 280 

adsorption capacity (Table S1), which was below 20% of the initial phenol 281 

concentration. It should be noted that at phenol 1.5 g/L with hydrochar, there was still 282 

1 g/L phenol left at the end of the AD process, and the decrease of phenol 283 

concentration could be due to the adsorption and bio-degradation. However, 1 g/L 284 

phenol had severer inhibition of methane production in the control experiment, and 285 

both P and Rm were much lower than that at 1.5 g/L with hydrochar, which indicated 286 

that hydrochar significantly alleviated the inhibition of phenol even final phenol 287 

concentration was still at high level. Consequently, the ability of hydrochar to 288 

promote methane production could also be related to the enrichment of some 289 

microbes involved in AD that can adapt to higher phenol concentrations. The COD 290 

mass balance was also calculated as shown in Fig S1, and the unbalanced COD 291 

accounted for < 10 % in all the experiments, which could be related with the 292 

microbial growth. The above results indicated all the consumed and produced 293 
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compounds were well tracked. 294 

3.2 Effects of phenol on microbial communities as revealed by metagenomic 295 

binning 296 

The metagenomic assembly and binning process resulted in the recovery of 78 297 

MAGs with high quality (>85% completeness, <5% contamination) (Table S2). The 298 

functional genes of the above MAGs were also annotated against KEGG database to 299 

identify their potential functions in AD process (Table S3 and S4). About 67% of the 300 

above MAGs were not assigned to species level, which indicated that these microbial 301 

species were not characterized previously and might be related to new species (Table 302 

S5). The MAGs contained 76 bacterial and 2 archaeal genomes, taxonomically 303 

assigned into eleven phyla, namely Planctomycetes, Firmicutes, Bacteroidetes, 304 

Chloroflexi, Synergistetes, Armatimonadetes, Spirochaetes, Thermotogae, 305 

Actinobacteria, Proteobacteria, and Euryarchaeota. A large clade (18 out of 76) of 306 

bacterial MAGs was assigned to Firmicutes phylum, and 2 archaeal MAGs were both 307 

assigned to Euryarchaeota phylum. PCA analysis showed that phenol had different 308 

effects on the shifts of microbial communities in control and hydrochar experiments 309 

(Fig 4). For instance, phenol obviously changed the microbial communities in the 310 

control experiments from 0.25 g/L and also resulted in the decreased methane 311 

production. However, the microbial communities were changed obviously from 312 

phenol 1 g/L in the hydrochar experiments, which indicated that the addition of 313 

hydrochar alleviated the negative effects of phenol on microbial communities in AD 314 

process. Furthermore, even without phenol, the microbes in the control and hydrochar 315 



16 
 

experiments were still different, which was consistent with the previous study that 316 

hydrochar itself could alter the microbial community structure during the AD process 317 

and enhance biogas production [16]. Pearson analysis showed 8 MAGs were 318 

significantly positively correlated with Rm, while 3 MAGs were significantly 319 

negatively correlated with Rm (Table S2). Several above mentioned MAGs 320 

(Paludibacteraceae sp.FDU103, Spirochaetes sp.FDU163, Methanobacterium 321 

sp.FDU374, Ignavibacteriaceae sp.FDU377, and Sporanaerobacter acetigenes 322 

FDU550) had high relative abundances (>1% at least in one sample) and changed 323 

obviously at different phenol concentrations with and without hydrochar, which were 324 

therefore discussed in details in the following part. 325 

3.2.1 Microbes response to phenol in the control experiments 326 

As presented in Fig 5 and Table S2, Paludibacteraceae sp. FDU103 dominated the 327 

microbial community with the relative abundance of 10.3%-21.3% at all the 328 

concentrations of phenol, which indicated that this MAG could adapt to high phenol 329 

concentrations. The dominance of Paludibacteraceae sp. FDU103 was consistent 330 

with the substrate used in this study, since Paludibacteraceae sp. FDU103 had the 331 

complete fermentation pathways involving in glucose acidification (Table S4). It was 332 

also previously reported that Paludibacteraceae sp. could utilize various 333 

carbohydrates to produce SCFAs such as acetate and propionate, and was identified to 334 

be dominant in AD process treating biowastes rich in complex carbohydrates [25]. 335 

