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 Abstract 1
 

Recent advances in sequencing technologies have given rise to deep metagenome- and 

metatranscriptome-based analyses of complex microbiomes allowing a previously 

unprecedented insight into the community structure, the genetic potential, and the 

metabolic activity of the microorganisms in different habitats. In this study, these techniques 

were used to investigate the microbial communities associated with a herbivorous hindgut 

fermentation system (gut of an Asian Elephant), a herbivorous foregut fermentation system 

(rumen of a Holstein Cow), and a technical biomass fermentation system (agricultural biogas 

fermenter). The three systems were compared with regard to differences in the composition 

of cellulolytic organisms, the diversity and abundance of genes encoding lignocellulolytic 

enzymes, the transcription of these genes, and the overall cellulolytic enzyme activity. The 

main goal was to achieve a better understanding of the processes involved in the hydrolysis 

of plant biomass in natural and technical systems.  

The results obtained in this study show that a typical industrial biogas reactor fed with maize 

silage, cow manure, and chicken manure has relatively lower cellulose hydrolysis rates 

compared to feces samples from various herbivores. In addition, a distinct difference in the 

microbial community structure with regard to the ratio of the Firmicutes versus the 

Bacteroidetes between multiple biogas fermenters and various microbiomes associated with 

herbivorous animals was revealed. The Bacteroidetes were usually 4 to 6 times less 

prominent than the Firmicutes in biogas fermenters compared to natural plant biomass 

degrading communities. Further, it could be shown that the relatively lower abundance of 

members of the Bacteroidetes was associated with a decreased richness of predicted 

lignocellulolytic enzymes in the biogas fermenter.  On average, 2.5 genes encoding 

cellulolytic glycoside hydrolases per megabase pair of assembled metagenomic DNA were 

identified in the biogas fermenter compared to 3.8 in the elephant feces and 3.2 in the cow 

rumen derived metagenomes. In addition, data obtained from metatranscriptome 

sequencing indicated that highly transcribed cellulases in the biogas fermenter were four 

times more often affiliated with the Firmicutes compared to the Bacteroidetes, while an 

equal distribution of these enzymes was observed in an elephant feces sample.  

Based on the findings in this study, it is likely that the deficiency of lignocellulolytic enzymes 

affiliated with the Bacteroidetes implies a potentially important limitation in the biogas 
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fermenter with regard to the hydrolysis of biomass. It can further be hypothesized that the 

importance of the phylum Bacteroidetes for the degradation of lignocellulosic biomass was 

underestimated in the past and that increasing the members of the Bacteroidetes in biogas 

fermenters will most likely result in an improved hydrolytic performance. However, due to 

the not fully understood better adaption of the Bacteroidetes to natural habitats, further 

research is required to achieve this increase in biogas plants. 
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 Introduction 2
 

2.1 Lignocellulosic plant biomass and its potential as a renewable energy resource  

 

Due to increasing efforts to limit greenhouse gas emissions, the production of renewable 

plant-based energy resources like bioethanol and biogas gained increasing attention during 

the last decade. Today, the main fermentation substrate for the production of bioethanol is 

starch, which is mainly derived from corn in the US and sugarcane in Brazil (Horn, Vaaje-

Kolstad et al. 2012). Large fractions of the agricultural areas in these countries have been 

diverted for the production of energy crops. Therefore, these areas are no longer available 

for food production, either for humans or livestock feed. This competition in land use is 

referred to as the “Food vs. Fuel” debate and the consequences are controversially discussed 

(Tenenbaum 2008, Thompson 2012). In addition, the large scale conversion in land use has 

indirect effects which negatively impair the CO2 record of the energy crops. These effects are 

described by the indirect land use change (ILUC) factor (Ahlgren and Di Lucia 2016). In 

general, the same set of problems applies when energy crops are used for the production of 

biogas in biogas plants. In Europe, and especially Germany, virtually all agricultural biogas 

plants use energy crops as the main fermentation substrate. Due to its high starch content, 

maize silage is the most commonly used substrate for biogas production with more than 

70% mass input (Herrmann, Idler et al. 2015).  A high starch content allows for a more 

efficient fermentation and results in higher methane yield rates compared to lignocellulose 

rich substrates such as grass silage.  

However, for a sustainable and less controversial use of plant-based energy resources, a 

conversion to non-food fermentation substrates like the lignocellulosic fraction of plant 

biomass is crucial. A mayor limitation for this conversion is the recalcitrant nature of 

lignocellulosic substrates, and as a result, the low fermentation efficiency for the industrial 

production of bioethanol or biogas (Zheng, Zhao et al. 2014). A prerequisite for the 

fermentation of plant biomass to either biogas or biofuels is the hydrolysis of the 

polysaccharide polymers in the plant cell-wall. Basically, this breakdown can be achieved via 

an enzymatic or chemical treatment and with our without a mechanical or chemical 

pretreatment (Limayem and Ricke 2012). In biogas plants for example, the initial 
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degradation of the biomass is carried out by microorganisms which produce hydrolytic 

enzymes. Yet, this enzymatic breakdown of lignocellulosic biomass is slow and challenging 

due to its complex cross-linked structure and requires the interaction of various hydrolytic 

enzymes. Lignocellulose is mainly made up of cellulose, hemicellulose, and lignin in varying 

ratios (Figure 1).  

 

Figure 1. Structure of lignocellulosic biomass. Lignocellulose consists of 
three main biopolymers: cellulose, hemicellulose, and lignin in varying 
ratios depending on the type of plant (figure reprinted from Rubin 2008).   

 

2.2 Degradation of lignocellulosic plant biomass 

 

The key element of the plant cell wall is cellulose. Cellulose is made up of D-glucose 

molecules which are connected to chains via beta 1,4-glycosidic bonds. Multiple cellulose 

chains are linked to microfibrils by hydrogen bonds. To degrade this crystalline fibril 

structure, at least three different classes of enzymes are needed: exoglucanases (EC 

3.2.1.91), endoglucanases (EC 3.2.1.4), and β-glucosidases (EC 3.2.1.21) (Lynd, Weimer et al. 

2002). The cellulose microfibrils are also interspersed with hemicellulose and lignin 

components (Rubin 2008). Hemicelluloses are a heterogeneous mixture of different hexoses 

(e.g. D-mannose and D-galactose) and pentoses (e.g. D-xylose and L-arabinose) which form 
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an amorphous structure. One of the most abundant types of hemicellulose is xylan, also 

called arabinoxylan. The backbone of arabinoxylan is made up of beta 1,4-linked D-xylose 

units. In addition, several of these units can be substituted with L-arabinose molecules 

(Scheller and Ulvskov 2010). The amount of hemicellulose in the plant cell wall, as well as its 

composition and branching patterns, differs widely between different plant species. 

Therefore, a variety of different enzymes is involved in the degradation of hemicelluloses 

including: Acetyl-xylan-esterases (EC 3.1.1.72), α-l-Arabinofuranosidases (EC 3.2.1.55) Endo-

xylanases (EC 3.2.1.8), α-Glucuronidases (EC 3.2.1.139), and others (Shallom and Shoham 

2003). 

The lignin fraction of the plant cell wall is composed of three phenylpropanoid monolignols: 

p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. These lignin building units are 

polymerized by oxidative enzymes in a free-radical reaction to a rigid aromatic polymer. The 

lignin polymer primarily provides stiffness and mechanicals strength to the plant cell wall. 

Lignin also increases the resistance of the cell wall to degradation by blocking the access to 

cellulose and hemicellulose for hydrolytic enzymes. Depending on the plant, the lignin 

content of the cell wall varies. The highest amounts of lignin are found in softwoods and 

hardwoods. Grasses and other gramineous plants usually contain less lignin (Limayem and 

Ricke 2012). Lignin can be depolymerized by bacteria and fungi via peroxidases and laccases 

(Brown and Chang 2014).   

Another important factor which contributes to the high recalcitrance of lignocellulose is the 

cross-linking of the different fractions. Ferulic acid, for example, cross-links the arabinoxylan 

chains of the hemicellulose fraction via ester bonds and also cross-links the hemicellulose to 

lignin via ether bonds (Wong, Chan et al. 2011). Ferulic acid can account for up to 3% of the 

dry weight of gramineous plant cell walls (Wong 2006). Feruloyl esterases can cleave the 

ferulic acid cross-links and by this improve the biodegradation of the lignocellulose into 

fermentable sugars. Therefore, feruloyl esterases are important accessory enzymes for the 

degradation of plant cell walls because of their synergistic effect with lignocellulolytic 

enzymes (Braga, Delabona Pda et al. 2014).  

In summary, the degradation of plant biomass is a slow and complex process. A better 

understanding of the bacterial organisms which are able to degrade lignocellulose and how 

they accomplish this task is crucial to improve the fermentation efficiency for the production 

of biogas or bioethanol and thus, for the widespread use of lignocellulose biomass as a 
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renewable energy resource. The most important known cellulolytic bacterial groups and 

their enzyme systems will be introduced in the next chapter.  

2.2.1 Degradation of cellulose by bacteria 

 

Heterotrophic bacteria utilize organic molecules as energy and carbon sources. Some of 

these heterotrophs have developed systems to degrade the most abundant organic polymer 

on earth, cellulose. The polysaccharide degrading systems of these organisms range from 

simple free enzyme systems to sophisticated multi enzyme complexes called cellulosomes. In 

addition, the importance of certain bacterial groups for the degradation of cellulose, like e.g. 

the Bacteroidetes, is only gradually becoming apparent (Naas, Mackenzie et al. 2014).  

The simplest but arguably also most inefficient way for bacteria to degrade cellulose, is to 

secrete cellulases into their environment. Here, these enzymes degrade the cellulose 

polymer and the breakdown products are afterwards transported into the cell where they 

are oxidized to generate energy. Various aerobic organisms rely on this strategy to degrade 

cellulose, for example, bacteria belonging to the genus Cellvibrio of the phylum 

Proteobacteria or to the genus Cellulomonas of the phylum Actinobacteria (Lynd, Weimer et 

al. 2002). The secreted cellulases found in these organisms often exhibit a modular structure 

including a catalytic domain and one or multiple carbohydrate-binding modules (CBMs). 

These CBMs typically possess a high binding affinity for crystalline or amorphous cellulose 

while the catalytic domains most often encompass exoglucanase (EC 3.2.1.91) and 

endoglucanase (EC 3.2.1.4) activity (Christopherson, Suen et al. 2013).  

As described in the previous chapter, cellulose is usually embedded in a hemicellulose-lignin 

complex in the plant cell wall. To degrade this complex, bacteria have to secrete multiple 

lignocellulolytic enzymes. However, in the surrounding of the cell, the binding of the 

secreted enzymes to their individual substrates occurs randomly and therefore not in an 

optimal ratio and order. This is why especially anaerobic bacteria have developed 

sophisticated and more efficient systems to degrade plant cell wall polysaccharides. These 

systems are named cellulosomes. Until now, cellulosomes have only been identified in 

anaerobic bacteria which belong to the class Clostridia of the phylum Firmicutes. It is 

assumed that an anaerobic environment inflicts a, currently not fully understood, 

evolutionary pressure on the bacteria which has led to the development of these more 

efficient systems. It is likely, that energetic constrains of the anaerobic metabolism were 



Introduction  12 
 

important factors contributing to the formation of cellulosomes (Fontes and Gilbert 2010). 

