
 

 
 
 
 

 

Cao, J., Duan, G., Lin, A., Zhou, Y., You, S. , Wong, J. W.C. and Yang, 
G. (2023) Metagenomic insights into the inhibitory mechanisms of Cu on 
fermentative hydrogen production. Bioresource Technology, 380, 
129080. (doi: 10.1016/j.biortech.2023.129080) 
 

Reproduced under a Creative Commons License. 
https://creativecommons.org/licenses/by-nc-nd/4.0/  

 

This is the author version of the work. There may be differences between 
this version and the published version. You are advised to consult the 
published version if you want to cite from it:  
https://doi.org/10.1016/j.biortech.2023.129080  
 

https://eprints.gla.ac.uk/297096/ 

 

Deposited on 24 April 2023 

 

 

 

 
 
 
 
 

Enlighten – Research publications by members of the University of Glasgow 
https://eprints.gla.ac.uk 

  

http://eprints.gla.ac.uk/view/author/45454.html
https://eprints.gla.ac.uk/view/journal_volume/Bioresource_Technology.html
https://doi.org/10.1016/j.biortech.2023.129080
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.biortech.2023.129080
https://eprints.gla.ac.uk/297096/
https://eprints.gla.ac.uk/


1 
 

Metagenomic insights into the inhibitory mechanisms of Cu on fermentative 

hydrogen production 

 

Jinman Cao a,b, Guilan Duan a,c, Aijun Lin b, Yaoyu Zhou d, Siming You e, Jonathan 

W.C. Wong f, Guang Yang a,* 

  

a State Key Lab of Urban and Regional Ecology, Research Center for 

Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China 

b College of Chemical Engineering, Beijing University of Chemical Technology, 

Beijing 100029, PR China 

c University of Chinese Academy of Sciences, Beijing 100049, China  

d College of Resources and Environment, Hunan Agricultural University, Changsha 

410128, China 

e James Watt School of Engineering, University of Glasgow, Glasgow, G128QQ, UK 

f Sino-Forest Applied Research Centre for Pearl River Delta Environment, 

Department of Biology, Hong Kong Baptist University, China 

 

 

* Corresponding author 

Dr. Guang Yang 

E-mail: guangyang@rcees.ac.cn 

 
* Corresponding author, E-mail: guangyang@rcees.ac.cn 



2 
 

Abstract:  1 

Cu is widely present in the feedstocks of dark fermentation, which can inhibit H2 2 

production efficiency of the process. However, current understanding on the 3 

inhibitory mechanisms of Cu, especially the microbiological mechanism, is still 4 

lacking. This study investigated the inhibitory mechanisms of Cu2+ on fermentative 5 

hydrogen production by metagenomics sequencing. Results showed that the exposure 6 

to Cu2+ reduced the abundances of high-yielding hydrogen-producing genera (e.g. 7 

Clostridium sensu stricto), and remarkably down-regulated the genes involved in 8 

substrate membrane transport (e.g., gtsA, gtsB and gtsC), glycolysis (e.g. PK, ppgK 9 

and pgi-pmi), and hydrogen formation (e.g. pflA, fdoG, por and E1.12.7.2), leading to 10 

significant inhibition on the process performances. The H2 yield was reduced from 11 

1.49 mol H2/mol-glucose to 0.59 and 0.05 mol H2/mol-glucose upon exposure to 500 12 

and 1000 mg/L of Cu2+, respectively. High concentrations of Cu2+ also reduced the 13 

rate of H2 production and prolonged the H2-producing lag phase.  14 

Keywords: Cu; Fermentative hydrogen production; Inhibition; Microbial community 15 

structure; Metagenomic analysis 16 

 17 

1. Introduction  18 

Hydrogen energy is a promising substitute to fossil fuels, because of its 19 

advantages of pollution-free combustion applications and high energy density (Fan et 20 

al., 2022). At present, the main hydrogen production technologies are steam 21 

reforming and gasification using fossil fuels (Dahiya et al., 2021). However, these 22 

traditional H2-producing methods are environmentally unfriendly and cost-intensive. 23 
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Therefore, it is desired to develop alternative technologies to produce hydrogen in an 24 

environmentally friendly way. 25 

Biological dark fermentation has been regarded as one of the most sustainable 26 

technologies to produce hydrogen, because of its low energy requirement, 27 

environment protection, and easy operation conditions (Cheng et al., 2022). What 28 

makes dark fermentation more attractive is its capability to utilize multiple organic 29 

wastes (e.g. livestock manure, agroforestry wastes, food wastes, sewage sludge and 30 

wastewater) to produce hydrogen (Arun et al., 2022; Khoufi et al., 2015; Sillero et al., 31 

