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Abstract 

A bioaugmentation approach was used to enhance the performance of anaerobic digestion 

(AD) using cow manure (CM) as the substrate. To obtain the desirable microbial culture 

for bioaugmentation, a biochemical methane potential test (BMP) was initialized to 

evaluate three commonly used inocula namely (1) municipal solid waste (MSW), (2) 

wastewater treatment plant (WWTP), and (3) cow manure digester (CMMD) for their 

hydrolytic capacity. The highest lignocellulose removal (56% for cellulose and 50% for 

hemicellulose) and the most profusion of cellulolytic bacteria was obtained when CM 

was inoculated with CMMD. CMMD was thus used as the seed inoculum in a 

continuously operated reactor with the fiber fraction of CM as the substrate to further 

enrich cellulolytic microbes. After 100 days (HRT: 30 days), the Bacteria fraction mainly 

contained Ruminofilibacter, norank_o_SBR1031, Treponema, Acetivibrio. Surprisingly, 

the Archaea fraction contained 97% ‘cellulolytic archaea’ norank_c_Bathyarchaeia 

(Phylum Bathyarchaeota), indicating its strong affiliation with fibrous fractions in CM. 
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4.1 Introduction 

Besides well-established co-digestion approach (Chapter 2), alternative implementation 

such as bioaugmentation has gained more attention recently. In this context, 

bioaugmentation enhances the number of microbes capable of hydrolyzing 

lignocellulosic compounds by adding a hydrolytic microbial culture from a suitable 

source to the AD reactor. In studies where one-time or repeated bioaugmentation was 

adopted to deal with lignocellulosic substrates achieved an improved lignocellulose 

degradation and thus, enhanced methane yield in AD [2,14,19,37,50]. Most of the 

published research focuses on batch applications, while for continuous operations, 

bioaugmentation could render a prompt but rather short methane enhancement instead of 

a sustained improvement, as implied by [37] and [50]. Probably, the cultivation 

conditions for the pure hydrolytic bacteria culture are too ideal, making such hydrolytic 

bacteria vulnerable in a bioreactor containing a complex microbial consortium, as argued 

by [50]. Therefore, choosing the mixed microbial guilds instead of the pure culture for 

bioaugmentation might be more advantageous as the introduced microbial consortium 

could provide a metabolic diversity and robustness to survive in a bioreactor containing 

an established indigenous community [42]. In this regard, the screening and enrichment 

of a desirable microbial consortium are assigned to priority. On top of that, special 

attentions should be paid to the seed inoculum since the origin of the inoculum source 

will determine the cellulose-degrading potential of the microorganisms and further 

influence the bioaugmentation efficiency [34]. Hence, an inoculum that harbors various 

hydrolytic bacteria, especially cellulolytic bacteria, is preferred [34]. Inocula obtained 

from bioreactors that treat waste material from (i) wastewater treatment plants, (ii) 

agricultural waste stream facilities, and (iii) municipal solid waste treatment installation 

are most commonly used in practice [43]. The hydrolytic capability of the microbes in 

these inocula on lignocelluloses, however, was not consistent in the peer-reviewed 

literature [8,15,23,30,54]. In addition, microbial profiles of these inocula were described 

insufficiently, preventing the identification of the specific hydrolytic microbes which are 

vital for the subsequent enrichment. Hence, in this chapter, we comprehensively 

evaluated these inocula in terms of methane yield, lignocellulose degradation, and 

microbial profiles to determine one as bioaugmentation seed inoculum for subsequent 
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enrichment process. Moreover, the selected inoculum underwent an enrichment step to 

intentionally enlarge the hydrolytic microbial consortium and therefore, to produce 

desirable bioaugmentation culture.  

4.2 Material and methods 

4.2.1 Inoculum and Substrate information 

Three different inocula were taken from an AD reactor treating municipal solid wastes 

(MSW) (Attero, the Netherlands), an AD reactor treating aerobic sludge (WWTP) 

(Garmerwolde, the Netherlands), and an AD reactor treating dairy cow manure (CMMD) 

(Friesland, the Netherlands). After the collection, the inocula were sieved (1mm mesh) to 

remove big particles. After sieving, all inocula were preserved in a cold room at 4˚C and 

reactivated at mesophilic condition (37˚C) for 7 days before use. CM was used as the 

substrate in both batch and continuous tests. Basic information of inocula and substrate 

is listed in Table 1. 

4.2.2 Batch experiment setup 

The effect of different inocula on the digesting efficiency of CM was investigated with a 

biochemical methane potential (BMP) test. The reactors used in this BMP experiment 

were glass bottles (total and working volume 500 mL and 400 mL, respectively) capped 

with butyl rubber septa. For each treatment, the concentration of the substrate was set at 

7.5 gVS/L. For slowly degradable components (in our case CM), an inoculum to substrate 

ratio of 1 was recommended [17]. Then, the exact amount of CM and inoculum were 

added into the bottles. To reach the setting’s working volume, ultrapure water was added 

in all bottles to achieve the required level. Bottles were purged with N2 for 5 min and then 

sealed. Finally, the reactors were placed in an incubator with a constant temperature (37±1 

˚C). The experiments were carried out in triplicate. Reactors containing only inoculum 

and ultrapure water were used as the control. To determine the composition of biogas 

generated during the BMP test, gas samples were taken regularly. The profiles of methane 

yield in the control reactors were deducted from the methane yield observed in the 

experimental reactors. The daily methane yield (DMY) was calculated in such a way that 

the daily methane volume generated in AD was divided by the total amount of volatile 
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solids (VS) of CM. The cumulative methane yield (CMY) was hence determined as the 

sum-up of DMY. At the initial (day 0) and final (day 30) stage, 10 mL of well-mixed 

samples were taken for the microbial community analysis. Additionally, the digestates at 

day 30 were used for chemical analysis. 

