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1. INTRODUCTION 
 

1.1 Ruminants 

Ruminants, earth’s prevalent herbivores (Hungate, 1975) harbor the ability to convert 

the solar energy stored in structural plant polysaccharides such as cellulose, indigestible for 

humans, into valuable animal protein in form of dairy and meat products (Haug et al., 2007; 

Quann et al., 2015). Thereby, ruminant livestock constitutes a significant source of food and 

also livelihood pivotal particularly in developing countries (McDermott et al., 1999). 

Globally, ruminant livestock accounts for up to 3.6 billion farm animals comprising about 1.4 

billion of Bos taurus and B. indicus species (Hackmann and Spain, 2010). Moreover, 

photosynthesis-derived cellulose in plant cell walls is the most abundant polymer and the 

most renewable source of carbon on earth (Enquist et al., 2003; Pauly and Keegstra, 2008). A 

steadily growing world population is expected to lead to an increasing demand for animal-

based food products (McMichael et al., 2007) which entails an undesired side effect since 

livestock production causes about 14.5% of the total anthropogenic greenhouse gas emissions 

(Gerber et al., 2013) and thus, plays an important role in climate change (Ripple et al., 2014). 

Meat cattle and dairy cows are the largest contributors accounting for about 65% of the total 

livestock sector emissions of which above 44% are caused solely by enteric methane 

formation (Gerber et al., 2013). Processes underlying efficiency in ruminant production 

respectively plant fiber degradation and methane formation are driven by a complex 

bionetwork consisting of archaea, bacteria, fungi and protists residing in the strictly anaerobic 

rumen (Hungate, 1966; Mackie, 2000). 

Aside from reticulum, omasum and abomasum, the rumen is the largest part (80%) of 

a highly specialized, four-chambered stomach of the ruminant gastrointestinal tract. The 

functions of reticulum and rumen are closely interrelated and thus, are often termed rumino-

reticulum. Comparable to a continuous bioreactor the animal feed is digested mainly in the 

rumino-reticulum via chemical and mechanical degradation. The reticulum plays an important 

role in separating feed components wherein undigested matter is redirected to the rumen and 

already digested, finer feed particles (< 2 mm) are further passed on to the omasum for 

dehydration. Contractions of the reticulum enable regurgitation of coarse feed particles for 

repetitive mechanical degradation by chewing, known as rumination. Likewise, the rumen is 

continuously in motion mixing the forage and helping the flow of feed particles. With a 

volume of up to 100 liters, the rumen of cattle contains tremendous amounts (60 to 120 kg) of 

low quality lignocellulose matter ingested by the animals that like humans, lack the hydrolytic 
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enzymes to degrade the respective fibrous material (Mackie et al., 2001; Moran, 2005; Puniya 

et al., 2015). Besides, the rumen epithelial wall contains no glandular cells and hence, no 

digestive juices are secreted.  

Therefore ruminants host a symbiotic microbiome whose members interact 

synergistically to extract energy from the animal feed in producing highly active 

lignocellulolytic enzymes resulting in the production of short-chain fatty acids and microbial 

biomass (Figure 1) which serve as the main sources of energy and amino acids for the animal 

(Hungate, 1966). Short-chain fatty acids and microbial cells constitute about 70 to 85% of 

nutrients for the animals (Bergman, 1990; van Houtert, 1993). Moreover, B and K vitamins 

are produced and toxic compounds such as myco- and phytotoxins are neutralized supporting 

the animal’s health (Mackie et al., 2001). In exchange, ruminants provide a stable and suitable 

environment for the microbes which is characterized by pH values ranging between 5.5 and 

6.9 and high bicarbonate-phosphate-based buffering capacities from vast amounts of saliva 

released (70 to 150 L per day). Further features are a low redox potential (-350 to -400 mV) 

favoring anaerobic metabolism, an osmolality of 250 to 350 mOsmol/kg-1 and constant 

temperatures of 38 to 41°C (Puniya et al., 2015). Continuous feed intake with a high 

throughput of digesta (120 to 200 L daily) and mastication of feed by the animals grants 

sufficient nutrient supply for the microorganisms. Additionally, indigestible matter, microbial 

cells as well as soluble fermentation end products are removed constantly (Mackie et al., 

2001) which is of great importance to prevent noxious acidification of the rumen due to 

accumulation of short-chain fatty acids.  

The primary short-chain fatty acids produced by microbial fermentation of plant 

polysaccharides are ketogenic acetate and butyrate as well as glucogenic propionate which are 

absorbed passively through the rumen epithelium and transported to the liver for metabolic 

processing yielding energy in form of adenosine triphosphate (ATP) used in the animal’s 

skeletal muscles, adipose tissue and the mammary gland (Figure 1). Butyrate itself yields 

most ATP but in the rumen wall the largest part of butyrate is converted to β-hydroxybutyrate, 

a ketone representing an important energy source for epithelial and other cells (Sejrsen et al., 

2006). Regarding milk production, acetate and butyrate-derived ketones are involved in the 

generation of milk fat whereas most propionate is converted to glucose and rather affects 

lactose content and overall milk yield (Miettinen and Huhtanen, 1996).  

Next to degrading plant fibers, rumen microorganisms are even capable of converting 

low-quality crude protein of animal diets and especially non-protein nitrogen, mainly urea, 

into microbial protein (Figure 1). This is of high value for the host since it contains 
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indispensable amino acids like methionine and lysine that cannot be synthesized by the animal 

itself. Microbial protein synthesis requires nitrogen in form of ammonia obtained from the 

breakdown of urea and deamination of dietary amino acids. Ammonia concentration is 

regulated by absorption through the rumen wall (Wallace et al., 1997) since higher 

concentrations are detrimental to the animal and the microorganisms. In the liver, ammonia is 

recycled to urea and part of it is brought back to the rumen via saliva and epithelial secretion 

once more providing a non-protein nitrogen source necessary for microbial protein synthesis 

(Lapierre and Lobley, 2001). The abomasum, the last part of the ruminant’s stomach, is 

connected to the small intestine and resembles a true stomach similar to that of monogastric 

animals with a low pH value of about 2. Acidity and protease activity in the abomasum carry 

out the breakdown of microbial cells flushed in with the digested feed matter enabling initial 

peptic digestion and subsequently tryptic digestion in the following small intestine with 

absorption of mainly microbial but as well dietary amino acids (Mackie et al., 2001).  

 

 
Figure 1| Overview of protein and carbohydrate metabolism in the rumen ecosystem. BCFA, 

branched-chain fatty acids; MCP/CP, microbial/crude protein; NH3, ammonia. 
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Other byproducts of microbial fermentation such as carbon dioxide, hydrogen and 

formate but as well some acetate, methanol and methylamines are further utilized by 

methanogenic archaea. Thereby methane is formed which along with excess of carbon dioxide 

cannot be absorbed by the host animals and is eructed to the atmosphere implementing an 

energy loss from feed (Johnson and Ward, 1996; Morgavi et al., 2010; Mizrahi, 2011). 

First investigations of ruminants date back to the beginning of the 20th century. In the 

1950s, Robert E. Hungate initiated the exploration of the complex rumen ecosystem focusing 

on its microbes revolutionizing anaerobic cultivation techniques and promoting awareness 

and understanding of rumen microbiology (Hungate, 1947; 1950; Hungate, 1966). Ever since, 

nutritionists, microbiologists and physiologists tried to improve production efficiency, animal 

health and methane mitigation strategies by altering the rumen microbiome. The immense 

amount of various fiber-degrading enzymes produced in the rumen attracted other scientific 

disciplines aiming at the discovery of new tools relevant for biofuel production. Even today, 

investigations of the structural and functional diversity of the complex rumen microbiome and 

its interactions with the host and within the specific ecological niches of the rumen ecosystem 

are of great interest for animal production, biotechnology and climatology. 

 

1.2 Rumen Microbiome 

To obtain energy, the microbial communities of the rumen carry out the hydrolysis of 

structural plant polysaccharides like cellulose, hemicellulose, pectin and storage 

polysaccharides such as starch and fructan into monomeric and dimeric sugars that are further 

fermented yielding short-chain fatty acids, carbon dioxide and hydrogen (Figure 1). In 

addition, dietary crude protein is hydrolyzed to peptides and amino acids, which are 

deaminated once again resulting in the production of short-chain fatty acids, carbon dioxide 

and hydrogen but as well branched-chain fatty acids and ammonia. Hydrogen, some carbon 

dioxide and ammonia along with peptides, amino acids and small parts of the branched- and 

short-chain fatty acids as well as other compounds and energy from the fermentation of 

carbohydrates are utilized for microbial growth respectively protein synthesis (Figure 1). In 

summary, major end products of the microbiome’s metabolism are microbial cells, acetate, 

butyrate and propionate absorbed by the host as well as gaseous carbon dioxide and methane, 

which are released to the environment.  

However, degradation of the entirety of organic matter ingested by the animals cannot 

be achieved by a single species and thus, requires collaboration and interaction of a 

succession of many microorganisms to employ the whole spectrum of functional capabilities 
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available (Bladen et al., 1961). Synergistically, polymeric carbohydrates are converted into 

soluble sugars that are further metabolized by other species of the bionetwork, which in return 

built branched-chain fatty acids, vitamins, ammonia, carbon dioxide as well as other cofactors 

required by fiber-degrading species (Bryant, 1973). Further microbial interactions for 

example exist between lactate or succinate producers and species that utilize the respective 

compounds explaining why the widespread fermentation products lactate and succinate 

usually do not accumulate in the rumen of healthy animals. 

One milliliter of rumen fluid may contain about 1012 microbes outnumbering the total 

people on earth by a factor of above 100 (Prescott, Harley & Klein, 2005). The rumen 

microbiome exhibits a high biodiversity comprising microorganisms from all domains of life 

such as eukaryotic, anaerobic fungi and unicellular protists as well as prokaryotic archaea and 

bacteria. Additionally, viruses, more precisely archaeaphages and bacteriophages belong to 

the rumen ecosystem. Bacteria are the most numerous and diverse microorganisms in the 

rumen appearing with up to 1011 cells in each gram of rumen matter (Mackie, 2000) with 

above 200 species (McSweeney et al., 2005) and represent about 50 to 75% of the overall 

microbial communities (Minato et al., 1966). Archaea are less abundant ranging between 107 

to 109 cells per gram contributing to only a small part of about 1 to 3% of the microbial mass 

in the rumen (Janssen and Kirs, 2008; Wright and Klieve, 2011). The much larger cells of 

ciliate protozoa, distributed over 25 genera, appear in comparably smaller numbers ranging 

between 104 and 106 cells per gram (Puniya et al., 2015) but can constitute up to 50% of 

microbial biomass (Newbold et al., 2015). Spores of anaerobic fungi range between 103 and 

105 per gram including six genera (Mackie et al., 2001) whereas phages occur with particle 

numbers of about 108 to 109 per gram of rumen fluid (Klieve and Bauchop, 1988).  

Besides being most abundant and diverse, bacteria are also the most metabolically 

active species in the rumen being mainly involved in the degradation of plant fibers (Brulc et 

al., 2009) as reflected by the fact that up to 75% of the total rumen bacteria live attached to 

plant particles (Koike et al., 2003). The solid-associated population is further separated into 

loosely- and tightly-adhered species. Loosely-attached bacteria can be washed off the rumen 

matter easily (McAllister et al., 1994) whereas tightly-adherent species remain attached but 

can be removed by chemical or physical treatments such as methylcellulose or chilling 

(Trabalza-Marinucci et al., 2006). Both solid-associated subpopulations have been estimated 

to contribute to a total of about 80 to 90% of the endoglucanase activity, 70% of amylase 

activity (Minato et al., 1966) and 75% of the protease activity (Brock et al., 1982) in the 

rumen. The liquid-associated bacterial population constitutes up to 30% but plays a minor role 
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in fiber degradation and is composed of free-floating, planktonic species that feed on soluble 

components in the rumen fluid and bacteria that detached from the plant particles or live 

adhered to protozoa and fungal sporangia (Miron et al., 2001). Aside from the extramural 

bacteria that constitute 99% of rumen bacteria only a minority of about 1% is associated with 

the rumen epithelium (Czerkawski, 1986; Dehority, 2003). They are believed to remove 

oxygen and convert urea into carbon dioxide and ammonia used by others for microbial 

protein synthesis (McAllister et al., 1994). 

Apart from allocated space, bacteria can be classified according to their broad 

functional potential, as there are amongst others cellulolytic, hemicellulolytic, pectinolytic, 

amylolytic, saccharolytic, proteolytic, lipolytic and ureolytic specialists. Starch and sugar 

degraders usually constitute the largest part of the ruminal bacterial population and are of 

great relevance since diets for high-producing ruminants usually contain large amounts of 

readily fermentable starch and sugars. Despite their undoubtable significance, bacteria 

specialized for fiber degradation are typically less present, even when straw is fed exclusively 

(Puniya et al., 2015). Some bacterial species depend on specific substrates such as the major 

cellulose degrader Fibrobacter succinogenes that is restricted to cellulose, hemicellulose and 

glucose as growth substrates (Hungate, 1950). Ruminobacter amylophilus requires starch and 

maltose (Anderson, 1995) whereas others like Prevotella ruminicola are capable of utilizing a 

broad range of substrates including peptides, proteins, monosaccharides and plant 

polysaccharides (Miyazaki et al., 1997; Matsui et al., 2000; Purushe et al., 2010). Substrates 

and fermentation end products of some well-described rumen bacteria are given in Table 1.  

Overall, the bacterial community composition of high-producing ruminants is 

dominated by the phylum of Bacteroidetes, in particular the family of Prevotellaceae (Jami 

and Mizrahi, 2012; Jami et al., 2014) that includes species with versatile metabolic 

capabilities like Prevotella ruminicola, P. brevis, P. bryantii and P. albensis. The more 

diverse, Gram-positive Firmicutes constitute the second most abundant phylum and comprise 

many fiber-degrading bacteria within the families of Clostridiaceae, Eubacteriaceae, 

Lachnospiraceae and Ruminococcaceae but cover as well bacteria of the class of 

Negativicutes including the families of Acidaminococcaceae, Selenomonadaceae and 

Veillonellaceae. The latter ones are represented by species with rather limited abilities in 

hydrolyzing structural carbohydrates such as the succinate utilizers Succiniclasticum ruminis 

(van Gylswyk, 1995) and Phascolarctobacterium succinatutens (Watanabe et al., 2012) as 

well as the saccharolytic Selenomonas ruminantium (Dehority, 2003), the lipolytic 

Anaerovibrio lipolyticus (Prins et al., 1975) and the ureolytic, lactate-fermenting 
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Megasphaera elsdenii (Counotte et al., 1981).  

 

Table 1| The fermentation characteristics of predominant ruminal prokaryotes. Abbreviations 

are as follows: A, acetate; AA, amino acids; B, butyrate; Br, branched-chain volatile fatty 

acids; CE, cellulose; CH4, methane; CO2, carbon dioxide; DX, dextrins; E, ethanol; F, 

formate; GL, glycerol; H2, hydrogen; HC, hemicellulose; L, lactate; M, methanol; MA, 

methylamines; OA, organic acids; P, propionate; PC, pectin; S, succinate; ST, starch; SU, 

sugars; XY, xylans. Adapted from (Russell and Rychlik, 2001). 
 

Phylum Species Main substrates End products 

Bacteroidetes Prevotella albensis ST, PC, XY, SU     S, A, F, P   

Bacteroidetes Prevotella brevis ST, PC, XY, SU     S, A, F, P   

Bacteroidetes Prevotella bryantii ST, PC, XY, SU     S, A, F, P   

Bacteroidetes Prevotella ruminicola ST, PC, XY, SU     S, A, F, P   

Fibrobacteres Fibrobacter succinogenes CE     S, F, A    

Firmicutes Anaerovibrio lipolytica GL, SU    A, S, P    

Firmicutes Butyrivibrio fibrisolvens ST, CE, HC, PC, SU B, F, A, H2   

Firmicutes Clostridium aminophilum AA     A, B     

Firmicutes Clostridium sticklandii AA     A, Br, B, P   

Firmicutes Eubacterium ruminantium HC, DX, SU   A, F, B, L   

Firmicutes Lachnospira multiparus PC, SU    L, A, F, H2   

Firmicutes Megasphaera elsdenii L, SU    P, A, B, Br, H2  

Firmicutes Phascolarctobacterium succinatutens S P 

Firmicutes Peptostreptococcus anaerobius AA     Br, A     

Firmicutes Ruminococcus albus CE, HC    A, F, E, H2   

Firmicutes Ruminococcus flavefaciens CE, HC    S, F, A, H2   

Firmicutes Selenomonas ruminantium ST, DX, SU, L, S L, A, P, B, F, H2 

Firmicutes Streptococcus bovis ST, SU    L, A, F, E   

Firmicutes Succiniclasticum ruminis S P 

Proteobacteria Ruminobacter amylophilus ST     S, F, A, E   

Proteobacteria Succinomonas amylolytica ST     S, A, P    

Proteobacteria Succinivibrio dextrinosolvens PC, DX, SU   S, A, F, L   

Proteobacteria Wolinella succinogenes OA, H2, F   S      

Euryarchaeota Methanobrevibacter ruminantium H2, CO2, F   CH4      

Euryarchaeota Methanomassiliicoccus spp. H2, M, MA CH4      
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Fiber-digesters of the family of Clostridiaceae are Clostridium cellobioparum, C. 

longisporum and C. lochheadii (Vos et al., 2011) while the family of Eubacteriaceae is 

represented by the cellulolytic Eubacterium cellulosolvens (Prins et al., 1972) but as well by 

hemicellulolytic bacteria such as E. xylanophilum and E. uniformis (Van Gylswyk and Van 

der Toorn, 1985). The Lachnospiraceae family comprises the cellulolytic Butyrivibrio 

fibrisolvens (Bryant and Small, 1956) and pectinolytic Lachnospira multiparus (Duskova and 

Marounek, 2001). The major cellulose degraders in the rumen are Ruminococcus flavefaciens 

(Latham and Wolin, 1977) and R. albus (Suen et al., 2011) of the Ruminococcaceae family 

but as well the Gram-negative Fibrobacter succinogenes (Shinkai et al., 2009) of the 

Fibrobacteres phylum. The phylum of Proteobacteria includes rather starch and sugar 

fermenting organisms such as Succinivibrio dextrinosolvens (O'Herrin and Kenealy, 1993), S. 

amylolytica (Bryant et al., 1958) and Ruminobacter amylophilus (Stackebrandt and Hippe, 

1986), all members of the Succinivibrionaceae family. 

The less numerous ruminal archaea are mostly methanogenic species of the orders of 

Methanobacteriales, Methanomicrobiales, Methanosarcinales and Methanomassiliicoccales all 

belonging to the phylum of Euryarchaeota (Puniya et al., 2015; St-Pierre et al., 2015). The by 

far most abundant archaeal genus is the hydrogenotrophic Methanobrevibacter (Janssen and 

Kirs, 2008; Leahy et al., 2013; St-Pierre and Wright, 2013; Seedorf et al., 2015; Danielsson et 

al., 2017) of the Methanobacteriales order represented by the species Methanobrevibacter 

ruminantium and M. gottschalkii. Other genera of the order of Methanobacteriales present in 

the rumen are Methanobacterium and Methanosphaera. The order of Methanomicrobiales 

comprises two families less frequent in the rumen, the likewise hydrogenotrophic 

Methanomicrobiaceae (Oren, 2014a) and Methanospirillaceae (Oren, 2014b). 

Hydrogenotrophic methanogens are generally prevailing in the rumen and use fermentation 

products of other species in particular hydrogen, carbon dioxide and formate for ATP 

synthesis resulting in production of methane. Formate, a fermentation intermediate (Hungate 

et al., 1970), thereby is also oxidized to hydrogen and carbon dioxide. Hydrogenotrophic 

methanogens live in a synergistic relationship with bacteria that produce hydrogen during 

plant cell wall degradation and some are endo- and ectosymbiotically associated with 

protozoa (Lange et al., 2005). Up to 37% of the ruminal methane emissions are formed by the 

symbiotic relationship of protozoa and methanogens in which protozoa transfer hydrogen 

directly to attached methanogens which use the hydrogen as electron donor for reducing 

carbon dioxide to methane during their energy production (Wright and Klieve, 2011). In this, 

the interspecies hydrogen transfer minimizes the partial pressure of hydrogen which is 
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important for maintaining the redox potential and pH of the rumen ensuring the function of 

other fermenting species (Lange et al., 2005) and influencing the array of fermentation 

products as well as overall fermentation rate (van Lingen et al., 2016). Other highly abundant 

methanogens of the methylotrophic order of Methanomassiliicoccales of the class of 

Thermoplasmata obligately utilize substrates such as methylamines and methanol (Seedorf et 

al., 2015; Sollinger et al., 2016). This applies as well to the order of Methanosarcinales that 

farther includes acetoclastic species like Methanosarcina barkeri and M. acetivorans (Maeder 

et al., 2006). In the rumen acetoclastic methanogenesis plays a minor role since the growth 

rate of acetate-utilizing archaea is lower than the passage rate of rumen digesta (Janssen and 

Kirs, 2008).  

Eukaryotic protozoa were the first rumen microorganisms to be observed (Gruby and 

Delafond, 1843) probably due to their conspicuously large (20 to 200µm) and highly motile 

cells. The vast majority of rumen protozoa are ciliates but include as well a few smaller 

flagellates, which utilize only soluble nutrients and thus, are less important for overall ruminal 

fermentation (Puniya et al., 2015). Ciliated protozoa are capable of engulfing comparably 

large molecules such as starch granules, small plant particles and bacterial cells which 

constitute their major source of protein (Williams and Coleman, 1992). Structural plant 

polysaccharides are actively digested within the protozoal cells and protozoa are able to store 

and utilize large amounts of starch. This regulates the rate of carbohydrate fermentation in 

slowing down bacterial short-chain fatty acid production, which might prevent acidification of 

the rumen, especially if vast amounts of starch are given in the diet (Puniya et al., 2015). 

Protozoal fermentation products are similar to those of bacteria including the formation of 

hydrogen, which is directly utilized by associated methanogens. Protein utilization of 

protozoa is generally inefficient resulting in the excretion of high amounts of amino acids, 

which are again available for bacterial protein synthesis. Thus, protozoa play an important 

role in nitrogen recycling in the rumen (Jouany, 1996; Koenig et al., 2000; Lapierre and 

Lobley, 2001). The uptake of bacterial cells impacts the bacterial nitrogen turnover (Bach et 

al., 2005) and incorporated protein is not available for intestinal digestion by the ruminants 

since the agile protozoal cells actively try to prevent being washed out of the rumen (Puniya 

et al., 2015). Removal of ciliate protozoa from the rumen resulted in a 30% increase of 

microbial protein supply and 11% reduction of methane emission (Newbold et al., 2015). 

Despite their large biomass and functional capabilities, the existence of rumen protozoa is not 

required for survival of the host but is thought to be beneficial for a more stable ruminal 

fermentation and the overall wellbeing of the animals (Williams and Coleman, 1992). 
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The least abundant and diverse rumen fungi appear exclusively in herbivores and are 

the only obligately anaerobic fungi possessing hydrogenosomes instead of mitochondria 

(Puniya et al., 2015). Supposed to be the most efficient fiber degraders within the rumen 

(Akin et al., 1988; Akin and Borneman, 1990), anaerobic fungi exhibit a broad spectrum of 

hydrolytic enzymes for instance cellulases, hemicellulases, xylanases, pectinases, proteases, 

amylases, amyloglycosidases, esterases and mannases necessary for plant biomass 

degradation (Puniya et al., 2015). Ruminal fungi are significantly entangled in the breakdown 

of lignin-containing plant material (Akin and Borneman, 1990; Thareja et al., 2006; Sirohi et 

al., 2012) and in this support bacterial access to cellulose (Borneman et al., 1991) and 

therefore the overall fermentation of cellulolytic material. 

Ruminal viruses, lytic and lysogenic archaeaphages and bacteriophages are considered 

pathogens specific for the prokaryotes present in the rumen and capable of lysing bacterial 

and archaeal cells. The specificity of phages might be used for removing undesired bacteria or 

methanogens from the rumen ecosystem (Bach et al., 2002; McAllister and Newbold, 2008). 

Additionally, phages mediate horizontal gene transfers and may be involved in maintaining 

the genetic heterogeneity and equilibrium in the rumen ecosystem enabling rapid adaption to 

changes in environmental conditions like shifts in diet composition (Swain et al., 1996). 

 

1.3 Dietary Impact 

Amongst many aspects such as age and species of the host, the diet fed to the animals 

is the main factor shaping the structure and the functions of the rumen microbiome (Tajima et 

al., 2001; Ley et al., 2008; Ellison et al., 2014; Henderson et al., 2015). The most common 

forages used for high-performance dairy cows and fattening cattle across Europe and North 

America are corn silage and grass silage (Wilkinson et al., 1996) whereas grass hay plays an 

important role in raw milk-based food production. Silage-derived, non-pasteurized milk may 

cause problems involving spores of certain Clostridium species (Cremonesi et al., 2012; La 

Torre et al., 2016). Further, high-producing dairy cows and meat cattle require large amounts 

of energy in form of readily available starch and soluble sugars resulting in an increased 

supply of concentrate used in the respective diets. In consequence, ruminal fermentation rates 

increase and more short-chain fatty acids are produced in less time, which can cause a drop in 

rumen pH and subsequently initiate a detrimental rumen acidosis affecting health and 

performance of the animals. Additionally, lower fiber contents in the animal’s diet reduce the 

rate of rumination, which in turn influences salivation and thus, further decreases the 

buffering capacities of the rumen (Hook et al., 2011b; Dijkstra et al., 2012).  
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Regarding the rumen microbiome, dietary changes may be equated with changes in 

environmental conditions causing a disturbance in the rumen ecosystem (Monteils et al., 

2012) which requires adaptation of the microbial communities shifting towards a more 

suitable structure for digesting the respective compounds. Fiber-rich diets such as grass-silage 

and grass hay contain higher amounts of structural carbohydrates and more crude protein 

when compared to corn silage (Phipps et al., 2010) and thus, promote an increase in 

abundance and metabolic activity of cellulolytic, hemicellulolytic, pectinolytic and proteolytic 

bacterial specialists. On the other hand, grain-based diets like corn silage but as well 

concentrate contain more storage carbohydrates (Juniper et al., 2008) such as starch and 

sugars and rather stimulate the activity and abundance of amylolytic and saccharolytic 

bacteria. Microbial fermentation of structural polysaccharides yields mainly acetate whereas 

fermentation of starch and soluble sugars results in greater proportions of propionate and 

butyrate as well as higher overall fermentation rates (Czerkawski, 1986). Further, propionate 

formation requires hydrogen and in this competes with the most significant hydrogenotrophic 

methanogenesis in reducing hydrogen availability for the respective methanogenic archaea 

(van Gastelen et al., 2015). Studies confirmed reduced methane emissions of ruminants fed 

with corn silage-based diets (Beauchemin and McGinn, 2005; van Gastelen et al., 2015). 

Degradation of crude protein in grass silage and grass hay is faster and more feasible when 

compared to corn silage whereas readily available energy in corn silage provides a more 

balanced reservoir of energy and protein sources which results in a higher efficiency of 

microbial protein synthesis even though corn silage contains less crude protein (Givens and 

Rulquin, 2004).  

Diet composition, in particular the source of carbohydrates and fiber content used in 

animal diets is the major factor influencing the abundance and metabolic activity of specific 

bacterial groups in the rumen. Those in turn determine the array of fermentation end products 

including enteric methane formation hence affecting as well milk composition (Nielsen et al., 

2006; Livingstone et al., 2015) and animal health (Russell and Rychlik, 2001; Gressley et al., 

2011) and therefore the overall efficiency and performance of the animals.  

Studies examining the dietary impact on fermentation characteristics and animal 

performance are numerous (Abrahamse et al., 2008; Whelan et al., 2011; Brask et al., 2013; 

Dewhurst, 2013; Hassanat et al., 2013; Zhu et al., 2013). The same applies to investigations 

that focus on animal feed-induced shifts in rumen microbial community composition in 

various contexts (Tajima et al., 2001; Fernando et al., 2010; Kong et al., 2010; Pitta et al., 

2010; de Menezes et al., 2011; Ann Huws et al., 2012; Belanche et al., 2012; Carberry et al., 
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2012; Petri et al., 2013; Thoetkiattikul et al., 2013; Zhang et al., 2013; Lengowski et al., 

2016). Nevertheless, most studies available analyzing nutrition- or ration-related effects on 

the rumen microbial communities are restricted to nucleic acid-based approaches with limited 

functional insights. Currently, there are methods available targeting particularly the functional 

profiles of the active rumen microbial communities under certain environmental conditions 

(Deusch et al., 2015). 

 

1.4 Methodology 

Traditionally, the first studies of rumen microbes were based on classical anaerobic 

cultivation of pure cultures to characterize isolated strains of bacteria (Hungate, 1950; Bryant, 

1959; Scott and Dehority, 1965; Hungate, 1966), archaea (Vogels and Stumm, 1980; 

McInerney et al., 1981), protozoa (Oxford, 1951; Sugden and Oxford, 1952) and fungi (Orpin, 

1975; 1976). Cultivation of microorganisms is an essential technique to obtain detailed 

information about physiological properties of single microorganisms (Palleroni, 1997). 

However, besides being costly and laborious in execution, anaerobic cultivation methods 

suffer from severe drawbacks concerning the analysis of total microbial communities since 

the compositions of culture media and other environmental parameters in vitro do not 

resemble in situ conditions. These limitations distort the outcome of such investigations 

(Nocker et al., 2007). Beyond, only a fragment of the total microbial diversity is cultivable 

while the majority remains inaccessible via cultivation-based methods (Amann et al., 1995; 

Creevey et al., 2014). A minority of about 7 to 11% of the rumen bacteria is considered 

cultivable (Edwards et al., 2004; Kim et al., 2014). The rumen microbiome comprises myriads 

of different microorganism hence, only restricted knowledge about actual composition of the 

microbial communities and the totality of processes and interactions carried out in the 

complex rumen ecosystem can be obtained from information about individual, cultivable 

species.  

Deviations between in situ and cultivable diversity have led to the widespread 

application of more precise, culture-independent molecular methods to analyze the structure 

of the most abundant and active microbial communities in the rumen represented by archaea 

and bacteria. Fingerprinting techniques, for instance terminal restriction fragment length 

polymorphism (Khafipour et al., 2009; Castro-Carrera et al., 2014), denaturing gradient gel 

electrophoresis (Sadet et al., 2007; Petri et al., 2012) as well as quantitative real-time 

polymerase chain reaction (Singh et al., 2014; Lengowski et al., 2016) and others like 

fluorescence in situ hybridization (Belenguer et al., 2010; Valle et al., 2015) and microarrays 
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(Kim et al., 2014; Patra and Yu, 2015) are all based on nucleic acids. More precisely, the 16S 

rRNA gene, a ribosomal gene that is present in all prokaryotes exhibiting conserved and 

variable regions, is used to determine evolutionary relationships and phylogenetic similarities 

between species (Youssef et al., 2009). In particular next-generation sequencing approaches 

of polymerase chain reaction (PCR)-amplified 16S rRNA gene have provided unique and 

invaluably detailed knowledge about the composition of the rumen microbiome elucidating 

the relative abundance of species and the overall diversity and richness (Edwards et al., 2004; 

Mackie and Cann, 2005; Lee et al., 2012; Shabat et al., 2016). 

Nevertheless, only limited functional information can be obtained from such data 

since, next to the bias introduced by DNA extraction (Bergmann et al., 2010) and PCR 

amplification (Hong et al., 2009; Huber et al., 2009), most 16S rRNA gene sequences stem 

from cloning of environmental DNA and do not directly relate to already cultured 

prokaryotes. Functional capabilities concerning ecological niches are often strain-specific and 

even closely related species exhibit a vastly different functional potential (Violle et al., 2012; 

Zhu et al., 2015). Additionally, many 16S rRNA gene sequences identified are not present in 

databases like the Ribosomal Database Project (Cole et al., 2009) representing novel, 

completely undescribed species. Further, DNA-based methods may include dead, lysed and 

dormant cells not contributing to actual functional processes and interactions. 

Following the dogma of molecular biology, structural information obtained from the 

16S rRNA gene can be extended by messenger RNA/complementary DNA- (Wang et al., 

2011; Kang et al., 2013) and protein-based approaches which rather target the metabolically 

active consortia of a microbiome and provide a more reliable analysis of functions and 

expressed metabolic pathways within the rumen ecosystem. Moreover, bioinformatic and 

technical advances paved the way for Omics-technologies (Seifert et al., 2013) such as 

metagenomics, metatranscriptomics and metaproteomics as well as metabolomics (García-

Cañas et al., 2014). High-throughput next-generation shotgun sequencing of total DNA does 

not require prior knowledge about the microbial communities and is not restricted to specific 

genes like the 16S rRNA gene allowing to bypass cloning and PCR-related bias resulting in a 

more comprehensive functional prediction that includes all genes potentially present (Brooks 

et al., 2015; Jovel et al., 2016). Moreover, metatranscriptomic analyses can access the 

expression of genes present in the rumen under certain conditions (Bashiardes et al., 2016; Li 

et al., 2016; Li and Guan, 2017). Metagenomic studies revealed further insights into the 

phylogenetic diversity and potential functions of rumen microbial communities (Brulc et al., 

2009; Hess et al., 2011; Ferrer et al., 2012; Pope et al., 2012; Wang et al., 2013; Denman et 
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al., 2015) and constructed comprehensive metagenomic data publicly available (Meyer et al., 

2008) that include also sequences of uncultured and novel microorganisms (Raes and Bork, 

2008; Rinke et al., 2013). Increasing numbers of metagenomic datasets provide a growing 

availability of reference sequences essential for appropriate metaproteomic studies, which 

enable the link between genetic potential and functional expression of microbial communities 

in specific environments (Seifert et al., 2013). 

Tandem mass spectrometry-based shotgun metaproteomics access the entirety of 

proteins expressed by the microbial communities of a given ecosystem and provide increased 

information about taxonomic diversity, actual functional profiles and interactions of the most 

active fractions of the investigated prokaryotic communities (Wilmes and Bond, 2006; 

Hettich et al., 2013; Seifert et al., 2013; Wilmes et al., 2015; Muth et al., 2016). However, 

suitable reference databases (Tanca et al., 2016) and specific sample preparation procedures 

(Seifert et al., 2013) to reduce co-extraction of eukaryotic proteins and increase the coverage 

of prokaryotic cells, especially for the highly heterogeneous rumen sample matter (Deusch 

and Seifert, 2015) are required. Furthermore, humic compounds present in the rumen might 

interfere with the metaproteomic workflow (Chourey et al., 2010; Heyer et al., 2013) that 

includes proteolytic digestion of extracted proteins and subsequent measurements of peptides 

by a one-dimensional liquid chromatography directly coupled to the mass spectrometric 

analysis (Seifert et al., 2013). 

In contrast to proteins, metabolites cannot be assigned to specific strains or species 

and thus, conclusions about metabolic activity of specific members of complex communities 

based on metabolites are impossible (Seifert et al., 2013). Nevertheless, microbially produced 

metabolites such as short-chain fatty acids directly affect the host (Koh et al., 2016) and 

constitute the link between dietary impact on the structure and metabolic activity of the 

microbiome and its influence on the host. Modern high-throughput nuclear magnetic 

resonance-based metabolomic approaches enable the quantification of high numbers of 

metabolites and other substances present in rumen fluid (Ametaj et al., 2010; Lee et al., 2012; 

Saleem et al., 2013) and represent valuable data regarding the activity and abundance of 

specific metabolic pathways despite the lack of phylogenetic information. 

Nowadays, a combination of different state of the art Omics-technologies represents 

the most effective and powerful methodology to investigate the microbiomes of highly 

heterogeneous and complex ecosystems likes the rumen (Figure 2) to obtain the most precise 

and comprehensive insights (Lamendella et al., 2012; Morgan and Huttenhower, 2014; 

Deusch et al., 2015). 
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Figure 2| Combination of different Omics-technologies to study the rumen microbiome. 

 

 

1.5 Objectives 

During the last decade, the application of Omics-technologies and their combination 

were commonly used to investigate the microbial communities of the human gastrointestinal 

tract but available studies in livestock science employing state of the art methods are rare. The 

first step of this project was to provide an overview about Omics-based research of the gut 

microbiome of farm animals including as well pre-Omics-approaches, further comparing and 

discussing their major findings. At that time, most studies considered relied on stand-alone, 

mainly DNA-based methods and functional metagenomics to investigate the rumen microbial 

communities. This clearly emphasized the importance of protein-based analyses such as 

metaproteomics and the integration of various methods to study the rumen microbiome to 

gain deeper, more complete insights into the actual functions carried out by specific groups of 

the prokaryotic communities. The first manuscript with the title “News in livestock research 

– use of Omics-technologies to study the microbiota in the gastrointestinal tract of farm 

animals” was published in the Computational and Structural Biotechnology Journal in 2015. 
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The next step of this work was to achieve a feasible mass spectrometry-based 

metaproteome characterization of the prokaryotic communities in the rumen requiring the 

development of specific sample preparation protocols and workflows to overcome the typical 

heterogeneity of the rumen sample matter. Further, different ecological niches within the 

rumen had to be taken in account to obtain representative samples. The tightly fiber-adherent 

bacterial consortia required detachment from plant-particles prior to the separation from the 

residual matter. The second manuscript “Catching the tip of the iceberg – Evaluation of 

sample preparation protocols for metaproteomic studies of the rumen microbiota” was 

published in the journal of Proteomics in 2015. 

