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 The rumen microbiology has been on the forefront of modern livestock 
productivity- related researches. In general, bacteria, protozoa, fungi and 
viruses exist in close proximity in the rumen, where bacteria predominate 
accounting for nearly 95 % of the total microbial community. This book pro-
vides an in-depth description of different groups of microorganisms that 
reside in the rumen, and our goal is to make the book well informative to 
scholars, researchers and teachers of animal and veterinary sciences, espe-
cially rumen microbiology. For this, throughout the text, we have focused on 
specifi c areas related to the biology and complex interactions of the strict 
anaerobes present in the rumen, with an aim of improving the animal produc-
tivity and the integration of signifi cant key issues of this under-explored area 
of animal science. 

 This book presents a series of chapters on the current knowledge with an 
emphasis on the interactions of host animal with the microbes in the rumen. 
The whole content is divided into 6 units and 24 chapters. The    introductory 
chapters cover an overview of rumen microbiology; rumen microbial ecosys-
tem of domesticated ruminants; domesticated rare animals (yak, mithun and 
camel), rumen microbial diversity; wild ruminants; and structure and func-
tion of a nonruminant gut, a porcine model (i.e. Chaps.   1    ,   2    ,   3    ,   4     and   5    ). 
Following this, Chaps.   6    ,   7    ,   8    ,   9     and   10     summarize the involvement of micro-
organisms in the rumen such as rumen bacteria, fungi, protozoa, viruses (bac-
teriophages, archaeaphages) and methanogens. 

 The rumen manipulation is discussed in Chaps.   11    ,   12    ,   13    ,   14     and   15    . 
Chapter   11     deals with plant secondary metabolites, while microbial feed 
additives and utilization of organic acids to manipulate ruminal fermentation 
and improve ruminant productivity are described in Chaps.   12     and   13    , respec-
tively. The selective inhibition of harmful rumen microbes and ‘omics’ 
approaches to understand and manipulate rumen microbial function are cov-
ered in the next two chapters. A    unit of exploration and exploitation of rumen 
microbes deals with the current knowledge of rumen metagenomics, rumen: 
an underutilized niche for industrially important enzymes, ruminal fermenta-
tions to produce liquid and gaseous fuels, in Chaps.   16    ,   17     and   18    , respec-
tively. Finally, the commercial application of rumen microbial enzymes 
(Chap.   19    ) and molecular characterization of  Euryarcheal  community within 
an anaerobic digester (Chap.   20    ) are described. The next unit of intestinal 
disorders and rumen microbes covers three chapters on acidosis in cattle, 
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urea/ammonia metabolism in the rumen and toxicity in ruminants and  nitrate/
nitrite toxicity and possibilities of their use in ruminant diet. The last unit of 
future prospects of rumen microbiology describes the revolution in rumen 
microbiology. 

 In summary, the book shaped out to be a very systematic collection of the 
knowledge available in the area of rumen microbiology up to the entire satis-
faction of editors. We are sure this compilation, by virtue of its content and 
continuity, will popularize itself among rumen microbiologists, students and 
researchers of related areas. The editors fully acknowledge the contributions 
of experts and also greatly appreciate the support of Springer.  

    Punjab ,  India      Anil     Kumar     Puniya   
    New Delhi ,  India      Rameshwar     Singh   
    Izatnagar ,  India      Devki     Nandan     Kamra       
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      Rumen Microbiology: An Overview 

           Prasanta     Kumar     Choudhury    , 
    Abdelfattah     Zeidan     Mohamed     Salem    , 
    Rajashree     Jena    ,     Sanjeev     Kumar    , 
    Rameshwar     Singh    , and     Anil     Kumar     Puniya    

    Abstract  

  The systematic exploration of microbial ecosystem of the rumen was 
 commenced by the father of rumen microbiology, Robert Hungate, in 
1950s. His contributions toward the development of anaerobic culture tech-
niques have illustrated the ways to explore the complex microbial struc-
tures of the rumen and other anaerobic ecosystems. The understanding of 
rumen microbiology has strengthened an awareness to improve the feed 
utilization and manipulation of microbial compositions. Microbes and their 
interactions in interspecies H 2  transfers were fi rst studied in the rumen eco-
systems and attracted pioneers to investigate the alternate abatement strate-
gies of methane production along with enhanced animal productivity. The 
discovery of alternate hydrogenotrophs and industrially important novel 
microbes and the management of rumen disorders via microbial manipula-
tions make this community an interesting research platform for different 
microbial theories. The discovery of anaerobic fungi as a part of rumen 
fl ora by Orpin during the 1970s disproved their mistaken identity as fl agel-
lated protozoa and the concept that all fungi are aerobic organisms. 
Upcoming biotechnological strategies and deciphering on microbial com-
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munity using molecular tools, novel gene discovery, community- community 
interactions, and phylogenetic relationships have opened new avenues of 
microbial ecology in rumen ecosystem. The present chapter deals with the 
microbial ecosystems of rumen and their interactions.  

  Keywords  

  Rumen   •   Bacteria   •   Anaerobic fungi   •   Methanogens   •   Microbial 
interactions  

1.1         Introduction 

 Rumen, the four-chambered stomach of grazing 
animals, harbors a complex bionetwork, where all 
forms of primitive starting from archaea to proto-
zoa exist in close proximity (Choudhury et al. 
 2012 ). Some of these microbes interact with each 
other in a synergistic relationship to extract energy 
while producing highly active lignocellulolytic 
enzymes supporting digestion of the host. This 
yields volatile fatty acids (VFAs, acetate, butyrate, 
propionate), formic acid, H 2 , CO 2 , and CH 4  
(Krause et al.  2003 ). For many years, nutritionists, 
microbiologists, and physiologists have been 
studying the rumen with the aim of maximizing 
productivity and improving overall host health via 
manipulating the rumen and its microbial ecosys-
tem. Without rumen microorganisms, or when the 
rumen ecosystem is disturbed, there can be a cas-
cade of detrimental effects on animal health and 
productivity. Altering the rumen ecosystem to 
reduce methane emissions is a signifi cant scien-
tifi c challenge that must take the effects on animal 
health, farm management, and animal productivity 
into account. Understanding of complex microbial 
communities’ function and microbial interactions 
within their niches represents a major challenge 
for rumen microbiologists even today. Advances 
in molecular biology and genomics offer new 
opportunities to conduct a holistic examination of 
the structure and function of rumen microbial 
communities (Sirohi et al.  2012a ). Analyzing the 
role of individual group of microbes, microbial 
structure, composition, and interaction may pro-
vide functional dimensions of the rumen network 
that will help to achieve a major goal of rumen 
microbiology.  

1.2     Rumen Microbial Ecosystem 

 Herbivores feed on plant structural carbohydrates 
such as lignin, cellulose, and hemicellulose, 
which they are not able to utilize themselves 
because of their inability to produce respective 
hydrolytic enzymes. Therefore, symbiotic micro-
organisms are established in their alimentary 
tracts that can hydrolyze these compounds to 
generate energy for themselves, as well as for the 
host animal. Since strict anaerobic conditions 
(−150 to −350 mv) prevail in the rumen (Clarke 
 1977 ), the natural rumen microfl ora consists of 
strict anaerobes. Woese’s classifi cation repre-
sented all microbes in the rumen ecosystem and 
distinguished them into three domains: Bacteria 
(bacteria), Archaea (methanogens), and Eucarya 
(protozoa and fungi). The rumen is open to the 
external environment, and there is a continuous 
fl ow of material into and out of the rumen. It has 
a dry matter content of 10–13 %, and temperature 
is typically regulated between 38 and 41 °C. The 
physiological pH range is between 5.5 and 6.9, 
and it is one of the most variable factors in the 
rumen environment. However, the buffering 
capacity of the rumen content is quite high 
(Hungate  1966 ; Church  1969 ; Clarke  1977 ; 
Dehority  2003 ). The details of different rumen 
physical, chemical, and microbiological parame-
ters are discussed in Table  1.1 .

1.2.1       Bacteria 

 Rumen harbors different types of bacteria, which 
are most actively involved in the plant fi ber degra-
dation, as revealed by the fact that bacteria associ-
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ated with feed particles account for nearly 
50–75 % of the total microbial population (Minato 
et al.  1966 ). The adhesion of microbes to solid 
substances is an important factor in successful 
competition and survival in the rumen, as well as 
in the digestion of solid feed (Minato et al.  1966 ; 
Mitsumori and Minato  1997 ). In addition, most of 
the rumen endoglucanase and xylanase activities 
are contributed by bacteria, and therefore, fi ber-
associated bacteria are pivotal to the rumen diges-
tion. These are divided into four groups on the 
basis of their association as free fl oating in the 
liquid phase, attached to the feed particles (fi rmly/
loose), rumen epithelium, protozoa, and fungi. 
Besides, these microbes have also diversifi ed with 
respect to their functions. These carry out in deg-
radation of plant ingredients. These have been 
classifi ed as fi ber (i.e., cellulose, hemicelluloses, 
and pectin)-degrading bacteria, lactic acid utiliz-
ers, acetogens, starch utilizers, etc. (Table  1.2 ). 

Starch and sugar digesters make up a signifi cant 
part of the rumen bacterial population. Generally, 
high-producing dairy cows are fed diets contain-
ing more than 30 % starch and sugars; therefore, 
these bacteria are greatly needed. Even if a cow is 
on an all-straw diet, the fi ber digesters still never 
account for more than 25 % of the rumen bacterial 
population. Some microbes utilize the gaseous 
end products of the rumen to form methane and 
are grouped under archaea, while others are 
involved in converting the reducing power to use-
ful end products as  acetate, propionate, H 2 S, and 
butyrate. Always, there is an interest for non-
methanogenic sinks to release H 2  produced during 
fermentation (Joblin  1996 ,  1999 ). In the rumen, 
CH 4  is produced by methanogens using H 2  to 
reduce CO 2 . The non- methanogenic hydrogeno-
trophic bacteria residing in the rumen include ace-
togens that reduce CO 2  to form acetate by the 
Wood-Ljungdahl pathway (i.e., reductive aceto-

   Table 1.1    Physical, chemical, and microbiological characteristics of rumen ecosystem   

  Physical properties  

 Dry matter (%)  10–18 

 Osmolality  250–350 mOsmol/Kg −1  

 pH  5.5–6.9 (Mean 6.4) 

 Redox potential  −350 to −400 mV 

 Temperature  38–41 °C 

  Chemical properties  

 Amino acids and oligopeptides  <1 mmolL −1  present 2–3 h post feeding 

 Ammonia  2–12 mmolL −1  

 Dietary (cellulose, hemicelluloses, pectin) component  Always present 

 Endogenous (mucopolysaccharides)  Always present 

 Gas phase (%)  CO 2  65; CH 4  27, N 2  7; O 2  0.6, H 2  0.2 

 Growth factors  Good supply; branched-chain fatty acids, long-chain 
fatty acids, purines, pyrimidines, other unknown 

 Lignin  Always present 

 Minerals  High Na; generally good supply 

 Nonvolatile acids (mmol L −1 )  Lactate <10 

 Soluble carbohydrates  <1 mmolL −1  present 2–3 h post feeding 

 Trace elements/vitamins  Always present; good supply of B vitamins 

 Volatile fatty acids (mmol L −1 )  Acetate 60–90, propionate 15–30, butyrate 10–25, 
branched chain and higher 2–5 

  Microbiological properties  

 Anaerobic fungi  10 3–5  g −1  (6 genera) 

 Bacteria  10 10–11  g −1  (>200 species) 

 Bacteriophage  10 7–9  g −1  particles ml −1  

 Ciliate protozoa  10 4–6  g −1  (25 genera) 

  Source: Adapted from Mackie et al. ( 1999 ), Castro- Montoya et al. ( 2011 )  
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genesis), sulfate- reducing bacteria (SRB) that 
reduce sulfate to H 2 S (Morvan et al.  1996 ), and 
bacteria that use H 2  to reduce fumarate to succi-
nate (Asanuma and Hino  2000 ). Succinate, the 
product of fumarate reduction, is decarboxylated 
to propionate, a valuable animal nutrient (Wollin 
et al.  1997 ). Dissimilatory sulfate-reducing bacte-
ria produce a toxic end product as H 2 S from the 
reducing power.

   The type of feed also controls the bacterial pop-
ulations inside the rumen. A high-fi ber- containing 
feed increases the population of  Fibrobacter suc-
cinogenes ,  Ruminococcus albus , and  Ruminococcus 
fl avefaciens . The H 2  and VFA production are also 
enhanced by high-fi ber diet. Minato et al. ( 1989 ) 
clarifi ed the effect of feeding ammonia-treated 
straw on rumen bacterial fl ora, showing that it stim-
ulates the growth of  Eubacterium ruminantium . 
Orpin et al. ( 1985 ) described seasonal variations of 

       Table 1.2    Microbes involved in various rumen functions   

 Microbial types  Important genera and species 

  Bacteria  

 Acetogens   Acetitomaculum ruminis, Eubacterium limosum  

 Acid utilizers   Megasphaera elsdeni, Wolinella succinogenes, Veillonella gazogene, Micrococcus 
lactolytica, Oxalobacter formigenes, Desulfovibrio desulfuricans, Desulfotomaculum 
ruminis, Succiniclasticum ruminis  

 Cellulolytic   Fibrobacter succinogenes, Butyrivibrio fi brisolvens, Ruminococcus fl avefaciens, 
Ruminococcus albus, Clostridium cellobioparum, Clostridium longisporum, Clostridium 
lochheadii, Eubacterium cellulosolvens  

 Hemicellulolytic   Prevotella ruminicola, Eubacterium xylanophilum, Eubacterium uniformis  

 Lipolytic   Anaerovibrio lipolytica  

 Pectinolytic   Treponema saccharophilum, Lachnospira multiparus  

 Proteolytic   Prevotella ruminicola, Ruminobacter amylophilus, Clostridium bifermentans  

 Amylolytic   Streptococcus bovis, Ruminobacter amylophilus, Prevotella ruminicola  

 Saccharolytic   Succinivibrio dextrinosolvens, Succnivibrio amylolytica, Selenomonas ruminantium, 
Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus fermentum, Lactobacillus 
plantarum, Lactobacillus brevis, Lactobacillus helveticus, Bifi dobacterium globosum, 
Bifi dobacterium longum, Bifi dobacterium thermophilum, Bifi dobacterium ruminale, 
Bifi dobacterium ruminantium  

 Tanninolytic   Streptococcus caprinus, Eubacterium oxidoreducens  

 Ureolytic   Megasphaera elsdenii  

  Bacteriophages    Methanobacterium  phage Ψ M1,  Methanobacterium  phage Ψ M10,  Methanobacterium  
phage Ψ M100,  Methanothermobacter  phage Ψ M100,  Methanobacterium  phage ΨM2 

  Fungi    Piromyces communis, Piromyces mae, Piromyces minutus, Piromyces dumbonicus, 
Piromyces rhizinfl atus, Piromyces spiralis, Piromyces citronii, Piromyces polycephalus, 
Anaeromyces mucronatus ,  Anaeromyces elegans, Caecomyces communis, Caecomyces 
equi, Caecomyces sympodialis, Cyllamyces aberensis, Cyllamyces icaris, Neocallimastix 
frontalis, Neocallimastix patriciarum, Neocallimastix hurleyensis, Neocallimastix 
variabilis, Orpinomyces joynii, Orpinomyces intercalaris  

  Methanogens    Methanobacterium formicicum, Methanobacterium bryantii, Methanobrevibacter 
ruminantium, Methanobrevibacter smithii, Methanomicrobium mobile, Methanosarcina 
barkeri, Methanoculleus olentangyi  

  Protozoa    Entodinium bovis, Entodinium bubalum, Entodinium bursa, Entodinium caudatum, 
Entodinium chatterjeei, Entodinium parvum, Entodinium longinucleatum, Entodinium 
dubardi, Entodinium exiguum, Epidinium caudatum, Isotricha prostoma, Isotricha 
intestinalis, Dasytricha ruminantium, Diplodinium dendatum, Diplodinium indicum, 
Oligoisotricha bubali, Polyplastron multivesiculatum, Eremoplastron asiaticus, 
Eremoplastron bubalus  

  Source: Pfi ster et al. ( 1998 ), Luo et al. ( 2001 ), Kamra ( 2005 ), Janssen and Kirs ( 2008 ), Wright and Klieve ( 2011 ), Sirohi 
et al. ( 2012b ), Choudhury et al. ( 2012 ), Kumar et al. ( 2014 )  

P.K. Choudhury et al.



7

rumen bacteria in wild reindeer by demonstrating 
an increased cellulolytic  Butyrivibrio fi brisolvens  
under severe dietary conditions in winter. 
Interestingly, non- cellulolytic bacteria were also 
detected as members of the fi ber-associating con-
sortia in the rumen (Koike et al.  2003 ; Larue et al. 
 2005 ). Tannin-degrading bacteria have also been 
isolated (Goel et al.  2005a ,  b ,  2011 ) from rumi-
nants of wild origin identifi ed as  Selenomonas 
 ruminantium   (Odenyo and Osuji  1998 ) as these 
consume tanniferous plants.  Streptococcus bovis  is 
present only when large amounts of starch or 
 sugars are fed and pH is low. It produces lactic acid, 
a stronger acid than many of the other VFAs pro-
duced in the rumen. When conditions are favorable 
for  Streptococcus bovis , it will grow explosively. 
This type of growth causes rumen acidosis. 
 Megasphaera elsdenii  requires lactic acid to grow 
that helps to clean up the rumen a bit and raise 
rumen pH, sustaining the growth of the acid-intol-
erant fi ber digesters in the rumen.  

1.2.2     Anaerobic Fungi 

 The rumen is a storehouse of anaerobic fungi that 
are not found elsewhere and play a very dominant 
role in the degradation of lignocellulosic compo-
nents of the feed particles. These constitute the 
smallest in numbers and represent only about 
20 % (Rezaeian et al.  2004 ) of the rumen micro-
bial biomass but are considered to be the most 
effi cient fi ber degrader (Akin et al.  1988 ). 
According to the recent classifi cation system 
(Hibbett et al.  2007 ), anaerobic fungi have been 
described under the order  Neocallimastigales , 
class  Neocallimastigomycetes  in the phylum 
 Neocallimastigomycota  (Dagar et al.  2011 ; Sirohi 
et al.  2013a ; Gruninger et al.  2014 ). The thallus 
may be monocentric (single reproductive body, 
i.e., sporangium from single zoospore) or poly-
centric (numerous sporangia from single zoo-
spore) (Ho  1995 ). These forms are determined in 
the earliest stages of growth, soon after zoospo-
rogenesis. The zoospores may be posteriorly 
 unifl agellated or polyfl agellated in both forms. 
The life cycle of anaerobic fungi is asexual, and 
no sexual stage has been described, as only 

mitotic nuclear divisions have been observed 
(Heath et al.  1986 ). It alters between a motile 
zoospore, encysted zoospore, and vegetative 
 zoosporangial stage. Once released from zoospo-
rangium, the motile zoospores move by chemo-
taxis to colonize the plant fi brous material and 
shed its fl agella to get transformed into cyst 
(encystment). The cyst germinates by producing 
a germ tube, which ultimately gives rise to a 
 rhizoidal system. In monocentric forms, the 
development may further be classifi ed as endog-
enous or exogenous (Sirohi et al.  2012b ). 

 These fungi differ from their aerobic counter-
parts in having hydrogenosomes as a site for 
energy production, instead of mitochondria 
(Yarlett et al.  1986 ). These fungi are not exclu-
sively found in the rumen of the animals, but 
throughout the entire digestive tract (Davies et al. 
 1993 ). Moreover, these have also been isolated 
from the saliva and feces (Lowe et al.  1987 ), sug-
gesting the presence of a resistant structure toler-
ant to the oxygen and desiccation. Brookman 
et al. ( 2000 ) identifi ed the formation of spores in 
the polycentric anaerobic gut fungi, which 
enhance their ability to survive and extend a pos-
sibility toward their use as direct-fed microbial 
(Tripathi et al.  2007a ; Saxena et al.  2010 ; Puniya 
et al.  2014 ). Anaerobic fungi have been isolated 
from a number of ruminant and nonruminant her-
bivorous mammals (Ljungdahl  2008 ; Paul et al. 
 2010 ). These contribute signifi cantly to overall 
metabolism of host with their high cellulolytic 
activity and play a greater role in degradation of 
lignifi ed plant tissues (Akin and Borneman  1990 ; 
Dey et al.  2004 ; Thareja et al.  2006 ; Sirohi et al. 
 2012b ) with the help of a wide range of hydro-
lytic enzymes (Tripathi et al.  2007b ; Shelke et al. 
 2009 ; Nagpal et al.  2009 ,  2010 ,  2011 ) including 
cellulases (Barichievich and Calza  1990 ), hemi-
cellulases (Novotna et al.  2010 ; Mountfort and 
Asher  1989 ), proteases (Michel et al.  1993 ), 
amylases, amyloglycosidases (Paul et al.  2004 ), 
feruloyl and p-coumaroyl esterases (Borneman 
et al.  1990 ), various disaccharidases (Chen et al. 
 1995 ), and pectinases (Kopecny and Hodrova 
 1995 ). To date, only six genera (Table  1.2 ) have 
been described (Griffi th et al.  2009 ; Sirohi et al. 
 2012b ). However, certain uncharacterized iso-
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lates have also been reported (Phillips and 
Gordon  1988 ; Ho  1995 ). 

 Since these fungi are obligatory anaerobic, 
these obtain energy by fermentation of carbohy-
drates (Gordon and Phillips  1998 ; Trinci et al. 
 1994 ), a process in which the energy source acts 
as both the electron acceptor and the electron 
donor. These lack mitochondria (Yarlett et al. 
 1986 ), cytochromes, and other biochemical 
 features of the oxidative phosphorylation path-
way. Instead of mitochondria, hydrogenosomes 
are present, which couple the metabolism of 
 glucose to cellular energy production. In the 
beginning, hydrogenosomes were thought to be 
novel inventions to cope with anaerobic condi-
tions (Cavalier- Smith  1987 ), but now it has 
become quite clear that hydrogenosomes are 
either specialized or derived mitochondria 
(Embley et al.  1997 ). These organelles are not 
unique to anaerobic fungi and were discovered in 
parasitic trichomonads (Lindmark and Müller 
 1973 ). Since then, these have been found in a 
wide variety of anaerobic eukaryotes. Typical 
mitochondrial features like genome, electron 
transport chain, and cristae are missing from fun-
gal hydrogenosomes and contain unusual 
enzymes like hydrogenase and pyruvate/ferre-
doxin oxidoreductase instead of usual mitochon-
drial pyruvate dehydrogenase (van der Giezen 
 2002 ). The common properties of hydrogeno-
somes and mitochondria include the existence of 
a transmembrane pH gradient and an alkaline 
lumen. Just like mitochondria, hydrogenosomes 
also serve as the site for conversion of pyruvate to 
acetyl CoA and ATP production, whereas the 
presence of other metabolic processes like amino 
acid metabolism and β-oxidation is presently 
unknown. Hydrogenosomes contain hydrogenase 
and produce H 2 , CO 2 , and acetate as metabolic 
waste products (Brul and Stumm  1994 ; 
Theodorou et al.  1996 ).  

1.2.3     Protozoa 

 Rumen protozoa constitute about 50 % of the 
viable biomass in the rumen and are dependent. 

Majority are ciliates and few fl agellates and are 
very motile. Unicellular organisms with 20–200 
μm size are not attached to feed particles. They 
engulf bacteria and feed particles and digest car-
bohydrates, proteins, and fats (Williams and 
Coleman  1992 ). Two groups, i.e., holotrich and 
entodiniomorphid protozoa, have been studied 
inside the rumen (Table  1.2 ). Morphological 
studies have identifi ed more than 250 species of 
ciliates living in the various ruminants (Williams 
and Coleman  1992 ; Imai  1998 ). These ciliates 
play an important role in fi ber digestion and the 
modulation of the fermentation profi les. The 
rumen protozoa produce fermentation end 
 products similar to those made by the bacteria, 
particularly acetate, butyrate, and H 2 . Rumen 
methane bacteria actually attach and live on the 
surface of rumen protozoa for immediate access 
to H 2 . They utilize large amounts of starch at one 
time and can store it in their bodies. This may 
help to slow down the production of acids that 
lower rumen pH, benefi ting the rumen. Rumen 
protozoa multiply very slowly in the rumen over 
15–24 h as opposed to the bacteria. For this rea-
son, the rumen protozoa hide out in the slower- 
moving fi ber mat of the rumen, so that these are 
not washed out before these have a chance to 
multiply. Low-roughage diets reduce the reten-
tion of fi ber in the rumen and may decrease the 
number of protozoa in a cow’s rumen. 

 The enzymatic profi le of holotrich protozoa 
indicates that these have amylase, invertase, pec-
tin esterase, and polygalacturonase in suffi ciently 
large quantities for using starch, pectin, and solu-
ble sugars as energy source (Bailey and Howard 
 1963 ; Williams  1979 ). The enzymes responsible 
for cellulose and hemicellulose degradation have 
also been reported in the holotrich protozoa, but 
the levels are very low compared to those present 
in the entodiniomorphid protozoa (Williams and 
Coleman  1985 ). The rumen ciliates are proteo-
lytic producing ammonia and amino acids as end 
products (Warner  1956 ). Their N metabolism is 
based largely on the digestion of engulfed bacte-
ria (Coleman  1975 ), although all rumen ciliates 
contain enzymes capable of digesting plant pro-
teins (Coleman  1983 ). The utilization of these 
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protein substrates is ineffi cient, as a signifi cant 
proportion of the total amount engulfed by the 
protozoa is excreted as amino acids (Coleman 
 1975 ). Degradation of protein or amino acids of 
microbial origin reduces the net yield of micro-
bial amino acids available for intestinal digestion 
and hence, the net effi ciency of microbial growth. 
Further, a large proportion of the protein incorpo-
rated in the biomass of protozoa in the rumen 
may not be available for digestion in the intes-
tines. Direct enumeration of protozoa in the 
rumen fl uid entering the omasum (Weller and 
Pilgrim  1974 ), concentration of a protozoa 
marker (i.e., phosphatidylcholine) in abomasal 
digesta, and measurement of the turnover rates of 
the protozoa (Leng  1982 ) all indicate a low out-
fl ow rate of ciliates from the rumen in relation to 
their concentration in the rumen. The synthesis of 
protozoa nitrogenous compounds and their 
breakdown in the rumen, therefore, contribute 
considerably to the N recycling within the rumen, 
as the apparent turnover of protozoa protein was 
calculated to be 0.67 of the total protein synthe-
sized by protozoa (Leng  1982 ).  

1.2.4     Methanogens 

 Methanogenic archaea, considered as the earliest 
organisms originated in our planet, are phylloge-
netically widespread and represent three of the 
seven classes in the phylum  Euryarchaeota  
(Sirohi et al.  2010 ; Singh and Sirohi  2012 ). These 
rumen microorganisms utilize the H 2  and CO 2  
produced by the protozoa, fungi, and bacteria 
from the catabolism of hexoses to produce CH 4  
and generate ATP (Albers et al.  2007 ; Ferry and 
Kastead  2007 ), which benefi ts the donors by pro-
viding an electron sink for reducing equivalents 
to minimize the partial pressure of H 2  (Wolin and 
Miller  1988 ; Lange et al.  2005 ) inside the rumen. 
These are comprised of about 70 species among 
31 genera as reviewed in “Bergey’s Manual of 
Systematic Bacteriology” (Whitman et al.  2001 ) 
and “The Prokaryotes.” These microorganisms 
specifi cally possess three coenzymes, i.e., coen-
zyme F-420, involved in electron transfer; coen-
zyme M, involved in transfer of methyl groups; 

and a low molecular weight, oxygen-labile, heat- 
stable coenzyme B, involved in the fi nal reaction 
of CH 4  production. Methanogens are found in a 
symbiotic association with rumen bacteria (Wolin 
and Miller  1988 ) and protozoa (Lange et al. 
 2005 ). The establishment and maintenance of the 
stable population of methanogens is affected by 
the type of diet and level and frequency of feed-
ing (Kumar et al.  2012 ,  2013a ,  b ; Sirohi et al. 
 2013b ). The symbiotic association of hydropho-
bic methanogens with H 2  producers is usually 
realized by the attachment or by fl oc formation 
(Thiele et al.  1988 ; Lange et al.  2005 ). Among 
these ciliates, protozoa are the only ones for 
which such interaction can be microscopically 
demonstrated (Vogels et al.  1980 ). The symbiotic 
relation between methanogens and ciliates may 
generate up to 37 % of rumen CH 4  emission 
(Finlay et al  1994 ). In the rumen, H 2  is produced 
during plant cell wall degradation as an interme-
diate compound by cellulolytic bacteria (i.e., 
 Ruminococcus albus, Ruminococcus fl avifaciens ) 
and anaerobic fungi (Stewart and Bryant  1988 ). It 
never gets accumulated, as it is rapidly utilized 
by methanogens in ruminants (Wolin and Miller 
 1988 ) to produce CH 4  and generate ATP (Albers 
et al.  2007 ; Ferry and Kastead  2007 ). Details of 
different genera are given in Table  1.2 .  

1.2.5     Bacteriophages 

 Bacteriophages are one of the most important 
component of the rumen microbial community 
and are present typically at >10 9  particles per 
mL. These are specifi c for different bacteria pres-
ent in the rumen. These are also considered to be 
obligate pathogens for the bacteria, as bacterio-
phages are capable of lysing bacteria. These 
phages help in bacterial mass turnover in the 
rumen, which may be considered not so useful 
for the animals on different feeding schedules 
(Klieve and Swain  1993 ), but by lysing the bacte-
rial cells, the bacterial protein is easily made 
available to the animals as a source of amino 
acids. The specifi city of the bacteriophages for a 
particular rumen bacterium may be exploited for 
removal or killing by lysis of unwanted rumen 

1 Rumen Microbiology: An Overview



10

bacteria from the ecosystem like  Streptococcus 
bovis  and methanogens (Klieve et al.  1999 ; Bach 
et al.  2002 ). A little information is available on 
the genetic blueprint and gene functionality of 
archaeal, particularly methanogenic, phages, but 
more are being discovered using electron micros-
copy (Ackermann  2007 ) and in vitro techniques 
(Stanton  2007 ). McAllister and Newbold ( 2008 ) 
reported siphophages that can infect methano-
gens ( Methanobacterium ,  Methanobrevibacter , 
and  Methanococcus  spp.) (Table  1.2 ), although 
these phages have not been isolated from the 
rumen. Despite the lack of knowledge, ruminant 
phage and their enzymes that are involved in 
 lysing host cell represent signifi cant opportuni-
ties for controlling both methanogen population 
and other community members in the rumen. In 
addition, it is possible to identify key host enzyme 
targets that are susceptible to inhibition by phage 
proteins understanding the life cycles of phage.   

1.3     Microbial Interactions 

 The bionetwork inside the rumen is responsible 
for the complete degradation of organic matter 
ingested by the animals. There is no single organ-
ism that has the capacity for a complete degrada-
tion of complex substrates in the rumen (Bladen 
et al.  1961 ). A complex succession of microor-
ganisms takes part in the cooperative catabolism 
of substrates in the rumen and production of fer-
mentative end products. The complex feedstuffs 
are broken down into simple sugars, transported, 
and fermented by other members of the microbial 
population that in turn produce branched-chain 
fatty acids, vitamins, or other cofactors for other 
bacteria responsible for degrading feedstuffs 
(Allison et al.  1961 ; Bryant  1973 ). The commu-
nity analysis approach to the breakdown of nutri-
ents by a microbial consortium led to the 
discovery of the concept of cross feeding of 
nutrients across and within environmental niches 
and can support the overall health of the host ani-
mal. The steady supply of food and constant 
removal of digested feed material and end prod-
ucts along with the abovementioned rumen con-
ditions allow a dense population of 

microorganisms to grow inside the rumen 
(Hungate  1966 ). Some bacteria and protozoa 
(i.e., holotrichs) are closely associated with the 
rumen wall (McAllister et al.  1994 ; Dehority 
 2003 ). The rumen wall-associated bacteria scav-
enge oxygen and break down urea into CO 2  and 
NH 3  that enter into the rumen via feed, saliva, and 
blood (McAllister et al.  1994 ). Further, some of 
those degrade the sloughing off of epithelial 
cells. The NH 3  is a source of nitrogen to the 
rumen bacteria, while CO 2  is an essential growth 
factor for the fi ber-digesting bacteria. The extra-
mural bacteria (99 % of the rumen bacteria) can 
be either free fl oating or attached to protozoa 
(i.e., symbiotic methanogens) or feed particles 
(Koike and Kobayashi  2009 ). About 75 % of the 
bacteria are associated with feed particles (Craig 
et al.  1987 ). Out of the feed particle-associated 
bacteria, approximately 80–90 % is responsible 
for fi ber digestion, 75 % for protein digestion, 
and 70 % for starch digestion (Brock et al.  1982 ; 
Minato et al.  1993 ). The free-fl oating bacteria or 
bacteria associated with liquid material inside the 
rumen are about 30 % of the total bacteria inside 
the rumen (Legay-Carmier and Bauchart  1989 ). 
These can either become attached to the feed par-
ticles or simply washed away into the lower gas-
trointestinal tract and then become available as a 
good source of protein for the host animal. 

 Production of B vitamins by rumen bacteria is 
important to ensure bacterial growth and, particu-
larly, fi ber degradation and is also responsible for 
ensuring animal health and well-being (Scott and 
Dehority  1965 ). For example, a strain of the 
prominent rumen cellulolytic bacterium 
( Ruminococcus albus ) was found to require phen-
ylpropanoic acid (PPA) to digest cellulose (Stack 
and Hungate  1984 ). Rumen microbes produce 
PPA from the fermentation of phenolic com-
pounds, and the lack of PPA in cultures meant that 
 R. albus  could not adhere to cellulose. The PPA 
was thought to act as a “glue” that holds the cel-
lulolytic enzyme complex in a stable conforma-
tion, allowing for cellulose degradation (Stack 
and Hungate  1984 ). As researchers delineated 
bacterial functions and nutritional requirements, it 
became clear that there are signifi cant interactions 
between microbial populations, both within an 
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environmental niche and between niches. 
Application of this concept spreads into analysis 
of other microbial habitats (Schultz and Breznak 
 1979 ) and has shaped the view of how microbes 
interact with the world around those. From the 
time of these, it has been discovered that quorum 
signals play a role in other natural microbial envi-
ronments (Khan et al.  1995 ; Miller and Bassler 
 2001 ; Sperandio et al.  2003 ) and that these bio-
chemical messenger molecules can cause changes 
in microbial growth and  fermentation. 
Furthermore, it now appears that a 2-way 
 communication between the host and microbial 
population exists, meaning that the endocrine sta-
tus of the host can have a direct impact on the gut 
microbial population (Sperandio et al.  2003 ; Lyte 
and Freestone  2009 ; Freestone and Lyte  2010 ; 
Bailey et al.  2011 ). This has, in turn, led to the 
developing concept of the “microbial organ” play-
ing a critical role in animal production and health 
(Lyte  2010 ) and the theory that probiotics or the 
rumen microbial population could be used as a 
drug delivery vehicle to improve animal perfor-
mance for higher productivity. 

 The increase in internal H 2  concentration has 
several harmful effects in lowering the rumen 
pH and overall inhibits the biodegradation by 
creating an unfavorable equilibrium (Ragsdale 
and Pierce  2008 ). But, some of the groups 
involved in the transfer of produced H 2  as reduc-
ing power. The process of syntrophic H 2  transfer 
was fi rst hypothesized by Hungate ( 1966 ). 
Methanogens, a group of archaeal microbes, 
combine this molecular H 2  with CO 2  to produce 
CH 4 . Both from environment and nutrient utili-
zation point of view, methanogenesis is not a 
suitable sink as the end product is a greenhouse 
gas with 23 times global warming (Eggleston 
 2006 ) potential than CO 2  with a loss of 8–13 % 
digestible energy ingested (Moss et al.  2000 ). 
 Ruminococcus albus , a major cellulose-digest-
ing species in the rumen, produces ethanol, ace-
tate, H 2 , and CO 2  in the absence of methanogen 
but produces more acetate and less or no ethanol 
in the presence of methanogens (Iannotti et al. 
 1973 ). Because acetate production results in 
ATP synthesis, the interaction results in 
increased growth and cellulose digestion. This 

startling concept demonstrated that although 
excessive rumen CH 4  production was negative 
from the perspective of the host animal and the 
environment, a certain level of CH 4  production 
is necessary to remove reducing the equivalents, 
thereby, allowing the overall rumen fermenta-
tion to proceed. As a result, rumen fermenta-
tions will likely always continue to produce at 
least some CH 4 . Major precursors of methano-
gens are acetate, H 2  and CO 2 , the question of 
how propionate and butyrate would become 
CH 4  in anaerobic ecosystems other than the 
rumen arose. Several alternate approaches from 
diet to animal management have been employed 
since long, but most of them failed as being 
costly and noxious to host. Accordingly, micro-
bial interventions that employ biological routes 
are ideal approaches to sequester these gaseous 
end products from the rumen.  

1.4     Future of Rumen 
Microbiology 

 The rumen microbial systems have now been 
examined in detail for some decades by microbi-
ologists, nutritionist, and biotechnologists. 
Always, the focus is to enhance the animal pro-
ductivity by manipulating the dietary composi-
tion or by altering the microbial ecosystems. The 
upcoming strategies in discovery of novel gene/
microbes with genomic approaches will pave a 
manipulating way toward the developments of in- 
depth knowledge on microbial sequence signa-
ture. Application of highly active enzymes (i.e., 
endoglucanase, xylanase, esterases, etc.) from 
the rumen source for commercial applications 
will provide a new dimension in agro-industries. 
Genetic engineering, by adding a desired activity 
to an established rumen microorganism, may 
overcome some of the problems. But there still 
remain the few problems of how long a new 
microorganism, once established, will remain 
active. The control of rumen methanogenesis by 
inhibiting the active sites of different enzymes by 
the in silico prediction tools from the genome 
sequences will limit the research inputs in terms 
of manpower, energy, and time. Bioinformatics 
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approaches used for the inhibitor prediction 
against the F 420 -dependent NADP oxidoreductase 
enzyme that catalyzes an important electron 
transfer step in the methanogenesis from 
 Methanobrevibacter smithii  reveal that lovastatin 
and compactin had high affi nity to the enzyme 
and can act as the potential inhibitors (Sharma 
et al.  2011 ). Both in silico approaches and in vitro 
enzyme assays may be useful for screening 
chemical inhibitors of methanogenesis. Most 
recent report of Lee et al. ( 2013 ) that only very 
few rumen methanogens are cultured as pure 
 isolates and 13 genome projects are completed as 
yet (Morgavi et al.  2013 ). Most of these genome 
sequences are from the genus  Methanobrevibacter , 
which is considered to be dominating rumen 
methanogen, as per the global data set of rumen 
microbes (Jeyanathan et al.  2011 ; Kumar et al. 
 2012 ). This will provide knowledge on how 
microbes and their metabolic products affect the 
gastrointestinal physiology and immune 
responses in the host and also will provide genet-
ics of syntrophic interactions, e.g., interspecies 
hydrogen transfer, microbe-microbe interactions 
relevant to host nutrition and health, optimization 
of fi ber utilization, and probiotic and prebiotic 
(synbiotic) developments.  

1.5     Conclusions 

 The rumen microbial ecosystem has a signifi -
cant impact on understanding the digestive 
physiology and also provides a test bed for other 
microbial environments in technology develop-
ment and validation. This will also have a poten-
tial application in industry for a cost-effective 
ruminant feed production and management of 
enteric fermentation. Recent developments in 
microbial ecology have been adapted again and 
validated in the rumen, providing the ability to 
understand the gastrointestinal consortium at a 
level never dreamed of in the times of Hungate. 
Application of rumen microbial ecosystems will 
contribute much to the understanding of the 
ecology of rumen microorganism including the 
potential to elucidate and overcome the bio-
chemical, ecological, or physiological processes 

that are rate limiting for rumen fi ber degrada-
tion. By linking these data with animal diets and 
in vitro analysis, it may be possible to defi ne 
key microbes and their role in the fi ber degrada-
tion. The learning novel pathways will also lead 
to the knowledge about the currently non-cul-
turable bacteria to culture. The modern genom-
ics-based strategies to elucidate the microbial 
community structure, novel gene discoveries, 
and recombinant DNA technology will provide 
information for eco- friendly animal production 
and management.     
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    Abstract  

  The research has indicated that ruminants and their gut microbiota both 
have co-evolved while adapting to their climatic and botanical environ-
ments. The microorganisms present inside the rumen of livestock have a 
profound infl uence on the conversion of feed into end products, which can 
impact on both the animal and environment. The present chapter deals 
with the different types of microbes present inside the rumen of domesti-
cated animals and their activity along with future prospects in the area of 
rumen microbial ecosystems.  
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2.1         Introduction 

 Rumen is a specialized chamber of gastrointesti-
nal tract, where a complex microbial ecosystem 
thrives and extracts nutrients from a variety of 
poor quality lignocellulosic agricultural by prod-
ucts consumed by the animals. These nutrients 
are utilized by the microbes as well the host ani-
mal. Since the nutrient densities in most of the 
roughage feeds consumed by the ruminants are 
poor, therefore, to meet out nutrient demands, 
animals have to consume large quantities of such 
feeds. The important segments of the digestive 

tract are mouth cavity, oesophagus, complex 
stomach (rumen, reticulum, omasum, abomasum 
and pylorus) and intestines (duodenum, small 
intestine, caecum, colon and rectum). The other 
glands associated with the digestion are spleen, 
pancreas and liver. 

 The mouth of the ruminants is a cone-shaped 
tubular structure with a narrow anterior opening and 
wide posterior end. It contains jaws, cheeks, lips, 
teeth, salivary glands and pharynx. The lips are 
short, thick and almost immobile in the ruminants. 
A long, muscular and mobile tongue with pointed 
tip is the main organ of prehension. The main sali-
vary glands in bovines are parotid, mandibular or 
submaxillary and sublingual glands. The pharynx is 
a short and wide muscular passage between the 
mouth and the oesophagus. The mouth cavity opens 
into the oesophagus through the pharynx. It is a 
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muscular tube and opens into the rumen perforating 
through the diaphragm. The size varies from 60 to 
100 cm depending on the size of the animals. The 
main function of the oesophagus is it acts as a pas-
sage for food and water to the stomach and also dur-
ing regurgitation. 

 Unlike monogastric, the stomach in the rumi-
nants is divided into four compartments, i.e. 
rumen, reticulum, omasum and abomasum or 
true stomach or glandular stomach. The average 
proportion of the rumen, reticulum, omasum and 
abomasum of the complex stomach is about 
80 %, 5 %, 3 % and 9 %, respectively. The capacity 
of various parts of GIT depends on the size of the 
animals. The volume of the rumen increases at a 
faster rate with the start of the intake of solid 
feeds and fodders. The complex stomach forms 
about 55 % of the digestive tract in adult 
ruminants.  

2.2     Ruminant’s Stomach 

2.2.1     Rumen 

 The rumen is the largest compartment of the 
complex stomach occupying left half of the 
abdominal cavity. It has enormous space fi lled 
with digested and partially digested feed mate-
rial. The feed is swallowed and regurgitated time 
and again. A combination of mechanical mastica-
tion and enzymatic action on the hard fi bre- 
containing feeds results in breakdown into 
smaller pieces. Various pillars divide the rumen 
into different sacs. The pillars are folds of 
rumina1 wall thickened with additional muscle 
fi bres. The rumen is separated from the reticulum 
by the rumino-reticular fold. The mucosal sur-
face of the rumen is mostly dark brown except 
the margins of the ruminal pillars where it is pale 
in colour. The oesophageal groove starts at the 
cardia and terminates at the reticulo-omasal ori-
fi ce. In young calves, it forms a temporary tube 
by a refl ex action at the time of suckling or drink-
ing milk from the pail and provides a passage 
directly to the abomasum bypassing the 
rumino-reticulum.  

2.2.2     Reticulum 

 The name has been derived from its honeycomb- 
like interior formed by numerous polygonal cells 
made of the folds of mucous membrane which 
are about 5 mm in length. The size of cells gradu-
ally diminishes towards the oesophageal groove, 
and these are almost absent towards the oesopha-
geal groove as well as on the edge of the rumino- 
reticular fold. A peculiar claw-shaped curved 
papillae known as unguliform papillae are found 
at the reticulo-omasal orifi ce.  

2.2.3     Omasum 

 It lies to the right of the rumen and is lined with 
leaf-shaped folds of the mucous membrane 
known as omasal laminae. There are different 
sizes of laminae, covered with numerous corni-
fi ed papillae and are meant for pressing and 
grinding of feed particles. A groove between 
reticulo-omasal orifi ce and omaso-abomasal inlet 
is called sulcus omasi. It is covered with low 
folds and short papillae and provides a direct 
channel from the reticulum to the abomasum for 
the passage of liquid and fi ne feeds (chyme). The 
oval omaso-abomasal orifi ce is surrounded by a 
thick muscular omasal pillar and mucosal folds 
of abomasum on each side of the orifi ce which 
functions as valves for preventing regurgitation 
of the abomasal contents. The omasum helps in 
the absorption of water, and the variation in oma-
sum dry matter was reported by Holtenius and 
Bjornhag ( 1989 ) as it was 0.6 %, 1.2 % and 3.3 % 
of the body weight in the sheep, goats and cows, 
respectively. The liquid leaving the  reticulo- rumen 
passed quickly through the omasum to the 
abomasum in sheep (43 %), while it was lower in 
goats (17 %). There was a difference in delayed 
water absorption in omasum of sheep (15 %), 
goats (18 %) and cows (19 %).  

2.2.4     Abomasum or True Stomach 

 This is the only compartment (also called the true 
stomach) with a glandular lining. Hydrochloric 
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acid and digestive enzymes, needed for the break-
down of feeds, are secreted into the abomasums, 
which are comparable to the stomach of nonru-
minants. It may be differentiated into a capacious 
fundus partly attached with the reticulum, and the 
terminal small and narrower pyloric region joins 
the duodenum. The sphincters of the pylorus are 
very strong, and the passage of digesta through 
the pylorus is controlled by the pyloric valve. A 
round prominent structure on the upper part of 
valve is called torus pyloricus. Cardiac glands are 
found near the omaso-abomasal orifi ce. The 
secretions from these glands are thin and pH is 
always acidic due to production of HCl.  

2.2.5     Intestine 

 The intestine is a very long coiled musculo- 
membranous tubular part of the alimentary canal 
with several modifi cations for specifi c functions. 
It is differentiated into the small intestine includ-
ing duodenum and the large intestine consisting 
of caecum, colon and rectum.   

2.3     Digestion of Feeds 
in the Rumen 

 Most of the feeds consumed by the ruminants are 
digested in the rumino-reticulum. The digestion 
in the mouth is mainly mechanical, while in the 
rumino-reticulum, the digestion is both mechani-
cal and microbiological. There is no signifi cance 
of host enzymes in the pre-abomasal compart-
ments. The enzyme present in the ruminant saliva 
is a mild lipase of weak activity capable to hydro-
lyze some short-chain fatty acids like butyric acid 
and to some extent caproic acid. Its role is pri-
marily limited to the digestion of short-chain lip-
ids in pre-ruminant stage. The ruminants are 
capable to digest highly fi brous feeds with the 
help of fermentative digestion carried out by the 
microorganisms (bacteria, protozoa and fungi) 
present in the rumen and reticulum. The diges-
tion is infl uenced by several factors like retention 
time of feeds in the rumino-reticulum, mastica-
tion and mixing of saliva, fl ow rate of digesta to 

omasum and lower part of the digestive tract, 
buffering action of saliva and continuous removal 
of the metabolites like volatile fatty acids (VFA), 
ammonia, carbon dioxide, and methane. Majority 
of VFA and ammonia are absorbed through the 
walls of the pre-abomasal compartments mainly 
by diffusion, and the gases CO 2  and CH 4  are 
removed during eructation. The highest gas pro-
duction occurs 1–2 h of post-feeding depending 
on the chemical composition of the diets. The 
gases produced during fermentation are also 
absorbed into the respiratory tract. About one- 
third of ruminal gases are eructed through the 
mouth or nose, and the rest are expired from the 
trachea. A part of the fermentation products is 
utilized by the ruminal microbes for their nutri-
tional supply. 

 The ingesta passing into the omasum contains 
unfermented feed residue, unabsorbed fermenta-
tion products and large microbial biomass. The 
processes of salivation, fermentation, absorption 
and fl ow of digesta are continuous while that of 
rumination and eructation are periodic. The con-
tents in the rumino-reticulum are retained for a 
long time (30–50 h) depending on the nature of 
diets. 

 Cellulose, the major component of plant tis-
sue, is degraded by the rumen microbes only, 
since the required enzymes (cellulases) are not 
secreted by the host. Therefore, for degradation 
of plant tissue, the animal is absolutely depen-
dent on the rumen microbes. Approximately 
35–55 % of the cellulose and hemicellulose are 
digested by the rumen microbes. More than 60 % 
of starch is also digested by the rumen microbes, 
depending on the amount fed and its rate of pas-
sage through the rumen. Almost all the sugars are 
digested in the rumen. Playne ( 1978 ) reported 
that the digestibility of dry matter of grass hay 
was higher in cattle (49.6 %) than that in sheep 
(34.6 %). This difference was neither due to 
intake nor due to diet. However, neutral-detergent 
fi bre (NDF) was digested better by the cattle than 
by the sheep; for each kg of dry matter consumed, 
the cattle digested 415 g NDF and sheep 279 g 
NDF. This was because the cattle digested 60 % 
and 35 % more hemicellulose and cellulose than 
the sheep. Aerts et al. ( 1984 ) conducted 82 
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 comparative digestion trials, involving 26 maize 
silages, 24 grass silages, 18 grass hays and 14 
other feedstuffs, and reported that on an average, 
crude fi bre of maize silage, ether extract and 
crude fi bre of grass silage, N-free extracts and 
organic matter of grass hay were better digested 
by cows, whereas sheep had better ability to 
digest crude protein of grassland products. The 
mean net energy utilization was about 3 % higher 
in cows than sheep for each of the three forages. 
The organic matter digestibility of maize silage 
and grassland products was about 65 % in both 
cows and sheep. Forages of lower quality were 
better digested by cows. But Arman and Hopcraft 
( 1975 ) conducted a series of digestibility trials on 
sheep, cattle and antelope and reported that there 
were no signifi cant differences in the overall 
mean digestibilities of diets in cattle and sheep. 
They concluded that digestibility of nutrients in 
different animals differed with feed, feeding hab-
its and digestive physiology of the animals. 

 Huston et al. ( 1986 ) conducted four experi-
ments to study the factors affecting digestibility 
of forages in cattle, sheep, goats and white-tailed 
deer. The digestibility of dry matter was moder-
ately higher with high-fi bre diet in cattle than in 
deer. Digestibilities of the diet in sheep and goats 
were intermediate. They suggested that rate of 
digestion was related more to diet than to the ani-
mal species. The goats digested less per cent of 
feed consumed than cows and sheep. This differ-
ence was related to a faster turnover and shorter 
retention time in goats. Chaudhary et al. ( 1987 ) 
reported no difference in nutrient utilization abil-
ity of pregnant heifers of cattle (Jersey and 
Haryana) and Murrah buffaloes. Chanthakhoun 
et al. ( 2012 ) reported higher ability of swamp 
buffalo than cattle in digesting low-quality rough-
ages, and this might be due to the higher number 
cellulolytic bacteria ( Ruminococcus albus ) in 
buffalo rumen. Jetana et al. ( 2009 ) demonstrated 
that Brahman cattle were better fi bre utilizer than 
swamp buffaloes when fed on pineapple waste 
silage. 

 The carbohydrates are fermented into VFA 
(mainly acetic, propionic and butyric acids) 
which meets out about 50 % of the energy 
requirements of the ruminants. When large 

amounts of roughage are fed, the formation of 
acetic acid is increased (60–70 %), propionate is 
lowered (15–20 %), but butyric (5–15 %) acid is 
least affected. However, with the increase in con-
centrate in an animal diet, the proportion of ace-
tic acid decreases, while the propionic acid 
increases. This change in molar proportion of 
VFA is normally associated with a reduction in 
milk fat. 

 The crude proteins (CP) consumed by the 
ruminants are recycled in the rumen with help 
of microbial consortia. Some of the protein 
escapes from breakdown in the rumen. The CP 
is converted into ammonia and amino acids. 
About 40–75 % of the CP of feed is degraded 
in the rumen. This breakdown depends on 
many factors (solubility of the protein, resis-
tance to breakdown, rate of feed passage 
through the rumen). Some nonprotein nitrogen 
sources such as urea, ammonium salts, nitrates, 
etc., can also be utilized by the rumen microbes 
as a source of protein. Rumen microbes con-
vert ammonia and organic acids into amino 
acids that are converted into microbial protein. 
A signifi cant portion of these metabolites are 
utilized by the microbes for the synthesis of 
protein to be digested in the intestine by the 
host animals. There were differences between 
cattle and sheep in the blood urea and sulphate 
concentration and relatively lower excretion of 
N, P and Ca by the cattle suggested that the 
rumen microorganisms of the cattle were able 
to utilize these nutrients better than the sheep 
(Playne  1978 ). 

 Degradation and transformation of dietary lip-
ids occur in the rumen through lipolysis and bio-
hydrogenation. The dietary fats are mainly 
converted into saturated fatty acids like palmitic 
and stearic acids. Almost an entire amount of 
carotenes entering to the rumen are passed into 
the intestine where a part of carotenes are con-
verted to vitamin A in the epithelial cells. All the 
vitamin B complex is synthesized in the rumen. 
Vitamins C and K are also produced in the rumen 
during microbial fermentation of feeds in the 
rumen. 

 The feeding behaviour of ovine and bovine is 
different, for example, sheep are exclusively 
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grazers while goats are browsers. Cattle and buf-
faloes also belong to the category of grazers. 
Though there is difference in feeding behaviour, 
the structure of the gastrointestinal tract is quite 
similar in all the four animals. The difference in 
size and capacity of various parts of the gastroin-
testinal tract is mainly dependent on the size and 
weight of the animal. The digestive capacity of 
different feeds also depends on the rumen micro-
bial system of the breed.  

2.4     Microbial Ecosystem 

2.4.1     Bacteria 

 The bacterial community present in the rumen is 
highly diverse, but the number of active bacteria 
depends upon the animal species, type and chem-
ical composition of diet, frequency of feeding 
and many more identifi ed or unidentifi ed factors. 
Under Indian feeding system of ruminants, the 
bacteria in the rumen of domesticated animals 
are primarily Gram-negative, strictly anaerobic, 
buffered around a pH of 6.5–6.9, partially halo-
philes and optimized at a temperature of 39 
°C. These bacteria are represented by cellulose, 
hemicellulose and starch degraders, lipid, protein 
and urea utilizers, tannin and saponin detoxifi ers. 
In addition to that, methanogenic archaea are also 
an important component of the ecosystem. At 
any time in the rumen of animals, only 15–20 
genera are present in suffi ciently large numbers 
(more than one million cells per ml of rumen 
liquor) to perform any important function in the 
rumen. But as soon as a new component in the 
diet is included, the bacteria required for its utili-
zation/detoxifi cation increase in numbers and 
shift the fermentation in that direction, where the 
new component is utilized or detoxifi ed. When 
the diet of Holstein cows was shifted from hay- to 
grain-based diet, within 3 days, there was a 20- 
and tenfold decrease in the numbers of cellulose- 
degrading bacteria, e.g.  F. succinogenes  and  R. 
fl avefaciens , and those of starch-utilizing bacte-
ria like  P. ruminicola  and  P. bryantii  increased 
seven- and 263-fold. The xylan-degrading bacte-
ria  E. ruminantium  also decreased in numbers by 

14-fold on the shift of diet from hay to grain 
based (Tajima et al.  2001 ). 

 As far as the comparative studies on the rumen 
microbiome of the domesticated animals (like 
buffalo, cattle, sheep and goat) are concerned, 
there are only a few studies in which the compari-
son has been made simultaneously in all species 
fed on the same diet and under similar manage-
ment conditions. But there are some studies in 
which large ruminants (buffalo and cattle) and 
small ruminants (sheep and goat) have been com-
pared between the two animals of almost similar 
size. 

 Between sheep and goat, the latter is reported 
to be a better utilizer of lignocellulosic and 
tannin- rich feeds and, therefore, is able to survive 
in much harsher conditions as compared to other 
domesticated ruminants such as sheep, cattle and 
buffaloes. One of the major reasons might be 
higher retention time of digesta in the gut and 
more effi cient recycling of urea in the rumen 
(Devendra  1989 ). 

  Selenomonas ruminantium  is capable of grow-
ing on tannic acid as a sole energy source and has 
been isolated from feral goats browsing on high 
tannin-containing acacia species (Skene and 
Brooker  1995 ). Trans-inoculation of these bacte-
ria from feral goats to domestic goats and sheep 
fed with tannin-rich foliage ( Acacia aneura ) 
increased feed intake and nitrogen retention in 
inoculated animals as compared with uninocu-
lated ones. Similarly, the tannin-degrading/
tannin- tolerating bacteria isolated from the goat 
rumen fed on tannin-rich diet on a medium con-
taining 1 % tannic acid were found to be Gram- 
positive and exhibited tannase activity with a 
maximum of 29.0 units and were identifi ed as 
 Streptococcus gallolyticus  (Accession no. 
HM771331). The isolate was able to increase 
in vitro pakar leaves’ degradability by 9.7 % by 
inclusion of live cultures of isolate 6 in the incu-
bation medium (Singh et al.  2011 ). 

 In goats fed with either green oats ( Avena 
sativa ) or tannin-rich pakar ( Ficus infectoria ) 
leaves, the dry matter intake was signifi cantly 
higher ( p  < 0.05), and digestibilities of DM, OM, 
CP, EE, NDF and ADF were reduced in experi-
mental (leaves-fed group) as compared with the 
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control group (green oats fed) animals. The 
rumen microbial profi le as obtained by MPN 
technique showed no change in total bacterial 
population, but total fungi and cellulolytic bacte-
ria were reduced ( p  < 0.05), whereas tannin- 
degrading/tannin-tolerant bacteria increased with 
feeding of pakar leaves. Real-time PCR data 
revealed a decrease in  Ruminococcus fl avefa-
ciens , an increase in methanogens and no change 
in the  Fibrobacter succinogenes  population by 
feeding of pakar leaves (Singh et al.  2011 ). 

 In the rumen, mimosine-degrading bacteria 
are a specialized group of bacteria performing 
a specifi c function of mimosine degradation/
modifi cation. Mimosine, an anti-nutritional 
compound present in  Leucaena leucocephala , 
is a good source of protein, but due to the pres-
ence of mimosine, it is toxic for the animals. A 
microbe capable of hydrolyzing mimosine was 
identifi ed as  Synergistes jonesii  (Allison et al. 
 1992 ).  S. jonesii isolated  from the rumen 
hydrolyses mimosine into 2,3 DHP which is a 
nontoxic substance. The trans-inoculation of 
 Synergistes jonesii  from Hawaiian goats to 
Australian goats enabled them to degrade 
mimosine present in leucaena leaves. However, 
the research on microorganisms has demon-
strated that there is inconsistency in the effec-
tiveness of the  S. jonesii  inoculum in degrading 
leucaena toxins. This might be either due to 
loss of the effectiveness of original inoculum 
of  S. jonesii  or due to functional diversity of 
different strains of  S. jonesii  due to geographic 
variations. 

 Exhaustive work done on rumen manipulation 
suggests that the bacterial diversity in the rumen 
is not very much related to the species, but rather 
is more infl uenced by the type of diet taken by the 
animal or geographical variation. For example, 
the specifi c groups of bacteria like tannin- 
degrading or mimosine-degrading bacteria are 
present in all the rumens but in very low number, 
but as the animals are provided with the respec-
tive feeds, the population of these bacteria rises 
tremendously, and the ecosystem starts working 
effi ciently in utilizing the newly entering feed 
into the rumen.  

2.4.2     Protozoa 

 Ciliate protozoa play a vital role in rumen fer-
mentation. The protozoa have two types of func-
tions, i.e. general functions of feed fermentation 
where lignocellulosic feed ingredients are fer-
mented to volatile fatty acids and microbial pro-
teins, which are used by the animals as a source 
of energy and amino acids. The second and the 
more important function being performed by the 
ciliate protozoa is the protection of easily fer-
mentable carbohydrates (sugars and starch) from 
sugar-/starch-utilizing bacteria (Kamra  2005 ) so 
that organic acids are not produced in plenty 
immediately after the feeding of animals; how-
ever, these sugars are released slowly during the 
day so that there is a constant supply of energy 
for the animals in the form of short-chain volatile 
fatty acids. 

 Rumen protozoa constitute only a small frac-
tion (10 4 –10 6 /ml depending upon the diet) of the 
total number of microbes (10 10 –10 11 /ml), but in 
terms of protozoal mass, it is almost equal to that 
of bacteria present in the rumen (Table  2.1 ). 
Therefore, rumen ciliate protozoa play a very sig-
nifi cant role in the fermentation of feed and mak-
ing the energy and protein available to the 
animals. Even among the protozoa (which are as 
small as 4–5 μm and as large as 250–300 μm in 
size), the relative contributions of a specifi c 
group, small spirotrichs, present in larger num-
bers, contribute only a small fraction of the total 
biomass as compared to holotrichs, which are 
smaller in numbers, but contribute a larger por-
tion of protozoal biomass (Kamra et al.  1991 ).

   The number of ciliate protozoa in the rumen 
content of buffalo, cattle, sheep and goat varied 
between 11.35 and 28.13 × 10 4 /ml, representing 

   Table 2.1    Rumen microbial ecosystem   

 Number/g 
rumen content 

 Mass (% of 
microbial mass) 

 Bacteria  10 10 –10 11   40–50 

 Protozoa  10 4 –10 6   40–50 

 Archaea  10 7 –10 8   2–3 

 Fungi  10 3 –10 5   3–4 

 Bacteriophages  10 8 –10 9   <0.1 

N. Agarwal et al.



23

9, 12, 6 and 7 genera and 22, 38, 14 and 19 spe-
cies of protozoa, respectively (Table  2.2 ) (Baraka 
 2012 ), but their numbers might change beyond 
these limits depending upon many factors like 
chemical composition of diet, frequency of feed-
ing, time of sampling, method of sampling, trans-
portation of rumen liquor from animal sheds to 
the laboratory, etc. As the study has been con-
ducted on suffi cient numbers of animals (32–48 
per type of animals), there are limited chances 
that the diversity of protozoa might change 
considerably.

   The species of ciliate protozoa commonly 
observed in all the four animals are  Dasytricha 
ruminantium ,  Entodinium caudatum ,  Ent. 
exiguum ,  Epidinium caudatum  and  Epid. bicau-
datum , while there are seven species exclusively 
present in buffalo, ten in cattle and one each in 
sheep and goat. The exclusive representatives of 

the ciliate protozoa in different species of ani-
mals represent a very small fraction of the proto-
zoa population, and therefore, these might not be 
able to affect rumen fermentation very signifi -
cantly. The common protozoa species constitut-
ing a major part of the protozoa population in 
different animals might play a signifi cant role in 
feed fermentation and nutrient availability to the 
animals.  

2.4.3     Rumen Methanogens 

 Methanogens are one of the major components of 
domain Archaea represented in the rumen micro-
bial ecosystem. In the rumen, methanogen popu-
lation ranges from 10 8  to 10 9 /g of rumen content. 
Previously, methanogens were grouped with the 
domain bacteria, but later on, based on peculiar 

   Table 2.2    Total protozoa count and generic composition of rumen ciliates in buffaloes, cattle, sheep and goats   

 Protozoa (no.)  Buffaloes (35)  Cattle (48)  Sheep (32)  Goats (35) 

 Total protozoa count (×10 4 /ml)  16.02 ± 3.41  11.35 ± 2.53  28.13 ± 4.13  13.38 ± 2.26 

 Entodinium (%)  89.50 ± 2.62  90.40 ± 1.87  90.40±  93.00 ± 2.35 

 Diplodinium (%)  3.70 ± 0.14  2.30 ± 1.32  2.80 ± 1.40  2.00 ± 0.07 

 Epidinium (%)  2.00 ± 0.34  0.70 ± 0.51  3.60 ± 1.62  0.50 ± 0.03 

 Holotricha (%)  2.80 ± 0.41  5.90 ± 1.34  4.20 ± 1.94  3.50 ± 1.72 

 Ophryoscolex (%)  2.00 ± 1.80  0.80 ± 0.14  0.00 ± 0.00  1.00 ± 0.91 

  Holotrichs  

  Buetschlia parva   +  −  +  − 

  Isotricha prostoma   +  +  −  + 

  Isotricha intestinalis   +  +  −  + 

  Dasytricha ruminantium   +  +  +  + 

  Charonina ventricularis   −  +  +  − 

  Spirotrichs  

  Ent. caudatum f. caudatum   +  +  +  + 

  Ent. caudatum f. dubardi   −  +  −  + 

  Ent. longinucleatum   +  +  +  − 

  Diplodinium monocanthum   +  +  −  − 

  Diplodinium tetracanthum   −  +  −  − 

  Eudiplodinium magii   +  +  −  − 

  Ostrachodinium gracile   +  −  −  − 

  Metadinium medium   −  +  −  − 

  Elytroplastron bubali   −  +  −  − 

  Epidinium caudatum   +  +  +  + 

  Epidinium ecaudatum   −  +  +  + 

  Adapted from Baraka ( 2012 )  
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cell wall structure and 16S rRNA sequence, they 
were classifi ed in a separate domain Archaea 
(Woese and Fox  1977 ) though both bacteria and 
archaea share the same ancestors. Methanogens 
establish in the gastrointestinal tract within 1–3 
days of birth, and within 3 weeks of age, they 
reach to the maximum population in lambs 
(Skillman et al.  2004 ). Methanogens are a unique 
group of microorganisms generating methane as a 
stoichiometric end product of their metabolism. 

 Methanogens are the essential part of rumen 
microbiome because they maintain steady-state 
fermentation in the rumen. During fermentation 
of monosaccharides in the rumen, hydrogen is 
generated which is used by the methanogens for 
methane generation in the rumen. Singhal et al. 
( 2005 ) calculated the contribution of crossbred 
cattle, indigenous cattle, buffalo, goat and sheep 
in methane emission through enteric fermenta-
tion as 4.6 %, 48.5 %, 39.0 %, 4.7 % and 1.8 %, 
respectively. Normally, cattle and buffalo pro-
duce about 200–250 l, while sheep and goat pro-
duce about 30–40 l of methane per day. Productive 
animals produce more methane than the nonpro-
ductive animals. But the extent of methane pro-
duction depends on many factors like the type of 
feed taken by the animal, frequency of feeding, 
breed of the animal and production potential of 
the animal, and one of the most important is 
methanogen archaeal community structure pres-
ent in the rumen. 

 Looking at the economic losses due to metha-
nogenesis in the rumen and its contribution to 
environmental pollution, methanogenic archaea 
became an area of interest for researchers. The 
animal nutritionists, microbiologists and bio-
technologists joined hands in this venture to 
minimize methane emission by the livestock. 
The biochemical reactions and enzyme profi le 
involved in methanogenesis are well identifi ed 
and described. The major groups identifi ed 
are Methanobacteriales, Methanococcales, 
Methanomicrob-iales, Methanosarcinales and 
Methanopyrales. Methanobacteriales are the 
predominant group and include 
 Methanobrevibacter  spp.,  Methanobacterium  
spp. and  Methanosphaera  spp. and constitute the 
major portion of methanogen community in 
majority of the ruminants. Methanobacteriales 

(which include  Methanobrevi-bacter  spp., 
 Methanobacterium  spp. and  Methanosphaera  
spp. constituting 30–99 % of the archaeal com-
munity) being the most prevalent, 
Methanomicrobiales (which include 
 Methanomicrobium  spp.) are the second most 
prevalent methanogen in the rumen environ-
ment. Methanosarcinales (Nicholson et al.  2007 ; 
Wright et al.  2007 ) and Methanococcales are the 
least populated methanogens in the rumen. A 
total of 28 genera and 113 species have been 
identifi ed in the rumen (Garrity et al.  2007 ). 
According to Leahy et al. ( 2010 ), previously, 
only three genera were identifi ed from the 
rumen, but now, the rumen has 22 genera of 
methanogenic archaea as worked out by using 
advanced biotechnological tools. 

 In buffalo ( Bubalus bubalis ) fed on wheat 
straw and concentrate mixed diet, the total 
archaeal community comprised of 1.94 %, 0.72 % 
and 0.47 % of Methanomicrobiales, 
Methanobacteriales and Methanococcales, 
respectively, as retrieved from 16S rRNA clone 
library (Singh et al.  2013 ). Janssen and Kirs 
( 2008 ), after reviewing the global data, described 
rumen methanogen archaea (92.3 %) structure as 
 Methanobrevibacter  (61.6 %),  Methanomicrobium  
(14.9 %) and a large group of uncultured rumen 
archaea affi liated with Thermoplasmatales 
(15.8 %) and named this uncultured archaea 
group as rumen cluster C (RCC) for the fi rst time. 

 In the rumen, some of the methanogens are 
closely associated with protozoa, and some are 
free living, and the association is species specifi c. 
Tymensen et al. ( 2012 ) described the community 
structure of free-living and protozoa-associated 
methanogens by analysing 16S rRNA and methyl 
coenzyme M reductase ( mcrA ) gene clone librar-
ies. Both the groups comprised of 
 Methanobrevibacter ,  Methanomicrobium  and 
rumen cluster C (RCC), which is distantly related 
to Thermoplasmata.  Methanobrevibacter  was 
predominant in protozoa-associated methano-
gens, whereas  Methanomicrobium  were predom-
inant in free-living methanogens. Phylogenetic 
analysis of archaeal 16S rRNA gene clone librar-
ies from defaunated and different protozoa- 
inoculated sheep revealed the presence of a large 
cluster of uncultured archaeal sequences not 
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related to the known cultured methanogens, 
which was mainly associated with protozoa of 
the family Ophryoscolecidae (Ohene-Adjei et al. 
 2007 ). The authors claim that this is the fi rst 
report of the presence of such organisms in the 
rumen of sheep and has not yet been reported in 
cattle. 

 Association of methanogens with anaerobic 
fungi has been established recently (Jin et al. 
 2014 ). The rumen fungus was collected from the 
goat rumen and subcultured to obtain uniform 
colonies. The methanogens found with fungal cul-
tures were the members of novel RCC cluster and 
were confi rmed by using  mcr A gene. The metha-
nogen-associated fungus was identifi ed as 
 Candidatus Methanomethylophilus alvus  but rep-
resents a very small part of RCC cluster. The 
authors suggested that this is a new approach to 
identify the novel methanogens. This was fi rst 
reported in the goat rumen. This small group of 
methanogens associated with protozoa and fungi 
in the rumen of sheep is distantly related to 
Thermoplasmatales; hence, a new order 
Methanoplasmatales was proposed (Paul et al. 
 2012 ). Poulsen et al. ( 2013 ) observed decreased 
methylotrophic methanogen population by feed-
ing rapeseed oil-supplemented diet to lactating 
cows. These methylotrophic methanogens degrade 
methylamines as they grew with the inclusion of 
methylamine in in vitro incubations. The authors 
suggested that these methylotrophic methanogens 
can be targeted to reduce methane emission in the 
ruminants. Still, the Thermoplasmata archaea are 
very poorly characterized. 

 It is believed that the diversity in methanogen 
community mainly varies with the variation in diet 
and geographical variation, and this variation is 
only in the form of shifts among the various groups 
of methanogens. Wright et al. ( 2004 ) compared 
rumen methanogen diversity in sheep on three dif-
ferent feeding systems, viz., grazing, oaten hay-
based diet and lucerne hay-based diet. The 
predominant methanogen was  Methanobrevibacter  
spp. on all the three feeding systems. Two new 
sequences were encountered from the grazing 
sheep and the authors proposed that a new order 
should be created for this group, but their func-
tional contribution in the rumen has yet to be 
established. The 16S rRNA clone libraries from 

ten Hereford-cross cattle from Ontario and ten 
from Prince Edward Island were compared and 
showed predominance of Methanobacteriales 
(51.5 % clones), and about 42 % of the clones 
revealed a high degree of sequence similarity to 
three methanogen species,  Mbb. smithii ,  Mbb. 
ruminantium  and  Mbb. thaueri , but did not fi nd 
any sequence showing close similarity to 
 Methanobacterium ,  Methanomicrobium  or 
 Methanosarcina  (Wright et al.  2007 ). Screening of 
241 clones from both the 16S rRNA libraries 
revealed 28 phylotypes in which only 5 were com-
mon in both, whereas 11 phylotypes were unique 
to cattle from Ontario (38 clones) and 7 phylo-
types (42 clones) were unique to cattle from Prince 
Edward Island. The authors identifi ed nine new 
genera belonging to orders Methanobacteriales 
and Methanosarcinales. The authors could not 
reach the conclusion that the variation in the meth-
anogenic archaeal community of the two groups of 
cattle was due to difference in the feeding or it was 
geographical variation. Comparative studies of 
clone libraries conducted on sheep from CSIRO 
Western Australia and Queensland, Australia, 
revealed that in the former case, the rumen metha-
nogens were dominated by  Mbb. gottschalkii  
(75.3 %) and  Mbb. ruminantium  (19.5 %), 
whereas, in the latter case, the uncultured group 
was dominated (80.8 %) followed by  Mbb. gott-
schalkii  clade (9.0 %),  Methanomicrobium  (7.7 %) 
and  Mbb. ruminantium  at non-detectable levels 
(Wright et al.  2006 ,  2007 ). In sheep from Venezuela 
also, genus  Methanobrevibacter  was the predomi-
nant group with the highest number of  Mbb. gott-
schalkii  (Wright et al.  2008 ). The results indicated 
that there were so many factors which infl uenced 
the microbial community structure in the rumen 
like diet, environment, animal genotype and age 
(McSweeney et al.  2007 ). 

 The distribution pattern of methanogen 
archaea among various domesticated ruminants 
is almost similar with the only variation in the 
population density of different methanogen 
groups. Whatever shifts among various methano-
gen populations reported so far are mainly due to 
the difference in the diet of the animal or some-
times related to geographical region, and geo-
graphical variation is also up to some extent 
related to the feed available in that region.  
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2.4.4     Fungi 

 Rumen fungi constitute 5–8 % of total biomass 
indicating a very small population in the rumen 
and establish within 8–10 days of birth. Its pres-
ence in the rumen was established very late as it 
was confused with fl agellate protozoa and was 
categorized with them (Liebetanz  1910 ; Braune 
 1913 ). It was only in 1975 that rumen fungi were 
identifi ed for the fi rst time due to the presence of 
chitin in its cell walls (Orpin  1975 ). The fi rst 
rumen fungi were identifi ed as  Neocallimastix 
frontalis  in the rumen of sheep which had both 
motile (zoospores) and non-motile zoosporan-
gium (Orpin  1975 ). The anaerobic gut fungi have 
been classifi ed as  Chytridiomycetes , based on 
their thallus morphology (Orpin  1975 ) and the 
presence of chitin in their cell walls (Orpin  1976 , 
 1977 ). Bauchop ( 1979 ) worked out a mode of 
action of rumen fungi in cattle and sheep and 
established their role in fi bre digestion. The fun-
gus was located throughout the gastrointestinal 
tract, but about 90 % of the total fungal popula-
tion is present in the reticulo-rumen, and 10 % is 
distributed in the rest of the GIT (Davies et al. 
 1993 ). But it was expected that fungi did not 
grow in any other part but only in rumen and the 
presence of fungi in other parts originated from 
the rumen. The work on rumen fungi started very 
late because of the following reasons: its least 
signifi cance in the rumen function, very low 
number, slow growth rate and diffi culty to grow 
in the laboratory and to preserve for a long period. 
But later on, when its mode of action and enzyme 
profi le were studied in detail, it was realized that 
rumen fungi were a better fi bre degrader as com-
pared to bacteria, but because of its very low 
numbers, this group was not given any impor-
tance in the past. 

 Rumen fungi have a unique mode of action. 
The zoospores attack freshly ingested lignocel-
lulosic feed particles due to chemotactic move-
ment. The zoospores generally prefer stomata, 
damaged surfaces and cut ends of the plant frag-
ments for attachment and encystment (Orpin and 
Bountiff  1978 ). They attach through fl agella, 
encyst and develop a rhizoidal system which pen-
etrates the substrate with the help of 

polysaccharide- degrading enzymes. The attach-
ment of zoospores is very fast usually within 
15–30 min of incubation of feed in the rumen. 
The fungi are able to completely hydrolyze the 
non-lignifi ed tissues of plants (mesophyll, paren-
chyma and phloem), and the lignifi ed tissues 
(xylem and sclerenchyma ring tissue in the stem) 
are partially degraded (Akin and Benner  1988 ), 
but sclerenchyma tissue of the leaf blade (which 
is softer than that of stem tissue) is extensively 
hydrolyzed as reported by Akin et al. ( 1989 ). 
Thus, fungi degrade the plant tissue and reduce 
its tensile strength. The stems of Bermuda grass 
and alfalfa incubated with fungi were weakened 
by 57 % and 55 %, while bacteria could weaken 
only to an extent of 29 % and 42 %, respectively 
(Akin et al.  1990 ). Hillaire and Jouany ( 1989 ) 
reported that in the rumen simulation technique, 
the dry matter degradation of wheat straw by 
rumen bacteria was 15 % higher and that of 
neutral- detergent fi bre was 30 % higher in the 
presence of fungi ( Neocallimastix  sp.) as com-
pared to bacteria alone. Rumen fungi secrete an 
array of enzymes including esterases (feruloyl 
esterase, p-coumaryl esterase and acetyl esterase) 
which break the ester bonds between hemicellu-
loses and lignin, thus releasing free celluloses 
and hemicelluloses for the other microbes to 
attack (Wubah and Kim  1996 ; Yue et al.  2009 ). 