Cellulosomes are multi-enzyme complexes which are attached to the outer cell membrane 

via an anchoring protein and can differ in their complexity and makeup. The currently best 

studied cellulosome is found in the thermophilic anaerobic bacterium Clostridium 

thermocellum. This bacterial species has been thoroughly investigated due to its potential 

application as a bioethanol production strain (Demain, Newcomb et al. 2005). The C. 

thermocellum cellulosome is attached to the cell membrane via three S-layer homology 

(SLH) modules in the anchoring protein (Figure 2A).  

 

Figure 2. A) Model of the clostridial C. thermocellum cellulosome (figure reprinted from Yaniv, Fichman et 
al. 2014). B) Proposed model of a cellulolytic bacteroidetal PUL system (figure reprinted from Naas, 
Mackenzie et al. 2014). 

 

The largest subunit of the cellulosome, the scaffolding protein, is attached to the cell 

membrane via a dockerin module which interacts with a cohesion module in the anchoring 

protein. This cohesin-dockerin affinity interaction is one of the strongest protein-protein 

interactions known in nature and a central feature required for the assembly of the 

cellulosome (Mechaly, Fierobe et al. 2001).   

The scaffolding protein contains additional cohesion modules which interact with dockerin 

modules present in the actual enzymatic subunits. In most cases, these subunits are 

different glycoside hydrolases (GHs) i.e. enzymes that hydrolyze glycosidic bonds. GHs can 

be classified by EC numbers based on the reaction they catalyze, or they can be grouped in 

GH families based on sequence similarity which allows a more differentiated distinction. A 

comprehensive repository of GH families is the Carbohydrate Active enZyme (CAZy) 

database (Lombard, Ramulu et al. 2014). In this database, currently more than 130 GH 

families are described encompassing a variety of different carbohydrate modifying activities 
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and substrate specificities. Several of the CAZy GH families comprise hydrolytic activities 

which are required for the depolymerization of plant derived biomass. In the C. 

thermocellum cellulosome, subunits with cellobiohydrolase (GH9), chitinase (GH 18), 

endoglucanase (GH5, GH8, GH9, and GH44), exoglucanase (GH9, GH48), xylanase (GH10, 

GH11), and other activities were identified. In addition to GH subunits, carbohydrate 

esterases (CEs) with specificity to acetyl xylans (CE4) and feruloyl esters (CE1) are present in 

the C. thermocellum cellulosome (Blum, Kataeva et al. 2000, Doi and Kosugi 2004). The 

assembly of all of these subunits in close proximity, the optimal ratio and right order, results 

in a considerable synergistic effect for the degradation of plant biomass (Gefen, Anbar et al. 

2012). Another important factor contributing to the high processivity of the cellulosomal 

enzymes is the presence of CBMs in the complex. In case of the C. thermocellum 

cellulosome, a cellulose specific CBM is integrated in the scaffolding protein. In general, 

cellulosomal systems are highly diverse in their makeup and can contain additional CBMs as 

well as multiple scaffoldin subunits.  

While the Clostridia and their cellulosomes are subject to intensive studies for already more 

than thirty years, recently the involvement of another bacterial group in the degradation of 

plant biomass has attracted increasing attention. Bacteria of the phylum Bacteroidetes are 

frequently found in major amounts in digestive organs of herbivorous animals. Next to the 

Firmicutes, they have been identified as the main bacterial group in various gut, rumen, and 

fecal samples (Pope, Mackenzie et al. 2012, He, Ivanova et al. 2013, Henderson, Cox et al. 

2013, Ilmberger, Güllert et al. 2014, Roggenbuck, Sauer et al. 2014, Zeng, Han et al. 2015). 

However, most of these Bacteroidetes are currently uncultured in the lab and therefore 

poorly characterized. The difficulties in culturing many bacteroidetal organisms significantly 

limit the understanding of the contribution of this phylum to the degradation of 

lignocellulose. Opposing to some Clostridia, bacteria of the phylum Bacteroidetes do not 

produce cellulosomes. Still, evidence is mounting that they might utilize an alternative 

system for the degradation of cellulose (Naas, Mackenzie et al. 2014). In the genomes of 

various Bacteroidetes species, specific Polysaccharide Utilization Loci (PULs) have been 

identified. These PULs probably provide an advantage for the uptake of polysaccharides in 

densely populated and competitive habitats (Thomas, Hehemann et al. 2011).  

A PUL can be described as a set of genes coding for polysaccharide-degrading enzymes in 

proximity to a susC-like and susD-like gene pair. Potential PULs have been predicted in the 
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genomes of more than 70 Bacteroidetes species and are listed in the Polysaccharide-

Utilization Loci DataBase (PULDB) (Terrapon, Lombard et al. 2015). While PULs were initially 

described as systems for the breakdown of starch, the range of PUL target substrates has 

been continuously extended during the last years and now includes mucin glycans, pectin, 

alginate, and various hemicelluloses (Dodd, Moon et al. 2010, Sonnenburg, Zheng et al. 

2010, Martens, Lowe et al. 2011, Hehemann, Kelly et al. 2012, Kabisch, Otto et al. 2014, 

Larsbrink, Rogers et al. 2014, Despres, Forano et al. 2016).   

Recently, it was shown that the outer membrane associated SusD protein is able to bind to 

crystalline cellulose and also interacts with plant cell walls (Mackenzie, Pope et al. 2012). In 

addition, various PULs which encompass cellulolytic GH family enzymes were identified in 

different metagenomic datasets (Wang, Hatem et al. 2013, Ilmberger, Güllert et al. 2014, 

Naas, Mackenzie et al. 2014, Güllert, Fischer et al. 2016). These findings strongly suggest that 

bacteroidetal PULs might also be involved in lignocellulose degradation. A hypothetical 

model of a cellulolytic PUL system was proposed by Naas and colleagues (Naas, Mackenzie et 

al. 2014) based on a binned draft genome sequence of an uncultured Bacteroidetes species 

which was obtained from a cow rumen metagenome (Figure 2B). In this model, the SusD and 

SusE lipoproteins are embedded in the outer membrane of the cell and bind to the cellulose 

substrate. Membrane associated endo- and exoglucanases (GH families 5 and 9) hydrolyze 

the cellulose to cellobiose disaccharides. The cellobiose is subsequently transported to the 

periplasm via a SusC-like (TonB-dependent) transporter in the outer membrane. In the 

periplasm, an inner membrane-bound cellobiose phosphorylase (GH family 94) degrades the 

cellobiose to monomeric sugars which are then transported to the cytoplasm. Furthermore, 

a regulatory system which controls the gene transcription of a specific PUL in response to 

the presence of the “target” polysaccharide is proposed in the model. A transcriptional 

regulation of PUL genes has already been shown for two Bacteroides species (Martens, Lowe 

et al. 2011).  

In conclusion, several bacteria have developed effective systems and associated enzymes for 

the degradation of cellulosic biomass. While certain cellulolytic bacterial groups like the 

Clostridia have been intensively studied during the last years, the contribution of the 

Bacteroidetes to the degradation of plant biomass remains mostly elusive. In this context, 

recent findings of high abundances of mostly uncultured Bacteroidetes in many natural 

lignocellulosic biomass-degrading systems have raised the interest in this phylum. 
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Consequently, further research is needed to elucidate the relevance and potential of these 

bacteria for the hydrolysis of plant biomass. 

2.3 Anaerobic digestion in agricultural biogas plants  

 

Agricultural biogas plants are technical systems designed to convert plant biomass to biogas 

in a microbial process called anaerobic digestion (Figure 3A and 3B). This process is usually 

divided into four steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis 

(Weiland 2010).  

 

Figure 3. A) Image of a typical agricultural biogas plant ©M. Nolte, CC-by-sa-3.0 DE. B) Overview 
of the anaerobic digestion process in a biogas fermenter. The process can be divided into four 
steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. 

 

In the first hydrolysis step, complex organic substrates are broken down to monomers and 

oligomers. These simple sugars, amino acids, and fatty acids are then metabolized by 

fermentative bacteria to mainly volatile (short chain) fatty acids. During this acidogenesis, 

also acetate, hydrogen, and carbon dioxide are produced. In the acetogenesis step, the fatty 

acids are oxidized to acetate, hydrogen, and carbon dioxide by acetogenic bacteria via β-

oxidation. In the last step, methanogenic archaea produce methane by either acetoclastic 

methanogenesis or hydrogenotrophic methanogenesis. Today, it is assumed that the 

methanogenesis in agricultural biogas plants is mostly carried out by hydrogenotrophic 

archaea (Nettmann, Bergmann et al. 2010, Solli, Havelsrud et al. 2014).  
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Within this framework, it is important to state that these four steps are interconnected and 

occur simultaneously in the fermenter. In active biogas fermenters, between several 

hundred to several thousand microbial species have been identified (Zakrzewski, Goesmann 

et al. 2012, Li, Chu et al. 2013, Solli, Havelsrud et al. 2014, Stolze, Zakrzewski et al. 2015, 

Güllert, Fischer et al. 2016). The entirety of the complex metabolic interactions, as well as 

many of the involved microorganisms are not well understood (Wirth, Kovacs et al. 2012, 

Zakrzewski, Goesmann et al. 2012). With respect to the initial hydrolysis, it is known that 

bacteria of the class Clostridia are the dominant biomass degrading organisms in agricultural 

biogas fermenters. The breakdown of the organic substrates is a prerequisite for all 

subsequent steps. In fact, it is assumed that the initial hydrolysis of the plant biomass is a 

rate-limiting factor for the overall process (Zverlov, Köck et al. 2015). Therefore, the 

microbial hydrolysis represents a suitable target for the optimization of biogas plants, as an 

increase in the hydrolytic performance likely results in higher methane yields. A better 

understanding of the microorganisms which are essential for an efficient hydrolysis of plant 

biomass in natural cellulolytic systems might reveal approaches to improve a technical 

system like a biogas plant. 

2.4 Cultivation independent analyses of microbial communities  

 

Recent advances in sequencing technologies have given rise to deep metagenome- and 

metatranscriptome-based analyses of complex microbiomes. These cultivation independent 

techniques allow a previously unprecedented insight into the community structure, the 

genetic potential, and the metabolic activity of the microorganisms in a specific habitat. With 

regard to the degradation of plant biomass, the microbial groups which are most relevant for 

the degradation of lignocellulose can be identified and investigated in different cellulolytic 

systems. By this, a better understanding of the complex factors which are crucial for an 

efficient enzymatic hydrolysis of lignocellulosic biomass can be gained and, in the long term, 

be used to improve the microbial conversion of plant biomass to renewable energy 

resources.   