 

The final step and the major aim of this project was the in depth analysis of the most 

active members of the complex bionetwork inside the rumen consisting of archaea and 

bacteria and their adaptive response to the most common forages, corn silage, grass silage and 

grass hay in order to extend knowledge about dietary effects to improve the efficiency in 

animal production. So far, the best of my knowledge, there are no studies investigating the 

metaproteome expressed by the entirety of archaeal and bacterial communities in the different 

phases of the rumen ecosystem under varying dietary influence. Structural and functional data 

obtained from the metaproteomic approach were further supplemented by 16S rRNA gene-

based analyses of the archaeal and bacterial community structures and the metabolomes of 

rumen fluids were quantified by nuclear magnetic resonance to obtain insights as accurate and 

complementary as possible (Figure 2). The third manuscript carrying the title “A Structural 

and Functional Elucidation of the Rumen Microbiome Influenced by Various Diets and 

Microenvironments” was published in Frontiers in Systems Microbiology in 2017. 
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2. NEWS IN LIVESTOCK RESEARCH – USE OF OMICS-

TECHNOLOGIES TO STUDY THE MICROBIOTA IN THE 

GASTROINTESTINAL TRACT OF FARM ANIMALS 
 

2.1 Abstract 

Technical progress in the field of next-generation sequencing, mass spectrometry and 

bioinformatics facilitates the study of highly complex biological samples such as taxonomic 

and functional characterization of microbial communities that virtually colonize all present 

ecological niches. Compared to the structural information obtained by metagenomic analyses, 

metaproteomic approaches provide, in addition, functional data about the investigated 

microbiota. In general, integration of the main Omics-technologies (genomics, 

transcriptomics, proteomics and metabolomics) in live science promises highly detailed 

information about the specific research object and helps to understand molecular changes in 

response to internal and external environmental factors.  

The microbial communities settled in the mammalian gastrointestinal tract are 

essential for the host metabolism and have a major impact on its physiology and health. The 

microbiotas of livestock like chicken, pig and ruminants are becoming a focus of interest for 

veterinaries, animal nutritionists and microbiologists. While pig is more often used as an 

animal model for human-related studies, the rumen microbiota harbors a diversity of enzymes 

converting complex carbohydrates into monomers, which bears high potential for 

biotechnological applications. 

This review will provide a general overview about the recent Omics-based research of 

the microbiota in livestock including its major findings. Differences concerning the results of 

pre-Omics-approaches in livestock as well as the perspectives of this relatively new Omics-

platform will be highlighted. 

© 2014 Deusch et al. Published by Elsevier B.V. on behalf of the Research Network 

of Computational and Structural Biotechnology. This is an open access article under the CC 

BY license (http://creativecommons.org/licenses/by/4.0/). 

 

2.2 Introduction 

The methodology to study the microbial communities (microbiota) inhabiting the 

gastrointestinal tract (GIT) of livestock was changing from classic cultivation techniques and 

pure culture characterization to state of the art Omics-approaches (Figure 3). Despite 

cultivation being a sound technique to characterize the physiological properties of 

http://creativecommons.org/licenses/by/4.0/).
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microorganisms [1], there are severe drawbacks in using this as a tool for characterizing 

bacterial communities. Typically, the culture media do not resemble in situ conditions and in 

some cases the carbon richness is higher than the substrates found in situ, allowing the growth 

of only a small fraction of the community while suppressing other members [2]. In the past, 

cultivation studies have contributed to our understanding of the gut microbiota, but the limits 

of these methods directed us to an inaccurate and incomplete knowledge of a niche where 

most microbiota still remain unknown. The inconsistency between in situ and cultivable 

diversity has resulted in the widespread use of culture-independent molecular approaches 

[3,4]. Microbial community profiling methods (16S ribosomal RNA gene based approaches) 

have become important tools to characterize microbial communities and the interactions 

between the microorganisms present in the GIT. In addition, the complexity of the microbial 

processes harbors new enzymatic functions, which are of interest for biotechnological 

applications. Overall, the analysis of the microbiota is important to improve animal nutrition 

strategies and animal health. This knowledge can be used to modulate the microbiota to 

reduce antibiotic treatments and, in the case of ruminants, to inhibit the formation of emission 

gases. Thus, the progress of Omics-technologies and the availability of bioinformatic tools to 

evaluate big datasets demand their use in these fields of research.  

Two pyrosequencing techniques, 454 (Roche) and sequencing by synthesis (Illumina), 

are mainly used for (meta-)genomic and (meta-)transcriptomic projects. Both systems have 

unique features, such as short paired-end reads (max. 2 × 300 bp) with Illumina vs. long read 

length (600-800 bp) with 454. The latter one is more feasible in terms of shotgun sequencing 

studies (see below) [5,6], while Illumina provides barcoding strategies and bigger data sets 

that are more favorable to analyze hundreds of samples in targeted sequencing projects [6]. 

Two other techniques, that were not frequently applied for metagenomic studies of animal 

microbiota, are the Ion Torrent (Life Technologies) and the PacBio (Pacific biosciences). All 

techniques are continuously improving and a state of the art overview is given by C. Knief [6] 

or can be found at the respective company webpages. 

The gene of choice to analyze the phylogenetic composition of a microbial community 

is the 16S rRNA gene, a ribosomal gene in prokaryotes characterized by conserved and 

variable sequence regions, which is used to calculate evolutionary relationships and 

similarities between the species [7]. There are a couple of techniques in molecular ecology, 

such as fingerprinting methods, microarrays and fluorescence in situ hybridization which use 

the 16S rRNA gene as a target molecule. In this review, we focus mainly on next-generation 

sequencing methods to describe the microbial community structure.  
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Figure 3| Workflow of possible methods to study the structure and function of the microbiota 

in farm animals. 

 

Nowadays the total diversity of a microbiological sample is analyzed preferably by 

pyrosequencing of the 16S rRNA gene, obtained by amplification of extracted DNA. The 

active fraction of the community is analyzed using mRNA/cDNA. Subsequent to 

pyrosequencing, quality filtering and denoising processes have to be applied. The reads 

should be checked for chimeras and clustered to operational taxonomic units (OTU) in order 

to assign the respective taxonomies to the sequences. There is a diverse range of 

bioinformatics tools available in free software platforms such as Mothur, QIIME, RDP 

pipeline, LIBSHUFF, UniFrac and MEGAN that support data analysis and convert data to 

formats that can later be used in statistical packages like R, Metastats or Primer-E. A detailed 
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overview of the methods can be found in several review papers [5,8]. These pipelines should 

be used with special care as it is not only important to make sense of all the raw data, but also 

to ensure that the final picture is a direct reflection of the original raw data collected and thus 

of the original community structure of the sample. The output data reveal ecological indices, 

relative abundance values of the identified taxa and enable a pre-selection for a targeted 

quantitative PCR (real-time PCR) approaches if necessary. 

In addition to the phylogenetic structure of the community, the analysis of encoded 

and expressed metabolic pathways is the second objective. Metagenomic or 

metatranscriptomic data are obtained by shotgun pyrosequencing of the total DNA and 

cDNA, respectively. Reads have to be quality filtered, assembled to contigs, binned and 

assigned to taxonomies and possible gene functions. As the assembly requires sequence reads 

with appropriate length, so far 454 pyrosequencing was the method of choice as it produces 

reads up to 800 bp (see above). Due to the progress in data generation and bioinformatic 

processing Illumina pyrosequencing is recently used as well. Several tools are available for 

the annotation of open reading frames on the contigs, MG-RAST [9], MEGAN5 [10], IMG/M 

[11], Metarep [12] and MicroScope [13]. CAMERA portal [14] was shut down in July 2014. 

These tools can also be used for metabolic pathway reconstruction. This is usually done based 

on the KEGG database [15] or the subsystem classification of SEED [16]. 

In addition to metatranscriptomic studies, the community activity can be assessed 

based on expressed proteins and formed metabolites. Metaproteomic studies investigate the 

protein inventory of a specific sample at a certain point of time [17]. This allows the 

identification of the active microbial fraction and their expressed metabolic pathways. The 

first key step is to find an optimized sample preparation protocol to avoid co-extraction of 

eukaryotic proteins and to get a purified protein sample. The following workflow depends on 

the available technical equipment [18]. In a gel-based approach, proteins are separated and 

proteolytically digested into peptides followed by a one-dimensional liquid chromatography 

directly coupled to the mass spectrometric analysis (LC-MS/MS). In a gel-free approach, 

peptides are prepared by in-solution digestion directly in the protein mix. Peptides are 

separated by two-dimensional LC and measured by MS/MS analysis. The protein 

identification is the second big challenge as it is highly depending on the available sequence 

database which can either be used from public resources or sample-specific sequences. An 

overview of available bioinformatic tools and workflows are given in [18,19]. The coverage 

of metaproteomic studies of complex microbial samples, such as feces or rumen contents, is 

still low. Since there is a high species diversity and cell density in these types of samples, only 
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abundant proteins are identified while rare species, that may have important metabolic 

functions, are missed. Targeted proteomic approaches, like selective reaction monitoring 

(SRM) can be used to specifically detect and quantify proteins of interest [20]. Metabolomic 

approaches are becoming more interesting for microbial ecology studies as the technical 

progress allows a comprehensive analysis of hundreds to thousands of metabolites. NMR- and 

MS-based methods are available and their application to detect defined groups of metabolites 

is reviewed by Xie et al. [21]. 

The following sections will provide an insight into the ongoing research of the 

microbiota of the gastrointestinal tract of livestock animals with special emphasis to the use of 

Omics-technologies and their importance for the understanding of these niches. 

 

2.3 The Microbiota of Chicken 

The chicken intestinal environment comprises a vast and diverse assemblage of 

microorganisms living not as single species populations, but rather in complex communities 

comprising multiple species that include animal and human pathogens. Intricate networks of 

interactions between the microorganisms and their environment shape the respective 

communities and are important for animal welfare and food safety reasons. The chicken GIT 

consists of more than 900 species of bacteria. This diverse microbiota helps not only the 

breakdown and digestion of food but also plays an important role concerning the growth and 

health of the host [22].  

In the past, the chicken GIT microbial community was studied by culture-based 

methods. These studies discovered that 10-60% of cecal bacteria can be cultured [23,24] and 

about 45% could be assigned to the genus level [22]. The profiles of the different gut sections 

are nowadays studied using cultivation-independent methods like clone libraries [25-27], 

denaturing gradient gel electrophoresis (DGGE) [28], temperature gradient electrophoresis 

(TGGE) [27], terminal restriction fragment length polymorphism (T-RFLP) [4,29-31], 

quantitative PCR (qPCR) [32], microarrays [33], next-generation sequencing [34-39] and 

metaproteomics [40].  

Regarding the research in microbial ecology of the chicken GIT, several studies 

focused on the influence of diet [25,31,32,41], antimicrobial feed additives [29,34] host 

genotype [38,42], gender [38], spatial microbial diversity [25,28,31,43], age [28], 

development and temporal microbial variations [22,26,28]. It is important to take into 

consideration that all these factors may change the bacterial community of each section. Sklan 

et al. showed that the different sections of the chicken GIT are highly inter-connected [44]. 
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However, because of the high diversity within each section, it has been suggested to analyze 

them as separate ecosystems [28]. It was demonstrated that the microbial communities 

colonizing the GIT of chicken benefit the host [29,31,36]. Nevertheless, two recent studies 

revealed that this colonization can also harm the host [35,45].  

After hatching, the colonization of the chicken GIT begins. This is a moment of great 

importance regarding the establishment of the microbial communities. Although the 

colonization of the chickens by maternally derived bacteria is low, some studies postulated 

that the microbial community structure of the small intestine settles within two weeks. Older 

studies showed that cecal bacteria need longer time to develop [40,46]. The gut is colonized 

by commensal, transient and pathogenic microorganisms. Commensal microorganisms are 

beneficial to the host as they provide amino acids, short-chain fatty acids and vitamins [40]. 

Stanley et al. observed inter-individual GIT variation between microbial groups and also 

differences between groups of birds from replicate trials. It was suggested that the hygiene 

levels of the new hatcheries might cause highly variable gut microbial community [37].  

The chicken gut is divided in three upper segments: crop, proventriculus and gizzard. 

The crop is a food storage muscular pouch related to the breakdown of starch and the 

fermentation of lactate. Digestion starts in the proventriculus while the gizzard grinds food. 

Because of its lower pH and fermentation activity, the gizzard functions as microbial barrier. 

Similar microbial communities were found in the crop and gizzard. Lactobacilli, facultative 

and microaerophilic bacteria are the most dominant bacteria present in this two segments. 

Other abundant species belonged to Clostridiaceae, Enterococcus and in the case of the crop 

also Bifidobacterium and Enterobacteriaceae (Figure 4) [25,46,47]. The small intestine is 

relatively long and has a constant diameter. It consists of three parts: the duodenum, jejunum 

and ileum where the nutrient absorption and food digestion occurs. Due to the low pH, 

pancreatic and bile secretions, the bacterial density in the duodenum is comparably low. 

Besides Lactobacillus as the main colonizer of the jejunum (reaching coverage of up to 99%), 

Streptococcus was identified as well. Amit-Romach et al. has shown that the relative 

proportion of Lactobacillus spp. in duodenum and jejunum increases within age [48]. The 

chicken's ileum harbors Lactobacillus in higher abundance (> 68%) and in lower abundances 

Streptococcus, Enterobacteriaceae and Clostridiaceae [28,43]. Lu et al. demonstrated that 

during all different stages of microbial community development in the ileum Lactobacilli 

were dominant [26]. This gut section is also known to be colonized by novel butyrate 

producing bacteria that may play an important role regarding the availability of nutrients, 

absorption rate and chicken performance [47]. 
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Figure 4| Phylogenetic distribution of bacterial families in different GIT sections of chickens, 

pigs and cows. Chicken's crop, jejunum and cecum data arise from the analysis of V1-V3 16S 

rRNA region as performed by Videnska et al. [51], Stanley et al. [36] and Sergeant et al. [39], 

respectively. All pig's data arise from the study performed by Looft et al. [57] on V1-V3 16S 

rRNA region. Cow's data derive from the work performed by Wu et al. [89] on V3-V5 16S 

rRNA region. 

 

Chickens have two ceca which are important for recycling urea, the absorption of 

water, and digestion of cellulose, starch and polysaccharides. These two fermentation 

chambers have the highest bacterial density and are colonized by obligate anaerobes like 

Clostridium, Bacteroidetes, and Bifidobacterium (Figure 4) [42]. Recently, 16S rDNA 

amplicon pyrosequencing studies estimated a bacterial population of about 700 species [39]. 

This wealth of microorganisms makes the ceca an important study site and a reservoir rich in 

unknown and uncultured microorganisms and pathogens [30,39,46,47]. Qu et al. proved that 

mobile DNA elements are the cause of functional microbiome evolution and that horizontal 

gene transfers and the metavirulomes of cecal microbiomes were related to the host 

environment [49]. A metagenomic analysis of the chicken cecum using the Illumina MiSeq 

2000 system revealed a relatively high proportion of sequences encoding glycosyl hydrolases 
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that were identified by sequence comparison with the carbohydrate active enzymes (CAZy) 

database (Figure 5) [39]. More than 200 genes of non-starch polysaccharide-degrading 

enzymes were identified indicating a great potential for xylane degradation compared to a 

lower cellulolytic potential in the ceca. This is also congruent to the comparative study of 

Waite and Taylor describing an abundance of β-xylosidase and β-glucosidase in grain-fed 

chickens [50]. Both studies also described the presence of genes involved in propionate and 

lactate production [39,50].  

Chicken feces samples are colonized by Lactobacillus, Clostridium, Faecalibacterium, 

Ruminococcus, Bacillus, Eubacterium, and Fusobacterium (Figure 4). Here the microbiota is 

not stable and it has been proposed that these fluctuations are related to the emptying of the 

previous gut sections [25]. A recent study in meta-analysis of the avian gut microbiota 

showed that genes related to cytokine receptors and cell adhesion grouping into “signaling 

molecules and interaction” were less present in fecal samples indicating a lower potential of 

host/bacteria interactions [50]. The only metaproteomic study using a chicken fecal sample 

identified about 3487 proteins in total [40]. Bacterial proteins mainly belonged to 

Lactobacillus and Clostridium. Gene ontology analyses showed that the majority encodes for 

stress-related proteins like chaperons and proteases as well as enzymes involved in glycolysis 

[40].  

Antibiotic growth promoters improve chicken growth performance and health status. 

The inclusion of penicillin in diets increases the body weight of chickens and also the 

Firmicutes to Bacteroidetes ratio in ceca. These effects might be caused by a reduction of the 

weight of the small intestine and the thickness of the gut wall, increasing the absorption of 

nutrients. The addition of the antibiotics tetracycline and streptomycin also induces a rapid 

shift in microbial community, increasing the prevalence of Lactobacillales and 

Enterobacteriales in fecal samples. The restoration of the microbial community after usage of 

these antibiotics was observed after removing the therapy [51].  

In the era of next-generation sequencing, high-throughput technologies have brought 

an immense contribution in characterizing the poultry microbiota, bridging genomics, 

immunology, physiology, host and environmental factors to give a precious insight into 

animal production, food safety and public health. 
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Figure 5| Abundance of glycoside hydrolase (GH)-families in metagenomes of bovine rumen 

and chicken cecum. The percentage of each GH-group relative to the total number of GH-

families identified in each metagenomic dataset is shown grouped according to major activity 

[90]. Brulc et al. [72] [Angus steers] — Pyrosequencing data (shotgun sequencing using GS20 

from 454 Life Science) of 4 metagenomic samples; the mean of three fiber-adherent and one 

pooled liquid sample is shown. The average size of the metagenomes was 0.026 Gb. The 



Chapter II   -   1st MANUSCRIPT 

_____ 
29 

samples were obtained from three 5-year-old Angus Simmental Cross steers maintained on 

grass-legume hay. Hess et al. [70] [Guernsey cows] — Massively parallel shotgun sequencing 

using Illumina GAIIx and HiSeq 2000 was applied on metagenomic samples of the fiber-

adherent rumen microbiota of two Guernsey cows kept on a mixed diet containing 60% fiber. 

The total metagenome size was 268 Gb. Wang et al. [91] [Jersey cows] — All samples were 

pooled at equal amount and pyrosequenced with the Roche GS FLX Titanium system. 

Average size of metagenomes was 0.49 Gb. Rumen digesta samples were collected from two 

Jersey cows fed mainly Timothy grass hay ad libitum. Sergeant et al. [39] [Ross broilers] — 

Cecal samples were collected from 10 Ross broilers consuming a wheat based diet with 5% 

maize which contained ionophores but no antibiotics. Sequencing was carried out on the 

Illumina Miseq 2000 system. 

 

2.4 The Microbiota of Pig 

Pigs harbor a complex gut microbiota, which establishes strong and complex 

interactions with the host. Since the importance of these interactions and their implication in 

nutritional, immunological and physiological functions became more relevant, several 

research groups started to focus on the characterization of the porcine gut microbiota by using 

different methods. In the past, members of the porcine gut microbiota were investigated by 

cultivation attempts that are limited to a small fraction as it is difficult to achieve optimal 

growth conditions in vitro [52]. However, cultural methods are still used and flanked with 

cultivation-independent techniques. Furthermore, isolation attempts of novel species are still 

necessary to describe novel metabolic functions by physiological tests. Disadvantages of the 

culture-based methods triggered a wider use of cultivation-independent methods for the 

investigation of gut microbiota in the last two decades [4]. qPCR [53-55], T-RFLP [53,55] 

and microarrays [56] were used to study the porcine microbiota. A comparison between 

culture-based and fluorescence in situ hybridization combined with flow cytometry detection 

(FCM-FISH) methods were performed by Collado and Sanz [52] and revealed a better 

sensitivity with the FCM-FISH technique. Currently, several studies applied Omics-

technologies such as metagenomics [57-62] and metabolomics [63-66]. To our knowledge, no 

metaproteomic and metatranscriptomic study on pig's gut microbiota was published so far.  

Most investigated sections within the pig's GIT are ileum (small intestine), cecum and 

colon (large intestine) (Figure 4). Phylogenetic characterization, based on amplification of the 

V1-V3 region of 16S rRNA gene and pyrosequencing of the amplicons, showed both 

longitudinal and radial differences along the GIT [57]. The ileum lumen samples, for 
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example, revealed a lower diversity in terms of richness and abundance when compared with 

other gut sections. This comprises almost exclusively Firmicutes and Proteobacteria, whereas 

the phylum level profiles of the cecum and mid-colon are highly congruent and include 

mainly Firmicutes, Proteobacteria, Bacteroidetes and Spirochetes. Other phyla such as 

Fibrobacteres, Actinobacteria, Tenericutes, Synergistetes and Planctomycetes are present but 

their sequences constitute less than 1% of total rRNA gene sequences [57]. Interestingly, 

mucosa-associated bacterial communities along GIT are different from those present in the 

lumen. However, statistically significant differences were found solely in the ileum between 

the mucosal and luminal communities and most lumen-associated bacteria were also found at 

mucosal level. Total DNA sequencing using 454 pyrosequencing and a subsequent SEED 

subsystem annotation of metagenomic sequences from GIT sections showed that unlike 

samples from the large intestine, the ileum microbiota was completely devoid of enzymes for 

pectin and hemicelluloses degradation [57]. By contrast, all sites encode starch-degrading 

enzymes. Members of Bacteroidetes represented about half of the microbiome in large 

intestine sections and harbored enzymes for polysaccharide degradation. The ileum was 

enriched in Firmicutes-associated genes of numerous bacterial ABC transporters for 

monosaccharides and amino acid uptake and bacterial carbohydrate transport 

phosphotransferase systems showing a preference for the metabolization of easily accessible 

low molecular weight molecules by Firmicutes species. Therefore, a clear separation of the 

carbohydrate degradation steps based on the phylogenetic level in the pig GIT can be made, 

starting with the conversion of polysaccharides to oligosaccharides by pathways encoded in 

Bacteroidetes and followed by the uptake and fermentation of monosaccharides by metabolic 

processes encoded in Firmicutes.  

Concerning fecal-associated microbiota, shotgun metagenomics analysis followed by 

sequence annotation using both MG-RAST and JGI IMG/M-ER pipelines [59] showed that 

metagenomic swine fecal datasets were dominated by the phyla Firmicutes and Bacteroidetes. 

Numerically-abundant bacterial orders revealed that Clostridiales, unclassified Firmicutes, 

Bacteroidales, Spirochaetales, unclassified Gammaproteobacteria, and Lactobacillales were 

the top six most abundant bacterial orders. Archaeal sequences constituted less than 1% of 

total 16S rRNA gene sequences, and were dominated by the Methanomicrobia and 

Thermococci [59]. Annotation pipelines used by Lamendella and co-workers have shown that 

carbohydrate metabolism was the most abundant SEED subsystem, representing 13% of 

swine fecal metagenomes [59]. Other abundant functional genes were associated with the 

subsystem cell wall and capsule, stress, and virulence. Additionally, 75% to 90% of 
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metagenomic reads could not be assigned to subsystems, suggesting the need for improving 

binning and coding region prediction algorithms to annotate these unknown sequences [59]. 

Structure and activity of GIT microbiota can differ significantly between animals 

depending on the breed, diet, health status, age and environment [56-58]; suggesting the 

investigation of pig's gut microbiota as a powerful and versatile tool to predict effects of new 

feeding/breeding strategies and also perform studies on animal welfare. A study investigating 

diet-induced obesity in pigs identified an increase in proportion of the phyla Firmicutes 

compared to Bacteroidetes by T-RFLP and qPCR approaches [55]. This study also points 

towards high fat/high caloric diets as a main factor changing the gut microbial community 

composition. In addition, non-targeted metabolite profiling approaches used by Hanhineva et 

al. discovered that metabolic effects of high fat diets causing obesity were observed in all 

examined biofluids (plasma, urine, and bile) [66]. 16S rRNA sequencing investigations were 

performed to observe possible effects of genetically modified maize on the intestinal 

microbiota either in short [67] or long-term [60] pig feeding studies. Similar levels of overall 

biodiversity for both treatments (isogenic vs. Bt-maize) were determined; moreover, no 

statistical differences occurred in microbiota composition except for the genus Holdemania 

that was more abundant in isogenic group. However, the authors argued that this difference 

may be related to the changing of the maize source during the animal's early life, when the gut 

microbiota has not completely developed [60].  

Several other studies investigated how different diet composition can affect porcine 

gut microbiota in order to draw either a balanced diet able to ensure a higher animal growth 

rate [53,61,63,64], or cost-effective [60] and environmental friendly diets [54,61]. Another 

point of interest is the potential of the intestinal microbiota to improve the animal's health 

status by stimulating the growth of beneficial commensal on the expense to opportunistic 

pathogens [53,54].  

Since the importance of gut microbiota in animal production was clarified, the study 

of in-feed antibiotic (AB) effects on porcine gut microbiota is now of great importance. 

Nowadays various groups focus on understanding how the use of antibiotics promotes animal 

growth and how it affects the gut microbiota in short- [58] and long-term treatments [56]. It is 

also of interest if different effects occur depending on genetic background, age, and/or 

environment where the animal is bred [58]. Particular attention is attributed to the 

investigation of gut microbiota development of AB-treated sow's offspring in order to 

understand how imprinting mechanisms can be impaired in AB-treated pregnant sows [56]. 

However, more investigation in this field is required, not only due to its importance to human 
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health. Further studies to analyze the active fraction of the microbiota in the porcine gut by 

using metatranscriptomics and metaproteomics have to be done in the future. 

 

2.5 The Microbiota in the Rumen 

Over 3.5 billion domesticated ruminants worldwide including cattle, sheep and goats 

(http://faostat.fao.org/) constitute a highly significant source of food products to humans. 

These animals host a complex gut microbiome (comprising about 1010 bacteria, 107 archaea, 

108 protozoa and 103 fungal spores per ml rumen fluid [68]) which in exchange provides 

various enzymes essential for the breakdown of plant fibers into volatile fatty acids and 

microbial crude protein. The microbial community composition and the active metabolic 

pathways involved in ruminal microbial metabolism were studied intensively during the last 

years and are of great interest to animal nutrition [69], biotechnology [70] and climatology 

[71].  

In cell numbers bacteria are most abundant representing over 95% of microorganisms 

within the rumen ecosystem [72] and were first described using classical microbiology 

methods [73]. Over 200 bacterial species from the rumen were cultivated and most of them 

have been described physiologically [74]. Nevertheless, nucleic acid based approaches 

revealed that culture-dependent methods can only detect around 11% of the present bacterial 

phylogeny, thus yielding imprecise and incomplete datasets [75]. For example, the cultivable 

genus Ruminococcus was believed to play a major role in ruminal cellulose degradation but 

actually appeared only below quantities of 2% [76].  

Combinations of high throughput Omics-technologies in rumen microbial ecology 

provide a deeper insight into the symbiotic host-microbe relationship and the impact of 

nutritional strategies on the animal performance [77]. Comparisons between studies are 

challenging due to numerous analysis steps, varying methods and sampling strategies. 

Additionally the structure of the rumen microbiota differs significantly across individual 

animals [78] and depends on the substrates provided by specific diets [75]. 

Investigations of the rumen biology usually focus on bacterial or archaeal 

communities neglecting eukaryotic microorganisms. In order to characterize the entire rumen 

community, barcoded amplicons from all three domains of life were mixed and analyzed via 

Multiplex 454 Titanium pyrosequencing [79]. Twelve DNA samples from 11 ruminants out of 

three different species kept on various diets were processed indicated positive associations of 

Methanobrevibacter ruminatium and the Fibrobacteraceae family. The phylogenetic 

distribution was determined considering 257,485 bacterial, 125,052 archaeal, 45,231 

http://faostat.fao.org/)
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protozoal and 186,485 fungal sequencing reads using the QIIME software package [79].  

A comparable high-throughput approach analyzed the gut bacteria, archaea and fungi 

of 12 beef cows via 454 pyrosequencing concluding that in comparison with the bacterial 

community, archaea and fungi were more consistent during dietary alteration in liquid and 

solid fractions [80]. DNA sequences were processed using Mothur and CD-HIT suite. 

Observed species richness based on the V1-V3 region of the 16S rRNA gene accounted for 

1,903 to 2,432 bacterial OTUs and between 8 and 13 archaeal OTUs per sample. Fungal 

OTUs based on 18S rRNA gene ranged from 21 to 40 [80].  

Similar species richness was determined, with more than 1,000 OTUs, by a pyrotag 

sequencing approach of DNA extracts from plant fiber material placed in the rumen for 72 h. 

The same material was used for a deep sequencing approach of the total DNA detecting a 

huge number of CAZymes (Figure 5) and allowing the assembly of 15 genomes of uncultured 

bacteria [70].  

The diversity of the bacterial community structure was analyzed in liquid and solid 

fractions of the rumen via metagenomic approaches [72,81] and confirmed the previous 

findings of a DGGE-ARISA study [82]. Bacteria more abundant in solid fractions, as 

Ruminococcus spp., Fibrobacter succinogenes and Selenomonas ruminatium, are more likely 

to be involved in the degradation of polysaccharides. The average number of identified 

sequences per animal within diet and fraction ranged from 1,822 in the Bermuda grass liquid 

fraction to 3,675 in the wheat solid fraction [81].  

A PCR-DGGE fingerprint study indicated that the bacterial community structure of 

three Holstein cows did not change among five different gut sampling locations and three 

daily time points. Anyhow, a greater community shift was observed between individuals fed 

the same diet concluding that the deviation between animals is greater than the differences 

between fractions or time points [83].  

An Illumina GAIIx-based study applied massively parallel sequencing to establish 

quantitative rumen microbiome profiles [84]. Eleven rumen fluid samples of three dairy cows 

resulted in more than 6million reads of 146 bp length in each library. Commonly applied 

freeware was used to process the obtained sequence data. It was confirmed that the variation 

in rumen microbial metagenomes of different animals was greater within samples of the same 

rumen [84].  

Furthermore, differences in rumen microbial ecology of 16 Holstein Friesian dairy 

cows kept on an equal diet were determined by bacterial tag-encoded amplicon 

pyrosequencing from the V2 and V3 regions of the 16S rRNA gene. In total 162,000 
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sequencing reads were filtered using the QIIME pipeline yielding 4,986 OTUs overall. The 

samples had an average of 1,800 OTUs but shared only 154 OTUs out of 32 genera. This 

comparably small core microbiome suggests a high functional similarity between individuals 

despite the actually observed phylogenetic differences [78].  

The rumen microbiotas of three steers consuming a common diet were investigated by 

a full-length 16S rDNA clone library approach and 454 pyrosequencing of the total DNA 

[72]. Most sequences (64%) aligned to 59 OTUs are present in all libraries, whereas 273 

OTUs containing 10% of sequences belonged to a single library. Besides, a wide range of 

unique glycoside hydrolase catalytic modules with 3,800 sequences belonging to 35 glycoside 

hydrolase families were found to be present in the bovine microbiomes [72].  

The rumen microbiome represents an important source of novel enzymes promising 

for biotechnological applications (Fig. 3). A deep sequencing approach using paired-end 

Illumina sequencing of DNA extracts obtained from plant fiber-adherent bacteria of a cow 

rumen yielded in 268 Gb of metagenomic DNA [70]. 27,755 putative CAZy genes were 

identified after sequence analyses showing a sequence similarity of less than 95% for 99% of 

the sequences. To discover new enzyme activities 90 ORFs were selected for protein 

expression studies and 57 of the expressed proteins showed clear cellulolytic activities. This 

study demonstrated for the first time the benefit of deep metagenomic sequencing and activity 

screenings in the discovery of novel enzymes from the cow rumen [70].  

Ferrer et al. used metagenomic libraries and functional screening assays for the 

detection of novel glycosyl hydrolases (GH) [85]. They discovered a multifunctional enzyme 

of GH family 43 belonging to Clostridiales and showing unusually broad substrate specificity. 

The 3D structure of the enzyme was modeled to determine the substrate binding sites and 

catalytic domains. These activity-based screening studies showed clear benefits to discover 

new metabolic functions besides the sole sequence analyses of DNA or RNA extracts.  

Along with the microbial community composition two studies analyzed the rumen 

microbial metabolic profile via NMR [86,87]. Thereby Lee et al. [86] suggested that the 

bovine host breeds are overlaying specific diets as major factor in determining the bacterial 

community structure and their metabolite profiles. Zhao et al. [87] was able to associate 

several metabolites with specific diets containing different types of roughages.  

One study providing valuable information for milk production investigated the 

bacterial communities of 15 dairy cows via pyrosequencing and compared to production 

parameters and milk composition [88]. 141,344 reads averaging 338 bp in length were 

obtained detecting 17 bacterial phyla in total of which only seven were present in all cows. 
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The results indicated that the ratio of Firmicutes to Bacteroidetes was clearly associated with 

milk fat content, but most other taxa were rather related to the residual feed intake phenotype. 

Elucidating the role of rumen microbiota in shaping host physiological parameters may 

promote better agricultural yield through modulation of bacterial community structure [88]. 

 

2.6 Concluding Remarks 

The most extensive surface in the animal body is the GIT that harbors an immense 

variety and amount of microorganisms. Internal and external factors can unbalance this 

dynamic and complex niche and thereby, also disturb or improve the animal's health status. 

Until recently, comparative studies of the microbiota were done between a few points 

of time and samples, sometimes even pooled samples were used. The results are often 

contradictory depending on the used animal (breed, age, gender etc.), the experimental setup 

(feeding and sampling), and used DNA extraction and sequencing method (target region of 

the 16S rDNA gene sequence). Therefore, it is hard to compare those studies and correlate 

them with each other. Nowadays, Omics-methods offer the advantage of being able to reliably 

measure and compare hundreds of samples simultaneously with low costs per sample. The 

millions of sequence reads available through pyrosequencing methods exceed the depths 

necessary to describe microbial community compositions of a few samples by far. Therefore, 

inter- and intra-population similarities, temporal dynamics and effects of external factors on 

the GIT community of livestock should be addressed with the comparison of a broad array of 

samples. Requirements to deeply cover the phylogenetic diversity are optimized nucleic acid 

extraction methods and amplification strategies, especially the choice of the amplification 

region within the 16S rRNA. 

Metagenomic sequencing and genome assemblies of uncultured prokaryotes already 

allows the detection of potential functions of the microbiota, but the analysis of the active 

fraction of the microbiota in the GIT of animals is still in their infancy. Metatranscriptomic 

and metaproteomic analysis should gain more importance within the next years to grant 

deeper insights into the expressed pathways and community interaction mechanisms. Labeling 

and imaging techniques will support the description of the in vivo activity of the communities 

and of single members. Combination of the collected data will support modeling approaches 

to detect microbial response mechanisms towards different feeding strategies, pathogens, 

antibiotics or environmental changes. When compared to the human gut, the analysis of 

livestock GIT was clearly neglected in the past years, but mainly due to the functional 

diversity, it should become of interest for future analyses. 
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3. CATCHING THE TIP OF THE ICEBERG – EVALUATION OF 

SAMPLE PREPARATION PROTOCOLS FOR 

METAPROTEOMIC STUDIES OF THE RUMEN MICROBIOTA 
 

3.1 Abstract 

Various metabolic processes are performed in the rumen caused by a complex 

microbiota comprising bacteria, archaea, protozoa, and fungi. Thus, the description of the 

active microbial fraction and their functions are of great interest for animal nutrition, 

biotechnology, and climatology. Metaproteomic studies of the rumen microbiota are 

challenged by the need of optimized sample preparation protocols in order to retrieve an 

enhanced amount of prokaryotic instead of plant- and bovine-derived cells before protein 

extraction and subsequent LC-MS/MS analysis. The present study evaluates three different 

protocols applied to the rumen microbiota either attached to plant fibers or present as 

planktonic cells. The findings of our work suggest the integration of cheesecloth-gauze 

filtration in sample preparation to achieve a better protein identification ratio. Our data have 

been deposited to ProteomeXchange with identifier PXD001526  

(http://proteomecentral.proteomexchange.org/dataset/PXD001526). 

 

3.2 Introduction 

The rumen represents a huge fermentation chamber within the gastrointestinal tract of 

ruminants hosting various microbial species. The complexity of enzymatic processes to digest 

food and to produce metabolites absorbed by the host is of interest for the discovery of new 

enzymatic functions and inhibiting the release of undesirable by-products (e.g. methane 

emission). So far, the rumen microbial communities and their enzymatic inventories were 

studied by next-generation sequencing methods and functional metagenomics [1-3] but, to the 

best of our knowledge, no study of the rumen metaproteome was published before. This is 

probably due to the manifold compositions of rumen samples, which afford the separation of 

prokaryotic cells from the residual matter prior to protein extraction, aiming at the highest 

possible coverage of the present microorganisms and in this way also increase the reliability 

and the numbers of prokaryotic protein identifications. Fortunately, technical progress in MS 

and an increasing availability of reference sequences enhance the adequate utilization of 

metaproteomic approaches, even concerning highly heterogeneous samples [4]. 

To obtain representative samples, it is likewise important to consider that rumen 

bacteria attach to different substrates present in the rumen [5] and hence, can be roughly 

http://proteomecentral.proteomexchange.org/dataset/PXD001526).
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grouped into (i) free-living bacteria in ruminal fluid, (ii) bacteria loosely attached to feed 

particles and (iii) firmly adhered species [6,7]. Thereby the particle-associated fractions 

constitute up to 80% of the total microbial matter [6,8,9] whereas the number of bacteria 

attached to protozoa, fungi, or the rumen epithelium are negligible [6]. 