4.2.3 Continuous cultivation experiment set-up 

One continuous stirring tank reactors (CSTR) named Ra was established for the long-term 

continuous experiment. The total and working volume of Ra, was 3.5 L and 3.0 L, 

respectively. Ra followed the same daily feed-in and withdrawn mode, namely a certain 

amount of effluent was withdrawn from the reactor, and an equivalent amount of substrate 

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 circulating through a two-layer water jacket of the 

reactors. Ra was used for the enrichment of the microbial consortium used in 

bioaugmentation. The seed inoculum in Ra was determined by the BMP test and the 

substrate in Ra was milled fiber isolated from CM (Neutral detergent fiber) (section 2.4.2). 

A mineral salt solution was added to stimulate the growth of microbes (Table S1). The 

organic loading rate (OLR) for Ra was set to 0.5 g VS/L/day, and the initial hydrolytic 

retention time (HRT) was 40 days. After 1 volume refreshment (40 days), the HRT was 

changed to 30 days and kept constant afterward. 

4.2.4 Analytical methods 

4.2.4.1 Biogas and methane measurement 

The volume of daily biogas yield (DBY) in the BMP test was determined by displacing 

the saturated NaCl (75%) solution with a pH of 2.0 [55]. The volume of DBY in the 

continuous test was determined by wet-type biogas meter (MGC-1, Ritter, Germany). The 

concentration of CH4 (%) was recorded by micro GC with helium as the carrier gas [29]. 

The calculated methane yields were adapted to the standard dry gas at 0 ˚C and 1 atm 

[21]. 
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4.2.4.2 Physicochemical analysis 

TS and VS were calculated following the procedure [2]. The pH value was recorded by a 

measuring probe (VOS-70002, VOS, the Netherlands). Both filtered and unfiltered 

supernatant were obtained as described previously [29]. 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 [15]. For the 

unfiltered supernatant, total volatile fatty acids (TVFAs), as well as total alkalinity (TA) 

were analyzed as described previously [29]. Both substrate and inocula were dried and 

milled. Subsequently, the C, H, O, N, and S composition of different samples were 

analyzed (Vario EL, Germany).  

According to [22], CM is different from pure lignocellulosic material such as corn stover. 

The lignocellulosic compounds in CM, or CM plus inoculum were analyzed according to 

[51]. Samples were first pre-treated to wash out all the disturbing monomers using Neutral 

Detergent to get the Neutral Detergent Fiber fraction (NDF) that contained only 

lignocellulosic compounds [51]. Subsequently, the composition of NDF was determined 

by the standard protocol [46]. Monomeric sugars were determined with an HPLC system 

equipped with a refractive index detector (Agilent Tech; Column type: Bio-Rad Aminex 

HPX-87H; Eluent: 5 mM H2SO4). Then, the amount of lignocellulose was calculated 

according to the formula reported by [46]. 

The removal of lignocellulose in the BMP test was determined following the equation: 

Re (%) = ((S+I)×r1-I×r2)/S                                                                                                    (1)               

where Re = cellulose or hemicellulose removal (%), S = cellulose or hemicellulose content 

of the CM (g), I = cellulose or hemicellulose content of the inoculum (g), r1 = calculated 

cellulose or hemicellulose removal of CM plus inoculum according to the initial amount 

of cellulose or hemicellulose and the remaining mass of cellulose or hemicellulose at the 

end of the experiment (%), r2 = calculated cellulose or hemicellulose removal of the 

inoculum (%). 
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4.2.4.3 Microbial analysis 

First, samples were thawed at room temperature. Subsequently, DNA was isolated using 

the FastDNA® Spin Kit for Soil (MP Biomedicals, USA). The 16S rDNA genes were 

amplified using a GeneAmp® 9700 (ABI) with bacterial primer pair 338F (50-

ACTCCTACGGGAGGCAGCAG-30) / 806R (50-GGACTACHVGGGTWTCTAAT-

30) and archaeal primer pair Arch524F (50-TGYCAGCCGCCGCGGTAA-30) / 

Arch958R (50-YCCGGCGTTGAVTCCAATT-30). In order to identify each sample, a 

unique barcode was assigned to the primer targeting different DNA samples. For the DNA 

amplification of both Bacteria and Archaea, the reaction mixtures contained 10 ng 

template DNA, 5 µmol forward primer, 5 µmol reverse primer, 0.4 µL FastPfu 

Polymerase, 4 µL 5 × FastPfu buffer and 2.5 mmol/L dNTP. Additionally, to ensure a 

stable and active polymerase where the archaeal primer was involved, 0.2 µg/µL bovine 

serum albumin (BSA) was added. The polymerase chain reaction (PCR) was initialized 

by a denaturing step at 95˚C for 3 min. Subsequently, 28 cycles (bacterial primer pair) or 

33 cycles (archaeal primer pair) of 30 s at 95˚C, 30 s at 55˚C, and 45 s at 72˚C were 

performed. The PCR was terminated with an extension step at 72˚C for 10 min. 