Planctomycetota sp. FDU453 was only presented (Relative abundance of 8.5%) at 336 

phenol 0, and disappeared with the presence of phenol, indicating that this genome 337 
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was very sensitive to phenol. The phylum Planctomycetota was reported as aerobic 338 

and mesophilic microbes present in a variety of ecosystems such as aquatic and 339 

terrestrial habitats as well as some extreme environments [26], and it also contained 340 

some members represented of Candidatus Brocadia that might be participate in 341 

anammox [27]. The ability of this MAG in the AD of glucose has not been reported. 342 

According to the KEGG annotation, this MAG harbored the complete genes involved 343 

in acidogenesis to convert glucose to VFA. Consequently, it could be suggested that 344 

phylum Planctomycetota was able to participate in the AD process and particularly 345 

vulnerable to phenol inhibition. 346 

Syntrophomonas sp. FDU385, Cloacimonas sp. FDU069, Petrimonas sp. FDU467, 347 

Bacteroidales sp. FDU110, Armatimonadota sp. FDU411, and Clostridium butyricum 348 

FDU329 were all enriched with the increase of phenol concentrations, but strongly 349 

inhibited at higher phenol concentrations. Syntrophomonas sp. had been reported to 350 

convert butyrate to acetate [28], and the metabolic reconstruction of Syntrophomonas 351 

sp. FDU385 in the present study further proved its ability to oxidize butyrate. In 352 

addition, it was also found Syntrophomonas sp. FDU385 possessed a complete 353 

pathway for the acidogenesis of glucose. However, this genome had low tolerance to 354 

phenol and was significantly inhibited at 0.5 g/L phenol. Similar phenomenon was 355 

also observed for Cloacimonas sp. FDU069 and Petrimonas sp. FDU467. Specifically, 356 

Cloacimonas sp. FDU069 was affiliated to phylum Cloacimonetes, and the propionate 357 

metabolism has been demonstrated in this phylum [29]. However, according to the 358 

KEGG annotation, Cloacimonas sp. FDU069 did not possess a complete gene set 359 
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involved in the propionate metabolism, while it could be involved in the acidogenesis 360 

of glucose in the present study. Although the genus Petrimonas has been reported to 361 

be involved in acidogenesis with carbohydrate as substrate [30], the metabolic 362 

reconstruction of Petrimonas sp. FDU467 showed that this MAG displayed versatile 363 

functions in AD process, such as acidogenesis and acetogenesis (butyrate and 364 

propionate metabolism). By contrast, Bacteroidales sp. FDU110 dominated the 365 

microbial community with a relative abundance between 15.2% and 18.7% even up to 366 

0.5 g/L phenol. Although Bacteroidales has been reported to possess the ability to 367 

counteract disturbances such as shock loading, their exact role in the AD process is 368 

still unknown [4]. According to the reconstructed pathway of Bacteroidales sp. 369 

FDU110, this genome was able to perform acidogenesis and propionate metabolism, 370 

suggesting that it played an important role in AD at phenol 0.25 g/L and 0.5 g/L. The 371 

same metabolism was also observed for Armatimonadota sp. FDU411, which was 372 

only annotated to phylum level and might be a new species. Its relative abundance 373 

gradually increased along with the increased phenol concentrations up to 0.5 g/L, and 374 

it was also involved in acidogenesis. Previous studies also showed it could take part in 375 

the glucose fermentation in the AD of sewage sludge and food waste [31]. In 376 

comparison to MAGs discussed above, Clostridium butyricum FDU329 showed 377 

higher resistance to phenol. It was able to be gradually enriched with increase of 378 

phenol concentration up to 1 g/L. Clostridium butyricum is well-known for its 379 

capability of butyrate metabolism [32], which is consistent with the complete butyrate 380 

metabolism pathway involved in Clostridium butyricum FDU329 according to 381 
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metabolic reconstruction (Table S4). 382 