In the past, several studies described optimized methods for isolation of rumen 

microorganisms including various chemical and physical treatments, e.g. methylcellulose, 

chilling, or blending, for both, the solid and the fluid fraction of the rumen [10-13]. Here we 

focused on improving the identification ratio of prokaryotic to eukaryotic proteins. Thus, two 

sample preparation protocols for the fiber adherent fractions and one protocol to analyze the 

liquid-associated bacteria and archaea were established and evaluated. 

 

3.3 Materials and Methods 

Solid fraction rumen samples and rumen juice were collected from a fistulated 

Holstein-Frisian cow (approved by Regierungspräsidium Stuttgart; V263/09 TE) 1 h prior to 

morning feeding at the University of Hohenheim. Samples were frozen immediately at -80°C. 

The animal was fed twice a day with 4.5 kg grass hay diet containing 12% concentrate (20% 

soybean, 17% corn, 25% barley, 28% wheat, 4% molasses, 6% minerals).  

A workflow of the following protocols is shown in Figure 6. The first protocol (RS-H) 

investigating the particle-associated ruminal species included HistodenzTM density-gradient 

centrifugation as this was successfully applied for cell separations from rat intestinal samples 

before [14]. A total amount of two times 3 g of the frozen, solid rumen digesta were 

suspended each in 30 mL ice-cold detachment-buffer (0.2 M NaCl; 50 mM Tris-HCl; pH 8) 

containing 0.1% methylcellulose 400 cP (MC buffer) by vortexing. The suspensions were 

subjected to a sonication bath for 1 min and shaken horizontally overnight at 4°C. 

Subsequently, the samples were centrifuged twice for 5 min at 100 × g and 4°C and the 

supernatants were filtered sequentially through sterile 100 and 40 µm polyethylene (PE) 

filters. The filtrates were pelleted by centrifugation for 20 min at 12,000 × g and 4°C and 

stored at -20°C. The frozen pellets were resuspended in 3.5 mL ice-cold detachment buffer by 

vigorous vortexing, and underlayed with an equal volume of detachment-buffer containing 

50% (v/w) HistodenzTM. After 45 min centrifugation at 10,000 × g and 4°C the interphases 

were sampled, pooled, and again centrifuged for 20 min at 12,000 x g and 4°C. The 

supernatant was discarded and the obtained cell pellet was frozen at -20°C.  

The second protocol (RS-C) for the solid rumen fraction utilized common cheesecloth 

gauze as reported by [12,13]. In total 6 g of frozen, solid rumen digesta were suspended as 
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described above. The suspension was subjected to a sonication bath for 1 min and shaken 

horizontally for 3 h at 4°C. Subsequently, the sample was squeezed through two layers of 

sterile gauze and washed twice with 25 mL detachment buffer while squeezing repeatedly. 

The filtrate was centrifuged for 15 min at 200 × g and 4°C, the supernatant was filtered 

through a sterile 40 µm PE filter and centrifuged for 20 min at 12,000 × g and 4°C to finally 

store the cells at -20°C.  

 

 
Figure 6| Scheme of applied workflows to process samples from rumen solid (RS) and rumen 

fluid (RF). 
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The protocol (RF) for the planktonic cells subjected 10 mL of rumen fluid to 1 min 

sonication bath and 1 min vortexing prior to filtering through a sterile 40 µm PE filter. The 

filter surface was carefully scratched with a sterile spatula to prevent clogging. The filtrate 

was centrifuged for 10 min at 300 × g and 4°C and 2 mL of the supernatant were pelleted for 

20 min at 12,000 × g and 4°C. Finally, the supernatant was discarded and the pellet was 

frozen at -20°C.  

Cell pellets obtained from each protocol (RS-H, RS-C, RF) were washed three times 

in 500 µL 50 mM Tris-HCl (pH 7.5; 0.1 mg/mL chloramphenicol; 1 mM PMSF), resuspended 

in 300 µL of 20 mM Tris-HCl (pH 7.5; 2% SDS), and shaken in a Thermo-Mixer (Eppendorf) 

for 10 min at 60°C and 1,200 rpm, and 1 mL 20 mM Tris-HCl (pH 7.5; 0.1 mg/mL MgCl2; 1 

mM PMSF; 1 µL/mL Benzonase) was added and cells were lysed by ultrasonication on ice, 

four times 2 min (amplitude 60%; cycle 0.5), followed by shaking for 10 min at 37°C and 

1,200 rpm. Samples were centrifuged at 10,000 × g and 4°C for 10 min, proteins in the 

supernatant were precipitated using 20% TCA at 4°C for 30 min and centrifuged for 15 min at 

12,000 × g and 4°C. Protein pellets were washed twice in ice-cold acetone and dried by 

vacuum centrifugation. Prior to 1D-SDS-PAGE (12%, 20 min at 20 mA and 30 min at 40 

mA) pellets were resuspended in 35 µL Laemmli-buffer by 5 min sonication bath and 

vortexing. Samples were incubated for 5 min at 95°C to reduce disulfide bonds. Two times 15 

µL were applied on the gel. Each lane representing one sample was cut into five equal-sized 

pieces and subjected to in-gel trypsin digestion overnight [15]. Obtained peptides were 

purified and desalted by C18 microcolumns (Millipore), dried and prior to LC-MS/MS 

measurement reconstituted in 20 µL 0.1% TFA. 

Out of each sample, 5 µL were injected, ionized peptides were analyzed and 

fragmented by a Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific). Details of the 

data acquisition are described in the Supporting Information (Chapter 3.7). 

Raw MS and MS/MS data were processed by Thermo Proteome Discoverer software 

(v. 1.4.1.14), Mascot (v. 2.4), and independently searched against the NCBInr databases (v. 

July 12, 2014) for bacteria (~31 × 106 sequences), archaea (~8.5 × 105 sequences), and 

eukaryota (~12 × 106 sequences). Oxidation of methionine was set as variable modification 

and carbamidomethylation of cysteine as fixed modification. Precursor ion tolerance was 

defined at 10 ppm and fragment ion tolerance to 0.02 Da. Furthermore, all peaks besides the 

top 12 peaks per 100 Da in each MS/MS were removed to denoise spectra before 

identification. Using Thermo Proteome Discoverer, the default filter was set to one peptide 

per protein and a MASCOT significance threshold of 0.05 including a peptide, protein, and 
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PSM FDR below 1%. Protein grouping was enabled with a minimum peptide confidence of 

medium and a delta Cn better than 0.15. Strict maximum parsimony principle was applied. 

The MS proteomics data have been deposited to the ProteomeXchange Consortium 

(http://www.proteomexchange.org) via the PRIDE partner repository [16] with the dataset 

identifier PXD001526. 

Evaluation of performance was done in determining the number of possible peptide 

and protein identifications, the ratio between prokaryotic and eukaryotic proteins, and in 

defining the bias toward specific phylogenetic groups as well as the pI, protein mass, 

subcellular localization, and cluster of orthologous groups (COG) analysis. 

 

3.4 Results 

The RS-C protocol using cheesecloth-gauze yielded the highest number of total, as 

well as archaeal and bacterial protein identifications with up to approximately 2,300 

prokaryotic proteins, respectively approximately 4,800 peptides identified in one of the 

duplicates. Comparing the protocols for the fiberadherent fraction, the RS-C protocol reached 

not only higher numbers of total identifications, but also showed a 25% increase for the 

identification ratio of prokaryotic to eukaryotic proteins. On the other hand, the RF protocol 

for the rumen fluid showed the lowest number of total protein identifications, but as expected, 

resulted in the best ratio of prokaryotic to eukaryotic protein identifications since the sample 

matter contains less plant-derived material (Table 2).  

None of the protocols biased toward a specific protein weight or pI range, nor were 

there any disparities concerning the numbers of peptide-spectra matches (Table 2).  

Phylogenetic analyses were performed using Unipept [17]. The overall distribution of 

bacterial groups is in consistency with literature reports and recent 16S rDNA sequencing data 

of other rumen studies [1-3,18]. Slight distinctions in taxonomic distribution appeared due to 

varying numbers of protein identifications or different sample compositions, ergo solid, and 

liquid rumen fractions. As assumed, the more proteins identified the more precise is the 

subsequent phylogenetic analysis. This might explain the divergence in bacterial species 

distribution in between the two RS protocols (Figure 7A), as well as most of the negligible 

changes in archaeal community structure across all protocols and replicates (Figure 7B). 

Mainly Prevotella sp. belonging to the phyla of Bacteroidetes are known to be more abundant 

in rumen fluid, whereas Fibrobacter succinogenes and several gram-positive families 

belonging to the phyla of Firmicutes are more numerous in solid fractions [18] which is in 

consistency with our findings (Figure 7A and C). In 2004, Shin et al. reported, based on 16S 

http://www.proteomexchange.org)
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rDNA gene sequences, that members of the family Methanomicrobiaceae are the predominant 

archaeal species in rumen fluid [19]. This supports our data pointing toward an increased 

abundance of Methanomicrobiaceae in the fluid rumen fraction (Figure 7B). Eukaryotic 

phylogeny was determined at phyla level as most peptides identified belong to the group of 

viridiplantae and only negligible information concerning protozoal and bovine proteins is 

expected. Generally, using publicly available databases, the taxonomic association of 

proteomic data is always restricted to known organisms. Proteins of unknown or poorly 

characterized species will not be detected by metaproteomic approaches.  

 

Table 2| Number (#) of protein and peptide identifications, average (Ø) pI, molecular weight 

(MW) and peptide-spectra matches (PSM) including standard deviation (σ) of each protocol 

for identifications based on bacteria, archaea or eukaryota sequence databases. The average 

identification ratios of prokaryotic to eukaryotic proteins are given in the third column. 

 
      Protein-

IDs 
Peptide-

IDs 
Ø Ratio      
Protein-

IDs 

Ø    
pI 

σ pI Ø 
MW 

σ 
MW 

Ø 
PSM 

σ 
PSM 

      (#) (#) (BacArc 
: Euk) 

(pH)   (kDa)   (#)   

RS-
H 

Bacteria 
A 1379 3141 

2.02 

6.98 2.09 37.85 27.16 5.33 7.29 
B 1336 2935 6.95 2.04 39.09 28.47 5.53 8.27 

Archaea 
A 96 1798 6.20 1.50 43.94 21.32 5.08 6.50 
B 101 1774 6.32 1.54 43.22 21.61 4.94 6.31 

Eukaryota 
A 742 2336 7.30 1.85 39.81 40.05 15.64 27.73 
B 701 2067 7.15 1.81 38.92 41.03 12.12 17.94 

RS-
C 

Bacteria 
A 2138 4792 

2.50 

7.16 2.15 34.07 27.06 5.57 8.54 
B 1925 4390 7.14 2.16 33.83 29.70 5.16 7.73 

Archaea 
A 159 2531 6.35 1.73 41.85 24.38 4.92 7.05 
B 150 2524 6.51 1.71 41.75 23.05 4.73 6.11 

Eukaryota 
A 929 2781 7.33 1.81 38.23 42.28 12.43 19.13 
B 818 2618 7.41 1.83 38.87 42.90 10.68 17.82 

RF 

Bacteria 
A 1399 3162 

4.01 

7.06 2.03 38.87 28.79 6.78 12.07 
B 1266 2921 7.10 2.03 36.79 26.28 6.99 12.46 

Archaea 
A 134 1434 6.27 1.47 45.52 24.05 5.30 8.34 
B 151 1453 6.35 1.51 40.81 21.39 5.44 8.40 

Eukaryota 
A 323 1007 6.92 1.73 48.80 68.05 11.92 29.65 
B 412 1197 7.04 1.78 44.63 48.07 12.92 26.90 
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Figure 7| The phylogenetic distribution (Unipept) of each protocol (RS-H, RS-C, RF) and 

repetition is shown at family level for bacteria (A) and archaea (B); eukaryota (C) were 

analyzed at phyla level. The numbers of total peptide identifications are given in brackets. 
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Figure 8| Clusters of orthologous groups of archaeal and bacterial proteins (A) identified in 

average (Ø) with each protocol are given in percentage (WebMGA). The subcellular 

localizations of identified bacterial proteins (Cello) are shown in the middle (B). Overlap of 

peptide identifications across all NCBInr databases is indicated by dot plots on the right side 

(C) while overlap of prokaryotic peptide identifications across protocols is shown by Venn 

diagrams (D). Pathway-map of starch and sucrose metabolism (E). CAZymes active in 

carbohydrate metabolisms were identified in all protocols as highlighted in red. Enzymes 

identified in both rumen solid protocols are shown in yellow. Proteins found exclusively in 

the RS-C and RF are marked in blue and the green-labeled enzymes are derived from rumen 

fluid. 
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The prokaryotic protein functions were grouped according to COG using WebMGA 

server [20] with an e-value cut-off of 10-3 keeping the best hit. There are no differences in 

COG grouping between protocols, but across kingdoms (Figure 8A). The most frequent 

bacterial protein functions are involved in carbohydrate transport and metabolism [G], energy 

production and conversion [C], and translation processes [J]. In contrast, archaeal proteins 

were mainly active in cell cycle control, cell division [D], and PTM [O] (Figure 8A). Sample 

preparation had no impact on the subcellular localization of proteins (Figure 8B) and all 

NCBInr database searches identified mostly unique peptides (Figure 8C). The overlap in 

prokaryotic peptide identifications across protocols is shown by Venn diagrams (Figure 8D). 

Bacterial carbohydrate-active enzymes (CAZymes) [21] were found in all samples (Figure 

8E) and grouped mainly into different glycosyl hydrolase families of the identified Prevotella 

and Ruminococcus species. 

 

3.5 Conclusion 

Although the identification ratio of proteins was improved, the total number of 

identifications still only depicts a sparse part of the actually active microbiota, elucidating the 

obstacle in obtaining representative metaproteome data. Nonetheless, future attempts to 

improve proteome coverage of such complex samples should include extended LC-MS/MS 

analysis time and the use of a sample-specific metagenomic databases. 
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3.7 Supporting Information 

Of each sample 5 μL were injected by the auto-sampler and peptides were eluted into 

a separation column (Easy-Spray Pepmap, C18, 75 μm x 50 cm (RS-H) / 25 cm (RS-C) / 15 

cm (RF), 2μm, Thermo Fisher Scientific). Chromatography was performed with 0.1% formic 

acid in solvent A (100% water) and B (100% acetonitrile). For the solid fractions (RS-H and 

RS-C) the solvent B gradient was set from 1 to 40% during the first 115 min and subsequently 

increased to 90% within 5 min plus an additional 5 min at 90% using a nano-high pressure 

liquid chromatography system (Ultimate3000 UHPLC, Thermo Fisher Scientific). For the RF 

protocol, the solvent B gradient was set from 1% to 40% during the first 115 min and 
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subsequently increased to 45% within 15 min followed by 2 min to 90% plus an additional 5 

min at 90%. Ionized peptides were analyzed and fragmented by a Q-Exactive Plus mass 

spectrometer (Thermo Fisher Scientific). For analysis continuous scanning of eluted peptide 

ions was carried out between 300-1600 m/z automatically switching to MS/MS higher energy 

collisional dissociation (HCD) mode and twelve MS/MS events per survey scan. For MS/MS 

HCD measurements the dynamic precursor exclusion was set to 20 s and peptide match was 

enabled. 
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4. A STRUCTURAL AND FUNCTIONAL ELUCIDATION OF THE 

RUMEN MICROBIOME INFLUENCED BY VARIOUS DIETS 

AND MICROENVIRONMENTS 
 

4.1 Abstract 

The structure and function of the microbiome inhabiting the rumen are, amongst other 

factors, mainly shaped by the animal’s feed intake. Describing the influence of different diets 

on the inherent community arrangement and associated metabolic activities of the most active 

ruminal fractions (bacteria and archaea) is of great interest for animal nutrition, 

biotechnology, and climatology. Samples were obtained from three fistulated Jersey cows 

rotationally fed with corn silage, grass silage or grass hay, each supplemented with a 

concentrate mixture. Samples were fractionated into ruminal fluid, particle-associated rumen 

liquid, and solid matter. DNA, proteins and metabolites were analyzed subsequently. DNA 

extracts were used for Illumina sequencing of the 16S rRNA gene and the metabolomes of 

rumen fluids were determined by 500 MHz-NMR spectroscopy. Tryptic peptides derived 

from protein extracts were measured by LC-ESI-MS/MS and spectra were processed by a 

two-step database search for quantitative metaproteome characterization. Data are available 

via ProteomeXchange with the identifier PXD006070. Protein- and DNA-based datasets 

revealed significant differences between sample fractions and diets and affirmed similar 

trends concerning shifts in phylogenetic composition. Ribosomal genes and proteins 

belonging to the phylum of Proteobacteria, particularly Succinivibrionaceae, exhibited a 

higher abundance in corn silage-based samples while fiber-degraders of the Lachnospiraceae 

family emerged in great quantities throughout the solid phase fractions. The analysis of 8,163 

quantified bacterial proteins revealed the presence of 166 carbohydrate active enzymes in 

varying abundance. Cellulosome affiliated proteins were less expressed in the grass silage, 

glycoside hydrolases appeared in slightest numbers in the corn silage. Most expressed 

glycoside hydrolases belonged to families 57 and 2. Enzymes analogous to ABC transporters 

for amino acids and monosaccharides were more abundant in the corn silage whereas 

oligosaccharide transporters showed a higher abundance in the fiber-rich diets. Proteins 

involved in carbon metabolism were detected in high numbers and identification of 

metabolites like short-chain fatty acids, methylamines and phenylpropionate by NMR enabled 

linkage between producers and products. This study forms a solid basis to retrieve deeper 

insight into the complex network of microbial adaptation in the rumen. 
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4.2 Introduction 

Ruminant livestock with about 3.6 billion farm animals globally (Hackmann and 

Spain, 2010) represents an important source of human food since these animals have the 

ability to convert plant-derived non-starch polysaccharides, indigestible for humans, to usable 

food products in form of milk and meat. This includes also an undesired side effect as 

ruminants release a substantial portion of methane, a potential greenhouse gas, to the 

atmosphere (McMichael et al., 2007). The underlying metabolic processes are driven by a 

complex microbial network consisting of archaea, bacteria, fungi, and protists residing in the 

strictly anaerobic rumen (Hungate, 1966; Mackie, 2000). Composition and activity of the 

rumen microbiome are, among other factors, primarily shaped by the diet (Ley et al., 2008; 

Henderson et al., 2015) and play an important role regarding the animals’ health (Russell and 

Rychlik, 2001; Gressley et al., 2011) as well as feed efficiency and emission of 

environmentally harmful substances (Mizrahi, 2011; Shabat et al., 2016). Furthermore, the 

huge amount of fiber-degrading enzymes expressed in the rumen serves as a unique resource 

for the discovery of new lignocellulolytic enzymes useful for biofuel production (Brulc et al., 

2009; Hess et al., 2011; Ferrer et al., 2012).  

Bacteria, the most abundant (Krause and Russell, 1996; Mackie, 2000), diverse 

(McSweeney et al., 2005) and metabolically active species in the rumen are mainly 

responsible for the degradation and fermentation of plant fibers and proteins ingested by the 

animals (Hungate, 1966; Brulc et al., 2009). Bacterial species attached to feed particles 

constitute up to 75% of the total microbial population (McAllister et al., 1994; Koike et al., 

2003). Others are free floating in the rumen fluid or live associated to fungi, protists, and the 

rumen epithelium (McAllister et al., 1994; Miron et al., 2001). Besides, bacteria can be 

classified according to their functional potential as there are, amongst others, fibrolytic, 

amylolytic, proteolytic, and saccharolytic species. Generally, starch and sugar degraders 

constitute the largest part of the ruminal bacterial population and are of great importance since 

diets for high-producing ruminants usually contain large amounts of readily fermentable 

starch and sugars. Despite their undoubtable significance, bacteria specialized for fiber 

degradation are typically less present (Puniya et al., 2015). Degradation of the entire organic 

matter taken in by the host animals cannot be achieved by a single organism but requires the 

functional capacities and cooperation of a succession of many microorganisms (Bladen et al., 

1961). Hence, to obtain energy, bacterial communities interact synergistically in building 

diverse fibrolytic enzymes that finally yield in the production of short chain fatty acids and 

microbial protein which serve as the main energy and amino acid sources for the host 
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(Hungate, 1966; Mackie, 2002). 

Various methods have been employed to study the rumen microbiome ranging from 

classical cultivation (Bryant, 1959; Hungate et al., 1964) to molecular approaches including 

next generation sequencing (Edwards et al., 2004; Mackie and Cann, 2005; Creevey et al., 

2014) and functional metagenomics (Brulc et al., 2009; Hess et al., 2011; Ferrer et al., 2012) 

as well as metabolomics (Ametaj et al., 2010; Saleem et al., 2013). Furthermore, 

investigations of diet induced shifts in microbial community composition of the rumen in 

different contexts are numerous (Tajima et al., 2001; Fernando et al., 2010; Kong et al., 2010; 

Pitta et al., 2010; de Menezes et al., 2011; Ann Huws et al., 2012; Belanche et al., 2012; 

Carberry et al., 2012; Petri et al., 2013; Thoetkiattikul et al., 2013; Zhang et al., 2013; 

Lengowski et al., 2016) but generally rumen studies are restricted to nucleic acids-based 

approaches with limited functional insights. 

Bioinformatic and technical progress in mass spectrometry as well as a growing 

availability of reference sequences facilitate metaproteomic studies yielding increased 

information about taxonomic diversity, actual functional profiles, and interactions of the most 

active fractions of the investigated microbiota (Hettich et al., 2013; Seifert et al., 2013; Muth 

et al., 2016; Tanca et al., 2016). However, investigations of the prokaryotic rumen 

metaproteome are challenged by the complexity of rumen samples, which requires specific 

sample preparation procedures to separate archaeal and bacterial cells from the residual matter 

prior to protein extraction. Moreover, humic compounds are present and interfere with the 

metaproteomic workflow (Chourey et al., 2010; Heyer et al., 2013). Nevertheless, LC-ESI-

MS/MS-based rumen studies have already been implemented successfully (Deusch and 

Seifert, 2015). The combination of different up to date Omics-technologies represents the 

most powerful tool to analyze the microbiome of complex ecosystems like the rumen 

(Lamendella et al., 2012; Deusch et al., 2015), but studies of the ruminal prokaryotic 

communities that include multiple approaches and state of the art methods are rare. 

So far, to the best of our knowledge, there are no publications investigating the impact 

of the most common forages used as feed for dairy cows and fattening cattle on the 

metaproteome expressed by the entirety of archaeal and bacterial communities in the different 

phases of the rumen ecosystem. Complementary, structural and functional information 

obtained from the mass spectrometry-based analysis of the rumen metaproteome targeting the 

most metabolically active prokaryotes was further supplemented with Illumina MiSeq 

sequencing of the 16S rRNA gene that includes all cells present. Additionally, metabolome 

patterns were investigated by 500 MHz NMR spectroscopy. The aim of this investigation was 
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to provide deeper insights into the complicated microbial network of the rumen ecosystem 

and its response to different animal diets to improve efficiency in animal production. 

 

4.3 Methods 

4.3.1 Ethics Statement 

The animals of this study were kept according to the German Animal Welfare 

legislation at the Agricultural Experiment Station Meiereihof of the University of Hohenheim 

in Stuttgart, Germany. The experimental procedures and treatments were authorized by the 

Regierungspräsidium Stuttgart in Germany as previously reported (Lengowski et al., 2016). 

 

4.3.2 Animals and Diets 

To access the dietary and host-related impact on the rumen microbiome a Latin square 

design using three rumen cannulated lactating Jersey cows was applied. Animals were fed 

rotationally with three different diets for ad libitum consumption and free access to drinking 

water. Feed was given once daily at 7.30 a.m. Based on dry matter, diets consisted of 52% 

concentrate mixture and 48% of either corn silage, grass silage, or grass hay. The concentrate 

was composed of 19% wheat, 19% barley, 7% soybean meal, 6% molasses, and 1% vitamin 

mineral premix. The corn silage-based diet was supplemented with urea to obtain a balanced 

nitrogen content in comparison to the grass silage- and grass hay-based diets. The chemical 

characteristics of the experimental diets are shown in Table 3. 

 

Table 3 | The measured chemical characteristics of the three forage sources and the thereof 

calculated properties of the final total mixed rations fed to the cows. CS, corn silage; GS, 

grass silage; H, grass hay. 

  Basic forages Total mixed rations 

Components (% of dry matter) CS GS H CS 
diet 

GS 
diet 

H 
Diet 

Dry matter (%) 38.3 61.8 97.0 63.4 60.6 71.4 

Crude ash 4.1 11.9 8.8 5.3 8.9 7.4 

Ether extract 3.2 3.7 2.5 2.8 3.2 2.6 

Crude protein 7.8 12.8 13.1 14.2 15.3 15.4 

Neutral detergent fiber (organic) 41.3 52.9 58.9 27.2 33.2 36.0 

Acid detergent fiber (organic) 21.0 31.8 33.6 13.3 18.8 19.6 

Acid detergent lignin 1.7 2.6 3.0 1.0 1.4 1.6 

Non-fiber carbohydrates 43.7 18.7 16.7 50.5 39.5 38.6 
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4.3.3 Sampling 

Samples were taken 5 h after feeding at 12.30 p.m. with a preceding adaptation time of 

20 days for each diet. A quantity of 200 g of rumen matter was taken from five different 

positions (cranial, caudal, dorsal, ventral, medial) each and squeezed vigorously by hand 

using disposable polyethylene gloves to obtain the particle-associated liquid phase (LP) 

sample fraction, the remains constituted the solid phase (SP) sample fraction. Equal parts of 

the obtained LP and SP sample fractions were pooled across the five rumen positions. As a 

third sample fraction ventral rumen fluid (RF) was collected using a vacuum pump. Two 

times 27 samples (of three cows, diets and sample fractions) with 40 ml of the RF and LP 

sample fractions and 20 g of the SP sample fractions were frozen immediately at -80°C until 

further processing. The bacterial populations in the rumen can be subdivided into planktonic 

species, free-living in the RF and the fiber-adherent communities which can be further 

separated into groups of loosely and tightly attached species supposed to be present in the LP 

and the SP sample fractions, respectively (McAllister et al., 1994). 

 

4.3.4 Illumina Amplicon Sequencing 

Using the FastDNA™ SPIN Kit for Soil (MP Biomedical, Solon, OH, USA) 250 mg 

of defrosted and vortexed samples were used for DNA extraction according to the 

manufacturer’s instruction with slight modifications as described in Burbach et al. (2016). 

The extraction protocol included a bead-beating step for improved mechanical disruption of 

Gram-positive bacteria as suggested by Henderson et al. (2013). Quality and purity of DNA 

extracts were analyzed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA). Illumina library preparation by PCR amplification of the V1-2 region 

of the 16S rRNA gene was performed as reported recently (Camarinha-Silva et al., 2014). The 

archaeal community was amplified using the previously described primers Arch349 and 

Arch806 (Lee et al., 2012). The forward primer contained a 6-nt barcode, a 2-nt linker and 

both primers comprised sequences complementary to the Illumina specific adaptors 

(Camarinha-Silva et al., 2014). The PCR mixture of a total volume of 20 µl contained 

PrimeSTAR HS DNA polymerase (2.5 U, Clontech Laboratories, Mountain View, CA, USA), 

2.5 mM dNTP mixture, 0.2 µM primers and 1 µl of template DNA. An initial denaturation at 

95°C for 3 min was followed by 20 cycles of denaturation at 98°C for 10 s, annealing at 59°C 

for 10 s, extension at 72°C for 45 s and a final extension for 2 min at 72°C. One microliter of 

the PCR product was used for a second PCR (15 cycles) under the same conditions with the 

reverse primer containing a sequence that integrated the Illumina multiplexing sequence and 
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Illumina index primers (Camarinha-Silva et al., 2014). Integrity of amplicons was analyzed by 

gel electrophoresis, purified, and normalized using SequalPrep Normalization Kit (Invitrogen 

Inc., Carlsbad, CA, USA). Samples were pooled and sequenced using 250 bp paired-end 

sequencing chemistry on an Illumina MiSeq platform. Sequences were processed using the 

MOTHUR software pipeline (Kozich et al., 2013). Sequences were excluded if they had any 

primer or barcode mismatch or N character, aligned, checked for chimeras using UCHIME 

(Edgar et al., 2011) and clustered into operational taxonomic units (OTUs) at ≥ 97% 

similarity. Low abundance OTUs (< 0.05% of total reads) were removed and a total of 1,484 

bacterial and 626 archaeal phylotypes were taxonomically assigned using the naïve Bayesian 

RDP classifier (Wang et al., 2007) and the RDP database (Cole et al., 2014). Sequences were 

submitted to European Nucleotide Archive under the study accession number PRJEB19491. 

The mean number of sequence reads for bacteria and archaea was 41,410 ± 1,689 and 14,986 

± 1,713 respectively. 

 

4.3.5 Sample Preparation for Mass Spectrometry 

Samples were thawed and vortexed prior to sample preparation as described by 

Deusch and Seifert (2015). To detach firmly fiber-associated bacteria, 4 g of each SP sample 

were shaken horizontally for 2 h at 4°C in 35 ml precooled 50 mM Tris-HCl (pH 8; 0.2 M 

NaCl; 0.1% methylcellulose 400cP). To dilute the liquid fractions, 5 ml of the respective 

buffer were added to 8 g of the RF and LP samples. All samples were sonicated briefly for 1 

min and pressed through two-layered sterile cheesecloth. Residues were rinsed again with 30 

ml of the above mentioned buffer and pressed vigorously. Obtained filtrates were centrifuged 

at 200 x g for 10 min at 4°C and supernatants were further filtered through sterile 40 µm PE 

filters. Cells were pelleted at 10,000 x g for 15 min at 4°C and washed three times in 1 ml 50 

mM Tris-HCl (pH 7.5; 0.1 mg/ml chloramphenicol; 1 mM PMSF). Subsequently, aliquoted 

cell pellets were stored at -20°C. Protein extraction was performed as described previously 

(Deusch and Seifert, 2015). Cell pellets were resuspended by vortexing in 200 µl 50 mM Tris-

HCl (pH 7.5; 0.1 mg/ml chloramphenicol; 1 mM PMSF) and 300 µl of 20 mM Tris-HCl (pH 

7.5; 2% SDS) were added. After shaking in a Thermo-Mixer (Eppendorf) for 10 min at 60°C 

and 1,200 rpm 1 ml of 20 mM Tris-HCl (pH 7.5; 0.1 mg/ml MgCl2; 1 mM PMSF; 1 µl/ml 

Benzonase, Novagen) was added. Cells were lysed by ultra-sonication on ice, four times 2 

min (amplitude 60%; cycle 0.5) followed by shaking in a Thermo-Mixer for 10 min at 37°C 

and 1,200 rpm. Samples were centrifuged at 10,000 × g for 10 min at 4°C and proteins in the 

supernatant were precipitated for 30 min at 4°C using 20% precooled trichloroacetic acid. 
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Subsequently, precipitates were centrifuged at 12,000 × g for 15 min at 4°C, protein pellets 

were washed twice in precooled acetone and dried by vacuum centrifugation. Protein pellets 

were resuspended in 35 µl Laemmli buffer by 5 min sonication bath and vortexing followed 

by incubation for 5 min at 95°C to reduce disulfide bonds. Twenty microliters were purified 

with a short run on a one-dimensional sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (1D-SDS-PAGE; 4% stacking gel, 20 mA; 12% running gel, 40 mA). Each 

gel lane of 0.5 cm length representing one sample was cut out and subjected to in-gel trypsin 

(Promega, Madison, USA) digestion overnight (Jehmlich et al., 2008). Obtained peptides 

were purified and desalted using Stage tips equipped with five layers of Empore™ SPE Disks 

(C18; diameter 47 mm; thickness 0.5 mm) as described in detail by Rappsilber et al. (2007). 

 

4.3.6 LC-ESI-MS/MS Measurements 

LC-ESI-MS/MS analyses were performed in technical duplicates on an EasyLC 1000 

nano-UHPLC (Thermo Scientific) coupled to a Q Exactive HF mass spectrometer (Thermo 

Scientific). Prior to LC-ESI-MS/MS measurements peptides were reconstituted in 20 µl 0.1% 

formic acid and 4 µl were injected by the autosampler. Separations of the peptide mixtures 

were done on a 20 cm fused silica emitter of 75 µm inner diameter (Proxeon Biosystems), in-

house packed with reversed-phase ReproSil-Pur 120 C18-AQ 1.9 µm resin (Dr. Maisch 

GmbH). Peptide mixtures were injected onto the separation column in HPLC solvent A (0.1% 

formic acid) at a flow rate of 500 nl/min and eluted with a solvent B (80% acetonitrile in 0.1% 

formic acid) gradient of 1-33% within the first 73 min followed by an increase to 50% within 

3 min plus an additional 3 min at 90%. The Q Exactive HF was operated in the positive ion 

mode. Full scan was acquired in the mass range from 300 to 1,650 m/z in the Orbitrap mass 

analyzer at a resolution of r = 120,000 followed by higher energy collisional dissociation 

(HCD) fragmentation of the twelve most intense precursor ions. High resolution MS/MS 

spectra were acquired with a resolution of r = 30,000. The target values were 3 x 106 charges 

for the MS scans and 1 x 105 charges for the MS/MS scans with a maximum fill time of 25 

and 45 ms, respectively. The dynamic precursor exclusion was set to 30 s and peptide match 

was enabled. 

 

4.3.7 Bioinformatic Data Analysis 

To improve the false discovery rate of peptide identifications and enhance the 

confidence of protein identifications, a two-step search approach was applied to create an 

artificial metagenome (Jagtap et al., 2013; Hansen et al., 2014). Therewith, the size of the 
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search databases was reduced and simultaneously the sample-specificity was increased. First, 

all 54 raw data files were processed separately by Thermo Proteome Discoverer software (v. 

1.4.1.14), Mascot engine (v. 2.4) in searching independently against the UniProtKB/TrEMBL 

databases (v. April 28, 2016) for bacteria (Taxonomy ID 2; 40,026,301 sequences) and 

archaea (Taxonomy ID: 2157; 1,200,545 sequences). Oxidation of methionine was set as 

variable modification and carbamidomethylation of cysteine as fixed modification. Precursor 

ion tolerance was defined at 10 ppm and fragment ion tolerance at 0.02 Da with two missed 

trypsin cleavages. Furthermore, all peaks besides the top 12 peaks per 100 Da in each MS/MS 

were removed to denoise spectra before identification and the Percolator node was activated 

with a false discovery rate of 1%. Using Thermo Proteome Discoverer, protein grouping was 

enabled with a minimum PSM confidence of medium and a delta Cn better than 0.15, strict 

maximum parsimony principle was applied. As a second step, the protein identifications 

inferred from the previous process were used to create sample-specific databases for label-

free quantification (LFQ) of proteins via MaxQuant (v. 1.5.3.8) as previously demonstrated 

(Cox et al., 2014). The final in-house databases contained 22,331 bacterial and 818 archaeal 

protein sequences. The LFQ modality of MaxQuant was enabled with a minimum ratio count 

of two. Matching between runs with a match time window of 0.7 min and re-quantification 

was applied. Technical duplicates were combined to one experiment. Oxidation of methionine 

was set as variable modification with a maximum of five modifications per peptide and 

carbamidomethylation of cysteine was set as fixed modification. Besides, the default settings 

of MaxQuant were kept which included two missed trypsin cleavages, fully tryptic peptides, a 

peptide and protein false discovery rate below 1%, at least one peptide per protein (Gupta and 

Pevzner, 2009), a precursor mass tolerance of 4.5 ppm after mass recalibration and a fragment 

ion mass tolerance of 20 ppm. The phylogenetic composition was inferred from the proteins 

quantified by MaxQuant as annotated in the UniProtKB/TrEMBL database. KEGG Orthology 

(KO) identifiers and Cluster of Orthologous Groups of proteins (COG) were assigned using 

WebMGA (Wu et al., 2011) with an e-value cutoff of 10-3 considering exclusively the best 

hits. In order to link the quantified proteins to pathway maps of carbohydrate metabolism, KO 

identifiers were translated and grouped manually to the respective KEGG REACTION 

numbers as defined by the KO database. Carbohydrate-active enzymes (CAZymes) were 

annotated by searching the quantified bacterial proteins against the database for automated 

CAZyme annotation with hidden Markov models (dbCAN HMMs v. 5.0, based on the 

CAZyDB v. July 15, 2016) using hmmscan of the HMMER3 software package (Yin et al., 

2012) and considering entirely the best e-value hits. The mass spectrometry data have been 



Chapter IV   -   3rd MANUSCRIPT 
 

_____ 
67 

deposited to the ProteomeXchange Consortium via the PRIDE partner repository (Vizcaino et 

al., 2016) with the dataset identifier PXD006070. 

 

4.3.8 Nuclear Magnetic Resonance Spectroscopy 

The RF samples were defrosted, vortexed, and filtered through sterile 100 µm PE 

filters. Filtrates were centrifuged at 13,000 x g for 30 min at 4°C. Obtained supernatants were 

sterilized by passing through a 0.22 µm syringe filter and 3 ml of each RF sample were dried 

completely by vacuum centrifugation at room temperature overnight. By vigorous vortexing 

and 5 min brief sonication, dehydrated RF samples were reconstituted in 1.5 ml 50 mM 

sodium phosphate buffer (pH 6.5) in 99.9% deuterium oxide (Sigma-Aldrich, Germany) 

containing 5 mM 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP; Sigma-

Aldrich, Germany) as an internal chemical shift reference and quantification standard. 