 Only six genera of rumen anaerobic fungi have 
been identifi ed so far, namely,  Neocallimastix , 
 Piromyces  (previously known as  Piromonas ), 
 Caecomyces  (previously known as 
 Sphaeromonas ),  Orpinomyces ,  Anaeromyces  
(previously known as  Ruminomyces ) and 
 Cyllamyces . Identifi cation of rumen fungi is a 
tedious job because a small subunit of rRNA can-
not be used for phylogenetic identifi cation of gen-
era or species of anaerobic fungi due to high 
degree of conserved sequence. The polymorphic 
and homoplasious internal transcribed spacer 1 
(ITS1) region has been identifi ed as a molecular 
marker to compare fungal community structure. 
Kittelmann et al. ( 2012 ) described ten different 
groups of fungi, by using different sets of primers 
in density gradient gel electrophoresis fi ngerprint-
ing of ITS 1 region of rumen fungi of sheep, cattle 
and deer fed on a variety of diets. The authors sug-
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gested ten groups instead of six already known 
with four new ones named as SK1, SK2, SK3 and 
SK4. The authors were of the opinion that either 
these sequences not yet have been retrieved in any 
of the studies or they have been wrongly placed in 
the already known six genera. The diversity in 
rumen fungal community was also diet based. 
Structurally, they are present in two forms; one is 
polycentric where the nucleus migrates through-
out the hyphal mass, and the other one is mono-
centric where the nucleus concentrates in a 

zoosporangium. The monocentric forms include 
 Neocallimastix ,  Piromyces  and  Caecomyces , and 
the polycentric forms include  Orpinomyces  and 
 Anaeromyces.  Other morphological characteris-
tics, such as shape and size of sporangia and zoo-
spores, have been used in the characterization of 
anaerobic  Chytridiomycetes  (Barr et al.  1989 ; 
Breton et al.  1989 ; Orpin  1975 ,  1976 ). The vari-
ous species of anaerobic fungi isolated from the 
rumen of buffalo, goat, sheep and cattle are men-
tioned in Table  2.3 .

   Table 2.3    Rumen anaerobic fungi reported in different ruminants   

 Genus  Species  Source(s)  Reference(s) 

  Caecomyces    communis   Sheep  Gold et al. ( 1988 ) 

 Cattle  Orpin ( 1976 ), Wubah and Fuller 
( 1991 ) 

  sympodialis   Yellow cow  Chen et al. ( 2007 ) 

  equi   Sheep   

  Piromyces    communis   Sheep  Gold et al. ( 1988 ) 

 Cow  Julliand et al. ( 1998 ) 

  spiralis   Goat  Ho et al. ( 1993 ) 

  polycephalus   Water buffalo  Chen et al. ( 2002 ) 

  mae   Sheep  Wong et al ( 1995 ) 

  Neocallimastix    frontalis   Sheep  Orpin ( 1975 ), Heath et al. ( 1983 ) 

 Cow  Orpin ( 1977 ) 

  patriciarum   Sheep  Orpin and Munn ( 1986 ) 

  hurleyensis   Cow  Webb and Theodorou ( 1988 ) 

 Sheep  Webb and Theodorou ( 1991 ) 

  variabilis   Cow  Ho et al. ( 1993 ) 

  Anaeromyces    elegans   Cow  Ho et al. ( 1990 ) 

  mucronatus   Sheep  Breton et al. ( 1990 ) 

 Cow  Breton et al. ( 1990 ) 

  Orpinomyces    joyonii   Sheep  Breton et al. ( 1989 ) 

 Cow  Sridhar et al. ( 2010 ) 

 Buffalo 

  intercalaris   Cow  Ho et al ( 1994 ), Sridhar et al. ( 2010 ) 

 Buffalo  Sridhar et al. ( 2010 ) 

  bovis   Cow  Barr et al. ( 1989 ) 

  Cyllamyces    aberensis   Cow  Ozkose et al. ( 2001 ) 

  icaris   Buffalo  Sridhar et al. ( 2014 ) 

  Piromyces    communis   Sheep  Gold et al. ( 1988 ) 

 Cow  Julliand et al. ( 1998 ) 

  spiralis   Goat  Ho et al. ( 1993 ) 

  polycephalus   Water buffalo  Chen et al. ( 2002 ) 

  mae   Sheep  Wong et al. ( 1995 ) 
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   Being very active fi bre-degrading organisms 
in the rumen, even better than bacteria, work has 
been conducted to use the fungal isolates as a 
microbial feed additive. In majority of the reports, 
the feeding of anaerobic fungal isolates was 
found benefi cial in terms of improved fi bre 
digestibility (Lee et al.  2000 ; Paul et al.  2004a , 
 b ). Looking at the signifi cance of rumen anaero-
bic fungi, their superior enzyme profi le, research-
ers are looking more towards this group of 
microbes and trying to explore them as target for 
rumen manipulation.      
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      Domesticated Rare Animals 
(Yak, Mithun and Camel): 
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    Abstract  

  The importance of rumen microbial ecology and diversity has gained sig-
nifi cance in recent years as microbes have a profound effect on bioconver-
sion of feed to end products which in turn affect productivity and also the 
environment. Recent research indicates that herbivores and their gut 
microbes have co-evolved while adapting to their climate and botanical 
environment. Rare domesticated ruminants like yak, mithun and camel are 
adapted to hostile environment and are of economic and social signifi -
cance to more remote communities that rely heavily on the productivity of 
these rare ruminant livestock for their wellbeing. This review presents an 
account of the progress that has been made in rumen microbiology research 
and our current understanding of the rumen microbial ecosystem and its 
role in improving productivity of livestock and the environment with 
respect to yak, mithun and camel. The amount of information on rumen 
microbial diversity of these animals is limited. Only recently, high- 
throughput techniques are being employed to understand structural and 
functional diversity of rumen microbes of these animals. Limited data 
available so far indicate that there is a substantial host specifi city in com-
munity structure of rumen microbes of these rare domesticated animals. 

 Yak ( Bos grunniens ) and mithun ( Bos frontalis ) are found at high alti-
tude and have a grazing habit. They usually migrat  e to low altitude in 
search of pastures in the winter season. The scarcity of natural pasture at 
high altitude developed the animals to extract more nutrients from feed by 
increasing retention time and ability of microbes of rumen habitat for pro-
duction of an array of enzymes for utilization of fi brous feeds. Camels 
( Camelus dromedarius ) are adapted to extreme temperature and rely on 
scarce natural forages for their nutritional needs.  
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3.1         Yak 

 Yak ( Bos grunniens ) is an incredible bovine spe-
cies of economic importance in high hill and 
snow-bound areas. Distinct from other bovine 
species, yak has been considered as multipurpose 
animal and provides milk, meat, fi bre, hide and 
dung at places where arable farming, including 
other livestock, is unavailable. Animal power of 
yak is also exploited for transportation of goods 
in hilly topography. Nutritional management 
especially during winter season is extremely 
important when yak farmers come down to the 
mid-altitude along with their animals and face 
acute feed and fodder crisis. 

3.1.1     Intake and Nutrition of Yak 

 The volume of the yak rumen contents by using 
polyethylene glycol (PEG) as a marker revealed 
that for a yak of 150 kg body weight, the rumen 
content varied from 32.3 to 35.8 l. The capacity 
of rumen is smaller than that of cattle; therefore, 
they consume less feed (Han et al.  1990 ). The 
animal has adapted itself to extract more nutri-
ents from feeds by increasing the retention time 
of feed in the gastrointestinal tract. The average 
retention time of feed is about 72 h, which is 
about 20 % higher than that observed in domesti-
cated cattle (Schaffer et al.  1978 ).  

3.1.2     Microbial Ecology 

 Like other ruminants, bacteria, protozoa and 
fungi are the predominant microbes present in 
the yak rumen and are responsible for digestion 
of fi brous feeds. Among the protozoa, ciliates are 
the predominant group. Earlier study (Dogiel 
 1934 ) on Mongolian yak reported to have 8 gen-
era including 8 species with 4 formae, viz. 
 Isotricha prostoma ,  Entodinium simplex , 

 Diplodinium anisacanthum f. anisacanthum , 
 Eudiplodinium maggii ,  Metadinium medium , 
 Ostracodinium obtusum f. obtusum , 
 Enoploplastron triloricatum ,  Epidinium ecauda-
tum f. ecaudatum  and  Epidinium ecaudatum f. 
caudatum . However, the composition of ciliates 
depends upon the type of feed they are offered 
and the management of yak. Cattle kept together 
in proximity to yak infl uence the ciliate numbers 
and species (Guirong et al.  2000 ).  Entodinium  
was reported as the most predominant (51.9–61.0 %) 
ciliate in the rumen of yak, and total ciliate densi-
ties were reported as 0.7–8.5 × 10 5 /ml (Guirong 
et al.  2000 ), which is much lower than those 
reported in cattle and buffaloes (Han  1984 ; Ito 
et al.  1994 ; Chaudhary et al.  2000 ). Good protein 
and carbohydrate sources increase the number of 
 Entodinia  (Hungate  1966 ). Poor-quality feeds 
consumed by yak are refl ected by the lower num-
ber of  Entodinia  in the rumen with increased 
number of  Eudiplodinium  and  Metadinium  hav-
ing the ability to utilize plant fragments (Ogimoto 
and Imai  1981 ). 

 Surveys of the 16S rRNA gene diversity 
showed that microorganisms in the yak rumen 
were less diverse than those in cattle rumen; how-
ever, a greater proportion was uncultured in yak 
(An et al.  2005 ). Thus, the yak rumen may har-
bour a unique microbiome for effi cient conver-
sion of fi brous feeds. An obligate anaerobic, 
Gram-negative, mesophilic cellulolytic bacte-
rium,  Cellulosilyticum ruminicola , was isolated 
by Cai and Dong ( 2010 ), which was able to 
hydrolyse cellulose and xylan to produce acetate 
as one of the major end products. The researchers 
also reclassifi ed  Clostridium lentocellum  as 
 Cellulosilyticum lentocellum  based on the 
 similarity of 16S rRNA sequence data of 
 Clostridium  with  Cellulosilyticum  and reassigned 
to the family  Lachnospiraceae . The enzymatic 
activities, viz. endoglucanases, cellobiohydro-
lases, xylanases, mannanase, pectinases and feru-
loyl esterases and acetyl esterases, break the 
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inter-bridge cross-link, and the enzymes that 
degrade the glycosidic bonds were reported from 
 Cellulosilyticum ruminicola . This bacterium 
appears to produce polymer hydrolases that act 
on both soluble and crystalline celluloses. 
Approximately half of the cellulolytic activities, 
including cellobiohydrolase (50 %) and feruloyl 
esterase (45 %), and one third of xylanase (31 %) 
and endoglucanase (36 %) activities were bound 
to cellulosic fi bres. The bacterium seems to 
degrade the plant-derived polysaccharides by 
producing individual fi brolytic enzymes, whereas 
the majority of polysaccharide hydrolases con-
tain carbohydrate-binding module (Cai et al. 
 2010 ). Dai et al. ( 2012 ) based on metagenomic 
and bacterial artifi cial chromosome- based func-
tional approaches reported that the majority of 
glycosyl hydrolase proteins in yak rumen were 
from  Bacteroides  and  Firmicutes  and only a few 
from  Fibrobacteres . This implies that the 
 Bacteroides  and  Firmicutes  play a major role in 
plant cell wall degradation in the rumen of yak 
which is similar to the situation in rumen of other 
herbivores. 

 Phylogenetic analysis of yak rumen bacteria 
by constructing a 16S rRNA gene clone library 
revealed the presence of a diverse group of fi bro-
lytic bacteria such as  Butyrivibrio fi brisolvens , 
 Pseudobutyrivibrio ruminis ,  Ruminococcus fl a-
vefaciens ,  Succiniclasticum ruminis , 
 Selenomonas ruminantium  and  Prevotella rumi-
nicola. Proteobacteria  have also been isolated 
from yak rumen; however, sequence analysis 
indicated that more than half of the species har-
boured in the yak rumen belonged to the not yet 
cultured group (An et al.  2005 ). It was thus 
reported that yak possesses a diverse range of 
bacteria; some are different from cattle and the 
other ruminants (Yang et al.  2010a ). Moreover, 
the dominant bacteria of yak mainly belonged to 
phyla  Firmicutes  and  Bacteroidetes , and the 
known dominant bacteria included  Ruminococcus 
fl avefaciens ,  Butyrivibrio fi brisolvens , 
 Pseudobutyrivibrio ruminis ,  Schwartzia succini-
vorans  and  Clostridiales , most of which are com-
mon rumen bacteria (Leng et al.  2011 ). 

 Rumen fungus  Neocallimastix  sp. YAK11 iso-
lated from faeces revealed to have higher activi-

ties of feruloyl esterase, acetyl esterase and 
xylanase (Cao and Yang  2011 ) to utilize low- 
grade roughages in the high altitude. 

 Yak produces less methane in comparison to 
cattle fed on similar diets (Ding et al.  2010 ). Based 
upon 16S rRNA gene sequence data, it was 
revealed that yak possesses methanogens, signifi -
cantly different from cattle. Common species of 
methanogens belong to genera  Methanobrevibacter , 
 Methanomicrobium ,  Methanobacterium  and 
 Methanosarcina  (Jarvis et al.  2000 ). Recent study 
of Huang et al. ( 2012 ) revealed that the majority of 
methanogen sequences were very distantly related 
to  Methanomassiliicoccus luminyensis  and were 
found to belong to the Thermoplasmatales- 
affi liated Lineage C, a group of uncultivated and 
uncharacterized rumen archaea that is a distantly 
related sister group to the order Thermoplasmatales. 
A lesser per cent of Methanobacteriales, 
Methanomicrobiales and Methanosarcinales were 
reported in yak than cattle.  Methanobrevibacter 
olleyae ,  Methanobrevibacter ruminantium , 
 Methanobrevibacter woesei ,  Methanobrevibacter 
smithii ,  Methanobrevibacter millerae , 
 Methanobrevibacter gottschalkii  and 
 Methanobrevibacter thaueri  were reported in the 
yak as unique methanogens. However, clones 
related to  Methanimicrococcus blatticola  and 
 Methanomicrobium mobile  were found in both 
yak and cattle. Therefore, yak has higher methano-
gen diversity and signifi cantly different methano-
gen community structures than cattle, which could 
explain the reduced methane emission from yak. 
Signifi cantly high levels of propionic acid (Long 
 2003 ), which led to effi cient energy utilization and 
lower acetate-propionate ratio (Huang et al.  2012 ), 
further suggest the lower methane production in 
this species.   

3.2     Mithun 

 Mithun ( Bos frontalis ) is a massive semi- 
domesticated rare ruminant species mainly reared 
for meat, besides milk and leather. This strongly 
built hill animal of Southeast Asia plays an 
important role in the socio-economic and cultural 
life of the local population (Simoons  1984 ; 
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Mondal et al.  2010 ). Mithun is believed to have 
originated more than 8,000 years ago and consid-
ered to be descendent from wild Indian gaur 
(Simoons  1984 ; Mondal and Pal  1999 ). It is 
mainly found in the north-eastern hilly states of 
Arunachal Pradesh, Nagaland, Manipur and 
Mizoram of India. Besides, it is also available in 
small numbers in Myanmar, China, Bangladesh 
and Bhutan. 

 Mithun thrives on jungle forages, tree fodders, 
shrubs, herbs and other natural vegetations (Das 
et al.  2011 ). Though the animals are owned by 
the farmers, they are kept under natural forests in 
a semiwild condition. Farmers usually do not 
provide any additional feeding except common 
salt, occasionally during restraining of animals 
for some purposes. Phylogenetic analysis of 16S 
rRNA gene clone library of rumen bacteria of 
mithun fed on either mixed tree leaves- and rice 
straw-based diet or bamboo leaves- and twigs- 
based diet revealed the presence of a diverse 
group of fi brolytic bacteria (Deng et al.  2007b ), 
most of which (60 %) are under the group of 
uncultured rumen bacteria (Das et al.  2014 ). The 
sequence similarity of clones was observed for 
 Prevotella ruminicola , as a major fi brolytic bac-
terium in the rumen of mithun. Other bacteria 
reported were  Butyrivibrio fi brisolvens , 
 Pseudobutyrivibrio ruminis ,  Succinivibrio dex-
trinosolvens ,  Ruminococcus fl avefaciens , 
 Sporanaerobacter acetigenes ,  Clostridiales  and 
 Bacteroidetes . Therefore, four phyla, namely 
 Bacteroidetes ,  Firmicutes ,  Proteobacteria  and 
 Tenericutes , were described for the rumen bacte-
ria of mithun (Das et al.  2014 ). However, the 
presence of  Ruminococcus albus ,  R. fl avefaciens , 
 R. bromii ,  R. gnavus ,  Eubacterium cellulosol-
vens ,  Clostridium fusiformis ,  Butyrivibrio fi bri-
solvens ,  Quinella ovalis ,  Clostridium symbosium , 
 Succiniclasticum ruminis ,  Selenomonas rumi-
nantium ,  Pseudobutyrivibrio ruminis  and 
 Allisonella histaminiformans  was reported by 
Deng et al. ( 2007b ) in mithun fed on bamboo 
leaves- and twigs-based diet. Comparative evalu-
ation of rumen microbial community of mithun 
and Yunnan Yellow cattle fed with pelleted 
lucerne ( Medicago sativum ) revealed more num-
bers of total viable bacteria as well as cellulolytic 

and amylolytic bacteria with no difference in pro-
teolytic bacteria and protozoa in mithun than 
cattle (Deng et al.  2007a ). 

 The analysis of denaturing gradient gel elec-
trophoresis (DGGE) profi les, identifi cation of 
dominant bands and phylogenetic analysis of 16S 
rDNA sequences in DGGE profi les revealed that 
mithun has a diverse microbial population with 
less intraspecies similarities; most sequences 
appeared to be unculturable bacteria, accounting 
for 85 % of the total sequences (Leng et al.  2011 ). 
According to phylogenetic analysis, the rumen 
dominant bacteria of mithun were mainly phylo-
genetically placed within phyla  Firmicutes  and 
 Bacteroidetes , and the known bacteria mainly 
belonged to the family  Lachnospiraceae , 
 Ruminococcus fl avefaciens  and  Clostridium 
celerecrescens  (Leng et al.  2011 ). Animal- 
specifi c bacteria,  Allisonella histaminiformans , 
were also reported from mithun (Yang et al. 
 2010b ).  

3.3     Camel 

 Camelids developed independently of the rumi-
nants; ruminants developed more recently in the 
evolutionary process than camelids. Both have 
large forestomachs with extensive microbial fer-
mentation. Unlike true ruminants, the forestom-
ach of camels consists of three different sections. 
The feeding behaviour of camels showed consid-
erable differences in the microbial activity in the 
forestomach as compared to other ruminants. 
Under desert conditions, camels browse on a 
range of forage plants that are of little nutritional 
value and high in tannins or are not palatable to 
cattle, sheep, goats and other herbivores (Kayouli 
et al.  1993 ). Camels have a complex gut 
 microbiome that includes bacteria, archaea, pro-
tozoa and fungi to coordinate plant biomass 
breakdown. 

 Taxonomic analysis of the metagenomic reads 
indicated that camel faecal microbiome was 
dominated by the bacterial domain and phylum 
 Firmicutes  with major genera as  Clostridium.  In 
adult camels, the next major phylum was 
 Bacteroidetes  followed by  Verrucomicrobia  and 
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 Proteobacteria  (Sena and Patil  2013 ). Other bac-
teria identifi ed from camel faecal metagenomes 
were  Bacteroides fragilis ,  Eubacterium eligens , 
 Prevotella ruminicola ,  Pseudofl avonifractor  sp., 
 Ruminococcus albus ,  Butyrivibrio  sp., etc. 
Functional metagenomic studies revealed that 
genes associated with protein metabolism, RNA 
metabolism and carbohydrate metabolism were 
the most abundant in the systems (Sena and Patil 
 2013 ). 

 16S rRNA gene sequence of the foregut bacte-
rial community in the dromedary camel ( Camelus 
dromedarius ) of central Australia revealed the 
major bacterium phylum as  Firmicutes  (67 %) 
that were related to the classes  Clostridia ,  Bacilli  
and  Mollicutes  followed by  Bacteroidetes  (25 %) 
that were mostly represented by the family 
 Prevotellaceae . The remaining phyla were repre-
sented by  Actinobacteria ,  Chlorofl exi , 
 Cyanophyta ,  Lentisphaerae ,  Planctomycetes , 
 Proteobacteria  and  Spirochaetes . Moreover, bac-
teria were identifi ed as  Brevundimonas  sp., 
 Butyrivibrio fi brisolvens ,  Prevotella  sp. and 
 Ruminococcus fl avefaciens  (Samsudin et al. 
 2012 ). 

 Taxonomic analysis of the metagenomic reads 
of gut microbes of Indian dromedary camel 
revealed  Bacteroidetes  (55.5 %),  Firmicutes  
(22.7 %) and  Proteobacteria  (9.2 %) phyla as 
predominant camel rumen taxa.  Bacteroides  sp. 
dominated the camel rumen metagenome. 
Functional analysis exposed that clustered based 
subsystems and carbohydrate metabolism were 
the most abundant SEED subsystems of camel 
metagenome (Bhat et al.  2013 ). 

 Whereas in all true ruminants  Entodinium  spp. 
is known to be the major ruminal ciliate protozoa, 
in camels  Diplodinium  sp. was the dominant 
component of ciliates, and levels of  Epidinium , 
 Holotricha  and  Ophryoscolex  spp. were higher 
than that in other ruminants (Baraka and Dehority 
 2003 ). Four camel-specifi c protozoan species 
were reported, namely,  Buetschlia neglectum , 
 Buetschlia omnivore ,  Dasytricha kabbani  and 
 Caloscolex camelinus  (Baraka  2012 ). 

 16S rRNA gene-based high-throughput analy-
sis of rumen microbiome indicated that a propor-
tion of unclassifi ed and uncultured microorganisms 

are much higher in domesticated rare ruminants 
especially in yak and mithun as compared to cat-
tle, buffalo, sheep and goats. Ruminal protozoal 
community structure in domesticated rare rumi-
nants is substantially different from that of cattle. 
In the case of yak, density of  Entodinium  genus 
was shown to be much lower than that of cattle. In 
the case of camel,  Diplodinium  sp. was shown to 
be predominant as compared to  Entodinium  sp. 
found in domesticated ruminants. Methanogen 
community in rumen of mithun was shown to be 
substantially different from those of cattle, thus 
contributing to lower methane and higher propio-
nate production. Many host-specifi c novel organ-
isms have also been reported from these animals. 
The substantial difference in nature of diet and 
physiology and anatomical difference of rumen 
(like rate of passage of digesta) might have con-
tributed to the development of host-specifi c 
microbial structure in these rare domesticated 
ruminants. More research efforts need to be 
directed to characterize structural and functional 
diversity of gut microbes of these animals.     
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      Wild Ruminants 

           Suzanne     L.     Ishaq      and     André-Denis     G.     Wright   

    Abstract  

  There are not many studies on the rumen microbial ecosystems of the wild 
ruminants. As these animals survive in natural conditions, which are 
sometimes very harsh, this might have a signifi cant infl uence on the micro-
biome and the role played by it in fermentation of feed. This chapter 
reviews studies of the rumen microbiome of wild ruminants, including 
various species belonging to the families Antilocapridae, Bovidae, 
Cervidae, and Giraffi dae.  

  Keywords  

  16S rRNAgene   •   18S rRNA gene   •   Bacteria   •   Archaea   •   Protozoa   •   Fungi   
•   Rumen   •   Gut microbiome  

4.1         Introduction 

 There are relatively few studies on the microbi-
ome of wild ruminants, despite what is currently 
known about their ability to digest toxic plant 
compounds, forage on low-quality feedstuffs, 
and survive in harsh environments. This is largely 
due to the diffi culty in acquiring fresh rumen or 
even fecal samples from a large sample popula-
tion. Fecal samples tend to be the easiest, cheap-

est, and least invasive collection method. 
However, fecal/colonic bacteria are not an effi -
cient model for estimating rumen bacterial popu-
lations (Neumann and Dehority  2008 ; Ishaq and 
Wright  2012 ). The problem of sample viability 
has been somewhat ameliorated by the increasing 
sophistication and wider availability of culture- 
independent methods, although PCR-based 
methods generate many biases of their own. 
Many studies also report data in terms of opera-
tional taxonomic units (OTUs), which represent 
species-level clades, wherein all the sequences 
within an OTU are within 2–3 % genetic distance 
of each other, depending on the domain of the 
microorganism. A summary of the studies cited 
in this review can be found in Table  4.1 .
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4.2        Antilocapridae 

 The ruminant family Antilocapridae contains just 
one small (40–70 kg) living species in North 
America: the pronghorn ( Antilocapra ameri-
cana) . In one study on the rumen protozoa in 
pronghorn, Dehority ( 1995 ) found that several 
individuals contained either no visible protozoa 
or protozoa exclusively dominated by either 
 Entodinium dubardi  or  Entodinium ovibos.  In a 
separate study, the ruminal fungi were identifi ed 
in the pronghorn as belonging to the genera 

 Piromyces  and  Anaeromyces  and from two novel 
groups NG3 and NG5, which may represent new 
genera (Liggenstoffer et al.  2010 ). To date, no 
studies on rumen bacteria or archaea exist for 
pronghorns. See Table  4.1 .  

4.3     Bovidae 

 The Bovidae family contains over 50 genera and 
more than 100 species of grazing and browsing 
ruminants around the world, with most species 

    Table 4.1    Summary of studies by wild ruminant species   

 Ruminant  Bacteria  Archaea  Protozoa  Fungi 

  Antilocapridae  

 Pronghorn antelope  –  Dehority ( 1995 )  Liggenstoffer et al. ( 2010 ) 

  Bovidae  

 Antilope cervicapra 
Sable antelope 

 –  –  Kamra et al. 
( 1991 ) 

 Liggenstoffer et al. ( 2010 ) 

 American bison  –  –  –  Liggenstoffer et al. ( 2010 ) 

 Bontebok  –  –  –  Liggenstoffer et al. ( 2010 ) 

 Eland  Nelson et al. ( 2003 )  –  –  – 

 Grant’s gazelle  Nelson et al. ( 2003 )  –  –  Liggenstoffer et al. ( 2010 ) 

 Thompson’s gazelle  Nelson et al. ( 2003 )  –  –  – 

 Southern gerenuk  –  –  –  Liggenstoffer et al. ( 2010 ) 

 Goral  –  –  –  Liggenstoffer et al. ( 2010 ) 

 Greater kudu  –  –  –  Liggenstoffer et al. ( 2010 ) 

 Kafue lechwe  –  Imai et al. ( 1992 )  – 

 Nile lechwe  –  –  –  Liggenstoffer et al. ( 2010 ) 

 Sassaby antelope  –  –  Ito et al. ( 2007 )  – 

 Tsessebe  –  –  Van Hoven ( 1975 )  – 

  Cervidae  

 Sika deer  Li et al. ( 2013b )  Li et al. 
( 2013a ) 

 Ichimura et al. 
( 2004 ) 

 Liggenstoffer et al. ( 2010 ) 

 Mule deer  –  –  Dehority ( 1995 )  – 

 White-tailed deer  –  –  Dehority ( 1995 )  – 

 Elk  –  –  Dehority ( 1995 )  – 

 North American moose  Ishaq and Wright ( 2012 )  –  Dehority ( 1974 )  – 

 Norwegian reindeer  Sundset et al. ( 2007 )  Sundset et al. 
( 2009b ) 

 Sundset et al. 
( 2009b ) 

 Sundset et al. ( 2009b ) 

 Svalbard reindeer  Sundset et al. ( 2007 ), 
Pope et al. ( 2012 ) 

 Sundset et al. 
( 2009a ) 

 –  – 

  Giraffi dae  

 Giraffe  –  –  Kleyhans and Van 
Hoven ( 1976 ) 

 Liggenstoffer et al. ( 2010 ) 

 Okapi  –  –  –  Liggenstoffer et al. ( 2010 ) 
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occurring in Africa and Asia. Common bovids 
include cattle, oxen, buffalo, sheep, goats, and 
antelope. Antelope is the largest category, which 
contains over two-thirds of all species of bovid. 
The family Bovidae is divided into three subfam-
ilies, the Bovinae, the Cephalophinae, and the 
Antilopinae. Within the subfamily Bovinae, there 
are spiral-horned antelope (i.e., kudus, elands, 
nyalas, and bushbucks) and four-horned ante-
lopes (i.e., nilgai). The subfamily Cephalophinae 
contains only duikers. The subfamily Antilopinae 
contains dwarf antelopes (i.e., dik-dik), gazelles, 
springboks, gerenuks, blackbucks, oryxes, 
addaxes, roan and sable antelopes, reedbucks, 
kobs, lechwes, waterbucks, hartebeests, wilde-
beests/gnu, and topis. 

 Wild bovids are known to forage on plants 
which contain large amounts of plant secondary 
compounds. These compound scans either reduce 
digestibility or be toxic to the animal. 
Diaminobutyric acid (DABA) and 4- N -acetyl- 
2,4-diaminobutyric acid (ADAB), an acetylated 
form of DABA, prevent collagen formation and 
are both found in acacia tree species. Several 
African ruminant species, such as bush duikers, 
Kenyan goats, hartebeest, impala, eland, and 
Grant’s gazelle, have rumen bacteria, which are 
tolerant to one or both chemicals and can also 
degrade them (McKie et al.  2004 ). Adaptations 
such as this offer many ruminants a unique 
advantage in expanding their forage options. 

4.3.1     Bacteria 

 The phylum Firmicutes was dominant in wild 
eland ( Taurotragusoryx ), Thompson’s gazelle 
( Gazella rufi frons ), and Grant’s gazelle ( Gazella 
granti ) (Nelson et al.  2003 ). Of the 252 full- 
length 16S rRNA sequences, 48 % were identi-
fi ed as being related to the genus  Clostridium  
(especially  Clostridium cellulovorans ), with a 
large proportion also identifi ed as being related to 
the species  Ruminococcus gnavus ,  Ruminococcus 
torques ,  Ruminococcus fl avefaciens , 
 Ruminococcus bromii , and  Eubacterium cellulo-
lyticum  (Nelson et al.  2003 ). In addition to the 
Firmicutes, several other phyla were detected, 

including sequences distantly related to  Rikenella 
microfusus  and  Streptococcus sobrinus  from the 
phylum Bacteroidetes (Nelson et al.  2003 ). 
 Bilophila wadsworthia , a common bacterium in 
clinical samples, was also identifi ed (Nelson 
et al.  2003 ). Interestingly,  Verrucomicrobium spi-
nosum  was identifi ed as belonging to 
Verrucomicrobia, a phylum which is dominated 
by bacteria found in soil. Bacteria belonging to 
the phylum Proteobacteria (notably the subphyla 
delta- and gammaproteobacteria) were also iden-
tifi ed, including the genus  Delftia  (subphylum 
betaproteobacteria) (Nelson et al.  2003 ) .   

4.3.2     Methanogens 

 To date, there are no published studies of the 
rumen methanogens of wild bovids. However, 
there are several studies on domestic yaks and 
cattle (An et al.  2005 ; Huang et al.  2012 ), water 
buffalo (Franzolin et al.  2012 ; Singh et al. 
 2012 ) and many other domesticated Bovidae. 
For a recent review, see St-Pierre and Wright 
( 2013 ).  

4.3.3     Protozoa 

 Ciliated protozoa from the African sassaby ante-
lope ( Damaliscus lunatus lunatus ), one of the 
largest antelopes in the world, included the fol-
lowing genera:  Entodinium ,  Diplodinium , 
 Eudiplodinium ,  Ostracodinium ,  Enoploplastron , 
and  Opisthotrichum  (Ito et al.  2007 ). Another 
study comparing blue wildebeest ( Connochaetes 
taurinus ) and black wildebeest ( Connochaetes 
gnou ) identifi ed rumen protozoa, which were dis-
tinct between the two species (Booyse and 
Dehority  2012 ). Sixteen ciliate protozoal species 
were identifi ed in the blue wildebeest, with 
 Dasytricha ruminantium ,  Opisthotrichum janus , 
and  Ostracodinium gracile occurring in all blue 
wildebeest samples ,  while 23 species were identi-
fi ed in the black wildebeest ,  with Diplodinium 
bubalidis  and  Ostracodinium damaliscus occur-
ring in all black wildebeest samples  (Booyse and 
Dehority  2012 ). 

4 Wild Ruminants
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 In a separate study of the ciliate protozoa 
found in the tsessebe ( Damaliscus lunatus luna-
tus ), a grass grazing ruminant related to the topi, 
18 species of ciliate protozoa were found and 
identifi ed as belonging to the family 
Ophryoscolescidae (Van Hoven  1975 ). In that 
study, three new species were identifi ed: 
 Entodinium fyferi ,  Enoploplastron garstangi , and 
 Epidinium lunatus , though no vestibuliferids 
(i.e.,  Isotricha  and  Dasytricha ) (Van Hoven 
 1975 ). The Kafue lechwe antelope ( Kobus leche 
kafuensis ) from the Kafue fl ats in Zambia differs 
from other African herbivores because it subsists 
mainly on aquatic species from marshland and 
swamps, which often have a high salinity. In a 
study of their rumen protozoa, 24 species from 5 
genera were identifi ed, and 4 new species were 
described:  Diplodinium lochinvarense , 
 Diplodinium leche ,  Diplodinium zambiense , and 
 Metadinium ossiculi  (Imai et al.  1992 ). 

 In North America, one study of wild musk ox 
( Ovibos moschatus) identifi ed primarily 
Entodinium species ,  including Entodinium 
exiguum , most of which had been previously 
identifi ed in reindeer/caribou (Dehority  1974 ).  

4.3.4     Fungi 

 A recent study identifi ed rumen fungi (e.g., 
 Neocallimastix ,  Piromyces ,  Caecomyces , 
 Anaeromyces, Orpinomyces , and  Cyllamyces ) in 
the following wild bovids located at an American 
zoo: sable antelope ( Hippotragus niger ), 
American bison ( Bison bison ), bontebok 
( Damaliscus pygargus ), Grant’s gazelle ( Nanger 
granti ), Southern gerenuk ( Litocranius walleri 
walleri ), goral ( Naemorhedus goral ), greater 
kudu ( Tragelaphus strepsiceros ), and Nile lechwe 
( Kobus megaceros ) (Liggenstoffer et al.  2010 ).
There were also six novel groups (NG1–NG6) 
found across the various wild ruminants 
(Liggenstoffer et al.  2010 ).   

4.4     Cervidae 

 There are over 20 genera and almost 50 species 
belonging to the family Cervidae, such as deer, 
elk, moose, caribou, and muntjacs. Many cervids, 

such as moose and reindeer, are known to con-
sume a large proportion of lichens and mosses, 
especially in the winter, as a source of carbohy-
drates and water. This poses a problem as many 
contain high concentrations of phenolic com-
pounds (i.e., usnic acid) and can accumulate 
environmental pollutants over time. Many rumi-
nants are able to overcome these dietary con-
straints in large part due to the microorganisms 
they host, which are able to breakdown toxic 
compounds. Several bacteria have been isolated 
from arctic reindeer, which can withstand high 
levels of usnic acid, including the species 
 Eubacterium rangiferina  (Sundset et al.  2008 ) 
and some  Clostridia  isolates (Glad et al.  2009 ). 
 Selenomonas  spp., a common bacterium in the 
rumen, has also been shown to be resistant to tan-
nic acid (Odenyo and Osuji  1998 ). Some brows-
ing ruminants, such as deer and moose, are also 
able to produce a tannin-binding protein in their 
saliva, something not found in most grazing 
ruminants (i.e., cattle and sheep) (Austin et al. 
 1989 ). 

 Arctic reindeer ( Rangifer tarandus ), also 
known as caribou in North America, are a 
 compelling species to study, not only because of 
their ability to digest toxic plant compounds 
(Glad et al.  2009 ; Sundset et al.  2008 ,  2009a ,  b , 
 2010 ), but because they annually lose up to 20 % 
of their body weight over the winter (Aagnes 
et al.  1995 ). In Scandinavia (i.e., Denmark, 
Norway, and Sweden) and Russia, there are two 
reindeer subspecies.  Rangifer tarandus  is found 
on the mainland and  Rangifer tarandus platy-
rhynchus  is isolated on the archipelago of 
Svalbard located between Norway and the North 
Pole (74–81 °N). This allows for a comparison of 
rumen microorganisms between the two subspe-
cies, especially as mainland reindeer are often 
kept semi-wild for farming, and wild Svalbard 
reindeer endure severe weather and forage 
shortages. 

4.4.1     Bacteria 

 The isolation of Svalbard reindeer has led to a 
6–14X greater concentration of cellulolytic bac-
teria in the rumen of these reindeer over their 
mainland relatives in Norway (Sundset et al.  2007 ), 
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which would seem to indicate that the Firmicutes 
would be the consistently dominant bacterial 
phylum found in Svalbard reindeer. Later that 
same year, bacteria belonging to the phylum 
Firmicutes were shown to be the most dominant 
prokaryotes in the rumen of Svalbard reindeer 
(Sundset et al.  2007 ). A clone library of 121 bac-
terial clones identifi ed sequences as 55 % 
Firmicutes and 42 % Bacteroidetes (Sundset 
et al.  2007 ). In the same 2007 study, using semi-
domesticated Norwegian reindeer grazing on 
wild pasture, 71 % of sequences were identifi ed 
as belonging to the phylum Firmicutes and 29 % 
to the phylum Bacteroidetes (Sundset et al.  2007 ). 
Yet, in two other studies of the bacteria from the 
rumen of Svalbard reindeer, species belonging to 
the Bacteroidetes was shown to be the dominant 
bacteria based upon traditional culturing tech-
niques (Orpin et al.  1985 ) and Roche 454 pyrose-
quencing (Pope et al.  2012 ). 

 Using culturing techniques,  Streptococcus 
bovis  (phylum Bacteroidetes) was found to 
increase during the summer, and the cellulolytic 
bacterium  Butyrivibrio fi brisolvens  (phylum 
Firmicutes) was found to increase during the 
winter (Orpin et al.  1985 ). Moreover, during 
digestion trials using rumen microbes found in 
fresh reindeer rumen fl uid, starch utilization, pro-
teolysis, and lactate utilization were all increased 
during the summer, and cellulolysis and xylanol-
ysis were increased during the winter (Orpin 
et al.  1985 ). Recently, a study using high- 
throughput sequencing reported that the 
Bacteroidetes represented ~61 % of OTUs, while 
the Firmicutes represented ~27 % of OTUs in 
Svalbard reindeer (Pope et al.  2012 ). Interestingly, 
within the phylum Bacteroidetes, a novel 
Bacteroidales clade (SRM-1) was created (Pope 
et al.  2012 ). A small number of bacteria were 
identifi ed as belonging to either the phyla 
Chlorofl exi (5 % in 1 animal, 0 % in others), 
Actinobacteria, and Proteobacteria (<1 % of 
sequences each) or as “other” bacteria (4–19 %) 
(Pope et al.  2012 ). 

 Sundset and her colleagues ( 2009b ) conducted 
a rumen microbiome study of Norwegian 
 reindeer, using denaturing gradient gel electro-
phoresis (DGGE) to identify the following 
 bacteria:  Peptostreptococcus anaerobius , 
 Lachnospira multiparus ,  Butyrivibrio fi brisolvens , 

 Eubacterium ruminantium ,  Selenomonas 
 ruminantium ,  Fibrobacter succinogenes , 
 Eubacteriumpyruvovorans , and  Fusocillus  sp. 
( C. proteoclasticum -like). 

 More recently, the bacteria in the rumen and 
colon of moose in Vermont ( Alces alces 
 americana ) were identifi ed using the second- 
generation (G2) PhyloChip DNA microarray 
(Ishaq and Wright  2012 ). As in most other wild 
ruminants, bacteria belonging to the phylum 
Firmicutes were dominant in the rumen, with 
most OTUs belonging to the class Clostridia, fol-
lowed by the phyla Proteobacteria and 
Bacteroidetes (Ishaq and Wright  2012 ). Rumen 
samples consistently clustered separately from 
colon samples, and there were 73 OTUs (21 
 families) exclusive to the rumen with an addi-
tional 71 OTUs (22 families) exclusive to the 
colon, indicating that bacteria from the colon 
were too dissimilar to be used to estimate rumen 
bacteria populations (Ishaq and Wright  2012 ). 
Bacterial families exclusive to the rumen included 
the following: Acetobacteraceae, Acidobacter-
iaceae, Anammoxales, Desulfo arculaceae, 
Desulfobacteraceae, Desulfo vibrionaceae, 
Flavobacteriaceae, Flexibacteraceae, 
Helicobacteraceae, Lachnospiraceae, Peptococc/
Acidaminococc, Peptostreptococcaceae, 
Pirellulae, Porphyromonadaceae, Prevotellaceae, 
Rikenellaceae, Streptococcaceae, and Syntro-
phobacteraceae, as well as Verrucomicrobia sub-
divisions 5 and 7, and unclassifi ed bacteria (Ishaq 
and Wright  2012 ). 

 Sika deer are small grazers in Asia which 
select a wild variety of forage types. A study on 
wild sika deer reported that total ruminal bacte-
rial concentration decreased during the winter, 
and, of those, Gram-negative bacteria increased 
in proportion over the winter (Ichimura et al. 
 2004 ). More recently, a study of domesticated 
sika deer compared rumen bacteria between deer 
eating a typical domestic diet (concentrate with 
high-fi ber corn stalks) and deer eating a diet sup-
plemented with forage (concentrate with oak 
leaves) (Li et al.  2013b ). The phylum 
Bacteroidetes was dominant in both diet groups, 
the phylum Firmicutes was only found in the oak 
leaf diet group, and the corn stalk diet group con-
tained a higher proportion of the phylum 
Proteobacteria (Li et al.  2013b ).  Prevotella -like 
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bacteria were the dominant group in both diet 
groups. However, the two groups contained dif-
ferential abundances of different  Prevotella  spe-
cies (Li et al.  2013b ). 

 There are also several studies which investi-
gate the infectious potential of fecal bacteria in 
species such as red deer ( Cervus elaphus ), roe 
deer ( Capreolus capreolus ), or white-tailed deer 
( Odocoileus virginianus ) (Aschfalk et al.  2003 ; 
Gimenez et al.  2009 ; Guan et al.  2002 ; Hristov 
 2011 ; Lillehaug et al.  2005 ; Lyautey et al.  2007 ).  

4.4.2     Methanogens 

 An investigation of rumen methanogens from 
Svalbard reindeer used 97 clones from a 16S 
rRNA gene library to reveal 22 OTUs (Sundset 
et al.  2009a ). The largest proportion of OTUs (11 
OTUs) were found to be highly similar to the 
methanogenic orders Methanobacteriales, 
Methanomicrobiales, and Methanosarcinales 
(Sundset et al.  2009a ). Norwegian reindeer are 
more often kept as semidomesticated herds for 
farming, and fewer studies exist on wild 
Norwegian reindeer on natural pasture. A micro-
biome study of the rumen of Norwegian reindeer 
used 16S rRNA clones to identify methanogens, 
including two common families 
Methanobacteriaceae and Methanosarcinaceae 
(Sundset et al.  2009b ). Clones within the family 
Methanobacteriaceae were identifi ed as 
 Methanobrevibacter gottschalkii ,  Mbr. smithii , 
 Mbr. ruminantium , and  Mbr. thaueri , and there 
were several unclassifi ed clones which were sim-
ilar to sequences, which had never been cultured 
and classifi ed (Sundset et al.  2009b ). 

 An investigation of the rumen methanogens in 
domesticated sika deer found that the genus 
 Methanobrevibacter  was dominant in deer eating 
a typical domestic sika deer diet (concentrate 
plus corn stalks) or a supplemental forage diet 
(concentrate plus oak leaves) (Li et al.  2013a ). 
Using a 16S rRNA gene clone library of 197 
clones, it was found that  Methanobrevibacter 
millerae -related clones were predominant in deer 
fed corn stalks, while  Mbr. smithii-  and  Mbr. 

ruminantium -related clones were not found in 
deer fed the oak leaf diet at all (Li et al.  2013a ).  

4.4.3     Protozoa 

 Ciliated rumen protozoa in reindeer tend to be 
very similar across geographically isolated spe-
cies, implying that they may have differentiated 
from the protozoa found in other ruminants and 
have now stabilized (Imai et al.  2003 ). Common 
rumen protozoal taxa include the families 
Isotrichidae and Ophryoscolecidae. Protozoa 
identifi ed in reindeer from Inner Mongolia, 
China, included  Entodinium anteronucleatum , 
 Entodinium bicornutum ,  Enoploplastron confl u-
ens , and  Epidinium gigas  (Imai et al.  2003 ). 
These protozoal species had previously been 
detected in reindeer from Alaska (Dehority 
 1975 ).  Entodinium caudatum ,  Epidinium 
 caudatum ,  and  Isotricha intestinalis  were also 
detected in Norwegian reindeer using DGGE 
(Sundset et al.  2009b ). 

  Entodinium alces  was originally identifi ed by 
light microscopy in a moose in Alaska ( Alces 
alces gigas ), a study in which all the protozoa 
found belonged to the genus  Entodinium  
(Dehority  1974 ). One small study on rumen pro-
tozoa in mule deer ( Odocoileus hemionus ), 
white-tailed deer ( Odocoileus virginianus ), and 
elk ( Cervus canadensis ) in the United States 
showed that mule deer contained  Entodinium 
dubardi  and  Entodinium quadricuspis ,  whereas  
white-tailed deer contained  Entodinium dubardi  
and  Eudiplodinium impalae  (Dehority  1995 ) .  Elk 
contained a more diverse collection of ophryo-
scolecid protozoa, including a new species called 
 Entodinium wapiti  (Dehority  1995 ). 

 To date, most studies on Asian ruminants 
investigated domestic species in order to improve 
animal production. However, there have been 
several published studies on the rumen protozoa 
of wild Asian ruminants. Eight species of 
 Entodinium  ( E. simplex ,  E. ovinum ,  E. dubardi , 
 E. longinucleatum ,  E. exiguum ,  E. parvum ,  E. 
nanellum , and  E. dilobum ) and  Diplodinium 
anisacanthum  were isolated from wild sika deer 
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( Cervus nipponyesoensis ) in Hokkaido Island, 
Japan (Ichimura et al.  2004 ). In that study, it was 
noted that protozoal diversity was reduced during 
the winter, as was ruminal bacterial concentra-
tion (Ichimura et al.  2004 ).  

4.4.4     Fungi 

 The rumen fungi identifi ed from the rumen of 
Norwegian reindeer targeted the 
Neocallimastigales population, which confi rmed 
the presence of several different phylotypes that 
the study did not fully sequence (Sundset et al. 
 2009b ). Rumen fungi identifi ed from sika deer 
included the genera  Piromyces  and  Anaeromyces  
and three novel groups (NG1, NG3, NG5) as 
likely new genera (Liggenstoffer et al.  2010 ).   

4.5     Giraffi dae 

 There are currently only two species in the family 
Giraffi dae: giraffes ( Giraffa camelopardalis ) and 
okapi ( Okapia johnstoni ). Unfortunately, little 
gut microbial research has been done on either. 

4.5.1     Protozoa 

 Twenty six species of ciliated protozoa in the 
rumen of the giraffe were found using micro-
scopic identifi cation (Kleyhans and Van Hoven 
 1976 ). Eleven species of  Entodinium  represented 
the largest proportion of rumen protozoa at 41 %, 
followed by the vestibuliferids (i.e.,  Isotricha  and 
 Dasytricha ) at 19 %,  Enoploplastron  at 16 %, 
and  Eodinium  at 11 % (Kleyhans and Van Hoven 
 1976 ). Two novel species were also identifi ed: 
 Entodinium longicorpum  and  Eodinium bispino-
sum  (Kleyhans and Van Hoven  1976 ).  

4.5.2     Fungi 

 Recently, a large study identifi ed the anaerobic 
rumen fungi of various wild and domestic rumi-
nants (Liggenstoffer et al.  2010 ). This study 

 identifi ed the genera  Anaeromyces  and 
 Orpinomyces  and four novel groups (NG1, NG3, 
NG5, and NG6), which likely represent new gen-
era, from Rothschild’s giraffe and  Neocallimastix , 
 Piromyces ,  Anaeromyces , NG1, and NG6 from 
the okapi (Liggenstoffer et al.  2010 ).   

4.6     Concluding Remarks 

 While many studies exist on the microorgan-
isms of wild ruminants, few investigate the 
entire microbiome, or even multiple domains. 
Most have small sample sizes and are therefore 
unable to indicate trends between rumen micro-
organism populations and other factors, such as 
host species, geographic location, age, weight, 
gender, or reproductive status. There is also a 
general lack of dietary information in many 
studies of wild ruminants, which is a problem 
inherent to using wild-caught species. This 
chapter has summarized a limited body of work 
that exists on wild ruminant microbiology. It is 
clear that a large amount of work remains to be 
done on cataloging the microbiome of wild 
ruminants.     
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 5

5.1         Introduction 

 For a number of years, rumen microbiology has 
been on the forefront of gut microbiology 
research. This concerns both stages in the gut 

microbiology research history including 
cultivation- based and cultivation-independent 
periods. Straight from the commencement of the 
microbiological science, when the father of 
microbiology, Antonie van Leeuwenhoek, 
invented the microscope, it has been heavily 
dependent on the technological advances. In line 
with these requirements, the overwhelmingly 
anaerobic microbiota of gut ecosystems could be 
accessed and studied only with the use of sophis-
ticated anaerobic techniques allowing to create 
oxygen-free conditions in order to the anaerobes 
to grow. 
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 Although a roll tube for isolation and quantifi -
cation of microorganisms was invented long time 
ago (Esmarch  1886 ), it remained an obscure 
technique, rarely used in practice. A few modifi -
cations followed, with the most important contri-
butions coming from a former zoologist turned 
into a rumen microbiologist, Robert Hungate 
( 1979 ; Chung and Bryant  1997 ). Probably 
the most important of his pioneering inventions 
were the use of pre-reduced anaerobically steril-
ized medium in “roll tubes” and the development 
of strict anaerobic techniques (butyl rubber stop-
pers, resazurin as a redox indicator, a gas (N 2  or 
CO 2 ) to displace air, boiling the medium to 
remove dissolved oxygen, and other improve-
ments allowing access to a greater diversity of 
gut anaerobes, in particular, in the rumen 
(Hungate  1966 ). For example, the initial esti-
mates of bacterial numbers in the rumen were in 
the range of 10 6  colony-forming units (CFU) per 
mL of rumen liquid since the count was done 
using non-reduced medium (Johnson et al.  1944 ). 
The use of the strict anaerobic techniques devel-
oped by Hungate made the rumen microbiology 
one of the best-studied anaerobic ecosystems in 
the 1960s and 1970s and contributed to the fast 
progress in microbiology of other anaerobic 
ecosystems. 

 Despite the impressive progress in cultivating 
anaerobic microbiota, the majority of the rumen 
inhabitants resisted cultivation attempts, the so- 
called great plate count anomaly known for many 
microbial ecosystems (Amann et al.  1995 ). The 
explosive development of molecular microbial 
ecology that we are witnessing in a recent couple 
of decades has been largely driven by the devel-
opment and application of various advanced 
molecular techniques (Nocker et al.  2007 ). At the 
heart of these technology developments were the 
fundamental and seminal works of Carl Woese, 
who discovered three domains of life on Earth 
and demonstrated how the evolution of every liv-
ing being can be reconstructed on the basis of 
molecular markers (in particular of the SSU 
rRNA molecule) and how the phylogenetic posi-
tioning defi nes the taxonomic position and iden-
tity of an organism (Woese and Fox  1977 ; Fox 
et al.  1980 ; Olsen and Woese  1993 ). The new 

technologies revolutionized the fi eld and brought 
a better understanding of how microbes contrib-
ute to every aspect of our life, from the global 
cycling of major components on our planet, such 
as carbon, nitrogen, methane, and others, down to 
every human being, who carry a sizeable amount 
of commensal gut microbiota that contribute to 
the nutrition, normal development, and health. 

 In rumen microbiology, the molecular micro-
bial ecology methods used were 16S rRNA 
hybridization (Stahl et al.  1988 ; Lin et al.  1994 ; 
Forster et al.  1997 ), RFLP (Wood et al.  1998 ), 
competitive PCR (Reilly and Attwood  1998 ; 
Kobayashi et al.  2000 ; Koike and Kobayashi 
 2001 ), denaturing gradient gel electrophoresis 
(DGGE) (Kocherginskaya et al.  2001 ), 16S 
rDNA clone libraries (Whitford et al.  1998 ; 
Tajima et al.  1999 ,  2000 ,  2001a ; Ramsak et al. 
 2000 ), real-time PCR (Tajima et al.  2001b ), and 
metagenomic analysis (Hess et al.  2011 ; Ross 
et al.  2012 ). The current genomic studies of the 
rumen-specifi c microbiota include 21 species 
belonging to 14 different bacterial families, while 
the number of the currently sequenced archaeal 
genomes is limited to 13 (Leahy et al.  2013 ). In 
terms of diversity and numbers, the rumen 
archaea represent a much smaller population, but 
the disproportionate interest in this group is 
mainly dictated by the aspirations to fi nd meth-
ane mitigation strategies that are based on 
genomic information. Given the much higher 
species richness of the bacterial community in 
the rumen, the current genome sequencing efforts 
seems insuffi cient. To address these issues, the 
Hungate1000 project has been launched (  www.
hungate1000.org.nz    ). 

 In general, the stages of gut microbiology 
development in other agricultural animals such as 
a pig have followed the same routes described 
above for the rumen. In the beginning, the pig gut 
microbiology fi eld has been based and absolutely 
relied on cultivation, identifi cation, and physio-
logical and biochemical characterization of 
microorganisms. The limitations of this approach 
in pig gut microbiology, similarly to the rumen 
microbiology, could be demonstrated by the huge 
discrepancy between the cultivated count and 
direct microscopic enumeration that have been 
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observed fairly early, even during the cultivation- 
based era (Russell  1979 ). Cultural counts of por-
cine gut bacteria averaged 56.2 % of the direct 
microscopic counts in luminal content and sur-
face layer and 20.2 % in intestinal tissue. Then 
the adoption of molecular microbial ecology 
techniques in swine gut microbiology resulted in 
a much more accurate description of this ecosys-
tem. The next part of the chapter briefl y describes 
the principal differences between the gastrointes-
tinal tract of the ruminants and a monogastric 
animal such as a pig.  

5.2     Comparison of Ruminant 
and Pig Gut 

 The porcine gastrointestinal tract is markedly dif-
ferent from that of ruminants in many aspects 
including anatomical, morphological, physiolog-
ical, and microbiological. First of all (and this is 
stated in the name of this animal group) is the 
presence of the rumen, a prominent characteristic 
of the ruminant animals. In monogastric animals, 
the stomach is a single compartment of the gas-
trointestinal tract but divided into four sections, 
the cardia, fundus, corpus, and pylorus. In the 
ruminants, the stomach is much more complex 
and consists of the four anatomically, morpho-
logically, and physiologically different compart-
ments: the rumen, reticulum, omasum, and 
abomasum. The primary function of the stomach 
in monogastric animals is the digestion of food, 
aided by the secretion of various endogenous 
proteases and hydrochloric acid, thus creating 
extremely acid environment of the stomach. The 
rumen, on the contrary, is characterized by neu-
tral pH, and it is where the microbiological fer-
mentation of plant material takes place. In 
addition to bacteria, the rumen harbors protozoa, 
archaea, and fungi, which form the microbial 
consortium that degrades plant polysaccharides, 
the nutritional value of which cannot be retrieved 
otherwise because the host lacks the necessary 
fi brolytic enzymes. The rumen fermentation in 
the fi rst 3 compartments results in the production 
of short-chain fatty acids (SCFAs), ammonia, and 
methane. Thus, the production of SCFAs by 

microbiota and their consumption by host rumi-
nants are happening in the rumen, while the cor-
responding processes in monogastric animals are 
shifted to the large intestine. The fourth rumen 
compartment, abomasum, is functionally very 
much analogous to the stomach of monogastric 
animals, the feed being digested in a similar way. 

 As portrayed in this book and elsewhere 
(White et al.  1998 ; Tajima et al.  1999 ,  2001a ; 
Ramsak et al.  2000 ; Kocherginskaya et al.  2001 ; 
Wright et al.  2006 ; Mackie et al.  2013 ), microbial 
diversity of the rumen is extraordinary and 
includes the representatives of all three domains 
of life,  Archaea ,  Bacteria , and  Eucarya . The 
microbial composition of the stomach in mono-
gastric animals such as pigs is studied much less 
because it has been thought that the harsh acidic 
environment of the stomach can be tolerated only 
by a limited number of bacterial taxonomic 
groups. This may be true for the luminal content 
of the stomach, but the mucosa-adherent micro-
bial diversity in the pig stomach is substantial 
and, in fact, even the cultivation-based approach 
can recover dominant bacterial groups belonging 
to  Lactobacillus ,  Enterobacteriaceae , 
 Enterococcus , and  Propionibacterium  (Collado 
and Sanz  2007 ). Less abundant bacteria in the pig 
stomach lining include the  Bacteroides , 
 Bifi dobacterium ,  Clostridium , and 
 Staphylococcus  genera, with a small number of 
yeast cells. Culture-independent approach can 
recover even greater diversity of bacteria associ-
ated with the stomach mucosa in pigs, with the 
groups belonging to the  Atopobium , 
 Coriobacterium , and  Eubacterium  genera as well 
as the sulfate-reducing bacteria, in addition to the 
groups recovered by the cultivation-based 
approach (Collado and Sanz  2007 ). 

 In contrast to ruminants, in the case of the por-
cine gastrointestinal tract, the numbers and 
 proportion of obligate anaerobic microbiota 
increases from the proximal to distal parts, thus 
essentially following the general trend of anaero-
bic conditions and redox potential within the ali-
mentary tract. Comparatively limited research 
has been conducted on the microbiota of the 
lower parts of the gastrointestinal system in rumi-
nants compared to the rumen microbiota. There 
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are indications that, similarly to the rumen, the 
fi brolytic bacteria can also be encountered in the 
lower parts of the gastrointestinal system of 
ruminants (Ozutsumi et al.  2005 ). In general, 
however, the bulk of degradation and fermenta-
tion of plant polysaccharides in ruminants is per-
formed in the rumen, while in monogastric 
animals, the majority of bacteria capable of plant 
polysaccharide degradation and fermentation are 
located in the large intestine. Because of this, 
bacteria similar to rumen bacteria such as those 
belonging to the genera  Ruminococcus  and 
 Megasphaera  can be found in the lower gastroin-
testinal tract of pigs. The microbiota in the large 
intestine of pigs, however, is nowhere close to the 
high effi ciency of plant material degradation 
achieved by the rumen microbiota. While the 
ruminants almost completely depend on micro-
bial fermentation in the rumen for nutritional 
needs, the products of microbial fermentation in 
the large intestine in the form of SCFAs supply 
only 10–30 % of the total energy requirements in 
pigs (Collinder et al.  2003 ). 

 The porcine gut microbiota has been exam-
ined for the complex carbohydrate degradation 
capabilities by both cultivation-based and 
cultivation- free methods. Enumeration of xylan-
olytic and cellulolytic bacteria from the fecal 
samples of 8-month-old gilts fed either a control 
or a 40 % alfalfa meal (high-fi ber) showed a sub-
stantial number of bacteria capable of degrading 
both types of substrates (Varel et al.  1987 ). The 
numbers of xylanolytic bacteria were 1.6 × 10 8  
and 4.2 × 10 8  colony-forming units (cfu)/g (dry 
weight) of feces in control pigs and pigs fed the 
high-fi ber diet, respectively. The overall numbers 
of cellulolytic bacteria were 0.36 × 10 8  and 
4.1 × 10 8  cfu/g for the control and high-fi ber fed 
pigs, respectively. The hydrolyzing activities 
were largely attributed to  Prevotella ruminicola , 
 Ruminococcus fl avefaciens , and  Fibrobacter suc-
cinogenes  suggesting similarity to the main plant 
material degraders in the rumen. 

 A recent study used a functional metagenomic 
approach to characterize the cellulolytic gene 
pool in pigs (Wang et al.  2012 ). The high-fat diet 
of pigs was supplemented with 10 % of Solka- 
Floc®-powdered cellulose in order to increase 

the carboxymethylcellulose-degrading popula-
tion. Fecal metagenomic DNA was cloned into a 
plasmid vector, and the recombinant clones were 
screened for carboxymethylcellulase activities. 
An overall hit rate was 0.14 %, resulting in isola-
tion of 11 cellulases, 4 hemicellulases, 1 polyga-
lacturonase, 1 glycoside hydrolase family, 26 
mannanase-family 5 cellulase chimeric enzyme 
gene, and 1 cellobiose phosphorylase. It is not 
clear, however, whether the original gut microbi-
ota might have already possessed the fi ber- 
degrading enzymes, without the dietary 
intervention. Besides, the high-fat diet might 
have suppressed the carbohydrate-utilizing popu-
lations of the porcine gut. 

 On the other hand, metagenomic analysis of 
the cow rumen microbiota resulted in identifi ca-
tion of 27,755 putative carbohydrate-active genes 
(Hess et al.  2011 ). Expression studies with 90 
candidate proteins demonstrated that 57 % of 
them were enzymatically active against cellu-
losic substrates. Thus, one carbohydrate-active 
gene was encountered within an average of 
9.7 Mb of rumen metagenomic DNA, while in 
the pig, a similar hit was encountered within an 
average of 23.9 Mb of porcine large intestinal 
metagenome (Wang et al.  2012 ). Thus, the preva-
lence of genes encoding for plant fi ber degrada-
tion activities in the rumen is much higher than in 
the porcine large intestine, which is in general 
agreement with the main function of the rumen as 
a specialized organ for degradation and utiliza-
tion of cellulosic plant material.  

5.3     Porcine Gut Microbial 
Diversity 

 As discussed above, the initial works describing 
the composition of the pig gut microbiota have 
been based on cultivation methods, and only later 
the culture-independent methods have been intro-
duced, the latter largely being implemented using 
the 16S rRNA gene sequence as a molecular 
marker. It is generally accepted that the charac-
terization of the microbiota by cultivation meth-
ods results in a biased representation of the gut 
microbial diversity. Factors contributing to the 
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bias include fastidious growth requirements, syn-
trophic relationships, and obligate anaerobic 
metabolism of gut microbiota, the conditions that 
are diffi cult to reproduce under laboratory 
conditions. 

 Nevertheless, the cultivation methods have 
been the only way to characterize the microbial 
diversity in the early days of gut microbiology, 
and these investigations resulted in important ini-
tial glimpses at the complex and rich diversity of 
microbiota inhabiting the gut. It has been estab-
lished that, normally, the feces of adult mammals 
contain bacteria belonging to  Bacteroidaceae , 
 Eubacterium ,  Peptococcaceae ,  Spirillaceae , 
 Lactobacillus  and  Bifi dobacterium , 
 Enterobacteriaceae , and  Streptococcus  
(Mitsuoka and Kaneuchi  1977 ). The correspond-
ing cultivation-based studies in pigs uncovered 
the presence of the  Streptococcus ,  Lactobacillus , 
 Eubacterium ,  Fusobacterium ,  Bacteroides , 
 Peptostreptococcus ,  Bifi dobacterium , 
 Selenomonas ,  Clostridium ,  Butyrivibrio , and 
 Escherichia  genera in the gut (Moore et al.  1987 ). 
The microbiota composition in pigs is also 
dependent on the site sampled and cultivation 
media used (Allison et al.  1979 ; Robinson et al. 
 1981 ). Robinson and coworkers found that bacte-
ria in the porcine cecum belong to the  Bacteroides , 
 Selenomonas ,  Butyrivibrio ,  Lactobacillus , 
 Peptostreptococcus , and  Eubacterium  genera 
(Robinson et al.  1981 ). Gastrointestinal diseases 
in pigs drastically change the composition of the 
gut microbiota. For example, severe dysentery in 
pigs shifts the bacterial composition in the colon 
towards the predominance of Gram-negative bac-
teria (88 %), while in healthy pigs it is dominated 
by Gram-positive bacteria (71 %) (Robinson 
et al.  1984 ). 

 Introduction of molecular ecology tools into 
the porcine gut microbiology area broadened our 
knowledge on microbial diversity in this ecosys-
tem. The fi rst works published in the fi eld 
included the use of denaturing gradient gel elec-
trophoresis (DGGE) and sequencing of the 16S 
rRNA gene libraries (Pryde et al.  1999 ; Simpson 
et al.  1999 ). Unless sequenced, the bands on 
DGGE gels represent only the visual diversity of 
gut microbiota and allow visual monitoring of 

changes in the microbiota profi les, if any. Another 
drawback is that the diversity displayed is 
restricted to the most abundant phylotypes pres-
ent and the rare phylotypes are not detected. For 
these reasons, DGGE is rarely used in contempo-
rary gut microbiota analyses. Sequencing of the 
16S rRNA gene libraries, on the other hand, 
becomes a method of choice in analysis of many 
microbial ecosystems, especially with the intro-
duction of next-generation sequencing platforms. 
The fi rst systematic and large-scale characteriza-
tion of gut microbiota in pigs using a culture- 
independent approach was performed by Leser 
and coworkers ( 2002 ). They analyzed the bacte-
rial composition in the contents of the ileum, 
cecum, and large intestine from 24 pigs reared in 
different environments using the 16S rRNA gene 
clone libraries. In total, 4,270 clones were ana-
lyzed that belonged to the  Firmicutes , 
 Bacteroidetes ,  Actinobacteria , and 
 Proteobacteria  phyla. Of these, the  Firmicutes  
(also formerly called the low G + C Gram-positive 
bacteria) were dominant (81 %). At the phylo-
type level, however, only 17 % of sequences were 
suffi ciently similar to that of the cultivated 
strains, thus allowing taxonomic affi liation at the 
species level. But the remaining 83 % of 
sequences had the level of similarity with refer-
ence species below the threshold suggesting that 
the vast majority of bacterial species and strains 
in the pig gut are unknown. These results sug-
gested that the microbial diversity in the porcine 
intestine is much more rich and complex than 
previously anticipated on the basis of cultivation 
studies. 

 Further studies of the porcine gut microbial 
diversity employed the next-generation sequenc-
ing techniques that allow much better coverage 
of microbial diversity because of deep sequenc-
ing. Dowd and coworkers used a pyrosequencing 
approach to investigate the bacterial diversity in 
the ileum of newly weaned piglets (Dowd et al. 
 2008 ). Besides the ubiquitous sequences related 
to  Clostridium  spp.,  Lactobacillus  spp., and 
 Helicobacter  spp., what they found was a pleth-
ora of other sequences, with the predicted diver-
sity of as many as 821 different species associated 
with the ileum of piglets. 
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 A total of 1,031,130 16S rRNA sequences 
were retrieved in a recent longitudinal study of 
pig fecal microbiomes of 20 pigs from two com-
mercial farms in the USA (Kim et al.  2011 ). The 
majority of sequences were classifi ed into fi ve 
bacterial phyla,  Firmicutes ,  Bacteroidetes , 
 Proteobacteria ,  Actinobacteria , and 
 Spirochaetes , with the fi rst 2 contributing to the 
90 % of the overall diversity. At the genus level, 
 Prevotella  was predominant representing up to 
30 % of all classifi able sequences when the pigs 
were 10 weeks of age. At 22 weeks of age, the 
proportion of  Prevotella  decreased to 3.5–4.0 %, 
accompanied by the increase of  Anaerobacter . 
Similarly, at the higher taxonomic level, the pro-
portion of the  Firmicutes  increased, whereas the 
proportion of bacteria in the phylum  Bacteroidetes  
decreased as the pigs aged (Kim et al.  2011 ). This 
investigation suggested that the porcine fecal 
microbiome is not static after reaching the adult 
confi guration but continues to restructure during 
aging. 

 A recent large-scale assessment of the porcine 
gut mucosal microbiota retrieved 447,849 16S 
rRNA sequences, which were clustered into 997 
operational taxonomic units (OTUs) (Mann et al. 
 2014 ). OTUs were assigned to 198 genera 
belonging to 14 different phyla. This study dis-
covered a previously unknown high diversity and 
species richness at the  pars nonglandularis  of the 
stomach and revealed a distinct mucosa- 
associated bacterial community at different gut 
sites. 

 The limitation of the 16S rRNA gene-based 
approach in molecular ecology is that it provides 
mostly a community structure information but is 
limited in terms of the functionality and meta-
bolic activities of microbiota. A more straightfor-
ward approach to assess the metabolic and other 
functional properties of various microbiota is the 
metagenomic approach (Hugenholtz and Tyson 
 2008 ). This approach, for example, in application 
to human gut metagenomes identifi ed 237 gene 
families commonly enriched in adult-type and 
136 families in infant-type microbiomes, with a 
little overlap, suggesting that these gene sets 
encode the core functions of the adult- and infant- 
type gut microbiota (Kurokawa et al.  2007 ). 

 A recent metagenomic study of the swine 
fecal microbiota revealed that this ecosystem is 
exceptionally enriched by genes encoding resis-
tance to antibiotics and carbohydrate metabolism 
(Lamendella et al.  2011 ). Up to 13 % of sequences 
were related to carbohydrate metabolism; genes 
associated with stress, virulence, cell wall, and 
cell capsule were also abundant. The abundance 
of antibiotic-resistant genes in the porcine gut 
microbiota may be explained by the fact that the 
animal feed in this study was routinely supple-
mented with feed-grade antibiotics for the 
improvement of growth performance (Lamendella 
et al.  2011 ). These antibiotics consisted of chlor-
tetracycline and penicillin at the concentration of 
20 g per ton of feed. Interestingly, hierarchical 
clustering based on taxonomy and functional 
gene repertoire suggested a close relationship of 
the swine gut microbiome with the intestinal 
microbiomes of chickens and the cow rumen. 
This observation possibly refl ects the dietary 
infl uence in these animals, which consume 
mostly plant-based diets. 

 The composition of the porcine gut has been 
mainly studied for the occurrence and diversity 
of the  Bacteria  representatives .  But this ecosys-
tem also harbors the representatives of the other 
two domains of life, the  Archaea  and  Eukarya . 
Molecular diversity of the fecal  Archaea  has been 
recently assessed in Erhualian (obese type) and 
Landrace (lean type) pigs using a 16S rRNA gene 
library approach (Luo et al.  2012a ). The majority 
of archaeal sequences (59.4–96.6 %) were asso-
ciated with the  Methanobrevibacter  genus, with 
the rest belonging to the genus  Methanosphaera.  
The lean breed harbored a higher diversity and 
density of fecal methanogens compared to the 
obese breed. 

 Diversity of the  Eukarya  in the fecal microbi-
ota of unweaned and weaned piglets was accessed 
by cultivation as well as by the amplifi cation of 
the D1 domain of the 26S rRNA gene followed 
by separation of the resulting amplicons by 
DGGE (Urubschurov et al.  2011 ). Among the 
cultured yeast isolates,  Kazachstania slooffi ae  
was the dominant species. Establishment of 
yeasts, especially  K. slooffi ae , in the porcine gas-
trointestinal tract essentially coincided with the 
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consumption of grain-based feed suggesting the 
importance of diet in the maintenance of yeast 
populations. Interestingly,  K. slooffi ae  was the 
only yeast species detected by PCR-DGGE, thus 
supporting our previous notion in the chapter that 
this technique is suitable only for the detection of 
the major microbiota representatives, while the 
minor components may be easily missed. In this 
regard, cultivation using selective media may 
offer a better detection of minor microbiota 
representatives. 

 Besides the viruses implicated in pig diseases 
such as porcine epidemic diarrhea virus, porcine 
kobuvirus, porcine bocavirus, porcine group A 
rotavirus, and transmissible gastroenteritis virus, 
there is also an endogenous viral diversity in the 
gut of apparently healthy pigs. Thus, the fecal 
virome of the healthy and diarrheic piglets on a 
high-density farm was recently examined by 
Shan and coworkers using a metagenomic 
approach (Shan et al.  2011 ). The vast majority, 
99 %, of the viral sequences were related to the 
RNA virus families  Picornaviridae ,  Astroviridae , 
 Coronaviridae , and  Caliciviridae , with the rest 
related to the small DNA virus families 
 Circoviridae  and  Parvoviridae . Interestingly, the 
viral load was not markedly different in healthy 
and diarrheic piglets: the former shed an average 
of 4.2 different mammalian viruses, while the lat-
ter shed an average of 5.4 different mammalian 
viruses. An essentially similar diversity of the pig 
fecal virome encompassing the families 
 Astroviridae ,  Caliciviridae ,  Coronaviridae , 
 Arteriviridae ,  Picornaviridae ,  Picobirnaviridae , 
and  Parvoviridae  was recently reported in another 
study (Lager et al.  2012 ).  

5.4     Microbial Diversity 
at Different Sites 
of the Porcine Gut 

 Most of our knowledge regarding the porcine gut 
microbiology has been obtained by analyzing 
fecal samples, which supposedly represent the 
luminal content of the large intestine (Stewart 
 1997 ). Relatively little information is available 
regarding the  in situ  situation in other parts of the 

porcine gastrointestinal tract. In pigs, the gastro-
intestinal tract consists of the esophagus, the 
stomach, the small intestine (duodenum, jeju-
num, and ileum), and the large intestine (cecum, 
colon, and rectum). There is a gradient of micro-
biota concentration in the gut that increases from 
the upper to the lower parts of the gastrointestinal 
tract. In the pig esophagus, lactobacilli and strep-
tococci are closely associated with the squamous 
area known as the  pars esophagea  (Fuller et al. 
 1978 ). At this site,  Lactobacillus fermentum ,  L. 
salivarius , and  Streptococcus salivarius  are more 
frequent in the suckling pigs, while in the weaned 
pigs,  L. acidophilus  and  S. bovis  are dominant. 
Besides the lactic acid bacteria such as  L. muco-
sae  the esophageal mucosa may also harbor 
 Enterococcus faecium  and  Weissella cibaria  (Dr. 
Tohno, personal communication). Interestingly, 
the total viable count of bacteria adhered to per 
gram of the  pars esophagea  tissue in pigs is not 
different from the other tissues along the gastro-
intestinal tract (Krause et al.  1995 ). This suggests 
that the density of the adherent bacteria is largely 
independent from the density of bacteria in the 
lumen. 

 The luminal content of the stomach and small 
intestine are thought to harbor low numbers of 
microorganisms that can persist under the condi-
tions of extreme pH (acidic in the stomach and 
alkaline in the small intestine), pancreatic juices, 
bile, and high passage rates. Indeed, in the pig 
stomach, the numbers of dominant acid-tolerant 
lactobacilli and streptococci rarely exceeds 10 3 –
10 5  cfu/g of the luminal content (Canibe et al. 
 2005 ). In the small intestine and particularly in 
the ileum, the numbers may reach up to 10 8  cfu/g 
of the luminal content. In our estimates of micro-
bial molecular diversity in the porcine ileum by 
the use of 16S rRNA gene clone libraries, the 
sequences belonged to  L. acidophilus ,  L. crispa-
tus ,  L. delbrueckii ,  L. fermentum ,  L. johnsonii ,  L. 
reuteri , and  L. vaginalis  (Tajima et al.  2010a ). 

 The lower parts of the gut, the cecum and 
colon, are characterized by normal pH, slower 
passage rates, and, in general, higher nutrient 
availability. Thus, the distal parts of the porcine 
gut are inhabited by more stable, diverse, and 
dense microbiota, with the numbers reaching up 
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to 10 12  cfu/g of digesta (Pryde et al.  1999 ; Gaskins 
 2001 ). The majority of cultivated bacteria belong 
to the genera  Streptococcus ,  Lactobacillus , 
 Peptostreptococcus ,  Clostridium ,  Prevotella , and 
 Bacteroides . Our analysis of the porcine cecum 
content by using a 16S rRNA clone library 
approach has established that the molecular 
diversity in this section of the gut is substantially 
higher (Tajima et al.  2010a ). In addition to lacto-
bacilli ( L. acidophilus ,  L. crispatus ,  L. fermen-
tum ,  L. johnsonii ,  L. reuteri , and  L. vaginalis ), 
the representatives of other taxonomic groups 
included  Dorea ,  Coprococcus ,  Roseburia , 
 Lachnospiraceae ,  Ruminococcus ,  Faecali-
bacterium ,  Subdoligranulum , and  Bacteroides.  
The pig colon, analyzed by 16S rRNA gene clone 
libraries, demonstrated an overwhelming domi-
nance of the  Firmicutes  (70–88 %), with much 
lower proportions of  Bacteroidetes  (4–25 %), 
 Spirochaetes  (1–3 %),  Actinobacteria  (0–2 %), 
 Proteobacteria  (0–1 %),  Verrucomicrobia  (0–1 %), 
 Acidobacteria  (0–1 %), and unclassifi ed bacteria 
(0–6 %) (Tajima et al.  2010b ). These fi ndings 
have been confi rmed by others as well (Isaacson 
and Kim  2012 ). 