The PCR was conducted in triplicate for each sample. Then, the generated amplicons 

were extracted from 2% agarose gels (AxyPrep DNA Gel Extraction, Axygen 

Biosciences, USA), and quantified using QuantiFluorTM-ST (Promega, USA). The 

upgraded amplicons were sequenced on the Illumina platform (Majorbio Tech, China). 

Raw reads obtained from the sequencing were stored in the NCBI database (Accession 

Number: SRP071029). 

4.2.5 Data analysis 

4.2.5.1 Sequencing data processing 

The raw FastQ files underwent a quality-filtration using the software QIIME (version 

1.17). In short, raw reads with low quality (quality score ˂20) were truncated in the 

beginning. The qualified reads with short length (˂50 bp) were discarded as well. 

Subsequently, the filtered sequences that contained more than 10 bp overlap were 

assembled based on the overlap. The reads that contained uncertain nucleotides and 
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wrong reads which were due to the mismatch of nucleotide in primer adaptation were 

discarded as well. 

To obtain the operational taxonomic units (OTUs), the OTUs were initially clustered with 

the software UPARSE. The chimeric sequences were identified and discarded using 

UCHIME. Then, the trimmed reads were subsampled either for Bacteria or for Archaea, 

together with a recalculation of the OTUs numbers. Subsequently, the taxonomy of each 

gene sequence was identified by the software RDP Classifier against the SILVA (SSU115) 

database with the 70% confidence threshold. Alpha diversity (Shannon, Simpson) was 

performed using QIIME. Principal component analysis (PCoA) was performed by the 

Unweighted UniFrac distance-metrics.  

4.2.5.2 Statistical analysis 

A Student t-test was performed using Origin (Version 9.4) with a value of 0.05 regarded 

as the significance.  

4.3 Results and discussion 

4.3.1 Characteristics of the inoculum in the BMP test 

Table 1 presents the physicochemical information of CM, MSW, WWTP, and CMMD. 

The TS of different inocula ranged from 3.16 to 6.3 %, which was due to different 

operational conditions in the full-scale facilities from which the samples were obtained. 

CMMD showed the highest values for pH (8.6), TVFAs (2996 mg/L), TA (13548 mg/L), 

and TAN (2390 mg/L), which were attributed to its high manure input in the plant [8]. 

WWTP and MSW showed similar values except for TAN (1087 mg/L and 1905 mg/L for 

MSW and WWTP, respectively) and C/N (13.8 and 6.62 for MSW and WWTP, 

respectively) (Table 1). Thus, based on the physicochemical information, we could 

foresee that all inocula had an adequate buffer capacity due to their reasonably high TA 

(Table 1) [7]. However, concern may rise for the MSW inoculum, since it contained rather 

low TAN which indicated that the microorganisms were poorly acclimated to ammonia 

which would be generated during the subsequent AD process (Table 1).   
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Table 1. Characteristics of substrate and inoculum 

 MSW WWTP CMMD CM 

pH 8.47 ± 0.02 7.73 ± 0.01 8.60 ± 0.00 8.59 ± 0.03 

TS (g/100g FW) 3.16 ± 0 4.61 ± 0.1 6.30 ± 0.1 27.8 ± 1.5 

VS (g/100g FW) 1.67 ± 0.14 2.89 ± 0.02 4.16 ± 0.10 16.8 ± 1.2 

VS/TS (%) 52.8 62.6 65.9 60.4 

TVFAs (mg CH3COOH/L) 1424 ± 72 1162 ± 30 2996 ± 120           ND 

TA (mg CaCO3/L) 7087 ± 104 6643 ± 57 13548 ± 66 ND 

TVFAs/TA 0.201 ± 0.02 0.175 ± 0.01 0.221 ± 0.01 ND 

TAN (mg/L) 

Cellulose (%TS) 

Hemicellulose (%TS) 

1087 ± 5 

14.16 ± 0.11  

5.59 ± 0.23 

1905 ± 20 

14.48 ± 1.42 

18.78 ± 0.31 

2390 ± 11 

12.61 ± 0.01 

32.46 ± 0.81 

ND 

15.31 ± 0.61 

14.05 ± 0.34 

C (%TS) 24.14 ± 0.04 30.41 ± 0.07 36.92 ± 0.12 31.43 ± 0 

H (%TS) 3.38 ± 0 4.62 ± 0 4.92 ± 0.03 4.29 ± 0.01 

N (%TS) 1.76 ± 0.02 4.59 ± 0.05 2.51 ± 0.12 2.21 ± 0.07 

O (%TS) 69.01 ± 0.01 58.69 ± 0.28 54.78 ± 0.18 61.57 ± 0.01 

S (%TS) 

C/N 

1.69 ± 0.11 

13.8 ± 0.18 

1.68 ± 0.19 

6.62 ± 0.01 

0.87 ± 0.14 

14.8 ± 0.65 

0.51± 0.02 

14.3 ± 0.04 

Note: values are expressed as means ± standard deviations (n=3) FW: fresh weight ND: not determined 

4.3.2 Methane production performance in the BMP test 

The experiment was ceased when the DMY was less than 1% of the CMY [17], thus the 

duration of the batch AD lasted for 30 days. The daily and cumulative methane yields for 

CM inoculated with different inocula are shown in Fig.1. A rather similar performance of 

MSW and WWTP was observed, with daily methane production peak values of 24 

mL/g/d and 18 mL/g/d on day 2 and day 1, respectively. The first peak of methane 

production of CMMD was delayed by 9 days (11 mL/gVS/d) but was followed by a 

second identical peak (day 17), which made the methane profile of CMMD-inoculated 

reactor distinguishable compared with the other two reactors. Hence, it seems that the 

methane production peaks correlate with the origin of inoculum instead of the substrate 