Subsequently, dissolved samples were centrifuged at 13,000 x g for 30 min at 4°C and 1 ml 

supernatant was transferred to a 5 mm glass NMR tube for measuring at 500 MHz using a 

Varian INOVA NMR spectrometer (Agilent Technologies). All 1H-NMR spectra were 

acquired at 25°C using the first transient of the noesy presaturation pulse sequence (Saude et 

al., 2006). Each spectrum was collected with 32 transients using a 4 s acquisition time, 1 s 

recycle delay and a mixing time of 0.1 s at a spectral width of 6,490 Hz. Spectral assignments 

were performed by 2D homonuclear and heteronuclear NMR: DQFCOSY, gHSQCAD, 

gHSQCTOCSY, as well as gHMBCAD were run using CHEMPACK 7.2 pulse sequences 

implemented in VnmrJ 4.2 (Agilent Technologies Inc., Santa Clara, CA, USA). Additionally, 
1H-NMR spectra were imported into the Chenomx NMR Suite 8.2 software (database 

available at pH 6.5, Chenomx Inc., Edmonton, AB, Canada) for quantification (Weljie et al., 

2006; Wishart, 2008) as described in Ametaj et al. (2010). Spectra were referenced to TSP (δ 

0.0 ppm) for chemical shift and quantification. Prior to spectral analysis, all free induction 

decays (FIDs) were automatically zero-filled to 64 k data points, corrected for phase and 

baseline distortions and a line broadening of 0.5 Hz was applied. Concentrations of identified 

metabolites were divided by a factor of two since dried RF samples were reconstituted in half 

of the initial volume. 

 

4.3.9 Statistical Analyses 

The LFQ abundance values of proteins and the OTU counts were analyzed using the 

Primer 6 (v. 6.1.16) and Permanova+ (v. 1.0.6) statistical software package (PRIMER-E, 

Plymouth, UK). Non-metric multidimensional scaling (NMDS) was performed using the 
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Bray-Curtis similarity matrix (Bray and Curtis, 1957). One-way analysis of similarities 

(ANOSIM) was used to determine statistical differences in protein and OTU abundance 

between diets, sample fractions and host animals (Clarke and Warwick, 2001). One-way 

analysis of variance (ANOVA) with post-hoc Tukey HSD (Honestly Significant Difference) 

was used for pairwise comparisons of the abundance means of taxonomic groups in diets and 

sample fractions and to test differences of metabolite concentrations in diets (IBM SPSS 

Statistics, Version 20.0. Armonk, NY: IBM Corp). 

 

4.4 Results 

4.4.1 Metaproteomics and Amplicon Sequencing of the Rumen Microbiome 

Over all samples 8,163 bacterial and 358 archaeal proteins were quantified by mass 

spectrometric measurements of the peptides and a two-step search identification and 

quantification process. Illumina MiSeq sequencing of the V1-2 region of 16S rRNA gene 

resulted in 1,484 bacterial and 626 archaeal OTUs assigned (Chapter 4.9, Table S1). 

Regarding the abundances of bacterial proteins and OTUs, NMDS plots based on the Bray 

Curtis similarity revealed diet induced shifts and variations between sample fractions with 

similar trends for both, the metaproteomic dataset (Figure 9A) and the DNA-based approach 

(Figure 9B). 

 
Figure 9 | Non-metric multidimensional scaling (NMDS) plots of the metaproteome (A) and 

the bacterial community structure (B). Yellow, corn silage-based diet; green, grass silage-

based diet; brown, grass hay-based diet. Squares, solid phase; stars, liquid phase; circles, 

rumen fluid. 

 

There were no dietary, sample fraction or host related effects on the abundance of archaeal 

proteins and OTUs. ANOSIM verified significant differences in bacterial protein abundances 
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regarding the diets with an R-value of 0.600 (P = 0.0001) for the corn silage- and grass silage-

based samples and 0.442 (P = 0.0001) for the corn silage- and hay-derived samples. 

Respectively, the numbers of assigned bacterial OTUs of the corn silage- and grass silage-

based samples differed with an R-value of 0.500 (P = 0.0003) and the corn silage- and hay-

derived samples showed an R-value of 0.558 (P = 0.0001). Furthermore, ANOSIM confirmed 

significant variations in protein abundances between sample fractions with an R-value of 

0.362 (P = 0.0001) for the LP and SP fractions. The RF and SP fractions differed with an R-

value of 0.321 (P = 0.0008). Concerning the sequencing data, the R-value for the LP and SP 

fractions was 0.596 (P = 0.0001) and 0.561 (P = 0.0002) for the RF and SP fractions. 

Complete statistical information of the bacterial protein and OTU abundances considering 

diets, sample fractions and the individual cows is shown in Table 4.  

 

4.4.2 Dietary Impact on Community Structure and Variations in Fractions 

Taxonomic information was obtained from quantified proteins as annotated by the 

UniProtKB/TrEMBL database and from RDP retrieved OTU assignments of the Illumina 

amplicon sequencing. The taxonomic distribution of archaeal and bacterial proteins and OTUs 

in each sample at phyla, class, order, and family level as well as the corresponding numbers of 

proteins and OTUs are listed in Chapter 4.9, Table S2. Overall, the bacterial community 

composition was dominated by the phylum of Bacteroidetes followed by the phylum of 

Firmicutes. Less abundant phyla were Actinobacteria, Elusimicrobia, Proteobacteria, 

Spirochaetes, Synergistetes, Tenericutes, and Verrucomicrobia (Chapter 4.9, Table S2). 

However, the bacterial community structure averaged over the three animals per 

treatment revealed concordant tendencies concerning the dietary influence and variations in 

different microenvironments for both applied methods. Figure 10 shows the average 

abundance in diets and sample fractions of bacterial phyla, orders and families commonly 

identified by metaproteomics on the left and 16S rRNA gene sequencing on the right side. 

Proteins and OTUs belonging to the phylum of Proteobacteria including the family of 

Succinivibrionaceae were significantly more abundant throughout the samples of the corn 

silage-based diet when compared to the grass silage- and hay-based samples with P < 0.01 

(LFQs) and P < 0.05 (OTUs). Within the corn silage-derived samples the respective proteins 

and OTUs were more abundant in the SP fraction (Figure 10). The abundance of OTUs 

assigned to Succinivibrionaceae was higher when compared to the LFQ-values of the 

corresponding proteins. Likewise, the family of Acidaminococcaceae belonging to the 

phylum of Firmicutes showed a higher protein (P < 0.01) and OTU abundance in the corn 
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silage-based diet when compared to the grass silage- and hay-based samples (Figure 10). The 

abundance of the respective OTUs was least in the SP fraction of all diets whereas the LFQ-

values of the corresponding proteins were highest in the SP fractions (Figure 10). The 

Firmicutes family of Selenomonadaceae was identified exclusively in the protein-based 

dataset (Figure 10). Selenomonadaceae proteins exhibited a lower abundance in the grass 

silage-derived sample fractions when compared to the corn silage- and hay-based samples (P 

< 0.01). Members of the order of Clostridiales including the families of Lachnospiraceae and 

Ruminococcaceae constituted major parts of the Firmicutes phylum (Figure 10) and revealed 

the highest LFQ-values and numbers of OTUs in the SP fractions of all diets when compared 

to the respective RF and LP fractions with P < 0.01 (LFQs) and P < 0.05 (OTUs). 

 

Table 4 | Analysis of similarity of the metaproteomic- and the 16S rRNA gene-based datasets. 

The upper part of the table shows the global R statistics and the respective probability values 

(P) for the main factors (diets, sample fractions and individual cows). The lower part shows 

the R statistics and corresponding probability values (P) for the pairwise group comparisons 

within the main factors. Significantly different main factors and groups within are marked (*). 

CS, corn silage-based diet; GS, grass silage-based diet; H, grass hay-based diet. RF, rumen 

fluid; LP, liquid phase; SP, solid phase. Cows are indicated by no. 23, 28 and 59. 
  

  LFQ-values of 8,163  
bacterial proteins 

Abundance of 1,484  
bacterial OTUs 

  R P R P 

Diets * 0.418 0.0001 0.366 0.0001 

Fractions * 0.244 0.0004 0.379 0.0001 

          Cows    0.143 0.0090 0.176 0.0070 
      

D
ie

ts
 GS:H 0.248 0.0100 0.078 0.1630 

CS:GS * 0.600 0.0001 0.500 0.0003 

CS:H * 0.442 0.0001 0.558 0.0001 

Fr
ac

tio
ns

 RF:LP 0.053 0.1870 -0.045 0.6980 

RF:SP * 0.321 0.0008 0.561 0.0002 

LP:SP * 0.362 0.0001 0.596 0.0001 

C
ow

s 

28:59  0.088 0.1090 0.133 0.0790 

23:59 0.169 0.0280 0.207 0.0280 

23:28 0.180 0.0150 0.202 0.0270 
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Figure 10 | Bacterial phylogenetic distribution in diets and sample fractions (n = 3) obtained 

from the metaproteome (8,163 proteins) on the left and the 16S rRNA gene sequencing (1,484 

OTUs) on the right. The order of Bacillales and the family of Selenomonadaceae were found 

exclusively in the metaproteomic dataset (shaded coloring). 

 

No OTUs were assigned to the Firmicutes order of Bacillales although highly abundant 

proteins were identified by mass spectrometry. Within diets, Bacillales proteins were more 

abundant in the RF fractions. The Erysipelotrichaceae family was more abundant in the hay-

based diet when compared to the corn silage- and grass silage-based samples (Figure 10) 



Chapter IV   -   3rd MANUSCRIPT 
 

_____ 
72 

emphasized primarily by the abundance of assigned OTUs (P < 0.01). Proteins and OTUs 

belonging to the order of Lactobacillales and to the family of Veillonellaceae constituted only 

a small part of the Firmicutes phylum as determined by both approaches (Chapter 4.9, Table 

S2). Proteins of the Veillonellaceae family were more abundant in the corn silage-based diet 

when compared to the grass silage- and hay-based samples (P < 0.05). The abundance of 

OTUs belonging to the phylum of Fibrobacteres was higher when compared to the LFQ-

values of the corresponding proteins (Figure 10). According to the 16S rRNA gene 

sequencing, the phylum of Fibrobacteres was less abundant in the RF and LP fractions of the 

corn silage-based diet when compared to the respective fractions of the grass silage- and hay-

based diets. Within diets, the abundance of Fibrobacteres proteins was higher in the SP 

fractions of all diets when compared to the RF and LP samples (P < 0.05). Related to the 

overall bacterial community structure, OTU and LFQ-values assigned to the phylum of 

Elusimicrobia exhibited a low abundance across all samples (Chapter 4.9, Table S2). 

Regardless the dietary treatments, the Prevotellaceae family dominated the phylum of 

Bacteroidetes and the overall bacterial community composition as determined by the protein- 

and DNA-based approaches (Figure 10). Within diets, Prevotellaceae proteins showed the 

highest LFQ-values in the LP fractions (P < 0.05). The family of Porphyromonadaceae 

exhibited a higher abundance of OTUs when compared to the LFQ-values of the respective 

proteins. In the same way, sequences assigned to the phylum of Bacteroidetes were more 

abundant than the LFQ-values of the corresponding proteins (Figure 10). In contrast, the 

family of Bacteroidaceae showed a higher abundance of proteins when compared to the 

abundance of the corresponding OTUs (Figure 10). OTU and LFQ-values of 

Bifidobacteriaceae were higher in the grass silage- and hay-based samples when compared to 

the corn silage-based fractions (Chapter 4.9, Table S2). The abundance of OTUs and LFQs of 

the Actinobacteria phylum including the family of Bifidobacteriaceae was higher in the SP 

fractions of all diets when compared to the respective RF and LP fractions (Figure 10). Within 

diets, the phylum of Spirochaetes exhibited the highest abundance in the SP fractions as found 

by both methods. Similarly, the phylum of Synergistetes revealed the highest abundance of 

proteins and particularly OTUs in the SP fractions when compared to respective the RF and 

LP fractions (Figure 10). Proteins assigned to the phylum of Tenericutes were low abundant 

when compared to the corresponding OTU abundance. OTUs of the phylum of Tenericutes 

were more abundant in the RF and LP fractions when compared to the respective SP sample 

fractions whereas the LFQ-values of the corresponding proteins were higher in the SP 

fractions of all diets (Figure 10). In contrast, proteins of the Verrucomicrobia phylum were 



Chapter IV   -   3rd MANUSCRIPT 
 

_____ 
73 

more abundant in comparison to the respective OTUs (Chapter 4.9, Table S2). 

Figure 11 shows the average abundance in diets and sample fractions of archaeal 

phyla, classes and families identified by metaproteomics on the left and 16S rRNA gene 

sequencing on the right. The metaproteomics-based approach identified 358 archaeal proteins 

that distributed over all archaeal phyla including as well the family of Thermococcaceae 

whereas the 626 OTUs were exclusively assigned to three families of methanogens: 

Methanobacteriaceae, Methanosarcinaceae, and Methanomassiliicoccaceae (Figure 11). 

Proteins belonging to the phyla of Thaumarchaeota and Crenarchaeota constituted a minor 

part of the total archaeal protein abundance (Figure 11). The LFQ-values of unclassified 

archaeal proteins were above 16% in each sample (Chapter 4.9, Table S2). Within the phylum 

of Euryarchaeota, proteins belonging to the families of Methanobacteriaceae, 

Methanosarcinaceae, Thermococcaceae, and the class of Methanomicrobia were most 

abundant while OTUs of the family of Methanobacteriaceae prevailed with above 72% in 

each sample (Chapter 4.9, Table S2). 
 

 
Figure 11 | Archaeal phylogenetic distribution in diets and sample fractions (n = 3) obtained 

from the metaproteome (358 proteins) on the left and the 16S rRNA gene sequencing (626 

OTUs) on the right. 
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4.4.3 Carbohydrate-Active Enzymes 

CAZyme annotation with hidden Markov models identified a total of 166 bacterial proteins in 

five CAZy-categories (Chapter 4.9, Table S3). A majority of 91 proteins were assigned to 16 

glycoside hydrolase (GH) families and 38 proteins belonged to seven glycosyltransferase 

(GT) families. Furthermore, 16 proteins were assigned to three families of carbohydrate 

esterases (CE) and two proteins fell into two families of carbohydrate-binding modules 

(CBM). In addition, 19 proteins with sequence similarity to S-layer homology domains (SLH) 

were present in high abundance throughout diets and sample fractions. The percentage 

abundance of the respective bacterial CAZymes in diets and sample fractions in relation to the 

total abundance of CAZymes is shown in Figure 12A. The phylogenetic origin at phyla level 

of the five CAZy-categories in diets and sample fractions is depicted in Figure 12B. The ratio 

of the most abundant CAZy-categories of GH, mainly produced by Bacteroidetes species and 

SLH, almost exclusively derived from Firmicutes species varied between the diets (Figures 

12A,B). Proteins of the SLH category were less abundant in the grass silage-based sample 

fractions when compared to the corn silage- and hay-based samples. Contrarily, proteins of 

the GH category were more abundant in the grass silage-based diet in comparison to the corn 

silage- and hay-based samples (Figure 12A). Proteobacteria-derived proteins belonging to the 

GT category were more abundant in the corn silage-based samples when compared to grass 

silage- and hay-based samples (Figure 12B). Proteins assigned to the CE category were more 

abundant in the LP and SP fractions of the corn silage-based diet when compared to the 

respective fractions of the grass silage and hay-based diets (Figure 12A). Moreover, the LP 

and SP fractions of the corn silage-based diet exhibited a higher abundance of proteobacterial 

proteins in the CE category when compared to the remaining samples (Figure 12B). CBM 

related proteins were more abundant in the sample fractions of the grass silage-based diet 

when compared to the corn silage- and hay-based diets (Figure 12A). Across all samples, the 

family GH57, based on seven proteins like alpha-amylases, was most abundant (Figure 12A). 

The most expressed GT family was GT35 including 18 proteins of different glycogen and 

starch phosphorylases. Within the category of CE the most expressed family was CE1 with 

eight proteins. The CBM32 family was most abundant in the SP fraction of the grass silage-

based diet (Figure 12A). Details about the proteins assigned to the different CAZy-categories 

including the phylogenetic origin and the respective functions are listed in Chapter 4.9, Table 

S3. 
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Figure 12 | Abundance of 166 CAZymes in diets and sample fractions (n = 3). Glycoside 

hydrolases, GH (91 proteins); glycosyltransferases, GT (38 proteins); carbohydrate esterases, 

CE (16 proteins); carbohydrate-binding modules, CBM (2 proteins) and S-layer homology 
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domains, SLH (19 proteins) (A). Pie charts depict the phylogenetic origin of CAZymes of the 

respective categories in diets and sample fractions at phyla level: blue, Bacteroidetes; green, 

Firmicutes; red, Proteobacteria; yellow, environmental samples; gray, others (B). RF, rumen 

fluid; LP, liquid phase; SP, solid phase. 

 

4.4.4 ABC Transporters 

WebMGA assigned 7,745 and 336 KO identifiers to 8,163 bacterial and 358 archaeal 

proteins respectively (Chapter 4.9, Table S4), revealing a total of 170 bacterial proteins with 

sequence similarity to ABC transporters (Chapter 4.9, Table S5) as defined by the KO 

database. Figure 13 depicts the average abundance of the respective membrane transporters in 

diets and sample fractions in relation to the maximum LFQ-values within each group of 

transporters and the origin at bacterial phyla level. Analyses affirmed 106 proteins to the 

group of oligosaccharide, polyol, and lipid transporters that include several subunits of 

multiple sugar transport systems and of cellobiose, arabinose/lactose, maltose/maltodextrin, 

sorbitol/mannitol, and galactose oligomer transporters. The respective proteins were more 

abundant in the hay- and grass silage-based diets when compared to the corn silage-based diet 

(Figure 13). Within diets, the highest abundance was observed in the SP fractions. 

Oligosaccharide, polyol, and lipid transporters originated mainly from Firmicutes species. In 

contrast, the group of monosaccharide transporters, based on 20 proteins, was more abundant 

in the corn silage-based samples when compared to the grass silage- and hay-based diets 

(Figure 13). This group includes subunits of ribose, rhamnose, methyl-galactoside, and sn-

glycerol 3-phosphate transport systems. Proteobacterial proteins showed an increased 

contribution regarding monosaccharide transporters when compared to the respective 

phylogenetic origin of the group of oligosaccharide, polyol, and lipid transporters (Figure 13). 

Phosphate and amino acid transporters based on 27 proteins showed the highest abundance in 

corn silage-derived samples and were mainly produced by Proteobacteria species (Figure 13). 

Mineral and organic ion transporters including 17 proteins were almost exclusively produced 

by Firmicutes species and showed the highest LFQ-values in the corn silage-derived SP 

fraction (Figure 13). 
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Figure 13 | Varying abundance of bacterial ABC transporters in diets and sample fractions (n 

= 3). Pie sizes indicate the abundance in relation to the sample with the maximum LFQ-values 

(*) in each group. Phylogenetic origin of proteins in the respective samples is shown at phyla 

level. RF, rumen fluid; LP, liquid phase; SP, solid phase. 

 

4.4.5 Archaeal and Bacterial Enzymes Involved in Carbon Metabolism 

Varying abundance, in diets and sample fractions, of enzymes involved in the carbon 

metabolism are shown in Figure 14A. To visualize the abundance of the respective enzymes 

in the pathway map, a total of 1,121 bacterial proteins assigned to 80 KO identifiers carrying 

out 70 KEGG REACTIONS were arranged into 60 functional groups (Chapter 4.9, Table S6). 

A few KOs were assigned to more than one KEGG REACTION and thus, appear more than 

once in the grouping. Furthermore, 28 archaeal proteins of eight KOs involved in the methane 

metabolism were grouped to five KEGG REACTIONS (Chapter 4.9, Table S6). Additionally, 

eight compounds identified by NMR are shown in Figure 14A. Twenty-four enzymes of the 

groups 8 and 12 involved in the phosphate acetyltransferase-acetate kinase pathway were 

present in all diets and sample fractions, whereas only one acetyl-CoA synthetase from an 

uncultured bacterium in group 9 was found in the SP fraction of the hay-based diet (Figure 

14A). The abundance of seven proteins of group 6 carrying out the oxidation of pyruvate to 

acetyl-CoA was higher in the RF and SP fractions of the grass silage-based diet and higher in 

the LP fraction of the hay-based diet when comparing to the other fractions and diets. 
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Figure 14 | (A) Abundance of archaeal (blue) and bacterial (red) enzymes (n = 3) involved in 

carbon metabolism, grouped and numbered according to the respective reactions (Table S6). 

Outer circle, solid phase; middle circle, liquid phase; inner circle, rumen fluid. Purple, 

compounds identified by NMR. The percentage of total LFQ-values of groups involved in (B) 
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the Embden-Meyerhof-Parnas pathway (5, 19, 27, 30, 32, 39, 41, 44, 48, 54), (C) citrate cycle 

(11, 14, 17, 33, 38, 47, 57) and (D) pentose phosphate pathway (29, 31, 45, 48). RF, rumen 

fluid; LP, liquid phase; SP, solid phase. 

 

Conversion of acetyl-CoA to malonyl-CoA employing two proteins of group 20 produced by 

Bacillus and Prevotella species, exhibited abundance exclusively in the grass silage-derived 

RF fraction and regarding the corn silage-based diet, were present only in the SP fraction 

(Figure 14A). A Tenericutes-derived carbamate kinase in group 3 producing carbamoyl 

phosphate, a metabolite in nitrogen disposal through the urea cycle, was found exclusively in 

the fractions of the corn silage-based diet (Figure 14A). Summing up the LFQ-values of 

groups involved in the Embden-Meyerhof pathway (5, 19, 27, 30, 32, 39, 41, 44, 48, 54) 

consisting of a total of 417 proteins, the abundance within diets was the highest in the LP 

fractions of the grass silage- and hay-based diets and the corn silage-derived SP fraction 

(Figure 14B). The sum of abundance of groups belonging to the citrate cycle (11, 14, 17, 33, 

38, 47, 57) based on a total of 76 proteins exhibited lower LFQ-values in the SP fractions of 

the grass silage- and hay-based diets when compared to the respective RF and LP fractions 

and the corn silage-based samples (Figure 14C). Looking at the groups 29, 31, 45, 48 of the 

pentose phosphate pathway based on 34 proteins, the sum of LFQ-values was higher in the LP 

fractions of the grass silage- and hay-based diets when compared to the remaining samples 

(Figure 14D). 

 

4.4.6 Enzymes of Short-Chain Fatty Acid Production 

Bacterial enzymes involved in the production of acetate, butyrate, propionate and 

formic acid (Chapter 4.9, Table S7) were retrieved using COG assignments of WebMGA 

(Chapter 4.9, Table S4). The LFQ-values of proteins belonging to the respective COGs were 

summarized as described in Polansky et al. (2015). Figure 15 depicts the phylogenetic origin 

of the corresponding enzymes averaged over the diets. In total 45 enzymes involved in 

butyrate production were dominated by Firmicutes species constituting above 90% of the total 

abundance in all diets whereas enzymes from Actinobacteria appeared exclusively in the corn 

silage-based diet (Figure 15A). Five proteins of Bacteroidetes species showed a maximum of 

3.9% of abundance in the grass silage-based samples and exhibited LFQ-values below 0.3% 

in the corn silage-based diet. Thirteen proteins of the Lachnospiraceae family exhibited the 

highest LFQ-values in the hay-based diet with 59% of the total abundance, decreasing in the 

grass (56%) and corn (31%) silage-based diets. Likewise, the abundance of two enzymes 
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derived from Ruminococcaceae was higher in the grass silage- and hay-based diet (1.7%) 

when compared to the average in the corn silage-based diet (1.3%). In contrast, five enzymes 

of Eubacteriaceae showed the highest LFQ-values in the corn silage-based diet and decreased 

in the grass silage- and hay-derived samples. A 3-hydroxybutyryl-CoA dehydrogenase of 

Megasphaera elsdenii belonging to the family of Veillonellaceae was present in high 

abundance in the corn silage-based diet (24%) while the LFQ-values in the grass silage- and 

hay-based diets accounted for 0.4% and 0.1% respectively (Figure 15A). Propionate 

production based on 52 proteins was dominated by 25 enzymes from Bacteroidetes species, 

 

 
Figure 15 | Average abundance and phylogenetic origin of bacterial enzymes involved in (A) 

butyrate, (B) propionate, (C) acetate, and (D) formic acid production in diets (n = 9). 

Numbers of assigned proteins are shown in the respective phylogenetic legends. For butyrate 

biosynthesis: COG4770 (acetyl/propionyl-CoA carboxylase), COG3426 (butyrate kinase), 

COG1250/COG1024 (3-hydroxyacyl-CoA dehydrogenase), COG0183 (acetyl-CoA 

acetyltransferase). For propionate biosynthesis: COG4799 (acetyl-CoA carboxylase), 

COG2185/COG1884 (methylmalonyl-CoA mutase). For acetate production: COG1012 

(NAD-dependent aldehyde dehydrogenase), COG0282 (acetate kinase), COG0280 

(phosphotransacetylase), and for formic acid COG1882 (formate acetyltransferase). 



Chapter IV   -   3rd MANUSCRIPT 
 

_____ 
81 

mainly Prevotellaceae, composing above 75% of the total abundance in all samples (Figure 

15B). Correspondingly, nine enzymes of the Prevotellaceae family prevailed in acetate 

production constituting above 60% of abundance in the corn silage-based diet increasing to 

77% in the hay-based diet and 84% in the grass silage-based diet (Figure 15C). Two enzymes 

of Eubacterium species showed an abundance of 20% while decreasing in the hay- and the 

grass silage-based diets with 10 and 7% respectively. Concerning the 23 enzymes involved in 

formic acid production, four proteins from Lachnospiraceae species constituted 39% of 

abundance in the corn silage-based diet whereas reaching 65% in the hay- and 67% in the 

grass silage-derived samples (Figure 15D). A formate C-acetyltransferase of Succinatimonas 

hippie belonging to the family of Succinivibrionaceae reached 31% of the total abundance in 

the corn silage-based diet and decreased to 19% in the hay- and 18% in the grass silage-based 

diet. Three formate acetyltransferases of Eubacterium species showed the maximum 

abundance of 6% in the corn silage-derived samples and were not present in the grass silage- 

and hay-based diets (Figure 15). 

 

4.4.7 Metabolites in Rumen Fluid 

NMR spectroscopy allowed the quantification of 20 different compounds in all RF 

samples. Two-dimensional NMR spectroscopy further validated the presence of 12 

compounds (*) including the major short-chain fatty acids acetate, butyrate, propionate, and 

valerate (Table 5). There were no statistically significant alterations of the metabolites 

regarding the different diets as determined by one-way ANOVA (P > 0.05). Overall, acetate 

was detected in highest concentrations ranging from 54.86 mM in the corn silage-based 

samples to 59.70 mM in the grass silage-derived RF samples. Propionate concentration was 

lower in the RF samples of the hay-based diet (13.86 mM) when compared to 15.22 and 15.94 

mM in the corn silage- and grass silage-based samples, respectively (Table 5). The ratio of 

acetate to propionate concentration was highest in the hay-based samples and lowest in the 

corn silage-based samples. Butyrate was more abundant in the grass silage- and hay-derived 

RF samples (16.84 and 15.81 mM) when compared to 14.98 mM in the corn silage-based 

samples (Table 5). Valerate concentration was higher in corn silage- and hay-derived RF 

fractions (5.27 mM and 4.15 mM) when compared to 2.99 mM in the grass silage-based diet. 

The corn silage-based samples exhibited the highest concentration of succinate (0.38 mM) in 

comparison to the grass silage- and hay-based samples with 0.1 and 0.25 mM respectively 

(Table 5). Higher amounts of lactate were found in in the hay diet-based samples (5.25 mM) 

when compared to the corn silage- (1.18 mM) and grass silage-based samples (0.84 mM). 
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Methylamine, dimethylamine, and trimethylamine were less abundant in the corn silage-based 

samples when compared to the grass silage and hay-based RF fractions (Table 5). Several 

compounds identified in low concentrations like aspartate, formate, fumarate, methylamines, 

and succinate are involved in the carbon metabolism as indicated in Figure 14. 

 

Table 5 | Average (∅) concentration (mM) and standard error of mean (SEM) of compounds 

identified in the RF fractions (n = 3) are shown. CS, corn silage-based diet; GS, grass silage-

based diet; H, grass hay-based diet; RF, rumen fluid. *Compounds validated by 2D-NMR 

spectroscopy. There was no statistically significant difference in metabolite abundance 

between the diets (P > 0.05). 

  Average concentration (mM) and SEM (n = 3)  

Metabolite 
 Corn RF  Grass RF  Hay RF 

  Ø SEM   Ø SEM   Ø SEM 

2-Phenylpropionate *  0.14 0.02  0.12 0.05  0.15 0.05 

3-Phenylpropionate *  0.38 0.05  0.40 0.08  0.39 0.10 

Acetate *  54.86 3.79  59.70 8.49  55.95 3.41 

Adipate  1.78 0.67  1.66 0.34  1.45 0.58 

Aspartate  0.23 0.07  0.39 0.15  0.31 0.12 

Butyrate *  14.98 2.20  16.84 5.58  15.81 1.54 

Dimethylamine *  0.10 0.07  0.29 0.08  0.28 0.05 

Formate  0.14 0.03  0.10 0.02  0.11 0.02 

Fumarate  0.02 0.00  0.01 0.00  0.02 0.00 

Isobutyrate *  1.43 0.57  1.29 0.42  1.51 0.49 

Isovalerate *  1.31 0.26  1.09 0.32  1.02 0.04 

Lactate  1.18 1.11  0.84 0.45  5.25 4.35 

Methylamine *  0.49 0.15  0.94 0.12  0.70 0.16 

Phenylacetate *  0.13 0.05  0.17 0.11  0.19 0.09 

Pimelate  4.54 0.53  3.13 0.70  3.73 0.19 

Propionate *  15.22 3.17  15.94 3.34  13.86 1.30 

Succinate  0.38 0.38  0.10 0.05  0.25 0.11 

Trimethylamine *  0.17 0.13  0.59 0.35  0.62 0.49 

Urea  2.74 1.21  2.68 1.54  2.98 0.86 

Valerate *  5.27 0.95  2.99 0.42  4.15 0.31 

Acetate : Propionate  3.60  3.75  4.04 
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4.5 Discussion 

In this study, the dietary effects of the most common forages in cattle production on 

the structure and function of the archaeal and bacterial communities inhabiting different 

microenvironments of the rumen ecosystem were analyzed by a combination of shotgun-

metaproteomics, Illumina amplicon sequencing and nuclear magnetic resonance to provide 

deeper insights into the complex microbial adaptation to varying substrates. In general, the 

bacterial community composition of the rumen samples was dominated by Bacteroidetes and 

Firmicutes species as reported by other nucleic acid-based studies (Jami and Mizrahi, 2012; 

Jami et al., 2014). However, the bacterial community arrangement changed significantly in 

response to varying diets and differed between the rumen sample fractions as confirmed by 

ANOSIM for both, the 16S rRNA gene and the metaproteomic analysis. There was no 

significant effect of the host animals on the inherent bacterial community structure (Table 4).  

 

4.5.1 Bacterial Community Composition and Activity is Influenced  

by Dietary Treatments 

Dietary impact is the main factor shaping bacterial communities in the rumen (Ley et 

al., 2008; Henderson et al., 2015). The higher amount of non-fiber carbohydrates, mainly 

starch and sugars, in the corn silage-based diet (Table 3) might be responsible for the 

increased LFQ and OTU abundances of members of the Proteobacteria phylum and the family 

of Succinivibrionaceae (Hespell, 1992; Bryant, 2015). Typical members of the 

Succinivibrionaceae family are Succinimonas amylolytica and Ruminobacter amylophilus. 

The latter one is restricted to starch and maltose as fermentation substrates and produces 

succinic, formic and acetic acids (Hamlin and Hungate, 1956). S. amylolytica was shown to 

increase in abundance when substrates contained starch with succinic, acetic and propionic 

acid being the main fermentation products (Bryant et al., 1958). Thus, the higher amount of 

non-fiber carbohydrates in the corn silage-based diet (Table 3) and the associated rise in 

abundance of Proteobacteria and Succinivibrionaceae species (Figure 10) might have caused 

an increased production of succinate. The NMR-based metabolomic analysis determined the 

highest concentration of succinate in the corn silage-based RF fractions (Table 5). Moreover, 

the rise of Proteobacteria in the fractions of the corn silage-based diet (Figure 10) is in 

concordance with the increased abundance of monosaccharide transporters in the respective 

samples and the higher proteobacterial contribution to monosaccharide transporters when 

compared to the group of oligosaccharide transporters (Figure 13). Additionally, the 

abundance of proteobacterial glycosyltransferases and particularly carbohydrate esterases 
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increased in the corn silage-derived LP and SP fractions (Figure 12). 

Beyond, the higher abundance of the Proteobacteria phylum and the 

Succinivibrionaceae family in the corn silage-based samples and the therewith associated 

increase in succinate formation might explain the rise of OTUs and proteins of the 

Acidaminococcaceae family in the samples of the corn silage-based diet (Figure 16). All 

OTUs of the Acidaminococcaceae family were assigned to the genus of the succinate-

fermenting Succiniclasticum (van Gylswyk, 1995) and 48 of 70 identified proteins were 

produced by the asaccharolytic and succinate-utilizing Phascolarctobacterium species 

(Watanabe et al., 2012). Succiniclasticum and Phascolarctobacterium species of the 

Acidaminococcaceae family ferment succinate to produce propionate (Figure 16), the most 

important carbon source for the ruminant’s gluconeogenesis (Yost et al., 1977). In total six 

proteins of Phascolarctobacterium species involved in propionate production were identified 

(Chapter 4.9, Table S7). There are reports about reduced methane emissions under corn 

silage-based dietary regimen (Beauchemin and McGinn, 2005; van Gastelen et al., 2015). A 

metagenomics study linked a decrease in methane emissions and abundance of methanogenic 

archaea to an increased abundance of the Succinivibrionaceae family (Wallace et al., 2015) 

whose members utilize hydrogen to produce succinate which is then rapidly converted to 

propionate and in this compete with the most common, hydrogenotrophic methanogenesis 

(Liu and Whitman, 2008; McCabe et al., 2015). Concerning the present study, the ratio of 

acetate to propionate, an indicator for methanogenic activity, was lowest in the corn silage-

based diet (Table 5). Furthermore, the increased abundance levels of the Succinivibrionaceae 

family (Figure 10), the higher amount of succinate (Table 5) and the increased abundance of 

six propionate-producing Phascolarctobacterium proteins in the fractions of the corn silage-

based diet may indicate a consistency with the above-mentioned investigations. 

No OTUs were assigned to the Firmicutes order of Bacillales or the family of 

Selenomonadaceae with its typical members of the rumen ecosystem, Selenomonas 

ruminantium and Anaerovibrio lipolytica. In contrast, 219 proteins were assigned to the 

family of Selenomonadaceae with the majority belonging to saccharolytic Selenomonas and 

lipolytic Anaerovibrio species, respectively. This may emphasize the benefits and the 

necessity of applying multiple, complementary methods to investigate the microbiomes of 

complex ecosystems like the rumen. A previous study analyzed the identical sample material 

by quantitative real-time PCR and reported no dietary impact on the abundance of S. 

ruminantium (Lengowski et al., 2016). Contrarily, the LFQ-values of proteins of the 

Selenomonadaceae family assessed in the present study revealed a lower abundance 
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throughout the grass silage-based diet when compared to the corn silage- and the hay-based 

samples (Figure 10) including proteins involved in propionate formation (Chapter 4.9, Table 

S7) and with sequence similarity to SLH (Chapter 4.9, Table S3). The Gram-negative staining 

but phylogenetically Gram-positive rumen anaerobe S. ruminantium exhibits peptidoglycan-

associated proteins with SLH that play an important role in the maintenance of the cell surface 

structure (Kojima et al., 2010). Furthermore, S. ruminantium species are characterized by their 

ability to use a broad range of substrates including the fermentation products of other bacteria 

(Bryant, 1956; Cotta, 1990; Rasmussen, 1993). Cross-feeding between S. ruminantium and 

Butyrivibrio fibrisolvens was reported before (Cotta and Zeltwanger, 1995). Another study 

showed that the co-cultivation of S. ruminantium and B. fibrisolvens promoted the growth of 

S. ruminantium (Cotta, 1992). Correspondingly, the LFQ-values of 124 Butyrivibrio proteins 

assessed by metaproteomics exhibited the lowest abundance in the samples of the grass 

silage-based diet. Thus, the lower abundance of the Selenomonadaceae family in the grass 

silage-based diet might be linked to a similarly decreased abundance of the Butyrivibrio 

proteins in the respective samples.  