 The use of quantitative PCR (qPCR) to assess 
the relative numbers of bacteria in the stomach, 
small intestine, and large intestine of weaned pig-
lets confi rmed earlier observations that the large 
intestine possesses a signifi cantly higher total 
bacterial count compared to the stomach and 
ileum (Metzler-Zebeli et al.  2013 ). While the 
 Lactobacillus  group was dominant in the stom-
ach and ileum, the anaerobic  Firmicutes  and 
 Bacteroidetes  were dominant in the large intes-
tine. Thus, regarding the luminal microbiota con-
tent along the porcine gut, there is a general 
consensus that the majority (>90 %) of the bacte-
ria in the pig large intestinal microbiome belong 
to the  Firmicutes  and  Bacteroidetes  phyla, 
whereas the ileum may have a larger proportion 
(up to 40 %) of the  Proteobacterium  representa-
tives (Isaacson and Kim  2012 ). 

 As mentioned above, there are substantial dif-
ferences between the mucosa-adherent and lumi-
nal bacterial populations in the porcine gut (Pryde 
et al.  1999 ). The microbial composition of the 
stomach in monogastric animals such as pigs has 

been studied much less in the past because of the 
prevailing assumption that the high passage rate 
and harsh acidic environment of the stomach can 
be tolerated only by a limited number of microor-
ganisms. This may be true for the luminal content 
of the stomach, but the mucosa-adherent micro-
bial diversity in the pig stomach is considerable 
and, in fact, even the cultivation-based approach 
can recover dominant bacterial groups belonging 
to  Lactobacillus ,  Enterobacteriaceae , 
 Enterococcus , and  Propionibacterium  (Collado 
and Sanz  2007 ). Less abundant bacteria in the pig 
stomach lining include the  Bacteroides , 
 Bifi dobacterium ,  Clostridium , and  Staphyl-
ococcus  genera, with a small number of yeast 
cells. Culture-independent approach can recover 
even greater diversity of bacteria associated with 
the stomach mucosa in pigs, with the groups 
belonging to the  Atopobium ,  Coriobacterium , 
and  Eubacterium  genera, as well as the sulfate-
reducing bacteria, in addition to the groups 
recovered by the cultivation-based approach 
(Collado and Sanz  2007 ). 

 Assessment of the mucosal bacterial popula-
tions in the pig gut by the pyrosequencing 
approach revealed unexpectedly high diversity 
and species richness at the  pars nonglandularis  
of the stomach in weaned pigs (Mann et al.  2014 ). 
Most of the sequences belonged to the  Firmicutes , 
with four highly abundant OTUs matching 
 Lactobacillus  sequences (e.g.,  L. johnsoni ,  L. 
amylovorus ,  L. delbrueckii , and  L. mucosae ). 
They accounted for over 50 % of sequences at 
this site and were signifi cantly increased 
 compared to the lower gut sites. Surprisingly, 
 Prevotella -related OTUs (exemplifi ed by culti-
vated  P. copri ), which are usually functionally 
associated with complex carbohydrate degrada-
tion, can also be recovered from this site (Mann 
et al.  2014 ). 

 Besides the role in nutrition, the small intes-
tine is also a focal point of mucosal immunity, 
which includes organized and diffused tissues 
(Neutra  1998 ). The former includes mesenteric 
lymph nodes and Peyer’s patches. Multiple 
Peyer’s patches are located in the terminal part of 
the small intestine, the ileum, and they actually 
assist as a discriminating anatomical feature of 
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the ileum from the duodenum and jejunum. 
Peyer’s patches are the main antigen sampling 
points in the gut, involved in acquisition of anti-
gens from the lumen and delivering them to the 
antigen-presenting cells. In this process, luminal 
antigens are transported across the follicle- 
associated epithelium of the Peyer’s patches via 
specialized microfold cells or by a paracellular 
route. In the Peyer’s patches, antigens are sam-
pled by dendritic cells, which then migrate to the 
mesenteric lymph nodes and present the antigens 
to naïve T cells. This results in T cells activation, 
differentiation, relocation, and initiation of 
immune responses. In our investigations, we 
established that the mucosal lining of the lower 
parts of the gastrointestinal tract of pigs such as 
the ileum is associated with bacterial diversity 
dominated by lactic acid bacteria belonging 
to  Lactobacillaceae, Leuconostocaceae, 
Streptococcaceae , and, in lower abundance, 
 Enterococcaceae  and  Aerococcaceae  (Schmidt 
et al.  2011 ). Thus, the most abundant phylotypes 
belonged to the  Firmicutes  (67.5 % of all 
sequences), followed by the  Proteobacteria  
(17.7 %),  Bacteroidetes  (13.5 %), and 
 Actinobacteria  (0.1 %). 

 Another approach, targeting metabolically 
active populations of the ileal mucosal surfaces 
of pigs, was implemented by us using the RNA- 
based methodology (Tajima et al.  2013 ). Mucosal 
samples of the terminal ileum were collected 
from 45 weaned piglets, and, after RNA extrac-
tion, an RT-PCR-based method was used to 
retrieve the 16S rRNA gene sequences. Clone 
libraries were constructed, cloned DNA inserts 
sequenced, and the resulting sequences subjected 
to similarity search and phylogenetic analysis. 
Surprisingly, the predominant bacterial sequences 
were identifi ed as segmented fi lamentous bacte-
ria (SFB), which are still uncultivated but func-
tionally are well recognized as potent stimulators 
of Th17 cell differentiation and proliferation. 
SFB contribute to the increase in the number of 
αβ intraepithelial lymphocytes (IELs), the mitotic 
activity and ratio of number of columnar cells to 
goblet cells, and induce MHC class II in small 
intestinal epithelial cells (Umesaki et al.  1995 ). 
SFB also interact with intraepithelial mononu-

clear cells in Peyer’s patches (Meyerholz et al. 
 2002 ) and stimulate SIgA production (Klaasen 
et al.  1993 ; Talham et al.  1999 ). Other sequences 
from the ileal mucosal clone libraries were asso-
ciated with  Helicobacter rappini ,  Clostridium 
colinum ,  C. disporicum ,  L. johnsonii , and  L. 
amylovorus  (Tajima et al.  2013 ).  Helicobacter- 
related   OTUs such as those similar to  H. rappini  
were also recovered from the ileal mucosa of pigs 
in another study (Mann et al.  2014 ). The role of 
helicobacteria in human gastrointestinal diseases 
is well established, but the consequences of colo-
nization of the pig ileal mucosa by this group of 
bacteria are presently unknown. 

 As mentioned above, the mucosa-adherent 
community of lactobacilli is very similar in terms 
of abundance and diversity along the porcine gas-
trointestinal tract (see also Krause et al.  1995 ). 
Microbial molecular diversity analyses of biopsy 
samples from the human colon performed by 
Zoetendal and coworkers ( 2002 ) established that 
the predominant bacterial communities from dif-
ferent locations of the colon are similar to each 
other, but are signifi cantly different compared to 
fecal samples of the same subject. Mucosal sur-
faces of the pig gut are also associated with dis-
tinct populations that are present at different gut 
sites and include the  Lactobacillus ,  Prevotella , 
and  Helicobacter  genera (Mann et al.  2014 ). At 
the same time, the luminal contents harbor a sub-
stantially different microbial diversity, especially 
in the distal gut (Leser et al.  2002 ; Tajima et al. 
 2010b ; Isaacson and Kim  2012 ). 

 These observations suggest that mucosa- 
associated and luminal microbial populations are 
dissimilar and may play different functional roles 
in the gut. Given the probiotic potentials of lactic 
acid bacteria, their close association with the gut 
mucosa may confer health benefi ts to the host. 
This suggestion is supported by recent experi-
ments that included the incubation of porcine 
intestinal epithelial cells with lactic acid bacteria 
(Hosoya et al.  2011 ; Shimazu et al.  2012 ). In par-
ticular, exposure of the porcine intestinal epithe-
liocyte cell line to  Lactobacillus casei  
MEP221106 benefi cially regulated the antiviral 
immune response triggered by poly(I:C) stimula-
tion (Hosoya et al.  2011 ). Another  Lactobacillus  
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species,  L. jensenii , elicited a potent anti- 
infl ammatory activity in porcine intestinal epi-
thelial cells (Shimazu et al.  2012 ). This effect is 
achieved by modulating the negative regulators 
of the Toll-like receptor-signaling pathway, 
namely, A20, Bcl-3, and MKP-1.  

5.5     Colonization and Succession 
of Microbiota 
in the Porcine Gut 

 Our knowledge regarding the dynamics of micro-
biota composition of the gastrointestinal tract 
during the pig ontogeny is rather limited. In gen-
eral, however, the dynamics of gut colonization is 
remarkably similar in humans, chicken, pigs, and 
cows (Mackie et al.  1999 ), thus complementing 
the insuffi cient knowledge on colonization and 
succession in the porcine gut by other models. 
The important factors governing colonization 
and succession of microbiota can be internal such 
as host genetics and immunity and external such 
as diet and environmental microbial load. In gen-
eral,  in utero  conditions are considered to be ster-
ile, although there are some observations 
contradicting this assumption and suggesting that 
gut colonization may start before birth (Jiménez 
et al.  2008 ; Satokari et al.  2009 ; Hong et al.  2010 ; 
Mshvildadze et al.  2010 ; Gosalbes et al.  2013 ). 
It needs to be emphasized here that the presence 
of bacteria in the latter cases has been detected by 
molecular methods; the cultivation-based 
approach is less sensitive and can give negative 
results on the samples that are found to be posi-
tive for bacteria by molecular tools. The bacteria 
consistently detected in the meconium of new-
borns are lactic acid bacteria and enterobacteria, 
with less frequently detected enterococci, strep-
tococci, and staphylococci. 

 Previous cultivation-based studies (Smith 
 1965 ) demonstrated the presence of  Escherichia 
coli ,  Lactobacillus , and  Streptococcus  in the 
stomach and small intestine 3 h after birth. In the 
large intestine, these bacteria are detectable 12 h 
after birth. The obligate anaerobic bacterium, 
 Bacteroides , is not found in the stomach or small 
intestine, but it is found in the large intestine 2 

days after birth. Thus, the initial colonization by 
aerobes and facultative anaerobes allows deplet-
ing oxygen in the pig gastrointestinal tract and 
creating the suitable conditions for the subse-
quent colonization by obligate anaerobes (Swords 
et al.  1993 ). 

 Inoue and coworkers analyzed the rectal 
microbiota of pigs from the fi rst day after birth, at 
weaning, and post-weaning until the grower stage 
(49 days) using the PCR-TGGE technique (Inoue 
et al.  2005 ). The results demonstrated that the 
bacterial diversity as judged by the number of 
bands on TGGE gels continuously increases 
immediately after birth and becomes more diver-
sifi ed. The diversity is reduced temporarily at 
weaning, but later it is increasing again, and by 
day 49, the diversity values are three times higher 
compared to the fi rst day after the birth. The anal-
ysis also showed that  Clostridium perfringens  
disappears rapidly by day 7 following birth and 
coliform bacteria disappears by day 25 after 
birth. As discussed before, these changes are 
thought to be due to the establishment of the 
anaerobic conditions in the gut allowing the 
growth of obligate anaerobic bacteria such as 
 Bacteroides.  

 Similarly to other mammals, one of the impor-
tant factors governing the initial colonization 
stages in the porcine gut is the milk-based nutri-
tion. During the suckling period, the dominant 
bacterial groups include lactobacilli and strepto-
cocci that are able to utilize milk substrates such 
as oligosaccharides. Although present at this 
stage, the numbers of clostridia, eubacteria, bifi -
dobacteria, and  Bacteroides  are lower (Mackie 
et al.  1999 ). Another important factor in pig gut 
colonization is the host-microbiota interaction 
implemented via the signaling components of the 
microbiota and the immune system. Similarly to 
other newborn mammals, the pig immune system 
is Th2-biased and possesses very few immune 
cells. At this stage, immunoglobulins supplied by 
the mothers’ milk provide the protection against 
invading pathogens and also affect the composi-
tion of the commensal gut microbiota. 

 The most crucial stage in the development of 
pigs is the immediate post-weaning period. It is 
characterized by the increased morbidity and 
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mortality rates, which results in major economic 
losses to the pig industry. The estimates for the 
EU countries revealed that the mortality rate at 
weaning is about 17 % of the pig population, and 
a considerable part of it is due to the gastrointes-
tinal infections (Lalles et al.  2007 ). The current 
intensive farming practices resulted in the change 
of weaning to the earlier time, thus exposing the 
infection-susceptible piglets with immature 
immune system to potential pathogens. Another 
dramatic impact in this period is the stress caused 
by separation from the mother and changing 
environment. This is topped with the introduction 
to solid feed that leads to the reduced feed intake, 
change in dietary antigens, removal of the 
immune protection by immunoglobulins in the 
mother’s milk, and drastic changes in gut micro-
biota. The main factor governing microbiota suc-
cession is the shift in nutrition, with the 
introduction of solid feed and the switch from the 
lipid- and protein-rich milk to the carbohydrate- 
rich diet. This nutritional switch contributes to 
the increased diversity of gut microbiota (Inoue 
et al.  2005 ), and it becomes more closely resem-
bling the adult microbiota, with the prevalence of 
the two major phyla,  Bacteroidetes  and  Firmicutes  
(Swords et al.  1993 ; Mackie et al.  1999 ). The 
prevalence of these two phyla in feces of pigs 
after weaning has been confi rmed also by inde-
pendent cultivation-free approaches using the 
16S rRNA gene libraries and metagenomics 
(Tajima et al.  2010b ; Lamendella et al.  2011 ). In 
the metagenomic approach, it has been estab-
lished that the carbohydrate-rich diet forms a dis-
tinct gene repertoire in the swine distal gut, which 
is highly enriched in genes encoding carbohy-
drate metabolism proteins as well as proteins 
with homology to putative carbohydrate mem-
brane transporters (Lamendella et al.  2011 ). 

 It is well known that the exposure to certain 
bacteria drives the further development of the 
immune system. For example, the previously dis-
cussed clostridial group, SFB, largely drives the 
differentiation and expansion of Th17 cells, 
while  Bacteroides  contributes to the development 
of the regulatory T helper cells. The abundance 
of the SFB on the ileal mucosal surfaces of pig-
lets has been found by us using an RNA-based 

approach (Tajima et al.  2013 ). Although yet to be 
cultivated, the role of SFB in the maturation of 
gut immune system in rodents as well as the 
molecular mechanisms of this process have been 
well established (Klaasen et al.  1993 ; Umesaki 
et al.  1995 ; Talham et al.  1999 ; Meyerholz et al. 
 2002 ; Schnupf et al.  2013 ). SFB genomes from 
the rat and mouse hosts have been sequenced and 
demonstrated a substantial degree of genome 
reduction, with highly auxotrophic needs and 
adaptations to the intestinal environment (Prakash 
et al.  2011 ; Sczesnak et al.  2011 ). Our phyloge-
netic analysis with the 16S rRNA genes of SFB 
from mice, rats, pigs, humans, and rainbow trout 
suggested that these bacteria are host-specifi c 
and cluster accordingly to the host from which 
they have been isolated (Tajima et al.  2013 ). 
Although the functions of SFB in the porcine gut 
may be similar to the better-studied rodent mod-
els, this assumption has to be independently veri-
fi ed by direct experiments in pigs. 

 As discussed above, even after reaching the 
adult confi guration, the composition of the pig 
intestinal microbiota is changing, at least in the 
large intestine (Kim et al.  2011 ). From 10 to 22 
weeks of age, the proportion of the  Bacteroidetes  
is decreasing, with the concomitant increase of 
the  Firmicutes . The genera that are mostly 
responsible for this shift belong to  Prevotella  (in 
the  Bacteroidetes  phylum) and  Anaerobacter  (in 
the  Firmicutes  phylum). Principal coordinate 
analysis of the OTUs shows a tight clustering of 
animals of the same age compared to animals of 
different ages. Since the animals in this study 
have been maintained on the same diet during the 
trial, the microbiota changes may refl ect the 
changes in host metabolism and physiology asso-
ciated with the aging process (Kim et al.  2011 ).  

5.6     Antibiotic Effects on Pigs 
and Porcine Gut Microbiota 

 The fi rst report suggesting that the low-dose anti-
biotics, streptomycin and sulfasuxidine, in feed 
cause the increased weight gain in food animals 
(in this case, chickens) appeared in 1946 (Moore 
et al.  1946 ). This was followed by the discovery 
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of growth-promoting properties of another anti-
biotic, aureomycin, on poultry (Stokstad et al. 
 1949 ; Stokstad and Jukes  1950 ). Further investi-
gations established that the addition of strepto-
mycin in combination with vitamin B 12  to the 
feed substantially increases weight gain perfor-
mance in young pigs (Luecke et al.  1950 ). Since 
then the use of subtherapeutic antibiotics in food 
animal industry (and particularly in pigs) rapidly 
gained a worldwide acceptance aimed at the pro-
motion of growth and enhancement of feed con-
version effi ciency (Jukes  1972 ; Kiser  1976 ). In 
fact, more than a half of antibiotics produced in 
the USA are used in agriculture (Lipsitch et al. 
 2002 ). 

 The metaphylactic use of antibiotics in pigs 
mainly tackles the high morbidity and mortality 
rates during the weaning period as well as possi-
ble infection spread during all stages of pig pro-
duction. The intensive and highly industrialized 
pig production systems dictated earlier weaning 
ages, thus exposing vulnerable piglets with 
underdeveloped immune system to potential 
pathogens. Besides the viral infections caused by 
porcine epidemic diarrhea virus, porcine kobuvi-
rus, porcine bocavirus, porcine group A rotavi-
rus, and transmissible gastroenteritis virus, many 
other gastrointestinal diseases of pigs are of bac-
terial origin and include  E. coli ,  C. perfringens , 
 Lawsonia intracellularis ,  Salmonella enterica , 
and  Brachyspira  ( Serpulina ) spp. infections 
(Moxley and Duhamel  1999 ). The preventive use 
of antibiotics to control the diseases of the wean-
ing period has been widespread (Anderson et al. 
 2000 ; Dritz et al.  2002 ), and in fact they are still 
in the use for this purpose in many countries. 

 At the same time, there have been many dis-
putes concerning potential dangers of this prac-
tice such as a contributing factor to the emergence 
of antibiotic-resistant human and animal patho-
gens (Swann  1969 ; Levy  2002 ; Wegener  2003 ; 
Singer et al.  2003 ; Angulo et al.  2004 ). As a pre-
cautionary measure, Sweden banned all growth- 
promoting antibiotics for all food animals in 
1988; this was followed by the ban on avoparcin 
and virginiamycin in Denmark in 1995 and 1998, 
correspondingly (Casewell et al.  2003 ). The 
European Union (EU) banned the use of avopar-

cin in 1997, and the four remaining antibiotics 
used for growth promotion (bacitracin, spiramy-
cin, tylosin, and virginiamycin) were banned in 
1999. The complete ban on all growth-promoting 
antibiotics in agricultural animals in the EU came 
into effect in 2006 (Anadon  2006 ). In the USA, 
the Food and Drug Administration released a 
draft guidance in 2012, which recommends the 
farmers a judicious use of medically important 
antibiotics in food animals but on the voluntary 
basis (  http://www.fda.gov/downloads/animalvet-
erinary/guidancecomplianceenforcement/guid-
anceforindustry/ucm216936.pdf    ). 

 Despite the long-term practice and a lot of 
research devoted to the clarifi cation of action of 
growth-promoting subtherapeutic antibiotics, the 
exact mechanisms of their action still remain 
unclear. The mechanisms initially proposed by 
Wallace ( 1970 ) included metabolic effect, nutri-
ent sparing effect, and disease control effect. 
Recently we hypothesized that there might be 
also the direct effect of antibiotics on the host 
(Aminov  2013 ). 

 As discussed earlier, antibiotics in the swine 
industry have been largely used for growth- 
promoting and metaphylactic purposes. Besides 
the obvious selective effects of antibiotics result-
ing in the amplifi cation of the antibiotic resis-
tance gene pool among the gut inhabitants, 
antibiotics also alter the structure of gut popula-
tions. From the time of the discovery of the 
growth-promoting properties of tetracycline anti-
biotics, they remained one the most popular 
growth promoter additives in the swine industry. 
Chlortetracycline fed at concentration of 50 mg/
kg of feed to weaning piglets results in three 
major shifts of ileal microbial populations: a 
decrease in  Lactobacillus johnsonii , an increase 
in  L. amylovorus , and a decrease in  Turicibacter  
phylotypes (Rettedal et al.  2009 ). 

 Another most popular antibiotic in the pig 
industry of the USA is a macrolide antibiotic 
tylosin, which has multipurpose applications 
including growth promotion (grower and fi n-
isher pigs), metaphylaxis, and infectious disease 
treatment, in particular caused by  L. intracellu-
laris  (Dewey et al.  1999 ) .  The effect of continu-
ous tylosin administration or the rotation of fi ve 
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other antibiotic combinations (chlortetracycline, 
sulfathiazole, and penicillin; bacitracin and rox-
arsone; lincomycin; carbadox; and virginiamy-
cin) on the porcine ileal microbiota was studied 
in 5-week- old barrows using PCR-DGGE 
approach followed by sequencing of DGGE 
bands (Collier et al.  2003 ). All antibiotics 
decreased the total number of bacteria in the 
ileum, while tylosin treatment increased the per-
centage of lactobacilli. The authors hypothesized 
that suppression of bacteria by antibiotics may 
reduce host-related intestinal or immune 
responses, thus diverting more energy for 
growth, while the selection of lactobacilli by 
tylosin may offer health benefi ts associated with 
this group of bacteria. 

 Another study of the effect of tylosin (at the 
commonly used growth-promoting concentration 
of 40 g/t of feed) on pig fecal microbiota used the 
amplifi cation of the V3 hypervariable region of 
bacterial 16S rRNA genes followed by pyrose-
quencing of the resulting amplicons (Kim et al. 
 2012 ). At the phylum level, there was no signifi -
cant difference between the tylosin-treated and 
tylosin-free groups regarding the proportion of 
the major phyla represented by the  Firmicutes , 
 Bacteroidetes ,  Spirochaetes ,  Actinobacteria , 
 Proteobacteria , TM7, and unclassifi ed phyla. 
The differences began to be evident at the lower 
taxonomic level: a total of 12 differentially abun-
dant genera were identifi ed at the genus level. 
The six most abundant genera consisted of 
 Prevotella ,  Lactobacillus ,  Sporacetigenium , 
 Megasphaera ,  Blautia , and  Sarcina , and the less 
abundant genera consisted of  Barnesiella , 
 Mitsuokella ,  Acetanaerobacterium , 
 Anaerosporobacter ,  Succinivibrio , and 
 Eggerthella. Lactobacillus ,  Sporacetigenium , 
 Acetanaerobacterium , and  Eggerthella  were 
detected more frequently in the tylosin-fed group, 
while the others were more frequent in the 
tylosin- free animals. The increase of 
 Lactobacillus  in antibiotic-treated pigs has been 
noticed in other works as well (Collier et al. 
 2003 ; Rettedal et al.  2009 ; Looft et al.  2012 ). 

 One of the popular drug mixes routinely used 
in the US pig industry for growth-promoting pur-
poses and for the treatment of bacterial enteritis 

is ASP250, which consists of chlortetracycline, 
sulfamethazine, and penicillin (Looft et al.  2012 ). 
The impact of ASP250 on the swine gut micro-
biota was investigated using the phylogenetic, 
metagenomic, and quantitative PCR-based 
approaches (Looft et al.  2012 ). The ASP250 
treatment resulted in the decrease of bacteria 
belonging to the  Bacteroidetes  phylum. At the 
genus level, there was a signifi cant increase in 
 Proteobacteria , which was largely driven by the 
increase of  E. coli  populations. The negative 
responders to the drug mix were  Anaerobacter , 
 Barnesiella ,  Papillibacter, Sporacetigenium , and 
 Sarcina . Metagenomic analyses revealed the 
enrichment by microbial functional genes relat-
ing to energy production and conversion in the 
antibiotic-fed pigs. As expected, the pool and 
diversity of antibiotic resistance genes in the gut 
microbiota of antibiotic-fed animals substantially 
increased. Interestingly, some antibiotic-resistant 
genes such as conferring resistance to aminogly-
cosides also increased despite the absence of a 
direct selection by the antibiotics in the mix, 
chlortetracycline, sulfamethazine, and penicillin. 
This is a good example of antibiotic-resistant 
gene co-selection due to the close location of 
antibiotic resistance genes on mobile genetic ele-
ments (Aminov and Mackie  2007 ; Aminov  2011 , 
 2012 ). 

 Another study involving the use of ASP250 
(and also carbadox) investigated their impact on 
swine intestinal bacteria and viruses (Allen et al. 
 2011 ). As discussed before, the swine gut har-
bors a substantial diversity of phages (Shan et al. 
 2011 ; Lager et al.  2012 ). Feeding ASP250 caused 
signifi cant population shifts in both the phage 
and bacterial communities (Allen et al.  2011 ). In 
particular, this resulted in an increase of the 
phage populations suggesting the induction of 
prophages with antibiotic treatment. In parallel, 
this caused a signifi cant decrease of bacteria in 
the  Firmicutes  phylum, specifi cally members of 
the  Streptococcus  genus. Regarding carbadox, it 
has been established earlier that the antibiotic 
induces the production of phage particles and 
contributes to the transmission of tylosin and 
chloramphenicol resistance determinants 
between the strains of the etiologic agent of 
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swine dysentery,  Brachyspira hyodysenteriae  
(Stanton et al.  2008 ). 

 As mentioned above, in the face of the grow-
ing problem of antibiotic resistance among the 
human and animal pathogens, certain practices of 
antibiotic use have been revisited. In particular, 
the controversial practice of growth-promoting 
use of antibiotics has been reconsidered in the 
light of its possible contribution to the dissemina-
tion of antibiotic resistance genes. Presently the 
use of antibiotics as growth promoters in animal 
industry in the EU countries is prohibited, but the 
use is still allowed for therapeutic purposes. 
Thus, despite the ban, the use of antibiotics in 
animal industry, especially in swine production, 
remains high. Another concern associated with 
the excessive use of antibiotics in agriculture is 
the residual antibiotics in food. It is hypothesized 
that the chronic exposure to low-residue antibiot-
ics in food may cause intestinal dysbiosis result-
ing in body physiology changes (Riley et al. 
 2013 ). This exposure is probably similar to the 
growth promotion effect of antibiotics in food 
animals, and in humans it is expressed as the cur-
rent obesity epidemic in many countries, espe-
cially in the USA. Substitutes to antibiotics hence 
are actively sought, and one of them is the use of 
phage therapy as a possible alternative for antibi-
otic treatment.  

5.7     Phage Therapy 
and Prevention in Pigs 

 Historically, the fi rst observation of the transmis-
sible lytic agent that is specifi cally active against 
 Bacillus anthracis  has been made by a Russian 
microbiologist Nikolay Gamaleya in 1898 
(Gamaleya  1898 ). The potential of bacterio-
phages for infection treatment has been recog-
nized after the acknowledged discoveries by 
Frederick Twort and Felix d’Hérelle in 1915 and 
1917, respectively (Twort  1915 ; D’Herelle  1917 ). 
The further phage therapy developments, how-
ever, have been overshadowed mainly by the suc-
cess of antibiotics in infection control and 
treatment, and the phage therapy research and 
development persisted only in small scale in the 

former Soviet Union countries, Russia and 
Georgia, and also in Poland. 

 There is a renewed interest in the replacement 
of antibiotic therapy by phage therapy and pre-
vention of bacterial infections (Thiel  2004 ), and 
this attention is dictated by a number of advan-
tages that this approach offers. First, unlike a 
wide range of bacteria targeted by antibiotics, 
bacteriophages are very specifi c and do not affect 
other benefi cial bacteria in the complex micro-
bial ecosystem of the gut. Complications such as 
dysbiosis and diarrhea frequently occur in pigs 
treated with antibiotics (Tsukahara et al.  2003 ), 
but the intervention by phages targets only 
disease- causing bacteria, thus preserving the 
integrity of the gut microbial ecosystem. Second, 
the bacteriophages are multiplied at the sites 
where the target presents, thus amplifying the 
local antibacterial effects. Third, no serious side 
effects of phage therapy have been so far detected. 
And fi nally, the phage-resistant bacteria remain 
sensitive to other bacteriophages, and selection 
of new bacteriophages or bacteriophage cocktails 
is a much faster process compared to the develop-
ment of new antibiotics. Besides, the use of suf-
fi ciently high phage concentrations helps to 
overcome the phage resistance barrier (Jia and 
Mann  2009 ), the phenomenon known from the 
1940s as “lysis from without” (Delbrück  1940 ). 

 The use of phages and phage cocktails in agri-
culture is expanding fast ranging from  agricultural 
animals to plants (Jones et al.  2007 ; Johnson 
et al.  2008 ). In pigs, however, the progress has 
been rather slow, and the currently available lit-
erature covers only a narrow range of intestinal 
bacterial infections and conditions that are tar-
geted by phage therapy. These are focused on the 
carriage of, and the contamination of pork by, 
 Salmonella , and diarrhea caused by enterotoxi-
genic  E. coli  (ETEC) infections. Together with 
eggs and poultry meat, the contamination of pork 
by  Salmonella  is a major cause for the corre-
sponding salmonellosis in humans (Fosse et al. 
 2008 ). Diffi culty in controlling  Salmonella  in 
pigs has to do with the fact that its carriage and 
shedding are usually asymptomatic and the infec-
tion can be exposed only in susceptible pigs as 
well as during the transportation and slaughter. 
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Under experimental conditions, administration of 
an anti-Salmonella phage cocktail at the time of 
challenge by  Salmonella enterica  serovar 
Typhimurium reduces the  Salmonella  count in 
the tonsils, ileum, and cecum by two to three 
orders of magnitude (Wall et al.  2010 ). Under 
production-like settings, the effect is less pro-
nounced, with 95 % and 90 % reduction of 
 Salmonella  in the cecum and ileum, correspond-
ingly (Wall et al.  2010 ). In another set of  S.  
Typhimurium challenge experiments, the admin-
istration of a phage cocktail at 24 and 48 h post- 
challenge also resulted in the decrease of the 
 Salmonella  count, but the decrease was signifi -
cant only for the rectal population (Callaway 
et al.  2011 ). Administration of a microencapsu-
lated anti- Salmonella  phage cocktail in the feed 
too resulted in a substantial decrease of 
 Salmonella  colonization and shedding in pigs 
(Saez et al.  2011 ). 

 Jamalludeen and others investigated the effect 
of six phages or the combinations thereof on the 
prevention and treatment of diarrhea due to the 
experimental enterotoxigenic  E. coli  O149 
(ETEC) infection of weaned pigs (Jamalludeen 
et al.  2009 ). When given prophylactically or ther-
apeutically, the phage cocktails substantially 
moderated diarrhea in these challenge experi-
ments. In another study, prophylactic dosing of 
pigs with a lytic phage CJ12 1 week in advance 
made them less susceptible to diarrhea caused by 
the ETEC challenge (Cha et al.  2012 ). Moreover, 
the phage-treated animals showed a reduced 
ETEC shedding compared to the control group. 
Thus, the preliminary results of prophylaxis and 
treatment of  Salmonella  and ETEC infections in 
pigs are promising, and it is expected that this 
approach will be extended to cover other bacte-
rial infections in pigs.  

5.8     Probiotics in Pigs 

 Among other potential substitutions for antibiot-
ics, the use of probiotics in swine industry has 
received much more attention and associated 
research efforts compared to other alternatives 
because of the long history and good safety 

record of probiotic use in humans. The initial 
idea of colonization of the gastrointestinal tract 
by benefi cial microorganisms belongs to Élie 
Metchnikoff, who noticed, more than a century 
ago, that the largest proportion of centenarians 
live in Bulgaria. He attributed this longevity to 
the extensive consumption of milk fermentation 
products, in particular Bulgarian yogurt (кисело 
мляко in Bulgarian, sour milk). He developed 
a theory that aging is caused by toxic bacteria in 
the gut, and he encouraged the use of Bulgarian 
yogurt and its principal component,  Lactobacillus 
delbrueckii  subsp.  bulgaricus , to prevent this tox-
icity (Metchnikoff  1907 ). As mentioned earlier in 
this chapter, lactobacilli represent one of the 
dominant groups along the mucosal surfaces of 
the pig gut, possibly contributing to the animal 
health. In the meantime, the advocated use of lac-
tic acid bacteria as agents benefi cial for health 
has grown tremendously, and in fact, the global 
probiotics demand was worth USD 27.9 billion 
in 2011 and is expected to reach USD 44.9 billion 
in 2018 (Transparency Market Research  2013 ). 

 The original defi nition of probiotics intro-
duced by Daniel Lilly and Rosalie Stillwell 
( 1965 ), however, had a different meaning than 
that of the Metchnikoff’s, and it has been applied 
to the protozoa, in particular to the growth pro-
motion of  Tetrahymena pyriformis  in response to 
a factor produced by  Colpidium campylum . Only 
at the later stages, through several refi nements, 
the defi nition has been converged with the origi-
nal idea of Metchnikoff, and the current defi ni-
tion of probiotics is “live microbial feed 
supplement which benefi cially affects the host 
animal by improving its intestinal microbial bal-
ance” (Fuller  1989 ). 

 Commonly used probiotics include mainly 
lactic acid bacteria, particularly lactobacilli, bifi -
dobacteria, lactococci, and streptococci. Less 
commonly used are yeasts, bacilli, and nonpatho-
genic  E. coli  strains (Fuller  1989 ; Tannock  1995 ; 
de Vrese and Schrezenmeir  2008 ). In pigs, the 
most investigated probiotics are lactobacilli, 
enterococci, and yeasts. Feeding of  L. plantarum  
Lq80 to weaning piglets, for example, stimulated 
the growth of indigenous lactobacilli (Takahashi 
et al.  2007 ). Feeding of a lactic acid-producing 
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bacterium,  Pediococcus acidilactici , positively 
infl uenced weight and post-weaning average 
daily gain of treated piglets (Di Giancamillo et al. 
 2008 ). The treated piglets also showed a larger 
number of proliferating enterocytes and an 
increase in villi height and crypts depth. In pigs 
fed  Saccharomyces boulardii , an increase of vil-
lus length in the small intestine and a decrease in 
the number of goblet cells were observed (Baum 
et al.  2002 ). The use of live yeast dietary supple-
mentation in weanling piglets improved nursery 
growth performance and promoted a “healthy” 
intestine (Bontempo et al.  2006 ). Mallo and 
coworkers reported about the improved intestinal 
microbiota and growth performance in piglets 
fed the diet with the addition of  Enterococcus 
faecium  (Mallo et al.  2010 ). There are many other 
reports claiming the health and growth benefi ts of 
probiotic treatment in pigs, and they are summa-
rized in a recent review (Cho et al.  2011 ). 

 The majority of probiotics demonstrated in 
the examples above are facultative anaerobes, 
and it is thought that their main effects are medi-
ated through the production of lactate and other 
SCFAs that may inhibit the pathogens and affect 
the composition of gut microbiota. Probiotic bac-
teria can also produce a number of antibacterial 
agents, thus protecting from colonization by 
pathogens. Besides of SCFAs mentioned, these 
may include the production of hydrogen peroxide 
and various bacteriocins. For example, the Abp 
118 bacteriocin produced by  L. salivarius  dis-
plays a potent protective effect against the inva-
sive foodborne pathogen  Listeria monocytogenes  
(Corr et al.  2007 ). 

 Another presumed action of probiotics that 
protects the animal from invading pathogens is 
supposedly through the competitive exclusion 
when the ecological niches of the gut targeted by 
pathogens are occupied and protected by the pro-
biotics. This can be implemented through the 
competition for specifi c physicochemical and 
nutritional biological niches in the gut such as 
pH, oxygen, redox potential, and nutrient avail-
ability. Spatial localization of probiotics in close 
proximity to the gut mucosa also plays an impor-
tant protective role, and it is realized largely via 
the adhesion-like proteins (ALPs) of probiotic 

strains. For probiotic bacteria, for example, adhe-
sion to the host mucosa is considered to be as a 
very desirable characteristic, enhancing the pro-
biotic potential (Juge  2012 ). Besides, close prox-
imity to the host cells allows bacteria to exert 
potent physiological effects, reversing metabolic 
disorders and controlling infl ammation, gut bar-
rier function, and gut peptide secretion (Everard 
et al.  2013 ). Another function of ALPs may be 
blocking and “masking” the sites of attachment 
for pathogens, thus contributing to colonization 
resistance. Moreover, colonization resistance 
may be enhanced by the production of surface 
glycans resembling those found in the gut 
mucosa, which may serve as the “false targets” 
for the pathogen attachment. 

 Finally, as mentioned before, the probiotic 
bacteria potentially modulate the systemic 
immune response through the mucosal immune 
system (Corthésy et al.  2007 ; Hosoya et al.  2011 ; 
Shimazu et al.  2012 ). The immunomodulatory 
properties of probiotics, however, are not dis-
played consistently and depend on the strain 
used, age of animals, and a number of other fac-
tors (Ohashi and Ushida  2009 ). It is advocated, 
therefore, to search for high-potential health- 
benefi cial bacteria from the human or animal 
microbiota that can be applied in a probiotic-like 
manner for this purpose (van Baarlen et al.  2013 ). 

 As mentioned above, similarly to the mecha-
nisms of action of probiotics in humans, the 
 production of large amounts of lactic acid is 
thought to create an unfavorable environment for 
certain bacteria, including pathogenic strains 
of  E. coli ,  Salmonella , or  Shigella . Although 
some probiotic lactic acid bacteria in the form of 
liquid feed may display benefi cial effects in pigs 
(Tajima et al.  2010a ), in general, the consistency 
of probiotic use as feed additives in pigs is poor, 
and it is diffi cult to discern a suffi cient confi -
dence from the results of the current probiotic use 
studies that are not properly designed, very vari-
able, and lack statistical signifi cance (Kenny 
et al.  2011 ). Also, the economic return from the 
use of conventional probiotics in pig production 
presently cannot be justifi ed. The same problems 
of probiotic application outcomes such as poor 
reproducibility and the lack of signifi cance 
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 compared to antibiotics are also typical for other 
agricultural animals (Allen et al.  2013 ). Besides 
probiotics, a number of other alternatives to anti-
biotics in swine industry have been tried, but they 
are too producing inconsistent results and rarely 
equal antibiotics in their effectiveness (Thacker 
 2013 ). 

 In order to deliver consistent results, probiotic 
concentrations should be suffi ciently high, and 
they should be delivered frequently and regularly 
since they are not effi cient colonizers of the pig 
gut. One approach that satisfi es these require-
ments is the delivery of a probiotic strain with the 
fermented liquid feed. Since a strain is initially 
used in feed fermentation, the concentration of 
cells in the feed may reach up to 10 10  CFU/g of 
feed (Tajima et al.  2010a ). Fed twice daily, the 
fermented liquid feed regularly delivered a high 
number of  L. plantarum  to the gut of weaned pig-
lets, with signifi cant effects on a number of 
parameters. In particular, bacterial diversity in 
the ileum and cecum was increased, especially 
that of the  Firmicutes  phylum represented by the 
 Dorea ,  Coprococcus ,  Roseburia , and 
 Faecalibacterium  genera .  Also, there was a sta-
tistically signifi cant difference between the 
microbiota composition of the antibiotic-fed and 
fermented liquid feed-fed animals suggesting dif-
ferent mechanisms implemented by these two 
treatments on the composition of gut microbiota. 

 Another way for a consistent delivery of high- 
titer probiotics is the use of by-products of fer-
mentation in swine nutrition. A recent study 
investigated spent cider yeast as a dietary probi-
otic supplement for modifying gut microbiota in 
weaning pigs (Upadrasta et al.  2013 ). The daily 
total ingestion of viable yeast cells reached up to 
~1 × 10 10  CFU per piglet, and the feeding contin-
ued for 21 consecutive days. The bacterial com-
position of fecal samples was evaluated by 
pyrosequencing of 16S rRNA tags (V4 region). 
At the end of the feeding trial, the composition of 
the fecal bacterial microbiota substantially 
changed: the relative abundance of the  Firmicutes  
was signifi cantly lower in the treatment group at 
47.6 % compared to control (60.74 %), while the 
 Bacteroidetes  increased to 42.4 % compared to 
control (15.4 %). Interestingly, a signifi cant 

decrease in the plate counts of total numbers of 
 Lactobacillus  sp. was observed in the cider yeast- 
supplemented group compared to the control 
group, while the opposite trend was observed for 
butyrate-producing organisms, such as 
 Faecalibacterium  spp. Most importantly, how-
ever, the relative abundance of enteric pathogens 
such as  S. enterica  and  Escherichia fergusonii  
was reduced in the cider yeast supplemented 
group compared to the control group (Upadrasta 
et al.  2013 ). In general, however, the effect of 
probiotics depends on many factors, and the cur-
rent understanding is that specifi c probiotic 
strains, which are suitable for each animal spe-
cies and their life stage as well as each individual, 
should be found (Ohashi and Ushida  2009 ). Also, 
in terms of cost-effi ciency, the “classical mode” 
of probiotic delivery using the tablet forms simi-
lar to human applications is unlikely to be imple-
mented in the pig industry.  

5.9     Prebiotics in Pigs 

 The concept of prebiotics was initially introduced 
in 1995 by Gibson and Roberfroid, with the next 
defi nition: “a nondigestible food ingredient that 
benefi cially affects the host by selectively stimu-
lating the growth and/or activity of one or a lim-
ited number of bacteria in the colon, and thus 
improves host health” (Gibson and Roberfroid 
 1995 ). They addressed the limitations associated 
with the maintenance of health-promoting effects 
of probiotics that we discussed earlier in the pre-
vious section of this chapter. In particular, they 
indicated that the benefi cial changes in microbi-
ota balance due to use of probiotics are transient 
because the establishment and survival of the 
exogenous bacteria is limited. Instead, they pro-
posed the use of prebiotics that are nondigestible 
food ingredients, which benefi cially affect the 
microbiota balance by selectively stimulating the 
growth and/or activity of one or a limited number 
of endogenous microbial species. They illus-
trated these suggestions by the examples of pre-
biotics such as nondigestible oligosaccharides (in 
particular fructooligosaccharides) that stimulate 
the growth of endogenous bifi dobacteria, which 
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become predominant after a short feeding period. 
Moreover, they also proposed the concept of syn-
biotics that combines the rationale of pro- and 
prebiotics (Gibson and Roberfroid  1995 ). 

 Since many food oligosaccharides and poly-
saccharides have been claimed as having prebi-
otic activity, clear criteria to defi ne prebiotics are 
needed (Gibson et al.  2004 ). The proposed crite-
ria are: (1) resistance to gastric acidity, to hydro-
lysis by mammalian enzymes, and to 
gastrointestinal absorption; (2) fermentation by 
intestinal microfl ora; and (3) selective stimula-
tion of the growth and/or activity of those intesti-
nal bacteria that contribute to health and 
well-being (Gibson et al.  2004 ). Further refi ne-
ment of the prebiotic defi nition to include other 
areas that may benefi t from selective targeting of 
particular components of microbiota arrived at “a 
selectively fermented ingredient that allows spe-
cifi c changes, both in the composition and/or 
activity in the gastrointestinal microfl ora that 
confers benefi ts upon host well-being and health” 
(Roberfroid  2007 ). According to the defi nition 
and the criteria proposed, only two compounds, 
inulin and oligofructose, could fulfi ll these 
requirements at that time (Roberfroid  2007 ). 
Further studies suggested that lactulose and resis-
tant starch could also meet all aspects of the defi -
nition and criteria (Slavin  2013 ). Other chemically 
defi ned structures such as galacto- 
oligosaccharides, transgalactooligosaccharides, 
and polydextrose as well as foods such as acacia 
gum, psyllium, banana, whole grain wheat, and 
whole grain corn may also have prebiotic effects 
(Slavin  2013 ). 

 There is a problem, however, on how the pre-
biotic approach may address the stimulation by 
specifi c substrates of other taxa representatives, 
which are more dominant components of the gut 
microbiota. The metabolic capabilities of the 
presently recognized benefi cial bacteria such as 
lactobacilli and bifi dobacteria are well estab-
lished, and these allow specifi c stimulation by 
using, for example, bifi dogenic prebiotic sub-
strates. One of the major phyla in the colon is the 
 Bacteroidetes , with some species of the phylum 
demonstrating clear health-promoting properties. 
For example, benefi cial effects of  Bacteroides 
fragilis  on the immune system are well estab-

lished (Troy and Kasper  2010 ). It also displays 
other health benefi ts such as correcting gut per-
meability, altering microbial composition, and 
ameliorating defects in communicative, stereo-
typic, anxiety-like, and sensorimotor behaviors 
(Hsiao et al.  2013 ). In the face of complexity of 
the gut microbiota with a large diversity of 
 Bacteroides  phylotypes, presumably having sim-
ilar nutritional requirements, it is not clear how 
the  B. Fragilis  populations can be targeted for 
specifi c stimulation. 

 In pigs, the well-defi ned and confi rmed prebi-
otic inulin (Roberfroid  2007 ) and inulin-type 
fructans were investigated for health-promoting 
properties (Tako et al.  2008 ). Inulin improves 
iron and calcium absorption, while the products 
of fermentation in the large intestine, SCFAs, 
stimulate the growth of health-promoting bacte-
ria such as bifi dobacteria and lactobacilli (Tako 
et al.  2008 ). Butyrate also has a direct effect on 
the colonic health as a preferred substrate for 
colonocytes and via regulation of proliferation, 
differentiation, and apoptosis of epithelial cells 
(Wong et al.  2006 ; Tako et al.  2008 ). Besides, it 
inhibits the enzyme histone deacetylase and 
decreases the transformation of primary to sec-
ondary bile acids as a result of colonic acidifi ca-
tion (Wong et al.  2006 ). At the same time, there 
are no indications that inulin may have any effect 
on the growth performance of pigs (Jolliff and 
Mahan  2012 ). Besides, inulin is too expensive to 
be used in pig production on a regular basis. 

 In pigs, pectins promote fermentation at the 
terminal ileum and in the fi rst part of the colon 
(Drochner et al.  2004 ). Chicory ( Cichorium inty-
bus  L.) forage has high pectin content (80–90 g/
kg dry matter), which is composed of polymers 
of galacturonic acid, which is highly soluble in 
comparison with other pectin sources (Ivarsson 
et al.  2011 ). The gut microbiota modulation 
properties of chicory have been demonstrated in 
several animal trials. For example, the inclusion 
of chicory forage and roots in the pig diet affected 
the intestinal microenvironment and the gut 
microbiota (Liu et al.  2012 ). In particular, the 
chicory forage diets increased the relative pro-
portion of lactic acid bacteria in the distal ileum 
as well as butyrate-producing bacteria and 
 Megasphaera elsdenii  in the colon. The bacterial 
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shifts were accompanied by the changes in the 
gut microenvironment such as the colonic con-
centration of SCFAs. In another investigation, the 
inclusion of chicory in the growing pig diet mod-
ulated the composition of the fecal gut microbi-
ota including  Prevotella  and  Lactobacillus  
species (Ivarsson et al.  2012 ). The cereals substi-
tution by chicory forage in the pig diet led to the 
signifi cant decrease of dominant  Prevotella  sp. 
and to the increase of dominant  Roseburia  sp. in 
the large intestine (Liu et al.  2013 ). Thus, the 
inclusion of chicory in the pig diet has benefi cial 
effects on animals. Its widespread use, however, 
is limited by cost considerations; at least in the 
Danish pig industry, the economic returns cannot 
be justifi ed (Dr. Mette Boye, personal 
communication). 

 There are a number of other compounds that 
have been tried in the porcine model for the pre-
biotic properties. These experimental trials are 
rather of the translational medicine nature than 
research intended for the use in pig industry. For 
instance, the human milk oligosaccharides tested 
in piglets exert potent prebiotic and anti-infective 
activities (Hester et al.  2013 ), but they are virtu-
ally absent in infant formulae. One of the ways to 
restore the effect of the natural oligosaccharides 
is the fortifi cation of infant formulae by other 
prebiotics. Thus, the enrichment of infant for-
mula by polydextrose displayed certain charac-
teristics consistent with prebiotic effects in 
suckling piglets (Herfel et al.  2011 ). In particular, 
the enrichment increased ileal lactobacilli and 
propionate and lactate concentrations but 
decreased pH, with the concomitant changes in 
ileal cytokine expression. Interestingly, an artifi -
cial sweetener SUCRAM®, consisting of sac-
charin and neohesperidin dihydrochalcone, 
displayed prebiotic-like effects in pigs by dra-
matically increasing the cecal population of 
 Lactobacillus  (Daly et al.  2014 ).  

5.10     Other Feed Additives in Pigs 

 A number of other feed additives for the enhance-
ment of the pig growth and health such as metals, 
antimicrobial peptides, clay minerals, egg yolk 
antibodies, essential oils, eucalyptus oil-medium 

chain fatty acids, rare earth elements, and recom-
binant enzymes have been tried (Thacker  2013 ). 
The two most popular feed additives used in the 
pig industry are zinc and copper. These are trace 
elements, but when used at high concentrations 
(copper at 100–250 ppm and zinc at 2,000–3,000 
ppm), they increase growth performance of 
young pigs (Jacela et al.  2010 ). Copper is usually 
administered in the form of copper sulfate as well 
as tribasic copper chloride (Cromwell et al. 
 1998 ). High levels of dietary copper contribute to 
the increase in the growth rate of pigs, which is 
comparable with in-feed antimicrobials 
(Cromwell  2001 ; Pettigrew  2006 ). The growth- 
promoting effect of copper is additive when used 
together with antimicrobials (Cromwell  2001 ). 
Contrary to antibiotics, however, the copper 
effects seem limited to the earlier stages of the 
pig development, and it is less effective when 
used for prolonged periods of time (Hastad et al. 
 2001 ). The exact mechanism of the growth- 
promoting effect of copper is lacking. One of the 
explanations proposed pointed to its antimicro-
bial activity as a possible mechanism (Dupont 
et al.  1994 ). Care must be taken to dose copper 
correctly: overdosing problem resulting in jaun-
dice may be encountered when copper is used in 
excess of 250 ppm for long periods (National 
Research Council  1998 ). Another negative con-
sequence of copper feeding to pigs is that it 
increases the unsaturated fat content, which 
results in a softer pork fat (Pettigrew and Esnaola 
 2001 ). 

 The growth-promoting properties of zinc have 
been noticed long time ago (Hahn and Baker 
 1993 ). Zinc oxide is also used for prophylaxis of 
diarrhea in weaning piglets (Poulsen  1995 ). The 
action of zinc can be implemented via effects on 
the host biology by modulating the host gene 
expression as well as by affecting the composi-
tion of the gut microbiota. In a recent study by 
Vahjen and others, it has been established that 
feeding high concentrations of zinc oxide to pig-
lets signifi cantly increased the relative abundance 
of ileal  Weissella ,  Leuconostoc , and 
 Streptococcus , decreased the numbers of  Sarcina  
and  Neisseria , and increased the numbers of all 
Gram-negative facultative anaerobic genera 
(Vahjen et al.  2010 ). In another study, however, 
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bifi dobacteria, enterococci, streptococci, 
 Weissella ,  Leuconostoc , and the  Bacteroides-
Prevotella- Porphyromonas   group in the small 
intestine were not infl uenced by high dietary zinc 
in piglets (Starke et al.  2013 ). At the same time, 
the  Enterobacteriaceae  and the  Escherichia  
groups as well as  Lactobacillus  were reduced. 
High dietary zinc oxide intake, therefore, has a 
major impact on the bacterial composition of the 
porcine small intestine, but the results are not 
consistent. 

 Besides the effects on the porcine gut micro-
biota, zinc strongly affects the host biology as 
well. There are some indications, for example, 
that the stimulation of ghrelin secretion from the 
stomach by zinc may promote food intake by, and 
the growth of, piglets (Yin et al.  2009 ). The exact 
mechanisms of the growth promotion by zinc, 
however, still remain unknown. Various forms of 
zinc have been tested, and it appeared to be that 
its growth-promoting properties are largely inde-
pendent of its relative bioavailability 
(Mavromichalis et al.  2000 ). Organic zinc sources 
do not show any advantage in terms of weight 
gain, feed intake, or feed effi ciency compared to 
zinc oxide (Hollis et al.  2005 ). When overdosed, 
the toxic effects of zinc may be indicated by 
depressed pigs, arthritis, gastritis, and death 
(Jacela et al.  2010 ). Extensive use of copper and 
zinc in animal production raises environmental 
concerns since both are excreted with feces and 
may accumulate in the soil after manure applica-
tion (Jondreville et al.  2003 ; Carlson et al.  2004 ). 

 Other feed additives for pigs do not have a 
proven record of consistent growth-promoting 
properties. Clay minerals, for example, have been 
shown to prevent diarrhea in weaned pigs, but the 
results of trials to fi nd growth performance- 
enhancing properties have been inconclusive 
(Thacker  2013 ). Thus, clay minerals are not fea-
sible substitutes for growth-promoting antibiot-
ics. Analysis of data on many other compounds 
by the same author resulted in the conclusion that 
these compounds produce inconsistent results 
and rarely equals antibiotics in their effectiveness 
(Thacker  2013 ). More research, therefore, is 
needed to fi nd viable alternatives to growth- 
promoting antibiotics.  

5.11     Pigs in Translational 
Research 

 Despite being neglected in the past, currently the 
gut microbiota is considered as a separate and 
important organ of the body that is involved in 
numerous functions to maintain health and pro-
tect from disease (O’Hara and Shanahan  2006 ). 
These functions include protection against invad-
ing pathogens (colonization resistance), nutrient 
partitioning, and lipid metabolism (Backhed 
et al.  2004 ; Ley et al.  2006 ; Brown et al.  2012 ). 
Gut microbiota also play a major role in shaping 
and maintaining mucosal immunity by promot-
ing gut barrier function and stimulating develop-
ment of GALT as well as the systemic immune 
system (Kelly et al.  2005 ; O’Hara and Shanahan 
 2006 ). Gut microbiota contributes to the develop-
ment and homeostasis in the gut as well 
(Stappenbeck et al.  2002 ; Rakoff-Nahoum et al. 
 2004 ). 

 Many human diseases are associated with the 
aberrant gut microbiome. The classical examples 
that include the gut  per se  are: infl ammatory 
bowel disease (Dupaul-Chicoine et al.  2013 ), 
irritable bowel syndrome (Ohman and Simrén 
 2013 ), recurrent  Clostridium diffi cile  infections 
(Theriot and Young  2013 ), and a number of other 
functional gastrointestinal disorders (Simrén 
et al.  2013 ). The involvement of gut microbiota 
in human disease, however, extends well beyond 
the gut boundaries, and the spectrum of the gut 
microbiota-affected diseases include endotox-
emia, systemic infl ammation, and subsequent 
obesity and nonalcoholic fatty liver disease 
(Duseja and Chawla  2014 ), cardiovascular dis-
ease (Brown and Hazen  2014 ), as well as a num-
ber of allergic, autoimmune, and neuropsychiatric 
diseases (Khanna and Tosh  2014 ). 

 Given the importance of gut microbiota in 
health and disease, two large-scale microbiome 
sequencing projects have been initiated (Peterson 
et al.  2009 ; Qin et al.  2010 ). Launched in 2008, 
the Human Microbiome Project (HMP), for 
example, is aimed at extensive genomic and 
metagenomic characterization of human oral, 
skin, vaginal, gut, and nasal/lung microbiota. 
Another initiative, MetaHIT, is a project fi nanced 
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by the European Commission under the 7th FP 
program and mainly aimed at establishment of 
associations between the genes of the human 
intestinal microbiota and health and disease. The 
need to coordinate these efforts brought together 
USA, Europe, Canada, Japan, Australia, Korea, 
and Gambia under the umbrella of the 
International Human Microbiome Consortium 
(  http://www.human-microbiome.org    ). 

 While important, the sequence data alone can-
not provide an outcome that can be immediately 
translated into the applications in the form of 
therapies or interventions. First, the proposed 
interventions have to be tested for safety in ani-
mal models before proceeding further to clinical 
trials in humans. Another need in animal models 
is dictated by ethical concerns regarding the 
involvement of humans in initial drug or treat-
ment development. There is a pressing demand 
for an adequate animal model that allows the use 
of experimental treatment but also permits a 
detailed analysis of systems, tissues, and organs 
of the body. Besides, animal models allow per-
forming experiments with superior design and 
controls than it is possible with human subjects. 

 For many years, the rodents such as gnotobi-
otic mice have been instrumental in human health 
research studies of gut microbiology and host- 
microbe interactions (Faith et al.  2010 ; Goodman 
et al.  2011 ). Although the rodent models offer 
many advantages such as the uniform genetic 
background, the availability of genetic manipula-
tion tools, and rapid growth and development, 
there are certain drawbacks as well. First of all, 
there are substantial differences in the immune 
system of mice and humans (Mestas and Hughes 
 2004 ). Second, the marked differences in micro-
biota composition between mice and humans 
have been noted (Ley et al.  2005 ). In particular, 
the strains belonging to the genera 
 Bifi dobacterium ,  Lactobacillus , and  Clostridium  
from a human donor did not persist in recipient 
mice (Raibaud et al.  1980 ). Third, many aspects 
of human physiology are different from that of 
the murine models. Probably because of the com-
bined differences in immunology and physiol-
ogy, the rodent models do not display the clinical 
manifestations of enteric diseases typical for 

humans. And fi nally, the human diet and living 
conditions are obviously different from that 
of mice. 

 In many aspects, the anatomical, physiologi-
cal, immunological, and microbial features of the 
porcine gastrointestinal tract are close to that of 
humans. In particular, physiology of digestion, 
food transit times, and associated metabolic pro-
cesses are very similar between humans and pigs 
(Patterson et al.  2008 ). The human and pig 
genomes share very extensive conserved homol-
ogy, and the immune systems between the two 
are very similar. Besides, many aspects of gut 
microbiology in humans and pigs are comparable 
(Heinritz et al.  2013 ). A somewhat limiting factor 
could be the large size and expenses associated 
with the maintenance of these animals, but this 
should not be a major problem for translational 
medicine. 

 As noted before, the use of pigs may allow 
checking experimentally the hypotheses that 
have only epidemiological support, and where 
direct experimentations in humans are not 
 possible. For example, to explain the rapidly ris-
ing number of diseases with a signifi cant proin-
fl ammatory component such as asthma and atopic 
eczema, the “hygiene hypothesis” was proposed 
(Strachan  1989 ). The main idea of the hypothesis 
is that there used to be a substantial exposure of 
humans to the environmental bacteria before the 
advent of industrial food production resulting in 
essentially sterile food protected by preserva-
tives, conservatives, and freezing and that there 
are generally higher hygienic standards of living 
restricting the exposure to the environmental 
microbiota. This exposure seems to have been an 
essential component of the immune system edu-
cation, and the lack of it results in an unbalanced 
immune system development, with a prominent 
proinfl ammatory bias. 

 In order to test this hypothesis experimentally, 
we used pigs that were differentially exposed to 
the environmental microbiota (Mulder et al. 
 2009 ). The pigs were housed at either an indoor 
(intensive) or an outdoor (extensive) facility. In 
addition, the indoor pigs were receiving antibiot-
ics. Gut microbiota analyses with 16S rRNA 
clone libraries exposed major differences in the 
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microbiota associated with the ileal mucosa. The 
outdoor pigs showed a predominance of the 
 Firmicutes , in particular of lactobacilli, while 
animals housed in a hygienic indoor environment 
had a reduced number of lactobacilli and a greater 
number of potentially pathogenic phylotypes. 
The latter group also showed an increased expres-
sion of type 1 interferon genes, major histocom-
patibility complex class I, and several 
chemokines. The human homologues of some of 
these chemokines have been implicated in the eti-
ology and chronic infl ammation leading to tissue 
damage in IBD patients (McCormack et al.  2001 ; 
Banks et al.  2003 ). 

 A review detailing the use of pigs as a poten-
tial model for research into dietary modulation of 
the human gut microbiota has been recently pub-
lished (Heinritz et al.  2013 ). Transplantation of 
the fecal microbiota from a human donor into 
cesarean section-delivered germfree piglets was 
performed by Pang and others (Pang et al.  2007 ). 
The composition and dynamics of the trans-
planted microbiota were monitored using entero-
bacterial repetitive intergenic consensus 
sequence-PCR fi ngerprinting-based community 
DNA hybridization, group-specifi c PCR- 
temperature gradient gel electrophoresis, and 
qPCR. The transplanted microbiota displayed the 
community structure comparable with that of the 
donor, with minimal individual variations. 
Moreover, the dynamic of the transplanted micro-
biota succession during aging was also similar to 
the process in humans, thus validating this model 
for human health studies (Pang et al.  2007 ). On 
the other hand, fecal transplantation from the het-
erologous (human) and homologous (pig) hosts 
into the germfree piglets may result in differen-
tial effects on the gut microbiota and intestinal 
mucosal immunity of recipients (Che et al.  2009 ). 
In particular, the heterologous transplant resulted 
in a higher number of bifi dobacteria and affected 
a number of intestinal mucosal immunity param-
eters. Another recent work also proposed a pig 
model of the human gastrointestinal tract, which 
is an attempt to create a “humanized” animal 
microbiota model similar to the rodent models 

developed earlier (Zhang et al.  2013 ). The num-
ber of animals used, however, was very small, 
and it is not possible to draw any defi nite conclu-
sions whether or not the dynamic of the “human-
ized” microbiota in the pig intestine actually 
properly emulates the composition and dynamics 
of the gut microbiota in the original human host. 
More research, therefore, is necessary in order to 
validate this approach.  

5.12     Conclusions 

 The porcine gastrointestinal system represents 
one of the best-studied models of the monogas-
tric animal gut. Presently, with a generally less 
emphasis placed on the research that deals exclu-
sively with the porcine health and disease as a 
food animal  per se , the attention is turned on the 
use of this model in translational medicine. As 
demonstrated in this chapter, there are many sim-
ilarities between humans and pigs that may facili-
tate translational research. Also, certain pig 
breeds (e.g., Ossabaw minipigs) display the fea-
tures consistent with the clinical presentation of 
human disease such as the metabolic syndrome 
as they exhibit obesity, insulin resistance, and 
hypertension (Litten-Brown et al.  2010 ). Potential 
drawbacks of the pig model such as the limited 
availability of genetically modifi ed and trans-
genic pigs are currently tackled by many research 
groups. With the availability of pig genomic 
sequences and the establishment of effi cient and 
precise techniques for genetic modifi cation of 
pigs, the problem is currently addressed in a 
number of ongoing projects that are aimed at the 
development of porcine genetic models of neuro-
degenerative diseases, cardiovascular diseases, 
eye diseases, bone diseases, cancers and epider-
mal skin diseases, diabetes mellitus, cystic fi bro-
sis, and inherited metabolic diseases (Aigner 
et al.  2010 ; Luo et al.  2012b ; Flisikowska et al. 
 2013 ). Thus, in addition to supplying humans 
with high-quality and affordable protein, the pig 
also becomes a favorite model in translational 
medicine.     
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    Abstract  

  The rumen microbial ecosystem comprises a diverse population of micro-
organisms, and the microbial diversity can be affected by many factors. 
Rumen bacteria are the predominant components of the rumen microbiota, 
which account for more than 95 % of the population of the entire rumen 
microbial community. This chapter will mainly focus on rumen bacteria 
and recent developments in understanding their roles and function using 
the molecular-based approaches as well as the potential implications in 
applying the knowledge about rumen bacteria in improving animal 
production.  

  Keywords  
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6.1         Rumen Bacteria 

 Ruminants and ruminal microorganisms have a 
symbiotic relationship, in which microbial fer-
mentation of ingested feed plays a major role in 
providing energy for metabolic functions in cat-
tle. In the rumen, microbes metabolize feedstuffs 
into volatile fatty acids (VFAs), microbial bio-
mass, vitamins, and other substances for the 
host’s nutritional requirements. The rumen 

microbial ecosystem comprises a diverse symbi-
otic population of anaerobic bacteria, archaea, 
ciliated protozoa, and fungi (Krause and Russell 
 1996 ), of which only 5–15 % have been isolated 
(Forster et al.  1998 ). Among microorganisms, 
bacteria are known to colonize the rumen soon 
after birth and contribute to carbohydrate and 
nitrogen metabolism through fermentation. 

 Bacteria are the predominant microbes resid-
ing in the rumen. The bacterial density in the 
rumen can be as high as 10 11  cells per gram of 
rumen content measured by direct counts (Mackie 
et al.  2000 ), and the bacterial community com-
prises of more than 200 species (McSweeney 
et al.  2005 ). The rumen bacterial population can 
be subdivided into four major subpopulations: 
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(1) liquid-associated population, which is com-
posed of the planktonic bacteria in the rumen liq-
uid and is either the population detached from the 
feed particles or the ones consuming soluble feed 
components from the rumen liquid (McAllister 
et al .  1994 ); (2) solid-associated population, 
which includes the bacteria that are loosely or 
tightly adhered to the feed particles and are fun-
damental in digesting the ingesta (McAllister 
et al.  1994 ) that accounts for up to 75 % of the 
total rumen bacterial population (Koike et al. 
 2003 ); (3) epithelium-associated population, 
which attaches to the rumen epithelium and 
counts for only 1 % of the rumen population 
(Cheng et al.  1979a ; Czerkawski  1986 ), is more 
diverse than the other subpopulations 
(Malmuthuge et al.  2012 ), and is considered to be 
more closely related to the host metabolic activi-
ties than the other subpopulations (Wallace 
et al .  1979 ); and (4) eukaryote-associated popula-
tion, which is represented by the bacteria attached 
to the surface of protozoa or fungal sporangia 
(Miron et al.  2001 ). 

6.1.1     Rumen Digesta Associated 
Bacteria and Their Functions 

 To date, most of the researches have focused on 
the bacteria associated with rumen digesta, 
including those inhabiting in the rumen fl uid and 
adhering to the feed particles. Early studies using 
culture-based and microscopic methods showed 
that these bacteria were rods, cocci, or ovals, 
under the light microscopy (Bryant  1959 ), and 
most of them being Gram-positive and Gram- 
negative bacteria (Stewart and Bryant  1988 ). The 
bacteria have specialized physiological and bio-
chemical traits, with which they can be classifi ed 
into different species and strains. Among these 
species and strains, the ones which are transiently 
observed and do not proliferate with similar con-
ditions as the rumen may be the bypass species 
introduced by the feed and are not considered 
“real” rumen species. According to Bryant 
( 1959 ), the species with their metabolism occur 
in the compatible environment with the rumen, 
being able to attack the substrates present in the 

feed (cellulose, hemicellulose, pectin, starch, 
protein, etc.) or to utilize the degraded products 
of these compounds, and be repeatedly observed 
from different hosts over a period of time from 
various locations, are generally considered to be 
the true rumen species. As the major roles of 
rumen bacteria are to ferment feed compounds 
and supply host with usable substrates, the fol-
lowing section will discuss the representative 
species according to their substrate preference. 

  Cellulose Digesters     Cellulose digesters refer to 
the species that majorly digest the cellulose pres-
ent in the feed. The three major cellulolytic spe-
cies in the rumen are  Fibrobacter succinogenes , 
 Ruminococcus fl avefaciens , and  Ruminococcus 
albus . All of these three species are found in a 
large variety of ruminants such as cattle, cows, 
sheep, water buffalo, musk oxen, and reindeer 
(Dehority and Scott  1967 ; Bryant  1986 ; Dehority 
 1986 ; Van Gylswyk and Van der Toorn  1986 ; 
Varel and Dehority  1989 ; Jalaludin et al.  1992 ). 
 Fibrobacter succinogenes  (formerly  Bacteroides 
succinogenes ) Hungate cells are Gram-negative; 
predominant cells are rod shaped (can be in dif-
ferent shapes in young culture) which mainly 
occur singly. Cell sizes range from 0.3 to 0.5 μm 
in diameter and 1–2 μm in length.  F. succino-
genes  can only grow on cellulose, cellobiose, and 
glucose and mainly produces acetic and succinic 
acids. This species is anaerobic and nonspore- 
forming (Hungate  1950 ).  Ruminococcus fl avefa-
ciens  Sijpesteijn cells are usually shown to be 
Gram-positive staining, the almost spherical cells 
generally occurring in chains, with cell diameter 
ranged between 0.7 and 1.6 μm. When grown on 
cellulose, a characteristic yellow pigment is pro-
duced. The  R. fl avefaciens  can utilize cellulose 
and cellobiose, with some strains also able to use 
glucose, while other carbon sources such as malt-
ose, lactose, xylose, and starch are not used. The 
main end products include formic and succinic 
acids, together with traces of hydrogen and lac-
tate. This species is anaerobic and mesophilic 
(Kaars-Sijpesteijn  1951 ).  Ruminococcus albus  
cells are shown to be Gram-negative to Gram- 
variable, with the cells usually single or diplo-
coccic, 0.8–2.0 μm in diameter.  R. albus  can 
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ferment cellulose and cellobiose but not glucose 
and other sugars and produces hydrogen, CO 2 , 
ethanol, acetic, formic, and lactic acids with dif-
ferent combinations and proportions as the major 
fermentation products. Succinic acid is not pro-
duced, making it distinct from  R. fl avefaciens  
(Hungate  1957 ). Overall, these cellulose digest-
ers share some features in common: Firstly, they 
are all strictly anaerobic and are not able to sur-
vive when exposed to oxygen. Secondly, the opti-
mal pH range for cell growth is narrow (6–7). 
Besides, the cells are coated with an extracellular 
glycocalyx, which helps them to attach to cellu-
lose. Lastly, these microbes are highly special-
ized in nutritional requirement, majorly restricted 
to cellulose and its hydrolytic products.  

 Although all of these three species mentioned 
above are the primary cellulolytic bacteria in the 
rumen, their digestibility of different form of cel-
lulose is extremely different. Halliwell and 
Bryant ( 1963 ) compared the cellulose utilization 
among a  F. succinogenes  strain, two  R. fl avefa-
ciens  strains, and two  R. albus  strains and found 
that all strains can effectively use purifi ed cellu-
lose but not forage celluloses. A similar study 
conducted by Dehority and Scott ( 1967 ) also 
found that the digestibility of cellulose derived 
from various forages varied vigorously among 
the eight strains belonging to these three species, 
ranging from 12.3 % to 80.3 %. 

  Hemicellulose Digesters     Hemicellulose is 
another important compound, which occurs in 
diet and represents a signifi cant amount of the 
total forage polysaccharides (Dehority  1973 ). 
Bacteria species specifi cally fermented isolated 
hemicelluloses were fi rstly observed by Hungate 
( 1950 ), followed by Howard et al. ( 1960 ), 
Dehority ( 1966 ), Clarke et al. ( 1969 ), and Hespell 
et al. ( 1987 ). Dehority ( 2004b ) has concluded 
that four bacteria species appeared to be the pre-
dominant hemicellulose digesters in the rumen: 
 Butyrivibrio fi brisolvens ,  Prevotella ruminicola , 
 Ruminococcus fl avefaciens , and  Ruminococcus 
albus. Butyrivibrio fi brisolvens  was described 
fi rst by Hungate ( 1950 ). This species is an anaer-
obic, nonspore-forming, Gram-negative, motile, 
and slightly curved rod (Dehority  2004a ). The 

size of the cells ranges between 0.4 and 0.8 μm in 
width and 1.0–3.0 μm in length. The fermenta-
tion substrates of this species include but not 
restricted to hemicelluloses.  Prevotella ruminic-
ola  was fi rst documented by Bryant et al. ( 1958a ) 
and classifi ed as  Bacteroides ruminicola . While 
in the later study, due to its distinct characteris-
tics from other  Bacteroides  species being 
observed, Shah and Collins ( 1990 ) have reclassi-
fi ed this species into a new genus  Prevotella  and 
thus named this species as  P. ruminicola  onwards. 
The cells of this species are Gram-negative, non-
motile, rod shaped, 0.8–1.0 μm wide, and 0.8–8.0 
μm long (Bryant et al.  1958a ).  P. ruminicola  is a 
strict anaerobe, fermenting many soluble sugars 
and producing succinic, formic, and acetic acid 
as end products.  R. fl avefaciens  and  R. albus  are 
already described above. Besides these four 
major species,  Eubacterium ruminantium  was 
also found to extensively ferment glucose, cello-
biose, and fructose (Bryant  1959 ).  

  Pectin Fermenters     Pectin is the third most 
important carbohydrate present in forage and 
occurs in lower percentage compared to cellulose 
and hemicelluloses. Pectin is a compound often 
found in the cell walls, with D-galacturonic acid 
as its sugar unit, weighed between 3 and 25 % of 
the dry matter depends on the type of diet (Waite 
and Gorrod  1959 ; Aspinall  1970 ; Van Soest 
 1983 ). In the rumen, pectin is fermented at a 
faster rate and greater extent compared to other 
cell wall material breakdown (Chesson and 
Monro  1982 ). The degradation products of pectin 
are high in acetate and low in butyrate and lactate 
(Leedle and Hespell  1983 ; Marounek et al.  1985 ). 
The major pectin fermenters in the rumen include 
 Butyrivibrio fi brisolvens ,  Prevotella ruminicola , 
 Lachnospira multiparus ,  Succinivibrio dextrino-
solvens , and  Fibrobacter succinogenes. 
Lachnospira multiparus  was established by 
Bryant and Small ( 1956 ). The cells of this spe-
cies are motile curved rods with 0.4–0.6 μm in 
width and 2–4 μm in length. This species is very 
active in degrading purifi ed pectin, but its ability 
to ferment pectin from the intact forage is very 
limited (Osborne and Dehority  1989 ). Cocultured 
with  Eubacterium limosum , the growth rate of 
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 L. multiparus  is more rapid, and the optical 
 density measurement is almost doubled (Rode 
et al.  1981 ), indicating that a better utilization of 
pectin of this species is achieved by interacting 
with other microbial species.  Succinivibrio dex-
trinosolvens  is a Gram-negative, anaerobic, 
nonspore- forming, and curved rod, documented 
by Bryant and Small ( 1956 ). The dimension of 
this cell is 0.3–0.5 μm in width and 1–5 μm in 
length. This species is of only a small portion of 
the rumen bacteriome. It can not only ferment 
pectin but also arabinose, xylose, glucose, fruc-
tose, galactose, maltose, sucrose, and dextrin 
(Dehority  2004c ). Although  B. fi brisolvens  and  P. 
ruminicola  are commonly recognized as hemi-
cellulolytic species, these two species also play 
important roles in fermenting ingested pectin in 
the rumen. Details of their pectin metabolism 
have been described by Marounek and Dušková 
( 1999 ). Briefl y, when supplying the pure culture 
of these two species, pectin was effectively fer-
mented, producing acetate as the predominant 
products (Marounek and Dušková  1999 ). Other 
end products of fermenting pectin and L-arabinose 
and D-glucose were also compared in these two 
species:  B. fi brosolvens  cells grown on pectin 
yielded signifi cantly less butyrate compared to 
the cells grown on L-arabinose and D-glucose, 
while  P. ruminicola  culture grown on pectin pro-
duced signifi cantly high propionate and less lac-
tate, succinate, and fumarate than the culture 
grown on L-arabinose and D-glucose (Marounek 
and Dušková  1999 ).  F. succinogenes  is also an 
important cellulose digester and has been 
described above. Its capacity of fermenting pec-
tin has been studied by Sun et al. ( 2008 ) that the 
pectin in chicory leaves was degraded effectively 
and released large amount of uronic acids as the 
fermentation product.  

  Starch Digesters     Starch is rich in grain-based 
diet, which also requires amylolytic bacteria to 
break its glycosidic bonds. Most strains belong to 
 Butyrivibrio fi brisolvens  and  Prevotella ruminic-
ola , and some strains within  Fibrobacter succi-
nogenes  and  Clostridium  species are able to 
digest starch. Besides to the cellulolytic and 
hemicellulolytic species,  Streptococcus bovis , 
 Ruminobacter amylophilus ,  Succinimonas amy-

lolytica , and  Selenomonas ruminantium  are also 
the species frequently found to digest starch in 
the rumen.  Streptococcus bovis  are Gram- 
positive, anaerobic streptococci. This is one of 
the species that can be commonly isolated from 
the rumen owing to its non-strict requirement for 
low oxidation-reduction potential (Hungate 
 1966 ).  S. bovis  can rapidly ferment starch and 
produce lactic acid as the end product of fermen-
tation (Dehority  2004d ).  Ruminobacter amyloph-
ilus  was formally recognized as  Bacteroides 
amylophilus  (Hamlin and Hungate  1956 ). The 
cells are Gram-negative, anaerobic, nonspore- 
forming, and nonmotile rods, with sizes varied 
between 0.9 and 1.6 μm in width and 1.6–4.0 μm 
in length. The fermentation substrates of this spe-
cies are limited to starch and maltose, producing 
acetic, formic, and succinic acids as end prod-
ucts.  Succinimonas amylolytica  was fi rst reported 
by Bryant et al. ( 1958a ), which is a Gram- 
negative, anaerobic, nonspore-forming, and 
straight rod. The cells are 1.0–1.5 μm in width 
and 1.2–3 μm in length.  S. amylolytica  counts for 
a small number in the rumen when fed a variety 
of rations and only indicates a larger proportion 
of total rumen bacteria when starch is present in 
the diet (Bryant et al.  1958b ). This species 
decomposes starch by hydrolysis.  Selenomonas 
ruminantium  was fi rstly observed by Certes in 
1889, and cell arrangement and habitat (Hungate 
 1966 ) and physiological traits of this species 
(Bryant and Small  1956 ) were later reported. 
Cells of this species are Gram-negative, anaero-
bic, and motile rods with 0.8–1.0 μm in width 
and 2–7 μm in length. Most strains of this species 
hydrolyze starch, producing primarily the lactic, 
acetic, and propionic acids as end products 
(Dehority  2004d ).  