2022). Despite the strengths of dark fermentation, a low hydrogen yield is the primary 32 

limitation of this process, which restricts its scale-up and wide application (Ren et al., 33 

2022). It has been reported that inhibitors presenting in the reactor, such as toxic 34 

organics and heavy metals, are some of the major factors limiting hydrogen yields for 35 

dark fermentation (Bundhoo and Mohee, 2016). Among various inhibitory substances, 36 

heavy metals have drawn particular attentions, owing to its high toxicity and wide 37 

presence in hydrogen fermentation reactors (Chen et al., 2021; Elbeshbishy et al., 38 

2017). Numerous studies have been conducted to examine the inhibitory effect of 39 

heavy metals on the efficiency of dark hydrogen fermentation (Sharma and Melkania, 40 

2018; Lin and Shei, 2008; Chen et al., 2021; Matyakubov et al., 2022). 41 

Copper (Cu), a typical heavy metal, has been frequently detected in the 42 

feedstocks of dark fermentation, such as wastewater (Al-Saydeh et al., 2017), 43 

municipal solid waste (Sharma and Melkania, 2018), livestock manure (Liu et al., 44 

2020), and sewage sludge (Chu and He, 2021). The concentrations of Cu can be up to 45 

1751 mg/kg total solids (TS), 422 mg/kg TS, 259.3 mg/L, and 1726 mg/kg dry weight 46 
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in sewage sludge (Chu and He, 2021), municipal solid waste (Moreno et al., 2013), 47 

wastewater (Urrutia et al., 2019), and livestock manure (Guan et al., 2011), 48 

respectively. In general, trace concentrations of Cu is necessary for bacterial growth 49 

and activating some enzymes and co-enzymes (Sivagurunathan et al., 2015), while a 50 

relatively high concentration of Cu is inhibitory and toxic to microorganisms (Chen et 51 

al., 2021), because it can disturb the uptake of nutrients, alter bacterial protein 52 

synthesis, cause DNA damage, and destroy the integrity of cell membrane. Some 53 

studies found that Cu could inhibit the hydrogen production during dark fermentation 54 

(Li and Fang, 2007; Sharma and Melkania, 2018; Lin and Shei, 2008), and the 55 

inhibition degree of Cu was greater compared to Cr, Zn, Cd, Ni, and Pb (Li and Fang, 56 

2007). Nevertheless, most previous studies concentrated on the inhibition effect of Cu 57 

on dark fermentation performances, including H2 production, substrate utilization, and 58 

liquid metabolites generation (Li and Fang, 2007; Sharma and Melkania, 2018; Chen 59 

et al., 2021; Lin and Shei, 2008). There is still limited understanding about the 60 

inhibitory mechanisms of Cu on fermentative hydrogen production, especially about 61 

the microbiological mechanism. As a biological process, microbes in the reactor and 62 

their related functional genes essentially determine the metabolic pathway and activity 63 

of fermentative H2 production (Cai et al., 2011). Accordingly, the impact of Cu on the 64 

microbial community structure and functional genes in dark hydrogen fermentation 65 

requires to be further investigated. 66 

Therefore, the present study aimed to explore the inhibitory mechanisms of Cu 67 

on dark hydrogen fermentation. First, the influence of different concentrations of Cu 68 

on the fermentation performances, including hydrogen yield, glucose utilization and 69 
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liquid metabolites formation, were experimentally investigated. Second, the impact of 70 

Cu on the bacterial community structure and functional genes associated with key 71 

hydrogen-producing pathways were analyzed to elucidate the related inhibition 72 

mechanisms. This study will facilitate the ability to understand how heavy metals 73 

inhibit the process efficiency of dark fermentation, and provide theoretical guidance 74 

for mitigating the inhibition effect. 75 

2. Materials and methods  76 

2.1. Inoculum preparation 77 

In the present work, the seed sludge (i.e. anaerobically digested sludge) was 78 

collected from a local wastewater treatment plant. The main properties of the raw seed 79 

sludge were: TS content, 54.33 g/L; volatile solids (VS) content, 27.91 g/L; and pH= 80 

6.80. The raw seed sludge was heated to 100 °C and maintained there for fifteen 81 

minutes to eliminate hydrogen-consuming microorganisms (Yang and Wang, 2021). 82 

After cooling to the ambient temperature, the pretreated sludge was centrifuged and 83 

washed via resuspension using deionized water (Cao et al., 2022), and then was used 84 

as the fermentation inoculum. VS concentration of the inoculum used was 16.67 g/L, 85 

and the dominant genera in the inoculum were Clostridium sensu stricto, 86 

Proteiniphilum, Petrimonas, Candidatus Caldatribacterium, Sedimentibacter and 87 

Paraclostridium. 88 

2.2. Batch fermentation experiments 89 

Batch H2 fermentation experiments were conducted in triplicate using a series of 90 