Furthermore, these methods can be applied to screen for novel biocatalysts involved in the 

depolymerization of biomass. Today, it is assumed that numerous highly efficient 

lignocellulolytic enzymes are still concealed in hard to cultivate microorganisms (Rubin 

2008). A metagenomic screening for novel hydrolytic enzymes can be performed based on 
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either function or sequence. In case of a function-based screening, environmental DNA is 

used to construct a metagenomic library. For this purpose, the metagenomic DNA is ligated 

into fosmid vectors and the fosmids are then introduced into a bacterial host, usually E.coli, 

for heterologous expression. Enzymatic activity of a fosmid carrying clone can be detected 

by using an appropriate screening substrate. As an alternative strategy, new biocatalysts can 

be identified based on sequence similarity to known genes and enzymes in databases (Streit 

and Schmitz 2004, Simon and Daniel 2011). The sequence-based approach has become 

increasingly popular with the advent of high-throughput next generation sequencing and is 

especially powerful when combined with an additional metatranscriptome sequencing (RNA-

Seq).  

2.5 Aims of this study 

 

The main goal of this study was to obtain a better understanding of the processes involved in 

the hydrolysis of plant biomass in natural and technical systems. For this, deep 

metagenome- and metatranscriptome-based analyses were used to investigate the microbial 

communities associated with a herbivorous hindgut fermentation system (gut of an Asian 

Elephant), a herbivorous foregut fermentation system (rumen of a Holstein Cow), and a 

technical biomass fermentation system (agricultural biogas fermenter) (Figure 4). 

 

Figure 4. Overview of the three systems analyzed in this study with respect 
to their potential to degrade lignocellulosic biomass (image copyrights, left 
to right: Hagenbeck Zoo Hamburg; Hess et al. 2011, Science 331:463-467; 
M. Nolte, Creative Commons CC-by-sa-3.0 DE). 
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The three systems were compared with regard to differences in the composition of 

cellulolytic organisms, the diversity and abundance of genes encoding lignocellulolytic 

enzymes, the transcription of these genes, and the overall cellulolytic enzyme activity.  

Therefore, feces samples were collected from an adult zoo elephant and used to study the 

microbiome in the hindgut of the largest land-living herbivores which feed on a wide variety 

of plant-derived biomass. In addition, a published comprehensive metagenomic dataset 

obtained from a microbiome adherent to switch grass, which was incubated in the rumen of 

a cow for 72 hours, was included. In contrast to elephants, cows are foregut fermenters 

which digest their diet in the rumen and mainly feed on grass. Finally, a sample from a 

typical agricultural biogas plant, which was mainly operated with maize silage, was obtained 

and the microbial community in this technical biomass converting system was examined.  

The comprehensive omics-based analyses of the plant-biomass degradation in the three 

sampled systems directly resulted in the following publications:  

1. Güllert, Fischer et al. 2016, Biotechnology for Biofuels 9(1):1-20. doi: 10.1186/s13068-

016-0534-x 

Using comparative analyses of the microbial communities affiliated with an industrial 

biogas fermenter, a cow rumen, and elephant feces, major differences in carbohydrate 

hydrolysis strategies were revealed.  

2. Ilmberger, Güllert et al. 2014, PLoS ONE 9(9). doi: 10.1371/journal.pone.0106707 

The focus of this study was a comparative in-depth analysis of the fecal microbiota of a 

breast- and a plant-fed Asian elephant. This analysis discovered an unexpectedly high 

diversity of glycoside hydrolase family enzymes. 

3. Fischer, Güllert et al. 2016, Frontiers in Microbiology 7. doi: 10.3389/fmicb.2016.01297 

This study evaluated different methods for the monitoring of microbial community 

structures and showed that there was a high reproducibility within and a low 

comparability between datasets generated with multiple archaeal and bacterial 16S rRNA 

gene primer pairs. 

4. Unpublished (manuscript in preparation) 

Metagenomic DNA isolated from an agricultural biogas fermenter sample was used for a 

function based screening to identify potentially novel feruloyl esterases.  
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INTRODUCTION 

The main reason for the high recalcitrance of lignocellulosic biomass against enzymatic 

hydrolysis is the high degree of cross-linking of the polysaccharides to each other and to 

lignin in the plant cell wall. In this context, an important molecule is ferulic acid. This 

hydroxycinnamic acid derivate cross-links the polysaccharides of the hemicellulose fraction 

via ester bonds and also cross-links the hemicellulose to lignin via ether bonds (Wong et al., 

2011). For an efficient hydrolysis of lignocellulosic biomass, the depolymerization of the 

covalent cross-linkage between the different fractions is an important aspect (Faulds, 2010). 

Therefore, feruloyl esterases (=ferulic acid esterases, FAEs) have recently attracted 

increasing attention. FAEs have the ability to hydrolytically cleave the ester linkage of ferulic 

acid to the polysaccharides (Williamson et al., 1998, Crepin et al., 2004). By this, they make 

the plant cell wall polymers more accessible to cellulolytic and hemicellulolytic enzymes and 

thereby improve the biodegradation of biomass to fermentable sugars (Benoit et al., 2008). 

Due to this synergistic action with other lignocellulolytic enzymes, they are also referred to 

as accessory enzymes (Wong, 2006). 

In addition, FAEs have applications in the food, pharmaceutical, and paper-pulp industries 

(Koseki et al., 2009). FAEs can be used to release ferulic acid from plant biomass. Ferulic acid 

has known anti-oxidant and anti-inflammatory functions which can be utilized in the health 

industry. Ferulic acid can also be converted to vanillic acid and vanillin which are important 

flavor components in the food industry. Finally, FAEs can be used to improve the efficiency 

of the bleaching of wood pulp in the paper industry (Benoit et al., 2008). 

For these reasons, feruloyl esterases have a high potential for biotechnological applications 

like the bioprocessing of lignocellulosic biomass to energy resources or value added 

products. That is why there is a significant interest in extending the spectrum of known FAEs. 

One approach to screen for novel FAEs is to tap into the genomic potential of hard to 

cultivate microorganisms using cultivation independent metagenomic techniques. In this 

study, potentially novel FEAs were identified in a metagenome obtained from an agricultural 

biogas fermenter sample via a function-based fosmid library screening. 
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MATERIAL & METHODS 

Isolation of total DNA from the biogas fermenter sample 

The isolation of total DNA from agricultural biogas fermenter samples is described in Güllert 

et al., 2016. 

 

Fosmid library construction and functional screening 

For the construction of the large insert fosmid library, the CopyControl™ Fosmid Library 

Production Kit (Epicentre, Madison, USA) was used as recommended in the kit manual. 

Metagenomic DNA which was isolated from the March 2013 biogas fermenter sample was 

used for the construction of the fosmid library. Prior to library construction, the isolated 

DNA was purified using SureClean solution (Bioline, Luckenwalde, Germany) according to the 

manufacturer’s instructions. As a heterologous host for the fosmid library, modified E. coli 

Epi300 cells named “UHH01” which encode the C. cellulolyticum σ70-factor (RpoD) in their 

genome were used (Epi 300 UHH01: rpoD, ampR, Plac, ΔbioF, unpublished). 

 

Functional screening of the fosmid library for feruloyl esterases 

Initially, the E.coli fosmid clones were screened for their ability to hydrolyze the short-chain 

fatty acid tributyrin. For this purpose, the clones were grown on LB agar plates 

supplemented with 1 % (v/v) tributyrin (AppliChem, Darmstadt, Germany). Prior to 

autoclaving, the medium was warmed up to 60 °C and emulsified using a T18 Ultra Turrax 

homogenisator (IKA WORKS Inc., Wilmington, NC, USA). After autoclaving, the medium was 

supplemented with L-arabinose (final concentration 0.001 %) and 12.5 µg/ml 

chloramphenicol. Cells were grown over night at 37 °C and further incubated for up to 72 

hours on the plates. The formation of a clear halo around a colony indicated esterolytic 

activity.  

The clones exhibiting esterolytic activity were subsequently screened for their ability to 

degrade ethyl ferulate. For this screening, the clones were grown over night on LB agar 

plates containing 0.001 % L-arabinose. In a next step, the colonies were overlaid with 50 ml 

0.5 % agarose solution which contained 100 mg ethyl ferulate (Ethyl 4-hydroxy-3-

methoxycinnamate, Sigma Aldrich, Munich, Germany). The ethyl ferulate was previously 
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solved in 1 ml DMSO. The final ethyl ferulate concentration was 2 mg/ml in the agarose 

solution. The plates were incubated at 37 °C for approximately 4 hours. The formation of a 

clear halo around a colony indicated feruloyl esterase activity. 

 

Fosmid subcloning of active colonies 

The fosmids of E.coli clones which exhibited feruloyl esterase activity were subcloned. For 

this, the clones were grown in 5ml LB containing 0.001 % L-arabinose and 12.5 µg/ml 

chloramphenicol. The fosmids were isolated using the high-speed plasmid mini kit (Geneaid 

Biotech, Taiwan) as instructed by the manufacturer. The isolated fosmid DNA was 

subsequently sheared into smaller fragments via sonication. For the fragmentation, six 

impulses (20 % amplitude, 0.5 cycle) from a UP200S ultrasonic processor (Hielscher 

Ultrasonics GmbH, Teltow, Germany) were used. The fragmentation was verified via agarose 

gel electrophoresis and the sheared DNA fragments with a size between 2-6 kb were 

extracted from the gel using the Gel/ PCR DNA fragment extraction kit (Geneaid Biotech, 

Taiwan) as described by the manufacturer. Subsequently, the ends of the extracted DNA 

fragments were repaired. For this reaction 14 µl T4 DNA polymerase buffer (5x, Thermo 

Fischer Scientific), 1 µl dNTPs (10 mM), 1 µl T4 DNA polymerase (5 U/µl Thermo Fischer 

Scientific), up to 1 µg of sheared fosmid DNA were mixed with water (final volume 70 µl) and 

incubated at room temperature for 1 hour. Next, the reaction was inactivated at 75 °C for 10 

min and purified using SureClean solution (Bioline, Luckenwalde, Germany) according to the 

manufacturer’s instructions. After this purification, the DNA was dephosphorylated and 

adenine overhangs were generated. For this purpose, 44 µl DNA, 5 µl DreamTaq buffer (10x, 

Thermo Fischer Scientific), 1 µl FastAP alkaline phosphatase (1 U/µl, Thermo Fischer 

Scientific) were mixed and incubated for 15min at 37 °C. Subsequently, the reaction was 

heat inactivated at 75 °C for 5 minutes and 1 µl dATP (100 mM Thermo Fischer Scientific) 

and 1 µl DreamTaq polymerase (Thermo Fischer Scientific) were added and the reaction was 

further incubated at 72 °C for 30 minutes. Hereafter, the reaction was again cleaned up 

using SureClean solution. In the last step, the DNA was ligated into the pDrive cloning vector 

and introduced into E.coli DH5α cells via transformation as described in the manual of the 

pDrive cloning kit (Qiagen, Hilden, Germany). The obtained subclones were again tested for 

feruloyl esterase activity. 
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Sequencing of active fosmid subclones 

The fosmid inserts were sequenced from both vector flanks using M13 forward and M13 

reverse primers. Subsequently, the obtained insert sequences were used to design new 

primers. This primer walking was repeated until the insert was completely sequenced. 

