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Abstract 

To boost anaerobic digestion (AD) performance of cow manure (CM) in continuous 

reactors, tailor-made bioaugmentation dosage enriched from fiber fraction of CM was 

introduced to enhance the overall performance. Results indicated that, the 

bioaugmentation dosage work outed after one hydrolytic retention time (25days), 

improving the daily methane yield from 144 mL/gVSadded/d to 179 mL/gVSadded/d. When 

bioaugmentation stopped, such enhancement sustained, reflected by a higher daily 

methane yield (160 mL/gVSadded/d) in the reactor receiving bioaugmentation dosage. 

Metatranscriptomics analysis suggested that for reactor receiving bioaugmentation 

dosage, the introduced Bathyarchaeia successfully established after periodical injection. 

Meanwhile, the abundance of enzymes involved in hydrolysis (lignocellulose) and 

methanogenesis were found higher in the reactor receiving bioaugmentation dosage, 

indicating the stimulatory role of bioaugmentation on indigenous microbes and their 

activity.  
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5.1 Introduction 

Bioaugmentation, which is a means of biological additives, has been proved as an 

intervention for improved anaerobic digestion of lignocellulosic substrates. In particular, 

researchers who adopted bioaugmentation in reactors fed with cow manure (CM) have 

obtained satisfied outcomes, reflected by the enhanced lignocellulose degradation and 

methane yield. However, as identified in [13] (chapter 3), most of these achievements are 

obtained from batch trials, where the fed-in bioaugmentation pure culture is trapped 

within the digesters throughout the AD process. Whereas, in the continuous AD system 

which mimics the industrial AD installation, the fed-in bioaugmentation pure culture may 

ultimately vanish if it is unable to establish within the new environment and reproduce 

by itself. In other words, due to the daily fed-withdraw mode adopted in continuous AD, 

if the reproducing rate of the injected bioaugmentation dosage is lower than the discharge 

rate of the reactor, the injected bioaugmentation dosage could render a short-term 

promotion of methane yield and diminish if the bioaugmentation stops. To tackle this 

problem, the addition of a mixed culture instead of a pure culture could be an alternative 

since it may harbour organisms with various and robust metabolisms. In this context, one 

could reply on metatranscriptomic analysis to gain insights into the transcriptional 

activity of microbiomes (chapter 0). 

Hence, in this chapter, the efficiency of bioaugmentation dosage cultivated on the washed 

fiber fraction of CM (chapter 3) was evaluated in a continuous AD system using CM as 

the sole substrate. A metatranscriptomics analysis was used to understand the metabolism 

of the bioaugmented microbial community within the reactor. 

5.2 Materials and methods 

5.2.1 Continuous experiment set up  

Two identical continuous stirred tank reactors (CSTR) named Rb and Rc were established 

for long-term continuous experiments. The total and working volume of Rb, and Rc were 

3.5 L and 3.0 L, respectively. Both reactors followed the same daily feed-in and 

withdrawn schedule, namely a certain amount of effluent was withdrawn from the reactor, 

and an equivalent amount of substrate and water was fed into the reactor. The stirring rate 

was set to 120 rpm in all cases. The temperature was kept at 37±1˚C by a water bath 
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circulating through a two-layer water jacket of the reactors. Rb served as the experimental 

reactor to test the influence of bioaugmentation, while Rc served as the control reactor. 

Before the bioaugmentation test, both Rb and Rc have been operated for 100 days using 

CM as the substrate with an organic loading rate (OLR) of 1 g VS/L/day and a hydraulic 

retention time (HRT) of 25 days. The OLR and HRT were kept the same throughout the 

bioaugmentation test. In the bioaugmentation experiment, biomass obtained from a 

reactor fed with the washed fiber fraction of CM (Ra. Chapter 3) was used as 

bioaugmentation dosage. To avoid the impact of soluble mineral and chemical 

compounds (i.e., VFAs) present in Ra on Rb, the effluent from Ra was centrifuged at 

5000×g for 6 mins to collect microbial biomass. From day 100 to day 170, Rb received 

daily CM plus microbial biomass (0.82 ± 0.1 g dry cell mass) from 100 mL effluent of Ra 

while Rc received CM plus an equal amount of heat-sterilized microbial biomass from Ra. 