The family of Erysipelotrichaceae of the Clostridium subphylum cluster XVII as well 

belonging to the phylum of Firmicutes exhibited the highest abundance of LFQs and 

particularly OTUs in the sample fractions of the hay-based diet (Figure 10). Most of the 

respective OTUs were assigned to the genera of Sharpea and Kandleria while most proteins 

were produced by species belonging to the genera of Coprobacillus, Catenibacterium, and 

Eggerthia. Due to phenotypic, chemotaxonomic and phylogenetic data, it was suggested that 

Lactobacillus catenaformis and L. vitulinus should be reclassified into the genera of Eggerthia 

and Kandleria, respectively (Salvetti et al., 2011). Similar to Lactobacillus species, most 

members of Erysipelotrichaceae family probably ferment a wide range of sugars to produce 

mainly lactic acid (Figure 16) as reported for Sharpea azabuensis (Morita et al., 2008). This 

assumption may be supported by the higher amounts of lactate identified in the RF samples of 

the hay-based diet (Table 5). Moreover, studies of the sheep rumen linked a higher abundance 

of the Erysipelotrichaceae family in low-methane emitting animals to an increased lactic acid 

production in which less hydrogen and thus less methane is formed (Kittelmann et al., 2014; 

Kamke et al., 2016). The higher abundance of the Erysipelotrichaceae family, mainly Sharpea 

species was further associated with an increased abundance of Megasphaera species that 

convert formed lactate to butyrate (Kamke et al., 2016). In contrast, the higher abundance of 

the Erysipelotrichaceae family in samples of the hay-based diet determined in the present 

study was not accompanied by an increased abundance of Megasphaera species or the 
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Veillonellaceae family that exhibited the highest abundance in the corn silage-based samples 

(Chapter 4.9, Table S2). Fernando et al. (2010) reported a similar increase of Megasphaera 

species upon high grain diets. It was hypothesized that the enrichment of the 

Erysipelotrichaceae family is related to the smaller rumen size and higher ruminal turnover 

rates of low-methane emitting sheep which favors microorganisms with fast, hetero-

fermentative growth on sugars (Kittelmann et al., 2014; Kamke et al., 2016). However, in the 

present study the rise of the Erysipelotrichaceae family in the larger rumen of the Jersey cows 

was observed exclusively under hay-based dietary regimen and the ratio of acetate to 

propionate, an indicator for methanogenic activity was highest in the hay-based diet (Table 5). 

The findings of the present study suggest further microbiological investigations of the yet 

sparsely described family of Erysipelotrichaceae to obtain a more valid basis regarding their 

functional capabilities and their role within the rumen ecosystem.  

 

 
Figure 16 | Consolidation of metaproteomic, 16S rDNA sequencing and metabolomic 

analyses showing the most active and abundant rumen bacteria in the respective diets and 

sample fractions and their main fermentation products. Character size of bacterial family 

names and metabolites are in accordance to their abundance (LFQ for proteins, concentration 

for metabolites). Ack, acetate kinase; Fat, formate acetyltransferase; GH, glycosyl hydrolase; 

Hbd, hydroxybutyryl-CoA dehydrogenase; Lacd, lactate dehydrogenase; MemC 

methylmalonyl-CoA mutase. 
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Bifidobacterial genomes comprise features necessary for the metabolism of plant-

derived complex carbohydrates like glycoside hydrolases and sugar ABC transporters 

(Pokusaeva et al., 2011). This might explain the higher abundance of proteins and OTUs of 

the family of Bifidobacteriaceae in the more fiber-rich grass silage- and hay-based samples 

when compared to the corn silage-based diet (Chapter 4.9, Table S2). Moreover, a 

Bifidobacterium-derived glycosyltransferase of the family GT4 and oligosaccharide, polyol, 

and lipid transporters from Bifidobacteriaceae were more abundant in the grass silage-based 

diet and the hay-based samples when compared to the relatively low abundance in the corn-

silage based diet. Furthermore, the polysaccharide-degrading capabilities of Actinobacteria 

including the Bifidobacteriaceae family might be reflected by the higher abundance in the SP 

fractions of all diets (Figure 10). Contrarily, the study of de Menezes et al. (2011) reported a 

higher abundance of 16S rRNA gene sequences of Actinobacteria in the LP fractions. 

 

4.5.2 Bacterial Community Composition and Activity is Influenced 

by the Microenvironment 

Besides the effect of animal feed composition, large variations in community structure 

between the different microenvironments of the rumen ecosystem were observed emphasizing 

the importance of sample fractionation in rumen studies to cover the effects of treatments 

throughout the whole ecosystem and its specific functional niches. The difference in bacterial 

community composition between sample fractions was shown to be greater than the 

difference between the same fractions of individual animals (Kong et al., 2010). Variations 

between the different microenvironments have already been discovered before the advent of 

16S rRNA gene-based community analysis since the chemical composition of firmly-attached 

bacteria was shown to be different from the liquid-associated population whereas loosely-

attached bacteria were rather similar to the liquid-associated population (Legay-Carmier and 

Bauchart, 1989) which confirms the findings of the present study. Within diets, the more 

fiber-rich SP fractions revealed a significant increase in abundance of polysaccharide 

degrading species of the Firmicutes order of Clostridiales including the families of 

Lachnospiraceae and Ruminococcaceae as found by OTU and protein abundance levels 

(Figure 10). The order of Clostridiales includes several cellulolytic Clostridium species (Vos 

et al., 2011) and as well fiber-degrading members of the Eubacteriaceae family (Prins et al., 

1972; Van Gylswyk and Van der Toorn, 1985). Most of the OTUs within the order of 

Clostridiales, excepting Lachnospiraceae and Ruminococcaceae, were assigned to 

unclassified Clostridiales but no OTUs were assigned to the family of Eubacteriaceae while 
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most respective proteins were produced by Eubacterium and Clostridium species. The family 

of Lachnospiraceae comprises the prominent cellulolytic B. fibrisolvens (Bryant and Small, 

1956) and the pectinolytic Lachnospira multiparus (Duskova and Marounek, 2001). Members 

of the Lachnospiraceae family exhibit strong hydrolyzing activities with multiple sets of 

carbohydrate-active enzymes (Stackebrandt, 2014) which may explain the increased 

abundance in the SP fractions of all diets (Figure 10). The group of oligosaccharide, polyol 

and lipid transporters contained 27 Lachnospiraceae proteins that exhibited the highest 

abundance in the SP fractions of all diets (43%) when compared to the LP (29%) and the RF 

(28%) fractions. A similar increase in abundance of Lachnospiraceae species in the fiber-

adherent fractions was reported by Larue et al. (2005). Butyrate formation seemed to be 

performed by the members of the Lachnospiraceae in the two fiber-rich diets (Figure 16) as 

proteins involved in butyrate formation revealed the highest abundance (Figure 15) and 

butyrate concentration was higher in the RF fractions of these samples (Table 5). Comparably, 

protein and OTU abundances of the Ruminococcaceae family with its prominent cellulolytic 

representatives Ruminococcus flavefaciens and Ruminococcus albus were not significantly 

influenced by the dietary treatments but the respective proteins were more abundant in the SP 

fraction of all diets. A comprehensive study of Henderson et al. (2015) reported a relatively 

even distribution of Ruminococcus species across different diets and host animals comparable 

to the finding of the present study. The presence of phenylpropionate identified by NMR 

(Table 5) was reported to be essential for adherence to and degradation of cellulose by R. 

albus (Stack and Hungate, 1984). The phylum of Fibrobacteres is represented by the major 

cellulose degrader Fibrobacter succinogenes that is restricted to cellulose, hemicellulose or 

glucose as growth substrates (Hungate, 1950; Puniya et al., 2015). However, there were no 

significant dietary effects on the abundance of Fibrobacteres proteins and OTUs but within 

diets, the LFQ-values reached their maximum in the SP fractions (Figure 10) similar to the 

findings of a previous DNA sequencing study (de Menezes et al., 2011). Large differences 

between protein- and the OTU-based abundances might be explained by the fact that 

metaproteomic investigations depend on the amount and quality of reference sequences 

available for database searches (Seifert et al., 2013; Tanca et al., 2013). Currently only 15 

genomes and thus, comparably small numbers of annotated protein sequences are available 

for the phylum of Fibrobacteres which limits mass spectrometry-based identifications. In 

contrast, 1,863 different 16S rRNA gene sequences of the phylum of Fibrobacteres are 

deposited in the RDP database. 
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The phylum of Spirochaetes was more abundant in the SP fractions as determined by 

both methods (Figure 10) confirming the findings of de Menezes et al. (2011). The majority 

of proteins and OTUs belonged to Treponema species. Treponema bryantii is known to 

interact with cellulolytic bacteria (Stanton and Canale-Parola, 1980) and T. succinifaciens is 

able to ferment carbohydrates (Cwyk and Canale-Parola, 1979) which may explain the 

increased abundance throughout the SP fractions. Comparably, the low abundant phylum of 

Synergistetes, characterized in 2009, revealed the highest LFQ-values of proteins and 

particularly OTUs in the SP fractions (Chapter 4.9, Table S2). There is not much information 

about the members of this phylum that are present in many anaerobic ecosystems including 

the gastrointestinal tract of animals but usually appear in low abundance within the respective 

environments (Jumas-Bilak and Marchandin, 2014). Synergistes jonesii was first isolated 

from the rumen of goat and did not ferment carbohydrates but is thought to be involved in the 

degradation of plant-derived toxins such as mimosine and thus, might be beneficial for the 

host animal (Allison et al., 1992). The overall low abundant phyla of Elusimicrobia and 

Verrucomicrobia were not affected by the different diets or sample fractions. However, the 

abundance of Elusimicrobia proteins was lower when compared to the respective OTUs 

whereas the abundance of Verrucomicrobia proteins was higher when compared to the 

corresponding OTUs (Chapter 4.9, Table S2). A study employing total RNA sequencing as 

well as targeted RNA- and DNA amplicon sequencing identified the phyla of Elusimicrobia 

and Verrucomicrobia exclusively in the RNA-based datasets and proposed a higher activity of 

the respective phyla in the rumen (Li et al., 2016). The present data may confirm a high 

metabolic activity of the Verrucomicrobia phylum due to the higher abundance of proteins 

when compared to the respective OTUs. 

The Prevotellaceae family comprises common rumen bacteria such as Prevotella 

ruminicola, P. brevis, P. bryantii, and P. albensis and was shown to increase in abundance 

upon inclusion of concentrate in diets (Henderson et al., 2015). In the present study, the 

Prevotellaceae family constituted the most dominant bacterial family within the rumen 

ecosystem as reported before (Kim et al., 2011; Jami and Mizrahi, 2012). The abundance of 

proteins and OTUs assigned to the Prevotellaceae family was not affected by the different 

diets but within diets, the LFQ-values were highest in all LP fractions (Figure 10). A higher 

abundance of the Prevotellaceae family in the liquid rumen fractions has been reported before 

(Whitford et al., 1998; Kocherginskaya et al., 2001; Pitta et al., 2010). Members of the 

Prevotellaceae family are characterized by their versatile metabolic capabilities and their 

ability to utilize a broad range of substrates including peptides, proteins, monosaccharides, 



Chapter IV   -   3rd MANUSCRIPT 
 

_____ 
90 

and plant polysaccharides (Miyazaki et al., 1997; Matsui et al., 2000; Purushe et al., 2010) 

and thus, may not be primarily affected by changes in diet composition. The majority of 

identified CAZymes were produced by Prevotellaceae species including 46 glycoside 

hydrolases, 14 glycosyltransferases and six carbohydrate esterases emphasizing their 

functional prevalence (Chapter 4.9, Table S3). Furthermore, most enzymes involved in acetate 

and propionate formation were derived from Prevotellaceae species (Figure 16). 

The high abundance of polysaccharide-degrading bacteria in the SP fractions 

described above might have caused an increased availability of monosaccharides and a higher 

abundance of proteins involved in glycolysis by the Embden-Meyerhof-Parnas pathway. 

Considering the different texture and the higher amounts of starch in the corn silage-based 

diet when compared to the more fibrous grass silage- and hay-based diets most 

monosaccharides possibly were present in the SP fraction of the corn silage-based diet 

whereas most monosaccharides from the degradation of structural plant polysaccharides were 

rather present in the LP fractions of the grass silage- and hay-based diets (Figure 14B). 

Similar to reports of Pitta et al. (2010), more fibrous hay diets included the development of a 

digesta mat with clearly separated phases whereas wheat-based rumen content was more 

homogenized without a distinct fibrous mat. Proteins involved in the citric acid cycle showed 

a remarkably low abundance in the SP fractions of the grass silage- and hay-based diets 

(Figure 14C) pointing toward a low abundance of substrates like succinate which is in 

accordance with the abundance values of proteins of the Embden-Meyerhof-Parnas pathway. 

This might explain as well the high abundance of the pentose phosphate pathway in the LP 

fractions of the grass silage- and hay-based diets that probably contained most sugars within 

the fiber-rich diets (Figure 14D). 

Most studies of the rumen metabolome identified higher numbers of different 

metabolites by a combination of NMR- and more sensitive MS-based approaches (Ametaj et 

al., 2010; Saleem et al., 2012, 2013). However, despite the statistical insignificancies the 

metabolite concentrations assessed by NMR in the present study further supported the 

findings of the 16S rRNA gene sequencing and the metaproteomic analysis. Insignificant 

metabolite patterns might also be related to the 52% identical composition of the experimental 

diets used in the present study. 

 

4.5.3 Archaeal Community Differs in Sequence and Protein Composition 

There were no diet, sample fraction or host related shifts in community structure of 

archaea probably due to the less versatile metabolic capabilities when compared to bacteria 
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(Henderson et al., 2015) and the relatively low numbers of identified proteins and OTUs. The 

findings of the present study support the results of a previous study that analyzed the 

abundance of total methanogens and the Rumen Cluster C in the same sample material using 

quantitative real-time PCR (Lengowski et al., 2016). However, in contrast to the bacterial 

datasets, the archaeal community composition inferred from the quantified proteins differed 

clearly from the structure obtained by Illumina amplicon sequencing (Figure 11). OTUs were 

exclusively assigned to three families of methanogens with members of the family 

Methanobacteriaceae and Methanomassiliicoccaceae being dominant throughout all diets and 

sample fractions similar to the results of other 16S rRNA gene-based studies (Janssen and 

Kirs, 2008; Seedorf et al., 2015). On the other hand, the phylogenetic composition inferred 

from the quantified archaeal proteins depicted a higher diversity including the presence of the 

Crenarchaeota and Thaumarchaeota phyla that were identified in low abundance in the rumen 

ecosystem before (Shin et al., 2004; Wang et al., 2016; Jin et al., 2017). The different 

phylogenetic distributions of archaeal proteins and OTUs might be attributed to the 

prevalence of Methanobrevibacter ruminantium and M. gottschalkii of the 

Methanobacteriaceae family which dominate the ruminal archaeal community (Janssen and 

Kirs, 2008; St-Pierre and Wright, 2013; Seedorf et al., 2015; Danielsson et al., 2017). High 

numbers of the respective 16S rRNA genes might have prevented sufficient sequencing reads 

of low abundant 16S rRNA genes in the present study. Moreover, some archaea are endo- and 

ectosymbiotically linked to protozoa (Lange et al., 2005). In particular species of 

Methanobacteriaceae family were found to be associated with protozoa (Janssen and Kirs, 

2008). The specific sample preparation protocols for the shotgun metaproteomic analysis 

focusing on the enrichment of prokaryotic cells might have caused bias against protozoa-

associated archaea, which could further explain the differences between the DNA- and 

protein-derived datasets. The metaproteomic approach identified the alpha, beta and gamma 

subunits of the methyl-coenzyme M reductase based on 15 proteins (Chapter 4.9, Table S7) 

that constituted 23% of the total abundance of 55 proteins that belonged to the methane 

metabolism as defined by the KEGG database. Eleven proteins were produced by species of 

the Methanobacteriaceae family and four proteins were assigned to the Thermoplasmata 

phylum. The methyl-coenzyme M reductase catalyzes the final step in the formation of 

methane (Ragsdale, 2014) and the mcrA gene, encoding the alpha subunit of the methyl-

coenzyme M reductase, is preferably used as a functional marker since present in all 

methanogens (Denman et al., 2007). The abundance of the subunits of the methyl-coenzyme 

M reductase (Table S1) was lowest in the corn silage-based diet corresponding to the ratio of 
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acetate to propionate that was lowest in the corn silage-based diet as well (Table 5). 

Next to the hydrogenotrophic methanogenesis, methylotrophic methanogens like the 

family of Methanomassiliicoccaceae belonging to the class of Thermoplasmata utilize 

compounds like methylamine, dimethylamine, and trimethylamine as their major energy and 

carbon sources. Trimethylamines are formed by bacteria from plant-derived glycine betaine 

and cholin (Neill et al., 1978; Mitchell et al., 1979). A trimethylamine corrinoid protein MttC 

of the methanogenic archaeon ISO4-H5 was identified in the metaproteomic analysis and the 

NMR-based analysis found higher concentrations of methylamine, dimethylamine and 

trimethylamine in the grass silage- and hay-based diets (Table 5) which is supported by other 

reports that indicate higher glycine betaine concentrations in grass as when compared to corn 

(Lerma et al., 1991; Chendrimada et al., 2002). The ratio of acetate to propionate was higher 

in the two fiber-rich diets that further contained more than twice as much methylamines when 

compared to the corn silage-based diet suggesting a potentially higher activity of 

methylotrophic methanogenesis in the fiber-rich diets. A previous study suggested to focus on 

methylamines rather than on hydrogen for mitigating methane emission from the rumen 

(Poulsen et al., 2013). 

 

4.6 Conclusion 

The obtained datasets revealed significant alterations of the structure and function of 

the microbial communities in response to the dietary treatments as determined unanimously 

by the protein- and the DNA-based analyses. Certain contrasts between the methods 

employed clearly emphasized the benefits of using combinations of complementary methods 

to study the microbiome of complex ecosystems like the rumen. Moreover, tremendous 

variations in community composition and functional patterns regarding the different 

microenvironments within the rumen were observed by both methods prompting for the 

necessity of sample fractionation in rumen studies to cover the effects of applied treatments 

throughout the whole ecosystem. The role of low abundant phyla such as Elusimicrobia, 

Synergistetes, Tenericutes, and Verrucomicrobia within the rumen ecosystems remains 

comparably vague since not much information about the respective species is available. This 

suggests microbiological investigations of the respective species in pure and mixed cultures to 

obtain more accurate data regarding their functional capabilities. This study may provide 

deeper insights into the complicated network of bacterial interactions and adaptions to various 

substrates. Bioinformatic and technical progress may enhance the metaproteomic coverage of 

future studies. 
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5. DISCUSSION 
 

The influence of the varying diets on the structure and functional profiles of the 

archaeal and bacterial communities taking into account the different ecological niches in the 

rumen as well as associated shifts in metabolome composition of the rumen fluid are the 

subject matter of the following discussion. Moreover, the rumen core microbiome, present in 

all animals, diets and sample fractions as well as the potential impact of individual animals on 

their inherent microbiome, the overall experimental design and the different methods 

including sample preparation procedures applied to investigate the prokaryotic communities 

and the metabolomes will be debated in the ensuing sections. 

 

5.1 Experimental Design 

Regarding the significance and meaningfulness of the outcomes of this work, one of 

the most relevant aspects to be considered is the experimental design including the used 

animals, respectively the breed, age and lactating status, different diet compositions and 

rumen sampling strategies as well as the overall conditions of the experimental trial. 

Employing a Latin square design based on three Jersey cows fed rotationally with three 

different rations provided access to diet- and host-related effects on the rumen microbiome 

(Figure 17). 

 

 
Figure 17| Experimental design based on three Jersey cows, diets, rotational repetitions and 

sample fractionations. 
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5.1.1 Animals 

The Jersey dairy cattle are considered to be one of the oldest cattle breeds and the 

second most distributed breed in the world (Felius, 1995; Rimas and Fraser, 2008). The good 

reputation of the Jersey variety is based on their outstanding economy of production. Milk 

production of Jerseys is more efficient and exhibits a higher quality based on greater fat and 

protein contents but also lower overall milk yields when compared to the most popular breed 

of Holstein-Friesian cattle. Nevertheless, Jerseys produce more milk in relation to body 

weight with a lower environmental impact than any other dairy breed (Capper and Cady, 

2012). Due to the smaller size, more milking cows can be kept per area reducing the 

maintenance requirements. Remarkable grazing abilities, a higher heat tolerance and fertility 

along with fewer cases of labour dystocia and less susceptibility to mastitis make Jersey cattle 

interesting for crossbreeding with other dairy and even meat cattle breeds (Briggs and Briggs, 

1980; American Jersey Cattle Association, National All-Jersey Inc., 2006). 

The efficiency in milk production, their widespread use across the world and the 

valuable breeding potential make Jersey cows a suitable variety to investigate the influence of 

commonly used animal feeds on the rumen microbiota. The three cannulated Jersey cows 

used in this study (no. 23, 28 and 59) were selected in order to reduce the risk of possible 

deviations between the animals. Details about the individual animals are listed in Table 6. 

 

Table 6| The characteristics of cows. Age in months, days in lactation and lactation period at 

the begin of the experimental trial as well as the average daily milk yield, temperature, uptake 

of total mixed ration and body weight during the experiment. 
 

 24/02/2014 24/02/2014 - 25/04/2014 
Jersey 
dairy 
cows 

Age (mo) Lactation 
(d) 

Lactation 
period 

Milk       
(L/d) 

Temp.    
(°C)  

TMR             
(kg/d) 

Weight    
(kg)  

23 58 146 3 
15.7 37.8 29.0 605 

± 3.3 ± 0.4 ± 7.4 ± 40 

28 69 222 2 
12.7 38.1 20.9 449 

± 1.2 ± 0.2 ± 4.9 ± 42 

59 64 234 3 
21.4 38.3 31.3 563 

± 3.6 ± 0.3 ± 12.3 ± 16 
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Next to the potential impact of individual animals on their microbiome (Guan et al., 

2008; Roehe et al., 2016), recent studies investigating Holstein-Frisian and Jersey cows under 

identical dietary regimen found differences between the breeds regarding the archaeal and 

bacterial community compositions (King et al., 2011; Cersosimo et al., 2016; Paz et al., 

2016). Thus, it is important to consider that, besides the factor of specific dietary treatments 

the results of this study cannot be transferred unrestrictedly to other cattle breeds or ruminant 

species. 

 

5.1.2 Diets 

Corn silage, grass silage and grass hay are the most commonly used forages for dairy 

cows and fattening cattle in Europe and North America (Wilkinson et al., 1996). Variations in 

the chemical composition of the respective forages affect the rumen microbial communities in 

different directions. In practice however, forages are usually supplemented with concentrate 

to meet the requirements of high-performance dairy cows. Thus, the main experiments of the 

current thesis (Chapter 4) are based on diets, respectively total mixed rations containing about 

48% of the above-mentioned forages each supplemented with about 52% of identical 

concentrate (Table 7) in order to obtain conditions as close as possible to the actual situation 

in animal production. However, interactions or reactions between the concentrate mixture and 

the corresponding forage sources are possible and cannot be excluded, but were not further 

considered in this study. The corn silage-based diet (CS) was supplemented with urea to 

obtain more balanced nitrogen content (Table 7) in comparison to the grass silage (GS)- and 

grass hay (H)-based diets. Urea constitutes an important non-protein nitrogen source for 

microbial protein synthesis. 

The chemical compositions of total mixed rations, respectively experimental diets 

were calculated from measured analyses of single components (Table 3) according to the 

guidelines of the Association of German Agricultural Analytic and Research Institutes 

(VDLUFA, 2006; Kirchgeßner et al., 2014). The experimental diets differed mainly in neutral 

detergent fiber, acid detergent fiber and acid detergent lignin, which increased gradually from 

CS over GS to the H diet (Table 3). The crude protein content of the CS diet was lower than 

in the more fiber-rich GS and H diets whereas the CS diet contained most non-fiber 

carbohydrates when compared to the GS and H diets. The GS diet contained most inorganic 

substances and most crude fat. 
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Table 7| Composition ratios of the three experimental diets used in this study. CS, corn 

silage-based diet; GS, grass silage-based diet; H, grass hay-based diet. 
 

 Components (% of dry matter) CS diet GS diet H diet 

Forage source 

Corn silage 47.64 - - 

Grass silage - 48.05 - 

Grass hay - - 48.05 

Concentrate 
composition 

Barley 18.36 18.52 

Wheat 18.36 18.52 

Soybean meal 7.44 7.51 

Molasses 5.96 6.01 

Urea 0.60 - 

Limestone 0.69 0.45 

Sodium chloride 0.25 0.25 

Vitamin mineral premix 0.70 0.70 

 

 

5.1.3 Trial Conditions and Sampling Procedure 

The three Jersey cows were kept in a herd of six cows in a free-stall barn with ad 

libitum consumption and free access to drinking water. The troughs were filled once daily 

after morning milking and transponders restricted access only to one trough per cow. Samples 

were taken 5 h after feeding at 12.30 p.m. after an adaptation time of 20 days for each diet 

respectively (Figure 17).  

Distinct microbial groups such as bacteria or protozoa may need different adaptation 

times and reports about the time required for the rumen microbiome to re-stabilize after 

dietary changes are controversial but are generally thought to occur within several days 

(Hackmann, 2015). Different rumen sampling techniques such as access via cannula or 

esophageal tubing were shown to be neglectable, not influencing the final microbial 

community compositions (Lodge-Ivey et al., 2009; Paz et al., 2016). Moreover, different 

sampling locations within the rumen did not significantly influence the bacterial diversity (Li 

et al., 2009).  

However, there are reports of variations between planktonic, loosely- and tightly-

particle-associated bacterial populations (Larue et al., 2005; de Menezes et al., 2011; Kim et 

al., 2011a; Stiverson et al., 2011). This has already been discovered before the advent of 16S 

rRNA gene-based community analysis since the chemical composition of firmly-attached 
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bacteria was shown to be different from the liquid-associated population whereas loosely-

attached bacteria were rather similar to the liquid-associated population (Legay-Carmier and 

Bauchart, 1989). The variety between bacterial communities of distinct sample fractions of 

the rumen was shown to be even larger as the variety amongst distinct individuals (Kong et 

al., 2010). 

To obtain most representative samples for the present study, rumen matter was 

collected from five different positions (cranial, caudal, dorsal, ventral, and medial) through a 

rumen cannula. The samples were squeezed vigorously by hand using disposable 

polyethylene gloves to obtain the liquid phase (LP) sample fractions, the remains constituted 

the solid phase (SP) sample fractions. Equal parts of the LP and SP sample fractions were 

pooled across the five positions. As a third sample fraction ventral rumen fluid (RF) was 

collected using a vacuum pump. Considering the different functional niches of bacterial 

populations in the rumen requires subdivision into planktonic species, free-living in the RF 

and the fiber-adherent communities which should be further separated into the groups of 

loosely- and tightly-attached species supposed to be present in the LP and the SP fractions, 

respectively (McAllister et al., 1994). Throughout the whole sampling and pooling 

procedures, sterile 1000 ml glass beakers, spatulas and hoses were used. Squeezing and 

pooling was performed as quick as possible to reduce exposure to oxygen and the risk of 

contamination. In total 27 samples (of three cows, diets and sample fractions) were frozen 

immediately at -80°C until further processing for Illumina MiSeq amplicon sequencing of the 

16S rRNA gene, tandem mass spectrometry-based shotgun metaproteomics and nuclear 

magnetic resonance measurements of the metabolites in the nine RF fractions (Figure 17). 

 

5.2 Consideration of Applied Methods 

The methods applied to analyze the different biomolecules like DNA, protein and 

metabolites and the therewith associated, specific sample preparation procedures as well as 

the subsequent bioinformatic analyses and taxonomic assignments are of fundamental 

importance concerning the accuracy and reliability of the present data and will be discussed in 

the following paragraphs. 

 

5.2.1 Illumina MiSeq Amplicon Sequencing 

Using fragments of the 16S rRNA gene for characterizing prokaryotic communities 

involves many processing steps each of which each can potentially influence the final 

community structure and diversity observed. Issues to be considered are related to DNA 
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extraction method (Henderson et al., 2013) and DNA concentration (Chandler et al., 1997), 

primer design (Tremblay et al., 2015) and amplified regions of the 16S rRNA gene (Kumar et 

al., 2011), polymerase-chain reaction (PCR) settings (Ishii and Fukui, 2001) and amplicon 

purification steps. Moreover the used sequencing platforms, the size of prepared libraries 

(Gihring et al., 2012), various bioinformatic data analyses and taxonomic assignment 

procedures (Jovel et al., 2016) including 16S rRNA gene reference databases as well as 

multiple copies of the 16S rRNA gene (Kembel et al., 2012) have to be considered. 

 

5.2.1.1 DNA Extraction, Quantification and Purity 

First, sufficient quantity and quality of extracted DNA are fundamental to all 

downstream steps. The rumen sample matter is highly heterogeneous and microorganisms are 

present in different proportions exhibiting a huge diversity involving distinct morphologies, 

cell wall compositions and chemical characteristics (Legay-Carmier and Bauchart, 1989). 

These properties affect representative DNA extractions, respectively cell disruption and lysis 

steps and hence, may favor or discriminate against certain microbial groups or 

microorganisms which distorts the final image of the microbial community structure (Yu and 

Morrison, 2004; Bergmann et al., 2010; Henderson et al., 2013; Villegas-Rivera et al., 2013). 

Studies employing different DNA extraction methods are not comparable (Henderson et al., 

2013). Using identical DNA extraction protocols may not guarantee a proper representation of 

the microbial community structure but enables comparisons between samples or studies. 

Additionally, DNA extracts are accessible for contaminations with foreign microbial DNA 

due to non-specific marker genes. Sources of contamination may include the PCR reagents, 

ultrapure water and the extraction reagents.  

In this study the FastDNA™ SPIN Kit for Soil (MP Biomedical, Solon, OH, USA) 

and 250 mg of each sample fraction were used for DNA extraction according to the 

manufacturer’s instruction with slight modifications as previously described (Burbach et al., 

2016). The protocol included a bead-beating step for improved mechanical disruption of 

Gram-positive bacteria (Feinstein et al., 2009; Smith et al., 2011; Wesolowska-Andersen et 

al., 2014) which typically exhibit more stable cell walls with thick layers of peptidoglycan. 

The results of the Illumina MiSeq sequencing of the V1 to V2 regions of the 16S rRNA gene 

revealed representative proportions of expected ruminal genera belonging to the respective 

Gram-positive and Gram-negative bacterial consortia indicating a proper DNA extraction 

procedure (Chapter 5.3). 
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5.2.1.2 PCR, Regions of the 16S rRNA Gene and Primers 

Substances such as humic acids (Bergmann et al., 2010), polysaccharides, urea and 

bile salts might be present in the sample and inhibit subsequent PCR amplification (Schrader 

et al., 2012). Other parameters influencing the efficiency of mixed template PCR 

amplifications are the guanine-cytosine content of the target regions (Pinto and Raskin, 2012), 

DNA concentration (Polz and Cavanaugh, 1998) and thermocycling conditions (Ishii and 

Fukui, 2001; Kalle et al., 2013). 

Today, the most used sequencing platforms for studies of the gut microbiome are 

Roche 454 GS-FLX, Illumina MiSeq, Ion Torrent PGM and PacBio SMRT (de la Cuesta-

Zuluaga and Escobar, 2016). Most of the next generation sequencing platforms cannot cover 

the whole length of the 16S rRNA gene (ca. 1,500 base pairs) and thus, only parts of the gene, 

the hypervariable V1 to V9 regions are used preferably for modern sequencing technologies 

(Youssef et al., 2009). The respective 16S rRNA gene can be inferred from the surrogate 

sequence of the hypervariable regions (Juste et al., 2008). Nevertheless, the reliability of the 

respective correlations differs between the hypervariable regions yielding contrary counts of 

operational taxonomic units from different hypervariable regions (Schloss, 2010; Yarza et al., 

2014). The selection of the hypervariable region of the 16S rRNA gene for amplification 

influences the determination of microbial community structures (Kumar et al., 2011). Here we 

chose the V1 to V2 region for amplification of the archaeal and bacterial 16S rRNA gene as 

used and suggested by other studies (Liu et al., 2007; Camarinha-Silva et al., 2014). 

For amplification of the selected hypervariable regions specific broad-range or 

universal primers, flanking the sequence of interest, must be used. The flanked regions are 

very constant over a broad scope of bacterial groups enabling proper annealing and 

amplification of the target sequence (Wang and Qian, 2015). However, mutations may occur 

in the conserved regions as well and primers with a low coverage may result in biased 

amplification of the template DNA again causing discrimination or preference of certain 

microbial groups (Cai et al., 2013; Klindworth et al., 2013). 

In this study, to target the V1 to V2 region of the archaeal 16S rRNA gene the primers 

Arch349F and Arch806R were used as described previously (Lee et al., 2012) and the V1 to 

V2 region of the 16S rRNA gene of bacteria was amplified using the primers described by 

Camarinha-Silva et al. (2014). The forward primers contained a six nucleotide barcode 

(Meyer and Kircher, 2010), a two nucleotide linker (Hamady et al., 2008) and both primers 

contained sequences complementary to the Illumina specific adaptors. 
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5.2.1.3 Data Processing and Taxonomic Assignments 

Bioinformatic pipelines for the processing of raw sequences (Schloss et al., 2009; 

Kozich et al., 2013) include the removal of low quality reads, sequencing errors, chimeric 

sequences (Edgar et al., 2011) and the clustering into operational taxonomic units by various 

algorithms (DeSantis et al., 2006b; Wang et al., 2007). Subsequently taxonomic assignments 

using comprehensive 16S rRNA gene reference databases such as Greengenes (DeSantis et 

al., 2006a), the Ribosomal Database Project (Cole et al., 2014) as well as SILVA (Quast et al., 

2013) are performed considering also multiple copies of 16S rRNA gene (Kembel et al., 

2012). The choice of database can have stronger effects on the outcome than different 

assignment methods (Liu et al., 2008). To characterize and compare different microbial 

communities commonly ecological and statistical evaluations in from of α and β diversity are 

applied. Sequence processing and assignments of the current study are described in Chapter 

4.3.4. Different prokaryotic species exhibit varying numbers of 16S rRNA gene copies that 

also depend on the respective growth stage (Ogata et al., 1997; Fogel et al., 1999; Peterka and 

Avgustin, 2001; Tajima et al., 2001; Sirohi et al., 2012). Moreover, the different copies of the 

16S rRNA gene of a species may exhibit varying sequences causing an identification of 

several ribotypes for a single microorganism, which may affect the precision of the 

microbiome structure depiction (Dahllöf, 2002; Crosby and Criddle, 2003). A more precise 

picture of the abundance and diversity of the investigated communities can be obtained by 

considering the different numbers of 16S rRNA gene copies (Kembel et al., 2012). 

Nevertheless, the numbers of 16S rRNA gene copies are known for only a few ruminal 

species (Acinas et al., 2004) and were generally not considered in most studies of the rumen 

microbiome which also applies to the present study. 

 

5.2.2 Shotgun Metaproteomics 

Shotgun or bottom-up metaproteomics based on tandem mass spectrometry stands for 

the characterization of the entire protein complement of an environmental microbiota at a 

given point in time entailing phylogenetic and functional information about the active 

consortia of the respective microbiota (Wilmes and Bond, 2004; 2006; Hettich et al., 2013; 

Seifert et al., 2013; Tanca et al., 2014; Wilmes et al., 2015).  

Focusing at the actual functions out of numerous possibilities that are encoded by the 

genomes of a microbiome is essential for an improved understanding of the rumen 

microbiome including the interactions of its different members as well as host-microbe 

interactions. For this purpose, proteins are best suited since they represent the function of a 
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cell. Shifts in microbiome structure are not necessarily linked to alterations of functional 

profiles or pathways due to the functional redundancy of microorganisms.  

The intention of shotgun metaproteomics is the identification of peptides retrieved 

from tryptically digested proteins. For separation, the peptides are injected onto a nano-high 

performance liquid chromatography (nano-HPLC) that is coupled to a tandem mass 

spectrometer (MS/MS). Subsequently, peptides are identified by database searches using the 

obtained MS/MS spectra and therefrom the proteins present in the sample are derived 

(Chapter 5.2.2.3).  

Developments in metaproteomics include the step from two-dimensional gel-

electrophoresis and matrix assisted laser desorption/ionization time-of flight (MALDI-ToF) 

mass spectrometry to one-dimensional gel-electrophoresis combined with liquid 

chromatography and tandem mass spectrometry (GeLC-MS/MS). In contrast to the limited 

analysis of single protein-spots from two-dimensional gel-electrophoresis (Snelling and 

Wallace, 2017) the GeLC-MS/MS approach can analyze complex and comprehensive 

mixtures of peptides within a single measurement run (Dzieciatkowska et al., 2014). 

Technical progress in liquid chromatography (LC) involving reverse phase columns based on 

C18 molecules enabled the separation of thousands of peptides due to their hydrophobicity. 

Moreover, improved accuracy of mass determination by mass spectrometers, higher 

resolutions and dynamic ranges, promoted the successfully feasible application of shotgun 

metaproteomic studies respectively GeLC-MS/MS approaches (VerBerkmoes et al., 2009; 

Yates et al., 2009) as employed within this project (Chapter 3 and Chapter 4). GeLC-MS/MS 

approaches are not restricted to microbiome analyses only but were also used to investigate 

the ruminal epithelial tissue (Yang et al., 2013). 

Important steps of the present shotgun metaproteomic workflow are depicted in Figure 

18. First steps were the rumen sample collection as described in Chapter 5.1.3 and the 

particularly crucial sample preparation procedure as described in the following paragraph 

(Chapter 5.2.2.1). Further steps included the unbiased proteome extraction and the capture, 

purification and separation of extracted proteins by one -dimensional sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) followed by tryptic in-gel digestion and 

peptide extraction including peptide purification (Chapter 5.2.2.2). Final steps were the LC-

MS/MS measurements and the subsequent bioinformatic protein identification for defining a 

sample specific in-house search database required for reliable protein quantification. The 

closing step comprised the bioinformatic data analyses of the functions of quantified proteins 

to find biological relevancies (Chapter 5.2.2.3). 
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Figure 18| Scheme of the main crucial steps of the present metaproteomic workflow. 

 

5.2.2.1 Sample Preparation 

The rumen matter is highly heterogeneous comprising eukaryotic cells from rumen 

fungi and protozoa as well as prokaryotic cells of archaea and bacteria. Moreover, epithelial 

cells of the animals and enormous amounts of plant cells from ingested feed are present. 

