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1.1 Introduction 

The last two decades have witnessed the expansion of global livestock production in the 

agricultural sector [41]. Meanwhile, small, scattered animal holdings have been 

progressively replaced by intensive and centralized livestock facilities, leading to an 

increased impact on the environment. Nowadays, the mass-production of animals in 

factory-like farms to satisfy food requirements of human beings generates a staggering 

amount of manure annually [32]. Hence, understanding how to manage such a huge 

amount of manure generated daily is challenging and wise utilization of on-farm manure 

waste is definitely in demand. This urgent situation also applies to dairy farms, where on 

average; 46~60 kg manure is produced per cow per day [25]. Traditionally, cow manure 

(CM) can be spread on land directly as fertilizer to stimulate the growth of crops. 

However, farmers are now facing an increasing scarcity of arable surface to apply such 

amount of CM as fertilizer and, therefore, the excess of manure must be adequately 

treated [19]. Otherwise, the same nutrients that make CM a valuable commodity also 

threaten the environment. For instance, manure storage and spread in the open air, 

particularly in regions with high rainfall, result in up to 70% nitrogen loss within 24 h 

through ammonia (NH3) volatilization and nitrate (NO3
−) leaching [26]. Leaching of 

phosphate and potassium also occurs during the storage or spread. These nutrients are lost 

via run-offs and eventually accumulate in surface water or groundwater. Accumulation 

of nutrients (N, P) in surface water leads to detrimental eutrophication, which imposes a 

significant threat to the aquatic ecosystem [33]. Additionally, the organic fraction of CM 

contributes to global warming owing to its indigenous microbes (Bacteria and Archaea), 

which slowly degrade the undigested fibers, oligomers, fatty acids, and crude proteins to 

generate CO2 and CH4 [4,18,47]. Finally, raw CM may contain pathogens and medicine 

rests (e.g., antibiotics), impacting the microbial community of the soil receiving the 

manure waste [13]. Anaerobic digestion (AD), in this regard, has attracted considerable 

attention to contribute to the handling and treatment of the excess amount of CM; it has 

the potential of converting complex organic material into biogas. Some AD 

configurations (such as thermophilic AD or two-stage AD), together with some generated 

intermediates in AD (fatty acids or ammonia) can induce pathogens destruction by break-

up of the gel structure and cell lysis (thermophilic temperature) or by altering the 
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intracellular/extracellular K+/NH3 ratio in pathogens [48]. The liquid fraction (digestate) 

that remains after AD can be concentrated and applied as soil fertilizer as long as they 

meet certain criteria [46]. The applied digestates ownwith low greenhouse gas (GHG) 

emission potential since most of CM’s organic material has been converteddegraded into 

biogas.  

1.2 Anaerobic digestion 

AD is not a newly emerged treatment process for organic waste. The first study on AD 

was conducted by Alessandro Volta, who studied the relationship between organic 

loading and gas production in 1776. Later, in 1804~1808, John Dalton and Humphrey 

Davy found that the combustible gas generated from the decomposition of organic 

materials is methane [1]. AD has long been used as an energy-providing technology, 

especially in Asian countries such as China and India. In Europe, especially in Germany 

where more than 10,000 biogas plants are currently operated, AD is widely adopted [8]. 

As a biomethanation process, AD is usually divided into four phases (Fig. 1). In the 

hydrolysis phase (1), enzymes decompose fats, cellulose, starch, proteins and other 

macromolecules into smaller, water-soluble, monomers: amino acids, long-chain fatty 

acids, and sugars. Facultative and obligate anaerobic bacteria excrete exoenzymes (e.g., 

cellulases, amylases, proteases, or lipases) to hydrolyse the macromolecules. In the 

acidogenesis phase (2), bacteria take-up the monomers and convert them into short-chain 

(C1~C5) ‘volatile fatty acids’ (VFAs), mainly lactic, propionic, butyric, and valeric acid; 

In the acetogenesis phase (3), where homoacetogenic microorganisms utilize the formed 

VFAs to produce acetic acid, CO2, and H2; In the methanogenesis phase (4), strictly 

anaerobic methanogenic Archaea act on the acetate, H2, and some of the CO2 to produce 

methane (CH4) via three pathways: a) acetotrophic pathway (4 CH3COOH 4 CO2 + 

4 CH4); b) hydrogenotrophic pathway (CO2 + 4 H2 CH4 + 2 H2O); and c) 

methylotrophic pathway (CH3OH + H2 CH4 + H2O) [26].  