From day 170 on, both Rb and Rc were fed with CM alone till day 220. In the stable phase 

of Rb (day 150-170; day 180-220) and Rc (day 150-220), effluents from Rb and Rc were 

centrifuged, and the supernatant was used for chemical characterization while the pellet 

was air-dried at 45˚C to determine the composition of the structural lignocellulose every 

2 days.  

5.2.2 Metabolic activity assays 

To further investigate the influence of the bioaugmentation on the hydrolysis and 

methanogenesis, batch metabolic activity assays were conducted on representative 

samples of each microbial community collected at different time intervals (day 170 and 

day 220) from Rb and day 220 from Rc, respectively. Metabolic assays were carried out 

at mesophilic temperature (37 ± 1˚C). Metabolic activity assays were performed in 

triplicate in 350 mL bottles, with a working volume of 250 mL. The bottles contained 

inoculum (as collected from the continuous digesters Rb and Rc) and the amount of 

substrate required to achieve an initial inoculum to substrate ratio of 2 (VS-basis). The 

headspace of each bottle was flushed with N2 for 5 min and then sealed with a rubber 

stopper and aluminium caps. The bottles were placed in a temperature-controlled 

incubator with the shaking speed of 140 rpm. Two model substrates were tested: cellulose 

(hydrolytic activity) and sodium acetate (methanogenic activity). For each metabolic 
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assay, triplicates were used. Blank assays containing the only inoculum were used to 

correct the background influence on the target compound.  

5.2.3 Analytical methods 

5.2.3.1 Biogas and methane measurement 

The volume of daily biogas yield (DBY) in the biomethane potential (BMP) test was 

determined by displacing a saturated NaCl (75%) solution with a pH of 2.0 [30]. The 

volume of DBY in the continuous test was determined by wet-type biogas meter (MGC-

1, Ritter, Germany). The concentration of CH4 (%) was analyzed by  gaschromatography 

with helium as the carrier gas [12]. The calculated methane yields were converted to the 

standard dry gas at 0 ˚C and 1 atm [10]. 

5.2.3.2 Physicochemical analysis 

Total solids (TS) and volatile solids (VS) were determined following standardized 

procedures [12]. The pH value was recorded by a measuring probe (VOS-70002, VOS, 

the Netherlands). Both filtered and unfiltered supernatants were obtained as described 

previously [12]. The filtered supernatant was used to test the amount of total ammonia 

(TAN) using measuring kit LCK303 (Hach, US). Then, the value of free ammonia (FAN) 

was calculated as indicated by [9]. For the unfiltered supernatant, total volatile fatty acids 

(TVFAs), as well as total alkalinity (TA) were analyzed as described previously [12]. The 

amount of lignocellulose was determined according to the modified methods described in 

Chapter 3. 

5.2.4 Metatranscriptomic analysis 

Samples were taken at day 130, 170, and 220 for Rb and day 170 and 220 for Rc, 

respectively. After collection, the samples were immediately mixed with 100% ethanol 

at 1:1 (volume basis) and stored at -20 °C for DNA and RNA extraction. To extract total 

RNA, a phenol-chloroform isolation method was adopted. Then the extracted RNA was 

subjected to an initial quality check regarding concentration, RIN, 23S/16S, and size was 

conducted. Additionally, the purity of the samples was tested by NanoDropTM. Then, a 
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prokaryotic transcriptome library was constructed to obtain the transcript sequence 

information from the qualified RNA, as illustrated below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Prokaryotic Transcriptome Library Construction Workflow (Detailed procedures regarding each step 

were illustrated here: rRNA Depletion: Total RNA samples were treated with Ribo-off®  rRNA Depletion Kit 

(Lexogen, Austria) to deplete rRNA; RNA Fragmentation: RNA molecules were fragmented into small pieces 

using fragmentation reagent; cDNA Synthesis: First-strand cDNA was generated using random primers reverse 

transcription, followed by a second-strand cDNA synthesis; Ends Repair & A-Tailing and Adapter Ligation: 

The synthesized cDNA was subjected to end-repair and then 3’ adenylated. Adapters were ligated to the ends 

of these 3’ adenylated cDNA fragments; PCR: This process was to amplify the cDNA fragments with adapters 

from the cDNA synthesis step. PCR products were purified with XP beads, and dissolved in EB (RB solution); 

Circularization: The library was amplified with phi29 to make DNA nanoball (DNB) which contains more 

than 300 copies of each molecule. The DNBs were loaded into a patterned nanoarray and single-end 50 (pair-

end 100) bases reads were generated in the way of combinatorial Probe-Anchor Synthesis (cPAS). 
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Then, the generated raw data of the Fastq-files were directly used for analyses. 