Sanger sequencing was conducted by Eurofins genomics (Eurofins Genomics GmbH, 

Ebersberg, Germany). Complete insert sequences were subjected to gene prediction using 

Artemis 16 (Carver et al., 2012). 

 

Cloning into expression vector  

Primer pairs corresponding to the coding gene sequences of MTP73F9 and MTP93F12 were 

designed to introduce SacI and XhoI restriction sites at the 5’ and 3’ ends of the respective 

gene for directional cloning into the pET21a(+) expression vector. The reverse primers did 

not include the stop codon to allow recombinant protein expression in-frame with a 6x His-

tag at the c-terminal end of the proteins. After PCR amplification, the products were 

digested with SacI and XhoI DNA restriction enzymes (Thermo Fischer Scientific), followed by 

ligation into the pET21a(+) vector previously linearized with the same enzymes. The 

expression constructs were used for transformation into E.coli BL21 (DE3) cells via heat 

shock. The ligation reaction and the transformation were conducted as recommended in the 

pET system manual (11th edition, Novagen/Merck Millipore, Darmstadt, Germany).  

 

Recombinant protein expression and purification 

Overnight cultures of E.coli BL21 (DE3) cells containing the respective expression construct 

were used to inoculate 250 ml LB medium (supplemented with 100 µg/ml ampicillin). The 

cultures were grown at 37 °C (MTP73F9: 17°C) until an OD600 of approximately 1.0 was 

reached. At this point, IPTG (final concentration 1 mM) was added to the cultures for the 

induction of protein expression. The cultures were further incubated for 4 hours at 37°C 

(MTP73F9: incubation at 17 °C over night) and subsequently harvested via centrifugation at 

5000 rpm for 10 minutes. The supernatants were discarded and the pellets were frozen at -

70 °C for at least 10 minutes. Subsequently, the recombinant his-tagged proteins were 

purified via immobilized metal affinity chromatography (IMAC). For this purification, the 

Protino® Ni-TED 1000 kit (Macherey-Nagel, Düren, Germany) was used as recommended by 
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the manufacturer for the purification of polyhistidine-tagged proteins from E.coli under 

native conditions. For the preparation oy lysates, the cells was resuspended in LEW buffer 

and treated with Lysozyme (5 mg/ml) at 4 °C for 30 min. Afterwards the cell suspensions 

were sonicated on ice for 20 min using 20 % amplitude and a cycle of 0.5. Elution of the 

purified proteins was conducted in 3x 1.5 ml elution buffer. The eluted proteins were 

concentrated to a final volume of 500 µl using Vivaspin protein concentrator spin columns 

with a 5 kDa molecular weight cut-off (GE Healthcare, Solingen, Germany). Protein 

concentrations were determined using the Pierce™ BCA Protein Assay Kit (Thermo Fischer 

Scientific) as described in the manual. Purification and molecular weight of the recombinant 

proteins were determined via 10 % SDS-PAGE (Laemmli, 1970). 

 

Phylogenetic analysis 

Based on the FAE subclasses reported by Crepin et al. (Crepin et al., 2004) and additionally 

reported termite hindgut derived FAEs by Rashamuse et al. (Rashamuse et al., 2014),  the 

phylogenetic position of the newly identifies enzymes in this study was determined. For this, 

the sequences of known feruloyl esterases and relatives were downloaded from the NBCI 

database (accession numbers are given in brackets). Nucleotide sequences were translated 

to amino acid sequences and aligned using T-Coffee v.11.00.8  (Notredame et al., 2000) in 

accurate mode. In a next step, the aligned sequences were imported into MEGA 6 (Tamura 

et al., 2013) and the evolutionary history was inferred using the Neighbor-Joining method 

(Saitou & Nei, 1987). A bootstrap test with one thousand replicates was conducted. The 

sequences of two acetyl xylan esterases were used an outgroup. 

 

FAE substrate range characterization 

Para-nitrophenol conjugated substrates were used for an initial substrate range 

characterization of the identified FAEs. Upon hydrolyzation by an esterase, the chromogenic 

para-nitrophenol (pNP) moiety is cleaved off from the substrate resulting in a quantifiable 

color change of the enzyme solution. For this assay, the following fatty acid conjugated 

substrates with increasing acyl chain length were purchased from Sigma-Aldrich (Munich, 

Germany) and used: pNP-acetate (C2), pNP-butyrate (C4), pNP-octanoate (C8), pNP-

decanoate (C10), pNP-dodecanoate (C12), pNP-myristate (C14), pNP-palmitate (C16), and 

pNP-stenate (C18). In addition, pNP-ferulate (=4-Nitrophenyl trans-ferulate, Carbosynth, 
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Compton, UK) was used as a substrate. Prior to the activity tests, 10 mM stock solutions of 

the substrates in 100 % isopropanol were prepared. The activity tests were conducted in 

triplicates by incubating the respective FAE with 1 mM pNP substrate in 0.1 M PB Buffer (pH 

7.8) for 20 min at 40 °C in microtiter plates. The increase in yellow color was quantified at 

405 nm using a Synergy HT plate spectrophotometer (Biotek, Bad Friedrichshall, Germany). 

An enzyme free blank with the respective pNP-substrate was also measured and the 

absorption was corrected against the blank. The relative enzymatic activity was calculated 

separately for each enzyme. The substrate with the highest hydrolyzation rate (=highest 

absorption) was determined as 100 % relative enzymatic activity.  

 

 

RESULTS AND DISCUSSION 

 

Metagenomic library construction and functional screening 

In order to identify potentially novel feruloyl esterases (FAEs) in the metagenome obtained 

from an agricultural biogas fermenter, a fosmid library encompassing approximately 273 

Mbp of metagenomic DNA was constructed. The library consisted of 9,120 fosmid carrying 

clones which were stored in 95 microtiter plates and was used for a function based 

screening for feruloyl esterase activity (Table 1). 

 

Table 1. Characteristics of the generated biogas 
fermenter fosmid library 

Number of clones 9,120 

Number of microtiter plates 95 

Average insert size ~30 Kbp 

Covered environmental DNA ~273 Mbp 

 

In a first step, all clones of this fosmid library were tested for the ability to hydrolyze the 

short-chain fatty acid tributyrin. In total, 26 clones showed esterolytic activity. These clones 

were subsequently analyzed for feruloyl esterase activity using ethyl ferulate as a model 

substrate. Out of the 26 clones, 5 unique clones showed hydrolytic activity on this substrate 

(Table 2). 
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Table 2. Fosmid clones with hydrolytic activity on tributyrin plates and ethyl ferulate 

No. 
Microtiter 

plate 
Clone 

Activity on 
tributyrin 

Activity on  ethyl 
ferulate 

1 6 G9 +   

2 9 C1 +   

3 12 D12 +   

4 12 E8 +   

5 14 H4 +   

6 17 H1 +   

7 18 F5 +   

8 18 H5 +   

9 22 H12 +   

10 32 C7 +   

11 40 E10 +   

12 46 E1 + + 

13 47 G6 + + 

14 47 H11 +   

15 50 B11 + + 

16 50 H1 +   

17 50 E8 +   

18 52 D9 +   

19 59 H4 +   

20 64 D11 +   

21 71 G2 +   

22 72 A9 +   

23 73 F9 + + 

24 73 H6 +   

25 74 D12 +   

26 79 H9 +   

27 88 H9 +   

28 92 F12 + + 

 

 

Characteristics and phylogenetic analysis of identified potential FAEs 

The fosmids of these 5 clones were isolated, subcloned, and again tested for activity. The 

metagenomic inserts of active subclones were sequenced via primer walking. Subsequently, 

Artemis 16 was used for open reading frame prediction and the putative genes conferring 

the feruloyl esterase activity were identified by domain similarity to known esterase 

domains in the Pfam database (http://pfam.xfam.org/). The nucleotide sequences of the 

potential FAEs were translated to amino acids and their molecular weights, as well as their 

isoelectric points, were calculated using the Compute pI / Mw Tool 

(http://web.expasy.org/compute_pi/). In addition, the presence of an n-terminal signal 

peptide was predicted via SignalIP (http://www.cbs.dtu.dk/services/SignalP/).  The results 

of these analyzes are shown in Table 3 and the corresponding coding sequences of the FAEs 

are listed in the appendix. 

 

http://www.cbs.dtu.dk/services/SignalP/
http://web.expasy.org/compute_pi/
http://pfam.xfam.org/
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Table 3.  Characteristics of the identified potential FAEs 

No. Potential 
FAE 

Amino 
Acids 

Predicted 
MW (kDa) 

Predicted 
 pI 

Predicted 
 signal peptide 

Domain similarity 
(Pfam) 

1 MTP46E1 381 41.8 4.88 yes  putative Esterase (PF00756) 

2 MTP47G6 294 32.3 4.76 no α/β hydrolase fold (PF07859) 

3 MTP50B11 270 30.5 5.54 no putative Esterase (PF00756) 

4 MTP73F9 264 30.2 5.10 no putative Esterase (PF00756) 

5 MTP92F12 320 35.6 4.70 no α/β hydrolase fold (PF07859) 

 

The predicted sizes of the 5 enzymes range from 264 to 381 amino acids and molecular 

weights from 30.2 to 41.8 kDa. A potential signal peptide was only present in the potential 

FAE MTP46E1. In the sequences of MTP46E1, MTP50B11, and MTP73F9 putative esterase 

domains were identified. In MTP47G6 and MTP92F12 a generic α/β hydrolase fold was 

present. In a next step, the phylogenetic position of the five newly identifies enzymes in 

relation to known FAEs was examined. For this, a neighbor joining tree depicting the likely 

evolutionary history was calculated (Figure 1). 

 

 

Figure 1. Phylogenetic neighbor joining tree among feruloyl esterases (FAEs) and relatives.  
Newly identified feruloyl esterases in this study are indicated red. Feruloyl esterase 
classification (A-D) according to Crepin et al., 2004. Termite hindgut derived FAEs were 
identified and published by Rashamuse et al., 2014. 
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Two of the five enzymes (MTP50B11 and MTP73F9) clustered together in a phylogenetic 

group with recently identified termite hindgut derived FAEs. These enzymes were identified 

in 2014 by Rashamuse and colleagues (Rashamuse et al., 2014) in a metagenome obtained 

from a termite hindgut via a similar functional screening approach.  

The enzyme MTP46E1 exhibited a close relation to a thermostable feruloyl esterase named 

Est1_Txy1 which was identified in the hemicellulolytic bacterium Thermobacillus 

xylanilyticus. In the original study, the purified Est1_Txy1 enzyme exhibited an optimal 

activity at 65 °C and a pH of 8.5 and was able to release ferulic acid from lignocellulosic 

biomass (Rakotoarivonina et al., 2011). 

The enzymes MTP47G6 and MTP92F12 showed a limited similarity to each other but did not 

demonstrate a substantial similarity to the FAEs included in the phylogenetic tree.  