  Other Fermenters     Amino acids can also serve 
as substrates for ATP formation and bacterial 
growth in the rumen. Only certain rumen bacteria 
(e.g.,  Prevotella  species) can ferment amino 
acids, but the ATP yield is low (Rychlik et al. 
 2003 ; Walker et al.  2005 ). They need to ferment 
more than 20 amino acids to gain enough energy 
to polymerize a single amino acid into protein 
(Russell  2002 ). The specialized bacteria in the 
rumen synthesize all eight vitamin B compounds, 
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as well as vitamin K, inside their cells (Strobel 
 1992 ; Nagaraja et al.  1997 ), to serve as coen-
zymes for different bioprocesses. For example, 
vitamin B1 serves as coenzyme for enzymes 
involved in decarboxylation reactions; vitamin B 5  
(panthothenic acid) is part of the coenzyme 
A. Several studies have confi rmed that vitamin 
B 12  is an important growth factor for some rumi-
nal microorganisms (Tanner and Wolfe  1988 ; 
Strobel  1992 ). Other microorganisms can synthe-
size it in pathways that produce propionate (Chen 
and Wolin  1981 ), fi nally supplying these vita-
mins to the protozoa when the rumen bacteria are 
passed to the abomasum.   

6.1.2     The Bacteria Attached 
to the Ruminal Epithelium 
(Epimural Bacteria) and Their 
Functions 

 The internal surface of the rumen is covered with 
small fl attened nipple or fi ngerlike projections 
(papillae) of the ruminal epithelium surface. The 
important function of this extended surface area 
is to facilitate the absorption of fermentation 
products, especially VFAs. An early study using 
microscopy showed the bacterial population 
attached to this surface (Cheng et al.  1979b ). 
However, the understanding of the ecology and 
the function of such population are very limited. 

 The existence of the bacteria associated with 
the rumen epithelial surface of sheep was demon-
strated by Bauchop et al. ( 1975 ) using scanning 
electron microscopy. They found that most of the 
bacteria were on the dorsal, caudal, and lateral 
surfaces of the rumen wall and that the densest 
populations were on the top of the dorsal rumen 
and on the bottom of the caudodorsal blind sac. 
Mueller et al. ( 1984 ) identifi ed the diversity of 
the epimural community succession in young 
lambs, and the species  Lactobacillus ruminus, 
Clostridium ramosum, Butyrivibrio fi brisolvens, 
Ruminococcus albus, Streptococcus  sp., 
 Bacteroides  sp.,  Succinivibrio dextrinosolvens, 
Acidaminococcus  sp.,  Streptococcus bovis , and 
 Ruminococcus fl avefaciens  were present at dif-
ferent ages. The fi rst study on bovine epithelial 
wall associated bacteria was carried out by 

Tamate et al. ( 1971 ), and it revealed similar colo-
nization patterns in the rumen of cattle to those of 
sheep. Following these studies and still using 
culture-based methods and microscopy, 
McCowan et al. ( 1978 ) and Cheng et al. ( 1979a , 
 b ) provided further knowledge when they found 
that the bacteria attached to the rumen wall of 
cattle were taxonomically distinct from those in 
the rumen fl uid and/or rumen solid particles. 
They reported that the bacteria attached to the 
rumen wall of cattle included  Micrococcus , 
 Staphylococcus ,  Streptococcus , 
 Corynebacterium ,  Lactobacillus ,  Fusobacterium , 
 Propionibacterium , and other unidentifi ed anaer-
obic species. 

 Recently developed molecular-based tech-
niques (molecular identifi cation), such as PCR- 
DGGE (Sadet et al.  2007 ; Sadet-Bourgeteau 
et al.  2010 ; Chen et al.  2011 ) and 16S rRNA 
sequence analysis (Mitsumori et al.  2002 ; Cho 
et al.  2006 ; Pei et al.  2010 ; Li et al.  2012 ), have 
been applied to identify the rumen epithelial tis-
sue microbial community and have confi rmed 
that the profi les of the microbes attached to the 
ruminal tissue are different from those found in 
the ruminal digesta (Chen et al.  2011 ; Li et al. 
 2012 ). Although bacterial diversity and density 
under different diets have been compared, the 
population of bovine epimural bacteria has not 
yet been accurately defi ned. Early study showed 
that the counts of epimural bacteria in hay-fed 
sheep ranged from 4.4 × 10 7  to 2.2 × 10 8 /g of wet 
tissue (Wallace et al.  1979 ). However, the count 
was found lower at 1.4 ~ 1.8 × 10 7  CFU/cm 2  of 
rumen epithelial tissue surface in young lambs 
(Mueller et al.  1984 ). In cattle, it is estimated that 
approximately 1–2 % of the total bacterial popu-
lation resides in the rumen epithelium (Russell 
et al.  2002 ), while the density of such bacteria 
can be up to 2.0 × 10 10  /g of ruminal tissue in beef 
heifers (Chen et al.  2011 ). 

 It is believed that the epimural bacteria are 
involved in oxygen scavenging (Cheng et al. 
 1979b ), hydrolysis of urea entering the rumen 
across the wall (Fay et al.  1979 ; Wallace et al. 
 1979 ), and tissue recycling (McCowan et al. 
 1978 ). Moreover, Mitsumori et al. ( 2002 ) 
detected  Nitrosomonas  from the rumen epithe-
lium and suggested the possibility that the 
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 bacterium oxidizes ammonia and methane on the 
rumen surface. These functions are distinct from 
those of the bacteria in the rumen content, sug-
gesting that the epimural bacteria may play a dif-
ferent role during rumen fermentation. Due to the 
intimate contact between animal tissue and 
epimural bacteria, they also play some role in 
host-microbial interactions since they also have 
barrier functions, such as biofi lm formation 
(Macfarlane and Dillon  2007 ). Recent studies on 
the association between epimural bacterial com-
munity and fermentation characteristics (Chen 
et al.  2011 ) as well as rumen tissue gene expres-
sion (Chen et al.  2012 ) have indicated a variety of 
different types of relationships with the host.   

6.2     Rumen Bacterial 
Identifi cation 
and Enumeration 

 Revealing this microbial community in the rumen 
has been of research interest for a long period, 
since it is one of the key factors determining the 
digestion of ingested plant materials, being 
important in supplying host animals with absorb-
able and ready-to-use substrates for host biologi-
cal processes and energy to maintain normal 
functions. Rumen bacteria are highly diverse in 
sizes, shapes, organizations, substrate utilization, 
and so on. Firstly documented by von Tappeiner 
( 1884 ), attempts have been made on revealing the 
composition and functions of bacteria which are 
living in the rumen. Little was achieved until the 
late 1940s, when Baker and Harriss ( 1947 ) suc-
cessfully observed the bacteria through micro-
scopic method for the fi rst time to illustrate that 
cellulose degradation in the rumen was primarily 
conducted by the cocci. Around the same time, 
independent studies conducted by Hungate 
( 1947 ), Sijpesteijn ( 1948 ), and Marston ( 1948 ) 
successfully isolated bacteria from the rumen 
sample and cultured them in vitro. Since then, 
signifi cant improvements in the culturing meth-
ods have been achieved, and many more species 
have been isolated and cultured in the labs. 

 Although the morphological, physiological, 
and biochemical traits of the isolated species 

have been studied on the culturing media, it is 
believed that a large amount of bacteria living in 
the rumen are still missing from culture-based 
methods. This can be caused by the low recovery 
rate of isolation and the strict requirements for 
culturing cells in vitro. Culture-independent 
methods have been invented later to open a door 
for studying the non-culturable species. With 
these methods, the overall structure of the rumen 
bacterial communities has been identifi ed, and 
the genomic features recovered through culture- 
independent methods may in turn improve the 
success rate for isolating and culturing the cells 
for studying their physiological and metabolic 
characteristics. 

6.2.1     Cultivation-Based Methods 

 The rumen is a strict anaerobic environment, with 
a pH that normally ranges between 5.5 and 6.5 
and a temperature between 39 and 40 °C. As 
such, the anaerobic techniques introduced by 
Hungate ( 1969 ) and modifi ed by Bryant ( 1972 ) 
have been widely adopted in most of the micro-
bial labs studying the rumen bacteria. The early 
attempts for detecting ruminal bacteria have been 
fulfi lled by isolating cells and maintaining cul-
tures in vitro. Culturing medium usually contains 
both nonselective compartment and selective 
compartment to be specifi c for particular species 
(McSweeney et al.  2005 ). The medium is also 
applied for cell isolation, and the majority of the 
culturable species can be stored in anaerobic 
diluent at −70 °C. 

 Roll-tube method was fi rstly described by 
Hungate ( 1969 ) and is still being extensively 
used today for isolating bacteria from the rumen. 
Olson ( 1992 ) has invented a modifi ed agar bottle 
plate for cultivation and isolation of the strict 
anaerobes while allowing easier streaking as 
well as picking of colonies. The development of 
fl exible plastic anaerobic glove box chamber 
makes the colony isolation even easier, where 
standard microbiological techniques such as 
agar spread plates, replica plating, and dispens-
ing of medium can be achieved within the anaer-
obic environment. 
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 Besides isolating different bacteria species, 
enumeration of each bacteria species as well as 
the whole microbial population was another key 
indicator for studying the bacterial communities. 
Direct counting through microscope was good 
for studying the rumen liquid-associated bacte-
ria, but not suitable for the counting of solid 
phase. Therefore, direct counting did not refl ect 
the real abundance of the rumen bacteria. The 
most probable number technique (MPN) was 
applied in the late 1980s and has been widely 
used afterwards (Dehority et al.  1989 ). This 
method enumerated the examined species by 
observing the microbial growth among a serial 
dilution of inoculum. However, this method can 
only be applied to the culturable species; thus, 
methods for quantifying the non-culturable spe-
cies were required.  

6.2.2     Molecular Identifi cation 

 Owing to the strict requirement for growth and 
maintenance, only a very small fraction (<1 %) 
of the microbial community has been success-
fully identifi ed by culturing methods, and the 
majority of the rumen bacteria have never been 
isolated and cultured (Amann et al.  1995 ). 
Besides, when the culturable bacteria are in the 
“viable but non-culturable (VBNC) state” they 
also fail to grow on the traditional media that 
they can normally grow and develop colonies 
(Oliver et al.  2006 ). As such, the bacteria which 
are either in a very low active stage or are with 
low abundance will be missed from the identifi -
cation and the description of the rumen bacterial 
communities can be very misleading. The 
advent of molecular identifi cation has been war-
ranted a more precise and complete description 
of the entire bacterial community within the 
rumen. 

 The small subunit of ribosomal gene, 16S 
rRNA gene in bacteria, has been proposed to be 
the best indicator for the microbial diversity 
(Amann et al.  1995 ). The advantages of targeting 
16S rRNA gene for describing the bacterial com-
munities in the rumen are as follows: This gene is 
expressed among all species with similar 

sequence length (Zoetendal et al.  2008 ); it 
 contains both conserved regions, variable regions, 
and hypervariable regions (V regions) with dis-
criminatory potentials (Juste et al.  2008 ); and the 
databases (e.g., Ribosomal Database Project, 
http://  www.cme.msu.edu    ) for this particular gene 
have been well established and enable accurate 
comparisons of obtained sequences and existing 
sequences (Chakravorty et al.  2007 ). Conventional 
molecular identifi cation methods targeting this 
gene include terminal restriction fragment length 
polymorphism (T-RFLP), fl uorescence in situ 
hybridization (FISH), denaturing gradient gel 
electrophoresis (DGGE), temperature gradient 
gel electrophoresis (TGGE), clone library, and so 
on. Quantifi cation of bacteria can also be achieved 
by measuring the copy number of 16S rRNA 
gene of each species (Nadkarni et al.  2001 ), 
which coped with the shortages of culture-based 
microbial enumeration. 

 Although the conventional molecular identifi -
cation has illustrated a more complex rumen bac-
terial community compared to the cultivation 
methods, the detection limits of these methods 
have prevented the discovery of bacteria of very 
low abundance. The invention of next-generation 
sequencing might reveal the entire rumen bacteri-
ome by targeting either all of the amplicons of 
16S rRNA gene or by targeting the whole metage-
nome. The high coverage of the sequences has 
assured a more in-depth analysis of the phyloge-
nies and functional potentials of the bacterial 
communities.  

6.2.3     Structure of the Rumen 
Bacterial Community 

 The key species of rumen bacteria have been 
described in the previous section, but in the 
rumen, the bacteria are not present as single colo-
nies; instead, they interact with other microbes 
and form a complex community. Revealing the 
entire composition of the bacteria in the rumen 
may supply overview of all digestive potentials 
of the microbes and help to elucidate the meta-
bolic potentials based on the characteristics of 
each component species. 
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 The early description of the composition of 
the rumen bacteriome achieved by molecular 
identifi cation was based on cloning analyses of 
the 16S rRNA genes in the rumen fl uid of dairy 
cattle (Whitford et al.  1998 ). In their study, 20 
novel Gram-positive bacteria and 6 previously 
uncharacterized Gram-negative bacteria were 
observed, forming a community predominantly 
containing  Prevotella ,  Bacteroides , and 
 Clostridia . Tajima et al. ( 1999 ) also applied clone 
library analysis to reveal the bacterial communi-
ties in the rumen of Holstein dry cows, fi nding 
that low G + C Gram-positive bacteria,  Cytophaga-
Flexibacter-Bacteroides ,  Proteobacteria , and 
 Spirochaetes  are the predominant phylotypes in 
the rumen liquid, whereas low G + C Gram-positive 
bacteria,  Cytophaga-Flexibacter-Bacteroides , 
and  Spirochaetes  are the predominant phylotypes 
in the rumen content. Proportion of each bacterial 
group varied depending on its origin (liquid 
phase vs. content phase). Edwards et al. ( 2004 ) 
applied 16S rDNA library-based method to study 
the rumen bacterial community and reported low 
G + C Gram-positive bacteria (54 %) as the most 
predominant group followed by  Cytophaga-
Flexibacter- Bacteroides   (40 %). 

 The rumen bacterial communities can be sep-
arated into four fractions: planktonic, loosely 
attached to rumen digesta particles, tightly 
attached to rumen digesta particles, and epithelial 
attached. Bacterial composition of each fraction 
has been examined and compared, and noticeable 
differences among the four fractions have been 
reported.  Cytophaga-Flexibacter-Bacteroides  
group was the predominant bacteria in rumen 
fl uid followed by low G + C Gram-positive bacte-
ria and  Proteobacteria ; low G + C Gram-positive 
bacteria was the predominant bacteria in rumen 
content followed by  Cytophaga-Flexibacter- 
Bacteroides  ,  Proteobacteria , high G + C Gram- 
positive bacteria, and  Spirochaetes ; while in the 
epithelial-associated communities, only 
 Cytophaga-Flexibacter-Bacteroides  and low 
G + C Gram-positive bacteria have been identi-
fi ed (Cho et al.  2006 ). In a latter study by Kong 
et al. ( 2010 ), bacterial populations tightly 
attached to the particulates were found to be 

more diverse than the planktonic and loosely 
attached ones. 

 Traditional molecular identifi cation has 
revealed a much higher diverse bacteriome; how-
ever, owing to the detection limit, the phylotypes 
presenting at very low abundance may escape 
detection. High-throughput sequencing method 
allows a deeper description of the rumen bacteri-
ome. Pyrosequencing of the 16S rRNA gene 
amplifi ed with indexed primers has been widely 
used to examine the complex rumen bacteriome. 
Jami and Mizrahi ( 2012 ) have examined the 
rumen microbiome of 16 Holstein cows by ampli-
fying the V2 and V3 regions of 16S rRNA gene 
and reported that  Bacteroidetes  to be the most 
abundant phylum in the rumen (51 %) followed 
by  Firmicutes  (42 %). The bacterial communities 
in dairy cows fed with different diets were also 
assessed by sequencing the V3 to V4 regions of 
the 16S rRNA genes (Zened et al.  2013 ), and 
 Bacteroidetes  and  Firmicutes  appeared to be the 
top two phyla in all animals regardless of the 
dietary differences. Kittlemann et al. ( 2013 ) used 
universal primers amplifying bacteria and archaea 
simultaneously and have revealed a similar bacte-
rial community that phylotypes belonging to 
 Bacteroidetes  and  Firmicutes  were the main phyla 
of the rumen bacterial community. 

 However, although the main phyla of different 
studies appeared to be identical when the rumen 
bacteriome was assessed by the amplicon pyrose-
quencing, description of the microbiome may be 
biased by the selected primers (Cai et al.  2013 ). 
Therefore, analyzing the microbial structure 
using metagenomic methods may be more pre-
cise since the microbial profi ling is not achieved 
by amplifi cation. Brulc et al. ( 2009 ) have exam-
ined the rumen microbial metagenome using 
pyrosequencing method, and the phylogenic data 
retrieved from their study confi rmed with 
amplicon- based pyrosequencing analyses that 
the predominant bacterial phylotypes were 
 Firmicutes  and  Bacteroidetes . 

 Moreover, functional potentials of rumen bac-
teriome can also be identifi ed with metagenomic 
analysis. In a gene-centric analysis of rumen 
metagenome, fundamental differences in 
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 digestive potentials were observed between 
bovine rumen and termite hindgut, and the rumen 
microbiome has been found to develop special-
ized digestive ability attacking cellulose by the 
forage- specifi c glycoside hydrolases (Brulc et al. 
 2009 ). In a latter study, more than 27,000 puta-
tive carbohydrate- active genes were identifi ed 
from cattle metagenome, displaying a more com-
plete description of the genes participating in cel-
lulose decomposition (Hess et al.  2011 ). Each 
bacteria species has its unique features, and the 
optimal growth conditions for the cells are thus 
different. Therefore, alteration in the rumen con-
ditions can undoubtedly affect the symbiotic bac-
teria, and each bacterial species might respond to 
these changes in varied manners.  

6.2.4     Whole Genome Sequencing 
of Key Rumen Bacteria 
Species 

 Having the whole rumen bacterial communities 
being characterized, the next stage of studying 
this microbiota is to understand the functional 
potentials of the communities. Although metage-
nomic analysis can identify the functional genes 
from the whole rumen microbiota, it has been 
widely noticed that particular species instead of 
the entire microbiome contribute to host variance 
(Zhou et al.  2009 ; Hook et al.  2010 ; Hernandez- 
Sanabria et al.  2012 ). In this context, getting 
insights of the species-specifi c features of each 
bacterial species might lead to a more effective 
redirection of the rumen bacterial community. A 
detailed summary of the available genome 
sequences of rumen bacteria can be found in 
Leahy et al. ( 2013 ). By comparing the genome 
sequences of the key rumen species, specialized 
targets for microbial manipulation may be identi-
fi ed. For example, Purushe et al. ( 2010 ) com-
pared the genome sequences of  P. ruminicola  and 
 P. bryantii  and have found that although genome 
sizes and average gene lengths between the two 
species were similar, the genome of each species 
has embedded genes encoding more than 1,300 
unique proteins compared to the other species. 
The exclusive proteins identifi ed from each bac-

terial species may have contributed to its 
 uniqueness compared to other species and make 
it suitable for particular niche within the rumen 
environment.   

6.3     Factors Affecting Rumen 
Bacterial Community 

 Many factors have been reported to have an effect 
on the rumen microbial community, among 
which are changes in diet (Tajima et al.  2001 ; 
Bevans et al.  2005 ), age of the animal (Fonty 
et al.  1987 ,  2007 ), antibiotic usage (Kleen et al. 
 2003 ), health of the host animal (Kleen et al. 
 2003 ; Rustomo et al.  2006a ), geographic location 
(Sundset et al.  2007 ), season (Orpin et al.  1985 ; 
Crater et al.  2007 ), photoperiod (McEwan et al. 
 2005 ), stress level (Uyeno et al.  2010 ), environ-
ment (Romero-Pérez et al.  2011 ), and feeding 
regimen (Rustomo et al.  2006b ). In addition, the 
microbial species and activities have also been 
shown to be affected by feed intake levels (Crater 
et al.  2007 ) and frequency of feeding (Pulido 
et al.  2009 ), suggesting that it is possible to 
manipulate the composition of ruminal bacteria 
by diet and management. Recent studies revealed 
that the host may also have an effect on selecting 
rumen bacteria (Li et al.  2009 ; Hernandez- 
Sanabria et al.  2013 ), indicating that it may be 
possible to breed selected rumen bacteria animals 
for better performance. 

6.3.1     Diet 

 Among the factors that can impact the rumen 
bacteria, the effects of diet on the changes of 
rumen microbial community have been the most 
studied. To date, the rumen bacterial diversity 
and population changes under various dietary 
conditions in many species have been widely 
reported. As stated in previous section, each 
microbial species has evolved specialized 
 substrate preference. When dietary changes 
occur to ruminants, the symbiotic bacterial com-
munities shifted to a structure that is more suit-
able for digesting the compounds within the 
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diets. Therefore, the primary factor inducing the 
compositional variation in the rumen bacterial 
communities is the diet transition. 

 Using cattle as one of the examples, the diets 
used to feed dairy/beef cattle usually contain the 
following components: hay/forage (grass or 
legume) and/or grain (corn, barley, wheat, oats, 
and sorghum). The animals are usually fed with 
high-forage diet and then switched to the high- 
grain diet to achieve a higher level of productiv-
ity, since feeding animals with highly fermentable 
(high-grain) diets can increase VFAs production 
in the rumen (Penner et al.  2010 ), thereby increas-
ing the total metabolizable energy for the animal. 
Through such dietary transition, the changes of 
fi brolytic species and starch fermenters can 
change signifi cantly. For example, the quantity of 
the fi brolytic bacterium,  F. succinogenes  fell 
20-fold,  R. fl avefaciens  declined to 10 % of its 
initial level,  P. ruminicola  decreased threefold, 
and  E. ruminantium  and  T. bryantii  dropped 
14-fold and sevenfold, respectively, while  P. bry-
antii  and  S. ruminantium-M. multiacida  increased 
tenfold and twofold, respectively, on the third 
day and 57-fold on day 28 after the switching 
from hay to grain (Tajima et al.  2001 ). A recent 
study using high-throughput sequencing analysis 
revealed that the bacterial diversity OTUs (opera-
tional taxonomic units) in the rumen digesta were 
highest with forage with 38 unique OTUs identi-
fi ed as compared to only 11 with the high-grain 
diet in beef heifers (Petri et al.  2013a ). In addi-
tion, the dietary effect on rumen bacterial com-
munity has been also reported in other ruminants. 
The rumen bacterial communities of domestic 
sika deer fed with tannin-rich and fi ber-rich for-
age also appeared to be different, where  P. shahii- 
like  ,  P. veroralis -like,  P. albensis -like, and  P. 
salivae -like sequences were more abundant in 
oak leaf-based diets, while  S. dextrinosolvens- 
like   and  P. ruminicola -like sequences were more 
prevalent in corn stalk-based diet (Li et al.  2013 ). 

 Furthermore, the changes of bacterial commu-
nity in response to dietary change have also been 
observed in different populations. Romero-Perez 
et al. ( 2011 ) examined the bacterial communities 
in rumen liquid of 12 steers and found that the 
bacterial population clustering was affected by 

the two diets (alfalfa silage vs. sainfoin silage). 
Hernandez-Sanabria et al. ( 2012 ) reported that 
the rumen bacterial PCR-DGGE profi les of 
rumen fl uid of beef steers clustered majorly 
according to the two diets (low energy vs. high 
energy). Recent studies on ruminal epimural bac-
teria also revealed that this community can be 
impacted by diet both during a high-forage diet to 
a high-grain diet transition in beef heifers (Chen 
et al.  2011 ; Petri et al.  2013b ), between high- and 
low-energy diet in beef steers (Hernandez- 
Sanabria et al.  2013 ), and between high-forage 
and high-grain diet in sheep (Sadet et al.  2007 ; 
Sadet-Bourgeteau et al.  2010 ).  

6.3.2     Environment 

  Rumen Microenvironment     One of the above 
changes in response to diet may be due to the 
ruminal pH changes in addition to the changes in 
fermentation substrate. It is known that changing 
the proportion of forage and concentration in 
diets affects ruminal fermentation characteristics 
such as volatile fatty acid (VFA) and ruminal pH 
(Schwartzkopf-Genswein et al.  2003 ). For exam-
ple, low pH (<6.0) has negative effects on fi bro-
lytic bacteria in the rumen, and the population of 
amylolytic bacteria decreases as pH continues to 
decline (Martin et al.  2002 ; Nagaraja and 
Titgemeyer  2007 ). Therefore, rumen pH is 
another factor that can also impact the bacterial 
growth (Russell and Dombrowski  1980 ; Hoover 
 1986 ; Grant and Mertens  1992 ; Allen et al.  2006 ). 
When bacteria are exposed to a low rumen pH, 
their ability to bind cellulose, or catabolism of 
hydrolytic products, is reduced or inhibited, and 
they are unable to survive.  

  Macroenvironment     Although other environ-
mental factors such as geographic location, man-
agement, and season may also be considered to 
impact rumen bacterial community, there are 
 limited studies to date. Using culture-based 
methods, no difference was detected on counts of 
bacteria from rumen contents of deer feeding in 
their natural habitat that could be related to 
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 location, sex, or age of the animals (Pearson 
 1969 ). Research by Orpin et al. ( 1985 ) indicated 
that rumen bacterial concentrations in the rumen 
of Svalbard reindeer could be affected by the 
change of season. During the summer months, 
the estimated rumen bacterial concentration was 
2.1 × 10 10 /g, while in the winter season, it 
decreased by more than 20 % (Orpin et al.  1985 ). 
Using molecular-based techniques, the enhanced 
digestibility of poor-quality feeds reduced the 
rate of feed passage within the digestive tract and 
increased recycling of nitrogen observed in North 
American buffalo when compared to Asian water 
buffalo, suggesting that geographic location 
might have an impact on the rumen microbiota 
(McAllister  2009 ).   

6.3.3     Host 

 In many occasions, providing identical feed to 
the animals in the same herd did not necessarily 
establish identical microbial composition among 
individuals (Hernandez-Sanabria et al.  2010 ; 
Welkie et al.  2010 ), suggesting that host-specifi c 
conditions may be another important factor that 
infl uences the rumen microbiota. For example, 
different rumen methanogen profi les were 
observed among deer, sheep, and cows when they 
were grazed on the same pasture, with the ecol-
ogy of ruminal methanogens that was more simi-
lar within the same host species than across 
different host species (Jeyanathan et al.  2011 ). 
Distinguishable methanogenic communities 
were even observed from fi ve alpaca when they 
were raised under the same conditions (St-Pierre 
and Wright  2012 ). Although these studies have 
been mainly focused on rumen methanogens, the 
rumen bacteria have also shown to be impacted 
by the host animals. Breed of animals has shown 
to infl uence rumen bacteria diversity in beef cat-
tle (Guan et al.  2008 ). In addition, the sire breed 
of steers had impact on the rumen microbial phy-
lotypes of their offspring (Hernandez-Sanabria 
et al.  2013 ), and each animal responded to dietary 
changes differently (Zhou et al.  2013 ). Dairy 
cows with same breed host a more related rumen 
microbiome in terms of diversity than those with 

different breeds (King et al.  2011 ), while there is 
further evidence that different individuals within 
the same breed displayed varied ruminal micro-
bial ecology (St-Pierre and Wright  2012 ). In a 
preliminary study by Weimer et al. ( 2010 ), rumen 
bacteria of dairy cattle displayed host specifi city, 
and each microbiome reestablished itself with 
varying success when they received a microbial 
community from a different host. To date, we 
could not address this discrepancy with respect to 
host genetic difference or simply individual vari-
ance since most of the studies about rumen 
microbial community did not include host genetic 
information such as parentage test as well as gen-
otypes. Therefore, future studies identifying the 
linkage between host genetic markers and rumen 
microbial ecology may provide more accurate 
estimation of how each individual animal 
responds to exotic microbiota.   

6.4     Rumen Bacteria and Their 
Implications in Animal 
Production 

 Improvement of feed effi ciency continues to be 
an issue for dairy/beef industry due to higher 
inputs of feed costs, increased demand for feed 
grains from ethanol production, and increased 
demand for animal protein to meet a growing 
human population and is set against the reduction 
of agricultural land area and other resources 
(such as energy and water). As described above, 
the rumen microbial fermentation with a com-
plex bacterial ecosystem is responsible for the 
breakdown of feed components, enabling rumi-
nants to derive about 70 % of their metabolic 
energy from this process (Bergman  1990 ). The 
rumen bacterial community intensively involve 
in the digestion process in the rumen. Therefore, 
characteristics of the bacteriome such as the 
composition of the community, the physiology of 
each particular species, and the interactions 
between the bacteria and other microbes and/or 
host animals, are inevitable to be the factors 
impacting the rumen fermentation processes, the 
digestive end products, and the energy supply to 
host animals. Therefore, host performance and 
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health are largely dependent on its symbiotic 
bacteriome. 

 Presently, the understanding of the biological 
process of microbes in the rumen has been very 
limited, and the linkage between the microbial 
functions and host performance, for example, 
feed effi ciency, has not been well understood. 
Recent studies using a small population (58 steers 
with different feed effi ciency) revealed that par-
ticular microbes may be associated with cattle 
feed effi ciency including the measurements such 
as average daily gain, dry matter intake, feed con-
version ratio, and residual feed intake (RFI) 
under growing and fi nishing diets (Guan et al. 
 2008 ; Hernandez-Sanabria et al.  2010 ). From the 
same population, the effect of diet on association 
between rumen function (presence or absence of 
particular microbes, fermentation measure-
ments), RFI (Hernandez-Sanabria et al.  2012 ), 
and methane emission (Zhou et al.  2010 ) has also 
been detected. From these studies, populations of 
three bacterial species ( Succinivibrio  sp., 
 Eubacterium  sp., and  Robinsoniella  sp.) were 
identifi ed to be correlated with feed effi ciency 
measurements; their predicted metabolic mecha-
nisms (propionate synthesis, formate production, 
and cross-feeding interaction with methanogens) 
may infl uence feed effi ciency (Hernandez- 
Sanabria et al.  2012 ). Furthermore, particular 
microbial phylotypes in cattle differing sire breed 
can infl uence rumen microbial metabolic pro-
cesses and, ultimately, in productive performance 
(Hernandez-Sanabria et al.  2013 ). Further analy-
sis of rumen bacterial profi les showed that 
 Prevotella  sp. was abundant in Angus rumen liq-
uid and contents, while  Clostridium  sp. was pres-
ent in contents and tissue from Charolais steers, 
suggesting a strong association between host and 
the colonization of rumen bacteria. Based on 
these preliminary fi ndings, it strongly suggests 
that rumen function (presence or absence of par-
ticular microbes) can be regulated by the interac-
tion between “host (genotypes)” and 
“environment (diet, management)”, which subse-
quently impact on the rumen fermentation effi -
ciency. Future studies are necessary on host 
genetics (DNA marker) for rumen function and 
the particular host mechanisms responsible for 

the variations in the microbial populations and 
their interactions with diet and impact on host 
feed effi ciency.  

6.5     Conclusions 

 The rumen contains a diverse microbiota produc-
ing many bio-products, which are fundamental 
components for cattle’s daily nutrition source. 
Bacteria are the predominant microbes in the 
rumen, which play essential roles in fi ber degrada-
tion and carbohydrate fermentation for those pre-
dominating in the rumen digesta (liquid and feed 
particles associated). In the meantime, more evi-
dences have appeared to reveal that ruminal epithe-
lial-attached bacterial community may also play a 
role in VFA metabolism and/or host barrier func-
tion. A better understanding of basic physiological 
functions, such as nutrient transport and absorption 
mechanisms, as well as factors that affect these 
functions may help to explain the roles of such 
microbial population in the rumen. Many evidences 
have shown that various factors, including those 
discussed above, can alter or disrupt the normal 
bacterial diversity and density in the rumen. 
Therefore, to improve animal production by alter-
ing the rumen function, it is essential to fi rst under-
stand what species are there, what they are doing, 
and how they can respond to various factors. To 
date, the understanding of the biological process of 
microbes in the rumen is insuffi cient, and the link-
age between the microbial functions with host’s 
performance is largely under discovered. Current 
function- directed metagenomic-/
metatranscriptomic- based approaches may prove 
to be useful in shedding additional information on 
the impact of specifi c phylotypes/taxa and high-
lighted metabolic pathways on rumen functions.     
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    Abstract  

  Rumen fungi inhabiting the gastrointestinal tract of ruminants have been 
stepwise renamed into “gut fungi” after the discovery of their occurrence 
in intestines/hindgut of large herbivores. These only anaerobic fungi are 
phylogenetically unique and comprise a separate clade, the 
 Neocallimastigomycetes , among the basal fungi. Six genera have been 
described, namely, the monocentric  Neocallimastix ,  Caecomyces  and 
 Piromyces  and the polycentric  Anaeromyces ,  Orpinomyces  and 
 Cyllamyces . Recent research indicates, however, the existence of several 
new taxa in ruminant and nonruminant animals. The major traits of the gut 
fungi are both singular and exceptional. Physiologically, the gut fungi are 
the only representatives of  Fungi  obligately anaerobic and possess, there-
fore, hydrogenosomes instead of mitochondria. Genetically, gut fungi rep-
resent organisms with the lowest genome G+C content in the entirety of 
life. Enzymologically, gut fungi produce a broad range of excellent hydro-
lases, some of which are organized in cellulosomes, the enzyme factories 
otherwise known only in some bacteria, and include the most active (hemi) 
cellulases. This chapter brings the insight into the recent state of knowl-
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edge on anaerobic fungi with special attention to their diversity, new taxa 
proposition, the effect of diet and host phylogeny on anaerobic fungal 
community and the composition of their lignocellulolytic machinery.  

  Keywords  

  Rumen fungi   •   Herbivore   •   Anaerobic   •   Hydrolases  

7.1         Introduction 

 Rumen fungi, an unusual group of symbiotic 
zoosporic fungi discovered only in  1975  by 
British scientist Colin Orpin, occupy a unique 
ecological niche, the anaerobic environment of 
the rumen and gastrointestinal tract of large her-
bivores. The original notion of “rumen fungi” has 
been stepwise replaced by the term “gut fungi” 
after the discovery of their occurrence in intes-
tines of hindgut animals like the horse, rhinoc-
eros or elephant. In the digestive tract, the gut 
fungi contribute, in association with bacteria and 
protozoa, to hydrolysis of diet fi bre resulting in 
the production of fermentation end products (vol-
atile fatty acids) that can be utilized by the host 
animal as sources of nutrition. Anaerobic gut 
fungi might account for 5 % up to 20 % of the 
total microbial biomass (depending on the quan-
tifi cation method) in the rumen (Rezaeian et al. 
 2004 ); however, their contribution to plant cell 
wall degradation has not yet been exactly deter-
mined although some studies suggest that they 
may greatly exceed the contribution by bacteria 
to fermentation (Lee et al.  2000 ). They produce 
all the enzymes necessary for plant biomass 
decomposition including cellulases, xylanases, 
mannases, esterases, glucosidases and gluca-
nases. These enzymes (collectively hydrolases) 
enable the gut fungi to penetrate plant cell walls, 
access fermentable substrates not available to 
surface-acting bacteria, colonize the sturdy plant 
structures and weaken and degrade plant tissue, 
thus reducing the size of plant particles. Released 
zoospores attach to the feed fragments where 
they encyst and subsequently germinate to pro-
duce a thallus composed of rhizoids and the spo-
rangium. The rhizoid system can be highly 
branched and is able to penetrate deeply into 

plant stems and thus possibly aid substrate 
decomposition mechanically. Due to the capabil-
ity of colonizing the recalcitrant plant compo-
nents such as sclerenchyma and the vascular 
system, gut fungi are known to decompose 
lignin- containing plant walls, even if they do not 
utilize phenolics or lignin. Not only do the effec-
tive hydrolases make the gut fungi so attractive 
for scientifi c research, they are very interesting 
also from the evolutionary point of view. Their 
unique traits, especially anaerobiosis, possession 
of hydrogenosomes instead of mitochondria, 
multiple fl agella and extremely low genomic GC 
content, make these microorganisms extraordi-
nary in the fungal kingdom. Despite intensive 
research, there are still many questions regarding 
morphology, genetics, enzymology, taxonomy, 
diversity and the importance of gut anaerobic 
fungi to the host animals. This contribution aims 
to highlight some recent advances achieved in 
this fi eld.  

7.2     Taxonomy 

 The rumen fungi, due to their extraordinary mor-
phological features, have occupied different tax-
onomic positions and thus have been placed in 
different taxonomic groups since the time of their 
discovery. These fl agellate microorganisms, 
observed for the fi rst time in rumen fl uid more 
than 100 years ago, were originally considered as 
protozoans. Only in  1975  did Orpin recognized 
these cells as a motile stage in the life cycle of a 
fungus and classifi ed them as  Phycomycetes . 
Description of chitin in their cell walls (Orpin 
 1977a ) proved, conclusively, that these organ-
isms were true fungi, and in 1980 they were 
assigned to the  Chytridiomycetes  (Barr  1980 , 
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 1988 ) following the abandonment of the exces-
sively polyphyletic  Phycomycetes . Further 
advance in the systematics of gut fungi has been 
driven by modern methods of molecular biology. 
Multi-gene dataset phylogenies of DNA 
sequences of ribosomal RNA operon (18S rRNA, 
28S rRNA, ITS) combined with protein-coding 
genes (EF1α, RNA polymerase II subunits 
RPB1and RPB2) subsequently led to the separa-
tion of the anaerobic gut fungi from 
 Chytridiomycetes  and the formation of the new 
phylum,  Neocallimastigomycota , including one 
class,  Neocallimastigomycetes , one order, 
 Neocallimastigales , and a single family 
 Neocallimastigaceae  (Hibbett et al.  2007 ; 
Gruninger et al.  2014 ). Within the family there 
are currently six genera:  Neocallimastix , 
 Piromyces ,  Caecomyces ,  Orpinomyces , 
 Anaeromyces  and  Cyllamyces . The very recently 
the new genus Buwchfawromyces eastonii has 
been described (Callaghan et al.  2015 ) enlarging 
the number of genera up to seven.The genera are 
defi ned on the basis of a monocentric or polycen-
tric thallus, fi lamentous or bulbous rhizoids, the 
shape of sporangia and mono- or polyfl agellated 
zoospores, whereas species are delimited mainly 
on zoospore ultrastructure (Munn  1994 ). Table 
 7.1  shows all known cultivable species although 
recent research analysing the diversity of gut 
fungi indicates that the currently described gen-
era and species are signifi cantly incomplete (see 
Sect.  7.5 ). Recent research, however, indicates 
that the revision of the classifi cation of the gut 
fungi has not yet fi nished. Phylogenomic analy-
ses based on 46 slowly evolving and 107 moder-
ately evolving, orthologous, protein-coding 
genes (Ebersberger et al.  2012 ) as well as analy-
ses of Schoch et al. ( 2012 ) based on ITS, LSU 
(Dagar et al.  2011 ), SSU and RPB1sequences of 
1,022 fungal species suggest a monophyletic ori-
gin of the  Chytridiomycota  and 
 Neocallimastigomycota . The position of gut 
fungi thus can be reassessed in the future, and 
they can be again united with the chytrids in the 
 Chytridiomycota  (authors, unpublished).

7.3        Life Cycle 
and Zoosporogenesis 

 The life cycle of the anaerobic gut fungi alter-
nates between a motile zoospore stage and a non-
motile vegetative stage consisting of a 
digesta-associated thallus bearing a fruiting body 
(a sporangium) which is well known in the mono-
centric anaerobic fungi. The zoospores actively 
move by means of fl agella, which differ in num-
ber for different genera. Zoospores are attracted 
to freshly ingested plant tissues presumably by 
chemotactic response to soluble sugars and/or 
phenolic acids (Wubah and Kim  1996 ). Zoospore 
liberation is infl uenced by the diet and induced 
by water-soluble hemes (Orpin and Greenwood 
 1986 ; Orpin  1994 ). Released zoospores attach to 
the feed particles and encyst before germinating 
to produce the fungal thallus comprising the rhi-
zoids and the sporangium. Diagrammatic repre-
sentation of the life cycle of a species of 
 Neocallimastix  is depicted well in Orpin and 
Joblin ( 1997 ), and a descriptive animated model 
created by Karin Christensen ( 2004 ) is available 
on the web at    http://www.goatbiology.com/ani-
mations/funguslc.html    .      

 The rhizoids can be highly branched as in spe-
cies of  Orpinomyces ,  Anaeromyces , 
 Neocallimastix  and  Piromyces  or may consist of 
spherical or ovoid bodies (holdfast or haustoria) 
as in  Caecomyces  and  Cyllamyces . The rhizoidal 
system penetrates the plant tissue, and sporangia 
develop on the exterior surface of the plant frag-
ment or within hollow stems. Two types of 
 zoosporangial development can occur in the 
anaerobic gut fungi: endogenous development, 
where the nucleus is retained in the encysted zoo-
spore which enlarges into a zoosporangium, or 
exogenous development, where the nucleus 
migrates out of the zoospore and the zoosporan-
gium is formed in the germ tube or sporangio-
phore (Barr et al.  1989 ; Ho et al.  1993a ). 
Concentration of nuclear material in a zoosporan-
gium is typical for monocentric species 
( Neocallimastix ,  Piromyces ,  Caecomyces ), while 
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nuclear migration throughout the hyphal mass is 
typical for polycentric species ( Anaeromyces , 
 Orpinomyces ,  Cyllamyces ) (Gaillard et al.  1989 ). 
Mature zoosporangia release zoospores, and the 
life cycle is repeated. Zoosporogenesis can occur 
as early as 8 h after germination under appropriate 
conditions (Orpin  1977b ; France et al.  1990 ; 
Theodorou et al.  1993 ), but normally the life cycle 
varies between 24 and 32 h (Lowe et al.  1987b ; 
Wubah et al.  1991a ). Knowledge of the life cycle 
was acquired mostly from monocentric species; 
that of polycentric species has not yet been fully 
determined. A common characteristic of axenic 
cultures of the polycentric gut fungi is the paucity 
or absence of zoosporogenesis. Although some 
polycentric isolates form sporangia readily and 
abundantly in certain media, the majority of the 
sporangia do not differentiate and release zoo-
spores. It is assumed that polycentric anaerobic 
fungi are able to grow vegetatively and thus their 
survival is less dependent upon the formation of 

zoospores (Phillips and Gordon  1989 ; Ho and 
Bauchop  1991 ). However, it is not known whether 
vegetative growth occurs in vivo, in the rumen. 
Ho and Bauchop ( 1991 ) accomplished successful 
germination and development into mature thalli 
of polycentric fungi, when their mycelium was, at 
the appropriate stage of development, fl ooded 
with or transferred into fresh liquid media or clari-
fi ed rumen fl uid. These results can indicate that 
the life cycle of polycentric fungi under favour-
able conditions of their natural environment need 
not be subjected to propagation problems 
observed in in vitro cultures. 

 A predicted, but up to now not understood, 
phase of life cycle of gut fungi is a resting stage, 
providing their survival for long periods of desic-
cation and exposure to oxygen. The fi rst indica-
tion of this ability was the presence of anaerobic 
fungi out of the rumen, in saliva and in faeces 
(Lowe et al.  1987a ) and the survival of gut fungi 
in dried faeces (Milne et al.  1989 ; Davies et al. 

   Table 7.1    Survey of known cultivable strains of anaerobic gut fungi   

 Genus  Species  Thallus, rhizoids, fl agella  References 

  Neocallimastix    frontalis   Monocentric, fi lamentous, polyfl agellate  Heath et al. ( 1983 ) 

  Neocallimastix    hurleyensis   Monocentric, fi lamentous, polyfl agellate  Webb and Theodorou ( 1991 ) 

  Neocallimastix    patriciarum   Monocentric, fi lamentous, polyfl agellate  Orpin and Munn ( 1986 ) 

  Neocallimastix    variabilis   Monocentric, fi lamentous, polyfl agellate  Ho et al. ( 1993a ) 

  Anaeromyces    elegans   Polycentric, fi lamentous, unifl agellate  Ho et al. ( 1993b ) 

  Anaeromyces    mucronatus   Polycentric, fi lamentous, unifl agellate  Breton et al. ( 1990 ) 

  Caecomyces    communis  a   Monocentric, bulbous, unifl agellate  Orpin ( 1976 ) 

  Caecomyces    equi   Monocentric, bulbous, unifl agellate  Gold et al. ( 1988 ) 

  Caecomyces    sympodialis   Monocentric, bulbous, unifl agellate  Chen et al. ( 2007 ) 

  Cyllamyces    aberensis   Polycentric, bulbous, unifl agellate  Ozkose et al. ( 2001 ) 

  Orpinomyces    bovis   Polycentric, fi lamentous, polyfl agellate  Barr et al. ( 1989 ) 

  Orpinomyces    intercalaris   Polycentric, fi lamentous, polyfl agellate  Ho et al. ( 1994 ) 

  Orpinomyces    joyonii  b   Polycentric, fi lamentous, polyfl agellate  Breton et al. ( 1989 ) 

  Piromyces    communis  c   Monocentric, fi lamentous, unifl agellate  Barr et al.  1989  

  Piromyces    citronii   Monocentric, fi lamentous, unifl agellate  Gaillard-Martinie et al. ( 1995 ) 

  Piromyces    dumbonica   Monocentric, fi lamentous, unifl agellate  Li et al. ( 1990 ) 

  Piromyces    mae   Monocentric, fi lamentous, unifl agellate  Li et al. ( 1990 ) 

  Piromyces    minutus   Monocentric, fi lamentous, unifl agellate  Ho et al. ( 1993d ) 

  Piromyces    polycephalus   Monocentric, fi lamentous, unifl agellate  Chen et al. ( 2002 ) 

  Piromyces    rhizinfl ata   Monocentric, fi lamentous, unifl agellate  Breton et al. ( 1991 ) 

  Piromyces    spiralis   Monocentric, fi lamentous, unifl agellate  Ho et al. ( 1993c ) 

   a Originally described as  Sphaeromonas communis  
  b Originally described as  Neocallimastix joyonii  
  c Originally described as  Piromonas communis   
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 1993 ). Studies seeking an explanation of these 
facts revealed the melanized resistant sporangia 
in  Neocallimastix  sp. (Wubah et al.  1991b ) and 
chambered spore-like structures in  Anaeromyces  
sp. (Brookman et al.  2000 ). These resistant bod-
ies can represent either an alternative path in the 
life cycle or a missing part of the normal life 
cycle, similar to a common stage in, for example, 
zoosporic fungi in the  Blastocladiales  (Robertson 
and Emerson  1982 ). This oxygen-resistant dor-
mant stage is presumed to be important in inter- 
animal transfer via accidental or intentional 
coprophagy in addition to transfer through sali-
vary contact (Lowe et al.  1987a ).  

7.4     Quantifi cation 

 The two-stage life cycle of gut fungi has always 
complicated their monitoring and quantifi cation. 
Estimation of fungal population from the mea-
surement of concentration of free zoospores 
(10 3 –10 5  fungal zoospores per ml of the rumen 
fl uid) is inaccurate because this approach does 
not cover the vegetative stage attached by the rhi-
zoidal system to plant particles (Joblin  1981 ; 
France et al.  1990 ; Obispo and Dehority  1992 ). 
Direct counts of fungal colonies on plant frag-
ments (Windham and Akin  1984 ) or agar strips 
(Ushida et al.  1989 ) incubated in the rumen can 
be misleading because the majority of anaerobic 
fungi are uncultivable. The most probable num-
ber (MPN) method for estimation of both free 
zoospores and thalli adherent to plant particles 
(>10 6  thallus-forming units per g of dry matter) 
from serially diluted whole rumen digesta is 
complicated by problems with dilution of digesta 
from fi brous diets and correlation between popu-
lation and biomass (Theodorou et al.  1990 ; 
France and Theodorou  1994 ). The biomass of 
anaerobic fungi cannot be directly related to 
numbers, because of the huge variation in thallus 
size demonstrated between species. 

 Denman and McSweeney ( 2006 ) fi rst 
described the estimation of fungal biomass by 
using real-time PCR and suggested this assay as 
more rapid and accurate than culture-dependent 
method. Unfortunately, this approach also meets 

with diffi culties arising from different growth 
characteristics of monocentric and polycentric 
species. However, the positive correlation 
between both ITS1 copy number and fungal dry 
weight on the one hand and ITS1 copy number 
and zoospore counts on the other hand deter-
mined by Lwin et al. ( 2011 ) offers a way to over-
come these diffi culties and provides a powerful 
tool for estimating the population density of 
anaerobic gut fungi.  

7.5      Diversity 

 Our current understanding of gut fungi popula-
tions in the gastrointestinal tract of herbivores is 
mostly derived from classical microbiological 
approaches based on isolation and cultivation in 
addition to morphological and enzymological 
characterization of cultivable strains. However, 
most of the recent environmental studies indicate 
that cultured taxa represent only a minor part of 
the microbial ecosystems and more than 90 % of 
 Fungi  are apparently awaiting discovery 
(Blackwell  2011 ; Mora et al.  2011 ). Modern 
DNA-based techniques offer assured methods for 
increasing our knowledge of diversity of gut 
fungi and open up the opportunity for the assess-
ment of stability or change in fungal community 
structure and its dependence on diet, host animal 
species or geographical locality. Especially, the 
recent development of next-generation sequenc-
ing (NGS) makes this approach very powerful, 
by allowing the direct characterization of dozens 
of samples with several thousand sequences per 
PCR product. However, the number of studies 
addressing fungal diversity is still limited. 

 Analysis of diversity of gut fungi in cow 
manure using ITS1 fragments in a classical clon-
ing library approach resulted in the phylogenetic 
study showing the dominancy of the  Cyllamyces/
Caecomyces  group (67 %), followed by the 
 Piromyces  group (24 %). This fi rst insight into 
the diversity of anaerobic fungi in cowhouse 
manure supported the opinion of Nicholson et al. 
( 2010 ) relating to the prevalence of fungi with 
bulbous morphology in faeces of bovids. 
However, the results of Sirohi et al. ( 2013 ) 
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 indicate the prevalence of the polycentric genus 
 Orpinomyces  (48 %) in rumen fl uid of cattle fed 
high-fi bre diet. This discrepancy can be explained 
by considerable differences in the abundance of 
different fungal taxa between rumen and faeces. 
In the study of Griffi th et al. ( 2009 ), the anaero-
bic fungi with a bulbous morphotype ( Caecomyces  
and  Cyllamyces ) were the most abundant in fresh 
faeces but represented a lower proportion of the 
fungal population in rumen samples. Conversely, 
those with a polycentric morphotype 
( Orpinomyces  and  Anaeromyces ) were less fre-
quent in fresh samples but represented the major-
ity of fungi in rumen digesta. Monocentric 
morphological types ( Neocallimastix  and 
 Piromyces ) were surprisingly the least abundant 
fungi in cow rumen. Liggenstoffer et al. ( 2010 ), 
who performed an extensive NGS study of gut 
fungi in 30 different animals, also described 
 Caecomyces  as the most numerous genus in fae-
ces of domestic cattle. Nevertheless, in all stud-
ied samples, the sequences identifi ed as 
 Caecomyces  and  Cyllamyces  were the least dis-
tributed and found only in low numbers, while 
 Piromyces  was the most abundant genus repre-
senting 36 % of all obtained sequences. Among 
domestic ruminants, however, the composition of 
faecal anaerobic fungal communities differed 
considerably. In cattle samples with 60 % of 
 Caecomyces  and 25 % of  Piromyces , sequences 
of  Neocallimastix  (5 %),  Anaeromyces  (4 %) and 
especially  Orpinomyces  (2 %) represented only 
the minority groups. Domestic sheep with 44 % 
of  Neocallimastix , 22 % of  Caecomyces , and 
18 % of  Piromyces  also exhibited very low occur-
rence of  Anaeromyces  (4 %) and  Orpinomyce s 
(3.6 %). The prevalence of polycentric 
 Anaeromyces  (48 %) was detected only in domes-
tic goat followed by 33 % of  Piromyces . The inci-
dence of other fungal genera in goat samples was 
negligible or none; however, 20 % of sequences 
were affi liated to the novel group (NG5). 

 Kittelmann et al. ( 2012 ,  2013 ) studied the 
diversity of anaerobic fungi in New Zealand 
ruminants (sheep, cows and deers), but rumen 
content was sampled instead of faeces. Barcoded 
pyrosequencing of ITS1 fragment of 11 animals 
analysed together discovered monocentric 

 Neocallimastix  (28 %) and  Piromyces  (20 %) as 
prevalent genera, while bulbous  Caecomyces  
(8 %) and  Cyllamyces  (5 %) as the least numer-
ous genera. Polycentric  Orpinomyces  represented 
12 % of sequences, and 24 % of sequences 
belonged to novel clades SK1, SK3 and SK4 and 
BlackRhino group. However, differences among 
individual animals were as high as 88 %, which 
indicates that each individual ruminant has its 
own specifi c anaerobic fungal community infl u-
enced by the host animal as well as by the diet. 
For example,  Caecomyces  prevailing (more than 
60 %) in beef cow (Friesian cross) fed hay was 
not present in dairy cow (Friesian-Jersey) fed 
silage (Kittelmann et al.  2013 ). 

7.5.1     New Groups of Gut Fungi 

 The independent studies using different method-
ological approaches recently provided evidence 
for a much greater fungal diversity in the diges-
tive tract of wild and domesticated ruminant as 
well as hindgut-fermenting herbivores than has 
been detected by classical microbiology tech-
niques. At least three novel groups of gut fungi 
were predicted by Nicholson et al. ( 2010 ), who 
studied diversity in animal faeces by gel-based 
methods, namely, denaturating gradient gel elec-
trophoresis (DGGE). Gut fungal-specifi c primers 
MN100 and MNGM2, amplifying the ITS1 
region, were used to monitor fungal population in 
seventeen domestic and ten wild ruminants as 
well as nonruminant herbivores from Australia 
and Africa. Faecal samples contained a broad 
spectrum of gut fungi sequences covering fi ve of 
six known genera (the exception being 
 Caecomyces ), but more than half of the sequences 
were assigned to three novel groups of gut fungi. 
Novel group 2 sequences were identifi ed only in 
African buffalos, group 4 sequences were identi-
fi ed only in one Australian cattle sample and 
group 3 were found in two different Australian 
locations. Two new groups of gut fungi have been 
predicted by Fliegerova et al. ( 2010 ) in cow 
manure based on the detection of novel 
 Piromyces -like and  Anaeromyces -like ITS1 
sequences. The opportunity provided by the 
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revised rules of fungal nomenclature permitted 
the rapid naming, for the fi rst time, of a species 
known only from environmental nucleic acid 
sequence (ENAS) data as  Piromyces cryptodig-
maticus  (Fliegerova et al.  2012 , GenBank no. 
GQ850318, GQ850355, GQ850368). 

 Liggenstoffer et al. ( 2010 ) identifi ed in faeces 
of 30 ruminant and nonruminant herbivores a sig-
nifi cant proportion (38 %) of sequences that 
could not be assigned to any of the six existing 
genera of anaerobic fungi. Phylogenetic analysis 
divided these new sequences into eight different 
novel groups NG1–NG8. Some of these phyloge-
netically distinct novel lineages were widely dis-
tributed (namely, NG1 and NG3), whereas others 
were specifi cally related only to particular ani-
mals (NG4, NG6, NG7, NG8). Groups NG1 and 
NG3 were present in 23 hindgut and foregut sam-
ples in signifi cant numbers creating, after 
 Piromyces , the second (20 %) and third (12 %) 
most abundant lineages. Their prevalence was 
striking, especially in all hindgut Equidae sam-
ples. The sequences of the group NG1constituted 
the absolute majority (100 %) in faecal samples 
from Grant’s and Grevy’s zebra; the group NG3 
was dominant in miniature donkey samples. Both 
groups were detected in signifi cant proportion 
also in wild ruminants (3–40 % in deer, 49 % in 
gazelle, 48 % in goral) but missing in samples of 
domestic cattle, sheep and goat. Regarding other 
new groups, NG5 is noticeable in hippopotamus 
(10 %), sika and western tufted deer (13–27 %), 
sable antelope (11 %) and domestic sheep and 
goat (8 % and 20 %). NG6 represented all of the 
sequences in samples from greater kudu (99 %), 
okapi (15 %) and Rothschild’s giraffe (34 %). 

 Kittelmann et al. ( 2012 ) during the study of 53 
rumen samples from sheep, cattle and deer fed 
different diets detected another four novel clades 
of gut fungi. The novel clusters referred to as 
SK1–SK4 comprised 23 % of retrieved sequences. 
Moreover, 380 GenBank ITS1 sequences were 
re-evaluated, and the comparison of topology of 
six different phylogenetic trees resulted in the 
proposal of a revised phylogeny and pragmatic 
taxonomy of anaerobic gut fungi (Fig.  7.1 ) 

according to Kittelmann et al. ( 2012 ). ITS1 
sequences grouped into 37 reproducible clusters. 
18 clusters grouped with previously named gen-
era:  Neocallimastix  1 (AF170192),  Piromyces  1 
(FJ501270),  Piromyces  2 (GQ850316), 
 Piromyces  3 (GQ850318,  Piromyces cryptodig-
maticus  Fliegerová, K. Voigt & P.M. Kirk), 
 Piromyces  4 (JF423776),  Piromyces  5 
(HQ585904),  Piromyces  6 (GQ850360), 
 Piromyces  7 (GQ850304),  Caecomyces  1 
(JF423681),  Cyllamyces  1 (FJ483845) and 
 Cyllamyces  2 (FJ501277),  Orpinomyces  1 
(AY429671),  Orpinomyces  2 (AM690076), 
 Orpinomyces  3 (AM690067),  Orpinomyces  4 
(FJ951430),  Orpinomyces  5 (JF423690), 
 Orpinomyces  6 (JF423655) and  Anaeromyces  
1(FJ501280). Another 14 clusters represented 
new groups of gut fungi: eight novel groups 
described by Liggenstoffer et al. ( 2010 , NG1–
NG8) were renamed (according to initials of the 
fi rst author) to AL1 (GQ815916), AL2 
(GQ826454), AL3 (GQ829000), AL4 
(GQ705077), AL5 (GQ772882), AL6 
(GQ600856), AL7 (GQ686301) and AL8 
(GQ630940); two novel groups described by 
Nicholson et al. ( 2010 , NG3 and NG4) were 
renamed to MN3 (AM690041) and MN4 
(AM690050); and four novel groups SK1 
(JF423640), SK2 (JF423666), SK3 (JF423720) 
and SK4 (JF423490) were described by 
Kittelmann et al. ( 2012 ). The remaining fi ve clus-
ters contained sequences from published studies: 
BlackRhino (GQ738584, Liggenstoffer et al. 
 2010 ), DT1 (AM690051, Tuckwell et al.  2005 ), 
KF1 (GQ850301, Fliegerova et al.  2010 ), JH1 
(GU911240, Herrera et al.  2011 ) and UC1 
(FJ951427, unpublished, deposited by Chaudhary 
et al. 2009). Eighteen clusters contained at least 
one reference sequence from an isolated gut fun-
gus, but 17 clusters contained only environmental 
clone sequences (ENAS). Kittelmann et al. 
( 2012 ) in their study declared that more than 
29 % of ITS1 sequences of anaerobic fungal 
 isolates or clones in the GenBank database are 
misnamed at the genus level, which corresponds 
with fi ndings of Fliegerová et al. ( 2010 ).   
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  Fig. 7.1    Proposed taxonomy of the anaerobic gut fungi 
according to Kittelmann et al. ( 2012 ). Phylogenetic tree 
was constructed from 759 ITS gene sequences using the 

neighbour-joining algorithm with pairwise deletion and 
 Jukes-Cantor correction. Coherent groups are clumped into 
triangles with a number of sequences shown in parentheses       
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7.5.2     Effect of Diet and Host Species 

 Knowledge of the effect of diet and host phylog-
eny on anaerobic gut fungal community is very 
important for a better understanding of the role of 
gut fungi in digestive processes and their infl u-
ence on fermentation parameters, feed effi ciency, 
animal growth rate and methane production. 
Liggenstoffer et al. ( 2010 ) concluded that feed 
type appeared to be the least relevant factor in 
shaping community structure, while the type of 
gut fermentation provided a better explanation of 
community relatedness and animal host phylog-
eny appeared to provide the best explanation for 
distribution of the genera of anaerobic fungi. On 
the other hand, several studies indicated greater 
fungal diversity (Denman et al.  2008 ) and higher 
fungal counts (Kumar et al.  2013 ) in animals fed 
by high-fi bre diets compared with high-grain 
diet. DGGE study of Kittlemann et al. ( 2012 ) of 
gut fungal communities of cattle, sheep and deer 
fed three different diets (summer pasture, winter 
pasture and silage) clearly showed the effect of 
both diets and ruminant species on the diversity 
of anaerobic fungi and interaction of ruminant 
species and diet. Cows showed highly similar 
rumen fungal community profi les, independent 
of the feed (mean similarity 89 %). However, 
animal-to-animal variation among sheep and 
deer complicated the interpretation of the infl u-
ence of diet on rumen fungi, which was, however, 
statistically signifi cant. 

 No signifi cant differences in anaerobic fungal 
diversity (assessed by ARISA fi ngerprinting 
method) were found in cow rumen content 
between diets differing in concentrate/forage 
ratio (Boots et al.  2012 ). However, the rumen 
solid and liquid phases refl ected the diet changes 
dissimilarly. The  Neocallimastigales  assemblage 
was signifi cantly affected in the liquid phase, but 
not in the solid phase. In the solid phase, the fun-
gal number and species richness were decreased 
in high-concentrate diet, but the opposite trend 
was observed in the liquid phase. 

 A signifi cant reduction in fragment number as 
well as species richness was, however, apparent 
when diets were supplemented with soya oil 
(6 %). The infl uence of soya oil addition was 

found much stronger than the infl uence of con-
centrate/forage ratio. Unfortunately, the interest-
ing fi ngerprinting data of Boots et al. ( 2012 ) did 
not reveal any species identities. Therefore, it is 
not clear if soya oil infl uenced the 
 Neocallimastigales  community directly through 
the inhibition of specifi c species or indirectly by 
changing rumen fermentation features. 

 The host animal defi nitely affects the gut fungi 
community structure. The current state of our 
knowledge suggests a very high variability of gut 
fungal community not only among different ani-
mal species but also among individuals of the 
same breed. Diet composition also infl uences the 
gut fungal population. Recent research indicates 
that low-fi bre/high-grain diets reduce the diver-
sity and numbers of gut fungi although a deeper 
study is advisable to elucidate the mechanism of 
the feed effect.   

7.6     Unique Features 

 The gut fungi differ considerably, in many char-
acteristics, from all known members of the king-
dom  Fungi . This deviation from aerobic fungi is 
very probably caused by the specialized nature of 
their biotope. The most obvious exceptional fea-
ture is the anaerobiosis. Gut fungi are the only 
fungi for which no oxygen is required for their 
life cycle and, on the contrary, the presence of 
oxygen is toxic. Anaerobiosis indicates that gut 
fungi do not breathe and do not, therefore, require 
mitochondria, including the whole machinery of 
the respiratory chain; energy generation organ-
elles are represented by hydrogenosomes. These 
organelles, under anoxic conditions, decarboxyl-
ate malate into acetate, CO 2  and H 2  with concom-
itant production of energy in the form of ATP 
(Yarlett and Hackstein  2005 ; van der Giezen 
 2009 ). The hydrogenosomes of gut fungi are 
unique, differ partially from protozoan hydro-
genosomes and most likely followed an alterna-
tive pathway to adapt to anaerobic conditions. 
The available functional and phylogenetic evi-
dences offer two different views on the evolution-
ary history of these organelles. One hypothesis 
(Yarlett and Hackstein  2005 ) suggests that 
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 hydrogenosomes of gut fungi, trichomonads and 
ciliates are substantially different and evolved 
independently. The other hypothesis (Benchimol 
 2009 ) demonstrates a similarity between hydro-
genosomes of gut fungi and trichomonad proto-
zoa, considers hydrogenosomes as homologous 
organelles in unrelated species, weakens the 
hypothesis of their polyphyletic origin and rein-
forces the hypothesis that fungal and tricho-
monad hydrogenosomes are derived from an 
ancestral endosymbiont preceded by a singular 
event of endosymbiosis during the course of 
evolution. 

 Polyfl agellate zoospores are another excep-
tional morphological feature of gut fungi. 
Flagellate zoospores are formed during asexual 
reproduction in  Chytridiomycota  and 
 Blastocladiomycota , but the vast majority of spe-
cies in these two phyla produce exclusively uni-
fl agellate zoospores. Only two genera of gut 
fungi, the polycentric  Orpinomyces  and the 
monocentric  Neocallimastix , produce polyfl agel-
late motile cells. Their zoospores have 7–20 fl a-
gella inserted in two rows. Zoospores of species 
in other gut fungi are unifl agellate, although 
sometimes bifl agellate and tri-fl agellate zoo-
spores can be observed. Flagellate fungi are 
assumed to form early-diverging clades within the 
 Fungi , because the simple aquatic forms with 
fl agellate spores are considered to represent the 
ancestral state (James et al.  2006 ). The aerobic 
chytrids forming a single opisthokont fl agellum at 
the end of their zoospores appear to be the closest 
phylogenetic ancestors of the anaerobic gut fungi. 
Thus, the presence of a fl agellum appears to be an 
important synapomorphic character for the group 
of zoosporic fungi as a whole taxon. 

 Another unique feature of gut fungi is con-
cealed in their DNA composition. The percent-
age representation of guanine and cytosine bases 
ranging from 5 % to 20 % in the genomic DNA 
exhibits the lowest GC content ever reported in 
any organism. This extreme nucleotide bias is 
refl ected in both the coding and non-coding 
regions of the genome, with codon usage tending 
towards more AT-rich codons (Garcia-Vallvé 
et al.  2000 ). The non-coding regions are even 

more AT-rich with many sections expected to be 
near or above 95 mol% AT content (Nicholson 
et al.  2005 ). The codon bias resulting from the 
low G+C content leads to a depletion in amino 
acids coded by GC-rich codons (e.g. arginine, 
proline, glycine) and an overabundance of amino 
acids coded by AT-rich codons (e.g. lysine, phe-
nylalanine, tyrosine) infl uencing thus the amino 
acid composition of encoded proteins. 

 The main attractive feature of anaerobic gut 
fungi is, however, their excellent enzymatic sys-
tem, which is connected with their unique ability 
to organize hydrolases in large multienzyme 
complexes called cellulosomes. The gut fungi are 
the only known members of the kingdom  Fungi  
possessing cellulosomes, and this can explain 
their cellulolytic superiority over aerobic cellulo-
lytic fungi. These exocellular enzyme complexes 
are extremely active and can degrade both amor-
phous and crystalline celluloses (Bayer et al. 
 2004 ). Research indicates that cellulosomes of 
anaerobic gut fungi are similar to the most inves-
tigated cellulosome, found in the bacterium 
 Clostridium thermocellum , although some 
important differences have been already identi-
fi ed. The composition of the fungal cellulosome 
is similar to the bacterial one, including the non-
enzymatic scaffolding protein(s) with enzyme 
binding sites called cohesions and a variety of 
cellulosomal enzymes with dockerins, which 
interact with the cohesins in the scaffolding pro-
tein (Doi  2008 ; Fontes and Gilbert  2010 ). The 
fungal non-catalytic dockerin domain has a func-
tion similar to the bacterial dockerins (Ljungdahl 
 2008 ), but no sequence homology to clostridial 
dockerins has been found (Qiu et al.  2000 ; 
Aylward et al.  1999 ; Li et al.  1997 ). Moreover, 
thus far, no scaffolding polypeptide has been iso-
lated from a cellulosome of any anaerobic fun-
gus, and there is no detailed knowledge regarding 
cohesins in scaffolding peptides from gut fungi. 
Fungal cellulosomes have been described for 
species of  Neocallimastix ,  Piromyces  and 
 Orpinomyces , and molecular biological studies 
indicate that enzymes associated with the fungal 
cellulosomes from species in these three genera 
are modular like those of the anaerobic bacteria.  
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7.7     Enzymes 

 The anaerobic gut fungi synthetize a variety of 
hydrolytic enzymes, including cellulases, xyla-
nases, mannases, esterases, glucosidases and glu-
canases, which effectively hydrolyze plant 
biomass, consisting mainly of cellulose and 
hemicellulose. All genera of gut fungi degrade 
these polysaccharides, the most abundant in the 
biosphere, but the range of their hydrolysis 
depends on the degree of crystallinity. Moreover, 
gut fungi exhibit genus-dependent differences in 
their activity towards (hemi) celluloses and recal-
citrant substrates. Species of  Neocallimastix  and 
 Piromyces  are presumed to be the most effective 
(Tripathi et al.  2007 ; Paul et al.  2010 ; Nagpal 
et al.  2011 ), while species of  Caecomyces  the 
least effective (Nielsen et al.  2002 ). Table  7.2  
shows the set of enzymes produced by gut fungi 

for degradation of main and side chains of 
 structural and storage polysaccharides.

   The complicated structure of the cellulose 
chain is decomposed by several types of enzymes, 
including endoglucanase (cellulase), splitting 
β-1,4-glycosidic bonds randomly within the 
chain; exoglucanases (cellobiosidase or cello-
biohydrolases), cleaving cellobiose from the ends 
of the chain; and β-glucosidases (cellobiases), 
which convert cellobiose and other low molecu-
lar mass cellodextrins into glucose. Cellulolytic 
hydrolases of gut fungi belong, according to 
amino acid sequences, hydrophobic clusters and 
stereochemistry, to several different glycoside 
hydrolase (GH) families. The β-glucosidases rep-
resent usually GH1 or sometimes GH3; exoglu-
canases are in GH6. Endoglucanases are generally 
of GH5, but some are classifi ed in GH6. Unusual 
cellulases of GH9 (Steenbakkers et al.  2002a ), 

   Table 7.2    Spectrum of enzymes produced by gut fungi   

 Enzyme a   EC number  Systematic name 

 Amylase  EC 3.2.1.1  4-α-D-glucan glucanohydrolase 

 Cellulase  EC 3.2.1.4  4-(1,3;1,4)-β-D-glucan 4-glucanohydrolase 

 Endoglucanase  EC 3.2.1.6  3-(1 → 3;1 → 4)-β-D-glucan 3(4)-glucanohydrolase 

 Xylanase  EC 3.2.1.8  Endo-1,4-β-xylanase 

 Endochitinase  EC 3.2.1.14  (1 → 4)-2-acetamido-2-deoxy-β-D-glucan glycanohydrolase 

 Pectinhydrolase  EC 3.2.1.15  (1 → 4)-α-D-galacturonan glycanohydrolase 

 α-Glucosidase  EC 3.2.1.20  α-D-glucoside glucohydrolase 

 β-Glucosidase  EC 3.2.1.21  β-D-glucoside glucohydrolase 

 β-Galactosidase  EC 3.2.1.23  β-D-galactoside galactohydrolase 

 α-Mannosidase  EC 3.2.1.24  α-D-mannoside mannohydrolase 

 Mannanase  EC 3.2.1.25  β-D-mannoside mannohydrolase 

 β-Glucuronidase  EC 3.2.1.31  β-D-glucuronoside glucuronosohydrolase 

 β-Xylosidase  EC 3.2.1.37  Xylan 1,4-β-xylosidase 

 Laminarinase  EC 3.2.1.39  3-β-D-glucan glucanohydrolase 

 N-acetylglucosaminidase  EC 3.2.1.52  β-L- N- acetylhexosaminidase 

 Licheninase  EC 3.2.1.73  (1 → 3)-(1 → 4)-β-D-glucan 4-glucanohydrolase 

 Cellobiohydrolase  EC 3.2.1.91  Cellulose 1,4-β-cellobiosidase 

 α-Xylosidase  EC 3.2.1.-  α-D-xylosidase 

 Acetylxylan esterase  EC 3.1.1.72  Acetylxylan esterase 

 Ferulic acid esterase  EC 3.1.1.73  4-Hydroxy-3-methoxycinnamoyl-sugar hydrolase 

 Deacetylase  EC 3.5.1.41  Chitin amidohydrolase 

 Pectate lyase  EC 4.2.2.2  (1 → 4)-α-D-galacturonan lyase 

 Arabinase  EC 5.3.1.3  D-arabinose aldose-ketose-isomerase 

 Exochitinase  (no EC)  N-acetyl-β-D-hexosaminidase 

   a Enzymes are arranged according to EC numbers  
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GH45 (Eberhardt et al.  2000 ) and GH48 
(Steenbakkers et al.  2002b ) have been discovered 
in species of  Piromyces . Cellulases of GH5 are 
intron-less, and their catalytic domains show 
homology with those of GH from several 
 anaerobic bacteria. It has been suggested that the 
gene for GH5 cellulases was originally trans-
ferred to the gut fungi from a ruminal bacterium 
and subsequently underwent gene duplication 
(Garcia- Vallvé et al.  2000 ). Cellulases of GH6 
from gut fungi are often intron-containing, and 
this fi nding is considered to be good evidence for 
a fungal (eukaryotic) origin of this gene. 

 Enzymatic conversion of xylan, the principal 
type of hemicellulose, to its monomeric compo-
nents requires the participation of several 
enzymes, which are effectively secreted by gut 
fungi. The main hydrolase is xylanase (endoxyla-
nase), cleaving the β-1,4-xylosidic linkage 
 randomly within the main xylan chain, with the 
addition of xylosidase, which removes  successive 
D-xylose residues from the nonreducing termini. 
The ester bonds on xylan and the side chains are 
hydrolyzed by feruloyl acid esterases, acetylx-
ylan esterases, arabinases or β-glucuronidases 
depending on the type of branching group. 
Xylanases of gut fungi belong usually to GH11, 
rarely to GH10. Other types of hemicellulases 
like licheninase and mannanase are from GH16 
and GH26, respectively. Esterases of gut fungi 
are also very variable, belonging to carbohydrate 
esterase (CE) families 1, 2, 3 and 6. The fate of 
pentoses derived from the hydrolysis of hemicel-
lulose has been elucidated only recently from 
studies using a species of  Piromyces  (Harhangi 
et al.  2003 ). Enzymatic and molecular analysis 
provided evidence that xylose is  converted to 
xylulose by xylose isomerase and xylulose is 
phosphorylated by D-xylulokinase to xylulose-
5-phosphate, which is a key intermediate in pen-
tose metabolism. This metabolic route resembles 
that found in bacteria, because in the majority of 
yeast-forming and fi lamentous fungi, xylose is 
converted via xylose reductase and  xylitol dehy-
drogenase to xylulose, which is  subsequently 
phosphorylated (Jin and Jeffries  2003 ). Xylose 
isomerase from several strains of gut fungi thus 
has been intensively studied with respect to its 

biotechnological exploitation in ethanol 
 production. This effort up to now resulted in a 
genetically modifi ed strain of  Saccharomyces 
cerevisiae  able to convert xylose into xylulose 
using the isomerase from a species of  Piromyces  
and/or  Orpinomyces  (van Maris et al.  2007 ; 
Madhavan et al.  2009 ).  