150 mL glass bottles, including 10 mL nutrients solution (without Cu), 30 mL 91 

inoculum, 60 mL deionized water, and 1 g glucose. Each liter of nutrients solution 92 
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contained 0.004 g NiCl2·6H2O, 0.085 g MgCl2·6H2O, 0.25 g FeSO4·7H2O, 5 g 93 

K2HPO4·3H2O, 5 g NaH2PO4·2H2O, 5 g NH4Cl and 40 g NaHCO3 (Yang et al., 2019). 94 

Cu concentrations in the reactors were set by adding CuCl2 (99.9%, Macklin 95 

Biochemical Co., Ltd) at 5, 10, 100, 500, and 1000 mg/L, which were named as the 96 

Cu-5, Cu-10, Cu-100, Cu-500, and Cu-1000 groups, respectively. The group without 97 

Cu addition was set as the control. The initial pH of the mixture in all reactors was 98 

adjusted to 7.00 ± 0.10. Finally, all reactors were flushed with nitrogen gas, and then 99 

placed in a shaker (120 rpm) at 37 °C for biohydrogen production. 100 

2.3. Bacterial community analysis 101 

When the fermentation process terminated, samples of the control group and the 102 

groups with significant lower hydrogen yield induced by Cu2+ were collected to study 103 

the impact of Cu2+ on bacterial community structure. The FastDNA SPIN Kit for soil 104 

was used in this work for DNA extraction. PCR amplification of the V4-V5 region of 105 

bacterial 16S rRNA gene was conducted with the primers 515F/907R (Yang and 106 

Wang, 2021). After PCR purification and qualification, the sequencing of PCR 107 

amplicons was conducted, and the Operational Units (OTUs) were clustered at an 108 

identity threshold of 97%. In order to obtain the bacterial community composition, 109 

taxonomic assignment of the OTUs was carried out using RDP Classifier against the 110 

Silva database. Bacterial alpha diversity was evaluated by the Shannon index in this 111 

work, which referred to the variety of different species of bacteria present in a 112 

fermentation sample (Lozupone and Knight, 2008). Bacterial richness was evaluated 113 

by the indices of ACE and Chao1 in this work, which referred to the total number of 114 

bacterial species present in a fermentation sample (Lozupone and Knight, 2008). 115 
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2.4. Metagenomic analysis  116 

In this work, the control group and the Cu-1000 group were selected for 117 

metagenomic sequencing. The DNA extraction approach was the same as that used in 118 

the bacterial community analysis. After the construction of paired-end library, the 119 

sequence was performed on an Illumina HiSeq 2000 platform. The clean reads of the 120 

genome dataset were assembled into contigs (length >= 300 bp), which were then 121 

uploaded and used for gene prediction and annotation. The KEGG annotation were 122 

obtained by aligning representative sequences to the Kyoto Encyclopedia of Genes 123 

and Genomes database using BLAST with e-value cutoff of 1e-5 (Zhu et al., 2022). 124 

The abundances of the genes were calculated based on the reads per kilobase per 125 

million mapped reads (RPKM) (Tang et al., 2022). 126 

2.5. Other analytical methods  127 

TS and VS concentrations of the seed sludge were analyzed according to the 128 

APHA standard methods (APHA, 2005). In detail, 10.0 mL of the sludge sample was 129 

dried until a constant weight at 105 °C to determine the TS concentration, and then 130 

the dried sludge sample was calcined at 600 °C in a muffle furnace until a constant 131 

weight to determine the VS concentration. After filtering the fermentation broth 132 

through a membrane (0.45 μm), glucose and the dominant liquid metabolic products 133 

(acetate, propionate and butyrate) were analyzed using a high-performance liquid 134 

chromatography (Cao et al., 2022). Glucose utilization efficiency was calculated 135 

according to Eq. (1) at the end of the hydrogen fermentation.  136 

Glucose utilization efficiency (%) = (Gluinitial-Gluend)/Gluinitial (1) 

https://sciencedirect.53yu.com/science/article/pii/S0960852419303281
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Where, Gluinitial was defined as the glucose concentration before the start-up of 137 

hydrogen fermentation; Gluend was defined as the glucose concentration at the end of 138 

hydrogen fermentation. 139 

Total volume of the produced biogas for all reactors was determined by water 140 

displacement method. The fraction of hydrogen in biogas was determined by a gas 141 

chromatography with carrier gas of helium (80 mL/min) (Wang et al., 2022). 142 

Operational temperatures of the gas chromatography were: injection port, 120°C; 143 

column oven, 110°C; and detector, 150 °C. The modified Gompertz model was 144 

employed to fit the cumulative H2 production data in this work (Yang et al., 2019).  145 