It should be noted Spirochaetales sp. FDU468 was only enriched at high 383 

concentrations of phenol (1 g/L and 1.5 g/L), and the relative abundance reached 28.2% 384 

at 1.5 g/L phenol. Spirochaetales has been reported to not only participate in 385 

acetogenesis and syntrophic acetate oxidation in order to provide precursors for 386 

methanogenesis [33], but also be involved in anaerobic iron respiration [34]. The 387 

metabolic reconstruction of Spirochaetales sp. FDU468 showed it had the potential 388 

for acidogenesis of glucose. In consideration of lower methane yield and higher 389 

amounts of VFA accumulated at 1.5 g/L phenol, it was speculated that this enriched 390 

MAG with higher phenol tolerance mainly participated in acidogenesis in the present 391 

study. Furthermore, Firmicutes sp. FDU409, Defluviitoga tunisiensis FDU046, 392 

Sporanaerobacter acetigenes FDU550, Lachnotalea sp. FDU079 and Firmicutes sp. 393 

FDU142 were only enriched at phenol 1.5 g/L, which were involved in acidogenesis. 394 

It was worth noting that the microbes enriched at phenol 1.5 g/L were mainly 395 

involved in acidogenesis, and the lack of microbes involved in acetogenesis indicated 396 

higher phenol concentration inhibited VFA oxidation, which would also led to the low 397 

methane production. 398 

For the methanogens, only two MAGs (Methanothrix sp.FDU243 and 399 

Methanobacterium sp.FDU374) were obtained. It was obvious Methanothrix 400 

sp.FDU243 was dominant at phenol concentrations ≤ 0.5 g/L, and further increase of 401 

the phenol concentration resulted in the significant decrease of the MAG. On the 402 

contrary, Methanobacterium sp.FDU374 was dominant at high concentrations of 403 
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phenol. The genus Methanothrix is aceticlastic methanogen, while the genus 404 

Methanobacterium is hydrogenotrophic methanogen [16], which was consistent with 405 

the metabolic pathways analysis of Methanothrix sp.FDU243 and Methanobacterium 406 

sp.FDU374. However, it was also found Methanothrix sp.FDU243 had complete 407 

pathway for hydrogenotrophic methanogenesis, and previous studies also showed the 408 

genus Methanothrix could accept e− via DIET for the reduction of CO2 to methane 409 

[35]. The above results indicated different methanogens had different phenol tolerance, 410 

and therefore phenol resulted in the changes of methanogens. 411 

The above results showed that the final AD performance was not impaired up to 0.5 412 

g/L phenol due to the coexistence of MAGs with capabilities of resistance to phenol, 413 

even though they failed to prevent the deterioration of AD performance at phenol no 414 

lower than 1 g/L. Meanwhile, phenol induced level-dependent changes of the 415 

microbial communities, as the PCA analysis revealed that progressive shifts were 416 

detected from 0.25 g/L phenol. Thus, it was obvious that the shifts of MAGs with 417 

various functions at different phenol concentrations finally resulted in the changes of 418 

methane production rate and yield. 419 

3.2.2 Microbes response to phenol in the hydrochar experiments 420 

As previously mentioned, hydrochar improved the methane production at each phenol 421 

concentration as compared to the control experiments. Both glucose and phenol were 422 

completely degraded even at phenol 1 g/L, and higher amount of methane was still 423 

produced at phenol 1.5 g/L, which might be due to the enrichment of MAGs that 424 

could survive in high phenol concentration. Paludibacteraceae sp. FDU103 assigned 425 
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to the order Bacteroidales was dominant in the microbial community with the relative 426 

abundances between 7.9% and 11.5% at all phenol concentrations, which was 427 

consistent with the control experiments. The maintenance of major percentages of 428 