Interestingly, none of the five enzymes clustered together with FAEs belonging to the 

subclasses A-D which were introduced by Crepin et al. (Crepin et al., 2004) based on 

sequence identity and substrate utilization.  

  

Recombinant expression and purification of MTP73F9 and MTP92F12 

The enzymes MTP73F9 and MTP92F12 were chosen for recombinant expression in E.coli 

BL21 cells and subsequent purification via IMAC. For this, both enzyme encoding genes were 

ligated into a pET21a(+) expression vector in-frame with a 6x His-tag at the C-terminal end of 

the proteins. Both proteins were successfully expressed and were present in the soluble 

cytoplasmic fraction of the cell extract at the expected sizes (Figure 2).  
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Figure 2. 10 % SDS-PAGE of the supernatant 
of IPTG induced E.coli BL21 expression 
cultures and purified enzymes after IMAC 
and coomassie blue staining. 

 

The predicted sizes of the enzymes including the C-terminal histidine-tag were 33.2 kDa for 

MTP73F9 and 38.6 kDa for MTP92F12. Protein purification via IMAC resulted in a good 

recovery rate and a reasonably clean up. Interestingly, in addition to the expected signal at 

approx. 39 kDa for MTP92F12, an additional signal of a slightly smaller protein was also 

obtained. Even after repeated expression and cleanup this signal was present. It is likely that 

the smaller protein signal represents an isoform of the MTP92F12 protein or a partially 

degraded version of MTP92F12. 

 

Initial biochemical characterization and future directions 

The purified enzymes MTP73F9 and MTPF12 were used for an initial substrate range 

characterization. In addition, crude extract from the active subclone encoding MTP46E1 was 

tested. The enzyme activities against different pNP-acyl esters, as well as pNP-ferulate, were 

determined at 40 °C (Figure 3). 
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Figure 3. Relative enzyme activity of potential FAEs tested against pNP-acyl esters with C-chain lengths between C2 
and C18 and pNP-ferulate. Activity tests were conducted separately for 20 min at 40°C in 0.1M phosphate buffer 
with a pH of 7.8. 

 

MTP92F12 exhibited the highest activity against short-chain fatty acid substrates and only 

minor activity against pNP-ferulate. This result suggested that MTP92F12 might be a fatty 

acid degrading carboxylesterase rather than a true feruloyl esterase. This enzyme was 

probably identified in the functional screening due to a certain enzyme promiscuity and a 

resulting side activity on ferulic acid related substrates like ethyl ferulate and pNP-ferulate. 

This assumption might also explain the limited similarity of this enzyme to known FAEs in the 

phylogenetic analysis.  

In contrast, MTP73F9 and MTP46E1 exhibited the highest relative activity using pNP-ferulate 

as substrate. Furthermore, they displayed activity against short-chain fatty acid substrates. 

The hydrolytic activity of both enzymes decreased with increasing fatty acid acyl chain length 

of the substrate. Due to the highest observed relative activity on pNP-ferulate, it is likely that 

these enzymes are true feruloyl esterases.    

In a next step, the specificity of these enzymes against additional FAE model substrates and 

their ability to release ferulic acid from plant cell walls has to be evaluated. If the newly 

identified FAEs are capable of efficiently releasing ferulic acid or related hydroxycinnamic 

acids from lignocellulose, these enzymes might be of interest for an application in the 

production of value added compounds from agricultural biomass. Furthermore, the 

examination of possible synergistic effects between the FAEs and lignocellulolytic enzymes in 

the degradation of plant biomass might be a direction for further research. If such effects 
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can be observed, these enzymes might also be suitable candidates to improve the 

effectiveness of enzyme mixtures designed for the degradation of lignocellulose.  

Finally, due to the relationship of MTP46E1 to the recently identified thermostable FAE 

Est1_Txy1, the optimal reaction temperature of this enzyme and a possible thermostability 

are further targets for investigation. In case MTP46E1 is indeed thermostable, this enzyme 

might be especially interesting for industrial applications as many of the relevant processes 

are conducted at higher temperatures. A possible enzyme structure prediction for MTP46E1 

based on in silico homology modeling is shown in Figure 4.  

 

 

Figure 4. Predicted enzyme structure for MTP46E1. The structure prediction is based on homology modeling and was 
performed using the Robetta server (Kim, Chivian et al. 2004). The protein surface is colored according to hyprophobicity 
(hydrophobic regions shown in red, hydrophilic regions in blue). A possible interaction of an ethyl ferulate molecule with 
the active site of the enzyme is shown. For the prediction of the ligand binding, the SwissDock web service was used 
(Grosdidier, Zoete et al. 2011). The amino acids forming the catalytic triad Ser(226)-His(346)-Asp(311) are indicated.  

 

The amino acids forming the catalytic triad were identified based on sequence homology to 

the previously described catalytic residues of Est1_Txy1 (Rakotoarivonina, Hermant et al. 

2011). The 17 amino acids comprising hydrophobic N-Terminal signal peptide of this enzyme 

was included in the modeling. A possible interaction of an ethyl ferulate molecule with the 

active site of MTP46E1 is shown. 

Based on the presence of a signal peptide, a high relative activity on pNP-ferulate, and a 

potential thermostability, the newly identified FAE MTP46E1 might represent the most 

promising candidate for further examination and a potential industrial application. 
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APPENDIX 

 

Coding nucleotide sequence of MTP46E1 (1146 nt): 

ATGCTTGTCGTGTTGGTACTGGGAGTTTCGTCTATCGCTCTGGCGAATGCAGTGGAAAGTGG

GGGAGAACAGGTGACAATCGAGTTAGGGCACATACCGGAAGACTACCGTAAACCTCTGAAAG

AGGTGGGCCAGATTGGCCGCTTAGTGCAGGTTTACTACGATGTCTACAATTACATTAACGAG

GACCGTCAGCTTGTCTCCAACCAGAACATCAGCCCGGAAGAAGCGGGGCGCGAAGTGGTTAC

AGGTGACCCAATCGAGAAACGGTTCCAGATCTATCTACCTCCAGGCTACCGTGATGAGGATA

AGGAGACTAAATACGACGTACTCTATCTGCTCCATGGGGTAGGCGGTACAAGCTACGAATGG

CCTAACGGCGCCACCTATCTGGGTACCTACGTGATCTGCAACCTTCTGGATCACCTGATCCT

GAATGGCGAAATCGAACCGGTAATCGTGGTGTTCCCCGAGGGCAGAAGCTCACACGATTGGA

AAGACACATCTTTCTCAGCGGATAAGACCAATATCCTTGGCTTTTACTACTTGGACTACGAG

CTGAGATACGATCTGATTCCCTACGTTGAGGCTAATTTCAATACAAAAGCGGATATCAGCGA

CAGGTCACCGGAAGGCATTGCCAAGAACCGTAAGCACCGGGCAATTGGCGGGCTTTCCATGG

GCGGTATGCAGACCTTGAACCTGATTATCGGTGGGTACAGAAGTGACTTCGGTTCCTTCGCA

GGGGCACCGGGGAATCCCGGTAATGGGCTAGCCGGCACTGTTAAAGCACCGGGCATGCTCGA

TCTTTTTGCCCATGTGGCTTCCTTCTCGCCCGCACCCACCTCAAGCGATGGGCGGACATTGG

GTGAGAGCATTGCCGCCTCGCCTTACAAAATCGATCTGCTCTACTTAACCTGTGGCGATGCA

GACGGCACCTCGTTACACGCCTACAACTCTGCCATCGACGGGCTGCGGGAGATGGCGGGGGA

TAAGATCGGCGCCTTTTATCAGGTGACGATGGAACGCCGTGGACATGACTTCAGTGTCTGGA

ACAACGGAGCTTACAACTTCCTTCGGCTCAGCTTCGGTAGGACTCCGGCTGACCCGGCAGAC

ATTGCCATAACTTTGGAATACTCCAGATAG 

 

 

Amino acid sequence of MTP46E1 (381 aa): 
 
MLVVLVLGVSSIALANAVESGGEQVTIELGHIPEDYRKPLKEVGQIGRLVQVYYDVYNYINE

DRQLVSNQNISPEEAGREVVTGDPIEKRFQIYLPPGYRDEDKETKYDVLYLLHGVGGTSYEW

PNGATYLGTYVICNLLDHLILNGEIEPVIVVFPEGRSSHDWKDTSFSADKTNILGFYYLDYE

LRYDLIPYVEANFNTKADISDRSPEGIAKNRKHRAIGGLSMGGMQTLNLIIGGYRSDFGSFA

GAPGNPGNGLAGTVKAPGMLDLFAHVASFSPAPTSSDGRTLGESIAASPYKIDLLYLTCGDA

DGTSLHAYNSAIDGLREMAGDKIGAFYQVTMERRGHDFSVWNNGAYNFLRLSFGRTPADPAD

IAITLEYSR 

 

Coding nucleotide sequence of MTP47G6 (885 nt): 
 
ATGTTTTGCAGTGAAGCAGACGGCACGGCAATCGCCAGTCGCTGTATGGGCAAGGGGTTCGGTGTAAC

TTGTACATATTTGTATCCTGTAGCCAAAGATTACCGTTTCCCGCAGGTTGTTATTGATCTCATCAAAG

GTATCAAAATCTTGCGTGATCATGCAGAAGAATGGGGAATTAATCCGGACCAGATTGTCATCTCAGGC

AATTCTGCCGGGGCCTTTATCTGCATGACCACCGGTAATATTTGGAACAGGTCGGAGATCATGGAAGC

TGCCGGCTGTACCGGTGAAGAGGGCAAGCCTAATGCCATGATTTTGGGTTTTGGTCCCATGTTTTGCG

GCCAGCAGACCGATGACGGCATTGTTTATGTACCCAATGGTGACCTGGTCGGTCCGCAAACACCGCCT

GCATTTTTCCATCATACGCGTCTTGATATGCTTGTTTCCGTTTATCAGACAATTGCCATGATTGATGC

TATGGAGCGGGCCAAACGCCCTTATGCGGCATATATCTCCAGTACGGGAGGACATGGGGAGACTAATG

CTGTAAACCGCATATTGGCCGAAGACGGTACAGTCGGTCCCTGCATTGATGATTGGTTTGAACAGGCG

TGGCGTTTCCTGGCAAACCAGCTGGGTATTTCACTCATGCCACAGAAGATGCCAATGATGCCGCCTAT

GCCGCCGATGCAGGAAGGGGATGAATTCCCGCAATTCCCCATGCCCATGTTTACGCCGCCGCCTGTTC

CTGAAGGCAGCGTCCCGGTTAAGCCTGAAGAAATGCCATTAGGCCAAGCCGATAACATTCATATGCCT

TTTAACGCCGCTTTCCGTGATAAAGACTTTAAGGTATTTAAAATCACGAATTCTGGATCCGATACGTA

A 
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Amino acid sequence of MTP47G6 (294 aa): 
 