[23]. The immediate peak observed in MSW and WWTP inoculated reactors could be 

attributed to the large adaptability of these two inocula to easily-decomposable 

compounds. Thus, they could quickly convert the free sugars, oligomers, and organic 



 

Chapter 4 Bioaugmentation as biological incentives to boost AD performance of CM  

Part I: Selection of bioaugmentation seed inoculum and subsequent cultivation 

 

-140- 

 

acids in CM into methane [23]. In contrast, the AD plant where CMMD originated from, 

received a rather recalcitrant and slowly degradable material (manure), resulting in a 

rather slow response at the beginning of AD [8,23]. It is noteworthy that, the later methane 

production peak observed in the CMMD-inoculated reactors, might be derived from an 

enhanced degradation of the lignocellulose in CM, as implied by [55]. 

While MSW and WWTP presented an excellent performance at the beginning, followed 

by CMMD, the trend inversed at the end of the experiment. Reactors inoculated with 

CMMD achieved the highest CMY, followed by WWTP and MSW. It was further 

manifested by a continuous better performance for the CMMD inoculum than the other 

two inocula after day 6 (Fig. 1). Presumably, the most suitable inoculum to achieve the 

highest CMY using a particular substrate (in our case CM) could be obtained from a full-

scale AD installation treating the same or most of the given substrate due to the adaptation 

of the microbial community [23]. Our observation compared well with [40], who found 

that CM inoculated with a microbial source that was enriched with mostly (˃80%) manure 

as the substrate achieved a higher CMY than the WWTP inoculum. 

 

Figure 1. Daily and cumulative methane yield for CM inoculated with MSW, WWTP and CMMD. The values 

are means (n=3) 



 

Chapter 4 Bioaugmentation as biological incentives to boost AD performance of CM  

Part I: Selection of bioaugmentation seed inoculum and subsequent cultivation 

 

-141- 

 

4.3.3 Degradation of the lignocellulose in CM in the BMP test 

The removal of lignocellulosic components in CM that is inoculated with different 

inocula is shown in Fig. 2. For the reactor inoculated with CMMD, the highest removal 

of cellulose in CM was observed (56%), followed by the reactors inoculated with WWTP 

(42%) and MSW (35%), indicating that the microbes in the digested manure (CMMD) 

were more prone to cellulose degradation than the microbes in MSW and WWTP. Similar 

findings were reported previously using corn stover as the substrate [15,54]. Moreover, 

the removal of cellulose was in line with the corresponding CMY profiles, suggesting a 

compliance between cellulose degradation and methane yield. In contrast, only a small 

difference in the removal of hemicellulose was found, ranging from 43% to 50% (p>0.05). 

Compared with cellulose, hemicellulose is more easily degraded by hydrolytic enzymes 

due to its amorphous and heterogeneous structure [32,54]. Our findings suggested that 

for the degradation of hemicellulose, no special attention was necessary for the selection 

of a suitable inoculum. Therefore, the hydrolytic capacity of different inocula for the 

lignocelluloses in CM varied mainly on their depolymerization ability of cellulose instead 

of hemicellulose. 

 

Figure 2. Cellulose and hemicellulose removal for cow manure (CM) inoculated with MSW,WWTP and 

CMMD. The values are means (n = 3). (Note: For components that have different letters, the removal is 

significantly different (p < 0.05)). 



 

Chapter 4 Bioaugmentation as biological incentives to boost AD performance of CM  

Part I: Selection of bioaugmentation seed inoculum and subsequent cultivation 

 

-142- 

 

4.3.4 Microbial analysis in the BMP test 

4.3.4.1 Diversity Index 

The alpha diversity of different samples is reflected by the OTUs, Shannon Index and 

Simpson Index (Table 2). Commonly, an improved digester performance is correlated 

with high microbial diversity, reflected by a high Shannon or Simpson Index [13]. In 

agreement with this, the CMMD-inoculated reactors with the best digester performance 

showed a relatively higher Shannon or Simpson Index (day 30). For the MSW-inoculated 

reactors, the Index was rather low for Bacteria and Archaea. Particularly, for the bacterial 

community, such a low index implied the convergence that the distribution of microbial 

diversity tended to be governed by groups of specialized microorganisms in the MSW-

inoculated reactors, which made the reactors vulnerable to changes during the AD process 

(i.e., TAN or TVFAs accumulation) (Table 3) [13]. For the WWTP-inoculated reactors, 

a high index for Bacteria at day 0 might suggest that the microbes can initially use a 

variety of metabolic pathways at the beginning of the AD process to degrade complex 

organic compounds in CM. However, the overall digester performance might be restricted 

by its relatively lower index for Archaea compared with the CMMD-inoculated samples 

at day 30 (Table 2) [37].  