As mentioned above, AD is a bioprocess driven by various anaerobic microbes that work 

synergistically to produce biogas containing mostly CH4 and CO2 and traces of other 

gasses (e.g., H2S, NH3). For a long time, researchers regarded these microbial guilds that 
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inhabited AD reactors as a ‘relatively unimportant group of organisms’ [20]. However, 

their fundamental roles in the development of economically feasible bioconversion 

processes utilizing cellulosic or organic waste materials for the production of valuable 

end-products were gradually recognized. Particularly, in AD of CM, attention should be 

paid to the microbes involved in the degradation of cellullosic materials in CM. These 

microbes are also known as hydrolytic microbes. The vital role of hydrolytic microbes 

comes from the fact that the volatile solids (fraction of CM which is responsible for biogas 

production) of CM contain more than 50% lignocellulosic compounds, which are resistant 

to hydrolytic microbes. The recalcitrance of lignocellulosic compounds thus leads to 

limited biogas production of CM in AD [16]. Therefore, one of the goals of this thesis is 

to investigate effective ways to improve the degradation of lignocellulosic compounds in 

CM. Preferably, the approach is biologically-featured to make the modification ‘green’ 

and environmentally-friendly, which is also the nature of AD. Equally important, 

understanding the dynamics of microbial communities, especially for hydrolytic microbes, 

could further consolidate the effectiveness of these AD modifications. By knowing the 

detailed metabolism of the hydrolytic microbes in AD of CM, one may also be able to 

develop complex microbial agents specifically for better degradation of lignocellulosic 

compounds of CM in the future.  



 
Chapter 1 Introduction 

 

-7- 

 

 

Figure 1. Schematic description of anaerobic digestion divided into four consecutive processes from the 

hydrolysis of polymeric substrates to the formation of biogas (CH4 and CO2) via acidogenesis and acetogenesis. 

1.3 Microbial detecting tools 

For decades, the role of microorganisms present in AD digesters has been studied using 

conventional microbiological techniques. These methods were usually based on the 

isolation of pure cultures and their identification by morphological, metabolic and 

biochemical characteristics of the isolates [10]. However, the cultivation-based 

approaches to identify all members of biogas communities are intrinsically highly limited. 

The application of molecular biology techniques in AD development in the 90s was a 

revolution. These techniques, based on the properties and nucleotide sequences of 16S 

rRNA (18S rRNA for eukaryotic organisms), deepened our knowledge of the microbiota 

inhabiting the treatment systems to a previously impossible level. The 16S rRNA gene is 

the most widely used marker gene for the relationship between microorganisms and has 
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the most extensive reference databases [23,34,36]. Some of the techniques that started the 

molecular biology of AD, such as Denaturing Gradient Gel Electrophoresis (DGGE) or 

Fluorescent in situ Hybridization (FISH), are still used today [36]. However, these 

techniques are time-consuming and have relatively low-throughput [7]. Recent advances 

in sequencing technology such as high throughput sequencing (also known as Next 

Generation Sequencing (NGS)) have dramatically increased the yield of sequence data 

generated and therefore decreased the costs per nucleotide, making it feasible to rapidly 

sequence tens to hundreds of amplicon samples in a single run. The ability to process 

large numbers of samples is important as it allows the simultaneous examination of 

temporally and spatially resolved samples, which provides increased statistical power for 

correlation analyses [10]. 