MFCSEADGTAIASRCMGKGFGVTCTYLYPVAKDYRFPQVVIDLIKGIKILRDHAEEWGINPD

QIVISGNSAGAFICMTTGNIWNRSEIMEAAGCTGEEGKPNAMILGFGPMFCGQQTDDGIVYV

PNGDLVGPQTPPAFFHHTRLDMLVSVYQTIAMIDAMERAKRPYAAYISSTGGHGETNAVNRI

LAEDGTVGPCIDDWFEQAWRFLANQLGISLMPQKMPMMPPMPPMQEGDEFPQFPMPMFTPPP

VPEGSVPVKPEEMPLGQADNIHMPFNAAFRDKDFKVFKITNSGSDT 

 

Coding nucleotide sequence of MTP50B11 (813 nt): 
 

ATGGCGGTTTTTGATATTACCTTCTATTCAAACTCCCTGAACCGGCACACCCAGCTGACGGCAATAAT

CCCTATTGACATGCCGGAATTTCCCGGCTTCCCCAAACCCGATAAAAACAAGCTCTTTAAGTCTCTTT

ACCTTCTGCACGGCTATTCCGGCAACCAGAGCGACTGGCTGCGCGGTACGCAAATTGAGCAGTTCGCA

ATAATGCATCAAATTGCCGTCTTTTGTCCTGCCGGCGAGAACAGCTTCTATCTTGACGACAAGGCGCG

GGGCGCCATGTACGGGGAGATGATCGGCCGGGAGCTGATTGAGTTTACCCGCAGAATATTCCCCTTGT

CTGCCGAAACCAAAGATACGTCTATCGGCGGCCTGTCCATGGGCGGTTACGGCGCCATTCGCAACGGC

TTTAAATACAACGATGTCTTCGGCAGCATAATCGCCCTGTCTTCCGCCCTGATTAATGACAATGTGGC

CAAGGGCTTTGAGCAGGAAAACAACCCGATGATATCTTCCGGCTATTTTATGCATACCTTTGGGGAGC

CCGGCAAAATCAAGGGCAGCGACATTGATCCCGAAGCATTGGCCAGGAAGCTGGTTGACAGCGGCACT

GCAAGGCCCAGGCTCTACATGGCATGCGGCACCGAGGATTTTCTTATTAATGAGAACCGGAAATTCCA

CAAGTGCCTCTTGGAAATGGGATATGAGCATACATACATAGAGGCTCCCGGCATGCACAGCTGGGAAT

TCTGGAATGAATACATTGAAAAGGCAATGGTCTGGCTTACAGGGCAGGACAGGCCGCAAGCCTGA 

 

Amino acid sequence of MTP50B11 (270 aa): 
 

MAVFDITFYSNSLNRHTQLTAIIPIDMPEFPGFPKPDKNKLFKSLYLLHGYSGNQSDWLRGTQIEQFA

IMHQIAVFCPAGENSFYLDDKARGAMYGEMIGRELIEFTRRIFPLSAETKDTSIGGLSMGGYGAIRNG

FKYNDVFGSIIALSSALINDNVAKGFEQENNPMISSGYFMHTFGEPGKIKGSDIDPEALARKLVDSGT

ARPRLYMACGTEDFLINENRKFHKCLLEMGYEHTYIEAPGMHSWEFWNEYIEKAMVWLTGQDRPQA 

 

Coding nucleotide sequence of MTP73F9 (795 nt): 
 

ATGGCGTTATTTCAAGTAGATCTATTCTCAAAATCCCTAGAAAGGAAAACCTGCTTTCATATGGTGAT

ACCTAACGATGTTCCACCTATGATGATTGAAGGAAATGATAATTATAATAGAAAGATGAAGACCCTAT

TTTTACTTCACGGATACTCAGGCTCAAGTAACGATTGGTTATTGGGAAGCCCTGTACAAGACTTAGCT

ACAAAATATAATATGGCTATATTGATGCCATCTGGTGATAATAGCTTTTATCTTAATGGAATAGGTAA

GGGCCGGGCATATTGTAGGCTTGTAGGAGAGGAACTTGTTGACTATATAAGAAGAACATTTAATTTAG

CCATAGATAAAGAGGACACTTTTATAGCTGGGCTTTCTATGGGTGGCTTCGGAGCTATTCACACTGGC

TTATATTATCCTGAGACATTTAGCAAAATAGTTGGTCTTTCGTCTGCCCTTATAATTCATAATATAAA

AAACAAAAAAGAAGGTTTTGAAGATCCTATAGCAGATTACGGATATTACTATTCTTGTTTTGGGGACC

TTGATAAACTTGAAGAGAGTGAGAACAATCCTGAGTATTTAATCAAAGCATTAAAAAGGGATAATAAA

CCCATACCACAAATGTATATAGCCTGTGGAACAGAGGATTTTCTTATAGAAGAAAACAGGGCCTTTCA

TAAATTCCTACAAAATGAGGATGTAGCTGTAGAATATATTGAAAGTCCTGGAACACATGATTGGGCCT

TCTGGAATCATTATCTAGAGCCCTCAATAAAATGGATGCTTAGCTAA 

 

Amino acid sequence of MTP73F9 (264 aa): 
 

MALFQVDLFSKSLERKTCFHMVIPNDVPPMMIEGNDNYNRKMKTLFLLHGYSGSSNDWLLGS

PVQDLATKYNMAILMPSGDNSFYLNGIGKGRAYCRLVGEELVDYIRRTFNLAIDKEDTFIAG

LSMGGFGAIHTGLYYPETFSKIVGLSSALIIHNIKNKKEGFEDPIADYGYYYSCFGDLDKLE

ESENNPEYLIKALKRDNKPIPQMYIACGTEDFLIEENRAFHKFLQNEDVAVEYIESPGTHDW

AFWNHYLEPSIKWMLS 
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Coding nucleotide sequence of MTP92F12 (963 nt): 
 
ATGCTGCAGACGCGTTACGTATCGGATCCAGAATTCGTGATTCCCGATCCTTCAAAACCTATGGAGTT

GCCCTTGCTGGATGTAAGTGGCATTGAGCGCAAATTTCTTGATATTTCCTATACGCCGGACAATCCCC

ACCCGATGCGCATGCTGGATATCTACCTTCCAGATGAGGGCGAGGGTCCTTTCCCGACGATTATTTAC

CAGCACGGCGGCGCGTTTATTGCCGGAAATAAACGTGATTTCCAGGCTGCCGGGACTCTGGAGGCTAT

TAACAATGGCTTTGCTGTTGTCAGCGTAGAACAGCGACTGGCAACCATGGATATGAACGGAAAGGCCA

ATTCCGAGGGGTTGTTTCCCTACCCGCTGTTTGATTTCAAAGCGGCAATCAGATTTCTGCGGGTAAAC

GCCGCTAAGTATAAGCTTGACCCGGATCGTTTTGCCACATGGGGCGACTCGGCAGGCGGTTACCATGC

GGTAATGGCCGCGCTGACCCAGGATGTGCCCTTCATGTACGATCCCTCTTTGGGCTTTGGGGATATAA

GTGGCAAGGTGCAGGCGGTTGTCAGCTGGTTTGGAGTGGGCGATTTGGTTTTGCAATCAGAATTCACC

GATAACCAGCCGCCCATGGTGGGGCCGGACGGAAAAGAGTATCCTAACTTGAATTACGCGGATGTTTT

TCTCGGCGTGAAGGCAACCGAGCACAAAAACCTGGCCTACTTTGCCAATCCGGAGACCTGGGTCAATC

CTTCCATTCCTCCGGTACTGCTGCAGGCGGGAATTGCCGACGAGGTGGTGCCTTTCGGGTGCTCAGAG

AATCTGGCAAAGCGTATTGAGGAGGTCTGCGGCAAGGACCGTGTGACTCTGGACGCCTTTGAAGGATA

TACCCACGGGGATATGCGTTTTAACGAGCCAGAGAATCTTGCCCGGGTATTTAAGTGGCTCAGGGAAA

AGCTGAAATAG 

 

Amino acid sequence of MTP92F12 (320 aa): 
 

MLQTRYVSDPEFVIPDPSKPMELPLLDVSGIERKFLDISYTPDNPHPMRMLDIYLPDEGEGPFPTIIY

QHGGAFIAGNKRDFQAAGTLEAINNGFAVVSVEQRLATMDMNGKANSEGLFPYPLFDFKAAIRFLRVN

AAKYKLDPDRFATWGDSAGGYHAVMAALTQDVPFMYDPSLGFGDISGKVQAVVSWFGVGDLVLQSEFT

DNQPPMVGPDGKEYPNLNYADVFLGVKATEHKNLAYFANPETWVNPSIPPVLLQAGIADEVVPFGCSE

NLAKRIEEVCGKDRVTLDAFEGYTHGDMRFNEPENLARVFKWLREKLK 
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 Discussion 7
 

The combination of high-throughput next generation sequencing with cultivation 

independent metagenome- and metatranscriptome-based analyses has significantly 

improved our knowledge of the complex microbial communities present in our environment, 

in biotechnological systems or in host associated habitats like the gastrointestinal tract of 

animals.  

In this study, the recent progress in sequencing throughput together with improved 

bioinformatic tools for the analysis of large metagenomic datasets was utilized to study and 

compare the degradation of lignocellulose by bacteria in two herbivorous animal associated 

habitats and an agricultural biogas fermenter. Within this framework, a metagenome based 

analysis of the fecal microbiota of zoo elephants revealed a surprisingly high abundance and 

diversity of genes encoding glycoside hydrolase family enzymes. Many of the identified GH 

families were involved in the degradation of lignocellulosic biomass (Ilmberger, Güllert et al. 

2014). Due to this finding, the dataset derived from the feces of the adult elephant was 

included in a detailed comparative analysis of the cellulolytic activity and the metagenomic 

cellulolytic potential between three different biomass degrading systems. Next to the 

elephant metagenome, a cow rumen associated metagenome and an agricultural biogas 

fermenter derived metagenome were analyzed and mayor differences in carbohydrate 

hydrolysis strategies were identified (Güllert, Fischer et al. 2016).  

 

7.1 Composition of the microbial community in the three analyzed systems and 

the ratio of the phyla Firmicutes vs. Bacteroidetes in biogas fermenters and 

herbivorous animals 

 

The microbial community structure in the agricultural biogas fermenter, the cow rumen, and 

the adult elephant feces sample was analyzed based on phylogenetic marker genes in the 

assembled metagenomic datasets and, in part, on 16S rRNA gene amplicons. Most notably, a 

comparison of the bacterial marker genes in the three datasets showed a higher amount of 

marker genes affiliated with the phylum Firmicutes in the biogas fermenter sample while the 
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marker genes affiliated with the phylum Bacteroidetes were decreased (Figure 1D, Güllert, 

Fischer et al. 2016). Based on the metagenomic marker genes, the ratios of the phyla 

Firmicutes vs. Bacteroidetes in the three samples were calculated. The resulting ratios were 

5.2:1 for the biogas fermenter, 1.5:1 for the cow rumen, and 1.6:1 for the elephant feces 

dataset.  