7.8     Conclusions 

 Recent insights into anaerobic gut fungi research 
indicate signifi cant progress, mainly in the 
domains of taxonomy, phylogeny and diversity, 
of these exceptional fungi. Many other investiga-
tion efforts have, however, not been mentioned in 
this chapter, but have strong impact on enlarging 
our knowledge of gut fungi. Of signifi cance are 
certainly the sequencing project of the Joint 
Genome Initiative group on  Piromyces  E2 (  http://
genome.jgi.doe.gov    ), high-throughput expressed 
sequence tag (EST) analysis of complementary 
DNA of  Neocallimastix frontalis  (Kwon et al. 
 2009 ) and the latest outstanding analysis of the 
 Orpinomyces  genome by Youssef et al. ( 2013 ). 
Comparative genomic analysis of this polycen-
tric rumen fungus identifi ed multiple genes and 
pathways that are absent in the genomes of 
 Dikarya  but present in early-branching fungal 
lineages and/or non-fungal opisthokonts. These 
included genes for posttranslational fucosylation, 
the production of specifi c intramembrane prote-
ases and extracellular protease inhibitors, the for-
mation of a complete axoneme and intrafl agellar 
traffi cking machinery and a near-complete focal 
adhesion machinery. Analysis of the lignocellu-
lolytic machinery in the  Orpinomyces  genome 
revealed an extremely rich repertoire consisting 
of 357 glycoside hydrolase (GH) genes, 24 poly-
saccharide lyases (PL) and 92 carbohydrate 
esterases (CEs), with evidence of horizontal gene 
acquisition from multiple bacterial lineages. The 
glycohydrolytic system is moreover markedly 
different from that of aerobic lignocellulolytic 
fungi. Among the surprisingly large number of 
16,347 protein-coding genes identifi ed by 
Youssef et al. ( 2013 ), about 42 % genes are 
unique and have not been previously encountered 

K. Fliegerova et al.

http://genome.jgi.doe.gov/
http://genome.jgi.doe.gov/


109

within the  Fungi . The broad range of potent 
polysaccharide- degrading enzymes produced by 
gut anaerobic fungi thus still represents a big 
challenge for the scientifi c and biotechnological 
community.     
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    Abstract  

  The interrelationships between the rumen ciliate protozoa and the live-
stock animal are discussed here. These include the distribution of proto-
zoa, their classifi cation and the effect of protozoa on and co-evolution 
along with livestock. The purpose of this chapter is to emphasise those 
aspects which are of importance to the rumen metabolism.  

  Keywords  

  Ciliate   •    Dasytricha    •   Rumen protozoa   •    Isotricha    •    Entodinium    •    Epidinium    
•    Ophryoscolex    •    Polyplastron   

8.1         Introduction 

 Discovered over 160 years ago (Gruby and 
Delafond  1843 ), ciliates are the most abundant 
protozoa found in the rumen of both domesticated 
and wild ruminants (Williams and Coleman  1992 ), 
hence their collective name, the rumen ciliates. 
They are characterised by generally having 
(1) a somatic kinetid that is typically made up of 
one kinetosome with usually two transverse 

microtubular ribbons, (2) microtubular bundles 
(nematodesmata) that extend into the cytoplasm 
from the bases of the kinetids that surround the 
cytostome (Lynn and Corliss  1991 ) and (3) 
unspecialised oral ciliature. Other ciliates, closely 
related to the rumen ciliates, also inhabit the 
forestomach and large intestine of a variety of 
vertebrate animals (camels, elephants, fi shes, 
gorillas, hippopotamuses, horses, humans, kan-
garoos, rhinoceroses, rodents and warthogs) and 
are sometimes incorrectly referred to as rumen 
ciliates. They are morphologically dissimilar to 
the rumen ciliates, and very little is known about 
the phylogenetic relationships within and among 
the gut endosymbiotic ciliates. Although only 
ciliates from ruminant animals should be called 
rumen ciliates, it should be noted that a few 
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exceptions have been observed. Rumen ciliates 
have been found in the hindgut of the capybara 
(Dehority  1987 ) and in camels (Selim et al.  1996 ). 
Interestingly, the so-called hindgut ciliates and 
nonruminant foregut ciliates have also been 
sometimes observed in the rumen (Dehority  1986 ). 

8.1.1     Sibling Species 

 Rumen ciliates range in size from 15 to 250 µm 
in length and 10 to 200 µm in width (Dehority 
 2003 ).  Entodinium  is the smallest rumen ciliate 
and the most troublesome to classify into spe-
cies because of the large number of similar 
forms (Fig.  8.1a ). There are over 100 presumed 
species of  Entodinium , and undoubtedly some, 
or most of these species, are the same (Williams 
and Coleman  1992 ) or are sibling species. For 
example, the  Entodinium dubardi  species com-
plex is made up of about 12 presumed species 
( E. bimastus ,  E. bovis ,  E. caudatum ,  E. con-
vexum ,  E. dubardi ,  E. exiguum ,  E. longinuclea-
tum ,  E. nanellum ,  E. ovinum ,  E. ovoideum ,  E. 
parvum  and  E. simplex ), whose identifi cation is 
diffi cult and sometimes arbitrary (Dehority 
 1994 ). Although Dehority ( 1994 ) suggested 
using 18S rRNA gene sequences from various 
 E. dubardi  types to differentiate these species, 
the more variable internally transcribed spacer 
regions 1 and 2 (ITS-1 and ITS-2) may be more 
suitable.   

8.1.2     Genetic Divergence of Species 

 Rumen ciliate species like  Isotricha prostoma  
have been observed worldwide in almost all 
domestic and wild ruminants, plus pseudorumi-
nants and nonruminants. Even though the distri-
bution of  I. prostoma  is global, there has been 
only one study on the extent of genetic diver-
gence among isolates. In that study, eight isolates 
of  I. prostoma  from three countries, representing 
two continents, had remarkably conserved ITS-1 
and ITS-2 regions, as well as conserved 5.8S 

rDNA gene sequences with no nucleotide differ-
ences between isolates from cattle and sheep 
hosts (Wright  1999 ). This suggests that popula-
tions of  I. prostoma  on two continents diverged 
very recently, consistent with human migration 
and their domestic animals to these continents in 
the eighteenth and nineteenth centuries.  Isotricha - 
like  organisms have also been reported from 
marsupials (e.g. quokkas, kangaroos, wallabies) 
(Obendorf  1984 ; Dellow et al.  1988 ; Dehority 
 1996 ) and the hoatzin (Domínguez-Bello et al. 
 1993 ), a unique foregut-fermenting bird of 
South America.   

8.2     Importance in Livestock 

 The rumen ciliates are an agriculturally impor-
tant group that are involved in host metabolism 
and digestion of plant material. The concentra-
tion of ciliates in the rumen contents of cattle and 
sheep ranges between 6 × 10 4  and 4 × 10 6  per ml 
(Hungate  1966 ), with higher concentrations 
reported sometimes in wild ruminants, 3.39 × 10 7  
per ml (Dehority  1994 ). Young ruminants iso-
lated at birth do not contain rumen protozoa 
(Eadie  1962 ; Dehority  1978 ; Fonty et al.  1988 ), 
but become faunated as a result of adults regurgi-
tating food and rumen contents back into the 
mouth during rumination and salivating on feed, 
which is then consumed by the young animal, or 
the protozoa are passed directly by the mother to 
its offspring during grooming (Dehority  1993 ). 

8.2.1     Ciliate Biomass and Microbial 
Protein 

 Ruminal protozoa can account for half of the 
microbial biomass in the rumen and contribute up 
to one-third of fi bre digestion (Hungate  1966 ; 
Williams and Coleman  1997 ).  Isotricha  and 
 Dasytricha  are very important in utilising soluble 
sugars and controlling the rate of carbohydrate 
fermentation, especially when large quantities of 
soluble carbohydrates are present in the diet, 
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whereas some entodiniomorphid ciliates are 
responsible for controlling starch digestion by 
engulfi ng whole starch granules. However, some 
rumen ciliates can also have a negative impact on 
ruminant protein metabolism. Microbial protein 
accounts for as much as 90 % of the amino acids 
reaching the small intestine of the animal. 

 The rumen ciliates, also a source of microbial 
protein, do not appear to pass as rapidly to the 
small intestine. Rumen ciliates also consume 
bacterial protein that could otherwise be used by 
the animal and are only able to convert about 
50 % of bacterial nitrogen to protozoal protein 
(Coleman  1975 ). In addition, the larger ciliates 

  Fig. 8.1    ( a ) Micrograph of  Ophryoscolex caudatum  with a variety of  Entodinium  species. ( b ) Micrograph of  Epidinium 
cattanei . ( c ) Micrograph of  Isotricha prostoma.  Bars indicate 50 µm length       
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consume smaller ciliates. As a result, the total 
microbial protein fl ow to the small intestine is 
generally reduced, and excess ruminal ammonia 
is also increased in faunated animals (Bird and 
Leng  1978 ). Also, there is a complex relationship 
between rumen protozoa and methane-producing 
archaea, also called methanogens. Methanogens 
living on and within the rumen ciliates may 
 generate up to 37 % of the total methane emis-
sions from ruminant animals (Finlay et al.  1994 ; 
Hegarty  1999 ).   

8.3     Rumen Ciliate Classifi cation 

 In the older literature (Kudo  1947 ), the rumen 
ciliates were divided into two groups: the 
holotrichs (order Holotricha) and the oligotrichs 
(order Spirotricha). In 1980, Levine et al. ( 1980 ) 
eliminated the subclass Holotricha and placed the 
rumen ciliates into two new orders, the 
Trichostomatida and the Prostomatida, within the 
class Kinetogragminophorea. Although the term 
holotrich is no longer strictly appropriate, it is 
still used in the current literature to refer the non- 
entodiniomorphid ciliates. Later, Lynn and 
coworkers (Small and Lynn  1981 ,  1985 ; Lynn 
and Corliss  1991 ; Lynn and Small  2002 ), using 
primarily ultrastructural features of the ciliate 
cortex, recognised two orders of rumen ciliates, 
the Entodiniomorphida and the Vestibuliferida 
within the subclass Trichostomatia, which is the 
sister group to the free-living haptorians (sub-
class Haptoria) within the class Litostomatea. In 
contrast, Grain ( 1994 ) also using ultrastructural 
features of the ciliate cortex recognised three 
orders (Trichostomatida, Entodiniomorphida and 
Blepharocorythida) of rumen ciliates within his 
class Vestibuliferea, the sister group to the class 
Litostomatea. Despite the differences in rank for 
the rumen ciliates, both schemes were basically 
quite similar. 

 With the introduction of molecular data, phy-
logenetic analyses of the 18S rRNA gene from 
the rumen protozoa and the free-living haptorians 

supported the entodiniomorphids ( Entodinium , 
 Epidinium ) as the sister group to the vestibulifer-
ids ( Isotricha ,  Dasytricha) , consistent with the 
classifi cation of Lynn and Small ( 2002 ) (Wright 
et al.  1997 ; Wright and Lynn  1997a ,  b ,  c ; 
Cameron and O’Donoghue  2004 ). Interestingly, 
the rumen ciliates, like all members of the class 
Litostomatea, share a similar secondary structure 
of their 18S rRNA gene sequences, which may 
serve as a diagnostic feature for this class. The 
secondary structure of the 18S rRNA gene from 
these ciliates is a missing helix E23-5 and has 
decreased length of other helices within variable 
region 4, making these 18S rRNA gene sequences 
approximately 120 bases shorter than the average 
length of the ciliate 18S rRNA gene (Leipe et al. 
 1994 ; Wright et al.  1997 ; Wright and Lynn 
 1997a ,  b ).  

8.4     The Entodiniomorphids 

 The entodiniomorphids are abundant and easily 
distinguishable from other rumen ciliates. The 
entodiniomorphids are generally characterised 
by the presence of a rigid pellicle, spines, skeletal 
plates (except for  Entodinium  and  Diplodinium ) 
and tufts of ciliature confi ned to the adoral and 
dorsal surfaces of the cell. Species of  Entodinium  
   only have an adoral zone of syncilia (AZS), 
whereas all other ophryoscolecids have an AZS 
and an additional dorsal zone of syncilia (DZS) 
(Fig.  8.2 ) that can be located either on the same 
transverse plane as the AZS, between one-quarter 
and one-third of the way down the cell, or at the 
equator of the cell.  

 More than half of the genera of rumen ciliates 
belong to the family Ophryoscolecidae, making it 
the largest family of rumen ciliates. Examples of 
common genera within this family include 
 Diplodinium ,  Elytroplastron ,  Entodinium , 
 Enoploplastron ,  Epidinium ,  Eudiplodinium , 
 Metadinium ,  Ophryoscolex ,  Ostracodinium  and 
 Polyplastron  (Fig.  8.1 ) .  There are 12 additional 
families of gastrointestinal tract ciliates 
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(Amylovoracidae, Buetschliidae, 
Blepharocorythidae, Cycloposthiidae, Ditoxidae, 
Macropodiniidae, Polycostidae, Polydiniellidae, 
Rhinozetidae, Spirodiniidae, Telamodiniidae and 
Troglodytellidae) within the order 
Entodiniomorphida that inhabit the forestomach 
and large intestine of herbivorous animals. The 
taxonomy of these 12 families of entodiniomor-
phids is inconsistent (Small and Lynn  1985 ; 
Grain  1994 ; Lynn and Small  2002 ). 

 Recent phylogenetic trees for the trichostomes 
depicted the vertebrate endosymbionts as a 
monophyletic group (Wright et al.  1997 ; Wright 
and Lynn  1997a ,  b ; Cameron et al.  2001 ; Cameron 
and O’Donoghue  2004 ). However, the marsupial 
ciliates  Amylovorax ,  Bandia ,  Macropodinium  
and  Polycosta , representing three families 
(Amylovoracidae, Macropodidae and 
Polycostidae), grouped on a separate branch and 

were distantly related to the entodiniomorphids. 
This would suggest that the marsupial ciliates 
could represent a separate radiation (Cameron 
and O’Donoghue  2004 ; Cameron et al.  2001 , 
 2003 ). Because the macropod marsupials are 
more primitive than placental mammals, it is 
possible that they diverged before the radiation 
of the endosymbionts of placental mammals. 
A more comprehensive review of the origin of 
the marsupial ciliates is presented in a paper by 
Cameron and O’Donoghue ( 2004 ). Interestingly, 
 Cycloposthium  grouped with the ophryoscolecids 
to form a clade, consistent with its placement within 
the order Entodiniomorphida.  Cycloposthium  
inhabits herbivorous animals (hippopotamus, 
rhinoceros) that have diverged before the appear-
ance of the ruminants, and similarly, it is the 
earliest branching entodiniomorphid before a 
clade consisting of rumen ciliates. 

8.4.1     Evolution Within 
the Ophryoscolecidae 

 With more than half of the genera of rumen cili-
ates belonging to the family Ophryoscolecidae, 
there has been much speculation on evolution 
within this family (Crawley  1923 ; Dogiel  1925 , 
 1947 ; Lubinsky  1957a ,  b ,  c ). It was believed that 
 Entodinium  species is the most ancestral of these 
ciliates because it had only one AZS, had one 
contractile vacuole and lacked skeletal plates. It 
was also concluded that  Entodinium -like species 
were probably the fi rst to colonise the rumen. 
Lubinsky ( 1957c ) observed that the right side of 
 Diplodinium  is remarkably similar to the left side 
of  Entodinium  and imagined that, with acquisi-
tion of skeletal plates, a torsional displacement of 
structures occurred across the left side of the cell 
repositioning the contractile vacuole, lateral 
groove and nuclei, giving rise to the more derived 
diplodiniines (Fig.  8.2 ), such as  Diplodinium , 
 Eudiplodinium  and  Polyplastron . Finally, the 
DZS was imagined to have migrated posteriorly 
from the transverse plane of the AZS, leading to 

  Fig. 8.2    Micrograph of  Polyplastron multivesiculatum  
with an ingested  Dasytricha ruminantium . Length about 
160 µm       
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the derivation of the evolutionarily advanced 
ophryoscolecines ( Epidinium ,  Ophryoscolex ; 
Fig.  8.1b ) (Lubinsky  1957c ). Interestingly, 
 Epidinium  has a tube-like cytopharynx and shows 
the greatest development of cytoalimentary 
organisation over  Polyplastron  (an evolutionarily 
intermediate form) and  Entodinium  (ancestral 
representative). This allows  Epidinium  to ingest 
large plant fragments in the ruminal contents not 
available to the intermediate or smaller forms, 
which ingest smaller plant fi bres and bacteria, 
respectively. 

 Molecular phylogenetic trees depicted the 
ophryoscolecids as a monophyletic group with 
 Entodinium  (subfamily Entodiniinae) as the ear-
liest branching ciliate before a dichotomy con-
taining  Epidinium  and  Ophryoscolex  on one 
branch (subfamily Ophryoscolecinae) and 
 Polyplastron ,  Diplodinium  and  Eudiplodinium  
(subfamily Diplodiniinae) on the other branch. 
These groupings corresponded to Lubinsky’s 
( 1957c ) subfamilial division of the 
Ophryoscolecidae based upon morphological 
characters. Further,  Entodinium ’s basal position 
to the other ophryoscolecids also supported the 
idea that  Entodinium  was a representative of the 
ancestral ophryoscolecids (Crawley  1923 ; Dogiel 
 1925 ,  1947 ; Lubinsky  1957b ,  c ).   

8.5     The Vestibuliferids 

 The vestibuliferids are characterised by having 
more fl exible pellicles entirely covered in cilia 
(Fig.  8.1c ). Three families are recognised within 
the order Vestibuliferida: Balantidiidae, 
Isotrichidae and Paraisotrichidae (   Lynn and 
Small  2002 ). The balantidiids are typically found 
in the intestine of vertebrate animals and include 
 Balantidium coli , the only ciliate that is known to 
be harmful to humans. Species belonging to the 
Paraisotrichidae are typically found in horses, 
whereas species belonging to the Isotrichidae, 
 Isotricha ,  Dasytricha  and  Oligoisotricha , are 
more widespread than the other vestibuliferids, 
being found in a wide variety of ruminants. 
Storage polysaccharides are abundant within the 
endoplasm of  Dasytricha  and  Isotricha , and spe-

cies belonging to these two genera are normally 
found together and feed on starch grains. 

8.5.1     Evolution Within 
the Vestibuliferida 

 For more than half a century, researchers have 
speculated on the evolution of the vestibuliferids 
(Dogiel  1947 ; Grain  1966 ; Corliss  1979 ). 
Molecular phylogenetic trees revealed that the 
vestibuliferids,  Dasytricha ,  Isotricha  and 
 Balantidium , consistently formed a monophy-
letic group on a branch as the sister group to the 
entodiniomorphids and not with the free-living 
haptorians. These fi ndings are consistent with the 
view that the vestibuliferid ciliates evolved from 
a haptorian-like ancestor (Wright and Lynn 
 1997b ). Wright and Lynn ( 1997b ) also proposed 
that an ancestral holotrichous vestibuliferid, like 
 Balantidium , evolved fi rst, establishing symbi-
otic relationships with fi shes (Grim  1985 ,  1989 ). 
As the vertebrate animals diversifi ed, so did the 
ancestral vestibuliferids, giving rise to the other 
vestibuliferid genera and to the 
entodiniomorphids.   

8.6     Maximum Ages 
of the Rumen Ciliates 

 Because  Entodinium  is found in pseudorumi-
nants like camels, llamas, alpacas, vicunas and 
guanacos (Williams and Coleman  1992 ), but not 
in nonruminants (hippopotamus),  Entodinium  
must have arisen after the nonruminants diverged 
from the order Artiodactyla 50 million years ago 
and before the separation of the pseudoruminants 
40 million years ago (Williams and Coleman 
 1992 ). Based on this information, a maximum 
and a minimum age (40–50 million years) was 
established for the appearance of  Entodinium  
(Wright and Lynn  1997c ). Based upon this 
benchmark, the divergence rate for the rumen 
ciliates was determined to be 1 % per 8–11 mil-
lion years. This rate of nucleotide substitution for 
rumen ciliates is almost a magnitude faster than 
that for free-living ciliates at 1 % per 72–80 
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 million years (Wright and Lynn  1997c ). It was 
speculated that a faster clock might be explained 
by intense selection on survivability as the cili-
ated protozoa invaded the rumen (Dykhuizen 
 1990 ) or by the relatively high ambient tempera-
ture (39 °C) of the rumen environment, as such 
high temperatures are known to decrease the effi -
ciency of DNA repair mechanisms leading to 
higher mutation rates (Sancar and Sancar  1988 ). 
However, no further work has been done in this 
area. So, it is still unclear which explanation is 
more appropriate and must await future 
experiments.  

8.7     Concluding Remarks 

 The rumen environment holds the key to devel-
oping new techniques capable of raising the level 
of production of food in an ecologically 
 sustainable way. Methanogens and rumen ciliates 
are the major candidates for rumen manipulation. 
It is perhaps not surprising that a great deal of 
effort has been devoted to investigating methods 
for manipulation of the rumen ciliates.     
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      Ruminal Viruses (Bacteriophages, 
Archaeaphages) 

           Rosalind     A.     Gilbert     and     Athol     V.     Klieve    

    Abstract  

  Viruses of prokaryotes (phages) are ubiquitous to the gastrointestinal 
tracts of all animals, and particularly dense and diverse populations occur 
in the rumen of herbivores. Although knowledge of their existence dates 
back to the 1960s, very few studies were undertaken until the late 1980s 
and 1990s, when a number of investigators examined rumen phages at 
both the individual and ecosystem level. Despite the fact that these viruses 
have characteristics that can be both detrimental (reduce feed effi ciency, 
transfer toxin genes) and advantageous (bacterial population balance, lat-
eral gene transfer, phage therapy, novel enzymes), very little is known 
about their biological properties or genetic make-up. With recent technical 
advances in molecular biology, particularly developments in high- 
throughput sequencing, the fi eld of rumen phage research is predicted to 
rapidly change, with individual phage isolates and the entire virus fraction 
(viral metagenome or virome) being characterised in ways never previ-
ously possible. The overall importance of phage-host interactions in rela-
tion to the functioning of the rumen microbial ecosystem and the nutrition 
of the animal remains elusive, but these viruses are likely to impact on the 
bacterial population balance and the fl ow of genetic material between 
microorganisms within the ecosystem.  
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9.1         Introduction 

 The most abundant and prolifi c viruses found in 
the rumen are those infecting bacteria, termed 
bacteriophages or phages. By defi nition, the 
 general fi eld of phage research covers all viruses 
of prokaryotes, including those of eubacteria, 
archaea, cyanobacteria and mycoplasmas 
(Ackermann and DuBow  1987b ); however, the 
majority of viruses isolated from the ruminal 
ecosystem have been phages infecting bacteria. 
Despite occurring at very high densities (Klieve 
and Swain  1993 ), phages are the least studied 
inhabitants of the rumen. Attention is increas-
ingly turning to the importance of studying 
rumen phages in order to further understand their 
genetics, interrelationships with bacteria and 
other organisms, possible impact on rumen func-
tion and effi ciency and potential applications as 
biocontrol agents to control specifi c rumen 
microbial populations. 

 This chapter will review our current knowl-
edge of the phage communities known to interact 
with the rumen biota, summarising early devel-
opments in rumen phage biology as well as more 
recent developments facilitated by rapid advances 
in molecular biology and high-throughput 
sequencing technologies.  

9.2     Historical Overview 

 Phage research began shortly after 1914, after 
bacteriophages had been discovered indepen-
dently by Twort in England and d’Herelle in 
France (Twort  1915 ; d’Herelle  1918 ; Ackermann 
and DuBow  1987a ). The term bacteriophage was 
coined by d’Herelle, meaning ‘eaters of bacteria’ 
due to the altered appearance of infected colo-
nies. The identity of phages as viruses had to wait 
until the arrival of the electron microscope, some 
considerable time later. The large majority of 

publications up to 1940 were orientated towards 
identifying a therapeutic use of phages against 
infectious disease. The discovery of antibiotics 
such as penicillin and sulphonamides brought 
this type of research to a halt. Max Delbruck and 
Salvador Luria, however, have often been cred-
ited with laying the foundations of modern phage 
research (Duckworth  1987 ). They were the major 
instigators and proponents of the idea that phages 
could be used to understand the basic coding 
properties of the gene, which revolutionised the 
study of molecular biology and genetics 
(Kellenberger  1995 ). 

 The fi rst reported isolation of phages from the 
bovine rumen was made in the mid-1960s 
(Adams et al.  1966 ). Soon afterwards it was sug-
gested that rather than being transient viruses 
ingested into the rumen with plant feed material, 
phages were common inhabitants of the rumen 
(Hoogenraad et al.  1967 ) using the rumen 
microbes as hosts to actively proliferate, and it is 
now accepted that phages are endemic to the 
rumen. 

9.2.1     Traditional Morphology 
and Isolation Studies 

 The advent of electron microscopes with their 
high resolving power, combined with the devel-
opment of negative staining in the late 1950s 
(Brenner and Horne  1959 ), led scientists to 
examine many different biological niches for the 
presence of virus particles. Microbial ecosystems 
examined in this way included aquatic microbial 
ecosystems and soil-associated and gut microbial 
communities (Barnet  1972 ; Flewett et al.  1974 ; 
Torrella and Morita  1979 ). These investigations 
quickly established that wherever large microbial 
populations were found, large numbers of viruses 
were also present. In this regard, the rumen 
proved to be no exception, with early electron 

R.A. Gilbert and A.V. Klieve



123

microscopy surveys of rumen fl uid establishing 
that the rumen contained a dense, morphologi-
cally diverse population of viruses, predominated 
by tailed phages of the viral order Caudovirales 
(Hoogenraad et al.  1967 ; Paynter et al.  1969 ; 
Klieve and Bauchop  1988 ). 

 Although there were several reports of phages 
in crude rumen fl uid obtained from several 
 different species of ruminants, including cattle, 
sheep and reindeer (Adams et al.  1966 ; Tarakanov 
 1974 ; Orpin and Munn  1974 ), only a few 
 morphological surveys were conducted to 
describe the extent of rumen phage population 
diversity (Paynter et al.  1969 ; Ritchie et al.  1970 ; 
Klieve and Bauchop  1988 ). In one of the fi rst 
morphological surveys of bovine rumen fl uid, 
six morphologically distinct types were noted, 
with little diversity occurring amongst phage 
types (Paynter et al.  1969 ). By comparison in a 
later study (Ritchie et al.  1970 ), more than 40 
distinct phage types representing tailed phages 
from the families of  Myoviridae ,  Siphoviridae  
and  Podoviridae  were observed in both ovine 
and bovine rumen fl uid samples. Interestingly, 
this study also observed intracellular phages in 
more than 20 morphologically different bacteria, 
providing the fi rst evidence that phages may 
infect a wide variety of rumen bacterial hosts. 
Further studies of ovine and bovine rumen fl uid 
(Klieve and Bauchop  1988 ) verifi ed the fi ndings 
of Ritchie et al. ( 1970 ), identifying a wide vari-
ety of phage morphotypes, with up to 26 distinct 
types of predominantly tailed phage observed. 
The only exception to this dominant morphotype 
was an icosahedral particle approximately 
17 × 17 nm in size (Fig.  9.1 ). The early morpho-
logical surveys could not always distinguish 
between phages with fi lamentous or bacilliform-
shaped particles of the viral family  Inoviridae  
and broken phage tail fragments. Diffi culties 
also arose when differentiating between the 
short-tailed  Podoviridae  and the tail-less, icosa-
hedral particles belonging to the  Tectiviridae  
family. Phages of other morphotypes represent-
ing additional viral families may also have been 
present in the rumen fl uid samples examined but 
were not numerous nor distinct enough to be 
identifi ed at this time.  

 Electron microscopy was also used to estimate 
the size of the rumen phage population; however, 
these early estimates were often inconsistent, 
with greater than 10 9  particles ml −1  rumen fl uid 
(Ritchie et al.  1970 ) being initially reported, 
whilst another study estimated between 
2 × 10 7 –1 × 10 8  particles ml −1  rumen fl uid (Klieve 
and Bauchop  1988 ). Further developments in 
molecular biology-based methods to examine 
rumen phage populations (detailed in Sect.  9.3.2 ) 
have since established that studies based solely 
on electron microscopy may have underestimated 
both the concentration and true extent of phage 
population diversity. Despite these technological 
limitations, these early studies played an impor-
tant role in pioneering the fi eld of rumen phage 
research. They fi rmly established that dense and 
highly diverse populations of phage were ubiqui-
tous to the rumen and provided signifi cant 
insights into the roles phages may have in modu-
lating rumen bacterial populations. 

9.2.1.1     Lytic Phages 
 The lytic cycle of phage reproduction is often 
thought of as the classical means of viral propaga-
tion. It is also the basis of most traditional phage 
detection and isolation methods, for example, the 
soft agar overlay technique (Klieve  2005 ). In the 
lytic cycle phage nucleic acid enters the host bac-
terium, phage genes are transcribed and repli-
cated, the protein components of the particles 
produced and complete phage particles assem-
bled. Finally, the host bacterium lyses, releasing 
the assembled progeny particles into the environ-
ment (Ackermann and DuBow  1987a ). 

 The rumen has been a source of lytic phages 
that infect several rumen bacterial species. These 
host bacterial species and their respective phages, 
classifi ed on the basis of particle morphology, are 
presented in Table  9.1 . In addition to phages iso-
lated for well-characterised and predominant 
rumen bacteria, such as  Prevotella (Bacteroides) 
ruminicola  and  Streptococcus bovis  (Iverson and 
Millis  1976a ; Klieve and Bauchop  1991 ; 
Tarakanov  1974 ), lytic phages have also been 
isolated for rumen bacteria which are relatively 
uncommon, for example, a study which used 
methanotrophic bacteria of rumen and  non- rumen 
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origin as hosts to isolate phages from  cattle 
rumen fl uid (Tyutikov et al.  1980 ). Poorly char-
acterised bacteria were also employed as hosts 
for phage isolation, including novel, uncharacter-
ized strains of acetogenic rumen bacteria (Jiang 
et al.  1995 ).

   The lytic phages infecting rumen bacteria 
have mainly been small, tailed phage of the 
 family Siphoviridae, similar to each other except 
in minor morphological details. Exceptions 
include the contractile tailed phages of the 
 Myoviridae  family infecting  Eubacterium  sp. 

W416 (Orpin and Munn  1974 ),  Lactobacillus 
plantarum  (Nemcova et al.  1993 ),  Selenomonas 
ruminantium  and  Fusobacterium  sp. (Hazlewood 
et al.  1983 ). There have also been reports of two 
small, short-tailed Podoviruses infecting  S. bovis  
(Iverson and Millis  1976a ) and a further two 
Podoviruses infecting  Ruminococcus albus  
(Klieve et al.  2004 ). The only phages isolated to 
date without a typical tailed phage or Caudovirales 
morphology include an inducible (lysogenic) fi l-
amentous particle from  Butyrivibrio fi brisolvens  
(Klieve et al.  1989 ) and two lytic, fi lamentous 

  Fig. 9.1    Representative ruminal phage morphologies, 
determined using transmission electron microscopy 
(Klieve  1988 ). Images ( a–d ),  Myoviridae ; images ( e ,  f ,  g , 

 k ),  Siphoviridae ; images ( h ,  i ),  Podoviridae ; image 
( j ), Caudovirales but family not determinable; image ( l ), a 
chain of viral icosahedra       
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phages of  R. albus  belonging to the  Inoviridae  
family (Klieve et al.  2004 ). The latter are also the 
only phages isolated to date that do not contain 
dsDNA, both having circular ssDNA genomes. 

 The most detailed studies made on any group 
of rumen phages, however, have focused on the 
Caudovirales phages infecting  S. bovis.  These 
phages have been characterised in terms of their 
morphology, host range, stability, growth charac-

teristics, serological properties and DNA 
 restriction endonuclease digestion patterns 
(Tarakanov  1974 ,  1996 ; Iverson and Millis 
 1976a ,  b ,  1977 ; Styriak et al.  1989 ; Klieve and 
Bauchop  1991 ; Styriak et al.  1991 ,  1994a ; Styriak 
et al.  1998 ; Klieve et al.  1999 ). The majority of 
cultured  S. bovis  phages have belonged to either 
the  Siphoviridae  or  Podoviridae  families, with 
most isolates having long, non-contractile tails 

    Table 9.1    Rumen bacterial species from which phages (or phage-like particles) have been isolated and viral classifi ca-
tion according to morphological description   

 Bacterial species 
 Morphotype (number 
of phage isolates)  Reference 

  Bifi dobacterium ruminale  RU27   Siphoviridae  (1)  Matteuzzi and Sozzi ( 1971 ) 

  Butyrivibrio fi brisolvens  AR14   Inoviridae  (1) a   Klieve et al. ( 1989 ) 

  Eubacterium  sp. W416   Myoviridae  (1) a   Orpin and Munn ( 1974 ) 

  Eubacterium ruminantium  AR35   Siphoviridae  (1) a   Klieve et al. ( 1989 ) 

  Fusobacterium necrophorum    Myoviridae  (1)  Tamada et al. ( 1985 ) 

  Fusobacterium  sp.   Myoviridae  (1) a   Hazlewood et al. ( 1983 ) 

  Lactobacillus plantarum    Myoviridae  (3)  Nemcova et al. ( 1993 ) 

  Magnoovum eadii    Siphoviridae  (1) a   Orpin and Munn ( 1974 ) 

  Methanobrevibacter  spp.  Caudovirales (1)  Baresi and Bertani ( 1984 ) 

  Prevotella brevis    Siphoviridae  (1)  Ambrozic et al. ( 2001 ) 

  Prevotella bryantii   nd. (>2) 

  Prevotella ruminicola    Siphoviridae  (1)  Klieve et al. ( 1991 ), Klieve et al. ( 1989 ) 

  Siphoviridae  (2) 

  Ruminococcus albus    Podoviridae  (2)  Klieve et al. ( 2004 ), Gilbert et al. 
(unpublished)   Inoviridae  (2) 

  Siphoviridae  (1) 

  Ruminococcus fl avefaciens    Siphoviridae  (1) a   Klieve et al. ( 1989 ) 

  Selenomonas ruminantium    Myoviridae  (2) a   Hazlewood et al. ( 1983 ), Lockington 
et al. ( 1988 ), Cheong and Brooker 
( 1998 ) 

  Siphoviridae  (1) a  

  Siphoviridae  (1) a  

  Serratia  spp.  nd.  Adams et al. ( 1966 ) 

  Streptococcus bovis   nd.  Adams et al. ( 1966 ), Iverson and Millis 
( 1976a ), Klieve and Bauchop 
( 1991 ), Klieve et al. ( 1999 ), Styriak 
et al. ( 1989 ,  1994b ), Tarakanov ( 1974 , 
 1976 ,  1994 ,  1996 ) 

 Caudovirales (25) b  

  Siphoviridae  (1) 

 nd. (3) 

  Siphoviridae  (2) 

  Siphoviridae  (1) 

 Caudovirales (>20) b  

  Streptococcus durans    Siphoviridae  (4)  Brailsford and Hartman ( 1968 ) 

  Siphoviridae  (1) a  

  Streptococcus intermedius  AR36   Siphoviridae  (1) a   Klieve et al. ( 1989 ) 

 Unclassifi ed rumen acetogen H3HH   Siphoviridae  (1) a   Jiang et al. ( 1995 ) 

   a Lysogenic phage forming phage particles 
  b Including lytic and lysogenic phages; and not described (nd.)  
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characteristic of the  Siphoviridae  family. Host 
ranges tend to be narrow with individual phages 
able to infect only one or two strains of  S. bovis  
(Klieve et al.  1999 ) with only one report of a 
phage, designated F4 (Styriak et al.  1994b ) 
 having a wider host range, being able to infect 5 
out of 10  S. bovis  strains examined. 

 The focus on phages of  S. bovis  can be attrib-
uted to the importance of this amylolytic bacte-
rial species in the rumen.  S. bovis  is present in 
relatively high numbers in rumen contents and 
can adhere to rumen epithelial cells (Styriak et al. 
 1994a ). This bacterial species is also of economic 
importance, having been implicated in the dis-
ease syndrome, lactic acidosis, which affects 
cattle on high grain diets (Nagaraja and 
Titgemeyer  2007 ).  S. bovis  was also the fi rst 
 bacterial species for which phage therapy was 
considered as a possible means of population 
control in the rumen (Klieve et al.  1999 ; 
Tarakanov  2006 ).  

9.2.1.2     Temperate Phages and Carrier 
States 

 Temperate or lysogenic phages are able to exist 
within their host bacterium in a relatively stable, 
dormant state without causing lysis. Infection 
proceeds as in the lytic cycle, but after entry of 
the phage nucleic acid into the bacterial cell, 
either the phage genome may be replicated and 
new particles produced or the phage genome 
enters an inactive or dormant state. In this state, 
the phage genome is often described as a pro-
phage. Prophages may be integrated into the host 
genome either at a specifi c site or at several sites, 
with some phages integrating at or near palin-
dromic structures, such as transfer RNA genes 
(Campbell  1992 ; Bobay et al.  2013 ), whilst other 
prophages can persist in the cytoplasm as a plas-
mid (Ackermann and DuBow  1987a ). In addi-
tion, individual bacteria may play host to several 
integrated prophages (Refardt  2011 ) with many 
bacterial and archaeal genomes containing frag-
ments of integrated prophages (Krupovic et al. 
 2011 ). Once a prophage becomes fragmented, it 
may lose the ability to produce intact, viable 
phage particles or may be completely unable to 
emerge from the lysogenic state. Intact prophages 
however are usually able to emerge from the 

lysogenic state in a process referred to as phage 
induction and enter the lytic cycle of phage pro-
duction culminating in the lysis of the host cell 
and release of progeny phage particles. 

 Historically, the presence of temperate phages 
within rumen bacteria was verifi ed by electron 
microscopy of pure cultures, for example, a large 
Siphovirus was detected in the culture medium of 
 Magnoovum eadii  (Orpin and Munn  1974 ), or 
through the application of an inducing agent to 
pure cultures of bacteria followed by electron 
microscopy (Iverson and Millis  1976b ; Tarakanov 
 1974 ). Inducing agents may be physical,  chemical 
or biological agents with mitomycin C being the 
most commonly employed chemical agent for 
inducing pure cultures of rumen bacteria, particu-
larly those requiring the maintenance of strictly 
anaerobic conditions (Klieve  2005 ). An early 
study by a Russian researcher found that 50 % of 
rumen  S. bovis  isolates were hosts to temperate 
phage and suggested that the lysogenic lifecycle 
played a signifi cant role in sustaining  S. bovis  
phage numbers in the rumen (Tarakanov  1974 ). 
A further study detected lysogeny in only four 
percent of their rumen-derived  S. bovis  isolates 
(Iverson and Millis  1976b ) and, in contrast to 
Tarakanov’s claims, concluded that lysogenic 
strains of  S. bovis  were not a signifi cant source of 
phages in vivo. This conclusion was later sup-
ported in an investigation that found lysogeny to 
be uncommon in isolates of  S. ruminantium  
(Hazlewood et al.  1983 ). 

 The extent of lysogeny amongst rumen bacte-
ria was later clarifi ed in a study which examined 
a diverse range of rumen bacterial isolates for 
inducible phage particles (Klieve et al.  1989 ). Of 
the 38 ruminal bacteria studied, nine organisms 
(23.7 %), representing fi ve genera, produced 
phage-like particles following induction with 
mitomycin C. It was therefore concluded that 
viral genetic material may be a normal genetic 
constituent of the genome of appreciable  numbers 
of ruminal bacteria. The phages so far isolated 
from the rumen or induced from ruminal bacteria 
(Table  9.1 ), however, represent a small propor-
tion of the morphological types observed in 
rumen fl uid using electron microscopy (Fig.  9.1 ). 

 As an alternative to lysogeny, many phages 
cause persistent infections (pseudolysogeny or 
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carrier states) characterised by the simultaneous 
presence of phages and bacterial cells in the same 
culture, with phages multiplying in only a frac-
tion of the bacterial population (Weinbauer 
 2004 ). Carrier states have been shown to fre-
quently occur in nature (Clokie et al.  2011 ) and 
have been observed in the microbial fraction of 
soil and aquatic environments (Ackermann and 
DuBow  1987b ). It has also been suggested that 
carrier states may also occur in the rumen (Klieve 
et al.  1989 ); however, only a single study has 
demonstrated this interaction in vitro with the 
ruminal bacterium  P. ruminicola  AR20 and the 
phage ϕBrb01 (Klieve et al.  1991 ). In this study, 
bacterial cells surviving infection developed a 
thick extracellular capsule, presumably prevent-
ing the phage from reaching receptors on the cell 
wall. In the absence of the phage, the host strain 
had very few capsulated cells. It could be 
 speculated that in the rumen microbial ecosys-
tem, sustained growth of both capsulated and 
non-capsulated cells would maintain populations 
of both the phage and bacterial host therefore 
perpetuating the carrier state balance. 

 The remaining identifi ed state by which 
a phage may be maintained and coexist in balance 
with its prokaryote host is referred to as chronic 
infection. In chronic infection, a host is infected 
by a phage which then produces progeny phage 
particles which may be constantly released from 
the host cells via budding or extrusion without 
causing cell death (Weinbauer  2004 ). Chronic 
infection occurs for some  Inoviridae  (fi lamentous 
phages), plasmaviruses (Clokie et al.  2011 ), 
archaeaphages (Porter et al.  2007 ) and 
 Siphoviridae  phages (Lood and Collin  2011 ). 
Although this state has not yet been demonstrated 
in vitro with rumen phage isolates, it is not unre-
alistic to expect that chronic phage infections may 
occur for some rumen microbes and also play a 
role in maintaining rumen phage populations.   

9.2.2     Molecular Genetics of Rumen 
Phage Isolates (Pre-2000) 

 With the development of modern molecular biol-
ogy techniques in the 1980s, phage biology 
shifted from using methods based on culturing 

(determination of plaque size, host range and 
burst size) and morphology (electron micros-
copy) to the use of nucleic acid-based methods 
for the characterisation of both phage isolates 
and environmental populations of phages. 
Attributes such as the nature of the nucleic acid 
and the size of the phage genome became impor-
tant for phage classifi cation. 

 Prior to the year 2000, the molecular genetics 
of several rumen phages were investigated, 
including phages of  P. ruminicola  (Klieve et al. 
 1991 ),  S. ruminantium  (Lockington et al.  1988 ) 
and  S. bovis  (Styriak et al.  1998 ). The techniques 
employed were similar to those used in molecular 
virology laboratories of the era, including (a) 
genome mapping using the relative location of 
phage-specifi c restriction enzyme sites, some-
times referred to as cut maps; (b) use of radiola-
belled dNTPs to investigate the mechanisms of 
phage genome packaging and the occurrence of 
terminal redundancy and circular permutation of 
phage genomes; (c) southern blotting and hybrid-
isation to identify phage genes of interest and 
determine interactions with host genomes; and 
(d) early Sanger sequencing of individual phage 
genes. 

9.2.2.1     Restriction Enzyme Genome 
Mapping 

 Restriction enzyme mapping involves digesting 
purifi ed phage genomic DNA with various 
restriction enzymes to create a fi ngerprint-like 
pattern of DNA lengths (cut map) based on the 
location of restriction enzyme sites within the 
phage genome. This method also allows the 
phage genome size to be determined (Lockington 
et al.  1988 ) and can assist in differentiating mor-
phologically similar phages. For example, two 
phages isolated from the rumen infecting  S. bovis  
designated as phages F1 and F3 and both classi-
fi ed by electron microscopy as  Siphoviridae  
(Styriak et al.  1989 ) could be differentiated fol-
lowing digestion of phage genomic DNA with 
the restriction enzymes  Pst I,  Bgl I and  Eco RI. 

 Conversely, the inability of specifi c phages to 
be digested with certain restriction enzymes can 
be used to characterise phages, for example, the 
lytic  S. bovis  phage F4 could not be digested with 
the enzymes which recognise GATC sequences 
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including  Bam HI and  Pvu I (Styriak et al.  2000 ). 
Similarly, the genome of  S. bovis  phage φSb01 
could not be digested with  Bam HI (Klieve and 
Bauchop  1991 ). Investigating the susceptibility 
of phage genomes to restriction enzyme  digestion 
also provided early insights into the existence of 
phage resistance mechanisms within rumen 
 bacterial isolates, for example, the presence of a 
restriction-modifi cation system was noted for the 
 S. bovis  isolate II/1 (Styriak et al.  1998 ).  

9.2.2.2     Determination of Circular 
and Terminal Redundancy 

 In addition to determining the size of phage 
genomes, early rumen phage researchers sought 
to investigate the mechanism specifi c phages 
used for packaging the phage DNA genome into 
the proteinaceous phage particle. Whilst cut 
maps provided an initial indication as to whether 
the phage DNA was packaged into genomes of 
consistent length or not (described as terminal 
redundancy), additional molecular biology meth-
ods and restriction enzyme mapping, were 
needed to examine the exact nature of the phage 
genome terminal ends. In this way, the genome 
length of the  P. ruminicola  phage φBrb01 was 
shown to be actually closer to 33 kb, although a 
genome overlap occurring during phage particle 
packaging (terminal redundancy) of approxi-
mately 2 kb resulted in genome lengths of 
approximately 35 kb being obtained from most 
phage particle preparations (Klieve et al.  1991 ). 
Similarly, the terminal ends of a temperate phage 
of  S. ruminantium  strain M-7 were found to be 
cohesive in nature (Lockington et al.  1988 ), 
although this bacterial strain and the associated 
lysogenic phage have since been lost from cul-
ture. A further study of a temperate phage infect-
ing  S. ruminantium  strain ML12 (Cheong and 
Brooker  1998 ) identifi ed that the genome of this 
phage also had cohesive ends with no evidence of 
terminal redundancy, indicating that progeny 
phage particles should always contain genomes 
of the same length.  

9.2.2.3     Characterisation of Phage 
Integrases and Excisionases 

 The replication strategies of phages isolated from 
the rumen have rarely been characterised on the 

molecular level except in studies investigating 
the use of phages and phage genes as novel clon-
ing vectors specifi cally tailored for the genetic 
transformation of rumen bacteria (Cheong and 
Brooker  1998 ; Gregg et al.  1994 ). These studies 
sought to identify the genes used by temperate 
rumen phages to integrate into the host bacterial 
chromosomes. In most characterised phages, 
site-specifi c recombination functions, involving 
the integrase ( Int ) and exisionase ( Xis ) genes, are 
tightly clustered in a relatively small stretch of 
the phage genome and are characterised by short 
sequence repeats surrounding a core sequence 
required for integration (Mumm et al.  2006 ). 

 Genes for site-specifi c recombination func-
tions were identifi ed for only two temperate 
rumen phages (Cheong and Brooker  1998 ; Gregg 
et al.  1994 ). Examination of the temperate phage 
ϕAR29 of  P. ruminicola  strain AR29 (Klieve 
et al.  1989 ) located the point of integrative recom-
bination ( att P locus) (Gregg et al.  1994 ). Further 
sequencing indicated the presence of several 
direct and inverted repeats around the  attP  site 
and two open reading frames encoding the  Int  
and  Xis  genes, both being required for the stable 
integration of the phage genome into the host 
chromosome. Similarly, the  attP  region on the 
temperate  S. ruminantium  phage M1 genome was 
identifi ed (Cheong and Brooker  1998 ), and fur-
ther sequence analysis of the surrounding region 
enabled detection of the  Int  and  Xis  genes for this 
phage. The rumen phage gene sequences derived 
from both of these studies were lodged in publi-
cally accessible sequence databases and are still 
available for further reference (GenBank 
Accession numbers AF034575 and S75733.1).    

9.3     Recent Advances 

9.3.1     Genome Sequencing 
of Rumen Bacteria, Prophage 
Identifi cation and CRISPR 

 Despite the lack of published rumen phage 
sequences, the genetic knowledge of rumen 
phages is rapidly expanding due to the advent of 
bacterial whole genome sequencing. Phage- 
related sequences and DNA secondary structures 
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are often encountered during the sequence 
 analysis and annotation procedures of complete 
or near-complete genome sequences, for exam-
ple, using the web-based genome annotation soft-
ware pipelines of RAST (Aziz et al.  2008 ) and 
IMG (Markowitz et al.  2012 ). This approach was 
undertaken in a study which identifi ed prophage- 
related genes such as integrases, recombinases 
and other phage-related proteins within 14 rumen 
bacterial reference genome sequences (Berg 
Miller et al.  2012 ). 

 Alternatively, once raw bacterial genome 
sequence data is closed into either long contigs or 
a complete, circular genome, the sequences may 
be further analyzed using custom in-house soft-
ware pipelines or web-based prophage prediction 
tools such as PHAST (Zhou et al.  2011 ), Prophage 
Finder (Bose and Barber  2006 ) and Prophinder 
which utilises the ACLAME database (Lima- 
Mendez et al.  2008 ). These tools not only detect 
phage-related genes by checking for sequence 
similarity against specifi c, virus-based sequence 
databases but also take into consideration addi-
tional factors such as the relative GC content, 
sequence repeats, alignment with expected fl ank-
ing regions (e.g., tRNA genes and integration 
fragments) and the orientation, number and 
arrangement (clustering) of open reading frames 
(ORFs) to more accurately predict entire regions 
pertaining to integrated prophages. 

 A survey of several publically available, 
closed circular genomes of rumen bacteria and 
their associated plasmids is detailed in Table  9.2 , 
with only 2 of the 11 rumen bacteria examined 
not containing any prophage-related regions 
within their complete genetic complement of 
chromosomes and cell-associated plasmids. Of 
the detected prophage regions, six regions of 
approximately 30 kb or more in length were pre-
dicted to represent intact prophages. Differences 
in the parameters and algorithms used in respec-
tive phage detection programs can result in dif-
fering prophage-related regions being detected; 
therefore, further analysis is usually required in 
order to fully annotate prophage genes and verify 
the length of the predicted prophage regions. 
Presently, the PHAST tool has the most fre-
quently updated reference database, can predict 

the closest-known phage relative and tends to 
detect longer, more intact prophage regions than 
Prophage Finder. As an example, the 37.3 kb 
 predicted prophage region within the genome of 
 Basfi a (Mannheimia) succiniciproducens  strain 
MBEL55E (Hong et al.  2004 ) incorporates a pos-
sibly intact prophage genome encoding for tail, 
capsid and a range of phage functional genes 
with 28 ORFs (representing 51 % of the 55 pro-
phage ORFs identifi ed by PHAST) related to the 
 Burkholderia  phage phiE255, a lysogenic 
Myovirus spontaneously produced in cultures of 
the soil saprophyte  Burkholderia thailandensis  
strain E255 (Ronning et al.  2010 ).

   The process of prophage detection in closed 
genome sequences has also been undertaken for 
the rumen-derived methanogenic archaea 
 Methanobrevibacter ruminantium  strain M1 
(ATCC35063) (Attwood et al.  2008 ; Leahy et al. 
 2010 ) which was found to contain a long pro-
phage element, designated φmru. This prophage 
region encoded both structural (capsid and tail 
proteins) and functional phage genes (enzymes 
for phage integration, DNA replication and pack-
aging and host cell lysis) (Attwood et al.  2008 ); 
however, phage particles proved to be diffi cult to 
induce or cultivate in vitro. 

 It is anticipated that as more rumen bacteria 
are genome sequenced, the identifi cation of inte-
grated phage genetic material will rapidly prog-
ress. In some instances, integrated prophages 
may have undergone deletions or modifi cations 
during the replication of the host bacteria over 
many generations; therefore, only a subset of 
phage genes will be present and expression of 
phage genes will not result in the creation of via-
ble phage particles. However, if a complete, via-
ble phage genome is present within a bacterial 
host chromosome or plasmid, intact phage parti-
cles may be produced following treatment of host 
cells with an inducing agent such as mitomycin 
C. Phage particles may then be fractionated and 
concentrated from the culture medium and phage 
genomic material extracted and sequenced. To 
date, this procedure has only been undertaken 
with φAR29, the temperate phage of  P. ruminic-
ola  strain AR29 (Seet  2005 ). This study obtained 
full length (35,558 bp) sequence for φAR29, 
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identifying 53 open reading frames and enabling 
the identifi cation of several functional phage 
genes involved in phage particle packaging and 
genome replication such as the large terminase 
subunit, helicase, amidase and transcription 
regulator. 

 As more bacterial genomes are sequenced and 
deposited in publically available sequence data-
bases, it is anticipated that more commonalities 
between phage genomes will be identifi ed, which 
will (a) provide insights into the evolutionary his-
tory and selective pressures experienced by 
phages in the rumen, (b) enable the roles phages 
play in the rumen ecosystem to be further 

 understood and (c) facilitate the detection of pre-
viously unidentifi ed rumen phage genes within 
both whole genome and metagenome sequence 
datasets. 

 The relatively recent identifi cation of clus-
tered regularly interspaced short palindromic 
repeat sequences (CRISPR), forming arrays in 
complete genomes of bacteria, has changed our 
understanding of how phages interact with their 
prokaryote hosts and have been identifi ed in 
approximately 50 % and 90 % of sequenced bac-
terial and archaeal genomes, respectively (Sorek 
et al.  2008 ,  2013 ). These arrays, together with 
groups of associated ( Cas ) proteins, confer 

   Table 9.2    Assessment of publically available, closed rumen bacterial genome sequences and associated plasmids for 
predicted prophage regions using the web-based tools Prophage Finder (Bose and Barber  2006 ) and PHAST (Zhou 
et al.  2011 )   

 Rumen bacteria 

 PHAST  Prophage fi nder 

 Accession 
number 

 Prophage 
region/s  Size (kb) 

 Prophage 
region/s  Size (kb) 

  Butyrivibrio proteoclasticus  B316 
Chromosome 1 

 0  0  NC 014387.1 

 Chromosome 2  0  2  10.2, 16.4  NC 014388.1 

 Plasmids  pCY360  0  3  24.1, 9.6, 8.2  NC 014389.1 

 pCY186  0  2  14.1, 13.1  NC 014390.1 

  Ruminococcus albus  7 
Chromosome 

 0  5  27.7, 19,5, 18.5, 15.1 
11.0 

 NC 014833.1 

 Plasmids  pRUMAL01  0  3  17.7, 15.8, 7.9  NC 014824.1 

 pRUMAL02  1  28.7 a   4  30.0, 28.9, 10.3, 6.0  NC 014825.1 

 pRUMAL03  0  0  NC 014826.1 

 pRUMAL04  0  0  NC 014827.1 

  Actinobacillus succinogenes  130Z  2  4.1, 39.1 a   4  43.6, 16.5, 13.0, 11.3  NC 009655.1 b  

  Desulfovibrio desulfuricans  
subsp.  desulfuricans  ATCC 27774 

 1  36.6 a   3  10.9, 20.3, 29.3  NC 011883.1 b  

  Basfi a (Mannheimia) 
succiniciproducen s MBEL55E 

 1  37.3 a   5  33.9, 22.6, 17.0, 
16.0, 17.0 

 NC 006300.1 

  Prevotella ruminicola  23  0  4  15.8, 14.2, 13.9, 10.8  NC 014033.1 

  Fibrobacter succinogenes  S85  0  0  NC 017448.1 

  Slackia heliotrinireducens  DSM 
20476 

 2  19.5, 34.3 a   9  39.1, 19.8, 18.3, 
17.8, 16.1, 16.9, 
12.0, 13.1, 6.6 

 NC 013165.1 

  Wolinella succinogenes  DSM 
1740 

 0  0  NC 005090.1 

  Megasphaera elsdenii  DSM 
20460 

 2  9.8, 24.0  6  39.3, 18.8, 16.5, 
13.7, 9.6, 5.8 

 HE576794 

  Desulfotomaculum ruminis  DSM 
2154 

 6  54.0, 35.8 a , 
25.4, 15.4, 
13.0, 11.2 

 10  37.3, 27.2, 26.0, 
16.3, 14.8, 14.4, 
12.3, 10.9, 8.8, 4.5 

 CP002780.1 

   a Prophage region predicted to be intact by PHAST 
  b Joint Genome Institute, unpublished genome  
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 resistance to phages and extrachromosomal 
 elements, using small adaptive RNAs in an RNA-
interference- like mechanism (Sorek et al.  2013 ). 
They may also more broadly contribute to the 
regulation of endogenous bacterial genes includ-
ing those associated with virulence (Sampson 
et al.  2013 ). 

 Short sequences called spacers are stored in 
between the repeated elements, and it is these 
spacer regions that are homologous to invasive 
nucleic acids such as those introduced into the 
cell by infecting phages. The spacer regions are 
transcribed and processed into small non-coding 
interfering CRISPR RNAs (crRNAs) that guide 
the Cas proteins towards the target nucleic acids 
for specifi c cleavage of the homologous sequence 
(Barrangou  2013 ). This process was demon-
strated experimentally in a study which demon-
strated that new spacer regions were acquired 
following phage challenge and conveyed resis-
tance against further phage infection (Barrangou 
et al.  2007 ). Sequence analysis of spacer regions 
can therefore provide a history of the phage 
infections encountered by bacteria and archaea, 
although the spacer regions tend to be consider-
ably shorter (26–72 bp) (Grissa et al.  2007 a) than 
integrated prophage regions. Several bioinfor-
matics programs and online resources have been 
developed to facilitate the detection of CRISPRs 
in genomic sequence data, for example, the 
CRISPR Recognition Tool (Bland et al.  2007 ), 
CRISPRFinder and a database of CRISPR arrays 
that allows the alignment and comparison of 
repeats and spacers against public sequence data-
bases CRISPRdb (Grissa et al.  2007 b). 

 These tools have been applied to the genomes 
of rumen bacteria, with CRISPR sequences iden-
tifi ed in the genome sequences of several rumen 
bacteria including  P. ruminicola  strain 23 and  P. 
bryantii  B 1 4 (Purushe et al.  2010 ) and the rumen 
archaean  Methanobrevibacter ruminantium  M1 
(Attwood et al.  2008 ; Leahy et al.  2010 ). A more 
comprehensive survey for the presence of 
CRISPR sequences (Berg Miller et al.  2012 ) in 
13 rumen bacterial genomes, including the three 
aforementioned genomes and several representa-
tives of the genus  Ruminococcus , found CRISPR 
loci in the majority of genomes, with CRISPR 

absent from two  R. fl avefaciens  isolates. An 
 additional 15 draft genome sequences were 
examined, and eight were found to contain 
CRISPR-like sequences, although all contained 
CRISPR sequences deemed ‘questionable’ by the 
CRISPRFinder program. This study also found 
that the CRISPR spacer regions identifi ed within 
rumen bacterial genomes often did not match 
with sequences found within current genomic 
sequence databases (e.g., the GenBank NR 
nucleotide database and the NR_Viral_DB), 
although a relatively small number of spacer 
regions (39 unique spacer regions (6.7 %) out of 
a total of 581 spacer sequences) were related to 
known viral or prophage sequences. Interestingly, 
the identifi ed rumen bacterial spacer regions in 
the CRISPR loci of the  F. succinogenes  S85 and 
 P. ruminicola  23 genome sequences had greater 
homology to the three rumen virome datasets 
generated in the Berg Miller et al. ( 2012 ) study. 
The absence of rumen phage sequences within 
the current genomic sequence databases may 
therefore be limiting the ability to identify homol-
ogy and classify the newly discovered CRISPR 
spacer regions of rumen bacteria. 

 The detection of CRISPR arrays within the 
rumen virome sequence datasets (Berg Miller 
et al.  2012 ) provided the evidence to suggest that 
a long history of phage infection within the 
rumen has contributed to the development of a 
genetic memory or immunity within many spe-
cies of rumen bacteria and archaea. It also sug-
gests that both the rumen microbes and associated 
phages are constantly evolving to sustain a viable 
community balance, and this constant selective 
pressure is likely to have resulted in the wide 
diversity of phages found to be associated with 
the rumen microbial community.  

9.3.2      Molecular Ecology of Rumen 
Phage Populations 

9.3.2.1     Fingerprinting Techniques 
(PFGE) 

 Before sequencing technologies became more 
rapid and affordable, molecular biology-based 
methods for studying microbial ecology often 
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involved extracting the genetic material from a 
sample and developing a population-specifi c 
 profi le or fi ngerprint pattern. For example, PCR 
amplifi cation of phylogenetic marker genes such 
as specifi c regions of the highly conserved ribo-
somal RNA genes (16S rRNA genes), followed 
by denaturing gradient gel electrophoresis 
(DGGE), can be employed to determine differ-
ences in rumen bacterial and archaeal popula-
tions (Gantner et al.  2011 ; Watanabe et al.  2001 ). 
Phages do not encode nor require complete rRNA 
genes for replication, therefore, PCR amplifi ca-
tion of these genes cannot be employed to char-
acterise phage populations. An alternative 
molecular method was developed for enumerat-
ing and differentiating rumen phage populations, 
utilising pulsed fi eld gel electrophoresis (PFGE) 
to create a genetic fi ngerprint of phage popula-
tions based on phage genome length (Klieve and 
Swain  1993 ). The pulsed fi eld gels generally dis-
tinguished two major components: (1) a broad 
region (30–200 kb) including the genome lengths 
expected for most tailed phages and comprising 
DNA genomes from many different phages and 
(2) discrete bands of DNA arising from a single 
or several phage genotypes, presumably repre-
senting blooms of lytic phage activity. When 
combined with a DNA quantifi cation step, a rela-
tive measure of overall phage concentration 
within a rumen sample could also be determined 
(Klieve and Gilbert  2005 ). 

 The PFGE method was employed to deter-
mine differences between (a) species of rumi-
nants (sheep, cattle and goats), (b) animals at 
pasture and in pens, (c) animals penned together 
and on the same diet and (d) the same animal 
sampled at the same time daily over consecutive 
days (Klieve and Swain  1993 ; Swain et al.  1996 ). 

 These studies fi rst suggested that diet and 
dietary components may affect phage activity 
after it was found that sheep grazing pasture had 
total phage populations that were signifi cantly 
higher than their counterparts fed a diet of 
chopped oaten and lucerne hays (70:30) (Swain 
et al.  1996 ). In a further investigation (Klieve 
et al.  1998 ), the size of the rumen phage popula-
tion was surveyed in sheep and cattle fed a vari-
ety of fresh and dry forages and grain with or 

without supplementation. This study confi rmed 
that animals feeding on green pasture tended to 
have higher phage numbers (two- or threefold) 
than those on dry feed and that feedlot animals 
had even fewer phage (up to fi vefold) than those 
on dry feed, with this trend being unaffected by 
animal species or the feeding of supplements. 

 PFGE was also used to demonstrate that the 
phage population present in the rumen could be 
both diverse in composition and highly dynamic. 
In an investigation where sheep were fed once 
daily, a distinct diurnal variation in the phage 
population was observed (Swain et al.  1996 ). 
Two hours after feeding, total phage DNA 
decreased to its lowest concentration, the phage 
DNA concentration then increased, reaching a 
maximum concentration 8–10 h post-feeding 
before declining over the next 4 h to reach a sta-
ble concentration for the rest of the day. 
Interestingly, the general trend in phage DNA 
concentration appeared to be similar to previ-
ously recorded diurnal fl uctuations in ruminal 
bacterial populations in cattle fed once daily 
(Leedle et al.  1982 ) and this was thought to be a 
consequence of the intimate relationship existing 
between phages and their bacterial hosts. The 
reasons behind the cyclic fl uctuations observed in 
the phage population may also be linked with 
ingestion of feed by the host (Klieve and Swain 
 1993 ; Swain et al.  1996 ), introducing factors 
such as non-specifi c adsorption of phage parti-
cles circulating within the rumen liquor to feed 
particles. It was also suggested that the rise in 
phage numbers observed several hours after feed-
ing could be attributed to either feed components 
inducing temperate phages to enter the lytic 
cycle, or an increase in host numbers becoming 
available for lytic infection, or both (Swain et al. 
 1996 ). 

 The PFGE fi ngerprinting method enabled the 
analysis of large numbers of rumen fl uid samples 
and contributed signifi cantly to the understand-
ing of the factors affecting rumen phage popula-
tions. Like many DNA fi ngerprinting methods, 
however, it only provides a measure of total 
phage concentration and a population-specifi c 
phage genome length profi le. PFGE cannot accu-
rately determine phage taxonomy nor indicate 
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the closest phage relatives; this information can 
only be obtained through nucleic acid sequence- 
based approaches.  

9.3.2.2    Virome Analysis 
 With the development of new sequencing tech-
nologies, the ability to characterise microbial 
populations using sequence-based data has esca-
lated to the point where genetic material can be 
prepared from an environmental sample and 
sequence information obtained for essentially all 
the DNA contained in that sample. This approach 
generates a sequence dataset often referred to as 
a metagenome, and the rumen metagenome has 
been characterised in several studies (Brulc et al. 
 2009 ; Hess et al.  2011 ; Ross et al.  2012 ). As 
these studies seek to incorporate all of the genetic 
material contained within a rumen fl uid sample, 
viral genetic material is also encountered, arising 
from either (a) phage DNA associated with 
microbial genomes such as CRISPR spacers or 
integrated prophage regions or (b) from phage or 
virus particles. Sequences pertaining to viruses 
however tend to make up a very small proportion 
of the overall number of classifi ed metagenome 
sequences, for example, in one rumen metage-
nome study (Brulc et al.  2009 ), approximately 
0.1 % of coding sequences described as environ-
mental gene tags (EGTs) were of viral origin, 
with most of these sequences related to dsDNA 
viruses. 

 The relatively low number of virus or phage- 
associated sequences encountered during metage-
nome analysis can in part be attributed to the 
relatively small size of phage genomes, which are 
generally less than 300 kb (Hatfull  2008 ), com-
pared to archaeal and bacterial genomes which 
can range in size from approximately 1.5 to 9 
Mb, respectively (Bentley and Parkhill  2004 ). 
Rumen metagenome studies also incorporate 
eukaryote genetic material from rumen popula-
tions of protozoa and fungi; therefore, depending 
on the sequence depth (coverage) of the metage-
nome study, the relatively small virus or phage- 
related genomes may be under-represented. 

 In addition, most virus-related sequences 
found within metagenome datasets are often clas-
sifi ed as bacterial in origin. Whilst not strictly 

inaccurate, this classifi cation arises when 
 integrated prophage regions and phage-associ-
ated genes are only incorporated into genome 
sequence databases as being part of a larger bac-
terial genome sequence and are not annotated 
independently and submitted as a virus (pro-
phage) for inclusion into, for example, the 
National Center for Biotechnology Information 
(NCBI) reference sequence database, Entrez 
Genomes. As a consequence, lysogenic phage 
genes are often described with the host bacterial 
or archaeal taxonomy descriptors and the associ-
ated classifi cation numbers (e.g., GenBank 
accession numbers). As a large proportion of the 
phage particles found within rumen fl uid are 
thought to have arisen from integrated prophages, 
the corresponding proportion of phage-related 
genes found within metagenomic datasets may 
actually be given bacterial or archaeal taxonomi-
cal classifi cation. Similarly host-associated tax-
onomy can be given to phage-related functional 
genes recognised during the sequence annotation 
process as being associated with phage DNA rep-
lication and packaging or host cell lysis. 
Interestingly, when rumen microbial metage-
nome datasets (Brulc et al.  2009 ; Hess et al. 
 2011 ) were assessed for the presence of CRISPR 
sequences using specifi c algorithms and a 
CRISPR-specifi c sequence database (Berg Miller 
et al.  2012 ), a larger number of CRISPR-like 
sequences (approximately 300 with over 30,000 
designated as ‘questionable’) were detected 
within one of the rumen metagenome datasets 
(Hess et al.  2011 ). This fi nding emphasises not 
only the importance of CRISPR-associated 
sequences in determining phage dynamics but 
also the importance of including specifi c phage 
or virus-related sequence databases in virus 
sequence analysis protocols. 

 To address the issue of under-representation 
and coverage, high-throughput sequencing stud-
ies of virus populations have adopted sample 
preparation methodologies that physically 
exclude contaminating microbial matter through 
steps such as ultrafi ltration through 0.45 or 0.22 
μm fi lters and selective fractionation and concen-
tration of the virus particles present in a sample. 
Genetic material for sequencing is then prepared 
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from these particles, with the inclusion of 
 additional steps required for the detection of 
RNA viruses (Thurber et al.  2009 ). In this way, 
all of the genetic material sent for sequencing 
arises only from virus or phage particles. 
Sequencing studies prepared using virus-specifi c 
methodology are often referred to as viral 
metagenome or virome studies and have been 
undertaken for many different environmental 
sample types including aquatic (freshwater, 
marine and extreme), soil and sediments, and 
human associated (lung, gut, skin) (Rosario and 
Breitbart  2011 ). 

 At the time of writing, there was only one 
published rumen virome study (Berg Miller et al. 
 2012 ). This study examined the virus fraction of 
rumen fl uid prepared in a manner similar to that 
employed in PFGE studies (Klieve and Swain 
 1993 ) and therefore focused on assessing popula-
tions of DNA viruses, which predominate in the 
rumen. The rumen fl uid was obtained from three 
Holstein cows at various stages of lactation, 
maintained on a concentrate diet. Virome 
sequences were compared to reference sequence 
databases and viral taxonomic groupings deter-
mined. In this way, the rumen was found to be 
predominated by dsDNA tailed phages belonging 
to the viral order Caudovirales, with phages 
belonging to the  Siphoviridae  family (long tails) 
being found in relatively higher concentrations 
(36 ± 3 % of the total viral families) than phages 
belonging to the shorter-tailed  Myoviridae  
(28 ± 4 %) and  Podoviridae  (14 ± 2 %) families. A 
considerable proportion of identifi ed sequences 
were also classifi ed as bacterial in origin, related 
to bacterial prophages and CRISPR elements; 
thereby reinforcing the fi ndings of previous stud-
ies suggesting that a large proportion of phage 
particles found circulating within the rumen were 
produced following episodes of lysogenic phage 
induction and that lysogenic phages played a 
major role in maintaining phage numbers within 
the rumen (Klieve et al.  1989 ). 

 Although a large proportion of the rumen 
virome sequences were not related to virus refer-
ence sequences, taxonomy-independent analysis 
using programs such as PHACCS (Angly et al. 
 2005 ) indicated that a wide diversity of phage 

types were encompassed, with up to 28,000 
 different viral types estimated to be present (Berg 
Miller et al.  2012 ). This diversity was consider-
ably higher than indicated by earlier electron-
microscopy- based surveys based solely on 
morphology refl ecting the advantage of using a 
sequence-based approach to differentiate between 
morphologically similar phages and to detect 
previously uncharacterised phages. 

 When the three published rumen virome 
sequence datasets are compared to viromes from 
other environments (Fig.  9.2 ) on the basis of 
sequence similarity, the rumen-derived viromes 
have little similarity with aquatic environments 
including freshwater and marine-derived 
viromes, and although they are closer to the 
human faecal and gut-associated viromes, they 
cluster separately as a rumen-associated group. 
From this comparison, it can be speculated that 
the rumen contains a large proportion of phages 
unique to this microbial ecosystem. As further 
virome studies are undertaken for different envi-
ronments and on a wider range of domesticated 
and native ruminants, this distinction can be fur-
ther investigated.     

9.4     Roles of Phages Within 
the Rumen Microbial 
Ecosystem 

 Owing to the relative paucity of information 
regarding the mechanisms of rumen phage-host 
interactions and the environmental factors 
affecting the relative proportions and dynamics 
of the phage population in the rumen, it is not 
possible to defi nitively determine whether the 
presence of phage in the rumen is disadvanta-
geous or advantageous. Theories proposed to 
date regarding the roles phages play within the 
rumen microbial ecosystem have revolved 
around (a) the negative nutritional consequences 
of phage-induced bacterial lysis resulting in 
recycling of nutrients within the rumen, (b) the 
positive effects of maintaining bacterial popula-
tion diversity and facilitating gene transfer and 
(c) the negative consequences of phage-medi-
ated gene transfer. 
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9.4.1     Nutritional Effects 

 In addition to the role rumen phages play in 
maintaining bacterial population diversity and 
balance, it has also been suggested that the high 
numbers and diurnal fl uctuations in the phage 
population, associated with phage lytic activity, 
may play an important role in the turnover of 
microbial cells (Klieve and Swain  1993 ; Nolan 
and Leng  1972 ) by contributing to the ineffi cient 
process of intra-ruminal recycling of nitrogen 
and fermentation of microbial cellular materials. 

 Rumen microorganisms are able to utilise 
simple nitrogenous substances for the synthesis 
of cell proteins. These microorganisms, if not 
lysed in the rumen, ultimately pass from the 
rumen to the abomasum and small intestine, 
where microbial protein is digested and absorbed 
as in non-ruminant animals (Annison and Lewis 

 1959 ). The supply of nitrogenous matter within 
the feed promotes microbial growth up to the 
limit of the microbial nitrogen requirement. This 
requirement is set by the available fermentable 
carbohydrate, the ATP yield and the effi ciency of 
conversion of metabolic substrates to microbial 
cells (Van Soest  1994 ). However, the nitrogen 
metabolism of rumen microorganisms especially 
with extensive grazing production systems is 
usually regarded as being ineffi cient. Dietary 
protein is broken down too rapidly relative to the 
breakdown of energy-containing plant fi bre, 
excessive ammonia is produced and the biologi-
cal value of the dietary protein is reduced 
(Wallace and Cotta  1988 ). 

 Research aimed at increasing the effi ciency of 
rumen nitrogen utilisation has been generally 
focused on two objectives. The fi rst capitalises on 
the capacity of rumen microorganisms to form 

  Fig. 9.2    Phylogenetic comparison of three rumen 
viromes from Holstein cows designated as cull_7664, 
dry_7887 and Lact_6993 (Berg Miller et al.  2012 ) and 
viromes from marine ecosystems including Fitzroy Island, 
Dunk Island (Hurwitz and Sullivan  2013 ), Sargasso Sea 
and the Gulf of Mexico (Angly et al.  2006 ), freshwater 
lake ecosystems including Lake Bourget and Lake Pavin 

(Roux et al.  2012 ) and human faecal samples and human 
gut samples (Kim et al.  2011 ). Viromes were compared 
using the Metavir server (Roux et al.  2011 ) to perform a 
tBLASTx search with a score matrix to cluster viromes 
using the pvclust R package (average linking distance, 
correlation distance) and 100 bootstraps       
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protein from ammonia or other nonprotein 
 nitrogen (NPN) sources, such as urea (Leng 
 1990 ; Wallace and Cotta  1988 ). The second is to 
minimise protein breakdown in the rumen so that 
more of the dietary protein escapes to the small 
intestine where the amino acids become available 
for adsorption by the host (Nagaraja et al.  1997 ; 
Wallace and Cotta  1988 ). 

 It has been suggested that intra-ruminal recy-
cling and fermentation of microbial cellular 
materials will have the effect of reducing the net 
effi ciency of microbial synthesis and the fl ow of 
microbial nitrogen to the small intestine (Dixon 
and Nolan  1986 ). There have been few quantita-
tive estimates of intra-ruminal nitrogen recycling, 
but a widely cited study (Nolan and Leng  1972 ) 
estimated that 30–50 % of the nitrogen incorpo-
rated into microbial protein may later recycle 
through the rumen ammonia-N pool. Further 
studies of nitrogen kinetics in the rumen (Firkins 
et al.  1992 ; Wells and Russell  1996 ) indicated 
that many of the microbes in the rumen either 
secrete nitrogen during their metabolism or lyse 
and release materials that are subsequently fer-
mented in the rumen. In addition, some actively 
growing rumen bacteria may synthesise amino 
acids in excess of their immediate requirements 
and excrete these into the medium. 

 Many investigations have indicated that all 
protozoa engulf and digest rumen bacteria, 
releasing soluble products contributing to intra- 
ruminal recycling of bacterial cellular materials 
(Bird et al.  1994 ). It has also been found that in 
the rumen of animals given starch-based diets, 
protozoa may at times also increase bacterial 
lysis, by starving the bacteria for substrates 
(Williams and Coleman  1997 ). Much of the pro-
tein component of the protozoal biomass, how-
ever, does not leave the rumen and is also recycled 
(Morrison and Mackie  1996 ). 

 In addition to protozoa-mediated lysis, bacte-
ria may also be lysed in the rumen for no appar-
ent reason, described as non-specifi c lysis (Wells 
and Russell  1996 ), or following the activity of 
bacteriophages (Hoogenraad et al.  1967 ; Klieve 
et al.  1989 ) or mycoplasma (Stewart et al.  1997 ). 
No studies have been undertaken to determine 
the extent to which phages contribute to bacterial 

lysis in the rumen. However, the diversity of 
phage types and large numbers observed in 
rumen fl uid indicate that phages may play a 
major role in the lysis of rumen bacteria. 

 A novel study (Tarakanov  1994 ) attempted to 
use phages as a biological method for controlling 
 S. bovis  numbers in the rumen of dairy cows in an 
attempt to identify the long-term nutritional 
effects of phage addition to the rumen. It was 
found that addition of  S. bovis  phages resulted in 
an increase in milk fat content of 0.1–0.3 %. 
However, there are no further published investi-
gations of this kind to verify that the addition of 
phages to the rumen can result in positive nutri-
tional effects.  

9.4.2     Phage-Mediated Gene 
Transfer 

 It has been suggested that phages may play a 
positive role in maintaining bacterial population 
diversity and balance within the rumen, allowing 
the ecosystem to rapidly adapt to changing con-
ditions such as dietary changes (Swain et al. 
 1996 ) and contributing to normal, regular changes 
in the bacterial population by periodically reduc-
ing the numbers and relative density of a bacterial 
species from the rumen, through episodes of 
phage lytic activity. Genetic diversity of the bac-
terial population may also be catalyzed by phages 
in the rumen with the development of phage 
resistance within the bacterial population result-
ing in modifi ed bacterial genotypes and pheno-
types, thus increasing genetic variability amongst 
closely related rumen bacteria (Klieve and 
Bauchop  1991 ). 