We are now in the era of the -omics revolution. The application of high-throughput 

sequencing technologies (e.g., Roche 454 and Illumina sequencing platforms) to 16S 

rRNA gene amplicon sequencing has provided increased resolution for studying 

microbial communities in full-scale anaerobic digesters [14,40]. Correlation analyses 

between community composition and operational conditions such as, e.g., temperature 

and feedstock, showed that they strongly influence the community structure and can lead 

to changes in the primary pathway for methanogenesis [35,44,45]. Long-term temporal 

monitoring of digester performance coupled to microbial community composition has led 

to speculation that hydrolytic and fermentative populations rely on functional redundancy 

to maintain overall function. Furthermore, it has been suggested that resilience plays an 

important role in keeping syntrophic relationships in microbial populations [40].  

The increased resolution of high-throughput sequencing also revealed a previously 

unrecognized level of diversity [24,35]. For example, microbial communities in anaerobic 

digesters examined with clone libraries showed only 69 operational taxonomic units 

(OTUs) [31]. In contrast, two studies investigating full-scale anaerobic digesters with 

high-throughput sequencing led to the discovery of thousands of OTUs [14,40]. Since 

there is a link between microbial diversity and process robustness [40], a better 

understanding of the diversity can explain how a process can respond to changes in 

operational conditions. The increased depth in community profile analysis also allows us 
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to study low abundant populations and their contribution to the process performance and 

stability. The 454 Roche platform (pyrosequencing) has been the most commonly used 

of the high-throughput sequencing technologies for microbial community composition 

analysis. However, this technology suffers from several limitations, such as 

homopolymer errors, leading to an overestimation of the number of rare phylotypes 

[3,6,29]. Pyrosequencing only generates short reads that span variable regions of the 16S 

rRNA gene (250~500 bp) [21] and, as a result, limits the taxonomic assignment of these 

sequences to the genus level. The Illumina MiSeq platform is becoming increasingly 

popular for 16S rRNA gene amplicon sequencing. It can generate longer paired-end reads 

(now up to 2 × 300 bp reads) and up to ten times more sequences per run [5]. Studies 

based on 16S rRNA-sequences enables functional insight into the anaerobic digestion 

process by searching for closely related, characterized cultured species [15,35,45].  

More recently, statistically robust quantitative comparisons between communities have 

become feasible with increasing sequencing depth and throughput. Direct, metagenomic 

sequencing of the community DNA pool complements rRNA gene-based characterization. 

The genomic DNA sequences provide insights into the physiological potential and 

expanding phylogenetic diversity characterization into the protein sequence space [37]. 

Metagenomic sequencing of anaerobic digesters reveals great phylogenetic and 

functional diversity. Furthermore, it can also help to understand the observations made 

with 16S rRNA gene sequencing on how reactor set-up, pretreatment methods, 

operational conditions and feedstock composition influence the community composition 

and function [28,43]. For example, many studies have reported dynamic microbial 

communities during stable reactor performance [9,40]. Metagenomics and operational 

performance data can be combined to analyze the functional redundancy in combination 

with metabolic diversity required to maintain process stability in AD reactors. Future 

advances in metagenomics will come through improved sequencing technology with 

increased throughput and longer read lengths, better algorithms for de novo assembly, 

and enhanced genome binning methods based on differential coverage profiles [2,21,22]. 

Within the next decade, metagenomics will be used to reconstruct thousands of near-

complete genomes from highly complex environments, including anaerobic digesters. 

These genomes will allow us to look at the metabolic potential of individual populations 
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performing a specific step in the anaerobic digestion process. For example, the emerging 

-omics data is challenging our previous understanding of the microorganisms involved in 

syntrophic acetate and propionate oxidation regarding diversity and functional potential 

[12,17]. By analyzing all the genomes of a community, we can determine whether there 

is a clear boundary between the various functional guilds or whether interactions and 

overlap in functionality exist. Moreover, these genomes will form the required reference 

database for other meta-omic approaches (metatranscriptomics, metaproteomics and 

metabolomics). Isolation strategies for key players can also be designed using genomic 

information [27,38], allowing the re-assembly of tailored communities which can be used 

as inoculum for anaerobic digesters or bioproduction processes in biorefineries. 