Intrigued by the difference in the ratio of these two bacterial phyla between the biogas 

fermenter and the two analyzed natural cellulolytic systems, the question arose if 

comparable ratios would be present in other studied biogas fermenters and herbivores. To 

answer this question, published studies of mainly agricultural biogas fermenters and various 

herbivorous animal associated microbiomes were examined and the ratios of the phyla 

Firmicutes vs. Bacteroidetes were calculated based on the data in the original studies (Table 

2, Güllert, Fischer et al. 2016). By this, it became apparent that similar high ratios were 

indeed present in other biogas fermenters (Jaenicke, Ander et al. 2011, Wirth, Kovacs et al. 

2012, Zakrzewski, Goesmann et al. 2012, Stolze, Zakrzewski et al. 2015) and also 

substantially lower ratios in other herbivorous animal associated microbiomes (Hess, Sczyrba 

et al. 2011, Pope, Mackenzie et al. 2012, Bian, Ma et al. 2013, Henderson, Cox et al. 2013, 

Ilmberger, Güllert et al. 2014, Roggenbuck, Sauer et al. 2014, Zeng, Han et al. 2015). As a 

result, a distinct difference in the structure of the microbial community in multiple biogas 

fermenters compared to natural biomass degrading microbiomes was identified.  

It can be speculated that bacteria of the Firmicutes, especially the Clostridia, are very well 

adapted to the conditions in agricultural biogas fermenters while bacteria of the 

Bacteroidetes are confronted with some pressure limiting their growth. This is in particular 

interesting as biogas fermenters are commonly inoculated and fed with various animal 

manures which are rich in bacteroidetal organisms. Therefore, it is likely that the 

Bacteroidetes are initially present in higher abundance in biogas fermenters and are then 

outcompeted by other groups like e.g. the Clostridia.  

Given these findings, bacteria of the phylum Bacteroidetes seem to be considerably better 

adapted to natural habitats than to artificial biogas fermenters. The reasons for this remain 

unknown. However, it can be assumed that certain factors are lacking in the fermenter 

which are required for an optimal growth of the Bacteroidetes. In natural microbiomes, 

these factors might be provided by the eukaryotic host or other gut microbes. A candidate 

for such a factor might be cobalamin (vitamin b12) and its analogs. It recently became 
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apparent that many Bacteroidetes genomes are missing the biosynthesis pathway for 

cobalamin (Magnusdottir, Ravcheev et al. 2015). However, for the majority of gut bacteria 

vitamin B12 is an essential coenzyme in the anaerobic fermentation process (Martens, Barg 

et al. 2002). It is possible that the loss of this pathway in various Bacteroidetes genomes 

might resemble an adaption to the highly competitive intestinal environments. There are 

hints that some members of the Bacteroidetes have developed highly effective vitamin B12 

uptake systems (Degnan, Barry et al. 2014, Cordonnier, Le Bihan et al. 2016). It is tempting 

to speculate that these bacteria might conserve energy by omitting a synthesis of this 

coenzyme, and instead rely on vitamin B12 produced by other gut microorganisms. While 

this strategy might be beneficial in the gut, it might be a competitive disadvantage in 

habitats like biogas fermenters.    

In the next paragraph, possible consequences for the degradation of lignocellulose that 

result from the high Firmicutes vs. Bacteroidetes ratio in the biogas fermenter will be 

discussed.  

 

7.2 Decreased cellulolytic activity and lower abundance of predicted glycoside 

hydrolase and carbohydrate esterase family enzymes in the biogas fermenter 

compared to the analyzed natural microbiomes  

 

One could argue that an increased abundance of the Clostridia in biogas fermenters might 

be beneficial for the degradation of plant biomass due to the many cellulosome producing 

cellulolytic bacteria in this class. However, if this was the case, the question arises why a 

considerably lower ratio has evolved in natural host associated microbiomes. Given the 

assumption that herbivorous animals rely on a most efficient breakdown of their plant based 

diet, their associated microbiomes should have evolved to be highly effective in degrading 

lignocellulose.  

In order to address this supposed discrepancy, the cellulolytic potential of the different 

microbial communities was evaluated using different approaches. At first, the total 

endoglucanase enzyme activity in various fecal samples and the biogas fermenter sample 

was determined via a DNS-Assay. This assay showed that the ability to degrade 

carboxmethlycellulose (CMC) was significantly lower in the biogas fermenter sample as 
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compared to feces samples obtained from an adult elephant, a cow, a mara, and a zebra 

(Additional file 7, Güllert, Fischer et al. 2016). In all measurements, the sample obtained 

from the biogas fermenter had an approximately 3- to 4-fold lower endoglucanase activity. 

Even though CMC as a model substrate cannot adequately reflect the diversity and 

complexity of natural lignocellulosic biomass, this finding indicated that there are distinct 

differences in the cellulolytic activities between the biogas fermenter and the natural 

habitats.   

In addition to the DNS-Assay, the comprehensive assembled metagenomic datasets obtained 

from the biogas fermenter, the cow rumen, and the adult elephant feces were used for a 

comparative in-depth analysis of the abundance and diversity of genes encoding potential 

GHs and CEs family enzymes. This analysis indicated a lower abundance of GH and CE family 

enzymes per Mbp of assembled DNA in the biogas fermenter compared to the natural 

microbiomes (Table 4, Güllert, Fischer et al. 2016). When the analysis was restricted to GH 

families with cellulolytic activity, the richness of potential enzymes was still decreased in the 

fermenter.  

In a next step, the phylogenetic affiliation of the identified putative cellulolytic GH enzymes 

was examined to identify the phylogenetic groups which contributed most to the cellulolytic 

potential. This analysis confirmed that especially enzymes derived from the Bacteroidetes 

were underrepresented in the biogas fermenter in relation to the elephant and cow datasets 

(Figure 2A, Güllert, Fischer et al. 2016). When considering only the cellulolytic GH families, 

the ratio of enzymes affiliated with the Firmicutes vs. Bacteroidetes was 2.8:1 in the 

fermenter. This ratio is almost three-fold higher than the ratio found in the elephant feces 

metagenome and two-fold higher than the ratio found in the cow rumen associated 

metagenome. Similar different ratios were obtained for the CE family enzymes. These results 

demonstrated that a lower abundance of members of the Bacteroidetes in the biogas 

fermenter was associated with a decreased richness of predicted enzymes involved in the 

degradation of carbohydrates and might provide an explanation for the different activity 

profiles observed in the DNS-assay.  

An important limitation of this analysis was that the comparison of the genes encoding GH 

and CE family enzymes was performed on a metagenomic level and therefore did not 

provide any insight into the actual transcription level of the identified genes. To address this 

limitation, metatranscriptome sequencing (RNA-Seq) was performed for the biogas and the 
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elephant feces samples. The results obtained from this analysis will be discussed in the next 

chapter. 

 

7.3 Metatranscriptome sequencing (RNA-Seq) identifies differences between 

highly transcribed genes encoding GH family enzymes in the biogas fermenter 

and the elephant feces sample 

 

In order to assess the transcription levels of the previously identified GH encoding genes, the 

metagenomic datasets generated from the biogas fermenter and the elephant feces sample 

were complemented with data obtained from metatranscriptome sequencing. By including 

these data, the GHs which were previously identified in the metagenomic datasets could be 

sorted according to their transcript levels. It was now possible to examine and compare the 

phylogenetic affiliation of highly transcribed GHs between the samples (Figure 4a, Güllert, 

Fischer et al. 2016). When the phylogenetic affiliation of the 50 cellulolytic GHs with the 

highest numbers of mapped cDNA reads was compared between the biogas fermenter and 

the elephant feces sample, a distinct difference between the samples was found. The ratio 

of highly transcribed Firmicutes derived enzymes versus Bacteroidetes derived enzymes was 

1:1 in the elephant feces and 4:1 in the biogas fermenter sample. This result confirmed the 

divergent phylogenetic affiliation of cellulolytic enzymes in the two metagenomic datasets 

on a transcriptional level and also showed that the Bacteroidetes derived cellulolytic GHs 

were actively transcribed. Due to the higher amount of highly transcribed Bacteroidetes 

derived enzymes in the elephant gut, it can be speculated that the Bacteroidetes (and their 

enzymes) are equally important as the Firmicutes for the degradation of lignocellulose. In 

contrast, in the biogas fermenter three times more of the highly transcribed cellulolytic GHs 

were affiliated with the Firmicutes.  

Furthermore, the largest group of highly transcribed cellulolytic enzymes in the elephant 

feces sample belonged to the CAZy GH51 family (Figure 4b, Güllert, Fischer et al. 2016). The 

particularly high abundance of Bacteroidetes derived GH51 family enzymes in the elephant 

feces dataset was already remarkable in the metagenome based analysis. The data obtained 

from RNA-Seq now confirmed that many of the genes encoding GH51 family enzymes were 

highly transcribed. Next to cellulases, the GH51 enzyme family comprises many 
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hemicellulases like xylanases and L-arabinofuranosidases (Eckert and Schneider 2003).  The 

high abundance and expression level of hemicellulases is most likely an adaption to the 

rather diverse diet of the zoo animal and might be one of the key factors to efficiently 

degrade a wide variety of lignocellulosic biomass.   

Based on these data, in the biogas fermenter most of the highly transcribed cellulolytic GHs 

were assigned to the CAZy GH9 family which contains mostly endo- and exoglucanases 

specific for cellulose polymers (Berlemont and Martiny 2013). Many of the GHs in this family 

are affiliated with the genus Clostridium including cellulases found in Clostridium 

thermocellum, Clostridium cellulolyticum, Clostridium cellulovorans, Clostridium 

acetobutylicum, and others.  

In summary, and considering the reduced cellulolytic activity profile observed for the biogas 

sample in the DNS assay, it can be hypothesized that an overrepresentation of Firmicutes 

(Clostridium) derived cellulases, together with a possible lack of highly transcribed 

hemicellulases, might in fact actually be disadvantageous for the overall hydrolytic 

performance of the biogas fermenter. 

 

7.4 The combination of metagenome and metatranscriptome sequencing allows 

an efficient identification of relevant biocatalysts in a sample and reveals 

metabolically highly active groups 

 

In addition to comparative analyses between different samples, the combined sequencing of 

the metagenome and the metatranscriptome of a specific sample provides valuable 

additional insight for the identification of highly active biocatalysts like e.g. cellulases. Given 

the very high number of up to several thousand potential cellulase encoding genes 

commonly identified by sequence based screening methods in comprehensive metagenomic 

datasets, additional information is required to select promising candidates for heterologous 

expression and biochemical characterization. Data obtained from RNA-Seq can be used to 

discover enzymes (e.g. glycoside hydrolases) which are highly transcribed in a sample under 

the given conditions. If samples are chosen correspondingly to the enzymes of interest, e.g. 

gut microbiome samples of herbivorous animals for cellulases, plastic biofilm samples for 

PET esterases, hot springs for thermostable enzymes, etc., it is reasonable to assume that 
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highly expressed enzymes in the sample represent the most relevant candidates for 

industrial biocatalysts. This approach can be combined with an additional enrichment step 

which reduces the diversity in the sample and by this reduces sequencing costs and 

facilitates the bioinformatic analysis.  