Bacteroidales in the digester has already been suggested to play an important role in 429 

AD process [4].  430 

Both Ignavibacteriaceae sp. FDU377 and Margulisbacteria sp. FDU440 were 431 

dominant at phenol 0 with the relative abundances of 10.6% and 11.2%, respectively, 432 

and their relative abundances gradually decreased down to 0% along with the increase 433 

of phenol concentrations. The family Ignavibacteriaceae is known to contain only one 434 

species so far, which has been characterized as important fermentative bacteria that 435 

grow upon hydrolysis of extracellular polymeric substances [36]. Reconstructing the 436 

metabolic pathways of Ignavibacteriaceae sp. FDU377 showed that it encoded 437 

complete genes sets involved in acidogenesis and acetogenesis (butyrate and 438 

propionate metabolism), indicating Ignavibacteriaceae had more versatile functions 439 

in AD as compared to its previously described functions. Furthermore, 440 

Ignavibacteriaceae could achieve extracellular electron transportation (EET) via a full 441 

set of genes for electron transfer complexes [37]. Through gene annotation of this 442 

MAG, it was found that cytochromes membrane cytochrome (ccdA) was present, 443 

which was important for electron transfer through nanowires. Taken together, 444 

Ignavibacteriaceae sp. FDU377 displayed versatile functions in AD and might be also 445 

capable of establishing a DIET network with methanogens during the AD process. 446 

The enhanced EET by hydrochar was also demonstrated as shown in Fig S2, which 447 
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indicated hydrochar promoted DIET. The phylum Margulisbacteria was firstly 448 

discovered from metagenomes of sediment and groundwater in 2016, and it does not 449 

contain any cultured species [38]. The exact function of phylum Margulisbacteria is 450 

not yet known, and recent studies reported that it was phylogenetically closely related 451 

to Cyanobacteria with the capacity to metabolize low molecular weight DOM for 452 

energy [39]. Results from the KEGG annotation of Margulisbacteria sp. FDU440 453 

showed that its critical metabolism pathways in AD were all incomplete, and thus its 454 

potential functions remained unknown even with the metagenomic analysis. It is 455 

noteworthy that both Ignavibacteriaceae sp. FDU377 and Margulisbacteria sp. 456 

FDU440 were almost absent in the control experiments, indicating that hydrochar 457 

selectively enriched these two MAGs. 458 

Phenol had no negative effects on Syntrophomonas sp. FDU385, and it was more 459 

significantly enriched at phenol 1 g/L and 1.5 g/L with relative abundances of 6.2% 460 

and 19.1%, respectively. However, Syntrophomonas sp. FDU385 was completely 461 

inhibited at phenol 1 g/L in the control experiments as mentioned previously. It could 462 

be due to the enhanced phenol degradation with hydrochar at phenol 1 g/L. For 463 

instance, phenol could be completely degraded in the presence of hydrochar at 1 g/L, 464 

while there was still 0.9 g/L left in the control experiments. It is also worth noting that 465 

at phenol 1.5 g/L in the hydrochar experiments, there was still 1 g/L phenol left at the 466 

end of the experiment, while Syntrophomonas sp. FDU385 was still greatly enriched. 467 

On the contrary, in the case of 1 g/L phenol in the control experiments, this MAG was 468 

completely inhibited. Therefore, it seems the promotion of phenol degradation by 469 
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hydrochar could not be solely used to explain the enrichment of Syntrophomonas sp. 470 

FDU385, and the enrichment of Syntrophomonas sp. FDU385 by hydrochar might be 471 

complicated. It was possible that biofilm was formed on hydrochar, and 472 

Syntrophomonas sp. FDU385 might be located inside the biofilm that could protect it 473 

from being inhibited by phenol [40]. However, further study deserves to be carried out 474 

to provide evidences. Likewise, Synergistaceae sp. FDU208 was also significantly 475 

enriched at 1 g/L and 1.5 g/L with relative abundances of 5.5% and 9.9%, respectively. 476 