3. Results and discussion  146 

3.1. The influence of Cu2+ on hydrogen production 147 

The impact of different concentrations of Cu2+ on cumulative hydrogen 148 

production is shown in Fig. 1. For all six groups, the hydrogen-producing process 149 

completed within 48 h, and followed the same pattern of lag, rapid and slow phases. 150 

The similar H2-producing pattern has also been found in other fermentation reactors 151 

(Kim et al., 2022; Matyakubov et al., 2022). 152 

Fig. 1 153 

The modified Gompertz model was employed to evaluate the hydrogen 154 

fermentation characteristics by fitting the data in Fig. 1 (R2 > 0.99) (Table 1). For the 155 

cumulative hydrogen production potential (P), the value decreased slightly at Cu2+ 156 

concentrations of lower than 100 mg/L, while decreased significantly at Cu2+ 157 

concentrations of higher than 500 mg/L, indicating that the high concentrations of 158 

Cu2+ reduced the hydrogen-producing capacity of fermentative bacteria. For the 159 
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maximum hydrogen production rate (Rm), the control group obtained the highest 160 

value, reaching 24.51 mL/h. Upon exposure to Cu2+, Rm showed a deceasing trend 161 

with the increasing Cu2+ concentration. The lowest Rm was only 2.05 mL/h for the 162 

Cu-1000 group, which was reduced by 91.64% as compared with the group without 163 

Cu2+ addition. The decline in P and Rm values may be attributed to that those high 164 

concentrations of Cu2+ decreased the activity of vital enzymes involved in H2 165 

generation and inhibited the growth of biohydrogen-producing microbes (Chen et al., 166 

2021). For the lag time (λ), it is evident that the low concentrations of Cu2+ (<= 100 167 

mg/L) shortened the lag time for hydrogen production, while the higher 168 

concentrations of Cu2+ (>= 500 mg/L) prolonged the lag time. Possible reason for this 169 

phenomenon is that Cu2+ at a low concentration can function as a trace growth factor 170 

for biohydrogen-producing bacteria (Sharma and Melkania, 2018), which shortened 171 

the time to recover microbial activity after the high temperature pretreatment, while 172 

excessive amount of Cu2+ was toxic to biohydrogen-producing bacteria (Wong et al., 173 

2014), thereby restricting the recovery of microbial activity for biohydrogen 174 

production during the initial phase of the fermentation.  175 

Table 1 176 

When the fermentation process terminated, the control group obtained the 177 

highest hydrogen yield value, reaching 1.49 mol H2/mol-glucose. This value of 178 

hydrogen yield is within the normal range of the values obtained by literature (Yang 179 

et al., 2019; Wang and Yin, 2017). With the exposure to Cu2+ at 5, 10, 100, 500 and 180 

1000 mg/L, the hydrogen yields decreased to 1.44, 1.37, 1.33, 0.59 and 0.05 mol 181 

H2/mol-glucose, respectively. It is clear that Cu2+ exposure inhibited the fermentative 182 
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hydrogen production, especially when the exposure concentration of Cu2+ was higher 183 

than 500 mg/L (Student’s t-test, p<0.05). The inhibition in hydrogen production may 184 

be due to that the high concentrations of Cu2+ caused the increased generation of 185 

reactive oxygen species (ROS) in bacterial cells, then leading to DNA damage and the 186 

decline of enzymatic activity (Chen et al., 2021). In addition, the exposure to higher 187 

concentrations of Cu can destroy the integrity of cytoplasmic membrane and inhibit 188 

the uptake of essential nutrients during the cultivation of bacteria (Lemire et al., 2013). 189 

These adverse effects may cause the growth arrest of fermentative bacteria, or even 190 

lead to the death of some high-yielding biohydrogen-producing microbes, thereby 191 

decreasing the values of hydrogen yield. Similarly, Sharma and Melkania (2018) 192 

found that H2 production of dark fermentation decreased from 226.9 to 153.8 mL 193 

upon exposure to Cu2+
 at 100 mg/L. The different inhibition threshold between 194 