Table 2. Alpha diversity metrics of the samples 

 Specimens Time Observed OTUs Shannon Index (H’) Simpson Index (1-D) 

Bacteria MSW+CM (1)   

MSW+CM (2) 

Day 0 

Day 0 

861 

1081 

3.13 

4.15 

0.82 

0.94 

 MSW+CM (3) Day 0 1108 4.19 0.94 

 WWTP+CM (1)  Day 0 1524 5.02 0.98 

 WWTP+CM (2)   Day 0 1714 5.23 0.98 

 WWTP+CM (3) Day 0 1714 5.21 0.98 

 CMMD+CM (1) 

CMMD+CM (2) 

CMMD+CM (3) 

MSW+CM (1)   

MSW+CM (2) 

MSW+CM (3) 

WWTP+CM (1)  

WWTP+CM (2)   

Day 0 

Day 0 

Day 0 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

1016 

1311 

1298 

440 

609 

579 

912 

1107 

4.81 

4.86 

4.79 

1.92 

2.88 

2.29 

3.97 

4.42 

0.97 

0.97 

0.97 

0.65 

0.78 

0.62 

0.95 

0.97 
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WWTP+CM (3) 

CMMD+CM (1) 

CMMD+CM (2) 

CMMD+CM (3) 

Day 30 

Day 30 

Day 30 

Day 30 

987 

626 

767 

723 

3.95 

4.37 

4.4 

4.3 

0.94 

0.97 

0.96 

0.96 

Archaea MSW+CM (1)   

MSW+CM (2) 

MSW+CM (3) 

WWTP+CM (1)  

WWTP+CM (2)   

WWTP+CM (3) 

CMMD+CM (1) 

CMMD+CM (2) 

CMMD+CM (3) 

MSW+CM (1)  

MSW+CM (2) 

MSW+CM (3) 

WWTP+CM (1)  

WWTP+CM (2)  

WWTP+CM (3) 

CMMD+CM (1) 

CMMD+CM (2) 

CMMD+CM (3) 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

66 

76 

77 

102 

126 

137 

97 

122 

107 

76 

90 

84 

102 

120 

129 

118 

107 

115 

2.21 

2.10 

1.99 

1.74 

2.48 

2.54 

1.97 

2.04 

2.03 

2.12 

1.31 

1.77 

2.52 

2.59 

2.63 

2.74 

2.83 

2.70 

0.80 

0.81 

0.77 

0.61 

0.85 

0.85 

0.80 

0.82 

0.79 

0.75 

0.48 

0.66 

0.86 

0.91 

0.87 

0.91 

0.89 

0.91 

4.3.4.2 Phylogenetic analysis of Bacteria 

The phylogenetic component, as demonstrated by PCoA (Fig. S1(a)), clearly presented a 

clustering of the digesters receiving the same inoculum at different time points, except 

for the MSW-inoculated samples. Additionally, the WWTP and CMMD samples were 

more closely related, while the samples were distantly separated from the MSW-

inoculated samples, indicating that the predominant Bacteria in WWTP and CMMD were 

highly overlapping (Fig.S2). 

Twelve phyla, representing more than 0.1% of the total Bacteria, were identified (Fig. 

S2). Several phyla were found ubiquitous and predominant throughout the AD operation, 

such as Firmicutes, Bacteroidetes, and Cloacimonetes. Firmicutes, being the prevalent 

phylum in the CMMD-inoculated reactors, keeping its predominance throughout the AD 

process (an average of 68%). Some Firmicutes species are regarded as cellulolytic 
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bacteria and are present in bioreactors fed with lignocellulosic substrates [33]. Unlike a 

distinct shrink of Firmicutes in MSW (from an average of 38% to an average of 15%) or 

WWTP (from an average of 36% to an average of 29%) inoculated reactors, the prosperity 

of Firmicutes in the CMMD-inoculated reactors might indicate that the presence of 

lignocellulosic CM promoted the selective enrichment of some members of Firmicutes. 

More importantly, this enrichment could concomitantly enhance cellulose degradation 

(Fig. 2). For the reactors inoculated with WWTP, Bacteroidetes maintained its 

predominance at day 30 (an average of 37%), followed by Firmicutes (an average of 29%). 

Some Bacteroidetes species could degrade variable organic matters in AD, especially in 

protein-fermentation [44]. An apparent outweigh of Bacteroidetes over Firmicutes in the 

WWTP-inoculated reactors might suggest a preferable degradation tendency on 

nitrogenous compounds rather than lignocellulosic compounds in CM. This might well 

explain the constraint cellulose removal in the WWTP-inoculated reactors. Whereas, for 

the MSW-inoculated samples, a distinctive difference was observed. Cloacimonetes 

slightly declined from an average of 21% at day 0 to an average of 19% at day 30. 

Enrichments of the phylum Thermotogae, however, were found from an average of 21% 

at day 0 to an average of 54% at day 30. Cloacimonetes is believed to degrade proteins 

into H2, while members belonging to Thermotogae could efficiently degrade and utilize 

various carbohydrates [31,47]. Taken into consideration of the chemical profiles of the 

digestates (Table S2). It could be inferred that the decline of Cloacimonetes might 

accompany with ammonia inhibition. As mentioned in section 3.1, the microbes in MSW 

were less acclimated to TAN compared with WWTP and CMMD (Table 1). Hence, 

groups of Cloacimonetes could exploit nitrogenous compounds in CM to generate TAN, 

while the accumulation of TAN might in turn suppress the activity of these groups. 

Additionally, a drastic shrink of Firmicutes from an average of 38% to an average of 15% 

might explain its poorest cellulose removal (Fig. 2). 

The distribution pattern of 50 major Bacteria genera is presented in Fig. 3. As expected, 

lignocellulose-degrading bacterial genera (Ruminiclostridium, Ruminofilibacter, 

Herbinix, and Caldicoprobacter) were found more pronounced in the CMMD-inoculated 

reactors than the reactors inoculated with other inocula. Particularly, enrichments of 

cellulolytic bacteria Ruminiclostridium (an average of 5%), Ruminofilibacter (an average 
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of 5%), and Herbinx (an average of 3%) were identified in the CMMD-inoculated reactors 

at day 30, which was in line with its corresponding high cellulose removal [9,24]. 