The family Synergistaceae has been demonstrated as VFA oxidizers that could 477 

syntrophically grow with methanogens for methane production (Yi et al. 2020). 478 

Results from the metabolic reconstruction of Synergistaceae sp. FDU208 showed that 479 

it could not only participate in propionate oxidation, but also be involved in 480 

acidogenesis. Although Synergistaceae sp. FDU208 was not dominant in the control 481 

experiments, its relative abundance was also increased along with increasing phenol 482 

concentrations, which was consistent with a previous study reported by Poirier et al 483 

[4]. Thus, this MAG played an important role in acidogenesis and acetogenesis at 484 

high phenol concentrations. 485 

Syntrophosphaera thermopropionivorans FDU371 was enriched at 1.5 g/L phenol 486 

with relative abundances of 8.1%, indicating they could adapt to high concentrations 487 

of phenol. Furthermore, the relative abundance of Syntrophosphaera 488 

thermopropionivorans FDU371 in the control experiments of 1 g/L phenol was 8.3%, 489 

which was close to the hydrochar experiments of phenol 1.5 g/L. As previously 490 

mentioned, around 1 g/L phenol was left at the end of the fermentation at phenol 1.5 491 
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g/L with hydrochar, and it further indicated that Syntrophosphaera 492 

thermopropionivorans FDU371 was more suitable for survival at phenol 1 g/L. 493 

Syntrophosphaera thermopropionivorans, a novel representative of phylum 494 

Cloacimonetes, was the key player for syntrophic propionate metabolism enriched 495 

from a thermophilic anaerobic reactor, and it was also found to be present in 496 

mesophilic anaerobic reactor [41]. The metabolic reconstruction showed that 497 

Syntrophosphaera thermopropionivorans FDU371 could participate in acidogenesis 498 

and propionate metabolism, indicating that it could participate in the key steps 499 

involved in the AD process even at high concentration of phenol. Pelotomaculum sp. 500 

FDU503 was only detected at phenol 1.5 g/L in hydrochar experiments with relative 501 

abundance of 8.6%. Previous studies have reported that the genus Pelotomaculum was 502 

a typical syntrophic propionate-oxidizing bacterium in co-culture with methanogens, 503 

and it was also syntrophic phenol degrader enriched in AD process treating phenolic 504 

wastewater [42, 43]. The metabolic reconstruction of Pelotomaculum sp. FDU503 505 

also showed this MAG encoded both propionate metabolism and phenol degradation 506 

pathways, and at the same time it had butyrate metabolism pathway and could also 507 

participate in acidogenesis, which showed Pelotomaculum sp. FDU503 had versatile 508 

functions in AD process. 509 

For the methanogens, phenol did not obviously inhibit this MAG and the relative 510 

abundances of Methanothrix sp.FDU243 were between 6.2% and 7.3%, which was 511 

different from the control experiments where Methanothrix sp.FDU243 was obviously 512 

inhibited at phenol ≥1g/L. It was possible biofilm could be formed on the surface of 513 
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hydrochar and therefore protect Methanothrix sp.FDU243 from being inhibited by 514 

high concentrations of phenol. In addition, the relative abundance of Methanothrix 515 

sp.FDU243 was all higher than that in control experiments at all tested phenol levels, 516 

and it showed hydrochar resulted in the enrichment of Methanothrix sp.FDU243, 517 

which could be related with the increased Rm since Methanothrix could participate in 518 

DIET [16]. In addition, the enhanced EET was also demonstrated as seen in Fig S2, 519 

which further proved the enhanced DIET by hydrochar as previously mentioned. The 520 

relative abundances of Methanobacterium sp.FDU374 were between 0.5% and 4.6%, 521 

which was lower than that of Methanothrix sp.FDU243. It indicated hydrochar could 522 

enrich and alleviate the inhibition of phenol to the functionally important 523 

methanogens, and thus maintain efficient methane production. 524 

The above results showed that the microbial community enriched in the 525 

hydrochar experiments gradually shifted in response to increased phenol 526 

concentrations. However, the microbial shifts of the hydrochar experiments were 527 

different from that of the control experiments. For example, even in the case of high 528 

concentrations of phenol, VFA oxidizing bacteria could still be enriched in the 529 

hydrochar experiments, which ensured a persistent conversion of glucose to methane. 530 