Metaproteomic studies require the extraction of proteins preferably of the desired target 

organisms to increase the coverage of the respective metaproteome as well as the reliability of 

protein identifications. This implicates the avoidance of undesired proteins that might be 

present in the environmental sample. Thus, optimized sample preparation protocols are 

necessary in order to retrieve, in this case, enhanced amounts of prokaryotic instead of plant- 

and bovine-derived cells before protein extraction and subsequent LC-MS/MS analysis. There 

is no universal sample preparation method and in contrast to nucleic acids, proteins cannot be 

enriched or amplified by PCR, hence different environmental samples require the 

establishment of individual sample preparation protocols (de Castro et al., 2013).  

Prokaryotic cells exhibit about 103 smaller sizes and masses when compared to 

eukaryotic cells. Hence, there is the possibility to separate prokaryotic cells from the residual 

matter by filtration and centrifugation. However, up to 75% of the rumen bacteria live 

attached to the plant material (Koike et al., 2003) and have to be detached prior to the 

enrichment procedure. Furthermore, to obtain representative samples, it is important to 
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consider the different ecological niches within the rumen as described in Chapter 5.1.3. 

Several studies evaluated methods for isolating rumen microorganisms that include various 

chemical and physical treatments, e.g. methylcellulose, chilling or blending (Leedle et al., 

1987; Whitehouse et al., 1994; Ranilla and Carro, 2003; Trabalza-Marinucci et al., 2006).  

Within this project, we focused on improving the identification numbers and the ratio 

of prokaryotic to eukaryotic proteins. Different sample preparation protocols for the fiber-

adherent and the liquid-associated bacteria and archaea were established and evaluated by the 

number of possible protein identifications, the ratio between prokaryotic and eukaryotic 

proteins and in analyzing bias towards specific phylogenetic groups, subcellular localizations 

and Cluster of Orthologous Groups. Using methylcellulose and common cheesecloth for the 

detachment and separation of bacterial cells, the identification ratio of prokaryotic to 

eukaryotic protein was improved (Deusch and Seifert, 2015), in particular for the fiber-

adherent bacterial fractions that typically contain more plant-derived proteins (Chapter 3). 

Concerning the main experiments (Chapter 4) an average identification ratio of archaeal and 

bacterial proteins to eukaryotic proteins of 2.8 to 1 was accomplished. 

Nevertheless, the total numbers of identified proteins depicted only a meager part of 

the entire prokaryotic metaproteome actually present emphasizing a major obstacle in 

conducting representative metaproteomic studies requiring further improvements such as 

enhanced mass spectrometric measurements and more precise, sample-specific search 

databases for the bioinformatic identification and quantification steps. The respective findings 

were published in the journal of Proteomics in 2015 (Chapter 3). Simultaneously, this was the 

first published analysis of the ruminal, prokaryotic metaproteome using shotgun 

metaproteomics (Snelling and Wallace, 2017; Wallace et al., 2017). 

 

5.2.2.2 Protein Extraction, SDS-PAGE, Digestion and Purification 

Prokaryotic cells enriched from rumen samples (Chapter 5.2.2.1) were subjected to 

protein extraction including the subsequent denaturation and breakage of disulfide bonds, 

which is necessary for a suitable enzymatic digestion by trypsin.  

Proper protein extraction is of significant importance in shotgun metaproteomic 

studies since all proteins will be assembled from digested peptides (Chapter 5.2.2.3). The first 

step of the protein extraction is the lysis of the cells. Due to the huge diversity of cell types 

and different cell membranes such as from Gram-positive and Gram-negative bacteria present 

in the samples of the current study (Chapter 5.2.1.1), a combination of physical and chemical 

lysis using SDS and sonication as well as thermal treatments were applied. Combined 
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extraction methods may enhance a representative protein coverage (Hansen et al., 2014). The 

taxonomic distribution of identified proteins (Chapter 5.3) indicated a proper protein 

extraction procedure based on representative proportions of expected ruminal genera 

belonging to Gram-positive and Gram-negative bacteria.  

SDS denatures proteins by disrupting non-covalent bonds and causes a similar 

negative charge of all proteins enabling separation of proteins in SDS-PAGE according to size 

exclusively. Moreover, SDS also solubilizes membrane-associated proteins (Seddon et al., 

2004). Further, an antibiotic (chloramphenicol), the protease-inhibitor phenylmethylsulfonyl 

fluoride (PMSF) and a nuclease (benzonase) were added to the samples to prevent protein 

degradation and eliminate nucleic acids. The protein extracts were precipitated using 

trichloroacetic acid (TCA) and washed thoroughly with chilled acetone to remove the 

chemicals used during protein extraction (Chourey et al., 2010; Tanca et al., 2014).  

The next step included the capture, purification and separation of the protein extracts 

by SDS-PAGE, which was challenged by the presence of interfering humic compounds in the 

protein extract as stated before (Heyer et al., 2013). Moreover, humic substances were 

reported to possibly degrade proteins (Solaiman et al., 2007) and may impede the subsequent 

LC-MS/MS measurements (Chourey et al., 2010). Potentially interfering substances still 

present after precipitation might be entrapped in the gel matrix, further purifying the protein 

sample. Excised gel pieces were subjected to in gel-digestion using trypsin as demonstrated 

before (Jehmlich et al., 2008). Peptides from in-gel digested proteins were eluted, purified and 

desalted using Stage tips as described by Rappsilber et al. (2007). 

Alternatively, the filter-aided sample preparation (FASP) method (Wisniewski et al., 

2009) combining the advantages of in-gel and in-solution digestion might be used for sample 

cleanup and protein digestion. 

Trypsin is used preferably in metaproteomic studies due its specificity and the 

generation of positively charged C- and N-termini improving the quality of MS/MS spectra 

since usually, the positive ion mode is used in shotgun metaproteomics (Mann et al., 2001). 

Trypsin cleaves proteins at the carboxyl side of arginine and lysine generating short peptides 

of a length of about seven to 20 amino acids further promoting MS/MS analyses (Saveliev et 

al., 2012; Wu et al., 2012). Besides trypsin, other proteases might be used (Giansanti et al., 

2016). 

Apart from technical advances, the capacities of nano-HPLC and mass spectrometers 

are still limited suggesting the fractionation of complex protein or peptide mixtures prior to 

the LC-MS/MS analysis, which can be achieved by extended gel-electrophoresis and 
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partitioning of the gel for separate analysis. Alternatively, a complex peptide mixture of a 

short-run gel electrophoresis can be analyzed using an extended LC gradient respectively 

measurement time or by fractionation of peptide mixtures using strong cation exchange 

(SCX) chromatography before LC-MS/MS analysis. 

 

5.2.2.3 LC-MS/MS Measurements and Bioinformatic Analyses 

To improve the throughput in LC-MS/MS analyses of shotgun metaproteomics, 

peptides instead of total proteins are analyzed. However, top-down proteomics of intact 

proteins include improved detection of small proteins, proteoforms and post-translational 

modifications and may complement the bottom-up approaches (Catherman et al., 2014). 

Mass analysis or more precise the determination of the mass to charge ratio (m/z) of 

peptides employs electromagnetic fields in a vacuum, therefore peptides have to be 

electrically charged (Walther and Mann, 2010). Thus, as depicted in Figure 19, in bottom-up 

tandem mass spectrometry peptides are separated by nano-HPLC followed by ionization and 

transfer to the gas phase with an ion source such as the electrospray ionization (Fenn et al., 

1989). Mass analyzers isolate the charged peptides according to their m/z ratio and 

subsequently, the mass detector measures the respective intensities. From the first stage of 

mass analysis (MS1) the precise masses of the peptides are given. During the second stage of 

the mass analysis (MS2), each of the positively charged precursor ions is further fragmented 

along its backbone into daughter ions, for example by higher energy collisional dissociation 

(HCD) that generates mostly b- (N-terminus) and y-ions (C-terminus). The obtained MS/MS 

spectra then provide additional information about the amino acid sequence of the respective 

peptide.  

State of the art mass spectrometers comprise a precise mass analyzer for measuring the 

mass of peptide precursor ions and a second mass analyzer for rapid detection of the masses 

of daughter or fragment ions. Variants of the ion source, mass analyzer and detector are 

available and are used in different combinations. There are as well different approaches for 

the fragmentation of ions (Walther and Mann, 2010; Graham et al., 2011; Guthals and 

Bandeira, 2012). A highly precise mass analyzer is the orbitrap also used within this project 

where ions circulate around an electrode spindle and the m/z ratios are determined via Fourier 

transformation of the frequency signals (Walther and Mann, 2010). 
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Figure 19| Simplified scheme of spectra acquisition in liquid chromatography tandem mass 

spectrometry with electrospray ionization (LC-ESI-MS/MS). HCD, higher energy collisional 

dissociation. 

 

Using specific algorithms and software such as X!Tandem, SEQUEST, OMSSA or 

Mascot (Eng et al., 1994; Perkins et al., 1999; Craig and Beavis, 2004; Geer et al., 2004) 

peptide-spectra matches (PSMs) are performed in which each of the obtained MS/MS spectra 

is compared to protein or nucleic acid databases such as the UniprotKB/TrEMBL database or 

sample-specific metagenomes to find the best matching peptide sequence. This requires the in 

silico digestion of all entries in the respective databases knowing the specific cleavage sites 

from trypsin and therefrom the masses of the peptides are calculated. If the calculated peptide 

mass corresponds to a measured peptide mass, the masses of the respective daughter ions are 

calculated as well and compared to the experimentally observed values of the fragment ions. 

In this way, peptide sequences are identified and the entirety of identified peptides is then 

used to infer the proteins that were present in the analyzed sample (Walther and Mann, 2010; 

Cottrell, 2011; Mann, 2016). Other possibilities for peptide identification are de novo 

sequencing and spectral libraries, which both are not commonly used in metaproteomic 

studies (Muth et al., 2016). Regarding the current project, Mascot in combination with 

ProteomeDiscoverer was utilized for peptide and protein identification against the NCBInr 

database (Chapter 3.3) or the UniprotKB/TrEMBL databases (Chapter 4.3.7). 
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Many proteins contain unique peptides that occur exclusively in the respective 

proteins, but there are as well peptides that occur in more than one protein causing ambiguity 

and limit the confidence regarding the origin of the respective peptide. The small peptides 

generated by trypsin cleavage (Chapter 5.2.2.2) may even increase the number of redundant 

peptides that potentially belong to more than one protein. This issue is gaining even more 

importance when considering that microorganisms often exhibit similar protein sequences and 

that large-sized search databases are used in metaproteomic studies. Moreover, only peptides 

or proteins present in the databases can be identified and thus, the specificity and size of the 

database is crucial concerning the reliability of peptide and protein identifications (Vaudel et 

al., 2011; Tanca et al., 2016). Furthermore, PSM is a probability measure that includes false-

positive matches, which can be reduced in employing decoy databases and generally more 

precise databases (Yadav et al., 2012; Muth et al., 2015). PSMs require statistical validation 

by suitable false discovery rate (FDR) thresholds.  

Addressing these issues, the sizes of the search databases for the main experiment 

(Chapter 4) were reduced and simultaneously the sample-specificity was increased by using a 

two-step search approach (Jagtap et al., 2013; Hansen et al., 2014). In this process, the false 

discovery rates of PSM respectively peptide identifications and associated protein 

identifications were improved enhancing the confidence of identifications. The first, weakly 

filtered survey search against all archaeal or bacterial protein entries in the 

UniprotKB/TrEMBL database yielded an artificial metagenome or in-house database reduced 

in size but with much higher sample specificity that was subsequently used for more precise 

protein quantification applying strict filter criteria (Figure 18). 

Regarding the first metaproteomic analysis (Chapter 3), only a single search run 

against the large NCBInr database was performed which consequently lead to an increased 

probability of false positive protein identifications. However, the focus of the first 

metaproteomic study was on the development of sample preparation protocols and improved 

identification ratios (Chapter 5.2.2.1) not requiring precise search databases. 

For the comparison of different samples, quantification of the identified proteins is 

required. Quantification can be achieved in various ways such as label-free quantification by 

software like MaxQuant (Cox and Mann, 2008; Cox et al., 2014) that was also used for the 

main experiment of this project (Chapter 4). The label-free quantification intensity values 

(LFQ) of each protein in each sample obtained from MaxQuant are based on precursor signal 

intensity and were used for the subsequent taxonomic and functional analyses (Tyanova et al., 

2016). Labeling approaches employ metabolic labeling such as SILAC or chemical labeling 
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like ICAT, iTRAQ and TMT and are more accurate in terms of quantification as reviewed 

before (Bantscheff et al., 2007; Schulze and Usadel, 2010).  

The functions of genes or proteins are often inferred via sequence homology analysis 

from already annotated genes and proteins introducing bias regarding the functional analyses. 

Rapidly increasing numbers of sequenced genomes and therewith-associated hypothetical 

proteins are not experimentally verified and rely mainly on sequence similarities.  

However, to link proteins to their respective function there are several databases with 

different classifications systems available. Cluster of Orthologous Genes (COG), Kyoto 

Encyclopedia of Genes and Genomes (KEGG), the Carbohydrate-Active EnZymes 

(CAZymes) database (CAZy db) or eggNOG that is based on COG but includes more 

microbial sequences (Kanehisa and Goto, 2000; Tatusov et al., 2000; Jensen et al., 2008; 

Cantarel et al., 2009). Nevertheless, these databases lack regular updates and hence exhibit a 

deficient coverage especially concerning the increasing numbers of sequenced genomes. 

Moreover, the MetaProteomeAnalyzer, a metaproteomic pipeline covering the all steps from 

PSM to functional analyses including several search algorithms was released recently (Muth 

et al., 2015). This program was tested intensively to analyze the raw data and search results of 

the current study but all attempts failed due to numerous Java programming errors that 

occurred within the first editions of the MetaProteomeAnalyzer. For that reason, the COG, 

KEGG and CAZy databases were used for the functional assignments and classification of 

proteins using the software WebMGA (Wu et al., 2011) and dbCAN (Yin et al., 2012). 

Detailed information about the mass spectrometric measurements, protein identification and 

quantification procedures and the functional analyses are described in Chapter 4.3.6 and 

Chapter 4.3.7 which also includes more precise information about the sample preparation, 

protein extraction and trypsin digestion of the main experiment. 

 

5.2.3 Nuclear Magnetic Resonance 

Organisms inhabit different ecological niches being exposed to various selective 

pressures and accordingly differ as well in their metabolic requirements. Metabolites 

represent the biochemical propellant at cell level and hence are an elementary part of all 

physiological processes (Aldridge and Rhee, 2014). Metabolomic analyses, the identification 

and quantification of small molecules (< 1,500 Da) linking genotype and phenotype (Fiehn, 

2002) employ either NMR- or MS-based approaches that represent the leading technologies 

for characterizing the metabolomes of complex mixtures in biological fluids. The MS-based 

approach is usually coupled with gas chromatography (GC-MS) or liquid chromatography 
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(LC-MS). The advantages of NMR-based analyses lie within quantification and 

reproducibility covering as well a wide dynamic range analyzing samples in a non-destructive 

way whereas MS-based measurements are more sensible and can detect higher numbers of 

different compounds (Aldridge and Rhee, 2014). Moreover, two-dimensional NMR allows the 

determination of yet unknown structures and does not require prior knowledge about the 

metabolites. Ionization or derivatization of the investigated compounds is not required 

(Markley et al., 2017). Comprehensive studies available employed a combination of NMR 

and GC-MS/MS to investigate the metabolomes of rumen fluid including as well dietary 

effects (Ametaj et al., 2010; Saleem et al., 2012; Saleem et al., 2013).  

For NMR analyses of complex mixtures of metabolites, the most significant nuclei are 
1H and 13C with 1H being more sensitive appearing with a natural presence of about 100%. 

The most common variant of NMR-based metabolomics is the one-dimensional 1H NMR. 

Many 1H signals overlap preventing proper identification of specific compounds and cover 

only a small range of 10 ppm whereas 13C signals appear in a range of 200 ppm thus, are 

better resolved but 13C exhibits a low natural abundance of 1.1% hence, is less sensitive. 

Improved, more definite identification of metabolites in complex mixtures can be achieved by 

two-dimensional, homonuclear and heteronuclear NMR (Markley et al., 2017). In this, 

compound identification can be maximized while minimizing false-positives in matching the 
1H and 13C signals (Cui et al., 2008).  

 

5.2.3.1 Sample Preparation for NMR Analysis 

The RF samples were filtered and sterilized for subsequent dehydration by vacuum 

centrifugation. The presence of solid particles disturbs the homogeneity of the magnetic field 

due to the different magnetic susceptibility of particles when compared to the solutions. The 

samples were reconstituted in a deuterium-based sodium phosphate buffer to improve the 

spectral resolution and to minimize large signals from regular hydrogen that otherwise would 

swamp the sample signals. The NMR signal of deuterium is further used as field frequency 

lock for stabilization of the magnetic field strength to keep the resonance frequency constant. 

The detailed sample preparation procedure is described in Chapter 4.3.8. 

Dehydration of the samples might have caused a loss of volatile compounds such as 

ethanol or methanol but the common ruminal metabolites were not affected as indicated by 

the numbers and concentrations of identified metabolites (Table 5). Moreover, preliminary 

test experiments (data not included) revealed no differences in regard to the presence of 

expected metabolites between of vacuum-dried and freeze-dried samples. Furthermore, 



Chapter V   -   DISCUSSION 

_____ 
123 

preliminary comparisons between the RF sample fractions and the LP sample fractions did not 

show any significant differences concerning the obtained spectra and the presence of 

metabolites (data not included). 

A previous study investigating the metabolome of rumen fluid used lyophilized 

sample material analyzed by one-dimensional 1H NMR exclusively and identified more amino 

acids but lacks verification from two-dimensional NMR experiments (Lee et al., 2012). 

Another study based on one-dimensional 1H NMR spectroscopy added comparably small 

volumes of deuterium buffers to the original rumen fluid samples identifying up to 51 

different compounds but generally lacks proper evidence regarding the presence of the 

respective metabolites (Zhao et al., 2014).  

 

5.2.3.2 Metabolite Identification and Quantification 

Well-resolved 1H spectra with low signal-to-noise ratios allow identification and 

quantification based on peak positions and intensities. This may involve the manual analysis 

of a spectroscopist or the utilization of software like the Chenomx NMR Suite (Chenomx, 

Edmonton, Canada) that includes a database containing standard spectra of many metabolites 

at various magnetic field strengths and pH values (Mercier et al., 2011). For manual 

identification of compounds, there are public reference databases containing standard spectra 

of common compounds (Ulrich et al., 2008; Wishart et al., 2009).  

However, for an absolute quantification a standard with specific concentration has to 

be added. Concerning the present study, the RF samples were spiked with 5 mM 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP) as an internal chemical shift 

reference and quantification standard. 

Metabolites such as methylamine, dimethylamine and trimethylamine exhibit different 

singlet signals at specific chemical shifts. Nevertheless, the respective 1H spectra do not 

contain much information thus, additional confirmation by two-dimensional 1H and 13C 

experiments is required to verify the expected chemical shifts of the methyl carbons (Dona et 

al., 2016). Moreover, low abundant compounds or compounds with overlapping signals need 

to be analyzed by two-dimensional NMR spectroscopic methods. 

The metabolomic experiment (Chapter 4) verified 12 out of 20 identified compounds 

by two-dimensional homonuclear and heteronuclear NMR with DQFCOSY, gHSQCAD, 

gHSQCTOCSY, as well as gHMBCAD pulse sequences. The quantification of verified 

identifications was carried out using the Chenomx NMR Suite 8.2 software, database 

available at pH 6.5 as reported by other studies (Weljie et al., 2006; Wishart, 2008; Ametaj et 
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al., 2010; Saleem et al., 2013). A detailed description of the identification and quantification 

procedures can be found in Chapter 4.3.8. 

However, most studies of the rumen metabolome identified higher numbers of 

different metabolites by a combination of NMR- and MS-based approaches. Stand-alone 

NMR analyses are challenged by the two-dimensional 1H and 13C experiments for proper 

verification of the presence of distinct metabolites and generally lack sensitivity for the 

detection of low abundant compounds (Aldridge and Rhee, 2014). Concerning the present 

study, the obtained spectra exhibited high signal-to-noise ratios limiting the reliable 

identification and verification of further low abundant metabolites. Nevertheless, the most 

important short-chain fatty acids of the rumen were quantified confidently and provided 

valuable additional information on the activity of certain microbial groups.  

Moreover, a parallel study determined the amount of acetate, butyrate, propionate and 

valerate as well as the corresponding isoforms in the identical sample material by gas 

chromatography-mass spectrometry (GC-MS) which revealed strongly consistent abundance 

patterns (Gero Seyfang, oral communication). 

 

5.3 The Rumen Core Microbiome 

During the first weeks of a calf’s life, the rumen is not functional and suckled milk 

does not pass through the rumen since the esophageal groove is closed by reflex. At that 

stage, the rumen still is comparably small and important components like the rumen wall villi, 

responsible for the absorption of nutrients have not formed yet (Van Soest, 1994). The 

physiological and structural development towards a completely functional rumen with age is 

associated with the establishment of microorganisms (Malmuthuge et al., 2015) and 

fermentation products, respectively. Microbes start colonizing the rumen gastrointestinal tract 

one to five days past parturition (Fonty et al., 1983; Minato et al., 1992; Skillman et al., 2004; 

Jami et al., 2013) and once fully established and developed, form relatively stable microbial 

communities. Thus, polysaccharide-degrading and cellulolytic capacities are present in the 

rumen from the very beginning since the respective microbial species appeared in the rumen 

during the first days of the calves' life and grew abundant after two to three weeks (Fonty et 

al., 1983; Minato et al., 1992). Yet, each individual microbiome exhibits unique and variable 

elements (Ley et al., 2006). The abundance of specific members of the rumen microbiome 

fluctuates regularly during the day (Dehority and Orpin, 1997; Lengowski et al., 2016) and 

parts of the community structure can vary between individual animals (Welkie et al., 2010; 

Jami and Mizrahi, 2012), different host species (Paz et al., 2016) and geographic areas 
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(Henderson et al., 2015). In particular, dietary influences shape the rumen microbiome but 

beyond all impact factors, a relatively constant core microbiome is maintained (Henderson et 

al., 2015). The core microbiome comprises species that are considered to possess a crucial 

functional potential or are at least main contributors to ruminal fermentation since present 

under all different conditions (Weimer, 2015). Further, the ruminal communities are resilient, 

reestablishing the original bacterial community structure after external perturbations (Li et al., 

2012; Weimer, 2015). A meta-study of all publicly available rumen 16S rRNA gene 

sequences deposited in the RDP database found in total 19 bacterial phyla (Kim et al., 2011b). 

However, it was proposed, that the core communities of the rumen belong to eight bacterial 

phyla (Sitao et al., 2012) and generally comprise the two most dominant phyla of 

Bacteroidetes and Firmicutes that make up the vast majority of 16S rRNA gene sequences 

found within the gastrointestinal tract of ruminants, but as well of monogastric animals (Flint 

et al., 2008). 

The core microbiome of the main study (Chapter 4) was assessed by metaproteomics 

and 16S rRNA gene sequencing and included species that were present in all animals, diets 

and ecological niches. Overall 27 samples, 8,163 bacterial and 358 archaeal proteins were 

quantified and 1,484 bacterial and 626 archaeal operational taxonomic units (OTUs) could be 

assigned. In contrast, the core metaproteome consisted of only 822 bacterial and 41 archaeal 

proteins, which appeared in high abundance constituting about 78% and 68% of the total 

label-free quantification (LFQ) values of all proteins. The core communities based on 16S 

rRNA gene comprised 208 bacterial and only three archaeal OTUs making up 49% and 7% of 

the total OTU abundance. Despite the huge differences in numbers and abundances of 

proteins and OTUs, the taxonomic distribution of the core bacterial communities at phyla 

level was relatively similar to the structure of the overall microbiome regarding both methods 

respectively (Figure 20).  

However, this changed when comparing the bacterial core community composition 

with the overall structure at family level, which revealed some more drastic changes in the 

protein- and DNA-based analyses (Figure 21). Proteins of the family of Prevotellaceae 

revealed an increased contribution of about 7% in the core metaproteome and proteins 

assigned to the phylum of Firmicutes increased fourfold while the LFQ abundances of most 

other phyla and families including Acidaminococcaceae, Lachnospiraceae, Ruminococcaceae 

and Selenomonadaceae remained relatively constant. In contrast, proteins of the Firmicutes 

orders of Bacillales and Clostridiales decreased drastically in abundance in the core 

metaproteome (Figures 21A,C). The generally low abundant Erysipelotrichaceae and 
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Veillonellaceae proteins as well as the phyla of Elusimicrobia and Tenericutes decreased in 

abundance or were even absent in the core metaproteome. These findings underpin the 

essential functional potential of the Prevotellaceae family and certain families of the 

Firmicutes phylum in particular of yet unclassified Firmicutes species dominating the rumen 

microbiome (Flint et al., 2008). 

 

 
Figure 20| Pie charts of the overall (n = 27) bacterial community structure at phyla level 

obtained from 8,163 proteins (A) and 1,484 OTUs (B) while the core microbiome consisted of 

822 bacterial proteins (C) and 208 OTUs (D). The core microbiome represented 78% of the 

total protein abundance and 49% of the total OTU abundance. 

 

Concerning the 16S rRNA gene-based dataset (Figures 21B,D), an almost doubled 

increase in OTU abundance of the Fibrobacteres phylum was observed in the core community 

structure emphasizing the crucial fiber-degrading capabilities of these species. Similar to the 

observation in the core metaproteome, the abundance of Prevotellaceae OTUs increased about 

5% in the 16S rRNA gene-based core community. The abundance of OTUs assigned to the 
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Bacteroidetes phylum decreased about 50%. Comparable to the shifts in the protein-based 

dataset, the family of Erysipelotrichaceae, missing in the core metaproteome, exhibited a 

remarkable decrease of above 97% of abundance in the OTU-based core community (Figures 

21B,D). Contrarily to the core metaproteome, there was no relevant change of OTU 

abundances of the Veillonellaceae family, Elusimicrobia and Tenericutes phyla in the 16S 

rRNA gene-based dataset. Further, an increased OTU abundance of the families of 

Acidaminococcaceae and Succinivibrionaceae in the DNA-based core community structure 

was observed while OTUs of important fiber-degrading families like Lachnospiraceae and 

Ruminococcaceae decreased slightly. 

 

 
Figure 21| Pie charts of the overall (n = 27) bacterial community structure at phyla and family 

level based on 8,163 proteins (A) and 1,484 OTUs (B) while the core microbiome comprised 

822 bacterial proteins (C) and 208 OTUs (D).  
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DNA- and protein-derived core communities both were dominated by the phyla of 

Bacteroidetes and Firmicutes and further included the less abundant phyla of Actinobacteria, 

Fibrobacteres, Proteobacteria, Spirochaetes and Synergistetes (Figure 20). Yet, the bacterial 

core metaproteome of the present study did not contain any Elusimicrobia and Tenericutes-

derived proteins while OTUs of the respective phyla appeared in the DNA-based core 

communities. On the other hand, none of the OTUs of the core communities were assigned to 

the phylum of Verrucomicrobia whereas the core metaproteome contained Verrucomicrobia-

derived proteins. 

However, disregarding the shared or overall bacterial taxa composition, differences 

between the protein- and the DNA-based abundances of specific bacterial families and phyla 

accentuate the importance of combining different methods to investigate the rumen microbial 

communities. The metaproteomic approach rather targets the metabolically active consortia 

while the 16S rRNA gene sequencing includes all cells present disregarding their functional 

contribution (Hettich et al., 2013; Wilmes et al., 2015). Huge variations between LFQ and 

OTU abundances of the Fibrobacteres phylum can be explained by the fact that 

metaproteomic investigations depend on the amount and quality of reference sequences 

available for database searches (Tanca et al., 2013; Muth et al., 2016). Currently only about 

15 genomes and thus, comparably small numbers of annotated protein sequences are available 

for the phylum of Fibrobacteres which limits mass spectrometry-based identifications. In 

contrast, 1,863 different 16S rRNA gene sequences of the phylum of Fibrobacteres are 

deposited in the RDP database. On the other hand, the metaproteomic approach identified 

proteins belonging to the Firmicutes order of Bacillales and the family of Selenomonadaceae, 

common in the rumen, which were not identified by 16S rRNA gene sequencing.  

Generally, the average overall bacterial phyla distributions obtained from the DNA- 

and protein-based approaches of this study are similar to findings of other studies employing 

16S rRNA gene sequencing and comparable diet compositions respectively higher amounts of 

concentrate as shown in Figure 22. 

Variations in the abundance of certain phyla and the ratio of Bacteroidetes to 

Firmicutes species between the studies considered in Figure 22 might be attributed to different 

DNA extraction methods (Henderson et al., 2013), chosen primer sets (Cai et al., 2013) or 

amplified 16S rRNA gene sequence regions (Schloss, 2010). Other potentially influencing 

factors are the different databases used for taxonomic assignments (Liu et al., 2008) or 

deviations in diet composition. Further, several studies reported that the phylum of 

Fibrobacteres, that includes the major cellulolytic bacterium Fibrobacter succinogenes, 



Chapter V   -   DISCUSSION 

_____ 
129 

fluctuates remarkably across cows and diets (Jami and Mizrahi, 2012) and was not even 

identified in the fiber-adherent fraction of a previous metagenomic study (Brulc et al., 2009).  

 

 
 

Figure 22| Comparison of averagely identified bacterial phyla in 16S rRNA gene-based 

studies of the microbiome of B. taurus species fed with high concentrate diets (Jami and 

Mizrahi, 2012; Sitao et al., 2012; Zhang et al., 2013; Henderson et al., 2015; Shabat et al., 

2016). The sequencing platforms, regions of the 16S rRNA gene, databases for taxonomic 

assignments, numbers of cattle and the proportions of concentrate in diets are shown. 

 

The overall and core archaeal community structures obtained from the mass 

spectrometry-based approach are shown in Figure 23. There were no considerable shifts in 

taxonomic distribution of the archaeal core metaproteome at phyla, order or family level. The 

archaeal core metaproteome constituted 68% of the total archaeal protein abundance. The 16S 

rRNA gene-based archaeal community structures were not included due to the low number 



Chapter V   -   DISCUSSION 

_____ 
130 

and abundance of only three archaeal OTUs in the core community that exclusively belonged 

to the order of Thermoplasmata, respectively to the family of Methanomassiliicoccaceae. 

Further, all 626 OTUs of the overall archaeal community structure were exclusively assigned 

to three families of methanogens, Methanobacteriaceae, Methanosarcinaceae and 

Methanomassiliicoccaceae as described in Chapter 4.4.2. Nevertheless, these findings are in 

concordance with reports of other studies employing 16S rRNA gene sequencing (Janssen and 

Kirs, 2008; Seedorf et al., 2015). 

 

 
 

Figure 23| Pie charts of the overall (n = 27) archaeal community structure at phyla and order 

level obtained from 358 proteins (A) while the archaeal core metaproteome consisted of 41 

archaeal proteins (B) representing 68% of the total protein abundance. 

 

5.4 Potential Influence of Individual Host Animals 

Besides the shared rumen core microbiome, diurnal fluctuations and variations 

between diverse rumen fractions as well as age, breed, dietary and other environmental impact 

factors, each individual animal is considered to maintain its own characteristic microbiome 

composition (Ley et al., 2006; Ley et al., 2008; Weimer et al., 2010) which responds 

differently to shifts in diet composition (Zhou et al., 2012). Variations between the animals 

concern the proportions of specific groups of the core communities and further include the 

presence and abundance of bacterial taxa that do not occur in other animals. Nevertheless, it 

was shown that the groups of bacteria differing between animals are often phylogenetically 

related exhibiting similar genetic features respectively a redundancy in functional potentials 

driven by the particular ecological niches (Jami and Mizrahi, 2012; Weimer, 2015). Host 

specificity is not limited to bacteria only but was also observed for archaea and protozoa 

(Zhou et al., 2012). 
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However, the animals’ rumen constitutes the framing environment for the microbial 

ecosystem and hence variations in host genomes are likely to influence the structure and 

activity of the inherent microbiome (Benson et al., 2010; Weimer, 2015). A study based on 

146 Holstein-Friesian dairy cows fed with identical rations found large variations between 

individual animals regarding their feed conversion efficiency that correlated with several 

characteristics of the rumen microbiome composition (Shabat et al., 2016). Additionally, a 

study under identical dietary regimen identified varying ratios of Firmicutes to Bacteroidetes 

species among 15 Holstein-Friesian dairy cows that highly correlated with the daily milk fat 

yield (Jami et al., 2014). Identical dietary treatments did not compulsorily cause identical 

microbiome structures (Hernandez-Sanabria et al., 2010; Welkie et al., 2010). Nonetheless, 

these investigations lack information about the potential impact of the host genome on the 

rumen microbiome. In general, evidences proofing a regulation of the rumen microbiome by 

the host genome are quite uncertain and rare (Roehe et al., 2016). 

Previous investigations stated an influence of host genomics on feed conversion 

efficiency and methane emissions regardless the changes in function and structure of the 

rumen microbiome (Robinson et al., 2014; Pickering et al., 2015) whereas a recent study 

declared that the abundance of archaea and associated methane emission is determined by the 

individual host genome (Roehe et al., 2016).  

Regarding the present study, no data concerning host genome and related effects on 

the rumen microbiome were collected, but differences in physiological parameters between 

the three cows (23, 28 and 59) such as the average daily milk yield and consumption of total 

mixed rations throughout the period of the experiment were observed (Table 6).  

The proportions of average daily milk yield to consumption of total mixed rations or 

body weight during the period of the experiment in relation to the mean of ratios of the three 

cows indicated a below average feed conversion performance of cow no. 23 (Figure 24). 

Additionally, cow no. 23 was at an earlier stage (146 days) of the lactation period when 

compared to the remaining animals (222 and 234 days). Similar patterns were found in the 

average abundance ratio of Bacteroidetes to Firmicutes species based on the nine samples per 

cow when compared to the average of abundance ratios of the three cows as determined by 

both, the metaproteomic and the 16S rRNA gene-based approach (Figure 24). 
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Figure 24| The average abundance ratio of Firmicutes to Bacteroidetes of all samples per cow 

(n = 9) in relation to the mean of the three respective ratios (0) for the mass spectrometry-

based LFQ and 16S rRNA gene-based OTU abundance values. Further, the ratio of daily milk 

yield (L/d) to uptake of total mixed ration (kg/d) and body weight (kg) during the 

experimental trial (n = 60) in relation to the mean of the respective ratios (0) are shown for 

each cow. 

 

The below average feed conversion efficiency as well as the lower average abundance 

ratio of Bacteroidetes to Firmicutes indicated a deviation of cow no. 23 when compared to the 

cows no. 28 and 59. Moreover, in the course of the metaproteomic analyses, variations in the 

abundance of 71 quantified proteins assigned to the genus Bos revealed a statistically 

significant separation of cow no. 23 when compared to no. 28 and 59 regardless the dietary 

treatments and different rumen fractions (Figure 25). The observed variations in feed 

conversion efficiency and abundance ratio of Bacteroidetes to Firmicutes within the cows as 

well as the differential abundance of proteins assigned to the genus Bos allowed the suspicion 

of further, host-related deviations concerning the overall microbiome structure. 
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Figure 25| Principal coordinate analyses showing the abundance of 71 quantified Bos proteins 

identified in all 27 samples within the course of the metaproteomic analyses. Yellow dots, 

cow no. 23; grey triangles, cow no. 28 and brown squares, cow no. 59. 

 

In order to depict the individuality and associated variations of the microbiome 

compositions, the overall bacterial community structure at phyla, order and family level of the 

entire 27 samples analyzed within this project are shown, of the metaproteomic approach in 

Figure 26 and of the 16S rRNA gene sequencing in Figure 27. Concerning the metaproteomic 

dataset (Figure 26), variations between the individual cows were rather restricted to the 

abundance ratio of Bacteroidetes to Firmicutes. In contrast, the DNA-based dataset (Figure 

27) revealed remarkable outliers such as the two samples GS_RF_23 and H_RF_23 of cow 

no. 23 showing an increased abundance of OTUs belonging to the order of Lactobacillales 

and the phylum of Tenericutes respectively. Further variations between cows in the OTU-

based microbiome structures existed in the abundance of the Succinivibrionaceae family 

within the CS diet-based samples in which the abundance of OTUs of the Succinivibrionaceae 

family was comparably lower in all samples of cow no. 23. 
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Figure 26| Bacterial phylogenetic distribution of the entire 27 samples based on 8,163 

proteins. CS, corn silage-based diet; GS, grass silage-based diet; H, grass hay-based diet. RF, 

rumen fluid; LP, liquid phase; SP, solid phase. Cows are indicated by no. 23, 28 and 59. 

 

The order of Lactobacillales contains bacteria that produce lactic acid such as 

Streptococcus bovis and Lactobacillus spp. (Asanuma and Hino, 2002) that are known to be 

involved in the development of subacute ruminal acidosis (Nagaraja and Titgemeyer, 2007), 

the most significant nutritional disease affecting dairy cows (Morgante et al., 2007; Plaizier et 

al., 2012). Several studies investigated the influence of subacute ruminal acidosis on the 

rumen microbiome (Hook et al., 2011a; Mao et al., 2013; Wetzels et al., 2016; Wetzels et al., 

2017). Species of the phylum of Tenericutes, respectively the class of Mollicutes typically 

lack a cell wall and are commonly known as parasites of eukaryotic hosts whereas being 

rather commensals in the rumen ecosystem (Razin et al., 1998; Brown et al., 2015).  
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Figure 27| Bacterial phylogenetic distribution of the entire 27 samples based on 1,484 OTUs. 