Additionally, the genus Caldicoprobacter (an average of 7%) is a xylanolytic bacterium 

which could participate in hemicellulose degradation [5]. The genus Acholeplasma (an 

average of 5%) is widely spread in different AD facilities and possesses enzymes that are 

involved in the metabolism of complex compounds [4]. For the WWTP-inoculated 

reactors. Genera like Prolixibacter (norank_f_Prolixibacteraceae), Blvii28_wastewater-

sludge_group, and Sedimentibacter experienced a gradual increase from day 0 to day 30. 

Prolixibacter (from an average of 4% on day 0 to an average of 11% on day 30) can 

ferment polysaccharides (i.e., cellobiose and starch) into acids, while Sedimentibacter 

(from an average of 6% on day 0 to 11% on day 30) specializes in protein fermentation 

and subsequent amino acids conversion [18,20]. Blvii28_wastewater-sludge_group (from 

an average of 4% on day 0 to an average of 9% on day 30) can degrade carbohydrates to 

produce CO2, H2, and acids [48]. Despite WWTP possessed various polysaccharide-

fermenting bacteria, the cellulolytic bacteria was apparently limited in their growth in the 

presence of CM (Ruminiclostridium and Ruminofilibacter: less than 1%). The ability to 

degrade the lignocellulose in CM is most likely caused by the cellulolytic bacteria 

although it is not present in high numbers. For the MSW-inoculated reactors, two genera, 

namely Mesotoga (Phylum Thermotogae) and Cloacimonadaceae W5 (Phylum 

Cloacimonetes) were overwhelmingly predominant. (an average of 41% and an average 

of 72 %  in day 0 and day 30, respectively). Unlike most of the other genera in 

Thermotogae, Mesotoga performs efficient sugar oxidation (including cellobiose and 

xylose derived from the degradation of lignocellulose) through a syntrophic connection 

with hydrogenotrophic partners (sulfate-reducing bacteria or methanogens) [12]. It also 

conducts syntrophic acetate oxidation (SAO) [35]. Cloacimonadaceae W5 is a typical 

syntrophic propionate oxidizing (SPO) bacterium [10]. Since SAO and SPO pathways 

dominated under the stressed condition, the abundance of these two genera might indicate 

that the reactor’s conditions were not optimal. This might be attributed to the high TAN 

and FAN concentration in the MSW-inoculated reactors (Table S2) [45]. Moreover, the 

high ammonia concentration found in the MSW-inoculated reactors might negatively 

affect the activity of cellulose-degrading bacteria and thus, leading to a low cellulose 
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degradation rate, as indicated by [49]. Overall, the MSW inoculum lacked the potential 

on degrading lignocellulosic components in CM, since its microbial distribution patterns 

were mainly assigned to syntrophic bacteria. Whereas, for samples inoculated with 

WWTP and CMMD, most bacteria were capable of using various metabolic pathways, 

especially on polysaccharides degradation. Specifically, CMMD contained cellulolytic 

bacteria, which had the main share in the bacterial profiles. 

4.3.4.3 Phylogenetic analysis of Archaea across samples  

Although a scattered distribution pattern of Archaea was found in digesters containing 

different inocula on day 0, a distinct clustering was seen at day 30, except for the reactors 

inoculated with CMMD (Fig S1(b)). Such a phenomenon implied that for the reactors 

receiving MSW or WWTP, the substrate (in our case CM) could impose a strong 

regulation of Archaeal profiles regardless of the origin of the inoculum. Whereas, a clear 

separation of the archaeal community of the CMMD-inoculated samples might somehow 

explain their extraordinary methane performance. In spite of some differences originated 

from PCoA analysis, in the present experiment, both Methanoculleus and 

norank_c_Bathyarchaeia were found predominant in all reactors at day 30, with different 

proportions each. (Fig. 4). Specifically, the hydrogenotrophic genus Methanoculleus 

could work with syntrophic bacteria to produce CH4 and could act as the main contributor 

in either cellulose-rich or protein-rich AD [29,52]. Furthermore, in our previous research, 

Methanoculleus was responsible for an enhanced methane yield in manure-based AD [29]. 

The proportion of this genus in MSW or WWTP inoculated samples, however, holds an 

opposite trend compared with the reactors inoculated with CMMD. In other words, 

although Methanoculleus could still maintain its dominance due to its great tolerance to 

high ammonia in AD, a decline from an average of 64% to an average of 54% was 

obtained in the MSW-inoculated samples [26]. It was previously reported by [16] that 

inhibition of TAN on methanogens emerged at 1500 mg/L using cattle waste. Besides, 

the formation of TAN also lead to the increase of TA which was essential to balance the 

AD environment. However, the TA value was way high in the MSW-inoculated samples 

which somehow jeopardized the AD process (9360 mg/L) [1,7]. Such dual shocks might 

lead to the decrease of Methanoculleus in the MSW-inoculated reactors (Fig. 4 and Table 
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S2). In contrast, in the CMMD-inoculated samples, the profusion of Methanoculleus was 

obtained (increased from an average of 24% at day 0 to an average of 65% at day 30). 