Hydrochar might provide surfaces for the biofilm formation, which can protect certain 531 

microbes from directly contacting with high concentrations of phenol and therefore 532 

retained more active microbes at high phenol concentrations [44]. In addition, 533 

hydrochar also facilitated DIET considering the increased EET at each phenol 534 

concentration, which resulted in the enhanced methane production at each phenol 535 
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concentration. Certain microbes (Ignavibacteriaceae sp. FDU377, and Methanothrix 536 

sp.FDU243) potentially involved in DIET were also identified to be enriched with 537 

hydrochar, especially Methanothrix sp.FDU243 that had higher abundances at each 538 

phenol concentration as compared with the experiments without hydrochar.  539 

3.2.3 Microbes involved in the phenol degradation 540 

The previous analysis mainly focused on the shifts of dominant microbes in response 541 

to phenol in the AD of glucose, and only one dominant MAG (Pelotomaculum sp. 542 

FDU503) capable of phenol degradation was observed at phenol 1.5 g/L with 543 

hydrochar. It was possible that other MAGs involved in phenol degradation were 544 

present at different conditions considering the degradation of phenol. However, they 545 

might be in low relative abundances since more dominant MAGs were involved in 546 

AD of glucose, especially in the case of lower concentrations of phenol. Table S4 547 

shows a total of 6 MAGs contained complete phenol degradation pathway, which 548 

belonged to the phyla Firmicutes, Proteobacteria, and Spirochates. 549 

Both Syntrophomonadaceae sp. FDU080 and Pelotomaculum sp. FDU503 were only 550 

enriched at phenol 1.5 g/L in the hydrochar experiments with the relative abundances 551 

of 1.5% and 8.6%, respectively. The family Syntrophomonadaceae has been reported 552 

to anaerobically degrade long-chain fatty acids through beta oxidation in close 553 

association with hydrogenotrophic methanogens [45]. It was also found 554 

Syntrophomonadaceae sp.FDU080 had complete pathways for butyrate metabolism 555 

and phenol degradation, indicating it could participate in phenol degradation and 556 

acetogenesis in AD process at high phenol concentration. Although the relative 557 
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abundance of Syntrophomonadaceae sp. FDU080 was not as high as that of 558 

Pelotomaculum sp. FDU503, both MAGs played critical roles in acetogenesis and 559 

phenol degradation at phenol 1.5 g/L with hydrochar. On the contrary, Spirochaetes sp. 560 

FDU163 was found at phenol 0 and 0.25 g/L in the control and hydrochar experiments 561 

with low relative abundances between 0.1%-1.07%, and significantly inhibited at 562 

higher phenol concentration, indicating Spirochaetes sp. FDU163 had lower phenol 563 

tolerance. The phylum Spirochaetes has been reported to be involved in syntrophic 564 

acetate oxidation in AD process [46]. Based on the KEGG annotation, Spirochaetes sp. 565 

FDU163 indeed had syntrophic acetate oxidation pathway through the reverse 566 

Wood-Ljungdahl pathway, and at the same time could be involved in acidogenesis of 567 

glucose and butyrate metabolism. Likewise, Spirochaete sp. FDU376, also belonged 568 

to the phylum Spirochaetes, was found in both control (0-1 g/L phenol) and hydrochar 569 

experiments (0-1.5 g/L phenol), and the relative abundances of this MAG was lower 570 

(<1.5%) except for phenol 0.5 g/L in the control experiments, which was 3.8%. 571 