Specifically, rnaSpades de novo assembler was used to assemble contigs/transcripts 

[5,18]. The contigs/transcripts were identified with a (modified) protein-database 

Uniprotkb/Trembl database (https://www.ebi.ac.uk/uniprot/download-center) using 

Diamond (Fast and sensitive protein alignment using DIAMOND [4].  Enzyme 

information [19] and pathway information (https://www.genome.jp/kegg/pathway.html) 

were added based on the EC numbers by the use of a Python script. Pathways were added 

only to key enzymes (key-enzymes are present in only 1 pathway). The contigs/transcripts 

were also identified against SILVA 132 LSU and SSU reference databases 

(https://www.arbsilva.de/no_cache/download/archive/release_132/Exports/) with 

MEGABLAST [2]. SILVA taxonomy was obtained as a result.  

5.2.5 Kinetic models 

The first-order kinetic model was used for the determination of the hydrolytic rate 

according to [8]. The Monod model was used for the determination of the methanogenesis 

according to [23]. Considering no biomass growth and an excess of substrate, Monod 

kinetic simplifies to a zero-order kinetic model with respect to the substrate [23]. 

Therefore, Km (the maximum consumption rate constant (mL/gVS/d)) is obtained as the 

slope of a linear regression fit of the specific substrate consumption on a VS-basis versus 

time (day) for subsets of data over which the rate was approximately constant.  

5.3 Results and discussion 

5.3.1 Performance of Rb and Rc  

The CSTRs have been running successfully for 100 days, using CM as the substrate. The 

process characterization is shown in Table 1 and Fig. 2. The biomethanation of CM in Rb 

and Rc in the steady phase (day 75 - day 100) was almost equal (149 ± 4 and 144 ± 7 mL 

CH4/gVS/d, respectively), indicating that both reactors had the same performance. 

Subsequently, from day 100 on, the microbial biomass from Ra was added to Rb, and heat-

sterilized microbial biomass from Ra was added to Rc. The effect of bioaugmentation 

didn’t show any difference in the performance of Rb until day 130, probably due to the 

low growth rate of the added microorganisms compared to the existing hydrolytic and 

https://www.ebi.ac.uk/uniprot/download-center
https://www.genome.jp/kegg/pathway.html
https://www.arbsilva.de/no_cache/download/archive/release_132/Exports/
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acidogenic bacteria [15]. Also, the washout effect of the daily fed-withdraw mode used 

in this continuous test might be another cause of the delayed positive bioaugmentation 

effect [26]. Noticeably, from day 130 on, bioaugmentation began to work, reflected by 

the significantly higher daily methane yield (DMY) in Rb (179 ± 5 mL CH4/gVS/d) than 

in Rc (144 ± 4 mL CH4/gVS/d). The results indicated that the added microorganisms 

survived in Rb and might have altered the original microbial structure to boost the 

biomethanation. Moreover, the time needed until the bioaugmentation began to work was 

30 days, which happened to be the HRT of Ra. Therefore, the HRT of the bioreactor where 

the bioaugmentation dosages originated from, might influence the ‘show-up’ time of 

bioaugmentation. From day 170 on, bioaugmentation was stopped, and the decline of 

DMY started on day 175 in Rb, indicating that the reactor operating condition (daily 

withdraw-fed mode) could influence the maintenance of the added microbes. Particularly, 

the HRT of Rb and Rc was 25 days, which was lower than that of Ra (30 days). The lower 

HRT in Rb might cause partial wash-out of the injected bioaugmentation dosages, 

especially for the slow-growing methanogens [15]. However, when reaching a new steady 

phase (day 180-day 220), the DMY in Rb was 160 ± 2 mL CH4/gVS/d, still 11% higher 

than the DMY in Rc. This implied that after bioaugmentation, the initial microbial 

consortium was strengthened by the injected microbial biomass and that the 

microorganisms managed to establish themselves in the reactor instead of being fully 

outcompeted. Compared with [17] who reported a 5-6% enhancement after the 

inoculation of pure cellulolytic Caldicellulosiruptor lactoaceticus in a two-stage 

thermophilic reactor using CM as the substrate, results obtained in this experiment 

affirmed the advantage of using a robust mixed culture instead of pure culture [17]. To 

better elucidate the influence of bioaugmentation on the hydrolysis of the lignocellulose 

in CM, the profiles of the lignocellulose in the effluent of Rb and Rc were determined 