Sharma and Melkania (2018) and this study may be due to different bacterial 195 

community in the inoculum. 196 

3.2. Glucose utilization and liquid metabolites formation 197 

Besides hydrogen production, glucose utilization efficiency is also an important 198 

aspect for assessing the fermentation performance in this work. Fig. 2 shows the 199 

influence of Cu2+ on the utilization efficiencies of glucose. It can be seen that the 200 

glucose utilization efficiency was 97.49% for the control group, and it changed barely 201 

at the Cu2+ concentrations of lower than 100 mg/L (97.44-97.55%). However, the 202 

glucose utilization efficiency declined significantly at the Cu2+ concentrations of 203 

higher than 500 mg/L, probably because the high concentrations of Cu2+ decreased 204 

the activities of microbes and functional enzymes (e.g. glucokinase, pyruvate 205 
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decarboxylase and glucose-6-phosphate dehydrogenase). The decreased efficiency of 206 

glucose utilization may cause the decline of hydrogen production for the Cu-500 and 207 

Cu-1000 groups. 208 

Fig. 2 209 

The main liquid metabolites generated from glucose utilization were further 210 

analyzed (Fig. 3), which could be used as an indicator to deduce the metabolic 211 

pathways of fermentative microbes. As shown in Fig. 3, the concentration of total 212 

metabolites (acetate, butyrate and propionate) was 4238.89 mg/L in the fermenter 213 

without Cu2+ addition, and decreased by 7.15%, 11.43%, 11.90%, 48.11% and 89.40% 214 

upon the exposure to Cu2+ at 5, 10, 100, 500 and 1000 mg/L, respectively. Particularly, 215 

acetate and butyrate concentrations significantly decreased at Cu2+ of higher than 500 216 

mg/L. During dark fermentation, these two metabolites are commonly formed in the 217 

H2-producing pathways (Hallenbeck, 2009). Much lower concentrations of acetate 218 

and butyrate in the Cu-500 and Cu-1000 systems indicate the significant lower yield 219 

of hydrogen, which can be confirmed in Fig. 1. 220 

Fig. 3 221 

Regarding the composition of these metabolites, acetate and butyrate were the 222 

major components in the control, Cu-5, Cu-10, Cu-100 and Cu-500 fermenters, with 223 

acetate proportions of 60.13%, 63.73%, 61.62%, 66.85% and 44.16%, and butyrate 224 

proportions of 39.87%, 36.23%, 38.31%, 33.01% and 55.75%, respectively, which 225 

indicated that the butyrate-type fermentation dominated in the aforementioned five 226 

fermenters. Nevertheless, the mixed-acid type fermentation played a dominant role in 227 

the Cu-1000 fermener, with butyrate and propionate proportions of 87.51% and 228 
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12.49%, respectively. This phenomenon may be due to that such a high concentration 229 

of Cu2+ changed the bacterial community structure, thereby leading to a shift in the 230 

metabolic pathway during the fermentation process. Other studies also found that the 231 

exposure to Cu2+ changed the fermentation type of biohydrogen production (Lin and 232 

Shei, 2008; Han et al., 2014). 233 

3.3. Bacterial community analysis 234 

Bacterial communities present in the system play a crucial role in the efficiency 235 

of a dark fermentation bioreactor (Hung et al., 2011). In order to understand how Cu2+ 236 

inhibited the hydrogen productivity, bacterial community structures of the control, 237 

Cu-500 and Cu-1000 groups were analyzed and compared in this study. Table 2 238 

shows the indices of bacterial diversity and richness for the aforementioned three 239 

groups.  240 

Table 2 241 

As illustrated in Table 2, the Good’s coverage values were higher than 0.999 for 242 

all three samples, indicating that the sequencing depth was enough to capture 243 

adequate bacterial community. The value of Shannon index follows the order of 244 

control > Cu-500 > Cu-1000, which indicates that the exposure to high concentrations 245 

of Cu2+ decreased the bacterial diversity during the fermentation process. Meanwhile, 246 

as compared to the Cu-500 and Cu-1000 samples, the control sample also exhibited 247 

higher values of Chao1 and Ace (Table 2), indicating that high concentrations of Cu2+ 248 

also decreased the bacterial richness. The decline in bacterial diversity and richness 249 

may be attributed to that the excessive Cu2+ was toxic to fermentative bacteria in the 250 

inoculum, thereby leading to the death of some bacterial species during the 251 
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fermentation process. The loss of some types of functional bacteria (e.g. 252 

Paraclostridium, Clostridium sensu stricto 1 and Clostridium sensu stricto 18) may 253 

lead to the decline in hydrogen yield for the Cu-500 and Cu-1000 systems. 254 

Furthermore, bacterial compositions at genus level for the control, Cu-500 and 255 