 Phages may also act as a mechanism whereby 
genetic material can be transferred between bac-
teria, a process often described as horizontal or 
lateral gene transfer. Horizontal gene transfer can 
occur in three ways, either by transformation, 
conjugation or transduction. Transduction spe-
cifi cally involves the transfer of DNA from one 
bacterium to another through the activity of 
phages (Hendrickson  2012 ). This process may 
contribute to the high extent of genetic diversity 
found within the rumen microbial community 
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and maintain the capacity for naturally occurring, 
heritable, genetic modifi cation (Weinbauer 
 2004 ). This may have positive consequences for 
bacterial survival and persistence, for example, 
phage may transfer genes allowing for alternative 
or increased substrate utilisation ability, although 
this has not been demonstrated experimentally 
with rumen bacteria. Alternatively, phage trans-
duction may have negative effects, for example, 
they may facilitate the transfer of genes for anti-
biotic resistance or toxin production, for exam-
ple, the Shiga toxins of  Shigella dysenteriae  and 
 Escherichia coli  and the C, D and E neurotoxins 
of  Clostridium botulinum  are encoded by phages 
(Kuhl et al.  2012 ). In this way, phage-mediated 
gene transfer may contribute to bacterial viru-
lence and lead to the evolution of new, potentially 
pathogenic bacteria. To date, no studies have 
been undertaken to experimentally verify whether 
phage-mediated transduction occurs between 
species of rumen bacteria, particularly as so few 
studies have determined biological factors such 
as phage-host range and the numbers of phage 
particles released upon phage-host cell lysis 
(burst size). It would also be particularly interest-
ing to understand whether physical factors such 
as the rate of normal microbial turnover and out-
fl ow affect the extent and rate at which phage- 
mediated gene transfer can occur within the 
rumen.   

9.5     Future Directions 

 The nature of rumen phage ecology research is cur-
rently changing, with this change being accelerated 
by the development of high-throughput sequencing 
of microbial ecosystems and microbial genomes. 
The analysis of the large amount of sequence data 
generated by high-throughput sequencing however 
is being hampered by a lack of relevant, rumen-
derived phage viral sequences to facilitate accurate 
sequence comparison and taxonomic classifi cation 
and a scarcity of general biological information for 
rumen phages such as host range, replication rates 
and burst size information. 

 As the agricultural production sector shifts 
away from the use of antibiotics, phage research 

is becoming increasingly focused on the 
 development of phage therapy-based approaches 
for the biological control of bacterial popula-
tions. To date phage therapies have been devel-
oped for the control of pathogens in the control of 
biofi lms (human clinical), plant, poultry, aqua-
culture and ruminant livestock industries (Donlan 
 2009 ; Monk et al.  2010 ). These therapies may 
employ either a cocktail of lytic phages which 
specifi cally infect the bacterial (or archaeal) spe-
cies of interest (Callaway et al.  2008 ,  2011 ; Gill 
and Hyman  2010 ) or utilise preparations of 
phage- encoded proteins (O’Flaherty et al.  2009 ; 
O’Mahony et al.  2011 ). There has also been 
recent interest in the development of phage 
 therapy approaches for the control of rumen 
methanogen (archaeal) populations in order to 
reduce ruminant enteric methane production 
(Klieve and Hegarty  1999 ; Cottle et al.  2011 ). 

 Phage therapy based on lytic phages has the 
advantage over conventional antibiotics and 
chemical antimicrobials in that phage (a) are nat-
urally occurring biological agents which do not 
contribute to the development of therapeutic 
 antibiotic resistance in the environment; (b) can 
be applied without the negative health side effects 
associated with some antibiotics; (c) can be 
administered directly to living tissue without 
causing harm; and (d) can attach, self-propagate 
and penetrate microbial biofi lms which may be 
otherwise unaffected by chemical antimicrobials 
(Abedon  2012 ; Chan et al.  2013 ). Phages chosen 
for use in phage therapy also tend to have a very 
narrow spectrum of activity directed against a tar-
get organism, are free of toxins and transducing 
virulence factor genes and replicate only through 
the lytic cycle of phage reproduction and are 
incapable of forming a lysogenic association 
with their host (Chan et al.  2013 ). In order for 
phages to encompass all of these desirable prop-
erties, they must be extensively genetically char-
acterised and tested for biological effi cacy, lysis 
effi ciency and persistence, prior to any inclusion 
in a phage therapy formulation. 

 Alternatively, phage-encoded enzymes may 
be employed as alternatives to conventional anti-
microbials (Fenton et al.  2010 ; O’Mahony et al. 
 2011 ; Shen et al.  2012 ). In nature, phage proteins 
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may have a structural role forming the coat, tail 
structures or spikes or may also have a functional, 
enzymatic role (Ackermann and DuBow  1987a ). 
Tailed phages, for example, may have lysozyme 
located at the tail tip, and the spikes of some 
capsule- specifi c phages demonstrate endoglyco-
sidase activity (Murphy et al.  1995 ) allowing 
these structures, even when used independantly 
of complete phage particles, to bind to cell sur-
faces (Andres et al.  2012 ). Phages may also 
encode genes for enzymes with lytic activity, tar-
geting the integrity of the host cell wall, for 
example, amidase, muramidase and endopepti-
dase enzymes. Several preparations of phage 
enzymes have been tested in animal models 
(O’Flaherty et al.  2009 ) and have been found to 
be potent, novel antimicrobials. These enzymes 
therefore represent a powerful new avenue for the 
development of phage-based therapies to reduce 
and control microbial populations of concern. 

 The future of rumen phage research can be 
anticipated to rapidly expand, taking advantage 
of the technological advances in high-throughput 
sequencing in order to genetically characterise 
individual rumen phages and benefi t from their 
unique enzymatic and structural properties and 
biological attributes, such as host specifi city and 
lytic potential. Adoption of new sequence-based 
technologies will also enable researchers to more 
fully elucidate the roles phages play in maintain-
ing rumen microbial population balance and 
genetic transfer and determine their overall con-
tribution to rumen bacterial lysis and ruminant 
nutrition.     

  Dedication   The authors would like to dedicate this 
 chapter to the memory of Emeritus Professor Nancy 
Millis (1922–2012) who made considerable contributions 
to rumen phage research and the development of microbi-
ology in Australia.  
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      Rumen Methanogens 
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    Abstract  

  Presently, there are 120 species of methanogens, representing 33 genera. 
Rumen methanogens produce methane that contributes to both global 
enteric methane emissions and to a dietary energy loss to the host. 
Methanogens are strict anaerobes, are diffi cult to grow  in vitro , require 
different substrates (hydrogen, carbon dioxide, acetate, methanol, methyl-
amines, and formate) for methane production, and exist synergistically 
with bacteria and symbiotically with rumen ciliate protozoa. The differ-
ences in morphology and utilization of different substrates by different 
methanogens enable them to be found in a diverse number of habitats. 
With the introduction of new technologies, rumen methanogen research 
has greatly expanded. Future scientifi c advancements will contribute more 
insight into decreasing dietary energy losses and enteric methane 
emissions.  

  Keywords  

  Enteric methane   •   Rumen methanogens   •    Methanobrevibacter   

10.1         Introduction 

 Until the late 1970s, all living things could be 
classifi ed into two divisions, the  Bacteria  and 
 Eukarya  (animals, plants, fungi, and protists). 
This coexisted with another scheme, which had 
come to be accepted as the fi ve-kingdom system: 
 Monera  (bacteria), Protista,  Fungi , Plantae, and 
Animalia. Then in 1977, Woese and Fox ( 1977 ) 
at the University of Illinois proposed a new group 
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of prokaryotes called the Archaebacteria. More 
than a decade later, molecular phylogenetic 
 analysis of 16S rRNA (prokaryotes) and 18S 
rRNA (eukaryotes) indicated that extant organ-
isms fall into three major groups or domains. 
Woese et al. ( 1990 ) suggested a change from the 
classical fi ve-kingdom system to a three-domain 
system by grouping together all the eukaryotes 
into the domain Eukarya and by calling the other 
two major domains  Bacteria  and Archaea. 

 Members of the domain Archaea have a cel-
lular composition unlike those of other prokary-
otes (e.g.,  Bacteria ), the biggest difference being 
the composition of the cell walls. For example, 
the cell wall of Archaea is composed of pseudo-
mureins or proteins, not peptidoglycans as 
observed in bacteria. Other differences include the 
RNA polymerases present and lipid membrane 
structure. The domain Archaea is comprised 
of four phyla: Crenarchaeota, Korarchaeota, 
Nanoarchaeota, and Euryarchaeota. The 
Euryarchaeota, the largest phylum, includes the 
methanogenic archaea, which produce methane; 
the halophilic archaea, which live and grow in 
hypersaline; and some extremely thermophilic 
archaea, which thrive at relatively high tempera-
tures between 45 C and 122 °C. The methano-
genic archaea or methanogens are the most 
frequently studied and observed group of Archaea 
within the rumen (Paul et al.  2012 ). Methanogens 
are strict anaerobes, found in hydrothermal vents, 
lakes, landfi lls, and the gastrointestinal tract of 
animals, including insects and humans. The focus 
of this chapter will be on the methanogens found 
in the forestomach (i.e., rumen) of ruminants. 

 Within the rumen, methanogens represent less 
than 1 % of the total microbial population and 
maintain a synergistic relationship with bacteria 
and a symbiotic relationship with protozoa 
(Wright and Klieve  2011 ). Additionally, some 
methanogens are associated with the ciliated pro-
tozoa. The ciliated protozoa, or ciliates, support 
methanogenesis by transferring hydrogen to the 
methanogens. The protozoa benefi t from the 
removal of hydrogen that would normally cause 
an inhibitory effect on their metabolism. The 
methanogens then use the hydrogen to reduce 
carbon dioxide to methane.  

10.2     Signifi cance of Rumen 
Methanogens 

10.2.1     Contribution to Greenhouse 
Gas Emissions 

 After methane is produced in the rumen, roughly 
89 % of it is expelled from the host to the envi-
ronment via eructation and exhalation (Murray 
et al.  1976 ). Once methane is in the environment, 
it contributes to greenhouse gas (GHG) emis-
sions. Methane has a global warming potential 
(i.e., the relative measure of how much heat a 
GHG can trap in the atmosphere) 25 times that of 
carbon dioxide (IPCC  2006 ). 

 Because excess methane impacts the environ-
ment, rumen methanogens contribute greatly to 
enteric methane emissions. In the USA, enteric 
methane emissions account for 21 % of total 
methane emissions and 73 % of the emissions 
from the agricultural sector ( EPA  2014 ). In com-
parison with the USA, Australia and Venezuela’s 
ruminant livestock populations contribute to 
71–91 % of all agricultural methane emissions, 
respectively (PCNCCV  2005 ; Eckard  2013 ). 
These statistics further implicate the call for 
rumen methanogen mitigation strategies and the 
overall necessity for more insight into decreasing 
methane emissions within the agricultural sector, 
while maintaining the milk, meat, or fi ber 
demands in an expanding world population.  

10.2.2     Effect of Methane Loss 
on Dietary Energy 

 Although the production of enteric methane con-
tributes to the production of GHG, it also leads to 
a 2–12 % loss of energy intake in domestic rumi-
nants (Johnson and Johnson  1995 ). This loss of 
energy intake implies that domestic ruminants 
will need to consume more feed, which in turn 
increases farm expenditures. By examining the 
methanogen community structures within both 
domestic and wild ruminants along with new 
methane measurement technologies, new insights 
into how to mitigate the loss of gross energy in 
the form of methane could be gained.   
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10.3     Common Methanogen Taxa 
Within the Rumen 

10.3.1     The Order Methanobacteriales 

 The order Methanobacteriales is home to the 
predominant methanogens found in the rumen 
(Wright et al.  2004 ,  2008 ; Sundset et al.  2009a ; 
Sirohi et al.  2010 ; King et al.  2011 ; St-Pierre and 
Wright  2012a ,  b ). They can have short lancet 
cocci to long, fi lamentous rod shapes that are 
typically Gram-positive, but some can be 
Gram- negative (Sirohi et al.  2010 ). The order 
Methanobacteriales is further divided into 
two families: Methanothermaceae and 
Methanobacteriaceae (Boone et al.  1993 ) .  
The family Methanothermaceae contains the 
genus  Methanothermus , while the family 
Methanobacteriaceae contains the genera 
 Methanobacterium ,  Methanobrevibacter , 
 Methanosphaera , and  Methanothermobacter . 

  Methanobrevibacter  is the most abundant 
methanogen found in the rumen (Wright et al. 
 2004 ,  2008 ; King et al.  2011 ; St-Pierre and 
Wright  2012a ,  b ). Species belonging to the genus 
 Methanobrevibacter  ( Mbr ) demonstrate poor to 
no mobility, appear as short rods or lancet shaped 
cocci, and prefer temperatures between 37 C and 
39 °C (Sirohi et al.  2010 ). Species of 
 Methanobrevibacter  include  Mbr. smithii ,  Mbr. 
gottschalkii ,  Mbr. thaueri ,  Mbr. ruminantium , 
 Mbr. olleyae ,  Mbr. millerae ,  Mbr. wolinii ,  Mbr. 
woesei , and  Mbr. arboriphilus.  

  Methanobacterium  ( Mb ) is not as speciose as 
 Methanobrevibacter  and is a minor representa-
tive of rumen methanogen populations (St-Pierre 
and Wright  2012a ). The genus  Methanobacterium  
consists of methanogens with varying shapes 
(curved, crooked to straight), preferred tempera-
tures (i.e., mesophiles that grow at moderate tem-
peratures and extreme thermophiles that thrive at 
temperatures greater than 45 °C), and motilities 
(nonmotile to motile) (Sirohi et al.  2010 ). 
 Methanobacterium  species observed include  Mb. 
aarhusense ,  Mb. alcaliphilum ,  Mb. bryantii , and 
 Mb. formicicum  (Janssen and Kirs  2008 ; St-Pierre 
et al. 2012a). 

 The genus  Methanosphaera  has also been 
observed in the rumen (King et al.  2011 ; St-Pierre 
and Wright  2012a ; Wright et al.  2004 ). 
 Methanosphaera stadtmanae  is a nonmotile 
methanogen that expresses similar characteristics 
in cell wall structure to species belonging to the 
family Methanobacteriaceae.  

10.3.2     The Order Methanomicrobiales 

 The order Methanomicrobiales contains four 
families, Methanoregulaceae, 
Methanospirillaceae, Methanocorpusculaceae, 
and, the largest family, the Methanomicrobiaceae .  
Only members of the Methanospirillaceae and 
Methanomicrobiaceae families have been found 
in the rumen (Schauer et al.  1982 ; Singh et al. 
 2010 ). The cell wall composition of 
Methanomicrobiaceae differs from that of other 
methanogens in that it contains proteins (i.e., gly-
coproteins) instead of pseudomureins (Garcia 
et al.  2006 ). Furthermore, the cell morphology 
varies from cocci to short rods to plate-shaped 
cells (Boone et al.  1993 ; Ferry and Kastead 
 2007 ). 

 Although species belonging to the family 
Methanomicrobiaceae are not typically the most 
predominant methanogens found within the 
rumen,  Methanomicrobium mobile  and 
 Methanoculleus olentangyi  have been observed 
in the rumen (Wright et al.  2006 ; Williams et al. 
 2009 ; Kumar et al.  2011 ). In contrast to other 
methanogens,  Methanomicrobium mobile  
requires complex nutrients similar to those found 
in the rumen ecosystem. Described by Hungate 
( 1966 ) as a major methanogen within the rumen, 
in vitro culturing of  Methanomicrobium mobile  
was very diffi cult. To thrive,  Methanomicrobium 
mobile  requires a heat-stable cofactor derived 
from a rumen fl uid called mobile factor. Without 
it,  Methanomicrobium mobile  will lyse within 
2–4 days (Tanner and Wolfe  1988 ). However, in 
Murrah buffalo from India,  Methanomicrobium 
mobile  was the dominant species identifi ed in 
94.4 % of clones, while members of the order 
Methanomicrobiales were observed in 54.4 % of 
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the operational taxonomic units (OTU) identifi ed 
from Surti buffalo from India (Chaudhary and 
Sirohi  2009 ; Singh et al.  2012 ). Although species 
belonging to the order Methanomicrobiales are 
less common in other ruminants, it is thought that 
the geographical location, diet, and species of 
ruminant, such as the buffalo, may affect the 
outcome of the methanogen community (Singh 
et al.  2012 ).  

10.3.3     The Order Methanosarcinales 

 Members of the order Methanosarcinales contain 
cell walls that are devoid of pseudomurein, but 
composed of proteins. In some instances, the cells 
form large aggregates via a heteropolysaccharide 
sheath (Ferry and Kastead  2007 ). The cell mor-
phology ranges from large spherical to pleomorphic 
cells that typically stain Gram- positive (Sirohi et al. 
 2010 ). The order Methanosarcinales is further 
divided into two families, the Methanosaetaceae 
and the Methanosarcinaceae, the latter of which 
has been found in the rumen. Within the family 
Methanosarcinaceae,  Methanosarcina  is the 
genus that includes the species,  Methanosarcina 
barkeri  and  Methanosarcina mazei  (Hook et al. 
 2010 ; Singh et al.  2010 ).  

10.3.4     The Order Methanoplasmatales 

 A recently proposed seventh order of methano-
gens is the Methanoplasmatales. Methanogens 
belonging to this order have been found in marine 
environments, soil, and the intestines of termites 
and mammals (Paul et al.  2012 ). This new order 
now contains methanogens that were referred as 
belonging to the rumen cluster C (RCC) or the 
Thermoplasmatales-affi liated Lineage C (TALC). 
This new order consists mainly of uncultured 
archaea representing novel lineages of methano-
gens that are most distantly related to uncultured 
Thermoplasmatales that are part of the order 
Methanoplasmatales (Wright et al.  2004 ,  2006 ; 
Janssen and Kirs  2008 ; Paul et al.  2012 ) .  

 The predominance of these uncultured novel 
archaea was observed in the rumen of Svalbard 
reindeer (53 % of clones), sheep in Queensland, 
Australia (80 %), and cattle consuming a potato 
by-product diet in Prince Edward Island (50 % of 
clones) (Wright et al.  2006 ,  2007 ; Sundset et al. 
 2009b ).   

10.4     SGMT and RO Clades 

 Species belonging to the genus 
 Methanobrevibacter  are the predominant metha-
nogens in the rumen; both the phylogenetic dis-
tribution and representation of different 
 Methanobrevibacter  species have been reported 
(King et al.  2011 ). It was observed that 
 Methanobrevibacter -related sequences were dis-
tributed between two major clades, the  smithii-
gottschalkii- millerae-thaueri  ( SGMT ) clade and 
the  ruminantium-olleyae  (RO) clade (King et al. 
 2011 ; St-Pierre and Wright  2012b ). Interestingly, 
sequences within a host tend to phylogenetically 
group within either the  SGMT  or  RO  clade. For 
example, if a host has a large representation of 
the  SGMT  group, then the  RO  group is typically 
lower, or vice versa. 

 Both the  SGMT  and  RO  clades have been 
observed in several ruminant hosts (Table  10.1 ). 
A greater representation of the  RO  clade was seen 
in lactating Holstein cows (59.0 %) and in feedlot 
cattle (i.e., Hereford and Hereford-Angus cross) 
on both a corn-based (48.0 %) and potato-based 
(21.1 %) diets in Ontario and Prince Edward 
Island, respectively (Whitford, et al.  2001 ; 
Wright et al.  2007 ). Moreover, the largest repre-
sentation of the  RO  clade was observed in the 
hoatzin, a South American bird with a crop that 
has a high capacity for fermentation, and its exis-
tence dates back to 50 million years before the 
arrival of ruminants (Wright et al.  2009 ). Due to 
the prominence of the  RO  clade in the hoatzin 
and the ancestry of this unique folivorous bird, 
it was hypothesized that the  RO  clade is likely to 
be more ancestral than members in the  SGMT  
clade (Wright et al.  2009 ).
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   In contrast, dominance in  SGMT  clade distri-
bution was revealed in lactating Jersey cows 
(53.0 %), alpacas (51.6 %), sheep from Venezuela 
(62.5 %), both Svalbard and Norwegian reindeer 
(26.8, 24.1 %), and water buffalo fed either corn 
(55.3 %), pasture (81.5 %), or sugar cane (57.7 %) 
(Wright et al.  2007 ,  2008 ; Sundset et al.  2009a ,  b ; 
King et al.  2011 ; Franzolin et al.  2012 ; St-Pierre 
and Wright  2012b ). The disparity among host 
species between the representation of  SGMT  and 
 RO  is speculated to be due to the conditions in 
which each of these two major phylogenetic 
groupings thrives, but further experimentation 
is needed.  

10.5     Methanogenesis 

 Methanogenesis is performed by all methano-
gens and transpires in several anaerobic 
environments, including the lower intestinal 
tract, landfi lls, rice paddies, hydrothermal vents, 
and the rumen. Since methanogens cannot 
degrade complex molecules (i.e., glucose), they 
depend on other microorganisms (i.e., protozoa 
and bacteria) in the rumen to provide them 
with substrates for methanogenesis that may 
include hydrogen, carbon dioxide, methylamines, 

methanol, formate, or acetate (Ferry and 
Kastead  2007 ). 

10.5.1     Hydrogen-Utilizing 
Methanogens 

 The production of methane is a normal product of 
rumen fermentation that acts as a pathway for the 
deposition of metabolic hydrogen produced 
(Kumar et al.  2011 ). Methane generated in the 
rumen is a signifi cant electron sink that generates 
an electrochemical gradient across the cell mem-
brane to produce ATP (Klieve et al.  2012 ; Stewart 
and Bryant  1988 ). Since hydrogen is utilized by 
the methanogens to produce methane, the con-
centration of hydrogen is maintained at low lev-
els in the rumen. Hydrogen is typically derived as 
a catabolic product from both bacteria and proto-
zoa where it is utilized by methanogens to reduce 
carbon dioxide to methane. The intricate pathway 
of methanogenesis via carbon dioxide involves 
the activation of carbon dioxide by the cofactor, 
methanofuran, to the formation of formyl- 
methanofuran. The methyl group from 5-methyl- 
tetrahydromethanopterin is transferred to 
coenzyme M, resulting in methyl-CoM producing 
methane and carbon dioxide (Caspi et al.  2010 ). 

   Table 10.1    Distribution of methanogens belonging to the  SGMT  and  RO  clades   

 Host species   SGMT  clade (%)   RO  clade (%)  Total clones  References 

 Corn-fed Mediterranean 
water buffalo 

 55.3  36.1  467  Franzolin et al. ( 2012 ) 

 Grazing Mediterranean 
water buffalo 

 81.5  6.7  104  Franzolin et al. ( 2012 ) 

 Sugar cane-fed 
Mediterranean water buffalo 

 57.7  33.7  119  Franzolin et al. ( 2012 ) 

 Alpaca  51.6  15.0  947  St-Pierre and Wright ( 2012b ) 

 Norwegian reindeer  24.1  0  54  Sundset et al. ( 2009a ) 

 Svalbard reindeer  26.8  0  97  Sundset et al. ( 2009b ) 

 Corn-fed cattle (Ontario)  4.0  48.0  127  Wright et al. ( 2007 ) 

 Potato-fed cattle (PEI)  9.7  21.1  114  Wright et al. ( 2007 ) 

 Sheep (Venezuela)  62.5  32.7  104  Wright et al. ( 2007 ) 

 Holstein dairy cattle  36.0  59.0  180  King et al. ( 2011 ) 

 Jersey dairy cattle  53.0  44.0  185  King et al. ( 2011 ) 

  Source: St-Pierre et al. (2012)  
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 Most methanogens belonging to the following 
genera are capable of using hydrogen to 
reduce carbon dioxide to make methane: 
 Methanobrevibacter ,  Methanobacterium , 
 Methanothermobacter ,  Methanothermus , and 
some members of the genus  Methanosarcina  
(Ferry and Kastead  2007 ) .   

10.5.2     Formate-Utilizing 
Methanogens 

 In the rumen, cellulolytic bacteria, fungi, and 
ciliate protozoa release formate (HCOO-) into 
the rumen fl uid where it is utilized by methano-
gens (Ellis et al.  1990 ). According to Schauer 
et al .  ( 1982 ), 18 % of the methane produced in 
the rumen is derived from formate. Hungate et al. 
( 1970 ) further demonstrated this derivation by 
displaying that the majority of the formate is 
converted to hydrogen and carbon dioxide via 
formate hydrogenases and then used in the 
production of methane by methanogens. 

 Although  Methanobrevibacter  species tend to 
utilize hydrogen and carbon dioxide for the pro-
duction of methane, some species are also capa-
ble of using formate plus carbon dioxide. The 
following species also demonstrate the capacity 
to utilize formate:  Methanobacterium formicicum , 
 Methanomicrobium mobile ,  Methanobrevibacter 
olleyae ,  Methanobrevibacter millerae , 
 Methanobrevibacter smithii ,  Methanobrevibacter 
ruminantium ,  Methanospirillum hungatei , and 
 Methanobrevibacter woesei  (Balch  1979 ; Hook 
et al.  2010 ) .   

10.5.3     Methanol- and Methylamine- 
Utilizing Methanogens 

 Stadtman and Barker ( 1951 ) fi rst observed the 
use of methanol and methylamines for the pro-
duction of methane in  Methanosarcina barkeri . 
In fact, the majority of the members of the order 
Methanosarcinales (e.g.,  Methanosarcina barkeri  
and  Methanosarcina mazei ) use methanol and 
methylamines as substrates (Ferry and Kastead 
 2007 ). Methanol and methylamines are C-1 sub-
strates (carbon-containing compounds lacking 

C-C bonds) that transfer a methyl group to a 
coenzyme, forming methyl-CoM, which eventu-
ally becomes methane and carbon dioxide (Caspi 
et al.  2010 ). One in four of the methyl-CoM 
molecules is oxidized to provide six electrons for 
the reduction of three methyl-CoM molecules to 
methane. 

  Methanosphaera stadtmanae  (order 
Methanobacteriales )  cannot reduce carbon diox-
ide to methane but instead uses hydrogen to 
reduce methanol to methane (Miller and Wolin 
 1985 ). Typically, in ruminants,  Methanosphaera 
stadtmanae  phylotypes were found in less than 
2 % of the total clones in both Jersey and Holstein 
dairy cattle, Western Australian sheep, Norwegian 
and Svalbard reindeer, and alpacas (King et al. 
 2011 ; St-Pierre and Wright  2012b ; Sundset et al. 
 2009a ,  b ). However, it was identifi ed as the 
prominent methanogen found in fecal samples 
from ten Sumatran orangutans in captivity on a 
diet composed primarily of fruit (Facey et al. 
 2012 ) and has also been identifi ed in the human 
intestine. Facey et al. ( 2012 ) suggested that the 
degradation of pectin found in fruit by anaerobic 
bacteria to methanol allowed  Methanosphaera 
stadtmanae  to thrive, whereas a typical ruminant 
diet lacks pectin, thus signifi cantly lowering 
methanol levels and the prevalence of this 
methanogen. 

 Poulsen et al. ( 2013 ) challenged the concept 
that the Methanosarcinales and some members of 
the Methanobacteriales were the only methano-
gens to utilize methylamines as substrates for 
methanogenesis. Rumen fl uid from lactating 
Holstein dairy cows supplemented with rapeseed 
oil was collected and used in vitro for the identi-
fi cation of transcripts for the utilization of both 
methylamines and methanol, demonstrating that 
members of the TALC/RCC clade can use both 
substrates (Poulsen et al.  2013 ).  

10.5.4     Acetogen- and Acetate- 
Utilizing Methanogens 

 Because enteric methane emissions are affecting 
both the energy requirements of ruminants and 
the environment, several mitigation strategies 
have been explored. One such strategy is to use 
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an alternative hydrogen sink where acetate is 
 produced by acetogenic bacteria instead of meth-
ane by methanogens. Acetogenic bacteria, or 
acetogens, participate in reductive acetogenesis 
where hydrogen from the fermentation of feed is 
converted into acetate (Joblin  1999 ). Acetogens 
have been found in deer, cattle, and sheep, but 
methanogens remain the prevalent hydrogen 
sink. 

 Although acetate is an end product of reduc-
tive acetogenesis, acetate can be utilized by some 
methanogens to be reduced to methane. Acetate 
is generally metabolized to methane and carbon 
dioxide in freshwater, sewage, and marine mud 
via acetate fermentation. Acetate’s involvement 
in methanogenesis includes the transfer of a 
methyl group to tetrahydrosarcinapterin and then 
to coenzyme M to produce methyl-CoM that is 
demethylated to produce methane (Caspi et al. 
 2010 ). Although acetate is involved in methano-
genesis in natural environments, it is not metabo-
lized greatly within the rumen because the rate of 
passage of ruminal contents, such as saliva and 
feedstuffs, is greater than the growth rate of 
acetate- utilizing methanogens (Janssen and Kirs 
 2008 ). The reduction of carbon dioxide to meth-
ane is also more thermodynamically sound and 
yields more energy than acetate (Joblin  1999 ). 
Knowing this, it is less likely that a strict acetate 
using methanogen will be found within the 
rumen. Some rumen methanogens such as those 
belonging to the genus  Methanosarcina  
( Methanosarcina barkeri  and  Methanosarcina 
mazei ) have the capacity to metabolize acetate, 
but also use methanol and methylamines to gen-
erate methane (Caspi and Pelligrini-Toole  2006 ; 
Sirohi et al.  2010 ).  Methanosphaera stadtmanae  
requires acetate for growth, but will use methanol 
for methanogenesis.   

10.6     Concluding Remarks 

 Methanogens are strict anaerobes, with fastidious 
growth requirements. They require different sub-
strates (hydrogen, carbon dioxide, acetate, meth-
anol, methylamines, and formate) for methane 
production and exist synergistically with bacteria 

and symbiotically with rumen ciliate protozoa. 
The differences in morphology and utilization of 
different substrates by different methanogens 
enable them to be found in a diverse number of 
habitats. Knowledge of this ecosystem is rapidly 
accumulating, particularly with the advent of 
molecular biology and culture-independent 
technologies.     
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      Plant Secondary Metabolites 

           Serena     Calabrò    

    Abstract  

  Secondary metabolites are those compounds which are produced by cer-
tain microorganisms in a phase of subsequent to growth, may have some 
survival function, have unusual chemical structures, and are formed as 
mixtures of closely related members of a chemical family. This chapter 
deals with the plant secondary metabolites and their application in rumen 
biology.  

  Keywords  

  Rumen fermentation   •   Methane production   •   Microbial activity  

11.1         Introduction 
 The rumen microbiome is an effi cient anaerobic 
fermentation system that confers specifi c advan-
tages on ruminants, e.g., effi cient digestion of 
large amount of lignocellulosic compounds, 
capability to use nonprotein nitrogen sources, 
and detoxifi cation of toxic ingredients. The study 
of the rumen microbiome has been approached 
by numerous researchers over the years. The 
results of their research have helped to improve 
the feed effi ciency guaranteeing better animal 
performance. Currently, these kinds of studies 
are primarily aimed at ensuring the health of the 

gastrointestinal tract and, therefore, the health of 
entire animal body. Another much discussed 
topic today is the environmental impact of live-
stock that may in part be contained also with 
proper nutrition management, through a manipu-
lation of rumen fermentation. The plant second-
ary metabolites (PSM) are the focus of interest of 
many research groups worldwide. Although in 
the past, their presence in feed was considered 
only negative, today numerous studies have con-
fi rmed that PSM can even improve animal perfor-
mance and health and limit environmental 
impact. Certainly, the effects of PSM are very 
variable in function of their type and concentra-
tions in the diets. 

 The objective of this chapter is to introduce 
plant secondary metabolites, their classifi cation, 
and methods to detect and to describe how to use 
them to manipulate rumen fermentation. 

        S.   Calabrò      (*) 
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11.1.1     Rumen Manipulation 

 The rumen microbial ecosystem is highly stable 
and optimized due to natural selection of 
microbes. However, it is not completely effi cient 
for the presence of a signifi cant portion of undi-
gested feed in the feces and for the loss of energy 
through CH 4  emission. Nowadays, the improve-
ment of its effi ciency through its manipulation is 
assumed to be essential for many reasons, for 
example, for the high genetic manipulation made 
in plants. Moreover, forages from tropical and 
subtropical area have some undesirable limita-
tion for animal feeding like low energy value 
[due to the presence of high amount of lignin, 
silica, and cutin in the cell walls limiting struc-
tural carbohydrate fermentation, volatile fatty 
acid (VFA) and microbial biomass production, 
reducing feed intake and prolonged retention 
time], defi ciency of essential nutrients (energy, 
protein, minerals), imbalanced end products 
(high acetate, low propionate), and the presence 
of anti-nutritional compounds (Santra and Karim 
 2003 ). Therefore, many reasons exist for manipu-
lating rumen fermentation in order to improve 
feed utilization, feed conversion effi ciency, and 
animal performance. The manipulating tech-
niques might include dietary intervention and the 
use of suitable chemicals, probiotics, or feed 
additives, such as plant secondary metabolites. 
Bioactive plant metabolites are an important con-
temporary research area to create substitutes for 
chemical feed additives due to their potential to 
modify rumen fermentation, mainly in terms of 
reducing methane (CH 4 ) production and select-
ing rumen microorganisms (bacteria, protozoa, 
fungi) to increase feed utilization and VFA 
production.  

11.1.2     Plant Secondary Metabolites 

 The plant secondary metabolites are so defi ned 
because they are opposed to the primary plant 
structural components (i.e., protein, carbohy-
drates, lipids), which are involved in the primary 
biochemical processes in the plant body such as 
cell division, growth and respiration, and storage 
of nutrients. These molecules are characterized 

by low concentration (less than 1 % of the total 
carbon), even if their levels vary temporally and 
spatially among and within species, and their 
proportions among other compounds are in con-
stant fl ux. Moreover, their presence and concen-
tration in a given plant are infl uenced by genetics, 
stage of life cycle, and environmental factors 
(Estell  2010 ). The improvement of analytical 
techniques (i.e., chromatography, biochemical 
techniques, molecular biology) allowed the 
detection of more than 200,000 defi ned PSM 
molecules with important role in the adaptation 
of plants to the environment (Bourgaud et al. 
 2001 ). Most PSM possess biological activity on 
other living organisms (i.e., they affect some ani-
mal metabolic processes and/or the growth rate 
of some microorganisms), thus protecting the 
plants from the predation of insects or the grazing 
by herbivores. While the PSM role in herbivore is 
quite clear, not so well known is the mechanisms 
by which ruminants cope with PSM and their 
effects on livestock production (Bodas et al. 
 2012 ). Due to their large biological activities, 
PSM have been used for centuries in traditional 
medicine and, nowadays, in pharmaceutics, cos-
metics, and nutraceutics. For the same reason, 
animal nutrition companies are screening bioac-
tive compounds of plants in order to obtain feed 
additives or rumen manipulators.   

11.2     Classifi cation of Plant 
Secondary Metabolites 

 The plant secondary compounds are diffi cult to 
classify because their metabolic pathways of syn-
thesis and their properties and mechanisms of 
action often overlap (Bodas et al.  2012 ). The 
PSM classifi cation is usually made according to 
their biosynthetic pathways in three large mole-
cule categories: phenolics, terpenes and steroids, 
and alkaloids. 

11.2.1     Phenolics 

 A good example of a widespread metabolite fam-
ily is given by phenolics: because these mole-
cules are involved in lignin synthesis, they are 
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common to all higher plants. Phenols are charac-
terized by having at least one aromatic ring with 
one or more hydroxyl group and are classifi ed on 
their biosynthetic origin basis: from acetyl-CoA 
units, from shikimic acid, and from gallic and 
ellagic acids. Condensed tannins, or proanthocy-
anidins, belong to this group and are large poly-
mers of fl avonoid molecules joined by covalent 
bonds. Flavonoids have different functions: act in 
regulation of primary metabolism, provide attrac-
tive colors to fl owers, and have antimicrobial 
properties (Crozier et al.  2006 ).  

11.2.2     Terpenes and Steroids 

 Terpenes are synthesized from isoprene and clas-
sifi ed on the number of its units.  Monoterpenes  
are the most representative molecules constitut-
ing 90 % of essential oils.  Triterpenes  are one of 
the most important subclasses due to their wide 
distribution in the plant kingdom and their appli-
cations in pharmacology. Important compounds 
in this category are steroids that stimulate plant 
growth and saponins that are used in pharmaco-
logical industry for their anti-infl ammatory and 
antimicrobial actions (Grassmann  2005 ).  

11.2.3     Alkaloids 

 These compounds are sparsely distributed in the 
plant kingdom and are much more specifi c to 
defi ned plant genus and species. Alkaloids con-
tain nitrogen, and most of them are extremely 
toxic or teratogenic to other organisms, but some 
of them have pharmacological effects. They can 
be classifi ed by the common natural source basis, 
for the similarity of the carbon skeleton, or on 
their biogenetic precursor basis (Bruneton  1999 ).   

11.3     Effect of Plant Secondary 
Metabolites on Rumen 
Activity 

 Plant secondary compounds have been shown to 
express action on rumen activity as antimicrobial 
agents against bacteria, protozoa, archaea, and 

fungi. The most active substances are phenolic 
compounds, but some nonphenolic substances 
have also demonstrated to be active. The effects 
on rumen microorganisms’ activity depend on 
plant species and are modulated by rumen pH, 
diet administered, and methods of compounds’ 
extraction. The microcidal or microstatic action 
mainly comes from the capacity of such mole-
cules in intruding into the microorganism cell 
membrane and disintegrate its structures (Bodas 
et al.  2012 ). The antimicrobial activity of these 
compounds is highly specifi c and may be used to 
manipulate rumen fermentation by selective inhi-
bition of a microbial group of the ecosystem. 

11.3.1     Antimicrobial Activity 

 Wallace et al. ( 1994 ) reported that saponins stim-
ulated growth of  Prevotella ruminicola , whereas 
growth of  Butyrivibrio fi brisolvens  and 
 Streptococcus bovis  was inhibited. Tannins 
inhibit growth of cellulolytic and proteolytic bac-
teria, and this effect is correlated with molecular 
weight (McSweeney et al.  2001 ). The inhibitory 
effect of essential oils on Gram-positive bacteria 
varies as function of their chemical composition: 
the same extract can have stimulatory or inhibi-
tory effects when obtained from different plant 
species of the same genus (Ferme et al.  2004 ).  

11.3.2     Antimethanogenic 
and Antiprotozoal Activity 

 Some groups of plants, rich in saponins, tannins, 
and essential oils, are recently largely reevaluated 
for their antimethanogenic and antiprotozoal 
activity in the rumen. Saponins are high molecu-
lar weight glycosides in which sugars are linked 
to a triterpene or steroidal aglycone moiety. The 
effect of saponins varies in function of the chemi-
cal composition and level of inclusion in the plant 
(Kamra et al.  2006 ). Some of these studies are 
listed in Table  11.1 . However, it has been reported 
that the rumen microbes are able to adapt to sapo-
nins by prolonged feeding of such feeds (Wallace 
et al.  2002 ). Tannins are nutritionally important 
plant secondary metabolites and are complex phe-
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nolic organic molecules. The literature indicates 
that phenolic acids have been found to be toxic for 
many rumen microbes, especially ciliate proto-
zoa, fi ber-degrading microbes, and methanogens. 
As a result of this property, the methanogenesis in 
the rumen is also inhibited. The in vivo and 
in vitro investigation (Table  11.1 ) showed that the 
signifi cant effect depends on the extraction type 
(i.e., water, methanol, ethanol). The presence of a 
variety of essential oils in some plant (i.e., spices) 
is responsible for specifi c antimicrobial activity 
and may affect rumen fermentation signifi cantly. 
Many investigations have recently carried out to 
evaluate the effect of water, methanol, and ethanol 
extracts of some spices on the in vitro and in vivo 
rumen fermentation (Table  11.1 ).

11.3.3        Effects on Rumen 
Fermentation 

 The inclusion of saponins in diet of animals 
changes the site of digestion of organic matter 
and fi ber, from rumen to hindgut (Patra and 
Saxena  2009 ). Tannins reduce ruminal protein 
digestibility and plant cell wall digestion, slow-
ing their digestion rate, due to the binding to 
dietary protein and structural polysaccharides 
(i.e., cellulose, hemicelluloses, and pectin) 
(McSweeney et al.  2001 ). Essential oils suppress 
colonization and digestion of readily degradable 
substrates by amylolytic and proteolytic bacteria 
without affecting fi ber digestion (Wallace et al. 
 2002 ). 

     Table 11.1    The effect of plant secondary compounds on methane production and protozoal counts   

 Plant  Effect  References 

  Saponins  

  Sapindus mukorossi   Decreases CH 4  production and digestibility  Agarwal et al. ( 2006 ) 

 Soapnut fruit  Increases body weight and effi ciency of feed 
utilization, reduces protozoa count 

 Kamra et al. ( 2000 ) 

  Sapindus rarak  fruit  Reduces protozoa and N-NH 3 , increases bacteria, 
improves daily body weight gain and feed conversion 
effi ciency 

 Thalib et al. ( 1996 ) 

  Sapindus saponaria   Reduces CH 4  emission by sheep fed on grass-based 
or grass-legume-based diets 

 Hess et al. ( 2004 ) 

  Tannins  

  Acacia concinna  fruit  Inhibits methanogenesis, affects protozoal counts  Patra ( 2004 ) 

  Yucca  extract  Reduces protozoa, does not affect bacterial activity  Wang et al. ( 1998 ) 

  Terminalia belerica  and  chebula  
fruit pulp 

 Inhibit CH 4  emission, decrease number of protozoa  Patra et al. ( 2006 ) 

  Psidium guajava  leaves  Exhibit antimethanogenic activity  Ushida et al. ( 1989 ) 

 Chestnut, mimostatin, and 
quebracho 

 Inhibit DM digestibility, CH 4  and total 
gas production 

 Roth et al. ( 2001 ) 

  Essential oils  

  Foeniculum vulgare ,  Syzygium 
aromaticum ,  Zingiber offi cinale  

 Inhibit in vitro CH 4  emission  Patra ( 2004 ) 

  Allium sativum   Suppresses in vitro CH 4  emission without affecting 
fi ber-degrading enzymes and DM degradability of 
feeds 

 Patra ( 2004 ) 

 Blend of essential oils (thymol, 
guaiacol, and limonene) 

 Reduces crude protein degradation of soybean meal  Molero et al. ( 2004 ) 

 40 ppm essential oils  Affect growth of  Clostridium sticklandii  and 
 Prevotella ruminicola  

 Silva et al. ( 1987 ) 

 Essential oils  Do not infl uence ruminal VFA, ammonia-N, and 
protozoal population 

 Hobson ( 1969 ) 
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 Saponins, tannins, and essential oils usually 
reduce the amount of N-NH 3  produced in the 
rumen, which improves assimilation of feed 
amino acid nitrogen by ruminants (Spanghero 
et al.  2008 ). The effects on rumen N-NH 3  con-
centrations are probably related to a reduction in 
protozoal numbers (Newbold et al.  1997 ), which 
play a key role in ruminal feed protein degrada-
tion. The lower microbial activity and substrate 
degradation due to reduction in total and cellulo-
lytic bacterial numbers in the rumen, in response 
to the use of tannins in the diet, is usually linked 
to a reduction in VFA production (Bhatta et al. 
 2009 ) and changing in the proportions of acetate 
(increase) and propionate (decrease). Effects of 
saponins seem to be pH dependent (i.e., the lower 
the pH, the more pronounced the effects) and, so, 
are infl uenced by the diet to which saponins are 
added (Bodas et al.  2012 ). Effects of essential 
oils on VFA production in the rumen are incon-
sistent: Spanghero et al. ( 2008 ) found decreases 
in VFA concentrations, Newbold et al. ( 2004 ) 
reported a tendency in stimulating VFA produc-
tion, and Beauchemin and McGinn ( 2006 ) 
reported no changes in VFA production.   

11.4     Rumen Manipulation 
with Plant Secondary 
Metabolites 

 The numerous results reported in literature indi-
cate that plant secondary compounds seem to 
have a potential to be used as feed additives for 
rumen manipulation, in particular for defauna-
tion, and to reduce methane emission (Kamra 
et al.  2006 ). 

11.4.1     Plant Secondary Metabolites 
and Methanogenesis 

 The effects of tannin content on in vitro fermen-
tation characteristics and kinetics and methane 
production have been studied by many authors. 
For example, sainfoin ( Onobrychis viciifolia . 
Scop.) does not induce bloating in ruminants, and 
in comparison with other forage legumes, it 

allows a higher absorption of protein in the small 
intestine. These effects may be explained by the 
presence of moderate amounts of condensed tan-
nins that are negatively correlated to in vitro CH 4  
production (Guglielmelli et al.  2011 ; Calabrò 
et al.  2012 ). The inhibition of methanogenesis is 
due to reduction in fi ber degradation that limits 
the acetate production through reduction in cel-
lulolytic numbers and/or the poor availability of 
compounds sequestered by tannins. However, the 
direct effect of CTs on methanogenic bacteria 
should thus be considered. Moreover, the amount 
of CH 4  produced is due to a series of interactions 
between the nutritive characteristics and the pres-
ence of tannins, being both variable with advanc-
ing growth of plant.  

11.4.2     Defaunation 

 Rumen protozoa are the largest in size among 
rumen microbes and contribute 40–50 % of the 
total microbial biomass and enzyme activities in 
the rumen. Nevertheless, it is clear that protozoa 
may be nonessential for the ruminant; recently, it 
has been hypothesized that they should play a 
signifi cant role in the rumen metabolism 
 specially to stabilize the rumen pH. The process 
of making the rumen free of protozoa is called 
defaunation. Some of the methanogenic archaea 
have a symbiotic relationship with ciliate proto-
zoa present in the rumen and remain either inside 
the body of the protozoa or are attached to their 
surface. Probably this is the reason why defauna-
tion is usually associated with reduced produc-
tion of methane in the rumen as the methanogens 
lose their symbiotic partner resulting in their 
reduced biological activity (Santra and Karim 
 2003 ). 

 Defaunation decreased energy losses through 
methanogenesis by 5.5–7.9 % of gross energy 
intake (Mathieu et al.  1996 ). Stimulatory effects 
of some plant extracts on some bacterial popula-
tions seem to be a consequence of the inhibition 
of protozoa and fungi. As a consequence of the 
decrease in the protozoal numbers, an increase in 
the total bacterial population is expected as there 
is no predation of bacteria by the protozoa.   
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11.5     Methods to Detect PMS 
in Plants 

 Plant secondary metabolites provide reliable 
assays to meet the challenge of fulfi lling the huge 
demand for feed; therefore, they are currently the 
subject of much research interest. Makkar et al. 
( 2007 ) published a volume which contained 
methods for analysis of some important PMS, 
useful for animal feed additives as well as human 
food. Because their extraction presents specifi c 
challenges that must be addressed throughout the 
solvent extraction process, successful extraction 
begins with careful selection and preparation of 
plant samples and thorough review of the appro-
priate literature for indications of which proto-
cols are suitable for a particular class of 
compounds or plant species. Jones and Douglas 
Kinghorn ( 2005 ) present an overview of the pro-
cess of plant extraction, with an emphasis on 
common problems encountered and methods for 
reducing or eliminating these problems. During 
the extraction of plant material, it is important to 
minimize interference from compounds that may 
coextract with the target compounds and to avoid 
contamination of the extract, as well as to prevent 
decomposition of important metabolites or arti-
fact formation as a result of extraction conditions 
or solvent impurities.  

11.6     Conclusions 

 The use of plant secondary metabolites as rumen 
manipulators will be the research issue for many 
rumen microbiology laboratories. The large 
amount of literature generated on this topic also 
indicates the extent of interest of the research-
ers. Many plants are already screened for their 
secondary metabolites that have been extracted 
in different solvents. Most of them have inter-
esting rumen activity in terms of antimethano-
genic and antiprotozoal. Further detailed 
screening and identifi cation of the active prin-
ciples are essential to know the mechanism of 
action. These metabolites appear to have a 
potential for commercial feed additives in live-
stock production.     
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    Abstract  

  The recent global concerns associated with the use of antibiotics and other 
growth-promoting stimulants in the animal feeds have created a window 
of opportunities and responsibilities for livestock nutritionists to search 
for alternative safer feed additives, such as direct-fed microbials based on 
viable naturally occurring benefi cial microorganisms. In the last decade, 
nutritionists and microbiologists have elucidated comprehensive details 
related to the normal intestinal microbiota of mammals and also the ben-
efi ts it provides to the host. In this milieu, numerous species and strains of 
probiotic bacteria, yeast, and fungal cultures have been isolated and exper-
imented, and a number of these microbes have been found to confer 
numerous benefi ts to the host animal when added to a diet. Some of the 
benefi ts associated with these microbial supplements are stimulation of 
benefi cial microbial growth in the rumen, stabilization of the rumen pH, 
improved ruminal fermentation and end-product production, increased 
nutrient fl ow and digestibility, alleviated stress, enhanced immune 
response, reduced pathogens, reduced acidosis, improved weight gain, 
increased milk yield, etc. Although the research on the use of microbes as 
animal feed additives has been intensive as well as extensive in the last 
couple of decades, more investigations, nevertheless, are still needed to 
ascertain the species- and strain-specifi c effects associated with these 
microorganisms, to explicate the molecular mechanisms involved in the 
animal responses, and also to search for more effi cient and steady formu-
lations for maximum and consistent livestock productivity.  
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12.1           Introduction 

 Since the adoption of the term DFM (direct-fed 
microbial; a formulation of viable naturally 
occurring bacteria, fungi, or yeast) by FDA about 
two decades ago, there have been gigantic 
advances and progress that have established the 
benefi cial outcomes of exploiting  microorganisms 
and other feed additives in animal diets for 
improving animal’s healthiness and productivity. 
The use of benefi cial microbes in animal diets is 
appearing to be a promising mean for improved 
nutrient utilization and increased overall produc-
tivity of ruminants. A wide array of bacteria and 
yeasts have been screened out from the pools of 
naturally occurring microbes which are capable 
of positively manipulating and improving the 
production enhancements in ruminants such as 
nutrient digestion, nutrition, overall health, and 
productivity. Numerous DFMs are accessible 
today that have been rigorously documented for 
their positive effects on animal’s weight gain, 
rumen development and digestion, restoration of 
intestinal microfl ora, producing bacteriocins, 
competitively reducing opportunistic pathogens, 
etc. In addition, several DFMs could also  produce 
nutrients and stimulatory growth factors which in 

turn promote other benefi cial microorganisms to 
fl ourish within the animal’s digestive tract and 
boost the release of digestive enzymes thereby 
aiding in the feed digestion by the animal. 
Moreover, some selected DFM formulations 
have been proposed to perk up the immune 
responses as well as metabolism of the animals. 
In this context, this chapter endeavors to review 
and summarize some important investigations 
related to the use of microorganisms as feed addi-
tives, the animal responses to these additives, and 
also the mechanisms by which these formula-
tions improve the production effi ciency of the 
animal.  

12.2     Rumen: The Dynamic 
Microbial Ecosystem 

 The rumen is a dynamic and continuous-culture- 
type fermentation container with a highly com-
plex and competitive microbial ecosystem within, 
yet the rumen microbial ecosystem represents 
and facilitates a classic symbiotic association 
between the microbes and the host animal. The 
feedstuff consumed by the animal is fermented to 
volatile fatty acids and microbial cell proteins to 
supply energy and proteins (Weimer  1998 ). In 
particular, the plant materials such as celluloses, 
hemicelluloses, pectins, starches and other poly-
saccharides are hydrolyzed by the rumen micro-
organisms to monomers or dimers of sugars and 
are fi nally fermented to provide a variety of prod-
ucts such as acetic acid, propionic acid, butyric 
acid, methane, CO 2 , etc. (Hungate  1988 ). Though 
the majority of rumen microorganisms are strictly 
anaerobic, some oxygen, however, is endured by 
facultative anaerobes which consume the traces 
of oxygen and aid in retaining the low oxygen 
potential (Van Soest  1994 ). Generally, the popu-
lation densities of rumen bacteria are dominating 
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with the magnitude of 10 10 –10 11 , with rumen 
 protozoa prevailing in the range of 10 5 –10 7  and 
anaerobic fungi and some facultatively anaerobic 
bacteria falling in the range of <10 4  (Mcallister 
and Cheng  1996 ). However, these proportions of 
microbial population may vary signifi cantly or 
slightly in response to animal diet types such as 
hay to concentrate rations, concentrate diets, 
complexity of fi bers, pH fl uctuations, etc. 
(Mackie et al.  1984 ). Under normal conditions, 
the internal temperature of rumen is maintained 
at 37 °C with the stable pH range of 6.8–7.0.  

12.3     The Inception of DFM 

 Enhancing the ruminants’ nutrition, nutrient uti-
lization, productivity, and overall health has 
always been the foremost objective of majority of 
rumen ecosystem investigations. In this context, 
numerous kinds of feed additives and supple-
ments have been exploited in an attempt to 
improve the ruminant nutrition, health, and pro-
ductivity. These additives have broadly included 
the use of a variety of antibiotics, enzymes, pro-
biotics, and prebiotic supplements with an ability 
to infl uence the rumen fermentation and micro-
bial ecosystem. However, as a consequence of 
the increased risk and safety concern with the use 
of antibiotics and other growth promoters in the 
animal feed industry, there has been a selective 
increase in the fi eld of alternative potential feed 
additives, particularly the microbial feed addi-
tives (MFAs) or direct-fed microbials (DFMs) 
based on naturally occurring microbes (Krehbiel 
et al.  2003 ; Hong et al.  2005 ). Consequently, 
such MFAs and DFMs have been increasingly 
researched and explored by livestock producers 
in order to exploit novel avenues to enhance ani-
mal performance and health. A wide array of ter-
minologies has frequently been in use to 
categorize the microbial-based additives or sup-
plements for ruminants. In fact, the terms probi-
otics and DFMs have also been sporadically used 
synonymously which appears to be rather con-
fl icting as per the guidelines. Probiotics are gen-
erally defi ned as “live microbial feed supplements 
which benefi cially affects the host animal through 

improvement of intestinal microbial balance” 
(Parker  1974 ). Conversely, DFMs or MFAs are 
merely defi ned as “a source of viable naturally- 
occurring microbes” (FDA  1995 ,  2003 ). A DFM 
is also defi ned as “a feed additive or supplement 
that includes one or more viable naturally- 
occurring microorganisms” (Krehbiel et al. 
 2003 ). Kmet et al. ( 1993 ) proposed a defi nition of 
ruminal probiotics as “live cultures of microor-
ganisms that are intentionally added into the 
rumen in order to improve the animal health or 
nutrition.” On the other hand, the term “probi-
otic” is generic and wide-ranging and could com-
prise microbial cultures, extracts, as well as 
enzyme preparations (Elam et al.  2003 ). 
Therefore, FDA has itself recommended the use 
of the term “direct-fed microbials” to depict 
microbial-based feed supplements that contain 
live, naturally occurring microorganisms includ-
ing bacteria, fungi, and yeast (FDA  2003 ). To 
date, numerous microorganisms have been 
exploited as DFM for ruminants. When such live 
microorganisms are incorporated as a supple-
ment or additive, their details and certifi cation are 
usually mentioned on the label of the commercial 
products, as per the guidelines of the US Food 
and Drug Administration (FDA) to use the term 
“direct-fed microbial.” Majority of such DFM 
mainly include lactic acid bacteria, probiotics, 
and yeasts, since these microbes confer several 
benefi ts when added to the animal’s diet. These 
benefi ts may include stimulation of benefi cial 
microbial growth in the rumen, decrease in rumi-
nal acidosis, stabilization of the rumen pH, posi-
tive alteration of ruminal fermentation and 
end-product production, increase in ruminal pro-
pionate concentrations, increased plasma hor-
mones, increase in nutrient fl ow, effi cient nutrient 
digestibility, enhanced immune responses, and 
increased milk production (Yoon and Stern  1995 ; 
Francisco et al.  2002 ; Krehbiel et al.  2003 ; Nocek 
and Kautz  2006 ; Stein et al.  2006 ; Aleman et al. 
 2007 ). Some of the most common microorgan-
isms frequently exploited as DFMs or MFAs are 
cited in Fig.  12.1 , and general mechanisms of 
action responsible for the benefi ts conferred by 
these DFMs to the ruminants’ health are pre-
sented in Fig.  12.2 .    
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  Fig. 12.1    Microorganisms frequently used as microbial feed additives/direct-fed microbials (Yoon and Stern  1995 ; 
Walker  2007 ; Seo et al.  2010 )       

  Fig. 12.2    Some benefi ts associated with different microbial feed additives/direct-fed microbials       
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12.4     Yeast-Based DFMs 

 Although the limelight of DFMs has mostly been 
focused on probiotic bacteria, a limited research 
has also been conducted on exploring the effects 
of yeast cultures to the animal diets. Since the 
majority of these yeast-based products contain 
either the yeast ( Saccharomyces cerevisiae ) or 
the aerobic fungus ( Aspergillus oryzae ) or occa-
sionally both in combination, these are usually 
tagged as fungal DFM, fungal feed additives, or 
fungal probiotics (Agarwal et al.  2000 ). Given 
that the usefulness of these fungi is basically 
derived from their effects on rumen fermentation, 
these additives are generally categorized as 
rumen modifi ers or growth promoters (Wallace 
and Newbold  1992 ). Though several yeasts and 
yeast-containing products have long been used in 
ruminant diets as a source of protein and energy 
(Eckles and Williams  1925 ; Carter and Philips 
 1944 ), it was since the late 1980s that an increased 
interest was observed in the yeast-based additives 
that could enhance the gut functions as those gen-
erally conferred by probiotics (Wallace and 
Newbold  1992 ). For instance, Linn and Raeth- 
Knight ( 2006 ) recently observed an increase in 
overall body weight gain and feed effi ciency in 
calves after adding yeast cultures to the animal 
diet. Martin and Nisbet ( 1990 ) observed an about 
20 % increase in ammonia production by  A. ory-
zae  in an in vitro rumen fermentation experiment 
using a concentrated diet. Newbold et al. ( 1996 ) 
also reported that ammonia concentrations were 
increased when  S. cerevisiae  was fed to sheep. It 
has also been proposed that these yeast cultures 
could stimulate ammonia production by the 
mixed rumen population, thereby indicating that 
these may enhance proteolysis. Maybe this 
increase in ammonia production is possibly 
caused by the yeasts providing supplementary 
nutrients to the ruminal microorganisms or 
maybe due to the endogenous proteolytic activity 
of yeasts (Martin and Nisbet  1990 ). Yeasts also 
provide growth factors, such as malate and vita-
mins, which encourage the growth of lactate- 
utilizing bacteria, help in stabilizing the rumen 
pH, and prevent the risk of acidosis (Rossi et al. 

 2006 ). Cellulolytic bacteria in the rumen are 
 particularly stimulated by yeast cultures and 
improve fi ber digestion. Quigley et al. ( 1992 ) 
observed increased ruminal acetate and butyrate 
and decreased propionate concentrations when 
calves were given the yeast  Saccharomyces 
 cerevisiae . Lesmeister et al. ( 2004 ) also found an 
increased daily gain and metabolic index after 
feeding  S. cerevisiae  to Holstein calves. Recently, 
Magalhaes et al. ( 2008 ) also fed Holstein calves a 
diet containing  S. cerevisiae  but observed no 
 differences in intake or growth except for a 
 signifi cant decrease in fecal scores. Ruppert et al. 
( 1998 ) found an increase in average daily gain 
and feed intake in Holstein calves after feeding a 
combination of  S. cerevisiae ,  S. faecium , and  L. 
acidophilus . Sretenovic et al. ( 2008 ) explored the 
effects of a commercial preparation containing 
live yeast cultures of  S. cerevisiae  in combination 
with probiotic bacteria on Holstein-Friesian cows 
and reported that the preparation infl uenced the 
quantity and composition of the milk and the 
supplemented group also had a lower somatic 
cell count which could indicate a better health of 
the udder. Viable yeast cultures have also been 
reported to improve the performance with an 
increase in dry matter intake and milk production 
in dairy ruminants (Sniffen et al.  2004 ; Jouany 
 2006 ; Stella et al.  2007 ) and enhance the growth 
parameters, viz., average daily gain, fi nal weight, 
feed intake, feed effi ciency, etc., in beef cattle 
(Lesmeister et al.  2004 ). These improvements 
have also been correlated to higher total cultur-
able ruminal bacteria (Newbold et al.  1996 ) and 
enhanced growth and fi ber-degrading activities 
of cellulolytic microbes (Mosoni et al.  2007 ), 
thereby leading to improved fi ber digestibility 
(Guedes et al.  2008 ; Marden et al.  2008 ). 

 Viable yeasts have also been found to stabilize 
the ruminal pH and reduce the risk of acidosis 
(Chaucheyras-Durand et al.  2008 ; Marden et al. 
 2008 ). Several studies have observed that viable 
yeasts infl uence the balance of lactate- 
metabolizing bacteria in vitro, possibly by limit-
ing the production of lactic acid by  Streptococci  
and by encouraging the uptake of lactic acid by 
 Megasphaera elsdenii  or  Selenomonas 
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 ruminantium  (Chaucheyras et al.  1996 ; Rossi 
et al.  2004 ). Brossard et al. ( 2006 ) also found that 
 S.  cerevisiae  could stimulate the populations of 
ciliated protozoa and prevent pH decrease. 

 In view of the fact that ruminant methane 
emission is projected to characterize nearly 5 % 
of the global warming scenario, mitigating the 
methane excretion by ruminant livestock is also 
an escalating concern. In this milieu, probiotics 
could also be a helpful environmental tool to 
tackle this global concern (Martin et al.  2006 ; 
Newbold and Rode  2006 ). For instance, addition 
of specifi c yeast strains has been reported to 
improve hydrogen utilization and acetate produc-
tion by ruminal acetogenic bacteria in vitro 
(Chaucheyras et al.  1995 ). Furthermore, since 
acetate is a source of energy for ruminants and 
the eructated methane corresponds to a loss of 
about 5–10 % of gross energy intake, an increase 
in the proportion of hydrogen utilized for acetate 
production rather than methane production could 
also be a fascinating way from an energetic point 
of view for the animal (Martin et al.  2006 ). In this 
perspective, high hydrogen-utilizing bacteria 
from diverse rumen environments could repre-
sent the opportunity to increase the ruminal con-
tribution of alternative reductive acetogenesis 
(Klieve and Joblin  2007 ). 

 However, the overall conclusive results sup-
porting the addition of DFMs to calf diets have 
been somewhat incoherent and arguable, since 
some studies reported increased growth perfor-
mance and intake (Abe et al.  1995 ; Cruywagen 
et al.  1995 ; Ruppert et al.  1998 ; Lesmeister et al. 
 2004 ; Raeth-Knight et al.  2007 ), while others 
reported no signifi cant changes (Higginbotham 
and Bath  1993 ; Magalhaes et al.  2008 ). Although 
increase in the rumen microbial number appears 
to be the main mechanism of action of the yeasts, 
however, such effects of yeasts in the rumen may 
vary based on a number of factors such as ani-
mal’s age, host species, environmental factors, 
prevalent rumen microbial ecosystem, composi-
tion of diet, etc. Therefore, further studies are 
awaited to substantiate these effects and aid in 
envisaging nutritional strategies to extract maxi-
mum benefi ts.  

12.5     Anaerobic Ruminal Fungi 
as Feed Additives 

 The role of rumen anaerobic fungi in fi ber 
 digestion has been studied widely by several 
researchers (Theodorou et al.  1989 ; Samanta 
et al.  2001 ; Dey et al.  2004 ; Lee et al.  2004 ; Paul 
et al.  2004 ; Thareja et al.  2006 ; Dayanand et al. 
 2007 ; Tripathi et al.  2007 ; Saxena et al.  2010 ; 
Nagpal et al.  2011 ). It has been suggested that the 
rhizoids of their thalli are effi cient in penetrating 
the complex plant tissues than most of the rumen 
bacteria and protozoa, which could lead to a more 
rapid degradation of forage entering the rumen 
(Bauchop and Mountfort  1981 ; Orpin and Joblin 
 1988 ; Nagpal et al.  2008 ). These fungi could eas-
ily and advantageously enter the leaf interiors 
through stomata in the epidermal layer, thereby 
degrading the plant fi ber and enhancing its utili-
zation by the animal. Species of  Piromyces , 
 Neocallimastix ,  Caecomyces ,  Orpinomyces , and 
 Anaeromyces  have been reported to degrade the 
plant fi ber to a signifi cant degree and increase the 
plant-fi ber digestibility (Akin et al.  1990 ; 
Borneman and Akin  1990 ; Gordon  1990 ; Gordon 
and Phillips  1998 ; Manikumar et al.  2002 ,  2003 ; 
Dey et al.  2004 ; Tripathi et al.  2007 ; Saxena et al. 
 2010 ). Various reports have also suggested a pos-
itive correlation between anaerobic fungi and 
voluntary intake of low-digestible herbage diets 
(Akin and Borneman  1990 ; Gordon and Phillips 
 1993 ). These fungi could also supply proteins to 
the host animal through the action of proteolytic 
enzymes and also as a proportion of the microbial 
proteins synthesized in the rumen that pass to 
abomasum and intestines for absorption and 
digestion (Gordon and Phillips  1998 ). Therefore, 
increasing the biomass of anaerobic fungi in the 
rumen is suspected to enhance the supply of 
high-quality microbial proteins to host ruminant 
(Gordon and Phillips  1998 ). Nevertheless, it is 
now a well-established fact that anaerobic rumen 
fungi effectively contribute in the hydrolysis of 
plant biomass in ruminants, owing to their pene-
tration into the plant tissues leading to an 
enhanced degradation of forage in the rumen. 
These fungi are well equipped with a wide array 
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of fi brolytic enzymes important for rumen fer-
mentation and hence possess the potential to 
improve feed intake, body weight, milk output, 
and overall animal productivity.  

12.6     Probiotics as Feed 
Supplements 

 The term probiotic is derived by the combination 
of a Latin preposition “pro” (“for” or “in sup-
port”) with a Greek noun  bios  (“biotic” or “life”) 
denoting “for life,” “in favor of life,” or “in sup-
port of life.” However, ever since the fi rst pro-
posed defi nition of probiotics as “substances 
secreted by one microorganism that stimulate 
another microorganism” by Lilly and Stillwell in 

1965, the term has gone through an extensive 
transformation and variation over the succeeding 
years. The subsequent chronicles of proposed 
defi nitions of the term “probiotics” post-1965 are 
summarized in Table  12.1 . However, this transi-
tion was fi nally concluded till the fi nal and defi ni-
tive defi nition laid out by FAO/WHO in 2009 as 
“live microorganisms which when administered 
in adequate amounts confer a health benefi t on 
the host.” This fi nal defi nition, though, was 
recently modifi ed slightly with only a minor 
grammatical correction as “live microorganisms 
that, when administered in adequate amounts, 
confer a health benefi t on the host” by Hill et al. 
( 2014 ) on behalf of the International Scientifi c 
Association for Probiotics and Prebiotics consen-
sus statement.

   Table 12.1    The chronicles of defi nition of the term “probiotics”   

 Proposed defi nition  Reference 

 Substances secreted by one microorganism that stimulate another microorganism  Lilly and Stillwell 
( 1965 ) 

 Organisms and substances that have a benefi cial effect on the host animal by contributing 
to its intestinal microbial balance 

 Parker ( 1974 ) 

 A live microbial feed supplement that benefi cially affects the host animal by improving its 
intestinal microbial balance 

 Fuller ( 1989 ) 

 Live cultures of microorganisms that are intentionally added into the rumen in order to 
improve the animal health or nutrition (rumen probiotics) 

 Kmet et al. ( 1993 ) 

 A live microbial feed supplement that improves the intestinal microbial balance of the host 
animal 

 Cruywagen et al. 
( 1995 ) 

 A live microbial culture of cultured dairy product that benefi cially infl uences the health 
and nutrition of the host 

 Salminen ( 1996 ) 

 Living microorganisms that on ingestion in certain numbers exert health benefi ts beyond 
inherent basic nutrition 

 Guarner and 
Schaafsma ( 1998 ) 

 A preparation of or a product containing viable, defi ned microorganisms in suffi cient 
numbers that alter the microfl ora (by implantation or colonization) in a compartment of the 
host and that exert benefi cial health effects in this host 

 Schrezenmeir and 
De Vrese ( 2001 ) 

 Natural live organisms either of bacteria or fungal cultures used as feed additives in 
livestock feeding and in human diets 

 Todd ( 2001 ) 

 Specifi c live or inactivated microbial cultures that have documented targets in reducing the 
risk of human disease or in their nutritional management 

 Isolauri et al. ( 2002 ) 

 Preparation of viable microorganisms that are consumed by humans or other animals with 
the aim of inducing benefi cial effects by qualitatively or quantitatively infl uencing their 
gut microfl ora and/or modifying their immune status 

 Fuller ( 2004 ) 

 A preparation or a product containing viable, defi ned microorganisms in suffi cient number 
that alter the microfl ora (by implantation or colonization) in a compartment of the host and 
that exert benefi cial health effects on the host 

 Roselli et al. ( 2005 ) 

 Live microorganisms which when administered in adequate amounts confer a health 
benefi t on the host 

 FAO/WHO ( 2009 ) 

 Live microorganisms that, when administered in adequate amounts, confer a health benefi t 
on the host 

 Hill et al. ( 2014 ) 
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   Elle Metchnikoff ( 1908 ) was the pioneer to 
propose that consuming specifi c  Lactobacillus  
species can be desirable and may help in prevent-
ing intestinal diseases caused by gut pathogens. 
Notably, the concept of probiotics and their use 
as feed supplements ignited mainly post World 
War II as a result of volcanic increase in the use 
of antibiotics was found to destroy commensal 
and benefi cial gut bacteria and result in increas-
ing cases of acute and chronic diarrhea in humans. 
However, the extensive use of probiotics for 
improving the health and performance of rumi-
nants was recognized much lately, mainly in the 
past couple of decades. So far, probiotics have 
been exploited to impart several benefi cial func-
tions such as preventing ruminants against intes-
tinal disorders, increasing nutrient utilization and 
feed conversion effi ciency, preventing rumen aci-
dosis, enhancing milk production, and increasing 
weight gain (Fig.  12.2 ) (Windschitl et al.  1991 ; 
Ghorbani et al.  2002 ; Nocek et al.  2002 ; Krehbiel 
et al.  2003 ). However, these functions may vary 
from strain to strain as well as from host to host, 
since for a probiotic to confer a specifi c effect, 
there has to be a symbiotic relationship between 
the probiotic and the host animal in terms of gas-
trointestinal tract environment of the animal, 
prevalent conditions for bacterial adherence, 
growth and reproduction, inhibitory compounds, 
major target of action, and the effi cacy of the pro-
biotic strain. In addition, the microbial symbiosis 
inside the GI tract is also of particularly impor-
tance, since the end effects of probiotics are con-
sidered to be mediated not only by their own but 
also by their infl uences on other rumen microbes 
(Van Eys and Den Hartog  2003 ). In several 
instances, probiotic bacteria have been observed 
to cause the rumen microbiota to adapt to the 
presence of lactic acid within the rumen (Nocek 
et al.  2002 ). Some of the most commonly used 
probiotics comprise, but are not restricted to, 
 Lactobacilli ,  Bifi dobacteria ,  Streptococci , 
 Enterococci , and  Propionibacteria  (Walker 
 2007 ) (Fig.  12.1 ), while the majority of these 
species has been found to be the most active and 
effectual in the lower gut of ruminants. 

 Just as in the case of antimicrobials and growth 
promoters, the safety of probiotics has been a 

foremost concern for the consumers and the end 
users. However, after analysis of the extensive lit-
erature, one can instantly and undoubtedly con-
clude that safety is not a concern with probiotics 
since these benefi cial strains, especially lactic 
acid bacteria, have been routinely used for many 
years in the making of numerous food products. 
Moreover, these probiotic bacteria are a regular 
part of the normal fl ora of plants and animals 
including humans, predominantly in the oral cav-
ity, GI tract, and urinary tract of majority of 
warm-blooded animals (Fox  1988 ). In view of 
the fact that the pathogenicity associated with 
these probiotics has been very rare, the probiotics 
are considered as safe to the host animals, to the 
humans, as well as to the environment. However, 
it should be noted that not all the strains or spe-
cies of lactic acid bacteria or other probiotics are 
equivalent; therefore, while defi ning probiotics, 
Fuller ( 1989 ) also prudently proposed the follow-
ing characteristics as a criterion for a good probi-
otic candidate to be used for any health use, 
particularly in humans:

•    A strain, which is able to exert a benefi cial 
outcome on the host animal, for instance, 
increased growth or disease resistance  

•   Able to survive and metabolize in the gut envi-
ronment, for example, it should be resistant to 
low pH, bile salts, organic acids, etc.  

•   Nonpathogenic, nontoxic, nonallergic, and 
noncarcinogenic  

•   Present in viable form and, if possible, in large 
numbers  

•   Stable and able to remain viable for longer 
periods under storage and fi eld conditions    

 In using DFMs, particularly as animal feed 
additive, specifi c guidelines have been summa-
rized by the FAO ( 2002 ) as follows:

•    A DFM has to be viable when administered.  
•   Documented health benefi ts of a DFM in the 

target host must have undergone controlled 
evaluation.  

•   Microbe(s) to be used as DFM must be defi ned 
taxonomically at genus, species, and strain level.  

•   DFM must be safe for any proposed use.    
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 The supplementation of probiotic bacterial 
species in animal feeds has been shown to 
improve the average daily gain, daily feed intake, 
rumination effi ciency, and feed conversion. For 
example, Abe et al. ( 1995 ) reported a signifi -
cantly improved body weight gain, feed intake, 
and feed conversion following the administration 
of probiotic  Bifi dobacterium pseudolongum  or 
 Lactobacillus acidophilus  to neonatal calves of 
7–35 days of age. In addition, they also observed 
a marked decrease in the occurrence of diarrhea 
in Holstein calves. Timmerman et al. ( 2005 ) also 
observed that calf-species probiotics could 
reduce the incidences of diarrhea in veal calves 
used in their study. Taras et al. ( 2006 ) also 
observed a decrease in the percentage of piglets 
with post-weaning diarrhea after incorporating 
 Enterococcus faecium  into the animal feeds. 
These reports collectively signify that probiotics 
may reduce the growth or dominance of patho-
gens that causes diarrhea. Cruywagen et al. 
( 1995 ) used  L. acidophilus  in milk replacer and 
found an increase in average daily gain in calves 
receiving  L. acidophilus , thereby advocating that 
adding probiotics to milk replacer may be benefi -
cial in the fi rst few weeks of life. 

 In ruminants’ GI tract, probiotics are mostly 
selected to target the rumen, the major site of 
feed digestion. The rumen microbial ecosystem 
is primarily comprised of an extensive diversity 
of strictly anaerobic bacteria, anaerobic ruminal 
fungi, ciliated protozoa, and archaea which 
accounts for fermentation of more than 70 % of 
the dietary constituents. However, in young pre- 
ruminants, probiotics such as lactic acid bacteria 
( Lactobacillus  spp.,  Bifi dobacterium  spp., 
 Enterococcus  spp.,  Propionibacterium  spp.) usu-
ally target the small intestine, since the rumen is 
not yet fully developed, and they could be an 
interesting approach to stabilize the gut micro-
fl ora and reduce the risk of pathogen coloniza-
tion. Viable yeasts distributed from the fi rst days 
after birth have been found to support microbial 
colonization and the setup of fermentative capac-
ities in the rumen (Chaucheyras-Durand and 
Fonty  2002 ). Also, an improved weight gain and 
rumen development in young calves has been 
observed with such microbial additives (Galvao 

et al.  2005 ; Adams et al.  2008 ). Lactate-producing 
bacteria ( Lactobacillus ,  Enterococcus ) may also 
characterize a feasible way to limit rumen acido-
sis in high-concentrate-fed animals (Nocek et al. 
 2002 ; Nocek and Kautz  2006 ). For example, 
 M. elsdenii  and  Propionibacterium  spp. have 
been administered as direct-fed microbials to 
avoid ruminal lactic acidosis (Klieve et al.  2003 ; 
Stein et al.  2006 ). Probiotic strains of  L. acidoph-
ilus  have been reported to decrease the popula-
tion of  E. coli  O157 and  Salmonella enterica  in 
sheep and cattle feces (Chaucheyras-Durand 
et al.  2006 ; Stephens et al.  2007 ; Tabe et al. 
 2008 ). In this context, exploitation of such 
 probiotic strains could be a practical approach to 
minimize the release of pathogen in the environ-
ment, thus limiting the risk of associated food-
borne zoonotic infections in humans. 

 In lactating cattle, Jaquette et al. ( 1988 ) 
reported a signifi cant increase in the milk yield 
for cows fed a diet containing  L. acidophilus . In a 
similar experiment by Gomez-Basauri et al. 
( 2001 ), cows fed with lactic acid bacteria and oli-
gosaccharide were found to consume less dry 
matter and more milk yield. Block et al. ( 2000 ) 
observed an increased milk yield when lactating 
cows were given a combination of  L. acidophilus , 
 L. plantarum , and  S. cerevisiae . In contrast, 
Francisco et al. ( 2002 ) observed no effect when a 
strain of  Propionibacterium jensenii  P169 was 
used for dairy cows on milk production or milk 
fat and lactose percentage. However, cows fed 
with P169 exhibited a higher percentage of milk 
proteins and solids-not-fat and plasma nonesteri-
fi ed fatty acid concentrations. In addition, the 
body weight and plasma leptin concentrations 
were found to be higher, indicating that the use of 
 Propionibacteria  in dairy cattle could modify 
some characteristics of metabolism during lacta-
tion. In another study with same strain P169 in 
combination with yeast culture, cows had higher 
milk lactose, milk fat, and solids-not-fat (Stein 
et al.  2006 ). Aleman et al. ( 2007 ) also reported 
lower plasma glucose and higher plasma insulin 
in cows fed with strain P169. Collectively, these 
reports advocate that DFMs based on bacteria or 
fungi or their combinations could effectively 
increase milk production by lactating cows. 