(Table 1). From day 150 to day 170 and from day 180 to day 220, the effluent from Rb 

contained lower cellulose content than that in Rc, suggesting that the degradation of 

cellulose in CM was improved (p˂0.05). However, comparable hemicellulose contents 

were detected in both Rb and Rc’s effluent, indicating that bioaugmentation could not 

improve the degradation of hemicellulose in CM, which was reported by [26] as well. 

Meanwhile, lower TVFAs contents were observed in the effluent of Rb than in Rc, 
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indicating that bioaugmentation could also contribute to a better conversion of TVFAs. 

This advantage was also mentioned by [29]. Moreover, bioaugmentation didn’t disturb 

the initial process, supported by the similar TVFAs/TA ratio and TAN in both Rb and Rc, 

respectively (Table 1). To summarize, we demonstrated that bioaugmentation had a 

positive influence on the CM treatment in a continuous AD system.  

Table 1. Characteristics of the effluent in the continuous test 

Chemical compounds Rb (day150-day170) Rb (day180-day220) Rc (day150-day220) 

pH 7.69 ± 0.07 7.74 ± 0.05 7.67 ± 0.05 

TVFAs (mg CH3COOH /L) 572 ± 26 573 ± 23 610 ± 18 

TA (mg CaCO3/L) 2871 ± 120 2989 ± 85 2927 ± 115 

TVFAs/TA 0.199 ± 0.01 0.194 ± 0.006 0.211 ± 0.005 

TAN (mg/L) 224 ± 8 234 ± 2 252 ± 10 

FAN (mg/L) 

Cellulose (mg/g TS) 

 

Hemicellulose (mg/g TS) 

14 ± 1 

75 ± 1 

 

50 ± 5 

13 ± 1 

53 ± 3 

 

37 ± 3 

16 ± 2 

88 ± 4 (d150-d170) 

63 ± 3 (d180-d220) 

51 ± 2 (d150-d170) 

40 ± 1 (d180-d220) 

Note: values are expressed as means ± standard deviations  *effluent from Rb or Rc 

 

Figure 2. Daily methane yield for Rb and Rc (from day0 - day100, preparation phase, day100 - day130 

bioaugmentation dosage is introduced but no apparent enhancement, day130 - day 170, bioaugmentation dosage 

brings about apparent enhancement, day170 - day220, without bioaugmentation dosage, the dashed lines were 

introduced here to separate the whole process into different phases). 
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5.3.2 Metatranscriptomic analysis 

Approximately 60 million RNA sequences were obtained from each sample taken at the 

three  different timepoints from Rb and Rc (Table 2).  

The amino acid sequences derived from the translated contigs were used to look for 

homologues proteins in the protein databases and link them to different metabolic 

pathways. The identified proteins  were assigned to eleven metabolic categories, as shown 

in Fig. 3. Proteins related to carbohydrate metabolism, amino acid metabolism, energy 

metabolism, cofactors and vitamins metabolism were found predominant. The 

predominance of these metabolisms was due to the characteristic of CM since 

carbohydrate (including lignocellulose) and crude proteins (nitrogenous compounds) 

were major components in CM, while AD relies on energy metabolism to convert these 

resources into methane.  

Table 2. Meta-transcriptomics results derived from the NGS of the constructed cDNA libraries based upon the 

extracted RNA from Rb and RC at different timpeoints and depleted for 16S rNA sequences (Fig 1.). 

Sample RNA 

sequences 

RNA contigs RNA contigs - 

16S rRNA 

contigs 

Unique contigs 

Bacterial  Archaeal  

Rb 130-days 62,543,388 562317 2634 393827 34906 

Rb 170-days 61,341,514 598499 2602 402050 38793 

Rb 220-days 61,293,263 619068 1645 411329 39794 

Rc 130-days 62,528,308 473497 2632 315256 27495 

Rc 170-days 61,574,817 307645 1811 183778 19742 

Rc 220-days 55,753,408 56068 843 24457 2135 
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Figure 3. Overall metabolic pathways that were identified in the metatranscriptome of the microbial community 

extracted on day 130, 170, and 220 from the bioaugmented reactor Rb (Bio-130, Bio-170, and Bio-220) and the 

control reactor Rc (Con-130, Con-170 and Con-220). 