Cu-1000 groups were compared and illustrated in Fig. 4. According to Fig. 4, high 256 

concentrations of Cu2+ remarkably changed the bacterial community structure in 257 

hydrogen fermentation. For the control reactor, the genera Clostridium sensu stricto 258 

were dominant with a relative abundance of 73.79%, followed by Paraclostridium 259 

(15.37%), and Bacillus (4.45%). For the Cu-500 system, Bacillus became dominant 260 

with relative abundance of 86.06%, while the abundance of genera Clostridium sensu 261 

stricto was dramatically reduced to 10.12%. When increasing the Cu2+ concentration 262 

to 1000 mg/L, the abundance of the genera Clostridium sensu stricto further 263 

decreased to 0.29%, and Bacillus became the only dominant genus with relative 264 

abundance of 98.69%. It is clear that the exposure to high concentrations of Cu2+ 265 

significantly inhibited the growth of Clostridium sensu stricto during the fermentation 266 

process, which might be the determinant reason for the declined biohydrogen 267 

production for the Cu-500 and Cu-1000 groups. It has been found that Clostridium 268 

sensu stricto genera are highly-yielding H2 producers in dark fermentation system, 269 

which can use multiple substances (e.g. starch, sucrose and glucose) to produce 270 

hydrogen (Mo et al., 2022). Meanwhile, Clostridium sensu stricto have a theoretical 271 

hydrogen production of 4 mol H2/mol glucose (Hallenbeck, 2009), which is much 272 

higher than that of other biohydrogen-producing genera, like Enterobacter and 273 

Bacillus (Wang and Yin, 2017). Similarly, other investigations also observed a 274 
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significant positive correlation between hydrogen yield and Clostridium sensu stricto 275 

genera in dark fermentation (Yang and Wang, 2021; Li et al., 2020; Zhao et al., 276 

2020). 277 

Fig. 4 278 

In addition, the relative abundance of genus Paraclostridium also significantly 279 

decreased upon exposure to high concentrations of Cu2+. Paraclostridium belongs to 280 

obligate anaerobe that can use glucose for fermentative H2 production (Sasi Jyothsna 281 

et al., 2016; Yang et al., 2019). Therefore, the much lower Paraclostridium 282 

abundance may be another factor leading to the lower hydrogen yield for the Cu-500 283 

and Cu-1000 systems. By contrary, the abundance of Bacillus significantly increased 284 

upon exposure to Cu2+ at 500 and 1000 mg/L, indicating that this genus was more 285 

resist to Cu2+ compared to the other genera, probably due to its better spore-forming 286 

ability (Hawkes et al., 2002). Although it has been reported that several species of 287 

Bacillus are H2-producing bacteria (Kumar et al., 2015; Ramu et al., 2020), their 288 

hydrogen productivity is commonly lower than that of Clostridium spp. (Wang and 289 

Yin, 2017). Meanwhile, because hydrogen yield of the Cu-1000 group was only 0.05 290 

mol H2/mol-glucose, it can be inferred that Bacillus species enriched in this study 291 

were not hydrogen producers.  292 

3.4. Metagenomic analysis of functional genes involved in hydrogen production 293 

Functional genes in active bacteria fundamentally determine the metabolic 294 

pathway and activity in dark fermentation bioreactor (Jiang et al., 2021). Accordingly, 295 

metagenomic analysis was employed to compare the metabolic functions between the 296 
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control fermenter and the Cu-1000 fermenter based on the KEGG database, and the 297 

findings are shown in Fig. 5. 298 

Fig. 5 299 

According to Fig. 5, the relative abundances of sequences related to both 300 

glycolysis and pyruvate metabolism were significantly higher in the control system 301 

compared with the Cu-1000 system, indicating that glycolysis and pyruvate 302 

metabolism were significantly inhibited with exposure to the high concentration of 303 

Cu2+. These two processes are crucial for converting glucose to hydrogen during the 304 

dark fermentation process. Therefore, as compared with the control group, the 305 

inhibition on these two metabolic processes may cause the significant lower hydrogen 306 

yield for the Cu-1000 group. In general, glucose is firstly transported into cells, and 307 

then break down into intermediate pyruvate, NADH and ATP through glycolysis. 308 

Afterwards, there are three possible pathways to produce H2 (Fig. 6a) (Hallenbeck, 309 