CS, corn silage-based diet; GS, grass silage-based diet; H, grass hay-based diet. RF, rumen 

fluid; LP, liquid phase; SP, solid phase. Cows are indicated by no. 23, 28 and 59. 

 

Despite the variations in feed conversion efficiency, ratio of Bacteroidetes to 

Firmicutes (Figure 24), abundance patterns of host proteins (Figure 25) and aberrations in 

bacterial community composition of certain samples (Figure 27) there were no significant 

statistical differences between the bacterial community structures in regard to the three cows. 

Although, the community compositions of the cows no. 28 and 59 were more similar to each 

other as when compared to no. 23 respectively (Table 4). In fact, statistical analyses of 

similarity (ANOSIM) revealed significant variations in the DNA- and protein-based bacterial 

community compositions within the diets and the rumen sample fractions but not between the 

individual cows (Table 4). Thus, the primary focus of the present study lies on the effects 

induced by the different diets and ecological niches respectively rumen sample fractions 

(Chapter 4) which will be discussed in detail in the following paragraph including as well the 



Chapter V   -   DISCUSSION 

_____ 
136 

functional information obtained from the metaproteomic approach and the results of the 

metabolome analysis. There were no diet-, sample fraction- or host-related statistical 

significances concerning the archaeal community composition accessed in all 27 samples 

probably due to the low amount of identified proteins and assigned OTUs, hence no statistical 

details are shown. 

 

5.5 Dietary Impact and Variations in Ecological Niches 

Concerning the main experiments of the present study (Chapter 4), the dietary- and 

rumen sample fraction-related impact was significantly greater than the effects of the 

individual host animals on the rumen bacterial community structure as found for both, the 

DNA- and the protein-based dataset (Table 4, Figure 9). In terms of dietary influence and 

variations between distinct ecological niches, similar results were found by several studies 

employing various methods to explore the rumen microbiome (Kong et al., 2010; Pitta et al., 

2010; Kim et al., 2011a; Patel et al., 2014b; Henderson et al., 2015).  

The dietary impact on the bacterial metaproteome was found to be greater than the 

influence of the distinct rumen sample fractions whereas the DNA-based bacterial community 

composition revealed a slightly larger, yet comparably negligible effect of the ecological 

niches when compared to the variations between diets (Table 4, Figure 9). Once more, these 

findings emphasize the importance and advantages of combining different but complementary 

methods to investigate the rumen microbiome. 

Within diets, the LFQ abundances of 8,163 bacterial proteins quantified by the mass 

spectrometry-based two-step search process and the 1,484 bacterial OTU abundances 

obtained from Illumina MiSeq sequencing of the V1 to V2 region of 16S rRNA gene differed 

significantly between the CS and the GS diets as well as between the CS and the H diets. The 

bacterial community structures of the more fiber-rich GS and H diets were not significantly 

different from each other (Table 4, Figure 9). 

In terms of the rumen sample fractions, the bacterial community structures and 

metaproteoms of the SP were significantly different from those of the RF and the LP that 

exhibited no significant variation as found by both methods (Table 4, Figure 9). Differences 

in bacterial community composition of the three rumen sample fractions are in concordance 

with a study analyzing the chemical composition of the respective communities showing that 

the firmly-attached bacteria (SP) differed from the liquid-associated population (RF) whereas 

loosely-attached bacteria (LP) were rather similar to the liquid-associated population (Legay-

Carmier and Bauchart, 1989). Other studies reporting structural shifts in the bacterial 
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communities in regard to the different ecological niches within the rumen ecosystem are 

numerous (Larue et al., 2005; Kong et al., 2010; de Menezes et al., 2011; Kim et al., 2011a; 

Stiverson et al., 2011).  

The LFQ-values of 358 quantified archaeal proteins and the abundance of 626 

archaeal OTUs revealed no significant variation between the different diets and rumen sample 

fractions considering all 27 samples. 

 

5.5.1 Shifts in Bacterial and Archaeal Community Composition 

Averaged over the three animals per treatment the bacterial community compositions 

revealed unanimous tendencies concerning the dietary influence and rumen sample fractions 

for both applied methods. Figure 10 shows the average abundance of bacterial phyla, orders 

and families commonly identified by metaproteomics on the left and 16S rRNA gene 

sequencing on the right side.  

The abundances of proteins and OTUs of the phylum of Proteobacteria and 

particularly the family of Succinivibrionaceae with its considerable representatives 

Ruminobacter amylophilus and Succinimonas amylolytica increased in all fractions of the CS 

diet (Figure 10) that contained more none-structural carbohydrates, mainly starch, when 

compared to the more fiber-rich GS and H diets. As shown in Table 1, starch and therefrom 

derived maltose are the fermentation substrates required by R. amylophilus that produces 

succinic, formic and acetic acids (Hamlin and Hungate, 1956). Moreover, S. amylolytica was 

shown to increase in abundance on starch (Bryant et al., 1958) with succinic, acetic and 

propionic acid being the main fermentation products. Potential availability of readily 

accessible sugars from the fermentation of starch might be responsible for the increased 

abundance of amylolytic and saccharolytic species of the phylum of Proteobacteria and the 

Succinivibrionaceae family (Hespell, 1992; Bryant, 2015). In consequence, more succinate 

was produced in the fractions of the CS diet as indicated by the NMR-based metabolomic 

analysis (Table 5). Beyond, this might explain the comparable rise of OTUs and proteins of 

the Acidaminococcaceae family in samples of the CS diet (Figure 10). All respective OTUs 

were assigned to the genus of the succinate-fermenting Succiniclasticum (van Gylswyk, 1995) 

and 48 of 70 identified proteins were produced by the asaccharolytic and succinate-utilizing 

Phascolarctobacterium species (Watanabe et al., 2012).  

Recent studies reported about reduced methane emissions under CS diet-based dietary 

regimen (Beauchemin and McGinn, 2005; van Gastelen et al., 2015). A metagenomics study 

linked a decrease in methane emissions and abundance of methanogenic archaea to an 
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increased abundance of the Succinivibrionaceae family (Wallace et al., 2015) whose members 

utilize hydrogen to produce succinate which is rapidly converted to propionate and in this 

compete with the most common, hydrogenotrophic methanogenesis (Liu and Whitman, 2008; 

McCabe et al., 2015). Concerning the present study, the ratio of acetate to propionate, an 

indicator for methanogenic activity, was lowest in the CS diet (Table 5). Furthermore, the 

increased abundance levels of the Succinivibrionaceae family (Figure 10) and the higher 

amount of succinate (Table 5) in the fractions of the CS diet may underpin the findings of the 

above-mentioned investigations. Moreover, Succiniclasticum and Phascolarctobacterium 

species of the Acidaminococcaceae family use succinate to produce propionate, the most 

important carbon source for the ruminant’s gluconeogenesis (Yost et al., 1977).  

Succinivibrionaceae proteins were also found in the samples of the first 

metaproteomic study (Chapter 3) obtained from a non-lactating Holstein-Friesian cow fed 

with grass hay and 12% concentrate (Figure 28). Regardless the different diet compositions, 

host breeds and search databases the abundance of Succinivibrionaceae was similar to the low 

abundance observed in the GS and H diets of the main experiment (Figure 28). In contrast, the 

abundance of Proteobacteria proteins in the samples of the Holstein-Frisian cow was even 

higher than the abundance in the CS diet samples of the main experiment (Figure 28). These 

remarkable differences might be explained by the distinct databases used for protein 

identification (Chapter 3) and quantification (Chapter 4). While the experiment described in 

Chapter 4 employed a customized, sample-specific database derived from on UniprotKB, the 

first metaproteomic analysis (Chapter 3) was performed using all bacterial entries of the large 

NCBInr database that contains about 180 million proteobacterial protein sequences thus, 

increasing the probability of false-positive protein identifications (Chapter 5.2.2.3). 

No 16S rRNA gene sequences (OTUs) were assigned to the Firmicutes order of 

Bacillales and the family of Selenomonadaceae with its typical members of the rumen 

ecosystem, Selenomonas ruminantium and Anaerovibrio lipolytica. In contrast, 219 proteins 

were assigned to the family of Selenomonadaceae with the bulk of 131 and 40 proteins 

belonging to saccharolytic Selenomonas and lipolytic Anaerovibrio species, respectively 

(Figure 10) again pronouncing the benefits and necessity of applying multiple, 

complementary methods to investigate the microbiomes of complex ecosystems like the 

rumen. However, the first metaproteomic analysis (Chapter 3) did not identify any 

Selenomonadaceae proteins either (Figure 28), probably due to the inconveniently large 

search databases (Chapter 5.2.2.3).  
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A recent study investigated the same sample material used for the main experiment 

(Chapter 4) by quantitative real-time PCR and stated no dietary impact on the abundance of S. 

ruminantium (Lengowski et al., 2016). Contrarily, the LFQ-values of proteins of the 

Selenomonadaceae family, assessed by the metaproteomic approach, revealed a lower 

abundance throughout the GS diet fractions when compared to the CS and the H diet samples 

(Figure 10). S. ruminantium species are characterized by their ability to use a broad range of 

substrates such as different monosaccharides, disaccharides, lactate, glycerol, dextrins and 

nucleic acids including as well the fermentation products of other bacteria (Bryant, 1956; 

Linehan et al., 1978; Cotta, 1990; Rasmussen, 1993). Cross-feeding between S. ruminantium 

and Butyrivibrio fibrisolvens was reported before (Cotta and Zeltwanger, 1995) and another 

study showed that the co-cultivation of S. ruminantium and B. fibrisolvens promoted growth 

of S. ruminantium (Cotta, 1992). Correspondingly, the LFQ-values of 124 B. fibrisolvens 

proteins assessed by metaproteomics exhibited the lowest average abundance in the samples 

of the GS diet. Thus, the lower average abundance of the Selenomonadaceae family in the GS 

diet samples might be linked to a similarly decreased abundance of the 124 B. fibrisolvens 

proteins.  

The family of Erysipelotrichaceae of the Clostridium subphylum cluster XVII as well 

belonging to the phylum of Firmicutes exhibited the highest abundance of LFQs and 

particularly OTUs in the sample fractions of the H diet (Figure 10). Most of the respective 

OTUs were assigned to the genera of Sharpea and Kandleria while most proteins were 

produced by species belonging to the genera of Coprobacillus, Catenibacterium and 

Eggerthia. Due to phenotypic, chemotaxonomic and phylogenetic data, it was suggested that 

Lactobacillus catenaformis and L. vitulinus should be reclassified into the genera of Eggerthia 

and Kandleria, respectively (Salvetti et al., 2011). Corresponding to Lactobacillus species, 

most members of Erysipelotrichaceae family probably ferment a wide range of sugars to 

produce mainly lactic acid as it was reported for Sharpea azabuensis (Morita et al., 2008). 

This assumption is supported by the higher amounts of lactate identified via NMR in two out 

of three RF samples of the H diet (Table 5). 
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Figure 28| Comparison of the phylogenetic origin of bacterial proteins averagely identified in 

the first metaproteomic study (Chapter 3) and the main experiment (Chapter 4) at phyla, order 

and family level. The diets, breed of host animals, numbers of samples, search databases and 

the type of abundance data are indicated. RF, rumen fluid; SP_H, solid phase extracted with 

Histodenz protocol; SP_C, solid phase extracted with cheesecloth protocol. LP, liquid phase; 

SP, solid phase. 
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 The abundance of the family of Bifidobacteriaceae was higher in the samples of the 

more fiber-rich GS and H diets when compared to the fractions of the CS diet as found by 

both methods (Figure 10). Genomes of Bifidobacteria comprise features necessary for the 

metabolism of plant-derived complex carbohydrates like glycoside hydrolases and sugar ABC 

transporters (Pokusaeva et al., 2011) as underpinned by the comparably high abundance of 

OTUs closely related to Bifidobacteria in the SP fractions of all dietary treatments. Similarly, 

the protein and OTU abundances assigned to the phylum of Actinobacteria were highest in all 

SP fractions (Figure 10). The average abundance of the phylum of Actinobacteria was much 

higher in the first metaproteomic analysis when compared to the main experiment (Figure 28) 

again indicating the necessity of precise search databases. The NCBInr database contains 

about 42 million more protein sequences of Actinobacteria when compared to the 

UniprotKB/TrEMBL database thus, increasing the probability of false-positive identifications.  

The throughout low abundant Veillonellaceae family exhibited inconsistent LFQ and 

OTU abundances across the different sample fractions and diets. In contrast, a 16S rRNA 

gene-based study reported a significant dietary impact on the Veillonellaceae family (Zhang 

et al., 2013). Of 53 proteins assigned to the Veillonellaceae family 36 belonged to ureolytic 

and lactate-fermenting Megasphaera species. Lactate is among the most preferred substrates 

of Megasphaera elsdenii that is able to ferment about 97% of the rumen lactate (Counotte et 

al., 1981) relieving the risk of rumen acidosis (Kung and Hession, 1995) thus, being a highly 

beneficial member of the rumen ecosystem (Aikman et al., 2011). Thirteen out of 19 OTUs of 

the Veillonellaceae family could not be assigned to a specific genus, indicating greater 

proportions of yet unclassified species within the family of Veillonellaceae as observed by 

other studies (Zhang et al., 2013; Henderson et al., 2015). 

 Next to the influence of the dietary treatments on the bacterial community structure, 

expressive variations in abundance of certain families regarding the rumen sample fractions 

respectively ecological niches were observed highlighting the importance of sample 

fractionation in rumen studies to access the effects of treatments throughout the whole 

ecosystem and its specific functional niches. 

Apart the dietary effects, the more fiber-rich SP fractions clearly revealed an increase 

of abundance of cellulolytic, hemicellulolytic and pectinolytic species of the Firmicutes order 

of Clostridiales including the families of Lachnospiraceae and Ruminococcaceae as supported 

by OTU and protein abundance levels (Figure 10). The order of Clostridiales includes several 

cellulolytic Clostridium species (Vos et al., 2011) and as well fiber-degrading members of the 

Eubacteriaceae family (Prins et al., 1972; Van Gylswyk and Van der Toorn, 1985). Most of 
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the OTUs within the order of Clostridiales, excepting Lachnospiraceae and Ruminococcaceae, 

were assigned to unclassified Clostridiales but no OTUs were assigned to the family of 

Eubacteriaceae while most respective proteins were produced by Clostridium and 

Eubacterium species. This indicates again the advantage of complementing DNA- and 

protein-based approaches.  

The Lachnospiraceae family comprises the prominent cellulolytic Butyrivibrio 

fibrisolvens (Bryant and Small, 1956) and the pectinolytic Lachnospira multiparus (Duskova 

and Marounek, 2001) and exhibits strong hydrolyzing activities with multiple sets of 

carbohydrate-active enzymes (Stackebrandt, 2014) explaining the increased abundance in the 

SP fractions of all diets (Figure 10). Another study confirmed the increased abundance of 

Lachnospiraceae species in the fiber-adherent fractions (Larue et al., 2005).  

The same trend was observed for Ruminococcaceae family that includes major 

cellulose degraders (Latham and Wolin, 1977; Suen et al., 2011). Previous studies reported a 

higher abundance in the fiber-rich fractions as well. The vast majority of the respective 

proteins and OTUs were assigned to Ruminococcus species. The NMR-based metabolome 

analysis identified phenylpropionate (Table 5), a compound essential for the adherence to and 

degradation of cellulose by R. albus (Stack and Hungate, 1984).  

The increased abundance of the Clostridiales order including the families of 

Lachnospiraceae and Ruminococcaceae in the SP fraction was as well observed in the first 

metaproteomic investigation (Figure 28) and was confirmed by other studies (Larue et al., 

2005; de Menezes et al., 2011; Kim et al., 2011a). 

Another considerable cellulose-degrading specialist within the rumen ecosystem is the 

Gram-negative Fibrobacter succinogenes of the Fibrobacteres phylum (Hungate, 1950; 

Shinkai et al., 2009). However, there was no obvious dietary influence on the abundance of 

Fibrobacteres-derived proteins but the respective LFQ-values reached the maximum in the SP 

fractions of all diets (Figure 10) similar to the findings of a previous study (de Menezes et al., 

2011). The average abundance per diet of OTUs assigned to Fibrobacteres increased with the 

fiber content from the CS to the GS diet and was highest in the samples of the H diet. There 

are reports about a decreased abundance of Fibrobacter upon inclusion of concentrate in diets 

(Henderson et al., 2015). Regardless the different databases used for protein identification that 

both contained comparably small numbers of Fibrobacteres protein sequences, a higher 

abundance of the Fibrobacteres phylum was observed in the samples of the first 

metaproteomic analysis containing less concentrate (Figure 28). Large differences in 

abundance between the metaproteomic and the 16S rRNA gene-based approaches were 
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discussed in Chapter 5.3 including reports about noteworthy inconsistencies in abundance of 

the Fibrobacteres phylum among cows and diets (Jami and Mizrahi, 2012). 

 The phylum of Spirochaetes appeared in higher abundance in the SP fractions of all 

diets (Figure 10) as determined by both methods confirming the results of another study (de 

Menezes et al., 2011). Most proteins and OTUs of the respective phylum belonged to 

Treponema species. Treponema bryantii was reported to interact with cellulolytic bacteria 

(Stanton and Canale-Parola, 1980) and T. succinifaciens exhibits carbohydrate-fermenting 

capabilities (Cwyk and Canale-Parola, 1979) which may verify the increased abundance 

throughout the SP fractions. The same trend was observed in the samples of the first 

metaproteomic analysis revealing a higher abundance in the SP samples (Figure 28). 

 Comparably, the phylum of Synergistetes, characterized in 2009, revealed the highest 

abundance of proteins and particularly OTUs in the SP fractions (Figure 10). There is not 

much information about the members of the phylum of Synergistetes which are present in 

many anaerobic ecosystems including the gastrointestinal tract of animals but usually appear 

in low abundance within the respective environments (Jumas-Bilak and Marchandin, 2014). 

Synergistes jonesii was first isolated from the rumen of goat, did not ferment carbohydrates 

and is thought to be involved in the degradation of plant-derived toxins beneficial for the host 

animal (Allison et al., 1992). 

 OTUs assigned to the phylum of Tenericutes were highly abundant in the RF and LP 

fractions of all diets whereas the LFQ-values of the respective proteins were highest in the SP 

fractions of all diets (Figure 10). Generally, the abundance of Tenericutes OTUs was much 

higher when compared to the abundances of Tenericutes-derived proteins. As mentioned in 

Chapter 5.4, species of the phylum of Tenericutes respectively the class of Mollicutes, 

typically do not possess cell walls (Razin et al., 1998; Brown et al., 2015) which might 

increase the susceptibility for distortions potentially introduced during protein or DNA 

extractions. 

The Prevotellaceae family comprises common rumen bacteria such as Prevotella 

ruminicola, P. brevis, P. bryantii and P. albensis and constitutes the most dominant bacterial 

family within the rumen. The abundance of proteins and OTUs assigned to the Prevotellaceae 

family was not affected by the different diets but within diets, the LFQ-values were highest in 

all LP fractions (Figure 10). Members of the Prevotellaceae family are characterized by their 

versatile metabolic capabilities and their ability to utilize a broad range of substrates including 

peptides, proteins, monosaccharides and plant polysaccharides (Miyazaki et al., 1997; Matsui 

et al., 2000; Purushe et al., 2010) and thus, may not be greatly affected by changes in diet 
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composition. 

 The LFQ and OTU abundances of the Bacteroidetes families of Bacteroidaceae and 

Porphyromonadaceae were not affected by diets or sample fractions but revealed differences 

between the DNA- and protein-based datasets. The LFQ-values of proteins of the 

Bacteroidaceae family were much higher when compared to the corresponding OTUs while 

Porphyromonadaceae-derived proteins revealed a lower abundance when related to the 

respective OTUs. 

Similarly, the overall low abundant phyla of Elusimicrobia and Verrucomicrobia were 

not affected by the different diets or sample fractions. However, the abundance of 

Elusimicrobia proteins was much lower when compared to the respective OTUs whereas the 

abundance of Verrucomicrobia proteins was much higher when compared to the 

corresponding OTUs (Figure 10). A recent study employing total RNA sequencing as well as 

targeted RNA- and DNA amplicon sequencing identified the phyla of Elusimicrobia and 

Verrucomicrobia exclusively in the RNA-based datasets and proposed a higher activity of the 

respective phyla in the rumen (Li et al., 2016). 

Figure 11 shows the average abundance of archaeal phyla, classes and families 

commonly identified by metaproteomics and 16S rRNA gene sequencing in diets and sample 

fractions. The archaeal community composition revealed no shifts in regard to the dietary 

treatments or ecological niches probably due to the less versatile metabolic capabilities when 

compared to bacteria (Henderson et al., 2015) and the comparably low numbers of identified 

proteins and OTUs. However, these results are consistent with the findings of a recent study 

that analyzed the abundance of total methanogens and Rumen Cluster C in the same sample 

material using quantitative real-time PCR (Lengowski et al., 2016).  

Contrarily to the bacterial datasets, the archaeal community structures inferred from 

the quantified proteins differed clearly from the 16S rRNA gene-based analysis (Figure 11). 

All 626 OTUs were entirely assigned to three families of methanogens with the members of 

the family Methanobacteriaceae and Methanomassiliicoccaceae being dominant throughout 

all diets and sample fractions similar to previous reports (Janssen and Kirs, 2008; Seedorf et 

al., 2015). On the other hand, the metaproteomic analysis indicated greater archaeal diversity 

with most proteins being assigned to yet unclassified archaeal species (Figure 11). Moreover, 

the phyla of Crenarchaeota and Thaumarchaeota were found to be present, which is supported 

by other 16S rRNA gene studies that identified the respective phyla in low abundance in the 

rumen ecosystem (Shin et al., 2004; Wang et al., 2016; Jin et al., 2017). Averaged across all 

27 samples, the most abundant groups within the phylum of Euryarchaeota were the families 
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of Thermococcaceae, Methanobacteriaceae and the order of Methanomicrobia (Figure 11).  

The different phylogenetic distributions of archaeal proteins and OTUs might be 

attributed to the prevalence of Methanobrevibacter ruminantium and M. gottschalkii of the 

Methanobacteriaceae family which dominate the ruminal archaeal community (Janssen and 

Kirs, 2008; St-Pierre and Wright, 2013; Seedorf et al., 2015; Danielsson et al., 2017). High 

numbers of the respective 16S rRNA genes might have prevented sufficient sequencing reads 

of low abundant 16S rRNA genes in the current study. Moreover, some archaea are endo- and 

ectosymbiotically linked to protozoa (Lange et al., 2005), in particular species of 

Methanobacteriaceae family were found to be associated with protozoa (Janssen and Kirs, 

2008). The specific sample preparation protocols for the shotgun metaproteomic analysis 

focusing on the enrichment of prokaryotic cells might have cause bias against protozoa-

associated archaea, which could further explain the differences between the DNA- and 

protein-derived datasets. 

However, the combination of protein- and DNA-based approaches may be 

advantageous for investigations of the rumen archaeal communities promising a higher 

coverage of the taxonomic diversity including as well functional information. 

Comparing the phylogenetic distribution of archaeal proteins obtain from the first 

metaproteomic analysis (Chapter 3) and the main experiment (Chapter 4) revealed enormous 

variations as shown in Figure 29. Species of the phylum of Crenarchaeota and the class of 

Halobacteria appeared in much higher abundance in the first dataset whereas proteins of 

common rumen archaea such as the class of Thermoplasmata and Thermococci exhibited a 

drastically decreased abundance. Halobacteria usually inhabit hypersaline lakes and are not 

considered members of the rumen ecosystem. The NCBInr database contains about 1.1 

million protein sequences for Halobacteria whereas only about 80,000 sequences are available 

for Thermoplasmata. This indicates again the importance of employing sample-specific search 

databases in metaproteomic studies to minimize the probability of false-positive 

identifications.  
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Figure 29| Comparison of the phylogenetic origin of archaeal proteins identified in the first 

metaproteomic study (Chapter 3) and the main experiment (Chapter 4) averaged over diets at 

phyla, class and family level. The diets (CS, corn silage-based diet; GS, grass silage-based 

diet; H, grass hay-based diet), breed of host animals (HF, Holstein-Frisian), numbers of 

samples, used search databases and type of abundance data are indicated. 
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5.5.2 Changes in Specific Functional Profiles 

Apart from the dietary- and sample fraction-related effects on the protein- and DNA-

based phylogenetic structures of the bacterial communities within the rumen, also shifts in 

specific functional profiles obtained from the metaproteomic analysis were observed (Chapter 

4). The advantages of metaproteomic studies lie in the additional functional information 

crossing the gap between gene sequences obtained from metagenomic studies and the actually 

present phenotypes further involving the ability to access metabolic functions in the active 

microbial communities (Seifert et al., 2013). 

 

5.5.2.1 Carbohydrate-Active Enzymes 

In the course of the functional analyses carbohydrate-active enzymes (CAZymes), 

involved in the metabolism of carbohydrates, were annotated by searching the entirety of 

8,163 quantified bacterial proteins against the database for automated CAZyme annotation 

with hidden Markov models (dbCAN HMMs v. 5.0, based on the CAZy db v. July 15, 2016). 

Using hmmscan of the HMMER3 software package (Yin et al., 2012) exclusively the best e-

value hits were considered as described in Chapter 4.3.7. 

Overall, 166 bacterial CAZymes were identified of which 91 distributed over 16 

glycoside hydrolase (GH) families and 38 proteins belonged to seven different 

glycosyltransferase (GT) families. Moreover, 16 proteins were assigned to three families of 

carbohydrate esterases (CE), two proteins fell into two families of carbohydrate-binding 

modules (CBM) and 19 proteins with sequence similarity to S-layer homologies (SLH), 

involved in adhesion mechanisms of cellulosomes (Bayer et al., 1998; An and Friedman, 

2000) were present (Table 8). Details about the abundance of CAZymes in the respective 

families of the five CAZy-categories as well as the corresponding taxonomic origin and 

contribution at phyla level in the diets and sample fractions are depicted in Figure 12. Further 

detailed descriptions can be found in Chapter 4.4.3. 

The ratio of the most abundant CAZy-categories of GH, mainly produced by 

Bacteroidetes species and SLH, almost exclusively from Firmicutes species differed 

remarkably between the diets (Figure 12). The lower abundance of the Selenomonadaceae 

family throughout the sample fractions of GS diet (Figure 10) is underpinned by the low 

abundance of the SLH category in the respective sample fractions (Figure 12) that includes 

nine proteins of the Selenomonadaceae family (Table 8). The Gram-negative staining but 

phylogenetically Gram-positive rumen anaerobe Selenomonas ruminantium exhibits 

peptidoglycan-associated proteins with S-layer homology domains that play an important role 
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in the maintenance of the cell surface structure (Kojima et al., 2010).  

 

Table 8| The numbers of identified CAZymes in the respective CAZy-categories and the 

corresponding bacterial origin at phyla and family level. GH, glycoside hydrolases; GT, 

glycosyltransferases; CE, carbohydrate esterases; CBM, carbohydrate-binding modules; SLH, 

S-layer homologies. 

CAZyme categories (no. of families) GH 
(16) 

GT 
 (7) 

CE 
 (3) 

CBM 
(2) 

SLH 
 

Actinobacteria   3       

Bacteroidetes 5 2 1   

Bacteroidetes - Bacteroidaceae 4 1 1   

Bacteroidetes - Porphyromonadaceae 3 1    

Bacteroidetes - Prevotellaceae 46 13 6 1   

Fibrobacteres 1   1     

Firmicutes  1   4 

Firmicutes - Acidaminococcaceae     2 

Firmicutes - Lachnospiraceae 2 4    

Firmicutes - Ruminococcaceae 5     

Firmicutes - Selenomonadaceae 1 1   9 

Firmicutes - Veillonellaceae     2 

Firmicutes - Bacillales  2  1  

Firmicutes - Clostridiales 4       1 

Proteobacteria 4 4 2     

Spirochaetes 1         

Synergistetes         1 

Unclassified / environmental samples 15 6 5   
 

In total four GHs originated from the Clostridiales order, five GHs were produced by 

the Ruminococcaceae family and four GTs as well as two GHs were derived from the 

Lachnospiraceae family (Table 8). However, the most CAZymes belonged to the 

Prevotellaceae family including 46 GHs, 14 GTs and six CEs emphasizing their versatile 

metabolic activity. Six GTs and five CEs assigned to yet undescribed environmental samples 

(Table 8) appeared in high abundance dominating the CAZy-categories of GT and CE 

disregarding diets and sample fractions (Figure 12). 
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The category of CE exhibited the highest abundance throughout the sample fractions 

of the CS diet (Figure 12). The increased proteobacterial contribution to the CAZy-categories 

of GT and particularly CE in the LP and SP sample fractions of the CS diet (Figure 12) may 

support the observed rise of species of the Proteobacteria phylum in the sample fractions of 

the CS diet as shown in Figure 10. Two glycosyltransferases of the most abundant GT 

families, GT35 and GT4, were produced by Bifidobacterium species and were averagely more 

abundant in the GS diet supporting the overall higher abundance of the Bifidobacteriaceae 

family in the more fiber-rich GS diet (Chapter 5.5.1).  

Biofuels produced from plant material constitute an important, renewable energy 

source (Blanch et al., 2008; Christopher et al., 2014). Nevertheless, the low activity of 

hydrolytic enzymes currently available and the therefore inefficient degradation of recalcitrant 

lignocellulose matter limit the production of biofuels (Hess et al., 2011). The discovery of 

new, more efficient enzymes from naturally occurring, biomass-degrading microbial 

communities such as the rumen microbiome represents a favorable strategy (Rubin, 2008). 

Hence, several functional metagenomic studies focused on the investigation and discovery of 

CAZymes within the rumen (Brulc et al., 2009; Hess et al., 2011; Ferrer et al., 2012; Pope et 

al., 2012; Wang et al., 2013; Patel et al., 2014a; Jose et al., 2017). Moreover, a recent 

metatranscriptomic study of the rumen microbial consortia assessed the presence of CAZymes 

based on messenger RNAs (Li and Guan, 2017). 

Figure 30 shows a comparison of the abundance of 30 commonly identified GH 

families from the rumen microbiome of bovines. All respective studies employed the CAZy 

database (Lombard et al., 2014) for annotation but using different assignment algorithms. The 

numbers of overall identified GH families varies considerably between these studies with the 

lowest number of 24 identified GH families from the present study, even though hits with 

slightly higher e-values and low abundance were included for the comparison. Overall, the 

distribution of GH families obtained from the metagenomic studies appears similar to the 

results of the metaproteome-based dataset with a lower abundance of cellulases and 

hemicellulases and higher amounts of oligosaccharide-degrading enzymes. However, endo-

hemicellulases appeared in a remarkably low abundance in the metaproteomic dataset of the 

current study (Figure 30). The metatranscriptomic study identified a comparably high number 

of endoglucanases within family GH9 and less oligosaccharide-degrading enzymes. GHs of 

the family GH2 were found in higher abundance in all metagenomics studies and the 

metaproteome-based dataset whereas appearing in low abundance in the metatranscriptomic 

dataset. Debranching enzymes were more abundant in the metagenomics analyses as when 
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compared to the metatranscriptomic and the current metaproteomic study (Figure 30). 

 

 
 

Figure 30| Comparison of commonly identified glycoside hydrolase families of recent studies 

investigating the rumen microbiome of B. taurus species (Brulc et al., 2009; Hess et al., 2011; 

Wang et al., 2013; Jose et al., 2017; Li and Guan, 2017). The respective methodologies, 

assignment algorithms and databases as well as the number of totally identified glycoside 

hydrolase families are given. Color code: yellowish, cellulases; reddish, endo-hemicellulases; 

purplish, debranching enzymes; bluish, oligosaccharide-degrading enzymes; greenish, 

uncategorized glycoside hydrolase families. CAT, CAZymes Analysis Toolkit (Park et al., 

2010); dbCAN, dbCAN HMMs v. 5.0 (Yin et al., 2012). 
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 The differences in abundance of certain GH families might be attributed to the 

different dietary regimen and ruminant breeds used in the respective studies. Furthermore, the 

different biomolecules analyzed and assignment procedures applied allow variations to be 

expected. As well, the identification of CAZymes is based on sequence homologies entailing 

the probability of incorrect assignments. Nevertheless, regarding the present study, most GHs 

were produced by species of the Bacteroidetes phylum also constituting a large part of the 

GTs which is in accordance with the study of Jose et al. (2017). Moreover, CAZymes 

identified in the study of Patel et al. (2014a) originated mainly from the phylum of 

Bacteroidetes. 

 

5.5.2.2 ABC Transporters 

ATP-binding cassette transporters (ABC transporters) usually comprise several 

subunits including integral membrane proteins and ATPases to catalyze the transport of 

compounds across the cell membranes using energy from the hydrolysis of ATP (Davidson et 

al., 2008; ter Beek et al., 2014). Further, ABC transporters are essential for the viability of 

cells since counteracting to detrimental changes within the cell (Poolman et al., 2004). Thus, 

ABC transporters are as well involved in resistance mechanisms of pathogenic 

microorganisms to antibiotics (Jones and George, 2004). Moreover, ABC importers play a 

crucial role in the uptake of external nutrients such as sugars, amino acids and trace metals 

(Cui and Davidson, 2011). Membrane proteins contain less lysine and arginine residues and 

thus, tend to be resistant to trypsin digestion as performed during the metaproteomic 

workflow (Saveliev et al., 2012). The amphipathic nature of membrane proteins make 

common shotgun metaproteomic-based identifications difficult (Santoni et al., 2000). 

Nevertheless, subunits of the ABC transporter complexes appeared to be accessible via mass 

spectrometry-based analyses. 

A total of 170 bacterial proteins exhibited sequence similarities to ABC transporters as 

defined by the KEGG database. The average abundance of the respective membrane 

transporters in relation to the maximum LFQ-values within each group of transporters and the 

corresponding origin of proteins at bacterial phyla level in diets and sample fractions are 

depicted in Figure 13. Details about the bioinformatic assignment procedures are described in 

Chapter 4.3.7. 

Overall, 106 proteins were assigned to the group of oligosaccharide, polyol, and lipid 

transporters that include several subunits of multiple sugar transport systems and of 

cellobiose, arabinose/lactose, maltose/maltodextrin, sorbitol/mannitol and galactose oligomer 
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transporters. The respective proteins were averagely more abundant in samples of the fiber-

rich GS and H diets when compared to the CS diet. Within diets, the highest abundance was 

observed in the SP sample fractions. Major contributors were Firmicutes species followed the 

phyla of Spirochaetes and Proteobacteria (Figure 13). The increased abundance of the 

Lachnospiraceae family in the SP sample fractions of all diets shown in Figure 10 is 

supported by the higher abundance of 27 Lachnospiraceae proteins belonging to the group of 

oligosaccharide, polyol and lipid transporters in the SP fractions of all diets. Nine 

Spirochaetes proteins within the group of oligosaccharide, polyol and lipid transporters 

revealed the lowest abundance in all RF sample fractions confirming the abundances patterns 

described in Chapter 5.5.1. As mentioned in Chapter 5.5.1, genomes of Bifidobacteria 

comprise features for sugar ABC transporters (Pokusaeva et al., 2011) as verified by four 

Bifidobacteriaceae proteins belonging to the group of oligosaccharide, polyol and lipid 

transporters.  

Conversely, the group of monosaccharide transporters comprising 20 proteins 

exhibited a higher abundance in all sample fractions of the CS diet (Figure 13), which might 

be attributed to the higher amount of starch present and the associated increased availability 

of monosaccharides. This group comprises subunits of ribose, rhamnose, methyl-galactoside 

and sn-glycerol 3-phosphate transport systems. Proteobacteria showed an increased 

contribution regarding monosaccharide transporters when compared to the respective 

phylogenetic origin of the group of oligosaccharide, polyol and lipid transporters. This may 

underpin the increased abundance of Proteobacteria and the included Succinivibrionaceae 

family in the sample fractions of the CS diet (Figure 10).  

Similarly, the group of phosphate and amino acid transporters based on 27 proteins 

showed the highest abundance in samples of the CS diet (Figure 13). Phosphate and amino 

acid transporters were mainly derived from Proteobacteria and to a lesser extent from 

Firmicutes species.  

Mineral and organic ion transporters from 17 proteins, almost exclusively produced by 

Firmicutes species, showed the by far highest LFQ-values in the SP fraction of the CS diet 

(Figure 13). Most proteins of this group were assigned to Iron (III) transporter systems. 

Uptake of iron is essential for almost all microorganism since it is required in many metabolic 

processes (Cornelis and Andrews, 2010). 

 

 

 



Chapter V   -   DISCUSSION 

_____ 
153 

Generally, the distinct abundance patterns of proteins within the groups of 

monosaccharide and oligosaccharide, polyol and lipid transporters may reflect the dietary 

influence on the bacterial communities with a higher availability of monosaccharides inferred 

from starch fermentation in the CS diet samples whereas more complex oligosaccharides from 

fiber-degradation are present in the GS and H diets. 

Proteins with sequence homology to ABC transporter subunits were also identified 

within the first metaproteomic analysis (Chapter 3). As depicted in Figure 31, the numbers of 

proteins belonging to the group of oligosaccharide, polyol and lipid transporters increased in 

the SP fractions as observed for the experiment described in Chapter 4 (Figure 13). Moreover, 

most ABC transporter proteins were derived from Firmicutes species similar to the main 

experiment (Figure 13) which is further confirmed by a 16S rRNA gene-based study of the 

rumen microbiome of sheep (Wang et al., 2017) that used the PICRUSt tool for functional 

prediction (Langille et al., 2013). 