5.3.2.1 Bacterial families involved in cellulose and hemicellulose-degradation  

The bacterial community, especially cellulose or hemicellulose degrading bacterial 

community, is the focus of this study. Hence, we analyzed the metatranscriptomic datafor 

known cellulose and hemicellulose-degrading bacterial guilds at the family level (Fig. 4). 

Initially, Cellulomonadaceae, Micrococcaceae, Bacteroidaceae, Dysgonomonadaceae, 

Prevotellaceae, Chitinophagaceae, Anaerolineaceae, Caldilineaceae, Fibrobacteraceae, 

Bacillaceae, Christensenellaceae, Clostridiaceae, Lachnospiraceae, and 

Ruminococcaceae were identified in at least one sample, and these genera are known to 

be able to ferment lignocellulose [1, 6,7,11,14,16,20,21,22,24,27,28]. Moreover, these 

bacteria were found more pronounced in Rb than in Rc (Fig. 4). Such observation 

complied well with the cellulose degradation profile (Table 1), indicating that the injected 

bioaugmentation biomass could strengthen the indigenous cellulose/hemicellulose 

degrading microbes.  
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5.3.2.2 Archaeal genera 

The distribution pattern of the inhabitated archaeal genera in both reactors is shown in 

Fig. 5. The predominant archaeal genera, such as Bathyarchaeia, Methanoculleus, 

Methanosaeta, Methanolinea, and Methanospirillum accounted for over 80% of the 

Archaea in both reactors, although with different distribution patterns. Among them, 

Bathyarchaeia, Methanoculleus, and Methanosaeta were found ubiquitous in both Rb and 

Rc at different phases, highlighting their contribution to methane production. The 

distribution pattern of Bathyarchaeota was identified in CM-based AD systems, 

underlying its fundamental role in utilizing CM. As demonstrated in Chapter 3, the 

bioaugmentation biomass contains Bathyarchaeota (97%), which owns a distinguished 

metabolic potential among Archaea (Chapter 3). Interestingly, the existence of 

Bathyarchaeia was found also more pronounced in Rb than in Rc at different phases. More 

importantly, the introduced bioaugmentation dosage promoted the growth of 

Bathyarchaeia, reaching a predominant share (65%) even after the bioaugmentation 

stopped. Although the high share of Bathyarchaeia doesn’t necessarily mean a higher 

methane yield (Table 1). The introduction of bioaugmentation biomass enriched from a 

complex microbial pool (in this case inoculum from the effluent of a mono-digester 

treating CM) may present a sustained modification of the indigenous microbial 

community, which was rarely shown in other cases where pure cultures were introduced 

[15,26].  
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Figure 4. Relative abundance of key Bacteria known to be involved in hydrolysis of lignocellulose in samples 

extracted on day 130, 170, and 220 from the bioaugmented reactor Rb (Bio-130, Bio-170, and Bio-220) and the 

control reactor Rc (Con-130, Con-170 and Con-220). 

 

Figure 5. Relative abundance of key Archaea known to be involved in methanogenesis in samples extracted on 

day 130, 170, and 220 from the bioaugmented reactor Rb (Bio-130, Bio-170, and Bio-220) and the control 

reactor Rc (Con-130, Con-170 and Con-220). 
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5.3.2.3 Enzymatic pathway 

In addition to the analysis of the microbial community structure, the differences in 

metabolic pathways in Rb and Rc were deduced from the transcriptomic data. Hydrolysis 

of lignocellulosic biomass is crucial and considered as the rate-limiting step in 

biomethanation, and is carried out by coordinated action of a complex set of enzymes. It 

is important to first delink the lignin mesh in CM to improve the accessibility of the other 

hydrolytic enzymes to the cellulose and hemicellulose fibers. Metatranscriptomic 

analyses revealed that debranching enzymes such as acetylxylan esterase, 

arabinofuranosidase, carboxylesterase which remove the side chain components of the 

xylan backbone were expressed in the microbial community. As a result, cellulose and 

hemicellulose became more accessible for hydrolysis. The metatranscriptomic analysis 

revealed the presence of carbohydrate esterases (CE), which hydrolyze ester linkages in 

sugar residues and make their glycosidic linkages accessible for attack by glycosidic 

hydrolases [3]. Metagenome and metatranscriptome analyses also revealed various 

microbial enzymes involved in saccharification and subsequent acidification of cellulose 

and hemicellulose. These analyses also revealed the presence of cellulosomes, the 

multienzyme complexes produced by lignocellulolytic anaerobes [25]. Various RNA 

transcripts coding for hydrolysis-related enzymes such as cellulase (EC:3.2.1.4), endo-