For example, in the metagenomic dataset generated from the feces of an adult elephant, a 

very high abundance and diversity of genes encoding potential GHs was present (Ilmberger, 

Güllert et al. 2014). In total, up to 20,000 potentially relevant genes were identified; many of 

these were full-length genes. In order to choose promising cellulolytic enzyme candidates for 

future examination and heterologous expression from this large pool of genes, RNA-Seq was 

performed and the resulting cDNA reads were mapped to the previously identified genes 

encoding putative GH family enzymes (Table 1). 

 

Table 1. Identified potential GH family enzymes in the elephant feces dataset with 
the highest numbers of overall mapped cDNA reads.  

Putative enzyme 
CAZy GH 
 family 

Full- 
  length? 

Signal 
 peptide? 

Number of mapped 
  cDNA reads 

EFN4HT0G_1 GH5 Y Y 4,925 

EFN4H7X5_24 GH53 Y Y 2,086 

EFN4HTZ3_3 GH11 Y Y 860 

EFN4HCHT_18 GH5 Y Y 780 

EFN4HTTS_2 GH10 Y Y 710 

EFN4HDP9_16 GH74 Y Y 692 

EFN4H8CT_19 GH31 Y Y 602 

EFN4HTZ3_2 GH11 Y N 569 

EFN4HG20_6 GH43 Y Y 552 

EFN4HRM5_7 GH9 Y N 524 

EFN4H85S_46 GH51 Y Y 485 

EFN4HKWL_2 GH43 Y Y 469 

EFN4HP8H_12 GH5 Y Y 450 

EFN4HRRD_3 GH2 Y Y 438 

EFN4HRH8_1 GH11 Y Y 432 

EFN4J3KJ_4 GH9 N Y 374 

EFN4M2C0_1 GH13 Y N 367 

EFN4HDJ7_6 GH3 Y N 359 

 

Using this approach, the putative cellulase “EFN4HT0G_1” assigned to the CAZy GH5 family 

was identified as a highly attractive candidate for a detailed future analysis. At the time of 

sampling, the corresponding gene was the glycoside hydrolase encoding gene with the 

highest transcript level in the elephant feces metagenome. The encoded enzyme possesses 
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an N-terminal signal peptide, a GH5 cellulase domain, a carbohydrate binding module, and a 

por secretion system C-terminal sorting domain. Furthermore, the enzyme displays only a 

low similarity (<40%) to other cellulases in the NCBI protein database. After the successful 

identification of this gene, the cellulolytic performance and the biochemical characteristics 

of the corresponding enzyme will be evaluated in future studies.     

In addition to the elephant sample, RNA-Seq was also performed for the studied biogas 

fermenter. After mapping of the cDNA reads to the metagenomic dataset, additional highly 

transcribed GH candidates for further characterization were identified.  

However, this analysis is not limited to specific groups of genes like GHs. When all predicted 

genes in a metagenome are included, RNA-Seq can give intriguing insights into metabolically 

highly active groups of microorganisms and identify the genes with the highest levels of 

transcript in a sample. In the biogas fermenter sample, the 100 genes with the highest 

number of total mapped cDNA reads were analyzed with regard to their putative function 

and phylogenetic affiliation (Table S5, Güllert, Fischer et al. 2016). Among the highest 

expressed genes, several archaeal genes encoding enzymes involved in methanogenesis 

were present. These genes were mainly affiliated with hydrogenotrophic species of the 

genus Methanoculleus. This finding supports the assumption of a predominant 

methanogenesis in agricultural biogas plants via the hydrogenotrophic pathway (Bergmann, 

Nettmann et al. 2010).  

Notably, 23 of the 100 genes originated from bacteria of the family Peptococcaceae.  This 

finding demonstrates a substantial metabolic activity of these physiologically diverse and 

partly acetogenic bacteria (Liu and Conrad 2011) in the sampled fermenter and might 

further hint to a possible high relevance of this bacterial family in agricultural biogas 

fermenters in general.  

Moreover, a large fraction of the 100 highly transcribed genes encoded hypothetical 

proteins of unknown function and for six genes, no homologs were found at all in the 

database. In future studies, it would be highly interesting to examine some of the genes with 

no known homology in more detail. It is intriguing that some of these highly transcribed 

genes appear to be completely unknown until today.  

In conclusion, an integrative approach combining metagenome, metatranscriptome, and 

possibly metaproteome analyses is needed to rationally interpret the constantly increasing 

metagenomic datasets and to identify the metabolically most relevant groups. It further 
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holds significant potential for the bioprospecting for highly active and novel enzymes (Ferrer, 

Martinez-Martinez et al. 2016). 

 

7.5 Identification of cellulosomal scaffolding proteins and PULs in the biogas, cow 

rumen, and elephant feces metagenomes 

 

After elucidating differences in the abundance and phylogenetic affiliation of genes encoding 

GHs between the different metagenomic datasets, it was also highly interesting to examine 

the cellulolytic systems in which these enzymes might be embedded in. In the biogas 

fermenter, it was likely that many of the Clostridia derived GHs were part of cellulosomal 

systems. In contrast, the presence and diversity of cellulosomes in the gut and rumen 

derived metagenomes would probably be lower. By using the sequences of known 

cellulosomal scaffolding proteins, an iterative protein search was conducted to identify 

potential cellulosomal gene clusters in the different metagenomic datasets. This analysis 

identified one Clostridium thermocellum derived scaffoldin and two Clostridium 

cellulolyticum derived scaffoldin proteins in the biogas fermenter dataset (Table S6, Güllert, 

Fischer et al. 2016). Both of these species are commonly found in biogas fermenters and are 

presumably among the main lignocellulose degrading organisms in the biogas fermenter 

(Wirth, Kovacs et al. 2012, Stolze, Zakrzewski et al. 2015, Zverlov, Köck et al. 2015).  

In the cow rumen metagenome, two cellulosomal scaffolding proteins, both affiliated with 

Ruminococcus flavefaciens, were identified. In contrast to the biogas fermenter, no 

cellulosomal scaffoldin protein affiliated with the genus Clostridium was identified. R. 

flavefaciens belongs to the genus Ruminococcus of the class Clostridia and is a cellulolytic 

bacterium commonly found in the rumen and intestine of animals and humans. The 

cellulosome of R. flavefaciens is highly complex (Venditto, Luis et al. 2016) and the only 

known example of a cellulosomal system found in a typical gut bacterium (Flint, Bayer et al. 

2008).  

Interestingly, no potential cellulosomal scaffoldin proteins were found in the elephant feces 

derived dataset. This is especially noteworthy given the high cellulolytic activity measured in 

the DNS assay and the high amount of GHs identified in this metagenome. While it is 

possible that the very comprehensive metagenomic dataset generated from the elephant 

feces microbiome might still be incomplete and therefor the scaffoldin proteins were 
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missing, the more likely assumption is that there are no (known) cellulosomal systems 

present in the gut of the sampled elephant.   

With respect to the almost complete absence of cellulosomes in the elephant dataset, the 

question arises how lignocellulosic biomass is efficiently degraded in the elephant gut 

despite the lack of cellulosomes and a reduced abundance of the Firmicutes compared to the 

biogas fermenter. For several years, it has been speculated that bacteria of the phylum 

Bacteroidetes might play an important part in the degradation of lignocellulose in the gut 

and rumen of animals (Mackenzie, Pope et al. 2012, Despres, Forano et al. 2016) The 

findings presented in this study support this view and demonstrate that the observed higher 

abundance of cellulolytic GHs in the two studied natural systems is, to a large extend, based 

on enzymes derived from the Bacteroidetes. Due to the high prevalence of PULs in 

Bacteroidetes genomes, until today multiple PULs in 71 genomes have been predicted, it is 

highly likely that a significant fraction of the Bacteroidetes derived GHs are part of PULs 

(Terrapon, Lombard et al. 2015). A remaining central question is how many of these PULs are 

involved in the degradation of cellulose.  

In a recent study, a putatively cellulolytic PUL was identified in the same published 

metagenome affiliated with the cow rumen that was analyzed in this study (Naas, Mackenzie 

et al. 2014). In accordance with this finding, multiple contigs encoding putatively cellulolytic 

PUL gene clusters were identified in the metagenome obtained from the adult elephant 

feces associated microbiome (Figure 5, Ilmberger, Güllert et al. 2014). Furthermore, in the 

biogas fermenter derived metagenome, several potentially cellulolytic PULs were present 

despite the reduced abundance of bacteroidetal organisms in this sample (Figure 5b, Güllert, 

Fischer et al. 2016).  

In addition to the suspected direct degradation of cellulose by members of the 

Bacteroidetes, bacteria of this phylum might also indirectly contribute to an efficient 

hydrolysis of lignocellulose by degrading polysaccharides associated with the hemicellulose 

fraction of the plant cell wall. Recently, PULs involved in the degradation of a several xylans 

were described (Martens, Koropatkin et al. 2009, Dodd, Mackie et al. 2011, Larsbrink, Rogers 

et al. 2014, Despres, Forano et al. 2016, Rogowski, Briggs et al. 2016, Wang, Dong et al. 

2016).   

Within this framework, the recent advances in sequencing throughput together with the 

development of improved bioinformatic tools will probably lead to the identification of 
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additional PULs involved in the degradation of plant cell wall polysaccharides and will 

facilitate a better understanding of these gene clusters. This is especially relevant as many 

members of the Bacteroidetes are difficult to cultivate in the lab and therefore genome- and 

metagenome-based analyses are important tools to study this bacterial phylum.  

In conclusion, the omics-based analyses performed in this study revealed distinct differences 

in the hydrolysis of carbohydrates between the natural systems and the technical system. 

Based on the findings in this study, it is likely that the importance and potential of bacteria 

of the phylum Bacteroidetes for the degradation of lignocellulosic biomass in biogas 

fermenters were underestimated in the past. It is further tempting to speculate that by 

increasing the abundance of the Bacteroidetes in biogas fermenters, an increase in the 

hydrolytic performance of agricultural biogas plants might be achieved. A higher degradation 

rate of plant derived biomass in a biogas fermenter will in turn result in a higher overall 

methane yield. However, this hypophysis has to be verified in additional experiments and 

suitable approaches to increase the abundance of the Bacteroidetes in biogas fermenters 

have to be elucidated. The simple addition of bacteroidetal isolates at high levels will 

presumably not result in a lasting increase in the abundance of the Bacteroidetes in biogas 

fermenters.  It is likely that the added organisms will quickly be outcompeted again by 

members of the Firmicutes. Therefore, further research is required to identify the crucial 

factors which are responsible for the better adaption of the Bacteroidetes to natural habitats 

like the gastrointestinal tracts of animals. In a next step, it might be possible to adapt these 

factors for biotechnical systems such as biogas fermenters and thereby increase the 

efficiency of these systems for the fermentation of lignocellulosic substrates. 
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