Probably, the main precursor of methane production was hydrogen emerging from 

increased hydrolysis in the CMMD-inoculated samples, which might subsequently 

stimulate the growth of  Methanoculleus [41]. Moreover, no evident inhibition sign was 

observed in the CMMD-inoculated samples, which contributed to the prosperity of 

Methanoculleus as well (Table 3). 

 

 

Figure 3. Heatmap of lg abundance of the predominant Bacteria genera (with the hierarchical clustering tree on 

the left of the heatmap for sorting the correlation map on) (Note:M1-M3: MSW+CM day 0; M4-M6: MSW+CM 

day 30; W1-W3: WWTP+CM day 0; W4-W6: WWTP+CM day 30; C1-C3: CMMD+CM day 0; C4-C6: 

CMMD+CM day 30; Different number pairs i.e. 1 and 4, 2 and 5, 3 and 6 represent samples taken from the 

same reactor at different timeslot) 
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Table 3. Characteristics of the digestates in the BMP test at the end of the experiment 

Batch test MSW+CM WWTP+CM CMMD+CM 

pH 7.92 ± 0.03 7.62 ± 0.05 7.69 ± 0.04 

TVFAs (mg CH3COOH/L) 1875 ± 43 884 ± 17 1357 ± 76 

TA (mg CaCO3/L) 9360 ± 252 4634 ± 104 5766 ± 253 

TVFAs/TA 0.200 ± 0.001 0.191 ± 0.003 0.235 ± 0.004 

TAN (mg/L) 1510 ± 18 1090 ± 76 1060 ± 35 

FAN (mg/L) 177 ± 6 67 ± 11 76 ± 8 

 

 

Figure 4. Relative abundance of the predominant Archaea genera  (Note: M1-M3: MSW+CM day 0; M4-M6: 

MSW+CM day 30; W1-W3: WWTP+CM day 0; W4-W6: WWTP+CM day 30; C1-C3: CMMD+CM day 0; 

C4-C6: CMMD+CM day 30; Different number pairs i.e. 1 and 4, 2 and 5, 3 and 6 represent samples taken from 

the same reactor at different timeslot) 
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The ability of norank_c_Bathyarchaeia (Phylum Bathyarchaeota) to carry out complex 

metabolism pathways, is unique among archaeal methanogens. The methane metabolism 

of Phylum Bathyarchaeota was first revealed by [10] who analyzed environmental 

samples taken from a coal-bed methane well. Its function was further broadened by [38] 

who took samples from a running AD reactor and found that members of Bathyarchaeota 

could be exclusively involved in the fermentation of hemicellulose and cellulose. This is 

an interesting finding since merely bacterial or fungal microbes were previously reported 

as participants in the decomposition of lignocellulose in AD. The predominance of 

norank_c_Bathyarchaeia took place only in the WWTP-inoculated samples at day 30, 

which was unexpected since the fundamental role of Methanoculleus was underlined in 

both MSW and CMMD-inoculated samples treating CM. Presumably, 

norank_c_Bathyarchaeia could conduct a similar metabolism as Methanoculleus did in 

the WWTP-inoculated samples, but the detailed mechanism needs further investigation. 

Furthermore, it is noteworthy that a low proportion of norank_c_Bathyarchaeia among 

different samples (almost negligible in the CMMD-inoculated samples, an average of 2% 

and 4% in the MSW and WWTP-inoculated samples, respectively) was obtained at day 

0, while the enrichment of norank_c_Bathyarchaeia was obtained in all cases (Fig. 4). 

Hence, using CM in a simple batch system as the sole substrate seems to favor the 

enrichment of this specific ‘archaea’, and its functional role in AD treating CM can’t be 

overlooked. The enrichment phenomenon was also backed up by [9] who reported a 

substantial enrichment of norank_c_Bathyarchaeia using CM as the substrate in a plug-

flow system. Taken into consideration the CMYs and Archaeal profiles, the MSW-

inoculated samples should have presented a better methane performance if there was no 

partial inhibition, reflected also by a high remaining TVFAs in the digestates (Table 3). 

Whereas the CMMD-inoculated samples showed the best methane performance owing to 

the contribution of Methanoculleus. As for the WWTP-inoculated samples, 

norank_c_Bathyarchaeia might have the potential to replace the function of 

Methanoculleus, but the functionalization seemed limited in terms of the outcome of 

CMY (Fig. 1). 
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Figure 5. The phylogenetic tree of norank_c_Bathyarchaeia discussed in the text. 16s rRNA of phylum 

Bathyarchaeota which were published previously [11,25,39] were obtained from NCBI and used as reference 

sequences to build up the tree. Homologous sequences based on OTU of norank_c_Bathyarchaeia in our study 

were obtained by blastn [6] from the reference sequences with default parameters. Homologous sequences were 

aligned in MEGAX using ClustalW algorithm, the multiple alignment sequences were used to construct the 

maximum-likelihood phylogenetic tree with 1000 bootstraps and the Kimura 2-parameter model. The resulting 

bootstrap values were indicated at each node in the tree. The name of Bathy-class 6 was determined based on 

classification of [39]. Our norank_c_Bathyarchaeia is highlighted in yellow. 
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4.3.5 Evaluation of different inocula 

The results presented in sections 4.2 to 4.3 indicated that both MSW and WWTP could 

effectively metabolize easily-degradable compounds in CM and increase the methane 

formation rate in the early stage of AD, reflected by their higher CMYs in the early days 

and general characteristics of the detected bacteria. (Fig. 1 and Fig. 3, respectively). 