1,4-beta-xylanase (EC:3.2.1.8), beta-glucosidase (EC:3.2.1.21), glucan 1,4-beta-

glucosidase (EC:3.2.1.74), and xylan 1,4-beta-xylosidase (EC:3.2.1.37) were found in 

higher abundance in the bioaugmented reactor compared with the control (Table 3). These 

results indicated the potential of the selected consortia to produce key cellulolytic, 

xylanolytic and debranching enzymes involved in the hydrolysis of recalcitrant 

lignocellulosic compounds in CM.  

The transcripts encoding enzymes for the conversion of hydrolytic degradation products 

into various VFA, majorly acetate were also found (Fig. 6). Genes encoding for enzymes 

that convert pyruvate to acetate such as pyruvate-ferredoxin oxidoreductase (EC:1.2.7.1), 

phosphotransacetylase (EC:2.3.1.8) and acetate kinase (EC:2.7.2.1) were abundantly 

expressed. Additionally, the transcripts encoding enzymes involved in butyrate 

metabolism such as acetyl-CoA acetyltransferase (EC:2.3.1.9), enoyl-CoA hydratase 
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(EC:4.2.1.17), hydroxyacyl-CoA dehydrogenase (E.C:1.1.1.35), butyryl-CoA 

dehydrogenase (EC:1.3.99.2), acetate CoA-transferase (EC:2.8.3.8) were also expressed 

indicating that butyrate was properly converted into acetate. 

The resultant acetate, CO2 and H2 were finally converted into methane in subsequent steps 

by methanogenesis. Genes for acetoclastic and hydrogenotrophic methanogenesis were 

active, indicating that both types of methanogens were involved in methane metabolism. 

Particularly, bioaugmentation might slightly boost the acetoclastic methanogenesis, 

reflected by higher abundance of transcripts coding for phosphate acetyltransferase 

(EC:2.3.1.8), acetate-CoA ligase (EC:6.2.1.1), and acetate kinase (EC:2.7.2.1), whereas 

no enhancement of hydrogenotrophic methanogenesis was found  (Table 3). 
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Table 3. Key enzymes involved in the metabolism of lignocellulose of CM and their activity (Important 

enzymes involved in hydrolysis of lignocellulose of CM are highlighted in red, enzymes involved in 

methanogenesis are highlighted in blue; DL: detection limitation) 

EC Name Bio130 Bio170 Bio220 Con130 Con170 Con220 

(A) 

1.2.1.12 

 