Syntrophorhabdaceae sp. FDU400 was only found at phenol 0.25 g/L in the 572 

hydrochar experiments with a relative abundance of 2.6%. Previous studies showed 573 

that the family Syntrophorhabdaceae in the phylum Proteobacteria could degrade 574 

aromatic compounds such as phenol and 4-hydroxybenzoate [47, 48]. Our results also 575 

provided further support of the above function based on the KEGG annotation. In 576 

addition, this MAG also encoded a complete Wood-Ljungdahl pathway, and it might 577 

be also involved in syntrophic acetate oxidation. Desulfobacterales sp. FDU421 was 578 

mainly found in the control experiments with the relative abundances between 1% and 579 
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2%, while its relative abundances were below 0.5% in the hydrochar experiments. It 580 

has previously been reported Desulfobacterales was involved in anaerobic benzene 581 

degradation [49]. The present study showed Desulfobacterales sp. FDU421 had 582 

versatile functions in AD process including acidification of glucose, syntrophic 583 

acetate oxidation, butyrate and propionate metabolism. 584 

It is noteworthy that the MAGs with complete phenol degradation pathway in this 585 

study all contained butyrate and propionate metabolism pathways, indicating that 586 

phenol-degraders had multi-functions, not only degrading phenol but also 587 

participating in other steps in AD process. Furthermore, the above results showed 588 

different microbes were found to be involved in phenol degradation, while only one 589 

phenol-degrader, Spirochaete sp. FDU376, was found in all the conditions. The 590 

occurrences of the other phenol-degrader depended on the AD conditions such as the 591 

concentrations of phenol and the presence of hydrochar.  592 

The present study showed hydrochar was effective to alleviate phenol inhibition on 593 

AD of glucose, which could be used as carriers in various anaerobic reactors (E.g., 594 

up-flow anaerobic sludge blanket reactor, and anaerobic sequencing batch reactor) to 595 

enhance the AD performance of phenol-rich wastewater (E.g., palm oil mill 596 

wastewater, and hydrolysate of biomass). In the future, studies should be conducted in 597 

continuous experiments with various operational conditions (HRT, OLR, substrate 598 

type, reactor configuration, etc.) to investigate the promotion effects of hydrochar on 599 

alleviating phenol inhibition on AD of organic wastes and the involved key functional 600 

microbes. In addition, the changes of biomass concentrations in continuous 601 
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experiments induced by hydrochar should also be investigated, which might also 602 

contribute to the alleviation of phenol inhibition by hydrochar. Furthermore, the 603 

alleviation of phenol inhibition on methane production at various hydrochar 604 

concentrations along with gene expression data should also be investigated since 605 

metagenomic analysis in the present study only showed the potential functions of each 606 

MAG and their active metabolic capacities need to be further verified by gene 607 

expression analysis. 608 

4. Conclusions 609 

The present study showed phenol higher than 1 g/L had severe inhibition on AD 610 

process resulting in the decrease of both P and Rm in AD of glucose conversion to 611 

methane. The study also clearly showed that hydrochar alleviated the inhibition. 612 

Hydrochar significantly increased the Rm by 290% and 1062% at phenol 613 

concentrations 1 and 1.5 g/L, respectively, while the enhancement was only around 20% 614 

at phenol <1g/L. Metagenomic analysis revealed the shifts of dominant MAGs 615 

involved in acidogenesis and acetogenesis in control experiments, and the lack of 616 

MAGs involved in acetogenesis at 1.5 g/L was consistent with the severe inhibition 617 

on methane production. It was also found Methanothrix sp.FDU243 was inhibited at 618 

higher concentrations of phenol, while Methanobacterium sp.FDU374 was not 619 

negatively affected. In hydrochar experiments, different MAGs involved in 620 

acidogenesis and acetogenesis were found as compared to control experiments. 621 

Hydrochar also resulted in the enrichment of MAGs involved in acetogenesis and 622 