2009). For the first pathway, intermediate pyruvate is broken down into acetyl-CoA 310 

and formate, which is further decomposed to H2 and CO2. For the second pathway, 311 

reduced ferredoxin, which is generated during the decomposition of intermediate 312 

pyruvate into acetyl-CoA and CO2, transfers electrons to hydrogenase, finally 313 

generating H2. For the third pathway, the reduced NADH, which is generated from 314 

glycolysis, can be re-oxidized with proton reduction to produce H2. The metabolic 315 

activity of the aforementioned three pathways primarily relies on biochemical 316 

reactions catalyzed by functional enzymes, so the abundances of genes encoding these 317 

functional enzymes were further investigated (Fig. 6b). 318 

Fig. 6 319 
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The membrane transport of glucose into bacterial cells is the first stage for 320 

biohydrogen production. It is apparent in Fig. 6b that the genes related to glucose 321 

transport, including gtsA (K17315), gtsB (K17316) and gtsC (K17317) (No. 1-3), 322 

were significantly down-regulated in the presence of high concentration of Cu2+, with 323 

the abundances decreasing by 84.74%, 76.56% and 69.10% in comparison with the 324 

control, respectively. This phenomenon indicates that the exposure to high 325 

concentrations of Cu2+ inhibited the membrane transport of glucose into bacterial cells, 326 

thereby blocking the intracellular metabolite of glucose for producing hydrogen from 327 

the source.  328 

    When glucose is delivered into bacterial cells, the glucose will be further 329 

converted to pyruvate, reduced NADH, and ATP through glycolysis. The impact of 330 

Cu2+ on the genes encoding the enzymes involved in glycolysis (No. 4-18) is 331 

illustrated in Fig. 6b. For instance, in the presence of 1000 mg/L Cu2+, the abundances 332 

of genes encoding pyruvate kinase (K00873, PK), hexokinase (K00844, HK), 333 

polyphosphate glucokinase (K00886, ppgK), glucose-6-phosphate isomerase (K13810, 334 

tal-pgi), ATP-dependent phosphofructokinase (K21071, pfk), ADP-dependent 335 

phosphofructokinase (K00918, pfkC), fructose 1,6-bisphosphate aldolase (K01622, 336 

K01622), phosphoglycerate kinase (K00927, PGK), 337 

2,3-bisphosphoglycerate-independent phosphoglycerate mutase (K15635, apgM) and 338 

enolase (K01689, ENO) decreased by 61.79%, 70.68%, 76.30%, 78.18%, 85.60%, 339 

70.00%, 73.22%, 35.93%, 74.37% and 35.94% in comparison with the control, 340 

respectively. This phenomenon indicates that the high concentration of Cu2+ 341 

significantly inhibited the synthesis of enzymes to break down glucose into pyruvate 342 
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and reduced NADH, thereby resulting in much less precursors for the subsequent 343 

hydrogen production.  344 

The abundances of genes involved in hydrogen formation were further analyzed 345 

in detail (Fig. 6b). As shown in Fig. 6b, with exposure to the high concentration of 346 

Cu2+, the relative abundances of genes encoding formate C-acetyltransferase (K00656, 347 

E2.3.1.54) (No. 21) and pyruvate formate lyase activating enzyme (K04069, pflA) (No. 348 

22), which play important roles on the decomposition of pyruvate into formate, 349 

decreased by 73.69% and 80.81% in comparison with the control, respectively. 350 

Meanwhile, the abundance of gene encoding formate dehydrogenase major subunit 351 

(K00123, fdoG) (No. 23), which acts on the decomposition of formate to hydrogen 352 

and CO2, decreased by 72.31% upon exposure to the high concentration of Cu2+. The 353 

down-regulation of the aforementioned three genes was disadvantageous to hydrogen 354 

production from the “formate-decomposition pathway”. In addition, the abundances 355 

of genes encoding pyruvate-ferredoxin oxidoreductase (K03737, por) (No. 19) and 356 

ferredoxin hydrogenase (K00532, E1.12.7.2) (No. 20) significantly decreased from 357 

291.02 and 35.07 RPKM to 50.34 and 0 RPKM with exposure to the high 358 

concentration of Cu2+, respectively. As the genes por and E1.12.7.2 play crucial roles 359 

in the other two biohydrogen-producing pathways (i.e. “the NADH-oxidation 360 

pathway” and “the pyruvate-decomposition pathway”), the down-regulation of these 361 

genes were also unfavorable for hydrogen production. In summary, the high 362 

concentration of Cu2+ significantly down-regulated the abundances of functional 363 

genes related to three biohydrogen-producing pathways, which was the fundamental 364 

factor leading to the significant low hydrogen yield for the Cu-1000 group. 365 
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In addition, as shown in Fig. 6b, the relative abundances of genes encoding 366 

phosphate acetyltransferase (K13788, pta) (No. 24), acetate kinase (K00925, ackA) 367 