Glyceraldehyde-3-phosphate dehydrogenase 
0.099 0.103 0.195 0.100 0.055 0.108 

1.1.1.49 
Glucose-6-phosphate dehydrogenase 

(NADP(+)) 
0.012 0.013 0.006 0.014 0.019 <DL 

1.2.1.59 
Glyceraldehyde-3-phosphate dehydrogenase 

(NAD(P)(+)) 
0.087 0.056 0.049 0.063 0.116 <DL 

1.2.7.1 Pyruvate synthase 0.257 0.142 0.186 0.106 0.189 0.001 

2.2.1.1 Transketolase 0.104 0.122 0.093 0.146 0.262 0.289 

2.7.1.11 6-phosphofructokinase 0.182 0.165 0.152 0.196 0.100 <DL 

2.7.1.146 ADP-specific phosphofructokinase <DL 0.008 <DL <DL <DL <DL 

2.7.1.2 Glucokinase 0.039 0.072 0.067 0.038 0.091 <DL 

2.7.2.3 Phosphoglycerate kinase 0.328 0.647 0.507 0.271 0.419 0.001 

2.7.1.40 Pyruvate kinase 0.098 0.094 0.086 0.082 0.091 0.050 

3.1.1.31 6-phosphogluconolactonase 0.001 0.001 0.005 0.004 0.016 <DL 

3.2.1.21 Beta-glucosidase 0.398 0.549 0.406 0.310 0.448 <DL 

3.2.1.37 Xylan 1,4-beta-xylosidase 0.760 0.500 0.967 0.361 0.475 0.371 

3.2.1.74 Glucan 1,4-beta-glucosidase 0.002 0.005 0.001 ˂DL ˂DL ˂DL 

3.2.1.4 Cellulase 0.782 0.847 0.597 0.615 0.365 0.001 

3.2.1.8 Endo-1,4-beta-xylanase 0.727 0.838 0.811 0.582 0.766 0.600 

4.1.2.13 Fructose-bisphosphate aldolase 0.368 0.348 0.413 0.345 0.258 0.271 

4.1.2.14 2-dehydro-3-deoxy-phosphogluconate aldolase 0.002 <DL 0.004 0.017 <DL <DL 

4.2.1.11 Phosphopyruvate hydratase 1.172 0.815 0.817 1.072 0.850 0.468 

4.2.1.12 Phosphogluconate dehydratase 0.002 <DL 0.003 <DL <DL <DL 

5.3.1.9 Glucose-6-phosphate isomerase 0.123 0.135 0.115 0.171 0.120 0.001 

5.4.2.11 Phosphoglycerate mutase 0.024 0.029 0.073 0.018 0.067 0.307 

1.1.1.35 3-hydroxyacyl-CoA dehydrogenase 0.007 0.012 0.026 0.003 0.003 <DL 

1.12.98.1 Coenzyme F420 hydrogenase 0.065 0.089 0.264 0.009 0.306 0.442 

1.12.98.2 
5,10-methenyltetrahydromethanopterin 

hydrogenase 
<DL <DL <DL <DL <DL <DL 

1.17.1.9 Formate dehydrogenase 0.004 0.002 0.008 0.003 0.009 0.002 

1.2.7.12 Formylmethanofuran dehydrogenase <DL 0.001 0.002 0.001 <DL <DL 

1.2.7.4 Anaerobic carbon-monoxide dehydrogenase 0.256 0.296 0.259 0.143 0.564 0.215 

1.5.1.20 
Methylenetetrahydrofolate reductase 

(NAD(P)H) 
0.055 0.053 0.062 0.039 0.092 <DL 

1.5.1.5 
Methylenetetrahydrofolate dehydrogenase 

(NADP(+)) 
0.113 0.122 0.134 0.133 0.140 0.103 

1.5.98.1 
Methylenetetrahydromethanopterin 

dehydrogenase 
0.461 0.354 0.389 0.320 0.392 0.314 

1.5.98.2 
5,10-methylenetetrahydromethanopterin 

reductase 
0.900 0.886 1.152 0.754 1.197 0.932 

2.1.1.245 
5-methyltetrahydrosarcinapterin:corrinoid/iron-

sulfur protein Co-methyltransferase 

0.027 

 

0.048 

 

0.071 

 

0.020 

 

0.314 

 

0.364 
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2.1.1.258 
5-methyltetrahydrofolate:corrinoid/iron-sulfur 

proteinCo-methyltransferase 
0.006 0.004 0.001 0.007 0.007 <DL 

2.1.1.86 Tetrahydromethanopterin S methyltransferase 1.508 0.784 0.550 0.597 0.681 1.780 

2.3.1.101 
Formylmethanofuran--tetrahydromethanopterin 

N-formyltransferase 
0.086 0.074 0.083 0.065 0.057 <DL 

2.3.1.169 CO-methylating acetyl-CoA synthase 0.032 0.084 0.179 0.018 0.155 0.178 

2.3.1.8 Phosphate acetyltransferase 0.056 0.068 0.085 0.051 0.064 0.004 

2.3.1.9 Acetyl-CoA C-acetyltransferase 0.077 0.098 0.076 0.069 0.051 0.116 

2.7.2.1 Acetate kinase 0.175 0.162 0.203 0.135 0.122 0.001 

2.8.3.8 Acetate CoA-transferase 0.021 0.050 0.029 0.003 0.022 <DL 

2.8.4.1 Coenzyme-B sulfoethylthiotransferase 2.526 1.193 1.215 0.818 2.808 6.050 

3.5.4.27 
Methenyltetrahydromethanopterin 

cyclohydrolase 
0.055 0.044 0.046 0.042 0.036 <DL 

3.5.4.9 Methenyltetrahydrofolate cyclohydrolase 0.018 0.026 0.053 0.051 0.047 <DL 

4.2.1.17 Enoyl-CoA hydratase 0.088 0.070 0.103 0.084 0.052 0.072 

6.2.1.1 Acetate--CoA ligase 1.833 1.928 1.739 1.337 1.790 0.749 

6.3.4.3 formate-tetrahydrofolate ligase 0.210 0.173 0.181 0.177 0.410 0.057 

(B)        