However, the reactors lacked sufficient microorganisms with the potential to effectively 

utilize the lignocellulose in CM (Fig. 3). For the CMMD-inoculated reactors, a higher 

CMY, together with the presence of active cellulolytic microbial members were observed, 

backing up the soundness of choosing CMMD as the bioaugmentation seed inoculum 

(Fig. 1 and Fig. 4). Hence, CMMD was chosen for further enrichment. 

4.3.6 Enrichment process 

To cultivate recalcitrant lignocellulose-degrading microorganisms, Ra was initiated with 

sieved CMMD, and fed with the milled fiber fraction from CM (NDF) to intentionally 

enrich cellulolytic microbes. The basic information of Ra after 100-day cultivation was as 

follows: DMY: 92±11 mL/gVS/d; pH: 7.1±0.04; TVFAs: 244±8 mg/CH3COOH/L; TA: 

1514±37 mg CaCO3/L; TVFAs/TA: 0.161±0.02; The microbial consortium of Ra mainly 

contained cellulolytic bacteria Ruminofilibacter (21%), norank_o_SBR1031 (17%), 

Treponema (7%), and Acetivibrio (6%). While norank_c_Bathyarchaeia was 

overwhelmingly dominant (97%) within Archaea in Ra (Fig. S2-S5) (The Bacteria: 

Archaea ratio based on OTUs is 9:1). Due to the unique functional preference of 

norank_c_Bathyarchaeia, it is noteworthy to mention that this enrichment experiment is 

the first reported approach to obtain such a high amount of norank_c_Bathyarchaeia 

within an AD bioreactor. A distinctive characteristic of Phylum Bathyarchaeota is its 

intra-group phylogenetic diversity [22]. To infer the affiliation of 

norank_c_Bathyarchaeia enriched in our study, a phylogenetic tree was established based 

on public data posted in NCBI database on Phylum Bathyarchaeota (Fig. 5). The 

phylogenetic affiliation of norank_c_Bathyarchaeia in our study was grouped into 

Bathyarchaeota class 6 [36]. Members among this class were able to degrade extracellular 

plant-derived carbohydrates such as cellulose [22,35]. Together with the DMY profile of 

Ra, our enrichment experiment showed that members of Bathyarchaeota had the potential 
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to conduct cellulose degradation as well as methane production in an AD system, thus 

broadened the conclusion of [35]. Concomitantly, the application of the enrichment 

biomass in the bioaugmentation test might be an important trial to test the effectiveness 

of norank_c_Bathyarchaeia in increasing the CMY in the AD process fed with CM. 

4.4 Conclusion 

For CM-contained reactors inoculated with three industrial inocula (MSW, WWTP, and 

CMMD), MSW and WWTP could effectively metabolize easily-degradable compounds 

in CM and increase the methane formation rate in the early stage of AD. However, these 

reactors lacked sufficient microorganisms with the potential to effectively utilize the 

lignocellulose in CM. For the CMMD-inoculated reactors, a higher CMY, together with 

the presence of active cellulolytic microbial members were observed, backing up the 

soundness of choosing CMMD as the bioaugmentation seed inoculum. After intentionally 

continuous cultivation, the cellulolytic bacteria, together with a possible cellulolytic 

archaea (norank_c_Bathyarchaeia) were successfully enriched and were qualified as 

desirable bioaugmentation dosage. Here, a potential biological approach for the enhanced 

degradation of certain compounds in the solid waste during AD is proposed. Particularly, 

the seed inoculum should come from the effluent of AD plants treating predominantly 

this solid waste. The seed inoculum should undergo a continuous enrichment procedure 

with the target (recalcitrant) compound obtained from this solid waste.   
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Supplementary materials 

Table S1. Detailed information of the mineral solution  

 Composition Amount 

Mineral solution Na2HPO4 4.0g 

(per liter) KH2PO4 1.5g 

 NH4Cl 1.0g 

 MgSO4ˑ7H2O 0.2g 

 Ferric ammonium citrate 5.0mg 

 Modified Hoagland trace element 

solution 

1.0mL 

Modified Hoagland trace element 

solution 

H3BO3 11.0g 

(per 3.6 liter) MnCl2 ˑ4H20 7.0g 

 AlCl3 1.0g 

 CoCl2 1.0g 

 CuCl2 1.0g 

 KI 1.0g 

 NiCl2 1.0g 

 ZnCl2 1.0g 

 BaCl2 0.5g 

 KBr 0.5g 

 LiCl 0.5g 

 Na2MoO4 0.5g 

 SeCl4 0.5g 

 SnCl2 ˑ2H20 0.5g 

 NaVO3 ˑH20 0.1g 
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Figure S1. 2D- PCoA analysis for Bacteria (a) and Archaea (b) in the BMP tests. (Note: M1-M3: MSW + CM 

day 0; M4-M6: MSW + CM day 30; W1-W3: WWTP + CM day 0; W4-W6: WWTP + CM day 30; C1-C3: 

CMMD + CM day 0; C4-C6: CMMD + CM day 30) 
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Figure S2. Predominant bacteria phylum (Note:M1-M3: MSW+CM day 0; M4-M6: MSW+CM day 30; W1-

W3: WWTP+CM day 0; W4-W6: WWTP+CM day 30; C1-C3: CMMD+CM day 0; C4-C6: CMMD+CM day 

30) 
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Figure S3. Predominant (a) Bacteria and (b) Archaea genera in Ra (taken at day 100) 
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Figure S4. Daily methane yield of Ra 

 

Figure S5. Chemical profiles in Ra 
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