12 Microbial Feed Additives
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Nevertheless, these results may vary depending 
on the type of microbe, daily concentration, dura-
tion of intake period, mode of administration, 
human handler, physiological and metabolic 
health of the animal, etc.  

12.7     Prebiotics: Favoring 
Probiotics’ Growth 

 The promising outcomes of prebiotics on gut 
microfl ora and metabolic health of humans have 
encouraged livestock nutritionists to investigate 
their infl uence on ruminant as well as non- 
ruminant herbivores. Recently, there has been a 
mounting interest in the signifi cance of intestinal 
microfl ora due to their considerable involvement 
in numerous physiological functions such as fi ber 
degradation, nutrient utilization, pathogen prohi-
bition, gastrointestinal development, immuno-
modulation, etc. Also, the ill concerns of using 
antibiotics and/or hormones in animal feed have 
pushed up the need and search for safe and effec-
tive alternatives. In this context, the effi cacy of 
prebiotics for positive modulation of the gastroin-
testinal microbial ecosystem of ruminants as well 
as non-ruminants has recently been highlighted. It 
has been observed that several selected prebiotics 
could confer benefi cial alterations in the gut 
microbiota, decrease rumen ammonia nitrogen 
and methane emission, and enhance microbial 
protein synthesis and weight gains in ruminants. 
It can easily be speculated that prebiotics would 
soon become a regular part of animal diets as an 
ecological additive for constructively modulating 
the GI microfl ora and animal productivity. Some 
of the speculated mechanisms of action for bene-
fi ts associated with probiotics are positive manip-
ulation of gut microfl ora, immunopotentiation, 
perked up lipid and mineral metabolism, enhanced 
nitrogen retention, reduced rumen ammonia, 
improved fecal consistency, hydrolysis of phytic 
acid, and some other trophic effects. Prebiotic oli-
gosaccharides are fermented and utilized as 
source of energy by several rumen bacteria 
(Samanta et al.  2012 ), and hence, these could be 
used as effective alternatives to ameliorate several 
gut-related maladies of livestock. Several rumen 
bacteria such as  Butyrivibrio fi brisolvens , 

 Eubacterium ruminantium , and  Ruminococcus 
albus  have been found to effectively utilize prebi-
otic oligosaccharides as growth substrate, while 
the rumen pH remains unaffected (Cota and 
Whitefi eld  1998 ; Santoso et al.  2003 ; Mwenya 
et al.  2004 ). A lower rumen ammonia nitrogen 
concentration has been observed in animals con-
suming prebiotics, maybe because of the inhibi-
tion of ammonia- producing bacteria or due to the 
utilization of ammonia for rumen microbial pro-
tein synthesis (Mwenya et al.  2004 ,  2005 ). 
Administration of prebiotics to calves has been 
found to lead to higher nitrogen retention, 
increased microbial protein synthesis, increased 
weight gains, and improved feces consistency 
(Kaufhold et al.  2000 ; Santoso et al.  2003 ; 
Verdonk and Van Leeuwen  2004 ). The inclusion 
of prebiotic oligosaccharides into the diet of 
calves has been shown to reduce the populations 
of  E. coli  and total anaerobes and increase the 
numbers of Bifi dobacteria (Bunce et al.  1995 ). 
Prebiotic oligofructose has also been observed to 
improve the body weight gain, feed conversion 
effi ciency, and reduce incidence of diarrhea in 
calves (Mul  1997 ).  

12.8     Future Prospects 
and Conclusion 

 Recent researches have confi rmed that supple-
menting ruminants’ diets with effi cient fi ber- 
degrading microbes has considerable potential to 
enhance the nutrient utilization and animal nutri-
tion. Such improvements have been attributed to 
increase in density and diversity of rumen micro-
fl ora, increase in benefi cial microbes and their 
benefi cial by-products, reduction in pathogens, 
maintenance of favorable rumen pH, increase in 
ruminal fi brolytic enzymes, and improvement in 
ruminal fi ber digestion and nutrient utilization, 
thereby resulting in increased feed digestibility 
and animal productivity. Several microbial for-
mulations are now commercially accessible, and 
this catalog of microbial feed additives is pro-
jected to grow further in the coming years as a 
consequence of rising alarms about the use of 
antibiotics and growth promoters in livestock 
production (Table  12.2 ). With the advent of new 
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tools and technologies, studies on genetic 
 modifi cation of rumen microorganisms and use 
of genetically engineered microbes for better 
establishment and fi brolytic enzyme production 
in the rumen are also appearing. With the 
 importance and potential of improved animal 
performance by using microbial feed additives/
DFMs, these products are undoubtedly going to 
play an important role in the future of livestock 
nutrition and production. However, there have 
been extensive discrepancies at the level of 
 animal performance in response to various 
DFMs, and the mechanisms of action underlying 
these responses remain to be explicated compre-
hensively. Thus, additional insights into these 
mechanisms would diminish the inconsistencies 
in the animal performance responses and would 
certainly prompt further improvements in the 
development of new avenues of more effi cient 
and reproducible microbial feed formulations for 
maximum health effects and production perfor-
mance of the ruminants.
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      Utilization of Organic Acids 
to Manipulate Ruminal 
Fermentation and Improve 
Ruminant Productivity 

           M.  D.     Carro      and     E.  M.     Ungerfeld   

    Abstract  

  Much research has been conducted to develop feed additives that can 
improve the effi ciency of ruminal fermentation and increase the productivity 
of ruminants. Ionophore antibiotics have been banned in some countries, 
and organic acids (OA) have been proposed as an alternative. Most 
research on the use of OA in ruminant feeding has focused on malate and 
fumarate, which are intermediates in the tricarboxylic acid cycle and in the 
randomizing pathway of propionate formation in the rumen. The effects of 
OA addition on ruminal fermentation and animal performance can be 
based on more than one mechanism of action. The simplest effect of OA 
can be thought as the supplementation with a rapidly fermentable sub-
strate, but calculations from in vitro rate of disappearance of fumarate and 
malate suggest that a considerable proportion of these OA may outfl ow the 
rumen unfermented. Stabilization of ruminal pH through a stimulation of 
lactate utilization by  Selenomonas ruminantium  by malate has been pro-
posed as a benefi cial effect of this OA. Ruminal pH stabilization as a result 
of malate addition has been confi rmed in most batch and continuous 
mixed-culture experiments and in vivo. It has also been proposed that OA 
can decrease methane production in the rumen by competing for meta-
bolic hydrogen. In most batch culture experiments, the decrease in meth-
ane production caused by OA has been small, which was explained by 
simultaneous release of metabolic hydrogen in the conversion of part of 
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added OA to acetate, although substantial decreases were achieved using 
a slow-release form of fumarate. In vivo effects of OA on methane produc-
tion have been variable and diffi cult to explain. With regard to animal 
performance, OA have sometimes been shown to increase daily gain and 
feed effi ciency in beef cattle and lambs and to enhance milk production in 
dairy cows, but no effects have been observed in other studies. Inconsistency 
in productive responses has been attributed to the dose of OA, characteris-
tics of the diet (i.e., forage-to-concentrate ratio, forage type, cereal grains, 
etc.), chemical form in which OA were fed (i.e., free acid, salts, or encap-
sulated acids), and characteristics of the experimental animals (physiolog-
ical state, level of production, ruminal populations, etc.). The use of malate 
and fumarate in animal feeding is considered safe for the animal, the con-
sumer, and the environment, but the main limitation to their use is cur-
rently economical. Future research should aim to identify the conditions in 
which OA have optimal effi cacy.  

  Keywords  

  Ruminal fermentation   •   Ruminant   •   Organic acids   •   Carboxylic acids   • 
  Malate   •   Fumarate  

13.1         Introduction 

 The major objective in manipulating ruminal 
fermentation is to increase the effi ciency of fer-
mentation, by maximizing processes that pro-
duce metabolites that are nutritionally useful to 
the host animal as energy or precursors for the 
synthesis of other compounds and by minimizing 
the processes that result in energy or nitrogen 
losses or are environmentally damaging (e.g., 
methane emissions and nitrogen voided to the 
environment in urine). Much research effort has 
been dedicated to the development of feed addi-
tives that could improve ruminal fermentation 
and consequently increase productivity and 
health of domesticated ruminants and ameliorate 
their environmental impact. One of the com-
monly used feed additives are ionophore antibiot-
ics, whose effi ciency in improving animal health 
and performance and reducing environmental 
pollution is well documented (Nagaraja et al. 
 1997 ; Callaway et al.  2003 ; Guan et al.  2006 ). 
However, the concern of consumers about antibiotic 
use in animal feeding has markedly increased, as 
there is apprehension about the possibility of 

emergence and spread of microorganisms resistant 
to antibiotics as a consequence of their wide-
spread use in production (EFSA  2014a ). As a 
consequence, many countries (including those 
belonging to the EU) have banned the use of anti-
biotics as feed additives in animal feeding. In this 
context, organic acids have been regarded as an 
alternative to ionophore antibiotics in ruminant 
feeding (Castillo et al.  2004 ). 

 Most research on the use of organic acids in 
ruminant feeding has focused on malate and 
fumarate, both of which are naturally occurring 
in biological tissues. Malate and fumarate are 
intermediates in the tricarboxylic acid cycle, thus 
being natural components of plants and animals 
that are consumed daily by humans. In rumi-
nants, carbohydrates are degraded in the rumen 
resulting in the production of pyruvate, which is 
further metabolized by rumen microorganisms to 
produce volatile fatty acids (VFA). Malate and 
fumarate are intermediates of the randomizing 
pathway of propionate production (Fig.  13.1 ). 
Propionate is absorbed from the rumen and 
largely transported to the liver, where it becomes 
the main source of glucose for the ruminant.  
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 When used as feed additives, organic acids 
may be administered to ruminants as such acids, 
but its management is problematic as they are 
corrosive substances and can lower ruminal pH 
(Asanuma et al.  1999 ; Liu et al.  2009 ). Therefore, 
an alternative is the use of salts (especially 
sodium salts), which are usually more expensive 
than free acids, but have the advantages of being 
nonabrasive and safer to manipulate. 

 Although several excellent reviews have been 
previously published on the manipulation of 
ruminal fermentation by organic acids (Martin 
 1998 ; Castillo et al.  2004 ; Khampa and Wanapat 
 2007 ), the purpose of this chapter is to further 
examine their possible modes of action and to 
provide an updated overview of published studies 
on the potential of organic acids as feed additives 
in practical ruminant feeding.  

13.2     Mechanisms of Action 
of Organic Acids on Ruminal 
Fermentation 

 In principle, the effects of organic acid addition 
on ruminal fermentation and animal performance 
can be based on more than one mechanism 
of action. 

13.2.1     Energy Density 

 The simplest effect of organic acids might be 
thought as the supplementation with a rapidly 
fermentable substrate that is, in theory, 100 % 
utilizable, as it does not need to be digested The 
heats of combustion of malic and fumaric acids 
are 9.89 and 11.5 kJ/g, respectively. As a com-
parison, glucose’s heat of combustion is 15.6 kJ/g 
(Domalski  1972 ), but most glucose-forming part 
of cellulose in animal feeds is typically not 100 % 
digested. Therefore, in theory malate and 
 fumarate would yield more digestible energy 
than glucose polymerized in cellulose that is 
less than 63 % and 74 % digested, respec-
tively ( calculations not shown). Moreover, 
because a greater proportion of both malate and 
fumarate are metabolized to propionate and less 
to acetate compared to glucose (see below), more 
of their digestible energy is conserved as metabo-
lizable energy, as energy losses as methane (CH 4 ) 
are smaller. Also, an increase in propionate sup-
ply could be hypothesized to benefi t performance 
of ruminants with high requirements for glucose, 
like high-producing dairy cows. 

 However, even though most added malate 
(Russell and Van Soest  1984 ; Callaway and 
Martin  1997 ; Asanuma and Hino  2000 ) and 
fumarate (Callaway and Martin  1997 ; Asanuma 
et al.  1999 ) are metabolized by ruminal mixed 
cultures within the fi rst 12 h of incubation, if an 
in vivo ruminal liquid passage rate of 0.129 is 
assumed (Seo et al.  2007 ), it can be estimated 
from the in vitro results reported by Callaway 
and Martin ( 1997 ) and Asanuma et al. ( 1999 ) that 
only between 60 % and 75 % of added fumarate 
and 35–56 % of added malate might be metabo-
lized before they pass out of the rumen (calcula-
tions not shown). This casts doubt on whether 
organic acids could be considered as energy sup-
plements solely on the basis of their fermentability, 
except with diets with very low digestibility. The 
rate of utilization of organic acids has been shown 
to be stimulated by cellobiose and further stimu-
lated by monensin (Callaway and Martin  1997 ). 

 Addition of organic acids to ruminal mixed 
cultures increased VFA production in many 
in vitro studies (Carro and Ranilla  2003a ,  b ; 
Giraldo et al.  2007 ; Yu et al.  2010 ). Both malate 

  Fig. 13.1    Pathways of propionate and methane forma-
tion in the rumen       
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and fumarate are intermediates in the randomizing 
pathway of propionate production (Fig.  13.1 ), 
which is used by the ruminal bacteria  Selenomonas 
ruminantium  to produce succinate and propionate 
(Martin  1998 ). Therefore, fumarate and malate 
can decrease the acetate-to-propionate ratio and 
increase the supply of propionate to the host ani-
mal (Mao et al.  2007 ; Li et al.  2009b ; Yu et al. 
 2010 ). Much of the added malate and fumarate is 
indeed metabolized to propionate in vitro (Martin 
and Streeter  1995 ; Asanuma et al.  1999 ), although 
succinate accumulated at fumarate initial con-
centration of 30 mM, confi rming that fumarate 
was metabolized mostly through propionate’s ran-
domizing pathway (Asanuma et al.  1999 ).  

13.2.2     Control of Lactic Acidosis 

 Extensive research has been conducted on the 
effect of organic acids, and in particular malate, 
on stabilizing ruminal pH through a stimulation 
of lactate utilization (Martin and Streeter  1995 ; 
Callaway and Martin  1996 ; Martin  2004 ). 
 S. ruminantium  is an important lactate utilizer in 
the rumen.  S. ruminantium  utilization of lactate 
was strongly stimulated by aspartate and fuma-
rate and especially by malate (Nisbet and Martin 
 1990 ; Martin et al.  2000 ). Addition of malate 
allowed  S. ruminantium  to grow on lactate at low 
pH (Evans and Martin  1997 ), and for some strains 
of  S. ruminantium , organic acids are a requirement 
to grow on lactate (Evans and Martin  1997 ). 
It has thus been hypothesized that the administra-
tion of fumarate and malate to ruminants could 
reduce the accumulation of lactic acid in the 
rumen and thus prevent large drops in pH that 
cause acidosis. 

 Aspartate, fumarate, and malate stimulated 
lactate uptake by  S. ruminantium , but these 
organic acids did not promote growth of  S. rumi-
nantium  in the absence of lactate (Nisbet and 
Martin  1990 ). Extracts of  Aspergillus oryzae  
(Nisbet and Martin  1990 ) and  Saccharomyces 
cerevisiae  (Nisbet and Martin  1991 ) that con-
tained malate also stimulated lactate uptake by 
 S. ruminantium . However, stimulation of lactate 
uptake by malate was considerably smaller in 

 S. ruminantium  that had been growing on carbo-
hydrates compared to  S. ruminantium  growing 
on lactate, which suggests that the mechanism of 
stimulation of lactate uptake is lactate- inducible 
(Nisbet and Martin  1994 ). There was evidence of 
the involvement of membrane proton gradients in 
lactate uptake by  S. ruminantium ; however, it is 
unknown if the role of malate on lactate uptake is 
specifi cally related to its transport into the cell or 
to the enhancement of lactate metabolism. It has 
been suggested that malate and fumarate could 
help overcome an oxaloacetate defi ciency 
induced by gluconeogenesis (Linehan et al. 
 1978 ). Sodium has also been shown to enhance 
lactate uptake by  S. ruminantium  in the presence 
of malate, although stimulation by Na was not 
instantaneous but involved a longer-term cell 
mechanism (Nisbet and Martin  1994 ). 

  S. ruminantium  co-metabolizes malate along 
with lactate. Lactate is metabolized to acetate and 
propionate, and malate acts as an electron accep-
tor and is converted to succinate (Martin  1998 ). 
When succinate accumulates, malate utilization 
stops (Evans and Martin  1997 ). Succinate disap-
peared after the addition of mixed ruminal bacte-
ria to a  S. ruminantium  culture growing on lactate 
and malate that had accumulated ~10 mM succi-
nate (Evans and Martin  1997 ). In contrast, 
Asanuma et al. ( 1999 ) reported accumulation of 
17.8 mM succinate in ruminal mixed cultures 
supplemented with fumarate. However, as stated 
by Asanuma et al. ( 1999 ), 6-h incubations might 
have not been long enough for the microbiota to 
adapt to increase the rate of succinate uptake and 
metabolism to propionate. 

 Several in vitro mixed-culture experiments 
showed a decrease in lactate concentrations and 
increased pH when fumarate and malate were 
supplemented to batch cultures of ruminal micro-
organisms (Carro and Ranilla  2003a ,  b ; García- 
Martínez et al.  2005 ; Tejido et al.  2005 ) or 
Rusitec fermenters (Carro et al.  1999 ; Gómez 
et al.  2005 ). In vitro effects on pH stabilization 
were confi rmed in vivo by Martin et al. ( 1999 ), 
who showed that subclinical acidosis was pre-
vented by malate dosing into the rumen. However, 
lactate concentration was unaffected and VFA 
concentration decreased. Lack of change in lactate 
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concentrations along with an increase in pH 
was also observed in batch cultures by Mao 
et al. ( 2007 ).  

13.2.3     Amelioration of Methane 
Production 

 Methane (CH 4 ) production by ruminants is a 
source of climate change and a loss of energy to 
the host animal. An approach to decrease CH 4  
production in the rumen has been the use of 
organic acid intermediates of ruminal fermenta-
tion that are either electron acceptors (i.e., fuma-
rate) or are metabolized to such compounds 
(i.e., malate). The rationale to this strategy is to 
decrease CH 4  production by competing with 
methanogenesis for metabolic hydrogen, which 
is instead incorporated into VFA formation. 
Volatile fatty acids are the main source of energy 
for ruminants and of glucose in the case of 
propionate. 

 The reduction of fumarate to succinate has 
been estimated to be thermodynamically com-
petitive with methanogenesis (Ungerfeld and 
Kohn  2006 ). Because the reduction of 1 mol of 
fumarate to 1 mol of succinate and subsequent 
conversion to 1 mol of propionate incorporate 1 
mol of reducing equivalents ([2H]), each mole of 
fumarate metabolized to propionate would be 
expected to decrease CH 4  production by 0.25 mol 
(based on CO 2  + 4H 2  → CH 4  + 2H 2 O). Based on 
this stoichiometry, a 10 % decrease in CH 4  pro-
duction by a dairy cow producing 500 L/d CH 4  
would require the animal to ingest 1.4 kg/d of 
sodium fumarate, which would make sodium 
fumarate a considerable part of the diet (Newbold 
et al.  2005 ). 

 A meta-analysis of fumarate addition to mixed 
ruminal batch cultures found a linear decrease of 
0.037 mol CH 4 /mol of added fumarate, which is 
considerably lower than the expected 0.25 mol/
mol stoichiometry (Ungerfeld et al.  2007 ). This 
was explained on the basis of the following: 
(i) on average, only 0.48 mol of propionate was 
recovered per each mol of added fumarate, and 
(ii) for each mol of added fumarate, acetate 
increased 0.20 mol. Metabolism of 1 mol of 

fumarate to 1 mol of acetate would result in the 
release of 2 mol [2H] (in the oxidation of malate 
to oxaloacetate and in the oxidative decarboxyl-
ation of pyruvate to acetyl-CoA). Thus, the 
release of reducing equivalents in fumarate con-
version to acetate almost completely compen-
sated for its incorporation into propionate: 0.48 
[2H] – 2 × 0.20 [2H] mol = 0.08 [2H] incorpo-
rated per mol of added fumarate. The net result of 
0.08 [2H] mol incorporation per mol of added 
fumarate implies a decrease of 0.08/4 = 0.02 mol 
CH 4 /mol of added fumarate, which is very close 
to the regression coeffi cient of 0.037 mol CH 4 /
mol of added fumarate (Ungerfeld et al.  2007 ). 
Therefore, fumarate’s lower than expected effi -
ciency at decreasing CH 4  production was 
explained by the fact that a substantial proportion 
of it was metabolized to acetate rather than to 
propionate. Given that fumarate is a fermentation 
intermediate of propionate’s randomizing path-
way, propionate metabolism to acetate might 
have been at fi rst unforeseen; however, it was 
estimated that fumarate conversion to acetate 
would be thermodynamically feasible even at 
low fumarate concentration and, therefore, 
expected to occur (Ungerfeld et al.  2007 ). 

 Later experiments with slow-release forms of 
fumaric acid obtained decreases in CH 4  produc-
tion beyond the decrease achievable through 
100 % [2H] incorporation into propionate forma-
tion (Wood et al.  2009 ). In these experiments, the 
recovery of added fumaric acid as propionate was 
~50 %, which is numerically similar to what had 
been summarized by Ungerfeld et al. ( 2007 ). 
However, in the experiment by Wood et al. ( 2009 ), 
there was no increase in acetate production even 
with the regular form of fumaric acid, which 
would have been a source of [2H] available for 
CH 4  production. Even so, the sole incorporation 
of [2H] into fumarate conversion to propionate 
with no fumarate conversion to acetate would 
have been insuffi cient to explain the decrease in 
CH 4  production observed. Perhaps fumarate 
stimulated other electron sinks, such as microbial 
biomass. It is of much interest to understand 
(i) why fumaric acid did not increase acetate pro-
duction in these experiments and (ii) what other 
electron sinks might have fumarate stimulated. 
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 The recovery of fumarate as propionate in 
continuous cultures (López et al.  1999 ; Kolver 
et al.  2004 ; Newbold et al.  2005 ; Giraldo et al. 
 2007 ) has been in general numerically greater 
than in batch cultures (Carro and Ranilla  2003a ; 
García-Martínez et al.  2005 ). Perhaps, continu-
ous fumarate supplementation could stimulate 
amplifi cation over time of microbial populations 
that convert fumarate to propionate (Ungerfeld 
et al.  2007 ). Hattori and Matsui ( 2008 ) reported 
the isolation of 39 different fumarate reducers in 
the rumen, all of which had highly homologous 
16S rRNA gene sequences to known species. 
Two clone libraries with a total of 74 clones 
were constructed for fumarate reductase gene. 
These clones had only between 58 % and 85 % 
sequence similarity to fumarate reductases from 
known species (Hattori and Matsui  2008 ). Mao 
et al. ( 2008 ) reported an increase in the succinate 
producer  Succinivibrio dextrinisolvens  in the 
rumen of goats fed fumarate. Yang et al. ( 2012 ) 
observed that feeding fumaric acid to goats 
increased the ruminal abundance of  S. ruminan-
tium  and reduced the number of methanogens, 
although  Fibrobacter succinogenes  numbers were 
not affected. Zhou et al. ( 2012 ) also determined 
changes in the microbial community as a conse-
quence of feeding fumarate to goats. Numbers of 
succinate producer  Fibrobacter succinogenes  
increased, but of  Ruminococcus fl avefaciens  
decreased, which would be unexpected, as 
 R. fl avefaciens  also produces succinate as a main 
fermentation product in pure culture (Stewart 
et al.  1997 ). Changes in the bacterial community 
induced by fumarate supplementation can depend 
on the diet. Mao et al. ( 2007 ) found little change 
in the bacterial community when supplementing 
fumarate to in vitro cultures when using forage as 
substrate, but the bacterial community grew 
increasingly different as the percentage of con-
centrate in the substrate increased. Also, bacterial 
species with a high capacity to reduce fumarate 
to succinate responded to added fumarate by 
increasing their synthesis of fumarate reductase 
between 4- and 15-fold (Asanuma and Hino 
 2000 ). This shorter-term adaptation mechanism 
would be unlikely responsible for the greater 
recovery of fumarate as propionate in continuous 
cultures compared to batch cultures. 

 It is estimated that protozoa-associated 
methanogens are responsible for a substantial 
proportion of CH 4  produced in the rumen (Finlay 
et al.  1994 ; Newbold et al.  1995 ). Associating 
with protozoa may then give methanogens an 
advantage when competing with fumarate reducers 
for H 2 . Protozoa tend to be lost in most continuous 
culture fermenters (Sharp et al.  1998 ; Hristov 
et al.  2012 ), which may be another reason for 
the numerically greater effectiveness of fumarate 
at decreasing CH 4  production in continuous 
fermenters compared to batch cultures. In agree-
ment with this hypothesis, fumarate was more 
effective in protozoa-removed than in protozoa- 
enriched ruminal fl uid (Asanuma et al.  1999 ). 

 In vivo results of fumarate and malate supple-
mentation on methane mitigation have been 
variable, and variation could not be consistently 
related to the diet or the animal species (Ungerfeld 
et al.  2007 ). Some studies have found decreases 
in CH 4  production as a consequence of feeding 
fumarate (Bayaru et al.  2001 ; Newbold et al. 
 2001 ; Wallace et al.  2006 ; Wood et al.  2009 ; 
Yang et al.  2012 ), whereas others (McGinn et al. 
 2004 ; Beauchemin and McGinn  2006 ; Kolver 
and Aspin  2006 ; McCourt et al.  2008 ) observed 
no effect. An increase in CH 4  production when 
feeding fumarate was also reported (Moss and 
Newbold  2006 ). Molano et al. ( 2008 ) reported a 
linear decrease in CH 4  production when supple-
menting fumarate to wether lambs, but this was 
explained by a concomitant decrease in dry matter 
(DM) intake. The greatest in vivo success was 
obtained by Wood et al. ( 2009 ), who fed a regular 
and a slow-release form of fumarate to lambs and 
observed supra-stoichiometric responses of 60 % 
and a 76 % decrease in CH 4  emission, respectively. 

 An explanation to variation in responses 
in vivo of CH 4  decrease to fumarate addition was 
proposed by Wood et al. ( 2009 ) based on reported 
differences among fumarate reducers in their 
capacity to compete with methanogens for H 2  or 
formate (Asanuma et al.  1999 ). These authors 
suggested that the response to fumarate may 
depend on which methanogens and/or fumarate 
fermenters predominate under a given set of 
conditions (Wood et al.  2009 ). In agreement with 
this hypothesis, Mamuad et al. ( 2014 ) recently 
showed that adding the fumarate reducting bacteria 
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 Mitsuokella jalaludinni  to in vitro cultures of 
ruminal microorganisms reduced methane pro-
duction and increased succinate concentration. 

 The same as fumarate, malate has been also 
studied in vitro and in vivo as an alternative elec-
tron acceptor to decrease CH 4  production while 
increasing propionate. Because 1 mol of malate 
is dehydrated to 1 mol of fumarate (Russell and 
Wallace  1997 ), the same expected stoichiometric 
relationship between fumarate addition and CH 4  
decrease holds for malate, i.e., the addition of 1 
mol of malate is expected to result in a decrease 
of 0.25 mol of CH 4 . A similar meta-analysis to 
the one conducted for fumarate was conducted on 
the effects of malate on ruminal fermentation in 
batch cultures (Ungerfeld and Forster  2011 ). 
Although the decrease in CH 4  was numerically 
greater with malate than with fumarate, it was 
more variable and nonsignifi cant. Malate recovery 
as propionate and acetate was numerically similar 
as for fumarate, and therefore the same response 
in CH 4  decrease would have been expected. It was 
speculated that malate might have stimulated 
microbial growth as an alternative electron sink, 
resulting in a numerically greater decrease in 
CH 4  production compared to fumarate (Ungerfeld 
and Forster  2011 ). 

 In Rusitec fermenters, the addition of malate 
slightly increased CH 4  production, although, 
because it promoted organic matter digestion, 
malate supplementation decreased CH 4  produc-
tion expressed on a fermented organic matter 
basis (Carro et al.  1999 ), in agreement with later 
fi ndings (Gómez et al.  2005 ). The same as with 
fumarate, in vivo results have been variable, 
although there have been fewer animal trials 
compared to fumarate. Decreases in CH 4  produc-
tion of 6 % and 16 % were reported when supple-
menting beef heifers with malic acid at 3.75 % 
and 7.5 %, respectively (Foley et al.  2009a ), 
whereas lack of effect was reported for dairy 
cows (Cobb et al.  2009 ; Foley et al.  2009b ). 

 Other propionate precursors have been evalu-
ated as alternative electron acceptors to decrease 
CH 4  formation. Oxaloacetate is reduced to malate 
in propionate’s randomizing pathway (Russell 
and Wallace  1997 ). Addition of oxaloacetate to 
in vitro cultures of ruminal microorganisms 

resulted in a small increase in CH 4  production, 
which can be explained by the fact that most 
oxaloacetate was recovered as acetate rather than 
propionate. Oxaloacetate conversion to acetate 
would involve release of reducing equivalents 
that would be available for CH 4  production 
(Ungerfeld et al.  2003 ). Acrylyl-CoA is a metabolic 
intermediate in propionate’s nonrandomizing 
pathway (Russell and Wallace  1997 ). Newbold 
et al. ( 2005 ) obtained moderate decreases in CH 4  
production by adding acrylate to batch cultures 
of ruminal microorganisms, although there was 
no effect in continuous culture fermenters. Except 
for fumarate and oxoglutarate, other compounds 
evaluated in batch cultures were less effective, 
and conversion of acrylate to propionate was 
generally similar to fumarate and malate. 

 Butyrate precursors have also been studied as 
a means of decreasing CH 4  production by acting 
as alternative electron acceptors (Ungerfeld et al. 
 2003 ). Most acetoacetate and β-hydroxybutyrate, 
however, were recovered as acetate. More croton-
ate was metabolized to butyrate, but still much of 
it was recovered as acetate. Metabolism of much 
of these carboxylic acids to acetate explains why 
they had small or no effect on CH 4  production 
(Ungerfeld et al.  2003 ). 

 Other organic acids that are not intermediates 
of ruminal fermentation, but isomers or double- 
or triple-bond analogs of them have been evalu-
ated in batch cultures or ruminal microorganisms. 
Crotonate’s position isomer 3-butenoic acid had 
small effect on CH 4  production. It was hypothe-
sized that propionate and butyrate’s triple-bond 
analogs, propynoic acid and 2-butynoic acid, 
would decrease CH 4  production by competing for 
reducing equivalents to reduce their triple bond 
(Ungerfeld et al.  2003 ). Effects of 2-butynoic 
acid on CH 4  production were small, whereas pro-
pynoic acid was a potent methanogenesis inhibi-
tor. The triple bond ester ethyl-2-butynoate also 
strongly inhibited CH 4  production. Because both 
propynoic acid and ethyl-2-butynoate caused the 
accumulation of H 2  and other atypical reduced 
products of ruminal fermentation like formate 
and ethanol, it was thought that they inhibited 
methanogens directly rather than compete with 
methanogenesis for reducing equivalents 
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(Ungerfeld et al.  2003 ). Direct toxicity of these 
compounds to methanogens was subsequently 
confi rmed (Ungerfeld et al.  2004 ). 

 Direct inhibition of methanogenesis using 
chemical compounds results in accumulation of 
H 2  (Janssen  2010 ). There have been attempts to 
use carboxylic acids as electron acceptors to 
incorporate accumulated H 2  into VFA. Crotonate 
and 3-butenoic acid were ineffective at decreas-
ing H 2  accumulation caused by propynoic acid 
and ethyl-2-butynoate (Ungerfeld et al.  2006 ). 
On the other hand, Mohammed et al. ( 2004 ), 
Tatsuoka et al. ( 2008 ), and Ebrahimi et al. ( 2011 ) 
had some success at using fumarate and malate to 
decrease H 2  accumulation caused by inhibition of 
methanogenesis. Thus, even though decreases in 
CH 4  production by organic acids are generally 
small, they could perhaps be used to help incor-
porate electrons into VFA when methanogenesis 
is inhibited through other means.  

13.2.4     Other Effects 

 Because low pH inhibits fi brolytic organisms, it 
was hypothesized that malate could improve the 
digestibility of forages incubated with added 
lactate. This was confi rmed for bermudagrass but 
not for alfalfa hay (Martin  2004 ). In batch cul-
tures of mixed ruminal microorganisms, Newbold 
et al. ( 2005 ) found an increase in DM digestibil-
ity with disodium fumarate, but not with fumaric 
acid, and García-Martínez et al. ( 2005 ) reported a 
tendency to increase organic matter digestibility 
by supplementing disodium fumarate to three 
substrates differing in their forage-to-concentrate 
ratio. Supplementing mixed batch cultures with 
sodium fumarate, Mao et al. ( 2007 ) found an 
increase in DM digestibility of roughage sub-
strates, and Yu et al. ( 2010 ) observed an increase 
in neutral detergent fi ber digestibility, with con-
comitant increases in endoglucanase and xyla-
nase activities. In contrast, Li et al. ( 2009b ) 
observed a decrease in DM digestibility without 
changes in fi ber digestibility. In Rusitec fermen-
ters, López et al. ( 1999 ) found an increase in DM 
digestibility of a mixed substrate by supplementing 
fumarate, which was accompanied with an 

increase in the number of cellulolytic bacteria; 
however, these results on DM digestibility and 
cellulolytic bacteria were not confi rmed in other 
studies with Rusitec fermenters also using mixed 
substrates (Giraldo et al.  2007 ). 

 Fumarate supplementation has sometimes 
decreased NH 4  +  concentration (Bayaru et al. 
 2001 ; Li et al.  2009b ; Yu et al.  2010 ; Zhou et al. 
 2012 ), which might be related to an increased 
incorporation of NH 4  +  into microbial amino acids 
but also to less deamination, which agrees with 
observation of diminished branched-chain 
VFA concentration with fumarate supplementation 
(Yu et al.  2010 ). Lower NH 4  +  and branched- chain 
VFA concentrations in the rumen of cattle sup-
plemented with fumaric acid were also observed 
by Bayaru et al. ( 2001 ). Because protozoal numbers 
are not affected by fumarate supplementation 
(López et al.  1999 ; Bayaru et al.  2001 ; Newbold 
et al.  2005 ), decreased NH 4  +  concentration does 
not seem to relate to less intraruminal N recycling. 
Effects of fumarate on NH 4  +  are not consistent 
though, and in other in vitro (López et al.  1999 ; 
Carro and Ranilla  2003a ; Newbold et al.  2005 ; 
Giraldo et al.  2007 ; Mao et al.  2008 ) and in vivo 
(Beauchemin and McGinn  2006 ) studies, no 
effects of fumarate on NH 4  +  have been found. 
Contradictory results were interpreted by Yu et al. 
( 2010 ) as related to the proportion of concentrates 
in the diet. High- concentrate diets are associated 
with greater NH 4  +  incorporation into carbon 
chains and less deamination, which would make 
the effect of fumarate on NH 4  +  less apparent 
(Yu et al.  2010 ). However, Callaway and Martin 
( 1996 ) found a decrease in NH 4  +  with fumarate 
supplementation in the presence of monensin but 
not in its absence; monensin is thought to inhibit 
deamination (Nagaraja et al.  1997 ; Wallace et al. 
 1997 ), so a greater effect of fumarate on NH 4  +  
might actually be expected in the absence of 
monensin, if fumarate effect on NH 4  +  depends on 
background deamination as proposed by Yu et al. 
( 2010 ). Furthermore, no effects of fumarate on 
NH 4  +  were found by García-Martínez et al. 
( 2005 ) in batch cultures with three substrates 
differing in their forage-to-concentrate ratio, but 
increases in NH 4  +  were reported for a roughage 
and a mixed substrate by Mao et al. ( 2007 ). 

M.D. Carro and E.M. Ungerfeld



185

 Supplementation with fumarate or malate 
decreased the in vitro biohydrogenation of 
linoleic (Li et al.  2010 ) and linolenic (Li et al. 
 2009a ) acids, increasing the production of 
 c 9,  t 11-conjugated linoleic acid, a nutraceutical 
fatty acid benefi cial for human health. These 
authors concluded that malate and fumarate may 
compete with biohydrogenation of C18:2 in the 
utilization of metabolic H 2 . This mechanism of 
action of these acids deserves further investiga-
tion given the increasing concern of consumers 
about the intake of saturated fat.   

13.3     Effects of Organic Acids 
on Feed Intake, Diet 
Digestibility, in vivo Ruminal 
Fermentation, and Plasma 
Metabolites 

13.3.1     Malate 

 There are inconsistencies in the literature regard-
ing the effects of malate supplementation on feed 
intake in ruminants (Tables  13.1  and  13.2 ), but 
some of these inconsistent effects seem to be due 
to differences in rate of supplementation. Malic 
acid or malate salts at inclusion rates up to 25 g 
per kg of DM diet had no negative effects on 
feed intake in beef cattle (Castillo et al.  2007 ; 
Liu et al.  2009 ; Carrasco et al.  2012 ), dairy cows 
(Kung et al.  1982 ; Sniffen et al.  2006 ), dairy 
goats (Salama et al.  2002 ), and lambs (Carro 
et al.  2006 ). Devant et al. ( 2007 ) observed that 
inclusion of disodium/calcium malate in the con-
centrate offered to dairy cows at 20 g/kg DM 
increased concentrate intake, indicating that there 
was no negative effect of malate on concentrate 
palatability. In contrast, Flores et al. ( 2003 ) 
observed a reduction in DM intake of lambs 
when disodium/calcium malate was included in 
the diet at rates as low as 2 and 4 g/kg DM. High 
doses of malic acid have been reported to depress 
feed intake; thus, Foley et al. ( 2009a ) found that 
malic acid supplemented at 50 and 75 g per kg of 
DM diet reduced DMI in steers fed a 40:60 
grass silage: concentrate diet by 3.1–4.3 %, 
respectively.

    Most studies have shown a lack of effect of 
malate supplementation on diet digestibility 
determined either using digesta markers 
(Montaño et al.  1999 ; Foley et al.  2009a ) or total 
feces collection (Carro et al.  2006 ). Liu et al. 
( 2009 ) used chromic oxide as digesta marker in 
steers observed that DM, organic matter, neutral 
detergent fi ber, and acid detergent fi ber digest-
ibilities were linearly increased with increasing 
doses of malic acid supplementation (7.8, 15.6, 
and 23.4 g/kg DM), but crude protein and ether 
extract digestibilities were not affected. Similarly, 
Flores et al. ( 2003 ) observed an increase in diet 
digestibility by supplementing Manchega and 
Lacaune fattening lambs with disodium–calcium 
malate at 2 and 4 kg/kg DM. In contrast, Carro 
et al. ( 2006 ) administered equal doses of the 
same product to Merino fattening lambs and 
observed no differences in diet digestibility, and 
Mungói et al. ( 2012 ), using the same product at 1 
g/kg DM in the diet of Manchega fattening lambs, 
observed a reduction of diet digestibility. These 
discrepancies in the results may be related to dif-
ferences in the composition of the concentrate 
used in the different trials, as in vitro studies have 
shown that effects of malic acid or malate salts on 
ruminal fermentation are infl uenced by the type 
of cereal grain in the incubation substrate (Carro 
and Ranilla  2003b ; Sirohi et al.  2012 ). In milk- 
producing animals, malate supplementation 
either had no effects (Khampa et al.  2006b ; 
Sniffen et al.  2006 ) or increased diet digestibility 
(Khampa et al.  2006a ). 

 Compared to in vitro studies, less research has 
been conducted to evaluate malate and fumarate 
effects on ruminal fermentation in vivo, and the 
results have been variable. Montaño et al. ( 1999 ) 
in steers, Carrasco et al. ( 2012 ) in heifers, Carro 
et al. ( 2006 ) in lambs, and Khampa et al. ( 2006b ) 
in dairy cows reported no effects of malic acid or 
malate salt supplementation (up to 26.4 g/kg 
DM) on ruminal VFA concentration. In contrast, 
increases in ruminal VFA concentration were 
observed by others (Kung et al.  1982 ; Martin 
et al.  1999 ; Khampa et al.  2006a ; Liu et al.  2009 ) 
when supplementing steers and dairy cows with 
malic acid or its sodium salt at doses ranging 
from 2.8 to 26.0 g/kg DM; however, VFA con-

13 Utilization of Organic Acids to Manipulate Ruminal Fermentation and Improve Ruminant…
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centration need not refl ect changes in VFA 
production if there are concomitant changes in 
VFA absorption and/or liquid outfl ow rates. 
Malate supplementation in vivo has generally 
resulted in increased propionate molar proportion 
(Kung et al.  1982 ; Khampa et al.  2006a ; Liu et al. 
 2009 ) and sometimes butyrate (Liu et al.  2009 ). 
It has been suggested that malic acid and malate 
salts could selectively stimulate or inhibit the 
activity of specifi c ruminal microbes at some 
concentrations (Liu et al.  2009 ). 

 Only few studies have been conducted on the 
infl uence of malate supplementation on plasma 
metabolites. Martin et al. ( 1999 ) and Montaño 
et al. ( 1999 ) in steers, Carrasco et al. ( 2012 ) in 
heifers, Kung et al. ( 1982 ) in cows, and Carro 
et al. ( 2006 ) in lambs found no effects of concen-
trations of malic acid or malate salts included 
between 3.7 and 26 g/kg DM on plasma concen-
trations of glucose, L-lactate, and urea–N. In 
contrast, Castillo et al. ( 2007 ) found that supple-
menting malic acid or a mixture of disodium and 
calcium malate at 4 g/kg concentrate DM fed to 
feedlot bulls in the fi nishing period lowered 
plasma L-lactate concentration compared to 
unsupplemented controls. Similarly, Hernández 
et al. ( 2011 ) observed that supplementing fi nishing 
bull calves with free malic acid or disodium–
calcium malate salts at 4 g/kg DM diet lowered 
plasma concentrations of L-lactate, urea–N, and 
creatinine. Reasons for the discrepancies among 
studies are unknown, but dose of malate may not 
be the only factor involved.  

13.3.2     Fumarate 

 The effects of fumarate supplementation on feed 
intake reported in the literature are inconsistent 
(Table  13.3 ). Some authors have reported reduc-
tions in feed intake (McGinn et al.  2004 ; 
Beauchemin and McGinn  2006 ; Molano et al. 
 2008 ), but others have observed no effect 
(McCourt et al.  2008 ; Yu et al.  2010 ; Wood et al. 
 2009 ). McCourt et al. ( 2008 ) and Wood et al. 
( 2009 ) administered to growing/fattening lambs 
up to 113 and 100 g of fumaric/kg DM, respec-
tively, without observing decreased feed intake. 

In those studies, fumaric acid was encapsulated 
in oil, under the hypothesis that this would result 
in slow release and prevent negative effects on 
feed intake and ruminal pH. Molano et al. ( 2008 ) 
observed a decrease in DM intake when supple-
menting wether lambs with free fumaric acid 
supplemented at 80 or 100 g/kg DM. These 
results suggest that encapsulation may be a use-
ful procedure for administering high doses of 
organic acids to ruminants avoiding negative 
effects on feed intake.

   Several studies reported no effect of fumarate 
supplementation at doses ranging from 12 to 50 
g/kg DM on DM, energy, and fi ber digestibility 
in steers (Bayaru et al.  2001 ; McGinn et al.  2004 ; 
Beauchemin and McGinn  2006 ) and dairy cows 
(Kolver and Aspin  2006 ). In contrast, Yu et al. 
( 2010 ) observed greater energy, cellulose, and N 
digestibility in goats receiving sodium fumarate 
at 10 g/kg DM compared with unsupplemented 
animals, and Isobe and Shibata ( 1993 ) found that 
adding fumaric acid (5 g/kg DM) to the diet of 
goats increased the in situ disappearance of 
the diet at short incubation times. 

 Kolver and Aspin ( 2006 ) reported no effects 
of fumaric acid supplementation on plasma 
metabolites. Yu et al. ( 2010 ) on the other hand 
observed increased plasma glucose concentrations 
in dairy goats fed sodium fumarate at 10 g/kg DM.   

13.4     Effects of Organic Acids 
on Animal Production 

13.4.1     Beef Production 

 Malate supplementation to meat ruminants has 
been shown to have a favorable impact on aver-
age daily gain in some, but not all, studies. Martin 
et al. ( 1999 ) reported that supplementing malic 
acid at rates of 3.7 or 7.1 g/kg DM to feedlot 
steers fed a corn-based diet signifi cantly improved 
average daily gain and feed-to-gain ratio, and 
Flores et al. ( 2003 ) found similar results in lambs 
supplemented with malate salts at 2 or 4 g/kg 
DM. On the contrary, no effects of malic acid or 
malate salts on daily gain or feed-to-gain ratio 
were observed by Castillo et al. ( 2007 ) and 
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Carrasco et al. ( 2012 ) in beef steers or heifers and 
by Carro et al. ( 2006 ) and Mungói et al. ( 2012 ) in 
fattening lambs using lower doses of malic acid 
or malate salts (1–4 g/kg DM). No effects of 
malic acid or malate salts on hot carcass weight 
and dressing proportion have been observed in 
steers (Martin et al.  1999 ; Carrasco et al.  2012 ) 
and lambs (Carro et al.  2006 ).  

13.4.2     Milk Production 

 Responses in milk production to malate supple-
mentation have not been consistent. Kung et al. 
( 1982 ) observed that feeding 140 g of malic acid 
per day to dairy cows in early lactation did not 
improve milk yield, but increased persistency of 
milk production, and Stallcup ( 1979 ) reported 
that a daily dose of 70 g of malic acid increased 
both milk yield and total solids and fat milk 
 content. Sniffen et al. ( 2006 ) also observed an 
increase in milk production and milk true protein 
and lactose in dairy cows consuming 50 g of 
malic acid per day. Some of the observed 
increases in milk yield have been explained by 
concomitant increases in DM intake or diet 
digestibility. However, in the trial of Sniffen et al. 
( 2006 ), neither DM intake nor diet digestibility 
was affected by malic acid supplementation, and 
these authors attributed the increase in milk yield 
to an increase in microbial effi ciency, as observed 
in several in vitro experiments (Tejido et al.  2005 ; 
Gómez et al.  2005 ; Sniffen et al.  2006 ). In con-
trast, in other studies no effects of malic acid or 
malate salts on milk yield have been noticed 
(Salama et al.  2002 ; Khampa et al.  2006b ; Foley 
et al.  2009b ). Only few studies have investigated 
the effects of fumarate on milk production, but no 
effects on milk yield or composition have been 
detected (Kolver and Aspin  2006 ; McCourt et al. 
 2008 ) when supplementing fumaric acid up to 
113 g/kg DM. 

 In general, inconsistent results found in the lit-
erature for the effects of malate and fumarate 
supplementation on feed intake, digestion, and 
ruminant performance have been attributed to 
differences in the diet (i.e., forage-to-concentrate 
ratio, forage type, cereal grains, etc.), dose of 

organic acids, chemical form in which organic acids 
were fed (i.e., free acid, salts, or encapsulated 
acids), and characteristics of the experimental 
animals (physiological state, level of production, 
ruminal populations, etc.). Few studies have 
compared the effects of malic acid with those of 
malate salts under the same feeding conditions, 
but no differences between both forms have been 
found in animal performance (Carrasco et al.  2012 ), 
fermentation variables (Carrasco et al.  2012 ), or 
plasma metabolites (Castillo et al.  2007 ; 
Hernández et al.  2011 ; Carrasco et al.  2012 ). 
Another source of variability in the results could 
be the basal content of malate or fumarate in the 
diets fed in the different experiments. For exam-
ple, Salama et al. ( 2002 ) attributed the lack of a 
positive effect of malate supplementation in their 
study to the amount of alfalfa (rich in malate) 
included in the diet. According to their calcula-
tions, the control group of goats consumed an 
average of 12.3 g of malate daily, which was con-
sidered adequate to stimulate lactate utilization 
by  S. ruminantium  (Nisbet and Martin  1991 ) and 
therefore could have prevented positive effects of 
2 g of added malate/d in the supplemented group.   

13.5     Legal Aspects and Future 
Prospects 

 As stated by the EU already in 1980, the use of 
fumaric and malic acids or their salts as additives 
in ruminant nutrition does not constitute any risk 
for animal or human health and does not have any 
unfavorable effects on the quality of animal 
products. Currently, both acids and their salts are 
authorized by EU legislation as animal feed 
additives in the category of “technological addi-
tives,” and their use is allowed in all livestock 
species. Setting a maximum content of malate 
and fumarate in the diet was not considered as 
necessary (EFSA  2013 ,  2014b ). The use of malic 
acid and its sodium and calcium salts in animal 
nutrition is considered safe for the consumer and 
the environment, but both substances are strongly 
irritant to skin, eyes, and mucosa, and exposure 
via inhalation for those handling these additives 
is considered to present a risk (EFSA  2014b ). 
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In the USA, both malic acid and fumaric acid are 
on the GRAS (Generally Recognized as Safe) 
list maintained by the USA Food and Drug 
Administration, and both acids and their salts are 
food additives permitted for direct addition to 
food for human consumption. 

 The main limitation presented by the use of 
malic and fumaric acids as feed additives for 
ruminants is economical, since their high cost 
makes unprofi table their use in ruminant feeding 
at effective doses. In the EU, USA, and other 
countries, the current alternative might be com-
bining these acids or their salts (at low doses, to 
lower the price) with other additives that have 
similar actions in the digestive tract of ruminants, 
such as probiotics or plant extracts. Currently, there 
are commercial products made by combinations 
of these products that are marketed for their use in 
the feeding of both ruminants and  non- ruminants. 
An alternative option for ruminant feeding is to 
select forages with high content of organic acids. 
Callaway et al. ( 1997 ) showed that malate con-
tent of forage varies with forage type (greater in 
legumes than in grasses), forage variety, maturity 
(greater in immature than in mature forage), and 
processing (decreases with haymaking or pelleting), 
although it is diffi cult to conclude whether differ-
ences in organic acid levels among forages and 
cultivars are suffi cient enough to affect ruminal 
fermentation and animal performance.  

13.6     Conclusions 

 The main rationales to organic acid supplementa-
tion to ruminant diets are (i) to increase digestible 
energy content and propionate supply of low 
digestible diets, (ii) to decrease CH 4  production, 
and (iii) to enhance lactate utilization and dimin-
ish the risk of lactic acidosis. Inclusion of organic 
acids solely to increase dietary energy may not be 
profi table in most cases, in comparison to supple-
menting with concentrates, which are highly 
digestible and considerably cheaper. Furthermore, 
even though organic acids are theoretically 100 % 
utilizable, actual utilization is likely to be lower 
due to a non negligible proportion of the 

 compounds outfl owing the rumen before they can 
be metabolized. 

 Expected decrease in CH 4  production by sup-
plementing with organic acids is in principle lim-
ited by the stoichiometry of electron incorporation 
into propionate production and by the fact that, at 
least in vitro, a considerable amount of these pro-
pionate precursors seems to be metabolized to 
acetate, resulting in the release of reducing equiv-
alents available to CH 4  production. However, 
even though most in vitro and in vivo responses 
in CH 4  production to organic acid supplementa-
tion have been small, larger decreases in CH 4  
were reported in some cases with slow-release 
fumarate formulations both in vitro and in vivo. 
To an extent, in vitro responses in CH 4  decrease 
in these experiments could be explained by no 
acetate increase associated with the addition of 
fumarate. However, both in vitro and in vivo 
responses in CH 4  decrease to slow-release fuma-
rate were supra-stoichiometric in relation to the 
maximum [2H] that could be incorporated into 
fumarate conversion to propionate, and it would 
be of much interest to mechanistically under-
stand how those occurred. 

 Pure culture studies have shown that organic 
acids and malate in particular stimulate lactate 
utilization by  S. ruminantium . In vitro batch and 
continuous mixed-culture studies have confi rmed 
a decrease in lactate concentration and pH stabi-
lization with malate or fumarate supplementa-
tion. In vivo results have confi rmed pH 
stabilization, although without a decrease in lac-
tate concentration and with lower VFA concen-
tration. Contradictory results are reported for 
plasma L-lactate concentration. The doses of 
acids and their form (free acids, salts, encapsu-
lated, etc.), the diet fed to the animals (forage-to- 
concentrate ratio, forage type, cereal grains, etc.), 
the animal physiological state, and even the natu-
ral content of organic acids in the diet are factors 
that may infl uence the effi cacy of these additives 
in improving animal performance. The use of 
organic acids as feed additives is considered safe 
for the animals, consumers, and the environment, 
but future research should identify the conditions 
in which these additives have optimal effi cacy.     
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14.1         Rumen Microbial 
Community Overview 

 Ruminants harbor a complex microbial community 
comprising a diverse array of bacteria, archaea, 
and eukaryotes (protozoa and fungi) in the rumen, 
by which metabolic and physiological functions 
in the organ are secured (Dehority  2003 ; Stewart 
et al.  1988 ). The extreme bacterial molecular 

    Abstract  
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effi cient conversion of carbohydrates of plant origin to organic acids. 
Disturbance of this ecosystem might lead to impairment of host productiv-
ity or sometimes to disease in the host. For many years, researchers have 
attempted to manipulate the numbers and/or activities of rumen microbes, 
including methanogens and protozoa, to improve the effi ciency of rumi-
nant production. However, such ruminal interventions sometimes have 
unintended consequences. 

 This chapter presents the background on the diversity and functionality 
of the rumen microbial communities and then describes practical means to 
amend ruminant health and productivity by limiting the activity of inher-
ent rumen microbes under specifi c conditions, as well as the benefi ts and 
current applications of probiotics/prebiotics in terms of nutrition and 
health for the ruminants.  
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diversity refl ects the complex metabolic network 
among microbes. These microorganisms interact 
with one another and take part in systematic 
digestion of large amounts of fi brous plant 
material that cannot be digested by the host. 
They anaerobically ferment these materials into 
end products that are in turn used as energy 
sources by the host. Among ruminal microbes, 
bacteria take part in decomposing the feed into 
short-chain fatty acids (SCFA), amino acids, 
hydrogen, carbon dioxide, etc. Environmental 
and stochastic factors, such as diet composition, 
feeding practices, and farm management, can 
strongly affect the composition and functions of 
the microbiota and sometimes lead to impaired 
health and performance in the host animal. 
The effects of diet on changes in the diversity 
and numbers of a wide range of bacterial species 
in the rumen are known (Kocherginskaya et al. 
 2001 ; Russell and Rychlik  2001 ; Tajima et al. 
 2001a ). 

 Molecular-based monitoring of the intestinal 
bacterial communities of cattle has revealed that 
the community dynamics are much greater than 
previously thought based on cultivation methods 
(Whitford et al.  1998 ; Tajima et al.  1999 ; Uyeno 
et al.  2010 ). The majority of the rumen bacterial 
community is affi liated with two phyla, 
 Bacteroidetes  and  Firmicutes  (Whitford et al. 
 1998 ; Uyeno et al.  2007 ). The other groups, such 
as  Ruminococcus fl avefaciens  and  Ruminococcus 
albus  (Krause et al.  1999 ,  2001 ), and the genus 
 Fibrobacter  (Stahl et al.  1988 ; Ziemer et al. 
 2000 ), all of which are fi brolytic bacteria and 
thus contribute to the organ’s characteristics, also 
have niches in the community. The detection 
coverage, i.e., the sum of the populations that can 
be identifi ed, is at most around 80 % of the total 
bacteria. These numbers include uncultured rumen 
bacterial groups (i.e., functionally unknown 
organisms), whose relative proportions are found 
to be 1–3 % each in the rumen community of 
around 1-year-old heifers (Uyeno et al.  2010 ). 
Accordingly, a certain proportion of the bacterial 
community has yet to be identifi ed, which implies 
the diffi culty of producing a complete description 
of the whole community, mainly due to the 

genetically diverse structure of the bacteria in 
rumen ecosystems. 

 The archaeal component of the ecosystem, 
which is thought to be represented exclusively by 
methanogens, is implicated in the removal of 
hydrogen. This makes the rumen archaea an 
indispensable part of this organ (St-Pierre and 
Wright  2012 ). Cultivation-based analyses have 
identifi ed  Methanobrevibacter ,  Methanomicrobium , 
and  Methanobacterium  as predominant methano-
genic archaeal genera in the rumen (Stewart et al. 
 1988 ,  1997 ; Kumar et al.  2009 ). A previous study 
of the molecular diversity of rumen methanogens 
in sheep in Australia revealed those belonging to 
the order  Methanobacteriales , especially the 
genus  Methanobrevibacter  (Wright et al.  2004a ), 
and putative novel species in the rumen (Tajima 
et al.  2001b ; Yanagita et al.  2000 ). The popula-
tion of these methanogens has been estimated by 
various molecular studies and was within the 
range of 0.3–3.3 % (Lin et al.  1997 ; Sharp et al. 
 1998 ; Uyeno et al.  2007 ; Kong et al.  2010 ). 

 As the rumen community structure is robust, 
colonization by microbes that are inherently 
harmful for the community or for the host is 
usually unsuccessful. However, specifi c micro-
bial groups that normally colonize the rumen are 
regarded as harmful in some situations, for 
example:

 –    Accumulation of organic acids which are little 
absorbed via the rumen epithelium and subse-
quent decrease in rumen pH. This is often 
observed in cattle under conditions of heat 
stress or in feedlot cattle that are provided 
excess concentrates.  

 –   Methane generation from the rumen. Of 
course, this is inevitable due to the normal 
function of the rumen, but efforts to mitigate 
the generation of methane have been made to 
increase energy deposition in the hosts’ body 
and to lower greenhouse gas emission from 
ruminants.    

 Approaches that work on specifi c microbes 
may reduce their infl uence for maintaining the 
function of the community in the rumen.  
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14.2     Problems in Ruminant 
Health and Productivity 
Due to Overactivity 
of a Specifi c Microbe 
Inherent in the Rumen 

14.2.1     Heat Stress and Rumen 
Acidosis 

 Heat stress occurs when animals are exposed to 
environmental temperatures in excess of the 
upper critical temperature, particularly in combi-
nation with high relative humidity or sunshine 
(West  2003 ). A large quantity of metabolic heat 
mainly generated from rigorous fermentation in 
the rumen causes heat load in cattle and thus 
increases body temperature, which is then main-
tained by adjusting heat loss to the environment. 
Cattle respond physiologically by reducing exercise 
and feed intake during periods of heat stress. 
Greater maintenance costs associated with heat 
stress reduce the effi ciency of energy utilization 
by cattle. 

 Based on current knowledge, a combination 
of various practices may be necessary to optimize 
production of dairy cattle in hot, humid climates. 
Nutritional management is the simplest approach. 
To prevent elevation of body temperature, reduc-
tion of forage in the diet in hot climates is primar-
ily implemented to increase dietary nutrient 
density and to alleviate the negative effects on an 
animal’s productivity. Consequently, feed effi -
ciency often increases, and even an increase in 
milk yield of heat-stressed cattle may be 
observed, which can be explained by a reduction 
of metabolic heat production compared to feed-
ing on forage resulting from increased dietary 
energy concentration (Ominski et al.  2002 ; 
Mader and Davis  2004 ). However, this dietary 
change sometimes leads to a drop in ruminal pH 
caused by faster growth of lactate-producing bac-
teria, such as  Streptococcus bovis , as lactate is 
much less absorbed in the rumen epithelium than 
volatile fatty acids, such as acetate, propionate, 
and butyrate. The dietary change is also associ-
ated with risks of developing subacute rumen 
acidosis (SARA) and physical disorders such as 
acute and chronic acidosis, which often occur 

with accompanying laminitis and liver abscesses 
(Stone  2004 ). 

 Maintenance of normal rumen function is 
necessary regardless of changes in the diet. 
To accomplish this, it is necessary to characterize 
bacterial populations in the rumen of Holstein 
heifers maintained under different environmental 
conditions. Our feeding trials under different 
environmental temperatures using four rumen- 
fi stulated healthy Holstein heifers (9 and 15 
months old) resulted in a decrease of dry matter 
intake (DMI) especially in forage consumption 
and body weight gain with the rise in environ-
mental temperature from 20 °C to 33 °C (Tajima 
et al.  2007 ; Uyeno et al.  2010 ). These changes 
were accompanied by a substantial decrease in 
SCFA concentration, which can be a contributing 
factor to impaired animal growth performance 
under more severe conditions. We profi led the 
changes in the ruminal bacterial community 
structure of Holstein heifers during heat stress. 
In response to the rise in environmental tempera-
ture, major fi brolytic bacteria (i.e.,  Fibrobacter ) 
decreased by 50–80 %, while major saccharolytic 
bacteria (i.e.,  Streptococcus ) increased by up 
to 2.5–10 times. Consistent population-level 
changes of certain bacterial groups with heat 
stress were observed. It is reasonable that fi bro-
lytic bacterial activity decreases and saccharo-
lytic bacterial activity increases as a consequence 
of preferential consumption of concentrates. The 
effects of heat stress on the rumen fermentation 
characteristics and on the impaired growth in 
dairy heifers can be explained indirectly by 
changes in the bacterial population, as a decline 
in ruminal pH was observed with the rapid growth 
of starch-degrading bacteria in the rumen. 
Temperature shifts seemed to have a profound 
effect on the ruminal bacterial population. 
Although the relative populations of these genera 
are relatively small in the rumen bacterial com-
munity, the changes in the relative population 
(relative activity) of these bacteria may be impor-
tant in the ruminal adaptive response. It is note-
worthy that no defi ned group diminished, 
suggesting that the overall bacterial diversity 
(richness) at the genus and species levels was 
maintained even under conditions of heat stress. 
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Thus, the presence of ruminal bacterial community 
members can be maintained, and a group that is 
decreased in the population under one set of 
conditions may bloom again when the conditions 
change. 

 Ruminal acidosis is one of the most common 
nutritional disorders in feedlot cattle, which 
usually consume large amounts of fermentable 
carbohydrates and limited amounts of forage. 
Certain feeding regimens in ruminants can lead 
to overgrowth of  S. bovis  in the rumen. Along 
with dietary management, e.g., gradual introduc-
tion of grain-based diet and feeding of coarsely 
chopped roughage, ionophores are extensively 
used to increase animal performance by modify-
ing ruminal bacterial populations to obtain more 
effi cient fermentation (Herrera et al.  2009 ). On 
the other hand, SARA is a metabolic disease of 
dairy cattle that occurs during early and mid- 
lactation and has traditionally been characterized 
by low pH that is not related to accumulation of 
lactic acid but to other factors, such as microbial 
population shifts and immune responses. It has 
been hypothesized that factors such as moder-
ately low pH increase production of bacterial 
lipopolysaccharides (LPS) and gut permeability 
of LPS, which could trigger systemic infl amma-
tion, acting as endotoxins (Gozho et al.  2005 ; 
Plaizier et al.  2012 ). Khafi pour et al. ( 2009 ) 
analyzed rumen samples from eight lactating 
Holstein dairy cattle to examine the microbiome 
structure using two molecular techniques. The 
most prominent shift occurred during SARA was 
a decline in Gram-negative  Bacteroidetes  organ-
isms, but severe grain-induced SARA was domi-
nated by  S. bovis  and  Escherichia coli . These 
results suggested that the severity of SARA and 
degree of infl ammation were highly correlated 
with the abundance of  E. coli  and not with lipo-
polysaccharide in the rumen. Intrinsically,  E. coli  
is regarded to be absent or a minor constituent of 
the rumen community, but this group may be a 
contributing factor to the onset of disease. 

 Feed management to minimize undesirable 
changes in rumen fermentation characteristics 
can be implemented for maintenance of host 
health and productivity under severe conditions 
(Lettat et al.  2012 ). This includes use of feed 
supplements and live microbes to manipulate 

ruminal microbial functions, e.g., sodium 
bicarbonate as dietary buffer and antibiotics 
(monensin and lasalocid) (Shwartz et al.  2009 ; 
Baumgard et al.  2011 ), which inhibit microbial 
strains that produce lactate, and stimulation of 
lactate activity using bacteria or starch-engulfi ng 
ruminal protozoa (Al-Saiady et al.  2004 ; Stone 
 2004 ). Other methods of controlling lactic acid 
bacteria in the ruminal environment are also 
available. Inoculation with microorganisms 
capable of hydrolyzing starch or of metabolizing 
lactate at low pH may also help alleviate the 
occurrence of rumen acidosis.  

14.2.2     Rumen Methane Emission 
and Its Mitigation 

 The complexity of the rumen microbial ecosys-
tem supports the ability to effi ciently convert 
various carbohydrates to volatile fatty acids for 
host energy via stepwise disposal of hydrogen 
through reduction of carbon dioxide to methane. 
Cattle with higher feed effi ciencies are reported 
to produce 20–30 % less methane (Buddle et al. 
 2011 ; Eckard et al.  2010 ), clearly indicating that 
large amounts of ingested energy are usually 
discarded as methane in ruminant production. 
In addition, methane production in ruminants has 
attracted a great deal of attention in relation to its 
contribution to the greenhouse gas effect and 
global warming. Given their critical role in inter-
species hydrogen transfer, a more intricate issue 
is how to counteract hydrogen in the rumen when 
methanogens are inhibited. A principal concept 
of the manipulation of methane production is a 
means of diverting hydrogen away from methane 
formation (Wright and Klieve  2011 ). For exam-
ple, propionate production from succinate is an 
alternative metabolic pathway to dispose of 
reducing power. Reducing available metabolic 
hydrogen for methanogenesis (e.g., with alterna-
tive electron sinks other than disposal of hydro-
gen) is another useful method. 

 To determine effective means without impair-
ing ruminal fermentation, various approaches 
have been evaluated as shown in Table  14.1 . 
Various strategies aim at inhibition of enteric 
methane generation either directly or indirectly. 
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Compounds that inhibit the activity of methano-
gens are likely to reduce or eliminate methane 
production. Researchers have mainly focused on 
manipulating the numbers and/or activities of 
rumen methanogens. Approaches are promising, 
but the diversity and plasticity of functions of the 
rumen bacterial and methanogenic communities 
may be limiting factors for their successful appli-
cation. Substantial decreases in methane reduc-
tion by these approaches would be diffi cult to 
achieve without compromising production. 
However, accompanying benefi ts (e.g., decrease 
in rumen protein degradability and increase in 
post-rumen protein availability) are expected. A 
number of abatement options can fi t animal pro-
duction systems in the immediate or near future, 
many of which are likely to be cost effective.

14.3         Current Measures 
for Selective Inhibition 
of Rumen Microbes Under 
Specifi c Conditions 

14.3.1     Ionophores 

 Ionophores, which have been used to enhance 
feed conversion effi ciency and growth rate in 

cattle, have been shown to inhibit the growth of 
lactic acid bacteria in the rumen. Monensin is a 
class of ionophores, which have been proposed to 
act primarily by selective inhibition of Gram- 
positive bacteria, to which  S. bovis  belongs, 
because Gram-negative bacteria have an outer 
lipopolysaccharide layer that limits penetration 
of monensin across the bacterial cell membrane 
(Russell and Strobel  1989 ). In addition, reduction 
of the Gram-positive population is thought to 
reduce available H 2  and thus suppress methano-
genesis and increase propionate supply, improving 
the energy balance for ruminant animals. It is 
typically added to ruminant diets to increase the 
effi ciency of feed utilization. 

 It should be noted that under certain produc-
tion conditions, monensin feeding can occasionally 
lead to undesirable effects on milk composition 
(McIntosh et al.  2003 ). In particular, feeding 
monensin to lactating cows sometimes causes a 
reduction of milk fat content or milk fat yield 
(Sauer et al.  1997 ; Benchaar et al.  2006 ), possibly 
by inhibition of acetate-producing bacteria, 
which also belong to Gram-positive and biohy-
drogenating species ( Megasphaera elsdenii  and 
 Butyrivibrio fi brisolvens ) which displayed strong 
suppression upon monensin feeding (Weimer 
et al.  2008 ).  

   Table 14.1    Approaches aiming at inhibition of enteric methane generation   

 Mode of inhibition  Compounds  References 

 To limit methanogens 
(direct approach) 

 Chemical inhibitors (ionophores 
[monensin, lasalocid]) 

 Russell and Strobel ( 1989 ), Callaway and 
Martin ( 1997 ), Ipharraguerre and Clark 
( 2003 ), Odongo et al. ( 2007 ) 

 Biological approaches (vaccine, 
bacteriophage, bacteriocins) 

 Dumitru et al. ( 2003 ), Sar et al. ( 2004 ), 
Williams et al. ( 2008 ), Buddle et al. ( 2011 ) 

 Hydrolyzed tannins  McSweeney et al. ( 2001 ), Hook et al. 
( 2010 ), Krueger et al. ( 2010 ), Patra and 
Saxena ( 2011 ), Bhatta et al. ( 2012 ) 

 To reduce hydrogen supply 
from rumen metabolic pathways 
(indirect approach) 

 Organic acids (fumarate)  Mohammed et al. ( 2004 ), 
van Zijderveld et al. ( 2011 ) 

 Unsaturated lipids (linoleic acid)  Yang et al. ( 2009 ), Li et al. ( 2010 ), 
Shinkai et al. ( 2012 ) 

 Condensed tannins  Puchala et al. ( 2005 ), Animut et al. ( 2008 ), 
Guglielmelli et al. ( 2011 ), Liu et al. 
( 2011 ), Mohammed et al. ( 2011 ) 
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14.3.2     Plant Secondary Metabolites 

 There is an increasing interest in use of plant 
secondary metabolites (PSMs) in many parts of 
the tropics to mitigate enteric ruminal methane 
emissions and thereby improve animal performance. 
The PSMs are well recognized as antimicrobial 
agents, which act against bacteria, protozoa, and 
fungi (i.e., they do not necessarily target archaea) 
as a substitute for chemical feed additives. 
Among these, tannins and saponins, which are 
widely distributed in the plant kingdom, consti-
tute the major classes of PSMs that are currently 
under research in a number of laboratories 
(Martin et al.  2010 ; Bodas et al.  2012 ). Tannins 
are polyphenol substances of diverse molecular 
weights and variable complexity, which can form 
complexes with feed and microbial proteins. The 
tannins are classifi ed into two groups based on their 
structure and chemical properties: hydrolysable 
tannins (HT) and condensed tannins (CT). 
Tannins have been shown to favorably modulate 
rumen fermentation, such as reducing protein 
degradation in the rumen, prevention of bloating, 
and inhibition of methanogenesis. Saponins are 
chemically defi ned as high molecular weight gly-
cosides in which sugars are linked to a triterpene 
or steroidal aglycone moiety. In addition to having 
the potential to depress protozoa by forming 
complexes with sterols in protozoan cell mem-
branes (Guo et al.  2008 ), saponins show greater 
antibacterial activity against Gram-positive bac-
teria than Gram-negative bacteria. SCFA produc-
tion often results in accumulation of propionate 
in the rumen by limited hydrogen generation. 
It may therefore be useful as a supplement to 
indirectly inhibit methane production by limiting 
the substrate for methanogens in ruminants 
without a deleterious effect on rumen function 
(Goel and Makkar  2012 ). 

 The mode of action of tannins has been dis-
cussed with various schemes; for example, it can 
form complexes with proteins, enzymes, or other 
macromolecules thereby inducing membrane 
disruption. Tannin complexes with the cell wall 
membrane of bacteria cause morphological 
changes and secretion of extracellular enzymes. 
Either interaction is likely to restrict the transport 

of nutrients into the cell and retard or prevent the 
growth of the organism. Tannins are therefore 
regarded as natural antimicrobial compounds that 
exert inhibitory effects on either methanogenic 
archaea or fi ber-degrading bacteria, although this 
has yet to be described completely. 

 The antimethanogenic activities of HT and CT 
have been extensively demonstrated in several 
in vitro and in vivo studies (Hess et al.  2004 ; Tan 
et al.  2011 ). Methane production from ruminal 
fermentation decreases markedly when ruminants 
are fed tannin-containing forage and tannin 
extracts (Patra and Saxena  2011 ; Ramirez- 
Restrepo and Barry  2005 ; Waghorn  2008 ). HT 
appears to act more through inhibition of the 
growth and/or activity of methanogens and/or 
hydrogen-producing microbes (direct effect), 
whereas CT can decrease methane more through 
reduction of fi ber digestion (indirect effect) that 
limits H 2  derived from synthesis of acetate 
(McSweeney et al.  2001 ; Carulla et al.  2005 ). 
In relation to this, feeding tannins from quebracho, 
mimosa, sumac, and chestnut normally result in 
a decrease in ruminal acetate concentration 
(Beauchemin et al.  2007 ; Deaville et al.  2010 ; 
Castro-Montoya et al.  2011 ). Instead, the molar 
proportion of propionate increases, which con-
tributes to a decrease in hydrogen supply for 
methane production. However, it should be noted 
that not all types of tannins produce benefi cial 
nutritional and environmental responses (Goel 
and Makkar  2012 ). The effects of tannins on 
ruminal bacteria were reported to be dependent 
on their nature, activity, and concentration in a 
plant or plant product that have differences in 
affi nity for bacterial and plant proteins (Min et al. 
 2003 ; Patra et al.  2012 ). Generally, tannins with 
low molecular weight have greater inhibitory 
effects on rumen microbes because of their higher 
protein-precipitating capacities than high molec-
ular weight polymeric tannins. On the other hand, 
there have been some reports that CT fractions 
with higher molecular weight have greater inhibi-
tory effects on methane production (Tavendale 
et al.  2005 ; Huang et al.  2011 ). 

 There have been very few studies regarding 
the effects of tannins on rumen archaea popula-
tions. Bhatta et al. ( 2009 ) evaluated the effects of 
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six commercially available natural sources of 
tannins (three sources of HT and three sources of 
CT in different combinations) on total archaea 
expressed as % of total archaeal 16S rRNA over 
total 16S rRNA in the sample, using mixed con-
tinuous cultures (RUSITEC system). The total 
archaeal population was 12 % lower with the 
combination of HT and CT than with HT alone, 
with reduced methane production by 5.5 %. 
In addition, SCFA composition varied with CT in 
the materials tested, each of which may have a 
stimulatory effect on specifi c microbes, an inhib-
itory effect on other microbes, or both. The dif-
ferent modes of action of two types of tannins 
may explain why the effects of HT + CT on total 
gas and methane production were greater com-
pared with HT only. On the other hand, the delib-
erate ejection of some methanogens would only 
provide an opportunity for others to become 
members of the consortium, so the population 
changed less. 

 Rumen protozoa are also involved in metha-
nogenesis because of their ecto- and endosymbi-
otic relationships with methanogenic archaea, 
which utilize hydrogen produced by the protozoa 
(McAllister and Newbold  2008 ; Kumar et al. 
 2009 ). Defaunation (removing protozoa) is a 
method to lower the supply of metabolic hydro-
gen to methanogens. As reported by Tan et al. 
( 2011 ), CT in feed components is suggested to 
have an adverse effect on the numbers of ruminal 
protozoa, resulting in a decrease in archaeal 
count. Selective suppression of protozoa has 
been suggested to be a promising approach to 
reduce methane production (Cieslak et al.  2012 ), 
but it has not yet been put into practice. Even ani-
mals can be successfully defaunated; protozoa 
coming from other faunated subjects are able to 
reestablish themselves in the rumen. 

 The effects of tannins with rumen nutritional 
conversion are not limited to carbohydrate diges-
tion systems. The effects on ruminal nitrogen 
metabolism are well documented. Multiple phe-
nolic hydroxyl groups of tannins can react with 
proteins predominantly via hydrogen bonds, 
forming tannin–protein complexes to prevent 
breakdown by proteases and bind proteins at 
ruminal pH, which affects the metabolism of 

rumen microbes. Some tannins are known to 
produce excessive amounts of rumen escape CP 
(Rubanza et al.  2005 ; Ben Salem et al.  2005 ; 
Kariuki and Norton  2008 ). The reversible nature 
of the protein–HT complex, which can be 
released at the abomasum level, is also consid-
ered to contribute to improvement of protein 
availability for the host.  

14.3.3     Probiotics/Prebiotics 

 Probiotics and prebiotics can modulate the 
balance and activities of the gastrointestinal 
microbiota and are therefore considered benefi -
cial to the host animal and have been used as 
functional foods. 

 Dietary supplementation, for example, with 
probiotics, prebiotics, and organic acids, has 
attracted a great deal of attention with continuing 
demand to optimize animal health and growth 
performance while reducing feed costs (Allen 
et al.  2013 ). Probiotics can enhance intestinal 
health by stimulating the development of a 
healthy microbiota (dominated by benefi cial 
bacteria) and improving mucosal immunity. 
The mechanism includes a selective decrease of 
harmful bacteria. 

 Prebiotics are nondigestible food ingredients, 
such as dietary fi bers and oligosaccharides, that 
when consumed in suffi cient amounts are selec-
tively fermentable by a limited number of 
microbes in the gut to stimulate growth and/or 
activity, resulting in health benefi ts. Prebiotics, 
especially in combination with probiotics (sym-
biotic), participate to create an environment 
where useful bacteria are predominant,  eventually 
benefi ting host health, such as by competitive 
exclusion of pathogens or the stimulation of 
health-promoting metabolites. Application of 
probiotics and prebiotics is a means of redirect-
ing the autonomic change toward a desirable 
community. 