 

 
Figure 31| Numbers of bacterial ABC transporters in different groups averagely (n = 2) 

identified in samples of the first metaproteomic analysis (Chapter 3). Phylogenetic origin of 

proteins in the respective samples is shown at phyla level. RF, rumen fluid; SP_H, solid phase 

extracted with Histodenz protocol; SP_C, solid phase extracted with cheesecloth protocol. 
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5.5.2.3 Enzymes Involved in Carbon Metabolism 

A fundamental aspect of all life is the carbon metabolism that comprises the 

biochemical pathways for carbon usage respectively glycolysis including the Embden-

Meyerhof-Parnas (EMP) pathway, the pentose phosphate pathway and the citrate cycle. 

Moreover, the pathways of methane metabolism are included. The EMP pathway is the most 

widespread variant of glycolysis converting glucose to pyruvate yielding energy in form of 

ATP and NADH (nicotinamide adenine dinucleotide). A parallel pathway is the rather 

anabolic pentose phosphate pathway forming NADPH (nicotinamide adenine dinucleotide 

phosphate), pentoses and ribose 5-phosphate which servers as precursor for nucleotide 

synthesis. The citrate cycle uses acetate in form of acetyl-CoA derived from pyruvate and 

H2O producing carbon dioxide and NADH respectively ATP and involves as well succinate. 

Sums of 1,121 bacterial and 28 archaeal proteins were assigned to 80 and eight KO 

identifiers respectively, carrying out 70 and five KEGG REACTIONS that belong to the 

pathways of the carbon metabolism as defined by the KEGG database. To visualize the 

abundance of the respective enzymes in the carbon metabolism pathway map, the respective 

KEGG REACTIONS were arranged into 60 bacterial and five archaeal functional groups. 

Varying abundance, in diets and sample fractions, of enzymes in the respective functional 

groups involved in the carbon metabolism are shown in Figure 14A. Additionally, eight 

compounds identified by NMR (Table 5) are included in the pathway map of the carbon 

metabolism (Figure 14A). Details about the proteins, the KO identifiers and KEGG 

RACTIONS in the functional grouping are listed in supplementary Table S6 of Chapter 4. A 

few KOs were assigned to more than one KEGG REACTION and thus, appear more than 

once in the grouping. A detailed description of differential abundance of specific functional 

groups of the carbon metabolism can be found in Chapter 4.4.5. 

The sums of LFQ-values of 417 proteins belonging to the functional groups involved 

in the EMP pathway revealed the highest abundance in the LP fractions of the GS and the H 

diets whereas being most abundant in the SP fraction of the CS diet (Figure 14B). The LFQ-

values of groups belonging to the citrate cycle comprising a total of 76 proteins exhibited a 

remarkably lower abundance in the SP fractions of the GS and H diets when compared to the 

respective RF and LP fractions and the CS sample fraction (Figure 14C). Looking at the 

groups of the pentose phosphate pathway based on 34 proteins, the sum of LFQ-values 

showed higher abundance in the LP fractions of the GS and H diets with similar patterns to 

the EMP pathway (Figure 14D). 
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The increased abundance of polysaccharide-degrading bacteria in the SP fractions 

described in Chapter 5.5.1 might have caused an increased availability of monosaccharides 

and a higher abundance of proteins involved in glycolysis by the EMP pathway. Considering 

the more mushy texture and the higher amounts of starch in the CS diet most 

monosaccharides possibly were present in the SP fraction of the CS diet whereas most 

monosaccharides from degradation of structural plant polysaccharides were rather present in 

the LP fractions of the more fibrous-structured GS and H diets (Figure 14B). This might 

explain as well the high abundance of the pentose phosphate pathway in the LP fractions of 

the GS and H diets that probably contained most sugars within the fiber-rich diets (Figure 

14D). Proteins involved in the citric acid cycle showed a remarkably low abundance in the SP 

fractions of the GS and H diets pointing towards a low abundance of substrates like acetate 

and succinate, which is in accordance with the abundance values of proteins of EMP and 

pentose phosphate pathway (Figures 14B,C,D).  

Moreover, the alpha, beta and gamma subunits of the methyl-coenzyme M reductase 

(MCR) were identified based on 15 highly abundant proteins that constituted 23% of the total 

abundance of 55 proteins that belonged to the methane metabolism as defined by the KEGG 

database. The MCR catalyzes the final step in the formation of methane (Jaun and Thauer, 

2007; Ragsdale, 2014) and the mcrA gene, encoding the alpha subunit of MCR, is preferably 

used as a functional marker since present in all methanogens (Friedrich, 2005; Denman et al., 

2007). A study analyzing the same sample material investigated the abundance of total 

methanogens in targeting the mcrA gene by quantitative real-time PCR (Lengowski et al., 

2016) confirming the results of the current study regarding dietary and fraction-related effects. 

Eleven MCR-derived proteins were produced by species of the Methanobacteriaceae family 

and four proteins were assigned to the phylum of Thermoplasmata.  

Carbon is the terminal electron acceptor for the most prevalent, hydrogenotrophic 

methanogenesis in the rumen requiring carbon dioxide, hydrogen or formic acid as identified 

by NMR (Table 5). Besides, methylotrophic methanogens like the family of 

Methanomassiliicoccaceae belonging to the class of Thermoplasmata utilize compounds like 

methylamine, dimethylamine and trimethylamine, as well identified by NMR in the RF 

fractions of all diets (Table 5), as their major energy and carbon sources. Trimethylamines are 

formed by bacteria from plant-derived glycine betaine and cholin (Neill et al., 1978; Mitchell 

et al., 1979). Methylamine, dimethylamine and trimethylamine were found in higher 

concentrations in the GS and H diets (Table 5) which is supported by other reports that 

indicate higher glycine betaine concentrations in grass as when compared to corn (Lerma et 
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al., 1991; Chendrimada et al., 2002). However, a trimethylamine corrinoid protein MttC of 

methanogenic archaeon ISO4-H5 was identified. Moreover, the ratio of acetate to propionate, 

an indicator for methanogenic activity, was higher in the more fiber-rich GS and H diets 

(Table 5) that further contained more than twice as much methylamines. Thus, a higher 

activity of methylotrophic methanogenesis in the fiber-rich diets can be assumed. A previous 

study suggested focusing on methylamines rather than on hydrogen for mitigating methane 

emission from the rumen (Poulsen et al., 2013). 

 

5.5.2.4 Enzymes of Short-Chain Fatty Acid Production 

The majority of metabolites produced by bacteria in the rumen are the short-chain 

fatty acids acetate, butyrate and propionate, which represent the primary source of energy to 

the ruminant host animal (Bergman, 1990) and further the fermentation intermediate formate 

(Hungate et al., 1970) that is also used as substrate in hydrogenotrophic methanogenesis. 

Microbial short-chain fatty acids influence many physiological processes directly affecting 

the host (Koh et al., 2016) and serve as a link between dietary impact on the structure and 

metabolic activity of the microbiome and its influence on the host. In contrast to metabolites, 

enzymes involved in their production can be assigned to a specific taxonomic origin. 

Bacterial enzymes involved in the production of acetate, butyrate, propionate and 

formic acid were retrieved using the COG assignments from WebMGA (Wu et al., 2011). The 

LFQ-values of proteins belonging to COGs modified from a previous study (Polansky et al., 

2015) were summarized over the diets including the phylogenetic origin at phyla and family 

level and are depicted in Figure 15. A detailed description can be found in Chapter 4.4.6. 

In total 35 and 45 enzymes involved in acetate (Figure 15C) and butyrate production 

(Figure 15A) respectively were identified. Moreover, 52 proteins belonged to propionate 

production (Figure 15B) and 23 enzymes were associated with the generation of formic acid 

(Figure 15D).  

Six proteins of Phascolarctobacterium species involved in propionate production 

appeared in highest abundance in the CS diet, which may support the assumed rise of the 

Acidaminococcaceae family as consequence of increased amounts of succinate (Table 5) 

produced from Proteobacteria and the family of Succinivibrionaceae in the fractions of the CS 

diet as described in Chapter 5.5.1. Moreover, four enzymes associated with propionate 

formation belonged to Selenomonas species and exhibited the lowest abundance in the GS 

diet (Figure 15B) similar to the decreased abundance of Selenomonadaceae proteins in the 

SLH category in the fraction of the GS diet described in Chapter 5.5.2.1. These findings might 
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support the overall lower abundance of the Selenomonadaceae family observed in Figure 10. 

A 3-hydroxybutyryl-CoA dehydrogenase of Megasphaera elsdenii, involved in butyrate 

formation, was found in a remarkably high abundance of 24% in the CS diet when compared 

to the abundance of 0.4% and 0.1% in the GS and H diets respectively (Figure 15A). Butyrate 

is a common fermentation product of Megasphaera elsdenii (Table 1). Thirteen 

Lachnospiraceae proteins dominated in butyrate formation and revealed the highest 

abundance of 56% and 58% in the fiber-rich GS and H diets (Figure 15A) underpinned by the 

higher amounts of butyrate in the respective RF fractions as determined by NMR (Table 5). 

Considering the abundance of proteins, enzymes of the Prevotellaceae family prevailed in 

acetate and propionate production constituting above 60% and 55% of the total abundance in 

all diets (Figures 15B,C) again reflecting the functional dominance of Prevotella species 

within the rumen ecosystem as supported by the numbers and abundances of CAZymes 

(Chapter 5.5.2.1) and the overall abundance obtained from the 16S rRNA gene and protein-

based approaches (Figure 10).  
 

5.5.3 Variation of Metabolites in Rumen Fluid 

Using the Chenomx NMR Suite 8.2 software, 20 different compounds were identified 

in all RF samples. Two-dimensional NMR spectroscopy further validated the presence of 12 

compounds (*) including the major short-chain fatty acids acetate, butyrate, propionate and 

valerate (Table 5). There were no statistically significant alterations of the rumen metabolome 

patterns regarding the different diets. A detailed description of the amounts of identified 

metabolites in the RF fractions can be found in Chapter 4.4.7.  

Despite the statistical insignificancies, some patterns in metabolome composition 

might support findings of the 16Sr DNA and the metaproteome analyses. The observed rise of 

the phylum of Proteobacteria and the family of Succinivibrionaceae in the CS diet fractions 

might be interlinked with the increased abundance of the Acidaminococcaceae family due to 

the enhanced production of succinate (Chapter 5.5.1). Succinate concentration averagely was 

highest in the RF fraction of the CS diet (Table 5). Moreover, six proteins of 

Phascolarctobacterium species that use succinate to produce propionate were involved in 

propionate production and appeared in highest abundance in the CS diet (Chapter 5.5.2.4). 

Most lactate was present in the RF samples of the H diet (Table 5), which might support the 

increased abundance of the family of Erysipelotrichaceae that assumedly produce lactate 

(Chapter 5.5.1). Thirteen Lachnospiraceae proteins dominated in butyrate formation revealing 

the highest abundance in GS and H diets (Chapter 5.5.2.4) underpinned by the higher amounts 
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of butyrate in the respective RF fractions as determined by NMR. As mentioned in Chapter 

5.5.1, Ruminococcus albus requires phenylpropionate for the adherence to and degradation of 

cellulose (Stack and Hungate, 1984). Higher amounts of methylamines in the fiber-rich GS 

and H diets may confirm the findings of previous studies (Chapter 5.5.2.3). 

 

5.6 Conclusions and Perspectives 

Progress in efficiency of animal production requires optimized feeding strategies, 

which presuppose an improved understanding of the dietary impact on the complex 

bionetwork residing in the rumen. Targeting the actual functions out of numerous possibilities 

that are encoded by the genomes of the rumen microbiome is essential to obtain enhanced 

knowledge about the manifold interactions of different members of the microbial 

communities including as well host-microbe interactions. Therefore, proteins are best suited 

since representing the actual function of investigated cells further entailing phylogenetic 

information. 

Thus, the major aim of the present project was the initial establishment of suitable 

mass spectrometry-based shotgun metaproteomics to investigate the rumen microbiome 

providing deeper functional insights. Despite the challenging obstacles such as the 

heterogeneity of the rumen sample matter, the presence of inhibiting substances and 

demanding bioinformatic data processing steps, a workflow to characterize the prokaryotic 

rumen metaproteome was successfully implemented forming a solid basis for further 

investigations. 

Thereupon, the dietary impact of the most common forages in ruminant production on 

the structure and the function of the rumen microbiome was analyzed by a combination of 

complementary, state of the art methods. The archaeal and bacterial communities inhabiting 

different ecological niches within the rumen were investigated using GeLC-MS/MS-based 

metaproteomics flanked by Illumina MiSeq amplicon sequencing of the 16S rRNA gene. 

Moreover, the metabolic profiles of the rumen fluid were assessed by nuclear magnetic 

resonance to obtain most precise and comprehensive insights.  

The obtained datasets revealed significant alterations of the structure and function of 

the microbial communities in response to the dietary treatments as determined unanimously 

by the protein- and the DNA-based analyses. Certain contrasts between the different methods 

employed clearly emphasized the benefits of using combinations of complementary methods 

to study the microbiome of complex ecosystems like the rumen. Moreover, tremendous 

variations in community composition and functional patterns regarding the different 
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ecological niches within the rumen were observed by both methods prompting for the 

necessity of sample fractionation in rumen studies to cover the effects of applied treatments 

throughout the whole ecosystem. On top of the structural information obtained from DNA- 

and protein-based analyses, the metaproteomic approach provided additional functional 

insights elucidating the varying abundance of carbohydrate-active enzymes, ATP-binding 

cassette transporters, metabolic pathways of the carbon metabolism and enzymes involved in 

short-chain fatty acid production further supplemented by the metabolomics analysis. 

Regarding the influence of different animal feeds, the abundance of proteobacterial 

species and the family of Succinivibrionaceae was significantly altered upon the increased 

availability of starch in the CS diet further promoting the formation of succinate. This may be 

linked to cross-feeding of succinate-utilizing and propionate-producing species of the 

Acidaminococcaceae family that exhibited a similar rise in abundance in response to CS diet. 

Moreover, the yet sparsely described family of Erysipelotrichaceae was promoted by 

the H diet assumptively being involved in lactic acid production, which suggests further 

investigations of the respective species.  

Prominent members of the bacterial rumen community such as the family of 

Selenomonadaceae have not been identified by the 16S rRNA gene-based analysis. 

Selenomonadaceae proteins were less abundant in GS diet, which correlated with the lower 

abundance of Butyrivibrio proteins in the GS diet accentuating cross-feeding between the 

respective species.  

The Bifidobacteriaceae family exhibited a higher abundance in the more fiber-rich GS 

and H diets emphasizing the polysaccharide-degrading capabilities of this species. Species of 

the order of Clostridiales including the Lachnospiraceae and Ruminococcaceae families 

exhibited an increased abundance throughout the SP sample factions regardless the dietary 

treatments confirming their crucial fiber-degrading potential.  

The most dominant ruminal bacteria of the Prevotellaceae family did not respond to 

dietary changes reflecting their versatile metabolic capabilities. Prevotellaceae species were 

more present in the RF and LP fractions not being primarily involved in fiber-degradation.  

The role of low abundant phyla such as Elusimicrobia, Synergistetes, Tenericutes and 

Verrucomicrobia within the rumen ecosystems remains comparably vague since not much 

information about the respective species is available. This suggests microbiological 

investigations of the respective species in pure and mixed cultures to obtain a more valid basis 

regarding their functional capabilities.  
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The archaeal community did not respond to dietary changes and exhibited similar 

distributions across the ecological niches, which may be attributed to their less versatile 

metabolic capabilities when compared to bacteria. Moreover, differences in the DNA- and 

protein-based phylogenetic distributions suggest further technical and methodological 

improvements.  

The current project focused exclusively on the most significant members of the rumen 

microbiome, namely archaea and bacteria. However, further metaproteomic investigations 

might include as well anaerobic fungi and particularly ruminal protozoa to gain more 

information about the interactions of methanogens and ciliate protozoa and their role in within 

the rumen ecosystem including the energy loss from methane emissions. 

Concerning the outcome of this project, it might be important to consider that each of 

the experimental diets comprised 52% of identical concentrate mixture thus, differing less in 

chemical composition. Future studies of the dietary impact on the rumen microbiome could 

obtain more significant results in applying more different dietary treatments, which might 

provide deeper insights into the adaptation responses of the microbial communities. 

Furthermore, a parallel study highlighted the inevitability of repeated sampling time 

points to cover treatment effects on a diurnal basis, which could not be addressed in the 

current project due to the complex, labor and particularly time intensive analysis procedures. 

In the course of this project, no significant host-related effects on the rumen 

microbiome were detected. Nevertheless, the used animals exhibited differences regarding 

certain physiological parameters. To obtain more comprehensive and confident data, future 

studies may include a higher number of animals to increase the statistical reliability. 

In terms of the rumen microbiome, the microorganisms attached to the epimural layer 

were not investigated in the current project. However, shotgun metaproteomic analyses might 

provide detailed insights into the functions of the epimural microbiome located at the rumen 

wall that besides scavenging of oxygen and the hydrolysis of urea is involved in many crucial 

processes. Despite the comparably low overall abundance, the epimural communities are 

closest to the host and probably are most involved in host-microbe interactions. Biofilm 

formation at the mucosa of the rumen by the epimural communities may serve as a protection 

of the epithelium against pathogens and nutritional diseases such as the subacute ruminal 

acidosis. Shotgun metaproteomics harbors the potential to elucidate fundamental host-

microbe interactions at the interface between host and feed. Furthermore, the probably 

competitive relation of the epimural microbiome with the residual communities might be 

investigated using metaproteomics. 
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The results of the present project may provide deeper insights into the complicated 

network of bacterial interactions and adaptions to various substrates. So far, to the best of my 

knowledge, this was the first study investigating the impact of the most common forages used 

as feed for dairy cows and fattening cattle on the metaproteome expressed by the entirety of 

archaeal and bacterial communities in the different phases of the rumen ecosystem. The 

advantages of shotgun metaproteomic-based investigations and the combination of 

complementary methods were clearly demonstrated. Bioinformatic and technical progress 

may enhance the metaproteomic coverage of future studies. 
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7. SUMMARY 
 

Globally, ruminant livestock constitutes a significant source of food for humans. 

Under the aspect of a growing world population, an increased demand for animal-based food 

products is expected. Production efficiency and associated health status of the animals as well 

as the emission of greenhouse gases are mainly determined by the rumen microbiome. The 

structure and activity of the microbial communities in the rumen ecosystem in turn are mostly 

influenced by the animal’s feed intake.  

The most widely used forage sources for ruminant production in Europe and North 

America are corn silage, grass silage and grass hay characterized by varying chemical 

compositions. Different proportions of plant-derived polysaccharides, fibers and crude protein 

have diverse effects on the rumen microbiome. Progress in animal production requires 

optimized feeding strategies, which presuppose an improved understanding of the dietary 

impact on the complex bionetwork residing in the rumen. 

A broad range of different methods are applicable to investigate archaea and bacteria 

which represent the most active and significant members of the rumen microbiome. Yet, most 

rumen studies available are restricted to nucleic acid-based approaches with limited functional 

insights. To improve knowledge about the prokaryotic communities and their adaptation 

responses to different animal feeds, it is essential to focus on the actual functions out of 

numerous possibilities that are encoded by the genomes of the rumen microbiome. In this 

way, further insights into the interactions of different members of the rumen ecosystem as 

well as host-microbe interactions can be obtained. Therefore, proteins are best suited since 

representing the actual function of investigated cells combined with phylogenetic information. 

 

The major aim of this project was the feasible, first-time establishment of a 

metaproteomics-based characterization of the ruminal prokaryotic communities to further 

investigate the dietary impact on the prokaryotic rumen metaproteome. 

 

The first part of this project was providing an overview about research that used state 

of the art technologies to investigate the microbiome of the gastrointestinal tract of farm 

animals. Different Omics-technologies and their combination are commonly applied in studies 

of the human gut microbiome but comparable research in livestock science is rare and in the 

best case employed functional metagenomics. Thus, as well pre-Omics-approaches were 

included in review, further comparing and discussing their major findings. At that time, the 
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considered studies relied mainly on stand-alone, DNA-based molecular methods, which 

clearly emphasized the importance of introducing contemporary methods such as shotgun 

metaproteomics to study the rumen microbiome and to gain deeper, more complete insights 

into the actual functions carried out by the specific members of the prokaryotic communities. 

 

The second part of the current project focused on a suitable, mass spectrometry-based 

analysis of the prokaryotic communities in the rumen ecosystem. Metaproteomic studies are 

challenged by the heterogeneity of the rumen sample matter that contains, besides archaeal 

and bacterial cells, also eukaryotic cells from rumen fungi and protozoa as well as enormous 

amounts of plant cells from ingested feed and epithelial cells of the animals. Shotgun 

metaproteomic studies require the extraction of proteins preferably of the desired target 

organisms to increase the coverage of the respective metaproteome and the reliability of 

subsequent protein identifications. This entails the avoidance of undesired proteins present in 

the rumen samples. In contrast to nucleic acids, proteins cannot be enriched or amplified by 

PCR and there is no universal sample preparation method. Thus, optimized sample 

preparation protocols are necessary in order to retrieve enhanced amounts of prokaryotic 

instead of plant-derived or other eukaryotic cells before protein extraction and subsequent 

LC-MS/MS analysis. Moreover, individual sample preparation protocols have to be 

developed considering as well the different ecological niches within the rumen ecosystem. 

Various sample preparation protocols for the fiber-adherent and the liquid-associated bacteria 

and archaea were formulated and evaluated in regard to the number of possible peptide and 

protein identifications, the ratio between prokaryotic and eukaryotic proteins as well as in 

defining bias towards specific phylogenetic groups. Using methylcellulose for the detachment 

of the fiber-adherent bacterial consortia and common cheesecloth, filters and centrifugation 

steps for the separation of prokaryotic cells from the residual matter significantly improved 

the identification ratio of prokaryotic to eukaryotic proteins. The respective findings were 

published in the journal of Proteomics in 2015 and simultaneously constituted the first study 

of the ruminal, prokaryotic metaproteome characterized by shotgun metaproteomics. 

Nevertheless, the amount of identified proteins depicted only a meager part of the entirety of 

prokaryotic proteins actually expressed in the rumen accentuating a general obstacle in 

conducting representative metaproteomic studies. This indicated the need of further 

improvements such as enhanced mass spectrometric measurements and more precise, sample-

specific search databases for the bioinformatic processing steps. 
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The final step and the major aim of this project was the in depth analysis of the 

metaproteome of archaea and bacteria and their adaptive response to the most common 

forages, corn silage, grass silage and grass hay accessing as well host-related influences and 

variations between different ecological niches within the rumen. Improved mass-

spectrometric measurements and the construction of an artificial metagenome in form of a 

customized, sample-specific in-house database for enhanced bioinformatic identification and 

quantification of proteins yielded comprehensive datasets comprising 8,163 bacterial and 358 

archaeal proteins that were identified across 27 samples from three different rumen fractions 

of three Jersey cows, fed rotationally with three different diets. To obtain insights as accurate 

and complementary as possible, the functional and structural data of the metaproteomic 

analysis was further flanked by 16S rRNA gene-based analyses of the archaeal and bacterial 

community structures and the metabolomes of the rumen fluid fractions were quantified by 

nuclear magnetic resonance. The third manuscript carrying the title “A structural and 

functional elucidation of the rumen microbiome influenced by various diets and allocated 

space” was submitted to Frontiers in Systems Microbiology in March 2017. So far, to the best 

of our knowledge, there are no studies investigating the metaproteome expressed by the 

entirety of archaeal and bacterial communities in the different phases of the rumen ecosystem 

under varying dietary influence. Dietary treatments revealed significant variations in the 

metaproteome composition and community structures of ruminal bacteria. Host-related effects 

were not significant. Protein- and DNA-based approaches confirmed an increased abundance 

of the phylum of Proteobacteria and the family of Succinivibrionacea throughout the sample 

fractions of the corn silage-based diet, which potentially enhanced succinate production as 

indicated by the metabolomic analysis. This might be linked to a comparable rise of the 

family of Acidaminococcacea that utilize succinate to produce propionate. The abundance of 

the family of Erysipelotrichaceae was promoted in the samples of the hay-based diet as 

observed by both methods. Similar to Lactobacillus species, most members of 

Erysipelotrichaceae group probably produce mainly lactic acid as supported by the higher 

amounts of lactate in the samples of the hay-based diet. The most dominant bacterial family in 

the rumen ecosystem, the Prevotellaceae family did not respond to dietary changes probably 

due to their versatile metabolic capabilities. Nevertheless, the Prevotellaceae family appeared 

most abundant in the loosely fiber-adherent sample fractions regardless the dietary treatments. 

Several fiber-degraders such as the order of Clostridiales and the included families of 

Ruminococcaceae and Lachnospiraceae were found in increased abundance in the tightly 

fiber-adherent sample fractions as revealed by proteins and OTUs further indicating the 
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importance of sample fractionation in rumen studies. The common rumen family of 

Selenomonadaceae was identified exclusively in the metaproteomic approach emphasizing the 

necessity of combining different Omics-technologies to investigate the microbiomes of 

complex ecosystems. The rumen archaea were not influenced by diets or sample fractions, 

which might be explained by the low numbers of proteins and OTUs identified and by the less 

versatile metabolic capabilities when compared to bacteria. Functional analyses of the 

metaproteome revealed an increased abundance of monosaccharide transporters in the corn-

silage-based diet whereas oligosaccharide transporters were more abundant in the fiber-rich 

grass- and hay-based diets. Bioinformatic analysis identified a total of 166 carbohydrate-

active enzymes, such as glycoside hydrolases, glycosyltransferases, carbohydrate esterases 

and carbohydrate-binding modules. A high number of proteins involved in carbon metabolism 

were identified revealing different abundances of proteins belonging to the Embden-

Meyerhof-Parnas pathway, the pentose phosphate pathway and the citrate cycle. Several 

enzymes involved in short-chain fatty acid production were identified. 

 

In conclusion, within this project the application of shotgun metaproteomics to 

characterize the prokaryotic rumen metaproteome was successfully implemented and the 

results clearly emphasized the benefits of using complementary, state of the art methods to 

study the microbiome of complex ecosystems like the rumen. The obtained datasets revealed 

a significant impact of the most common forage sources on the bacterial communities in the 

rumen. Considering the specific functional niches of the rumen microbiome have been shown 

to be of great importance. This study may provide deeper insights into the complicated 

network of bacterial interactions and adaptions to various substrates. Bioinformatic and 

technical progress may enhance the metaproteomic coverage of future studies. 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER VIII 
 

ZUSAMMENFASSUNG 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter VIII   -   ZUSAMMENFASSUNG 

_____ 
202 

8. ZUSAMMENFASSUNG 
 

Wiederkäuer stellen weltweit eine wichtige Nahrungsquelle für Menschen dar. 

Aufgrund einer wachsenden Weltbevölkerung wird eine erhöhte Nachfrage nach tierischen 

Nahrungsmittelprodukten erwartet. Die Produktionseffizienz und der damit verbundene 

Gesundheitszustand der Tiere, sowie die Emission von Treibhausgasen, werden vor allem 

durch das ruminale Mikrobiom bestimmt. Die Struktur und die Aktivität der mikrobiellen 

Gemeinschaften im Ökosystem des Pansens werden wiederum hauptsächlich durch die 

Futteraufnahme des Tieres beeinflusst. 

Die gebräuchlichsten Futtermittel in der Rinderproduktion in Europa und Nordamerika 

sind Maissilage, Grassilage und Heu, die sich in ihrer chemischen Zusammensetzung 

unterscheiden. Die verschiedenen Anteile an Polysacchariden, Rohfasern und Rohprotein 

haben unterschiedlich Auswirkungen auf das Pansenmikrobiom. Um weitere Fortschritte in 

der Tierproduktion zu erzielen, werden verbesserte Fütterungsstrategien benötigt, was eine 

umfassendere Kenntnis über den Einfluss der Futtermittel auf das komplexe Zusammenspiel 

der Mikroorganismen im Pansen voraussetzt. 

Zur Untersuchung der aktivsten und bedeutendsten Mitglieder des ruminalen 

Mikrobioms, der Archaeen und Bakterien, steht eine Vielfalt verschiedenster Methoden zur 

Auswahl. Die meisten verfügbaren Studien sind jedoch auf nukleinsäuren-basierte Ansätze 

beschränkt. Um neue Erkenntnisse über die prokaryotischen Gemeinschaften und deren 

Anpassung an verschiedene Futtermittel  zu erlangen, ist es von grundlegender Bedeutung, 

sich auf die von einer Vielzahl in den Genomen des ruminalen Mikrobioms kodierten 

Möglichkeiten, auf die tatsächlich vorhandenen Funktionen zu konzentrieren. Somit können 

tiefere Einblicke in die Interaktionen verschiedener Gruppen  des Pansenökosystems sowie 

Wechselwirkungen von Mikroorganismen und dem Wirtstier gewonnen werden. Proteine 

eignen sich hervorragend zu diesem Zweck, da sie die tatsächliche Funktion der zu 

untersuchenden Zellen darstellen und zusätzlich phylogenetische Information mit sich 

bringen. 

  

Das Hauptziel des vorliegenden Projektes war eine praktikable, proteinbasierte 

Charakterisierung der prokaryotischen Gemeinschaften im Pansen, um in weiteren Schritten 

die Auswirkungen verschiedener Futtermittel auf das ruminale Metaproteom zu untersuchen. 
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Der erste Schritt war es, eine zusammenfassende Übersicht bezüglich der bereits 

vorhandenen Studien des Mikrobioms im Gastrointestinaltrakt von Nutztieren nach aktuellem 

Stand der Wissenschaft zu erstellen. Die Kombination verschiedener Omik-Technologien 

kommt bei der Untersuchung des menschlichen Darmmikrobioms regelmäßig zum Einsatz. 

Vergleichbare Studien sind in der Nutztierwissenschaft jedoch kaum vorhanden und 

beschränken sich auf einige wenige funktionelle Untersuchungen des Metagenomes. Daher 

wurden auch weniger zeitgemäße Arbeiten für Vergleiche und Diskussion in den Bericht 

miteinbezogen. Zum damaligen Zeitpunkt verwendeten die meisten Arbeiten einfache, 

nukleinsäure-basierte Methoden, was die Notwendigkeit der Einführung zeitgemäßer 

Methoden, wie der Shotgun Metaproteomik, zur Untersuchung des Pansenmikrobioms klar 

verdeutlichte. 

Der zweite Teil des vorliegenden Projektes bestand darin, eine geeignete 

massenspektrometrische Untersuchung des Pansenmikrobioms zu ermöglichen. Die 

Herausforderung bei metaproteomischen Untersuchungen besteht dabei in der Komplexität 

der Pansenmaterie, die eukaryotische Zellen von Pilzen und Protozoen sowie prokaryotische 

Zellen der Archaeen und Bakterien umfasst. Des Weiteren sind riesige Mengen an 

pflanzlichen und tierischen Zellen vorhanden. Repräsentative metaproteomische 

Untersuchungen benötigen die Proteine der zu untersuchenden Organismen,  ungewollte 

Proteine sollen vermieden werden. Im Gegensatz zu Nukleinsäuren können Proteine nicht via 

PCR angereichert werden. Daher werden spezielle Probenaufbereitungsverfahren benötigt, 

um die prokaryotischen Zellen noch  vor der Proteinextraktion und massenspektrometrischen 

Messung von den übrigen Zellen abzutrennen. Außerdem müssen die bestimmten 

ökologischen Nischen im Pansen bei der Probenaufbereitung berücksichtigt werden. 

Verschiedene Probenaufbereitungsverfahren wurden entwickelt und hinsichtlich des 

Verhältnisses von prokaryotischen zu eukaryotischen Proteinidentifikationen und der 

Gesamtmenge an Identifikationen bewertet. Unter Verwendung von Methylcellulose zur 

Ablösung der angehefteten Bakterien  und gewöhnlichen Gazen zur Abtrennung der restlichen 

Materie konnten signifikant verbesserte Identifikationsraten erzielt werden. Die betreffenden 

Ergebnisse wurden in dem wissenschaftlichen Magazin Proteomics im Jahr 2015 

veröffentlicht und stellten gleichzeitig die erste metaproteomische Untersuchung von 

Pansenmikroorganismen dar. Die Gesamtanzahl der identifizierten Proteine umfasste jedoch 

nur einen Bruchteil der tatsächlich im Pansen vorhandenen Proteine, was weitere 

Verbesserungen bezüglich der massenspektrometrischen Messungen und der 

Suchdatenbanken für die bioinformatischen Verarbeitungsschritte voraussetzte. 
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Der letzte und wichtigste Schritt in diesem Projekt war die detaillierte Untersuchung 

des prokaryotischen Metaproteoms und dessen Anpassungsreaktionen auf die 

gebräuchlichsten Futtermittel: Maissilage, Grassilage und Heu. Des Weiteren wurden der 

Einfluss der Wirtstiere und die Unterschiede zwischen den ökologischen Nischen untersucht. 

Verbesserte massenspektrometrische Messungen und das Erstellen einer probenspezifischen 

Datenbank für die bioinformatischen Schritte der Proteinidentifikation und -quantifizierung 

ergaben umfassende Datensätze mit 8163 bakteriellen Proteinen und 358 archäischen 

Proteinen, die über 27 Proben aus drei Pansenfraktionen, von drei Kühen und drei 

Futtermitteln quantifiziert wurden. Um möglichst umfassende und akkurate Ergebnisse zu 

erzielen, wurde die metaproteomische Untersuchung mit einer 16S rRNA-basierten Analyse 

der Archaeen- und Bakteriengemeinschaften ergänzt. Zusätzlich wurden die Metabolite im 

Pansensaft der jeweiligen Proben via Kernspinresonanz bestimmt. Das dritte Manuskript mit 

dem Titel “A structural and functional elucidation of the rumen microbiome influenced by 

various diets and allocated space” wurde im März 2017 bei dem Magazin Frontiers in 

Systems Microbiology eingereicht. Nach meinem besten Wissen ist dies die erste 

Untersuchung diätischer Auswirkungen auf das prokaryotische Metaproteom im Pansen unter 

Berücksichtigung der verschiedenen ökologischen Nischen. Es zeigten sich signifikante 

Einflüsse der diätischen Behandlungen auf das Metaproteom und die bakterielle 

Gemeinschaftsstruktur im Pansen. Der Einfluss individueller Versuchstiere war nicht 

signifikant. Eindeutige Unterschiede bestanden auch zwischen den ökologischen Nischen. 

Protein- und DNA-basierte Datensätze bestätigten eine erhöhte Häufigkeit des Phylums der 

Proteobakterien und der Familie der Succinivibrionaceae in allen Fraktionen der Maissilage, 

was wahrscheinlich einen Anstieg in der Produktion von Succinat verursachte, was wiederum 

für ein erhöhtes Vorkommen der Familie der Acidaminococcacea in den Fraktionen der 

Maissilage verantwortlich war. Die Familie der Erysipelotrichaceae war häufiger in den 

Heuproben vorzufinden. Vergleichbar mit Lactobacillus Spezies produzieren 

Erysipelotrichaceae vermutlich Milchsäure, was durch die Kernspinresonanzanalyse bestätigt 

wurde. Die dominanteste Familie der Prevotellaceae wurde nicht von den verschiedenen 

Futtermitteln beeinflusst, wahrscheinlich auf Grund ihrer vielfältigen metabolischen 

Kapazitäten. Viele faserabbauende Spezies der Ordnung Clostridiales und den Familien 

Lachnospiraceae und Ruminococcaceae wiesen eine erhöhte Häufigkeit in den Proben der 

festen Phasen auf, was über beide Methoden bestätigt wurde und die Bedeutung von 

Probenunterteilungen in Untersuchungen des Pansenökosystems hervorhebt. Die gewöhnlich 

im Pansen vertretene Familie der Selenomonadaceae wurde ausschließlich im 
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metaproteomischen Datensatz identifiziert, was die Notwendigkeit der Anwendung 

verschiedener Methoden zur Untersuchung der mikrobiellen Gemeinschaften des Pansens klar 

betont. Die Archaeengemeinschaft wurde nicht von den verschiedenen Diäten beeinflusst und 

zeigte keine Unterschiede hinsichtlich der verschiedenen Probenfraktionen. Ursachen könnten 

das geringe metabolische Potential der Archaeen und die geringen Mengen an identifizierten 

Proteinen und 16S rRNA Gensequenzen sein. Funktionelle Analysen des Metaproteoms 

ergaben eine erhöhte Häufigkeit von Monosaccharidtransportern in den Probenfraktionen der 

Maissilage, während Oligosaccharidtransporter häufiger in den faserreichen Grassilage- und 

Heuproben vorkamen. Bioinformatische Auswertungen des Metaproteoms identifizierten 166 

kohlenhydrat-aktive Enzyme und eine große Anzahl von Enzymen des 

Kohlenstoffmetabolismus sowie weitere Enzyme, die an der Bildung kurzkettiger Fettsäuren 

beteiligt sind. 

 

In diesem Projekt wurde die Einführung der Shotgun Metaproteomik zur 

Untersuchung der Pansenmikroorganismen erfolgreich umgesetzt. Zudem verdeutlichen die 

erzielten Ergebnisse die Vorteile der Kombination verschiedener moderner Methoden zur 

Untersuchung mikrobieller Gemeinschaften. Eindeutige diätische Einflüsse auf das 

Pansenmikrobiom und grundlegende Unterschiede zwischen den ökologischen Nischen 

wurden erfasst. Diese Studie ermöglicht tiefere Einblicke in das komplizierte Netzwerk der 

Mikroorganismen im Pansen. Weitere technische und bioinformatische Fortschritte könnten 

die Abdeckung des ruminalen Metaproteoms künftiger Studien noch erweitern. 
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