(No. 25), butyryl-CoA dehydrogenase (K00248, ACADS) (No. 26), phosphate 368 

butyryltransferase (K00634, ptb) (No. 27) and butyrate kinase (K00929, buk) (No. 28), 369 

which contribute to the formation of acetate (No. 24-25) and butyrate (No. 26-28), 370 

were all remarkably decreased with exposure to the high concentration of Cu2+. The 371 

down-regulation of these genes may contribute to the much lower yield of acetate and 372 

butyrate for the Cu-1000 group. 373 

3.5. Implications to fermentative hydrogen production 374 

As a typical heavy metal that has been widely detected in the feedstocks of dark 375 

fermentation, Cu can inhibit the hydrogen production efficiency. Previous 376 

investigations mainly concentrated on the inhibition effect of Cu on dark fermentation 377 

performances (e.g. hydrogen yield and substrate utilization) (Li and Fang, 2007; Lin 378 

and Shei, 2008; Mohanraj et al., 2016), while current understanding on the inhibitory 379 

mechanisms of Cu on dark fermentation is still lacking. This work investigated the 380 

inhibitory mechanisms of Cu on dark fermentation from the aspects of bacterial 381 

community structure and functional genes for filling the existing knowledge gap. 382 

In addition to bacterial community structure and functional genes, the activity of 383 

key enzymes also plays an important role in fermentative hydrogen production 384 

(Hallenbeck, 2009). In future work, it is suggested to investigate the impact of Cu on 385 

the activity of some key enzymes (e.g. pyruvate kinase, pyruvate-ferredoxin 386 

oxidoreductase and hydrogenase) involved in hydrogen production. Furthermore, the 387 

strategies for relieving the inhibition of Cu on dark fermentation should also be 388 
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considered. For instance, the co-fermentation of high-Cu feedstocks (e.g. sewage 389 

sludge and livestock manure) with low-Cu feedstocks (e.g. potato peel waste and 390 

macroalgae) may be a promising approach for mitigating the inhibition effect of Cu 391 

on fermentative hydrogen production. 392 

4. Conclusions  393 

   Cu2+ significantly inhibited fermentative hydrogen production at exposure 394 

concentrations of higher than 500 mg/L. High concentrations of Cu2+ also reduced the 395 

hydrogen production rate, prolonged the hydrogen-producing lag phase, and inhibited 396 

the liquid metabolites formation. Mechanisms analysis showed that the presence of 397 

high concentrations of Cu2+ significantly declined the utilization efficiency of glucose, 398 

led to much less enrichment of high-yielding hydrogen-producing genera (e.g. 399 

Clostridium sensu stricto), and remarkably down-regulated the abundances of genes 400 

involved in glycolysis (e.g. PK, ppgK and pgi-pmi) and hydrogen formation (e.g. pflA, 401 

fdoG, por and E1.12.7.2), fundamentally leading to the inhibition on the fermentation 402 

efficiency. 403 
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Figure Captions 

 

Fig. 1 The influence of Cu2+ on cumulative hydrogen production during the 

fermentation process 

Fig. 2 The impact of Cu2+ on glucose utilization after the hydrogen fermentation  

Fig. 3 The impact of Cu2+ on liquid metabolites concentrations after the fermentation 

Fig. 4 Bacterial community compositions for the control, Cu-500 and Cu-1000 groups 

at genus level 

Fig. 5 Comparison of metabolic functions for the control group and Cu-1000 group 

using the KEGG database at level 3  

Fig. 6 Principle metabolic pathways of fermentative hydrogen production (a); The 

impact of Cu2+ on the abundances of functional genes associated with biohydrogen 

production as detected by metagenomics sequencing (b) 
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Tables 

 

Table 1 Kinetic analysis for hydrogen fermentation with different concentrations of 

Cu2+ 

 

 

Model Parameters 

Cu2+ concentration (mg/L) 

0 5 10 100 500 1000 

Modified

Gompertz 

P (mL) 187.57 181.14 171.57 168.26 76.18 6.01 

Rm (mL/h) 24.51 17.02 14.10 12.65 3.36 2.05 

λ (h) 11.83 9.65 9.68 9.24 18.79 21.03 

R2 0.990 0.990 0.996 0.994 0.996 0.999 
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Table 2 Bacterial diversity and richness indices for the control, Cu-500 and Cu-1000 

samples 

Sample Clean reads Coverage Shannon Ace Chao1 

Control 106210 0.999 1.85 325.89 334.32 

Cu-500 135228 0.999 0.83 317.58 301.55 

Cu-1000 145261 0.999 0.75 226.80 218.89 
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Figures 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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