As mentioned above, metagenomics gives an overview of the metabolic potential and 

composition of the microbial community and convey the relative abundance of 

individuals within microbial communities. However, it does not necessarily reflect the 

real functional role of the organisms as the presence of a gene does not necessarily mean 

that the gene is expressed [30]. Metatranscriptomics, in addition to metagenomics, 

involves the sequencing of reverse transcribed mRNA extracted from a microbial 

community [34] and provides a way to measure in situ gene expression (Fig. 2). This 

method reduces the level of complexity seen in metagenomics by only sequencing those 

transcripts in the community that originate from expressed genes and most likely play a 

role in the metabolism [6,34].  
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Figure 2. A combination of molecular, chemical, isotope labelling and microscopy methods for determining 

the phylogenetic and functional diversity of a microbial community. Methods are derived from [39]. Briefly, 

high-throughput sequencing technologies (e.g. Roche 454 and Illumina sequencing platforms) to are applied to 

16S rRNA gene amplicon sequencing. Metagenomics is the random sequencing of genomic DNA extracted 

directly from a microbial community inhabiting a natural or engineered environment. Metatranscriptomics 

involves the sequencing of reverse transcribed mRNA extracted from a microbial community and provides a 

way to measure in situ gene expression. In metaproteomics, proteins are extracted from a mixed microbial 

community sample, followed by fractionation, separation using liquid chromatography and detection with 

tandem mass spectrometry (MS/MS). Metabolomics provides a qualitative and quantitative measure of all low 

molecular-weight molecules involved in metabolic reactions and required for the maintenance, growth and 

normal function of a microbial community. Eventually, approaches such as Microautoradiography (MAR) allow 

us to measure substrate uptake by specific populations, and visualize the spatial organization of the community, 

thus enhance our understanding of these processes. 

Metatranscriptomics using high-throughput sequencing platforms increases the 

sensitivity and specificity of measuring gene expression and allows identification of 

transcripts without prior knowledge of their nucleotide sequences [6]. To date, 

methodological challenges still exist and include low recovery of high-quality RNA from 

environmental samples, the short half-life of mRNA, difficulties enriching mRNA, and 
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bias related to cDNA synthesis and amplification [6,11,34]. Besides, only 2.6% of the 

metatranscriptome reads represent mRNA derived sequences, emphasizing the 

importance of mRNA enrichment from the total RNA pool [6,45].  

While the number of studies that applied metatranscriptomics to examine anaerobic 

digesters has been limited, this approach can discover highly expressed pathways 

involved in the conversion of organic feedstocks to biogas. Metatranscriptomics will 

allow that the function of individual populations can be determined, including the 

contribution of low abundance microorganisms to the overall process efficiency and 

stability [10]. Transcriptional level control of gene expression enables microorganisms to 

adapt rapidly to changing environmental conditions [6]. Therefore, metatranscriptomics 

can be used to measure immediate regulatory responses in anaerobic digesters to 

perturbations, changes in metabolite profiles, and shifts in the balance of functional guilds. 

Metatranscriptomics may provide an explanation for conflicting results observed in 16S-

based studies, such as the variation in the effect of substrate loading on reactor 

performance and stability [42], which may be related to shifts in gene expression levels 

or pathways used rather than changes in community composition. Responses to inhibitory 

factors such as ammonium, VFA accumulation and low pH on the community can be 

better understood and linked to performance using metatranscriptomics. By 

understanding the conditions under which pathways of interest are active, we may be able 

to drive a microbial community towards enhanced biodegradation and the formation of 

select high-value products. 

Scope of this thesis: 

In this PhD thesis, different approaches to improve the degradation of lignocellulose in 

CM and thus, enhance the methane production of CM were evaluated (Chapter 2). 

Specifically, co-digestion of CM and a lignin-poor substrate sheep manure (SM) was 

described in both batch and continuous system (Chapter 3). Bioaugmentation was 

demonstrated in detail from the screening of desirable microbial consortium to final 

application in both batch and continuous system (Chapter 4). Additionally, both 

metagenomics and metatranscriptomics techniques were used in these studies to help to 

elucidate the shift of the microbial community and locate core microbial guilds 
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throughout the AD process under different circumstances (Chapter 5). Finally, the overall 

conclusions and future outlook for improving anaerobic digestion and opportunities to 

deal with the surplus amount of cow manure are described (Chapter 6).  
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