1.1.1.44 
Phosphogluconatedehydrogenase (NADP(+)-

dependent, decarboxylating) 
0.106 0.283 0.155 0.093 0.090 0.002 

1.1.1.343 
Phosphogluconate dehydrogenase (NAD(+)-

dependent, decarboxylating) 
˂DL ˂DL ˂DL ˂DL ˂DL ˂DL 

2.2.1.2 Transaldolase 0.008 0.200 0.150 0.100 0.116 0.028 

2.7.1.15 Ribokinase 0.028 0.032 0.021 0.019 0.022 ˂DL 

4.1.2.43 3-hexulose-6-phosphate synthase ˂DL ˂DL ˂DL ˂DL ˂DL ˂DL 

4.1.2.9 Phosphoketolase ˂DL ˂DL ˂DL ˂DL ˂DL ˂DL 

5.1.3.1 Ribulose-phosphate 3-epimerase 0.085 0.069 0.069 0.063 0.068 0.041 

5.3.1.6 Ribose-5-phosphate isomerase 0.035 0.074 0.059 0.054 0.085 0.016 

5.3.1.27 6-phospho-3-hexuloisomerase ˂DL ˂DL ˂DL ˂DL ˂DL ˂DL 
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Figure 6. (A) Metabolic pathway construction of the different steps involved in the conversion of lignocellulose 

in CM to methane. Numbers between the metabolites are EC numbers for different enzymes, detailed 

information of the enzymes is shown in Table 3. (Note HM: hydrogenotrophic methanogenesis, AM: 

acetoclastic methanogenesis, Shared stands for shared intermediates. Since the metabolic pathways in the 

dashed triangle are complicated, detailed information is listed in (B) ).  

 

Figure 7. Kinetics for the inoculum taken from Rb and Rc from different time spot on the model substrates (For 

each box, the top of the box represents the 75th percentile of the group, the line through the box means the 

median of the group dataset, the bottom of the box shows the 25th percentile of the sample. The average value 

of each box was shown with a rectangular).  
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5.3.3 Metabolic analysis  

The metabolic batch AD was conducted using cellulose and sodium acetate to test the 

hydrolytic and methanogenic kinetics, respectively. As shown in Fig. 7, the kinetics 

obtained from cells obtained from the bioaugmented reactor Rb showed an accelerated 

degrading rate over cells obtained from the non-bioaugmentated reactor Rc on the given 

substrates, indicating more active hydrolytic and methanogenic microbes brought by 

bioaugmentation. These results complied well with the microbial community and 

metabolism analysis, further strengthing the role of bioaugmentation on sustained 

improvement of the hydrolytic and methanogenic performance of AD of CM.   

5.4 Conclusion 

The biomethane production of continuous reactors treating CM was successfully boosted 

via bioaugmentation dosage derived from a fiber-fed reactor. The bioaugmented reactor 

showed improved AD performance in terms of higher DMY and improved degradation 

of cellulose compared with the control reactor. Moreover, the bacterial microbes involved 

in the degradation of lignocellulose thrived in the bioaugmented reactor. For Archaea, 

Bathyarchaeota gained its predominance role in the bioaugmented reactor and was able 

to reproduce after the bioaugmentation stopped. The improved AD performance brought 

by bioaugmentation was further proved by metatranscriptomic analysis, where the 

amount of RNA transcripts encoding enzymes involved in lignocellulose hydrolysis and 

acetoclastic methanogenesis were increased in the bioaugmented reactor. The success of 

the bioaugmentation in continuous experiments may underline the possibility of using 

complex microbial cultures (containing cellulolytic bacteria and corresponding archaea) 

instead of pure cultures (only cellulolytic culture) when dealing with CM in real industrial 

AD plant.  
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