Methanothrix sp.FDU243 at 1.5 g/L, which ensured efficient methane production. 6 623 
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phenol-degrading MAGs were also identified, and the occurrences of different 624 

phenol-degrading MAGs depended on the concentrations of phenol and the presence 625 

of hydrochar. The study also found Paludibacteraceae sp. FDU103 involved in 626 

acidogenesis and Spirochaete sp. FDU376 involved in phenol degradation were 627 

enriched in all the conditions, indicating their high tolerance to phenol. 628 
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Table 1 Summary of the kinetic parameters of methane production simulated by 

modified Gompertz model 

* Therotical methane production was calculated based on the added concentrations of 

glucose and phenol in each experiment. 1 g glucose is equal to 1.06 gCOD, 1 g phenol 

is equal to 2.38 gCOD, and the methane yield is 350 mLCH4/g COD. 

 

  P (mL) Rm (mL/d) λ (d) R2 
Theoretical methane 

production (mL)* 

P0 104.9 ± 3.1 17.8 ± 0.9 0.45 ± 0.13 0.997 111.3 

P0.25 113.1± 2.2 14.5 ± 0.9 0.47 ± 0.23 0.995 123.8 

P0.5 125.2 ± 2.3 14.2 ± 0.7 0.72 ± 0.21 0.996 136.3 

P1 29.4 ± 2.5 3.0 ± 0.4 0.88 ± 0.19 0.848 161.3 

P1.5 12.9 ± 1.9 0.8 ± 0.1 0.89 ± 1.11 0.947 186.3 

PH0 101.2 ± 1.6 21.8 ± 1.9 0.41 ± 0.18 0.994 111.3 

PH0.25 111.5 ± 3.4 18.8 ± 1.4 0.35 ± 0.05 0.968 123.8 

PH0.5 124.4 ± 3.7 15.8 ± 1.6 0.16 ± 0.36 0.986 136.3 

PH1 149.9 ± 11.7 11.7 ± 1.0 0.15± 0.16 0.947 161.3 

PH1.5 84.6± 1.1 9.3 ± 0.4 0.11 ± 0.16 0.998 186.3 
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Fig 1 Cumulative methane production from AD of glucose at different phenol 

concentrations (A) Control group (B) Hydrochar group 
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Fig 2 Changes of individual VFAs concentrations in Control group (A) and Hydrochar 

group (B) and changes of total VFAs concentrations (C) in the AD of glucose at 

different phenol concentrations. (P0, P0.25, P0.5, P1 and P1.5 represent phenol at 0 

g/L, 0.25 g/L, 0.5 g/L, 1 g/L and 1.5 g/L in control group; PH0, PH0.25, PH0.5, PH1 

and PH1.5 represent phenol at 0 g/L, 0.25 g/L, 0.5g/L, 1g/L and 1.5g/L in hydrochar 

group). 
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Fig 3 Changes of phenol concentrations in the AD of glucose at different phenol 

concentrations (A) Control group (B) Hydrochar group 
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Fig 4 PCA analysis of the samples based on the relative abundances of MAGs. P0, 

P0.25, P0.5, P1 and P1.5 represent phenol at 0 g/L, 0.25 g/L, 0.5 g/L, 1 g/L and 1.5 

g/L in control group. PH0, PH0.25, PH0.5, PH1 and PH1.5 represent phenol at 0 g/L, 

0.25 g/L, 0.5g/L, 1g/L and 1.5g/L in hydrochar group. The numbers “1”, “2”, and “3” 

after “-” represents the triplicate samples. 
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Fig 5 Heatmap of the MAGs in each sample base on the average relative abundance 

of each MAG. P0, P0.25, P0.5, P1 and P1.5 represent phenol at 0 g/L, 0.25 g/L, 0.5 

g/L, 1 g/L and 1.5 g/L in control group. PH0, PH0.25, PH0.5, PH1 and PH1.5 

represent phenol at 0 g/L, 0.25 g/L, 0.5g/L, 1g/L and 1.5g/L in hydrochar group. 
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