 Both concepts of probiotics and prebiotics are 
applicable to rumen microbiota as well as to 
human intestinal microbiota, but they may require 
different types of application from those to the 
community of monogastric animals. Probiotics for 

14 Selective Inhibition of Harmful Rumen Microbes



206

adult ruminants have mostly been selected to 
target the rumen compartment. Such probiotics 
have a positive effect on various digestive pro-
cesses, especially cellulolysis and synthesis of 
microbial protein. The main form of probiotic 
commonly used in dairy cattle consists of various 
strains of yeast ( Saccharomyces cerevisiae ), as 
has been tested as an additive to ruminant diets 
(Lascano and Heinrichs  2009 ; Moya et al.  2009 ). 
The most consistent effects following addition of 
yeast culture to the diet include improved pro-
ductivity in both lactating and growing animals. 
The mode of action of yeast products has not 
been completely determined, but changes in 
rumen fermentation rate and patterns are gener-
ally involved. The metabolic potential and effect 
of yeast are largely dependent on the strain, and 
kinetics differ according to whether the yeast is 
active (live) or inactive (dead). Certain strains of 
active dry yeast are particularly effective at rais-
ing and stabilizing ruminal pH by stimulating 
certain populations of ciliate protozoa, which 
rapidly engulf starch and thereby effectively 
compete with amylolytic lactate-producing 
bacteria (Stone  2004 ; Brossard et al.  2006 ; 
Nocek and Kautz  2006 ). The benefi cial effects of 
yeast are greater in forage-based diets than in 
high- concentrate diets. A less acidic ruminal 
environment benefi ts growth and fi ber-degrading 
activities of cellulolytic microorganisms 
(Callaway and Martin  1997 ; Beauchemin et al. 
 2003 ; Chung et al.  2011 ). In beef cattle, growth 
parameters (average daily gain, fi nal weight, 
intake, feed to gain ratio) have been reported to 
be improved by continuous live yeast supplemen-
tation (Chaucheyras-Durand and Durand  2010 ), 
possibly due to stabilizing ruminal pH as the 
result of revitalizing fi brolytic bacteria may also 
be effective when beef cattle are fed a high read-
ily fermentable diet. Yeast also has the potential 
to affect the fermentation process in a manner 
that reduces methane gas formation (McGinn 
et al.  2004 ; Chung et al.  2011 ). Scavenging oxy-
gen within the rumen is also a function of yeast, 
creating a more anaerobic environment, which is 
required by ruminal microorganisms (Dehority 
 2003 ), and may function as a barrier for patho-
genic anaerobic bacteria. In this context, yeast 

itself acts as not only a probiotic, but also helps 
other rumen community members grow and thus 
acts as a type of prebiotic. 

 With regard to bacterial probiotics for 
adult ruminants, lactate-producing bacteria 
( Enterococcus ,  Lactobacillus ), which would 
sustain lactic acid at a constant level compared to 
 S. bovis , may represent a possible means of limit-
ing acidosis in high-concentrate-fed animals 
(Nocek et al.  2002 ; Nocek and Kautz  2006 ;). 
 Megasphaera elsdenii  and  Propionibacterium  
spp., which utilize lactate, have also been admin-
istered as direct-fed microbials to avoid ruminal 
lactate accumulation (Stein et al.  2006 ; 
Vasconcelos et al.  2008 ). As feedlot cattle are fed 
more high- grain diets compared to lactating 
cows, they are at increased risk of subclinical 
ruminal acidosis. Direct-fed bacteria may 
decrease the risk of acidosis in feedlot cattle fed 
highly fermentable diets, to counter the class of 
saccharolytic bacteria that contribute to a 
decrease in rumen pH. 

 Mitigating methane excretion by ruminants as 
an increasing target of probiotics may represent 
an interesting ecological tool. For example, 
hydrogen utilization and acetate production by a 
ruminal acetogenic bacterial isolate have been 
shown to be improved in vitro by the addition of 
a yeast strain, even in the presence of methano-
gens (Chaucheyras-Durand et al.  2008 ). High 
hydrogen-utilizing bacterial species isolated 
from diverse gut environments could also be used 
to increase reductive acetogenesis (McAllister 
and Newbold  2008 ). Redirection of hydrogen for 
acetate production instead of methane production 
would also be favorable for energy generation for 
the host, as acetate is an important energy source.  

14.3.4     Immunization 

 Immunological approaches to manipulating 
rumen microbial populations have been investi-
gated. Some vaccination approaches target meth-
anogens, other bacteria, and protozoa. Providing 
oral doses of an avian-derived polyclonal anti-
body against lactic acid-producing bacteria was 
effective in decreasing ruminal lactate concentration 
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and target bacteria and therefore in preventing the 
onset of acidosis in cattle and sheep fed high-
grain diets (Shu et al.  1999 ; Gill et al.  2000 ). 
Di Lorenzo and coworkers ( 2006 ) determined 
that feeding a polyclonal antibody preparation 
(PAP) made from hen eggs immunized against 
 S. bovis  was successful in improving the rumen 
environment (decreasing ruminal counts of target 
bacteria and increasing pH). In their subsequent 
in vivo trial, the PAP was still effective in enhanc-
ing the gain: feed ratio of feedlot cattle possibly 
related to changes in ruminal  S. bovis  counts and 
in the fermentation products (DiLorenzo et al. 
 2008 ). These PAPs could therefore be effective in 
preventing the deleterious effects associated with 
these bacteria and possibly in enhancing animal 
performance, improving feed effi ciency. This 
technology could be utilized to target other 
microorganisms of interest, such as methano-
genic bacteria. 

 Vaccination against rumen methanogens can 
reduce methane emissions (Wright and Klieve 
 2011 ). However, trials using this strategy have 
provided inconsistent results, in part because of 
the need for more consideration of the composi-
tion, function, and microbial interactions within 
the ecosystem. A preliminary study for vaccina-
tion targeting approximately 20 % of the metha-
nogen population reduced methane production 
(per kg/DMI) by 7.7 %, although the results were 
not repeatable with subsequent vaccine prepara-
tions (Wright et al.  2004b ). The same research 
group also developed a vaccine based on fi ve 
methanogen strains that was administered in 
three steps to sheep, but the vaccination failed to 
demonstrate any methane abatement with a mix-
ture of fi ve methanogens (Williams et al.  2009 ). 
Currently, production of effective vaccines to 
reduce methane emissions in ruminants based on 
crude whole-cell preparations is not easy to 
achieve. Intrinsically, a highly specifi c vaccine 
can be made to target specifi c strains of methano-
gens, but removal of some methanogens may also 
allow for other methane-producing microbes that 
are unaffected by the vaccine to take their place. 
Wedlock et al. ( 2010 ) also performed an in vivo 
experiment to introduce their immunization con-
cept. Whole cells and four subcellular fractions 

(cytoplasmic, two cell wall preparations, and 
cell wall-derived proteins) prepared from a 
 Methanobrevibacter ruminantium  strain were 
used for repeated vaccination of 10-month-old 
sheep. While rumen ecology of the sheep did not 
change, vaccination with antigenic fractions 
induced strong antibody responses in serum. 
Antisera from sheep vaccinated with fractions of 
methanogens induced cell agglutination and 
decreasing growth of methanogens and produc-
tion of methane in an in vitro assay, demonstrat-
ing the feasibility of a semi-active immunization 
to mitigate methane emission. 

 Limited genera and/or species comprising the 
methanogenic ecology may contribute signifi -
cantly to the difference in methane gas produc-
tion between cattle with different feed effi ciencies. 
Immunization approaches have been shown to 
favorably modulate rumen fermentation, but 
consistent benefi cial effects of rumen modulation 
and animal performance have not been observed. 
Alternatively, for establishing more effi cient 
ways to mitigate methane emission, systematic 
intervention in the rumen microbial populations 
by combination with vaccination and other chem-
ical means may also be feasible.   

14.4     Concluding Remarks 

 It has been demonstrated that rumen microbial 
composition can be altered by various factors, 
including diet, age, and stress. As the rumen is an 
open system, these interventions can be achieved 
but sometimes can result in unintended conse-
quences. Any changes in the microbiota compo-
sition have the potential to infl uence energy 
expenditure, satiety, and food intake of the host. 
Host health and productivity may therefore be 
determined as the ability to maintain a balance 
within the rumen ecosystem. Functional interac-
tions between microbes and relations between 
microbes and host cells are warranted as a funda-
mental aspect of future research. For example, 
benefi cial effects of nutritional supplementation 
have been observed by in vitro studies, and 
in vivo studies with animal hosts are required to 
determine the feasibility of these materials as 
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feed additives or ingredients in ruminant diets 
to mitigate methane production or lactic acid 
accumulation without detrimental effects on 
the animal. 

 The same is true for probiotics, where these 
benefi cial effects are still observed mainly 
in vitro. Comprehensive in vivo studies with ani-
mal hosts are required to confi rm the potential 
and feasibility as feed additives or ingredients 
in ruminant diets. Moreover, further efforts 
and combined physiological and ecological 
approaches in addition to nutritional approaches 
are required for setting up suitable conditions for 
domestic ruminants for their best performance.     
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    Abstract  

  Diverse populations of rumen microorganisms in gut contribute to develop 
ability of breaking down fi brous foods, which are mostly unusable by 
humans (Owens FN, Goetsch AL (1988) Ruminal fermentation. In: 
Church DC (ed) The ruminant animal, digestive physiology and nutrition. 
Prentice-Hall, Englewood Cliffs, p 160). Rumen is having a larger popula-
tion of microorganisms, more than a trillion organisms and wide diversity 
(hundreds of species and thousands of subspecies), per ounce of rumen 
contents (Xu et al., J Anim Sci 85:1024–1029, 2007). There are various 
traditional approaches through which overall performance of the rumen 
has been attempted to improve, e.g. plant secondary metabolites, microbial 
feed additives, chemical feed additives, selective stimulation of benefi cial 
rumen microbes and selective inhibition of harmful rumen microbes. In spite 
of these, nowadays various new approaches are being used to improve our 
understanding of the relationships among the various rumen microorganisms 
and towards how they interact with their hosts (Chaucheyras-Durand and 
Ossa, Prof Anim Sci 30:1–12, 2014). To better characterize species in the 
rumen, new advanced technological aids such as gene sequencing and study 
of gene (genomics), protein (proteomics) and metabolite (metabolomics) 
expression are being frequently used. This chapter will majorly emphasize 
on recent tools used in exploring the diversity of rumen.  
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15.1         Introduction 

 The tremendous importance of domestic rumi-
nants is majorly due to their unique ability of 
converting the low-quality forages into high- 
quality, energy-rich, high-protein products (espe-
cially milk and meat), utmost needed for human 
consumption and survival. There are various dif-
ferent known and unknown metabolic pathways 
or microorganisms, and the specifi c factors exist, 
which control the growth and metabolic activity 
of the microorganisms in the rumen. The latest 
assessment of microbial diversity in the rumen 
ecosystem using DNA- and RNA-based sequence 
analysis has further paved the way for ‘omics’ 
technologies, and thereby new insights into the 
structure and functions of these complex micro-
bial communities are being sought constantly 
(Fig.  15.1 ). This chapter will give major empha-
sis on reviewing recent advances in exploring the 
diversity of rumen through various advanced 
molecular techniques. Majority of these works 
involve exploring genetic manipulation of rumen 
microfl ora which facilitates control in specifi c 
metabolic pathways by induction or removal of 
certain intermediate molecules or expression of 
function-specifi c genes which provide certain 
functions. Certain extended approaches include 
the creation of synthetic genes for expression in 
rumen bacteria, unravelling the rumen diversity 

through proteomic approaches and studying and 
manipulating metabolic pathways for rumen 
improvement (Teather  1985 ; Chaucheyras- Durand 
and Ossa  2014 ).   

15.2     Rumen Manipulation Using 
Genomic Approaches 

 Exploring the diversity of rumen through various 
fast and high-throughput molecular techniques 
can be used in maintaining the diversity in rumen 
subsequently to improve the performance of 
the cattle rumen. These techniques may employ 
DNA profi ling techniques (PCR based), quantita-
tive PCR, sequencing, fl uorescent in situ hybrid-
ization (FISH), DNA microarrays and fl ow 
cytometry (Gong and Yang  2012 ). PCR-based 
DNA profi ling techniques using PCR primers 
which target the specifi c genes to amplify the 
16S/ITS rDNA sequence template targeted DNA 
sample (Snel et al.  2002 ; Li et al.  2003 ), while, on 
the other hand, bacterial population size of gut 
microbiota could be measured using qPCR 
method (Sekhavati et al.  2009 ). The quantifi ca-
tion is achieved by measuring fl uorescence 
emitted by the fl uorophore. The DNA-binding 
dye (SYBR® green) binds non-specifi cally with 
the double-stranded DNA (dsDNA) during the PCR 
amplifi cation process of the target gene, and as the 

  Fig. 15.1    Various ‘omics’ technologies to understand and manipulate rumen function       
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formation of dsDNA increases, the fl uorescence 
intensity increases giving us the quantifi cation of 
DNA. Similarly, DNA sequencing has been 
proved to be a fast and powerful tool. Next- 
generation have increased the pace of genomic 
and metagenomic studies, but sometimes it 
generates fragments of the short reads. To address 
this issue, nowadays the third-generation 
sequencing platform (PacBio RS of Pacifi c 
Biosciences) also appeared in the sequencing 
market (Gong and Yang  2012 ). Eckburg et al. 
( 2005 ) have used the sequencing and fl uorescent 
in situ hybridization (FISH) together to study 
diversity of gut microbiota. Among these, FISH 
has been found advantageous as of being quanti-
tative or automated and can be combined with 
fl ow cytometer or an image analyzer providing 
information about the bacterial distribution in gut 
(Palma et al.  2009 ). FISH, however, has low 
sensitivity but has many additional advantages of 
detecting uncultured bacteria without enrich-
ment, whereas fl ow cytometry is a powerful tech-
nique for studying gut microbiota. Both of these 
techniques have been used together successfully 
ranging from analysing mucosa-associated 
microbiota in the gut of pigs and chickens 
(Collado and Sanz  2007a ), healthy lambs and 
calves (Collado and Sanz  2007b ) to gut microbiota 
during pregnancy in women (Collado et al.  2008 ). 

 Palmer et al.  2007  extensively used DNA 
microarrays to detect various members of the gut 
microbiota to explore gut diversity. In their study, 
chips which contained probes targeting up to 359 
species simultaneously were developed on an 
Agilent platform. Recently, phylogenetic micro-
arrays which employ high density of 16S rRNA 
genes (Paliy et al.  2009 ) and small-subunit (SSU) 
rRNA genes (Rajilic-Stojanovic et al.  2010 ) have 
also been found to be useful in evaluating the 
microbial diversity of the human gut. In this kind 
of phylogenetic microarrays, many microbial 
phylotypes (more than 1,000) were accessed to 
study the human gut microbiota (Rajilic- 
Stojanovic et al.  2010 ). These results can be used 
in various clinical and medical applications to 
support the various fi ndings. Jami and Mizrahi 
( 2012 ) used molecular techniques to characterize 
the rumen bacterial population of 16 individual 

lactating cows using tag amplicon pyrosequencing. 
Results obtained were analysed using Bray–
Curtis metric in terms of abundance and occur-
rence and showed 51 % similarity in bacterial 
taxa across samples. By adding taxon phylogeny 
to the analysis using a weighted UniFrac metric, 
the similarity increased to 82 %. They found 32 
genera that were common in all samples but 
exhibit high variability in abundance across sam-
ples. In another approach, Li et al. ( 2013 ) studied 
the expression profi le of the major xylanase of the 
glycoside hydrolase family 10 (GH 10) from the 
rumen samples at the time of feeding cycles of a 
small-tail Han sheep. Evidence of the presence of 
44 distinct GH 10 xylanase gene fragments at 
both the genomic and transcriptional levels was 
found. The data of their relative abundance on 
comparison revealed that results from the evalua-
tion of functional genes at the transcriptional 
level are more reliable indicators for understand-
ing fl uctuations in xylanase levels. Dynamic 
expression of xylanase gene was observed when 
investigated and observed up to 24 h, a complex 
trend of six xylanase genes, detected at all-time 
points of the feeding cycle. Correlation analysis 
indicated that the rumen is a dynamic ecosystem 
where the transcript profi les of xylanase genes 
are closely related to ruminal conditions, espe-
cially rumen pH and bacterial population. 
Recently, Wang et al. ( 2014 ) studied the effect of 
Zn source on expression of ZIPII transporter 
genes in Guanzhong dairy goats. They found that 
it changes the levels of expression of the genes 
involved in Zn metabolism in the tissues relevant 
to digestion or metabolism which were tissue 
specifi c and varied with the zinc source, indicat-
ing that the source of zinc affects the SLC39A1-3 
mRNA expression. Mohammadzadeh et al. 
( 2014 ) also compared the biomass and commu-
nity structure of bacterial, protozoan and archaeal 
communities in samples of rumen and faeces of 
goats and to what extent the diet (alfalfa hay with 
or without supplemented oats) offered to them 
exerts an infl uence. Diversity, biomass and com-
munity structure of bacterial, protozoan and 
archaeal communities was assessed by real-time 
PCR (qPCR) and denaturing gradient gel electro-
phoresis (DGGE), respectively. The number of 
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archaea and bacteria in both rumen and faeces 
was higher and lower, respectively, in animals fed 
AH diet ( P  < 0.005). Contrary to that, protozoan 
numbers were not affected by the diet but were 
lower ( P  < 0.001) in faeces than in rumen. The 
analysis of the community structure revealed 
that consistently different populations in struc-
ture in rumen and faeces for the three studied 
microbial groups and that supplementing alfalfa 
hay with oats led to a decrease in the similarity 
between sites in the rumen and faeces. 

 In addition to these, the genome sequence 
approach also generates a lot of information that 
can be used to improve the rumen performance. 
Jiang et al. ( 2014 ) have developed and analysed a 
high-quality reference sheep genome and tran-
scriptomes from 40 different tissues. Various 
genes encoding keratin cross-linking proteins 
associated with rumen evolution have been 
mapped and found that these are overexpressed. 
Further, genes involved in lipid metabolism have 
been selected and were amplifi ed which showed 
differential or altered pattern of tissue expres-
sion. This may be because of changes in the bar-
rier lipids of the skin, an interaction between 
lipid metabolism and wool synthesis, and an 
increased role of volatile fatty acids in ruminants 
compared with nonruminant animals. Similarly 
genome of various gut microfl oras has been 
sequenced. The draft genome of six isolates 
 Coxiella burnetii  European isolates from ruminants 
has been recently sequenced (Sidi- Boumedine 
et al.  2014 ). The availability of these genomes 
will help in understanding the potential host 
specifi city and performance. Thus, by having this 
accurate and fast information, manipulation in 
rumen can be designed which can further improve 
the performance of the rumen ecosystem in 
digesting plant fi bre.  

15.3     Rumen Manipulation Using 
Proteomic Approaches 

 For rumen microbial diversity, proteomics is 
another useful approach through which the real 
expression pattern can be obtained. It is a powerful 
tool for the identifi cation of proteins and to study 

their localization, functions, modifi cations and 
possible interactions or complexes they can form. 
This has been nicely reviewed recently giving an 
overview of proteome studies of various tissues 
and biological fl uids in different farm animals 
(Jayasri et al.  2014 ). Applying these techniques, 
the exact enzyme machinery or the proteins 
involved in fi bre digestion as well as other physi-
ological activities in the rumen can be analysed. 
Wang et al. ( 2012 ) investigated the changes of 
rumen papillae proteome affected by dietary 
change. In their study twenty-four primiparous 
Holstein cows ( Bos taurus ) with similar day in 
milk and body weight were randomly assigned two 
treatments (12 cows fi tted with ruminal cannulas). 
(1) Cows were fed high- concentrate diet consisted 
of corn ( Zea mays ) stalk and concentrate, while 
(2) cows were fed low-concentrate diet consisted 
of Chinese wild rye ( Elymus chinensis ), corn silage, 
alfalfa ( Medicago sativa ) hay and concentrate in 
a 4-week trial. Rumen papillae were collected 
from ventral rumen wall of cows after a 4-week 
trial. Alteration of protein were detected and 
identifi ed using two-dimensional gel electro-
phoresis in combination with matrix-assisted 
laser desorption/ionization time-of-fl ight mass 
spectrometry (MALDI-TOF). The results 
showed that acyl- CoA synthetase family member 
2, hydroxymethylglutaryl- CoA synthase, 
 peroxiredoxin- 2 and voltage-dependent anion-
selective channel protein 1 were upregulated in 
response to high-concentrate diet, while keratin 
6A and larva-specifi c keratin (RLK) were upreg-
ulated in response to low-concentrate diet. The 
identifi ed proteins were mainly associated with 
functions related to stress, metabolism and signal 
transduction. Based on these fi ndings, it was con-
cluded that the changes of rumen papillae pro-
teins were affected by dietary composition that 
mediate rumen epithelial adaptation to dietary 
change. Similarly, Holligan et al. ( 2013 ) investi-
gated proteins which play regulatory roles in the 
pancreas of domestic cattle ( Bos taurus ) and that 
were associated with differences in pancreatic 
α-amylase activity. To study the proteomic profi le, 
two groups of crossbred steers were kept on a 
high-moisture corn-based diet, and their α-amylase 
activity was noted and ranked accordingly. 
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Similarly, proteome of rumen epithelial tissue was 
analysed by SDS-PAGE coupled with LC–MS/
MS. Eight hundred and thirteen nonredundant 
proteins were identifi ed of which 7.4 % featured 
membrane-spanning domains and 15.4 % har-
boured a signal peptide (Yang et al.  2013 ). 
According to the gene ontology annotation, the 
most abundant proteins which exhibited binding 
activities related to their molecular functions 
were proteins of cellular components or belonged 
to various metabolic processes. A predominant 
group of canonical pathways in the rumen epithe-
lial tissue was identifi ed using the IPA software. 
These fi ndings have paved the way for future 
research and provide a useful resource for further 
experiments aiming at investigation of alterations 
of proteins in response to diet changes. 

 In the similar context, further analysis of sec-
retome of some rumen-associated microfl ora also 
may advance the existing knowledge and can be 
managed to use effi ciently. Wang et al. ( 2011 ) 
created an effective platform which uses a combi-
nation of transcriptomic and proteomic 
approaches to  Neocallimastix patriciarum  to 
accelerate gene identifi cation, enzyme classifi ca-
tion and application in rice straw degradation. By 
conducting complementary studies of transcrip-
tome (Roche 454 GS and Illumina GA IIx) and 
secretome (ESI–trap LC–MS/MS), they identi-
fi ed 219 putative GH contigs and classifi ed them 
into 25 GH families. Through this approach they 
recognized four major enzymes involved in rice 
straw degradation including β-glucosidase, endo- 
1,4-b xylanase, xylanase B and Cel48A exoglu-
canase. From the sequences of assembled contigs, 
19 putative cellulase genes, including the GH1, 
GH3, GH5, GH6, GH9, GH18, GH43 and GH48 
gene families, have been cloned, which were 
highly expressed in  N. patriciarum  cultures 
grown on different feedstocks. These GH genes 
were expressed in  Pichia pastoris  and/or 
 Saccharomyces cerevisiae  for functional charac-
terization, which can be further administered in 
the rumen as per requirement. In a similar 
approach, extracellular polysaccharide- degrading 
proteome of  Butyrivibrio proteoclasticus  was 
analysed for the growth phase-dependent abundance 
patterns of secreted proteins that recovered from 

cells grown in vitro with xylan or xylose as 
sole carbon source (Dunne et al.  2012 ). A total 
number of fi ve polysaccharidases and two 
carbohydrate- binding proteins (CBPs) were 
found among 30 identifi ed secreted proteins. 
The overall fi nding of this experiment established 
(1) the 17.5-fold abundance of endo-1,4-β-
xylanase Xyn10B suggesting its major role in 
hemicellulose degradation and (2) the modulation 
of the secretion of hemicellulose-degrading 
enzymes and ATP-dependent sugar uptake sys-
tems in  B. proteoclasticus  advocating the notion 
about this organism as a major contributor to 
polysaccharide degradation in the rumen. 
In another study, Bond et al. ( 2012 ) studied 
membrane proteins of the rumen bacterium 
 Butyrivibrio proteoclasticus  and identifi ed 13 
membrane proteins predicted to function as car-
bohydrate transporters when cells were grown 
with fructose or xylan as the sole substrate. 
In another study to get insights into  Escherichia 
coli  O157:H7 (O157), survival mechanisms in 
the bovine rumen, growth characteristics and 
proteome of O157 cultured in rumen fl uid (RF; 
pH 6.0–7.2 and low volatile fatty acid content) 
obtained from rumen-fi stulated cattle fed low-
protein-content ‘maintenance diet’ under diverse 
in vitro conditions were characterized (Kudva 
et al.  2014 ). Bottom-up proteomics (LC–MS/
MS) of whole cell lysates of O157 cultured under 
anaerobic conditions in fi lter-sterilized RF (fRF; 
devoid of normal ruminal microbiota) and nutri-
ent-depleted and fi ltered RF (dRF) resulted in an 
anaerobic O157 fRF and dRF proteome compris-
ing 35 proteins functionally associated with cell 
structure, motility, transport, metabolism and 
regulation, but interestingly not with O157 
virulence. 

 In silico, secretome proteins can be predicted 
from completely sequenced genomes using vari-
ous available algorithms that identify membrane- 
targeting sequences. However, this approach is 
impractical in case of metasecretome (collection 
of surface, secreted and transmembrane proteins 
from environmental microbial communities). 
The major limitation is due to poor representation 
of metasecretome open reading frames (ORFs) in 
the dataset which comprise only 10–30 % of total 
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metagenome causing an overall low coverage 
even in large-scale projects (Ciric et al.  2014 ). 
To address the issue Ciric et al. ( 2014 ) combined 
secretome-selective phage display and next-
generation sequencing and carried out the 
sequence analysis of complex rumen microbial 
community on the metasecretome component of 
the metagenome. Using this strategy they not 
only achieved 29-fold higher enrichment of 
secreted fi brolytic enzymes from the plant- 
adherent microbial community of the bovine 
rumen but also identifi ed hundreds of heretofore 
rare modules belonging to cellulosomes, cell- 
surface complexes specialized for recognition 
and degradation of the plant fi bre. It infers that 
metasecretome phage display combined with 
next-generation sequencing can successfully 
be employed in the study of diversity of low- 
abundance surface and secreted proteins.  

15.4     Rumen Manipulation Using 
Metabolomic Approaches 

 Metabolomics is a recent approach and emerging 
fi eld of ‘omics’ science that uses various high- 
throughput approaches, such as  1 H-NMR spec-
troscopy, DNA sequencing, RNA sequencing and 
protein sequencing coupled with multivariate 
analysis, which extract a lot of amount of data 
related to metabolic phenotypes in mammals, 
plants and microbes (Vinayavekhin et al.  2010 ). 
Metabolomics has opened new avenues in the 
fi eld of nutrition research, allowing scientists to 
explore the complex metabolic pathways in 
response to diet (Wishart et al.  2008 ). Rumen 
microfl oras are easy to manipulate, so it has also 
been a viable approach to the pathways in these 
organisms and synthesize the desired product. 
For example, lactate dehydrogenase (LdhA), 
pyruvate lyase (Pfl B), phosphotransacetylase 
(Pta) and acetate kinase (AckA) were deleted 
from  Mannheimia succiniciproducens  MBEL55E 
to engineer it which resulted in a succinic acid- 
overproducing variant,  M. succiniciproducens  
LPK7 (Lee et al.  2006 ). However, the slower cell 
growth resulting from the gene deletions led to 
decrease in the overall volumetric succinic acid 
productivity (Lee et al.  2006 ). In order to better 

understand the physiological changes in the 
LPK7 strain compared with the MBEL55E strain, 
the proteomes of  M. succiniciproducens  LPK7 at 
the exponential and stationary phases were anal-
ysed and were compared with those obtained 
with MBEL55E. This makes it understandable 
why pyruvic acids were excreted in the LPK7 
strain differently from the MBEL55E strain and 
were able to solve the problem by the supplemen-
tation of pantothenate and L-cysteine as a proof 
of the hypothesis (Lee and Lee  2009 ). 
Metabolomics was successfully employed by 
Ametaj et al. ( 2010 ) to evaluate changes in rumen 
metabolites of dairy cows fed increasing propor-
tions of barley grain.  1 H-NMR spectroscopy was 
used to analyse rumen fl uid samples representing 
four different diets, and an increase was observed in 
the concentrations of rumen methylamine as well 
as glucose, alanine, maltose, propionate, uracil, 
valerate, xanthine, ethanol and phenylacetate for 
cows fed 30 % and 45 % grain. In another attempt 
made by the similar group, Saleem et al. ( 2012 ) 
have tried to understand why high-grain diets 
during early lactation have a high incidence of 
metabolic disorders. Rumen fl uid samples from 
dairy cows fed four different diets were taken, 
and metabolomic analysis was carried out by an 
integrated approach using proton nuclear magnetic 
resonance spectroscopy, gas chromatography–
mass spectrometry and direct fl ow injection 
tandem mass spectroscopy. A total number of 93 
metabolites were identifi ed and quantifi ed in 
rumen samples from dairy cows fed graded 
amounts of barley grain (i.e. 0 %, 15 %, 30 % and 
45 % of diet dry matter). Rumen metabolites 
arising from the diet containing 45 % barley 
grain were found clearly different from those 
containing 0 %, 15 % and 30 % barley grain. This 
metabolic profi le revelled the effect of high-grain 
diets (>30 %) which resulted in increased con-
centrations of several toxic, infl ammatory and 
unnatural compounds in rumen fl uid and pertur-
bations in several amino acids. This established 
the utility of multiple metabolomic platforms for 
understanding the metabolic causes and effects. 
Recently, the microbial metabolite profi le in dairy 
cows by the inclusion of roughage of different 
types in diet was investigated (Zhao et al. ( 2014 ). 
Diet containing four types of roughage (corn 
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stover (CS group) or a mixture of alfalfa hay, 
 Leymus chinensis  hay and corn silage (MF 
group)) was fed to the dairy cows, and rumen 
fl uid was analysed using nuclear magnetic reso-
nance (NMR) spectroscopy. A signifi cant differ-
ence between the ruminal metabolome of the CS 
and MF groups at both time points was noticed, 
while the MF group has higher levels of acetate, 
valerate, hydrocinnamate and methylamine and 
lower levels of glucose, glycine, propionate and 
isovalerate compared to the CS group. This study 
further established that different types of rough-
age can infl uence the metabolite profi le in the 
rumen specially the content and pattern of amino 
acid, organic acid, etc. Further, Liang et al. ( 2014 ) 
studied the role of fatty acid- binding protein 3 
(FABP3) in milk fat synthesis using quantitative 
reverse transcriptase (qRT)-PCR, Western blotting 
and fl uorescent immune- staining techniques. 
It was found that FABP3 upregulated the expres-
sion of sterol regulatory element-binding protein 
and proliferator- activated receptor gamma to 
increase lipid droplet accumulation. These results 
helped us in understanding the mechanism of 
FABP3 in regulating milk fat synthesis by throw-
ing new insights.  

15.5     Conclusion 

 With the help of these recent ‘omics’ techniques, 
fast and accurate information can be generated 
which may give several immediate solutions to 
improve the rumen performance. It can also be 
used to fi nd out or map various genomic, pro-
teomic and metabolic pathways that makes easier 
to manipulate the rumen performance by just diet 
or other means.     
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    Abstract  

  The rumen microbiome plays a critical role in normal physiology and 
nutrition of ruminants. Alterations in the rumen microbiome have impor-
tant physiological and pathological implications. The advent of next- 
generation sequencing technologies and rapid development of 
computational tools and reference databases provide powerful tools in 
rumen microbiome studies. Rumen metagenomics enables studies on the 
collective genetic structure and functional composition of the rumen 
microbial community in a culture-independent manner and can be simply 
divided into functional metagenomics and sequencing-based computa-
tional metagenomics. Recent progresses in mining the rumen microbial 
community for novel enzymes, such as fi brolytic enzymes, or other bio-
molecules for industry and biotechnology applications using functional 
screening are discussed. Rapid advances in computational metagenomic 
tools and methods are summarized. Metagenomics has provided novel 
insights into the structure and function of the rumen microbiome. Recent 
efforts suggest that the core rumen microbiome consists of 8 phyla and 15 
families, which likely contribute to the basic function of the rumen. 
Systematic investigations of the rumen microbiome, including its viral 
(virome) and plasmid (plasmidome) fractions, have revealed previously 
unrecognized biodiversity in the rumen. Resistance and resilience of the 
rumen microbial community in response to perturbation is also discussed. 
Moreover, the need for mechanistic models and applications of general 
ecological theories and principles in rumen metagenomic studies is 
emphasized.  
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16.1         Introduction 

 The rumen microbiome represents the totality of 
rumen microorganisms, their genetic elements, 
and environmental interactions. The rumen 
microbiome plays an essential role in ruminant 
physiology and nutrition and pathology as well 
as host immunity. Rumen microorganisms con-
vert plant fi ber to short-chain fatty acids (SCFA), 
which contribute up to 75 % of the total metabo-
lizable energy in ruminants. In addition to the 
fi brolytic capacity, rumen microorganisms also 
participate in ruminal nitrogen metabolism, 
including dietary protein degradation. However, 
nitrogen losses during protein degradation and 
methane produced during rumen fermentation 
are substantial contributors to water and air pol-
lution as well as global warming. Rumen micro-
organisms produce a large amount of vitamins. 
As a result, ruminants generally do not need 
dietary supplement of water-soluble vitamins and 
vitamin K. Rumen microorganisms are able to 
modulate nutrient absorption and may be among 
the major determinants of nutrient utilization 
effi ciency (Li et al.  2012a ; Jami et al.  2014 ). 
Moreover, ruminal biohydrogenation, the 
 saturation process of dietary unsaturated fatty 
acids controlled by rumen microorganisms, can 
be manipulated for healthier meat products 
(Jenkins et al.  2008 ). It is well known that rumen 
microbes play a key role in detoxifying plant sec-
ondary compounds (Wallace  2008 ). The involve-
ment of the rumen microbiome in xenobiotic 
metabolism has been well documented (Li et al., 
 2014 ). Previous studies have identifi ed rumen 
microbes responsible for the degradation of 
nitroaromatic explosive compounds, such as 
2,4,6- trinitrotoluene (De Lorme and Craig  2009 ) 
and hexahydro-1,3,5- trinitro-1,3,5-triazine 
(Eaton et al.  2011 ). 

 The complexity of the rumen microbiome has 
long been appreciated, as evidenced by the pres-
ence of myriad microbial interactions (Li et al. 
 2012a ). One of the major obstacles hindering our 
understanding of the structure and function of the 
rumen microbiome is that only approximately 
11 % of rumen bacteria appear to be culturable 
(Edwards et al.  2004 ). DNA fi ngerprinting tech-
niques widely used in earlier studies, such as 
terminal-restriction fragment length polymor-
phism (t-RFLP) and single-strand conformation 
polymorphism (SSCP), have limited throughput 
and low resolution and are therefore unable to 
provide a holistic view of the structure and func-
tion of the rumen microbiome. Furthermore, the 
rumen microbiome functions as a tightly inte-
grated system in which all resident species inter-
acts closely to contribute to its emergent 
properties. Predominant species perform all 
major microbial conversions in this ecosystem. 
Nevertheless, numerically minor species also 
play an important role in maximizing rumen eco-
system outputs. Disruption of one species could 
cause a chain reaction and result in undesired or 
unpredicted consequences. These properties call 
for a move from studies of individual rumen 
microorganisms in isolation or in pure culture to 
community-level studies, especially in their natu-
ral habitats. 

 Metagenomics has emerged in the past few 
years as a powerful tool for studying the rumen 
microbiome, thanks to the advent of next- 
generation sequencing (NGS) technologies and 
rapid progress in reference databases and bioin-
formatic tools. Metagenomics addresses the 
 collective genetic structure and functional com-
position of a microbial community without the 
bias or necessity for culturing its individual 
inhabitants (Galbraith et al.  2004 ). Rumen 
metagenomics enables comprehensive studies of 
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the structure and function of the rumen microbi-
ome using culture-independent approaches. 
Rumen metagenomics generally includes two 
major arenas: high-throughput screening of 
cloned expression libraries made from rumen 
metagenome DNA for gene products of interest 
(functional metagenomics) and sequencing- 
based characterization of the aggregate collection 
of genomes and genes present in rumen micro-
bial communities, at both DNA (metagenomics) 
and RNA levels (metatranscriptomics). 
Functional screening technology was fi rst applied 
to rumen materials to mine novel enzymes in 
2005 (Ferrer et al.  2005 ), whereas the fi rst publi-
cation using next-generation sequencing-based 
rumen computational metagenomics can be 
traced back to 2009 (Brulc et al.  2009 ). Since 
then, metagenomic technologies have been 
extensively utilized to investigate rumen micro-
bial communities. The rumen of an individual 
animal is believed to harbor hundreds and up to 
1,000 microbial species. Therefore, microarrays 
(such as PhyloChips), DNA fi ngerprinting tech-
niques, or traditional Sanger sequencing-based 
methods that are unable to provide a sequencing 
depth of greater than 1,000 sequence reads will 
be excluded for discussion in this chapter. We 
will summarize recent advances in metagenomic 
technologies and novel metagenomic insights 
into the structure and function of the rumen 
microbiome.  

16.2     Functional Metagenomics 

 Functional metagenomics is the study of the col-
lective genome of a microbial community by 
expressing it in a foreign host (Ekkers et al. 
 2012 ). The vast majority of enzymes that cata-
lyze biochemical reactions are encoded by genes 
present in microbial communities under various 
environmental conditions. For example, a 
recently developed database lists 510 commer-
cially useful enzymes used in various sectors, 
including agriculture, energy, and biomedicine 
(Sharma et al.  2010 ). Therefore, functional 
screening has become an increasingly important 

fi eld for discovering novel biomolecules for 
applications in biotechnology and medicine. This 
approach relies on cloning of vast genetic diver-
sity from a target habitat in various vectors (e.g., 
plasmids, cosmids, fosmids, or bacterial artifi cial 
chromosomes) and then expressing cloned 
metagenome libraries in foreign host systems 
(e.g.,  E. coli ) followed by detection and charac-
terization of desired functional activities in the 
expression libraries using various strategies 
(Simon and Daniel  2009 ). Functional screening 
provides direct access to largely unexploited 
microbial genetic diversity in the environment. 
Lignocellulose biomass, including cellulose, 
hemicellulose, pectin, and lignin, is the most 
abundant source of organic carbon on the planet. 
Effi cient enzymatic conversion of biomass into 
biofuel has been of great interest recently. The 
complete degradation of lignocelluloses requires 
a concerted action of dozens of enzymes from 
various families, such as endo-β-1,4-glucanases, 
cellobiohydrolases, β-glucosidases, endoxyla-
nases, β-xylosidases, α-l-arabinofuranosidases, 
acetyl xylan esterases, feruloyl esterases, and 
α-glucuronidases. Previous studies suggest that 
the rumen microbial ecosystem harbors a daz-
zling array of microbial diversity (Li et al.  2012a , 
 b ,  c ; Sparks et al.  2012 ) and is a rich source of 
effi cient fi brolytic enzymes. A relatively small 
fraction of rumen microorganisms have been suc-
cessfully cultured to date. The largely unexplored 
ruminal microbial diversity represents an 
untapped source of unique lignocellulose- 
digesting enzymes, especially those with multi-
ple functions. Numerous efforts have been made 
to isolate fi ber-digesting enzymes from the 
rumen, including various hydrolases from at least 
8 glycosyl hydrolase families, such as GH3, 
GH5, GH8, GH9, GH10, GH13, GH26, GH43, 
GH48, and GH57. Morgavi et al. ( 2013 ) summa-
rized the screening results prior to 2012. Results 
from functional screening of the rumen microbi-
ome since 2012 are listed in Table  16.1 .

   Despite the fact that the huge potential of 
functional screening in mining genetic diversity 
for biotechnology applications has been demon-
strated by the abovementioned case studies, 
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numerous challenges remain. First, only a small 
fraction of functional diversity is captured in 
expression libraries, partially due to the diffi culty 
in expressing target genes in a foreign host. 
Moreover, current methods to detect desired 
function or enzyme activities are less sensitive; 
and the throughput of screening methods is rela-
tively low. Novel strategies, such as fractionation 
of the microbial community using habitat biasing 
methods to reduce the complexity of the microbi-
ome or to enrich desired activities, have been 
developed to overcome these limitations (Ekkers 
et al.  2012 ). Furthermore, the potential power of 
novel technology using in vitro compartmental-
ization (IVC) in combination with fl uorescent- 
activated cell sorting (FACS) in aiding functional 
screening of complex microbial ecosystems has 
been recognized (Ferrer et al.  2009 ). It is foresee-
able that in combination with rapid advances in 
directed evolution techniques and methods 
(Dalby  2011 ), more enzymes and biomolecules 
with improved activities will be isolated using 
functional screening from the rumen microbiome 
for a wide range of applications.  

16.3     Computational 
Metagenomics: Methods 
and Approaches 

 The advent of ultrahigh-throughput next- 
generation sequencing technologies and rapid 
development of computational tools and 
resources have stimulated computational metage-
nomic studies. As a result, computational metage-
nomics provides novel insights into the structure 
and function of microbial communities of host- 
associated habitats or from environmental sam-
ples at unprecedented resolution. The approach 
targeting small subunits (SSU) of rRNA genes 
(16S or 18S) allows us to interrogate the micro-
bial composition and structure of the rumen 
microbiome. The whole-genome shotgun (WGS) 
approach provides unique opportunities to gain 
novel insights into the protein repertoire and met-
abolic potential of the microbiome, which lead to 
biological pathway reconstruction. Moreover, 
WGS approach enables taxonomical assignment 
to understand the microbial composition and 
structure of the rumen microbiota. 

   Table 16.1    Lignocellulose-digesting enzymes mined from the rumen using functional metagenomic approaches since 
2012   

 Enzyme (family)  Rumen  Reference 

 Cellulases (GH5)  Buffalo  Nguyen et al. ( 2012 ) 

 Cellulases (GH5)  Buffalo  Cheema et al. ( 2012 ) 

 Cellulases (GH5, GH9, GH45, GH48)  Yak  Dai et al. ( 2012 ) 

 Endocellulase/xylanase (GH5)  Bovine  Rashamuse et al. ( 2013 ) 

 Endoglucanase cellulases  Cow  Gong et al. ( 2012 ) 

 Endohemicellulases (GH8, GH10, GH11, GH26, GH28, GH53)  Yak  Dai et al. ( 2012 ) 

 Esterase  Cow  Kim et al. ( 2012a ) 

 Exocellulase (GH48)  Cow  Ko et al. ( 2013 ) 

 Feruloyl esterase  Calf  Ferrer et al. ( 2012 ) 

 Feruloyl esterase  Cow  Cheng et al. ( 2012a ) 

 Glycosyl hydrolases (GH43)  Calf  Ferrer et al. ( 2012 ) 

 Glycosyl hydrolases (GH5)  Reindeer  Pope et al. ( 2012 ) 

 Xylanase (GH10)  Bovine  Cheng et al. ( 2012b ) 

 Xylanase (GH10)  Bovine  Gong et al. ( 2012 ) 

 α-Glucuronidase (GH67)  Cow  Lee et al. ( 2012a ) 

 β-Glucosidase (GH3)  Bovine  Gruninger et al. ( 2014 ) 
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16.3.1     Ribosomal RNA Gene-Based 
Analysis 

 SSU ribosomal RNA genes, such as 16S rRNA 
for prokaryotes and 18S rRNA genes for eukary-
otes, can be amplifi ed from metagenomic DNA 
of various fractions of rumen materials. These 
two genes are most frequently used for phyloge-
netic analysis and microbial diversity studies in 
the rumen. Taxonomic informativeness of 9 well- 
defi ned hypervariable regions (V1 to V9) of the 
16S rRNA gene varies tremendously (Chakravorty 
et al.  2007 ). As a result, effects of various primer 
combinations on classifi cation accuracies have 
been designed and compared (Nossa et al.  2010 ; 
Soergel et al.  2012 ). The position of primers and 
amplicon length are major determinants of taxo-
nomic precision. Most importantly, taxonomic 
informativeness of primers is habitat dependent. 
No primers are truly universal and work best in 
all environments (Soergel et al.  2012 ). For exam-
ple, primer pairs 343 F and 798R, targeting on 
hypervariable regions V3 to V4, produce maxi-
mal classifi cation accuracy under the current 
limitation of NGS platforms and may be the most 
suitable for human foregut microbiome studies 
(Nossa et al.  2010 ). Primer pairs targeting on V1 
to V3, V3 to V5, and V6 to V9 generally result in 
overall similar and yet accurate classifi cation 
with minor bias (Vilo and Dong  2012 ). Indeed, 
primers targeting V1 to V3 and V3 to V5 regions 
are commonly used in rumen microbiome studies 
(Table  16.2 ).

   The amplicons from target regions of 16S 
(18S) rRNA genes are sequenced using next- 
generation sequencers, such as 454 FLX or 
Illumina sequencers. While barcoded pyrose-
quencing has been the mainstay in sequencing 
the 16S amplicons of the rumen samples (Jami 
et al.  2013 ; Li et al.  2012c ; Wu et al.  2012b ), 
Illumina-based sequencing technology is increas-
ingly gaining attention. The newly launched 
Illumina MiSeq sequencer with version 3 reagent 
kits enables generation of up to 25 million 
sequences with a length up to 2 × 300 bp (pair 
end). The reagent cost for such a run is approxi-
mately $1400. 

 Raw sequence quality needs to be checked 
and then fi ltered and trimmed. Sequencing error 
and PCR single-base substitutions from the 454 
platform can be removed using AmpliconNoise, 
a development of the PyroNoise algorithm that is 
capable of separately removing 454 sequencing 
errors and PCR single-base errors (Quince et al. 
 2011 ). The Perseus program can be used to 
remove chimeras. Processed 16S sequence reads 
are then analyzed using taxonomy-dependent 
and taxonomy-independent approaches. The 
taxonomy- dependent approach generally assigns 
16S sequences to various levels of taxa based on 
sequence similarities to annotated sequences 
deposited in public databases. The commonly 
used SSU databases include EzTaxon-e (Kim 
et al.  2012b ), Greengenes (DeSantis et al.  2006 ), 
RDP (Cole et al.  2009 ), and SILVA (Quast et al. 
 2013 ). The algorithm RDP Classifi er (Wang et al. 
 2007 ) is among the most frequently used pro-
grams for taxonomic classifi cation and has 
resulted in the publication of more than 400 arti-
cles since its launch. However, inherent limita-
tions of this approach are obvious: (1) inability to 
assign novel sequences from previously unde-
scribed species that have no matches in existing 
reference databases, (2) accuracy and robustness 
of taxonomic classifi cation that is dependent on 
the coverage and quality of the database used, 
and (3) low resolution. This approach is often 
unable to assign input query sequences to species 
or strain levels. These limitations become more 
serious for rumen microbiome studies because 
the SSU sequences of rumen origin are particu-
larly underrepresented in public databases. To 
overcome these limitations, the taxonomy- 
independent clustering approach has been devel-
oped. This approach uses various clustering 
algorithms to assign query sequences into opera-
tional taxonomic units (OTUs) based on a dis-
tance matrix at a specifi ed threshold (Chen et al. 
 2013 ). Its independence from existing databases 
allows the analysis of novel sequences. More 
than 15 taxonomy-independent algorithms, such 
as CD-HIT-OTU (Fu et al.  2012 ; Li and Godzik 
 2006 ), CROP (Hao et al.  2011 ), ESPRIT (Sun 
et al.  2009 ) and ESPRIT-tree (Cai and Sun  2011 ), 
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MOTHUR (Schloss et al.  2009 ), UClust (Edgar 
 2010 ), and UPARSE (Edgar  2013 ), have been 
published to date. A novel algorithm, TBC, incor-
porating the basic concept of taxonomy into clus-
tering has been published (Lee et al.  2012c ). 
Recently, the relative performance and parame-
ters of some of these algorithms have been 

 compared (Chen et al.  2013 ; Wu et al.  2012a ). 
For the rumen data, CD-HIT-OTU performs well 
in our hands (Wu et al.  2012a ; Li et al.  2012d ). 
This algorithm, which uses a greedy incremental 
clustering process to identify OTUs from 16S 
rRNA gene sequences, is able to assign millions 
of reads in a relatively short time. Most 

    Table 16.2    A summary of metagenomic studies in ruminants using next-generation sequencing technologies   

 Sequencing  Species  Reference 

  16S hypervariable regions targeted  

 V1–V3 (and V4–V5; V6–V8)  Buffalo  Pitta et al. ( 2014 ) 

 V1–V3  Cattle (Angus heifers)  Petri et al. ( 2013a ,  b ) 

 V1–V3  Cattle (cows)  Mao et al. ( 2013 ) 

 V1–V2  Cattle (cows)  de Menezes et al. ( 2011 ) 

 V6–V8  Cattle (cows)  Hess et al. ( 2011 ) 

 V1–V3  Cattle (Friesian cows)  Sandri et al. ( 2014 ) 

 V3–V5  Cattle (Holstein calves)  Li et al. ( 2012a ) 

 V1–V3  Cattle (Holstein calves)  Malmuthuge et al. ( 2014 ) 

 V3–V5  Cattle (Holstein cows and 
Angus beef steers) 

 Wu et al. ( 2012a ) 

 V2–V3  Cattle (Holstein cows)  Jami et al. ( 2013 ) 

 V2–V3  Cattle (Holstein cows)  Jami and Mizrahi ( 2012 ) 

 V2–V3  Cattle (Holstein cows)  Jami et al. ( 2014 ) 

 V3–V5  Cattle (Holstein cows)  Li et al. ( 2012b ) 

 V1–V2  Cattle (Holstein cows)  Pinloche et al. ( 2013 ) 

 V3–V4  Cattle (Holstein cows)  Thoetkiattikul et al. ( 2013 ) 

 V6–V8  Cattle (Nellore steer)  de Oliveira et al. ( 2013 ) 

 V1–V3, V4 (archaeal V3, V6–V8), 18S, ITS1   Cervus , red deer, 
sheep, cattle 

 Kittelmann et al. ( 2013 ) 

 V1–V3  Goats  Lee et al. ( 2012b ) 

 V1–V3  Goats  Huo et al. ( 2014 ) 

 V1–V3  Reindeer  Pope et al. ( 2012 ) 

 V1–V2  Sheep  Castro-Carrera et al. ( 2014 ) 

 V6–V8  Sheep (West African 
Dwarf) 

 Omoniyi et al. ( 2014 ) 

  Whole-genome shotgun (WGS)  
 WGS  Buffalo  Singh et al. ( 2012a ,  b ) 

 WGS  Camels  Bhatt et al. ( 2013 ) 

 WGS  Cattle (Angus steers)  Brulc et al. ( 2009 ) 

 WGS  Cattle (cows)  Ferrer et al. ( 2012 ) 

 WGS  Cattle (cows)  Hess et al. ( 2011 ) 

 WGS  Cattle (Holstein calves)  Li et al. ( 2012b ) 

 WGS  Cattle (Jersey cows)  Wang et al. ( 2013 ) 

 WGS  Goats  Lim et al. ( 2013 ) 

 WGS  Reindeer  Pope et al. ( 2012 ) 

 WGS  Sheep  Ellison et al. ( 2014 ); Li et al. ( 2014 ) 
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 importantly, the program avoids overestimation 
of OTUs, a common problem associated with 
many existing programs, and results in accurate 
estimation of microbial diversity. In addition to 
these algorithms, publicly accessible pipelines, 
such as MOTHUR and QIIME (  www.qiime.org    ), 
are very popular in analyzing SSU sequences and 
have been widely used to analyze the rumen data-
sets (Castro-Carrera et al.  2014 ; Lee et al.  2012b ; 
Omoniyi et al.  2014 ; Pitta et al.  2014 ; Pope et al. 
 2012 ). QIIME also wraps other applications, 
such as FastTree, PyNAST, RDP Classifi er, and 
UClust. The microbial community structure 
between different samples can then be compared 
and visualized using UniFrac (Lozupone and 
Knight  2005 ) and Fast UniFrac (Hamady et al. 
 2010 ).  

16.3.2     Whole-Genome Shotgun 
Approach 

 WGS sequencing provides an opportunity to ana-
lyze both microbial diversity and functionality 
encoded in the genomes of rumen microbial 
communities. Driven by its application potential 
in metagenomics, numerous tools have been 
developed to analyze WGS data (Fig.  16.1 ). NGS 
technologies, such as those from Roche 454 
pyrosequencing, Illumina, Ion Torrent, and 
PacBio platforms, have signifi cantly reduced the 
time and cost of metagenome sequencing, which 
are revolutionizing metagenomic studies. Unique 
features and advantages of various NGS plat-
forms, including future DNA sequencing tech-
nologies, have been extensively reviewed (Zhang 
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et al.  2012 ). NGS generally relies on either syn-
thesis or hybridization at a massively parallel 
scale. For example, Illumina HiSeq 2500, in con-
junction with improved version 4 chemistry, gen-
erates up to 1 terabase (1 trillion base) of sequence 
data in a single run (~167 Gb per day). The 
ultralow cost, enormous throughput, and extreme 
convenience of these NGS technologies have 
directly contributed to their instant acceptance 
and utility in the metagenomic community. 
Sequences generated by NGS technologies have 
some unique characteristics, such as short read 
lengths, platform-specifi c biases, and relatively 
high error rates, which could have a signifi cant 
impact on downstream analyses. The computa-
tional challenges in handling short sequence 
reads have been extensively discussed (Pop  2009 ; 
Pop and Salzberg  2008 ). The challenges gener-
ally include diffi culties in dealing with repetitive 
sequences as well as the need to modify existing 
algorithms to solve platform-specifi c errors and 
high error rates (Pop  2009 ). Furthermore, the 
production of billions of reads in a single 
sequencing run by such as Illumina HiSeq 2500 
sequencers poses a tremendous challenge on 
computational resources.  

 Bioinformatic pipelines for NGS shotgun 
sequences generally include six steps: raw read 
quality control (QC) and trimming, assembly, 
functional annotation and metagenomic pathway 
reconstruction, taxonomy assignment, statistical 
analysis, and global network inference (Fig. 
 16.1 ). These processes have been extensively 
reviewed (Kim et al.  2013 ; Luo et al.  2013 ). The 
fi rst step in dealing with WGS sequences involves 
QC, fi ltering, and trimming processes. Host 
sequence contamination can be removed using 
DeconSeq (Schmieder and Edwards  2011 ) or 
BLAST/Blat. Sequencing errors and PCR single- 
base substitutions as well as chimeras from the 
454 platform can be removed using 
AmpliconNoise. Raw sequences generated by 
the Illumina platform can be trimmed using 
SolexaQA (Cox et al.  2010 ). 

 WGS sequences after these QC steps will gen-
erally need to be assembled into longer contigs 
for downstream applications. Assembly improves 
functional annotation. The basic framework of 

NGS assembly includes 4 stages: a preprocessing 
fi ltering, a graph construction process, a graph 
simplifi cation process, and a post-processing fi l-
tering (El-Metwally et al.  2013 ). More than a 
dozen short-read assemblers have been devel-
oped to facilitate the analysis of short WGS 
sequences (Huang et al.  2012 ; Miller et al.  2010 ). 
The de Bruijn graph-based approach is among 
the most commonly used in short-read de novo 
assemblers, such as ABySS (Simpson et al. 
 2009 ), EULER-USR (Chaisson et al.  2009 ), 
SOAP denovo  and its memory-effi cient version, 
SOAP denovo 2 (  http://soap.genomics.org.cn/
soapdenovo.html    ), and Velvet (Zerbino and 
Birney  2008 ). Recently, efforts have been made 
to understand the unique features and limitations 
of these short-read assemblers (Zhang et al.  2011 ; 
Huang et al.  2012 ; Mende et al.  2012 ; Vazquez- 
Castellanos et al.  2014 ). For 454 pyrosequencing 
data, Newbler is among the widely used assem-
blers and has been used in the analysis of rumen 
WGS sequences (Li et al.  2012b ). Genovo, a de 
novo assembler specifi cally designed for 454- 
based metagenomic sequences using a generative 
probabilistic model (Laserson et al.  2011 ), and its 
extended version, Xgenovo (Afi ahayati et al. 
 2013 ), perform well and are able to generate long 
contigs (Vazquez-Castellanos et al.  2014 ). Our 
results using simulated metagenomic datasets 
show that ABySS and SOAP denovo  produce 
higher N50 and require relatively low memory 
usage, while Velvet and SOAP denovo  produce 
higher genome coverage (Huang et al.  2012 ). 
Both Velvet and SOAP denovo  result in a lower 
percentage of contig chimerism; while not spe-
cifi cally designed for metagenomic datasets, de 
Bruijn graph-based assemblers have been proven 
appropriate for large datasets with hundreds of 
millions of short reads (Zhang et al.  2011 ) and 
have been nevertheless extensively used in 
metagenomic studies. Recently, by making use of 
abundance differences and graph connectivity for 
the decomposition of the de Bruijn graph, an 
extended version of Velvet, MetaVelvet, has been 
developed to handle metagenomic data (Namiki 
et al.  2012 ). MetaVelvet is able to generate sig-
nifi cantly higher N50 scores than other short- 
read assemblers, leading to an increased number 
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of predicted genes in our hands. Similarly, a de 
novo metagenomic assembler, Meta-IDBA (Peng 
et al.  2011 ), and its revised version, IDBA-UD 
(Peng et al.  2012 ), have been shown to generate 
longer contigs with high accuracy. 

 Genes or open reading frames (ORF) are then 
predicted from assembled contigs using a variety 
of gene prediction (gene-calling) algorithms. A 
dozen gene-calling programs have been devel-
oped for the metagenomic datasets, such as 
FragGeneScan (Rho et al.  2010 ), Glimmer-MG 
(Kelley et al.  2012 ), MetaGene (Noguchi et al. 
 2006 ) and MetaGeneAnnotator (Noguchi et al. 
 2008 ), MetaGeneTack (Tang et al.  2013 ), and 
Orphelia (Hoff et al.  2009 ). Gene prediction is an 
essential step for WGS metagenome data analy-
sis for two reasons: (1) it is necessary for func-
tional annotation and pathway reconstruction, 
and (2) gene prediction reduces the computa-
tional burden of protein similarity searches by 
nearly a factor of 6, compared to BLASTX 
(Trimble et al.  2012 ). In a direct comparison of 5 
commonly used gene-calling algorithms, it is 
found that FragGeneScan performs better than 
MetaGeneAnnotator, MetaGeneMark, or 
Orphelia, especially for short reads (<1,000 bp) 
with sequence errors (Trimble et al.  2012 ). 
FragGeneScan combines sequencing error mod-
els and codon usages in a hidden Markov model 
to predict ORF in short reads (Rho et al.  2010 ) 
and has been used in the publically available 
MG-RAST pipeline (Wilke et al.  2013 ). Recently, 
a newly improved algorithm, MGC, has been 
published (El Allali and Rose  2013 ). This pro-
gram relies on different models for different 
regions with various GC-contents and includes 
amino acid usage features to improve overall 
accuracy. It performs better in terms of sensitivity 
and specifi city than both FragGeneScan and 
Orphelia in simulated metagenomic data (El 
Allali and Rose  2013 ). 

 To gain insights into functional potentials, 
predicted genes are further annotated against var-
ious public databases using a homology-based 
approach. For example, COG (Tatusov et al. 
 2000 ) and eggNOG (Powell et al.  2014 ) data-
bases can be used to classify functional catego-
ries of predicted genes. Pfam (Punta et al.  2012 ), 
TIGRfam (Haft et al.  2003 ), and FIGfam (Meyer 

et al.  2009 ) databases can be used for protein 
family analysis. For rumen metagenomic data, 
the Carbohydrate-Active enZYmes database 
(CAZy), a database collecting and annotating the 
families of catalytic and carbohydrate-binding 
modules of enzymes that degrade, modify, or cre-
ate glycosidic bonds, has been frequently used to 
mine fi brolytic enzymes in the rumen (Brulc 
et al.  2009 ; Hess et al.  2011 ). Pfam is a widely 
used database for protein family analysis and 
includes more than 14,800 annotated protein 
families in its latest release (v27.0). These fami-
lies are also organized into groupings of related 
families (clans) based on similarity of sequences 
and structures. Furthermore, Gene Ontology 
(GO) can be extracted from these protein families 
using the Pfam2GO program (Hayete and 
Bienkowska  2005 ). The metagenomic features, 
such as COG functional profi les and metabolic 
subsystem data, between samples from two treat-
ment groups can be analyzed using statistical 
packages, such as MetaStats (White et al.  2009 ). 
Metabolic pathways can then be reconstructed 
using databases such as the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) (Kanehisa  2002 ) 
and BRENDA, the enzyme database (Schomburg 
et al.  2004 ). Metabolic pathways that differ 
between samples from two treatment groups can 
then be analyzed for statistical signifi cance using 
MetaPath (Liu and Pop  2011 ) and Metagenomic 
Annotation Networks (Vey and Moreno- 
Hagelsieb  2012 ). Furthermore, network analysis 
tools and algorithms can be used to infer global 
co-occurrence patterns for the microbiome-wide 
microbial interactions (Faust and Raes  2012 ; 
Faust et al.  2012 ). The tools available for co- 
occurrence and association network analysis in 
metagenomic databases include CoNet (  http://
psbweb05.psb.ugent.be/conet/download.php    ), 
extended Local Similarity Analysis (eLSA) (Xia 
et al.  2011 ), QIIME, and a metagenome-wide 
association study (Qin et al.  2012 ). 

 Recently, using statistical distribution meth-
ods that ignore known biological processes to 
handle metagenomic data has been questioned 
(Liberles et al.  2013 ). These authors suggest that 
mechanism models based on ecological relation-
ships, such as predator–prey dynamics and com-
petitive relationships that widely exist in the 
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rumen microbial community, should be incorpo-
rated in metagenomic data analysis for ecological 
inference. 

 In addition to the individual bioinformatic 
tools and resources described above, several pub-
licly available Web-based pipelines have been 
developed for metagenomic data analysis. These 
online platforms, such as CAMERA (  http://cam-
era.calit2.net/    ), IMG/M (  http://img.jgi.doe.gov/    ), 
METAREP (  http://jcvi.org/metarep/    ), and 
MG-RAST (  http://metagenomics.anl.gov/    ), have 
integrated various tools for gene prediction, func-
tional or protein family assignment, and protein 
interaction and metabolic pathway inference in a 
user-friendly format. For example, the latest ver-
sion of the MG-RAST server integrates data 
uploading, QC, and annotation and analysis of 
various datasets, such as 16S or amplicon 
sequences and WGS metagenome and metatran-
scriptome sequences (Wilke et al.  2013 ). 
MG-RAST relies on FragGeneScan as a gene- 
calling program and BLAT for homology-based 
similarity search. Since its launch in 2007, more 
than 108,500 datasets have been analyzed. 

 WGS metagenomic sequence data not only 
enable analysis of functionality and metabolic 
potential of the microbial community but also 
provide a means for taxonomical assignment 
(binning). Numerous tools, such as metaBEETL 
(Ander et al.  2013 ), have been developed for tax-
onomic classifi cation of WGS data from micro-
bial communities. These tools are generally 
divided into 3 major categories: homology or 
similarity-based, composition-based, and hybrid 
approach. The lowest common ancestor (LCA) 
algorithm has formed a base for many of the 
similarity- based classifi cation methods, such as 
in WebCARMA (Gerlach et al.  2009 ), CloudLCA 
(Zhao et al.  2012 ), MEGAN (Huson et al.  2007 ), 
and DiScRIBinATE (Ghosh et al.  2010 ). It is 
shown that the latter signifi cantly reduces bin-
ning time with superior assignment accuracy. 
Composition-based methods, which exploit the 
uniqueness of DNA base composition in genomes 
of different taxonomic entities, have been imple-
mented in programs such as PhyloPythia 
(McHardy et al.  2007 ), Phymm (Brady and 
Salzberg  2009 ), TACOA (Diaz et al.  2009 ), and 

TaxSOM (Weber et al.  2011 ). The hybrid 
approach for binning generally combines both 
similarity- and composition-based methods, such 
as PhymmBL (Brady and Salzberg  2009 ) and 
RITA (MacDonald et al.  2012 ), for better accu-
racy. However, these two methods tend to be 
computationally time-consuming. To overcome 
this problem, a new algorithm, MetaPhlAn, has 
been developed (Segata et al.  2012 ). MetaPhlAn 
estimates the relative abundance of microbial 
cells by mapping short reads against a set of 
400,141 clade-specifi c marker genes and allows 
for more accurate taxonomical assignment down 
to a species level in minutes of computational 
times for millions of WGS reads (Segata et al. 
 2012 ).  

16.3.3     Stable Isotope Labeling 

 Stable or “heavy” isotopes, such as  13 C and  15 N, 
can be used to label various substrates, either 
small molecules (e.g., glucose) and polysaccha-
rides (such as inulin) or even whole plants. 
Microorganisms that utilize these labeled sub-
strates will most likely incorporate the heavy or 
stable isotope more effi ciently into their biomol-
ecules, including DNA or RNA. The labeled 
DNA or RNA can be readily separated from unla-
beled, normal “light” DNA or RNA by isopycnic 
density-gradient ultracentrifugation, in combina-
tion with magnetic-bead capture techniques and 
isotope ratio mass spectrometry. The enriched 
SIP-RNA/DNA can be then studied using stan-
dard molecular technologies. For example, SIP 
has been widely used to investigate community 
function in microbial ecosystems or genes 
responsible for bioremediation (Uhlik et al. 
 2013 ). The potential of SIP technology in metage-
nomic studies is immediately recognized. The 
combined approaches not only permit the detec-
tion of low-abundance species in a complex 
microbial community but also facilitate the dis-
covery of novel enzymes and bioactive com-
pounds (Chen and Murrell  2010 ). Moreover, 
SIP-metagenomic technologies enable the 
enrichment of metabolically active fractions of 
microorganisms from environmental samples or 
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the gut microbiome, which can provide a power-
ful link between microbial phylogeny and meta-
bolic functionality and activity. Such a link is 
important in understanding the role of rumen 
microbiota in normal physiology and pathogene-
sis. SIP-RNA technology has demonstrated that 
changes in the functional activity of the human 
gut microbiota are associated with nutrient 
sources and medium types (Reichardt et al. 
 2011 ). In ruminants, compounds labeled by SIP 
have been widely used in nutrition studies. For 
example,  13 C-labeled n-alkanes of plant origin 
are used as an internal tracer to assess digesta 
passage kinetics through the gastrointestinal tract 
(Warner et al.  2013 ). In addition, a stable isotope 
tracer,  13 C-linolenic acid, has been used to inves-
tigate the biohydrogenation process of linolenic 
acid in a bovine rumen microbial community 
(Lee and Jenkins  2011 ). Using a small-scale 
repeated batch culture model of cattle fecal 
microbial communities,  13 C-labeled fructose in 
combination with a modifi ed t-RFLP molecular 
fi ngerprinting identifi es  Streptococcus bovis  as 
the most dominant and  Lactobacillus vitulinus  
and  Megasphaera elsdenii  as minor fructose fer-
menter, while several species of  Clostridium  
cluster IV are non-fermenters of fructose 
(Michinaka and Fujii  2012 ). It is conceivable that 
the importance of SIP-RNA/DNA technology in 
rumen metagenomic studies will soon be 
recognized.  

16.3.4     Gnotobiotic Rumen Models 

 Gnotobiotic, including germ-free, animals, which 
have well-defi ned microbial composition, pro-
vide an elegant model system to study myriad 
interactions between individual microbes and 
between microbes and the host. The microbial 
communities of varying complexity and origin 
can be then sequentially introduced to gnotobi-
otic animals to examine the effects of genetic 
background, dietary conditions, and physiologi-
cal stages on the microbial community structure 
and dynamics. Synthetic gut microbiota with 
known microbial composition and abundance 
can be created in germ-free animals. When the 

complete genome and transcriptome of these 
introduced microbial species become known, 
these systems can then be used to measure pertur-
bation dynamics of the entire microbial commu-
nity and to refi ne tools and algorithms using 
computational metagenomics. 

 Gnotobiotic lambs have been used to study 
rumen microbial establishment sequences and 
interactions of microbes of different functional 
groups for more than a decade (Fonty et al. 
 1989 ). The rumen of these animals harbors a 
defi ned microbial community. Rumen microbial 
species with known function can be sequentially 
added to the defi ned community. Therefore, 
gnotobiotic lambs are an ideal model to study 
the role of specifi c microorganisms and their 
interactions with other species in the rumen, 
such as the relationship between H 2 -producing 
and H 2 -consuming communities. Early results 
show that lambs lacking methanogens can be 
raised to adulthood, although their feed intake is 
lower compared to conventional lambs with 
functional methanogens (Fonty et al.  2007 ). A 
concomitant reduction in SCFA production as 
well as overall microbial complexity in these 
lambs is also observed. Moreover, acetogens 
can colonize and become rapidly established in 
the rumen of methanogen- free lambs, suggest-
ing their establishment is independent of other 
microbes, unlike cellulolytic bacteria that gen-
erally require the presence of a diverse micro-
biota for establishment. On the other hand, 
methanogen colonization in the rumen does not 
substantially affect acetogen diversity (Gagen 
et al.  2012 ). Recently, interactions between 
fi brolytic species and methanogens have been 
examined using the gnotobiotic model 
(Chaucheyras-Durand et al.  2010 ). Methane 
emission is reduced when the dominant fi bro-
lytic species in the rumen is a non-H 2  producer, 
such as  Fibrobacter succinogenes , compared to 
the rumen with H 2 -producing fi brolytic species, 
such as ruminococci and anaerobic fungi. These 
results suggest that dietary intervention strate-
gies to promote non-H 2 -producing fi brolytic 
species may represent a novel approach to miti-
gate methane production in farm animals. 
Utilization of metagenomic tools in the gnotobiotic 
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rumen model will facilitate our understanding 
of microbial establishment sequence and suc-
cession of the rumen microbiome.  

16.3.5     Metatranscriptomics, 
Metaproteomics, 
and Metabolomics 

 Sequencing-based metagenomics addresses the 
collective genetic structure and functional com-
position at the DNA level of a microbial commu-
nity in a culture-independent manner. While 
vitally important, metagenome characterization 
using the DNA-based approach does not itself 
reveal how the genetic information of a given 
microbiota is actually expressed. To characterize 
how genes in the metagenome are expressed and 
regulated, metatranscriptomics, a comprehensive 
measure of mRNA transcript abundance, dynam-
ics, and regulation under a variety of environ-
mental conditions or developmental and 
physiological/pathological stages, is developed 
(Lim et al.  2013 ; Qi et al.  2011 ). While metatran-
scriptomic analysis provides insights into how 
the metagenome is expressed and regulated, 
metaproteomics allows comprehensive charac-
terization of the gene products (proteins) encoded 
in the metagenome and their posttranslational 
modifi cations and turnover. Metaproteomics has 
recently been applied to analyze the human sali-
vary supernatant (Jagtap et al.  2012 ). However, 
due to limitations in accurate detection and mass 
measurement of peptides and their annotation, 
metaproteomics currently allow characterization 
of only a relatively small fraction of the gene 
products in a complex gut microbiota (Wilmes 
and Bond  2006 ). Similarly, a comprehensive sur-
vey of metabolites in the host, diet (forage), and 
its rumen microbiome, metabolomics, has been 
conducted to provide information on key players 
responsible for the microbiome function (Lee 
et al.  2012b ; Kingston-Smith et al.  2013 ). 
Metabolomic profi ling using nuclear magnetic 
resonance spectroscopy, in combination with 454 
pyrosequencing, demonstrates uniqueness of the 
microbial composition and metabolites in the 
rumen of Korean native goats (Lee et al.  2012b ). 

Metabolic data facilitate the study of interactions 
between bacteria-specifi c metabolites and host 
proteins (Jacobsen et al.  2013 ). Together, rapid 
integrations of these OMIC technologies, includ-
ing metagenomics for metagenomic DNA, meta-
transcriptomics for RNA, metaproteomics for 
proteins and peptides, and meta-metabolomics 
for metabolites, will provide a holistic insight 
into the structure and function of the rumen 
microbiota.   

16.4     Metagenomic Insights into 
the Structure and Function 
of the Rumen Microbiome 

16.4.1     Microbial Establishment 
and Succession During Rumen 
Development 

 Microbial products, such as SCFAs, play a criti-
cal role in rumen development. As a result, 
numerous attempts have been made to under-
stand microbial establishment sequences and 
ecological succession of the developing rumen 
microbiome. It is generally accepted that the 
rumen is sterile at birth. Earlier studies demon-
strate that bacteria start colonization in the rumen 
within the fi rst 24 h of life and strictly anaerobic 
bacteria become predominant by the second day 
after birth (Fonty et al.  1989 ). Major functional 
groups of microorganisms, including fi brolytic 
bacteria and methanogens, become established in 
the rumen within the fi rst week of life, followed 
by protozoa (Morvan et al.  1994 ; Quigley et al. 
 1985 ). Our knowledge of the microbial establish-
ment and succession in the developing rumen and 
during the transition to mature rumen has been 
signifi cantly expanded (Li et al.  2012b ; Jami 
et al.  2013 ; Malmuthuge et al.  2014 ), largely due 
to the advent of metagenomic technologies. For 
example, it is generally accepted that methano-
gens start colonizing the rumen 3–4 days after 
birth (Fonty et al.  1989 ). A recent study shows 
that methanogens can be detected in the ovine 
rumen 17 h after birth (Gagen et al.  2012 ). A sys-
tematic cataloging of microbial diversity and 
functionality in the developing rumen using both 
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16S rRNA gene-based and WGS approaches has 
been attempted (Li et al.  2012a ,  b ,  c ). Sequences 
from more than 24 prokaryotic phyla and 22 
eukaryotic phyla are identifi ed in rumen micro-
bial communities of preruminant (14-day-old and 
42-day-old) calves fed the same milk diet. 
Furthermore, the rumen microbiome of prerumi-
nant calves harbors considerable functional 
diversity, as evidenced by the existence of 8,298 
Pfam protein families. A total of 156 and 120 
genera are identifi ed in the rumen microbiota of 
14-day-old and 42-day-old calves, respectively. 
Fibrolytic bacteria and glycoside hydrolase pro-
tein families are abundant in the developing 
rumen, before the calves are fed a solid diet. 
Moreover, the fi brolytic capability of the devel-
oping rumen increases as calves’ age. 
Interestingly, rumen development has a signifi -
cant impact on microbial diversity. Genus-level 
richness indices ACE and Chao1 are signifi cantly 
higher in the rumen of 14-day-old calves than 
that of 42-day-old calves. The rumen microbi-
ome of younger calves displays a more heteroge-
neous microbial composition and harbors a 
greater number of bacterial genera (many of them 
may be transient) than the older calves fed the 
same milk replacer diet (Li et al.  2012b ). This 
observation is in agreement with a general eco-
logical theory that biodiversity tends to increase 
during early succession as new species arrive but 
may decline in later succession as competition 
eliminates opportunistic species. Rumen micro-
bial composition changes from birth to adulthood 
have been monitored using pyrosequencing (Jami 
et al.  2013 ). This study shows that the fi brolytic 
species, such as  Ruminococcus albus , is detect-
able in the developing rumen as early as one day 
of age while another major fi brolytic species, 
 Fibrobacter succinogenes , appears much later. 
The observation that the presence of fi brolytic 
capacity in the developing rumen prior to expo-
sure of solid diet is in agreement with previous 
studies (Li et al.  2012b ) and in human infants 
(Koenig et al.  2011 ). Developmental stages 
appear to be one of the major determinants of the 
rumen microbial establishment as evidenced by 
the signifi cant differences observed in rumen 
microbial composition between 14-day-old and 

42-day-old calves (Li et al.  2012b ) and between 
6-month-old and 2-year-old cattle (Jami et al. 
 2013 ) that are fed the same diet. The direct com-
parison of microbial establishment sequences in 
the bovine rumen (Jami et al.  2013 ) and the hind-
gut of the human infants (Koenig et al.  2011 ) 
identifi es similar wavelike patterns, coincident 
with critical life events such as diet, development, 
and health status, suggesting that similar forces 
may drive the establishment of microbial commu-
nities in two different habitats (Jami et al.  2013 ).  

16.4.2     Rumen Microbial Diversity 
and the Core Rumen 
Microbiome 

 The collective microbial diversity in the rumen 
has been illustrated by a meta-analysis of all 
curated 16S rRNA gene sequences of rumen ori-
gin (13,478 bacterial and 3,516 archaeal 
sequences) deposited into the RDP database 
(Kim et al.  2011 ). This analysis has identifi ed a 
total of 19 phyla and 5,271 and 942 OTUs for 
rumen bacteria and archaea, respectively. 
Approximately 1,000 OTUs are likely present in 
the rumen of fi stulated cows and 587 OTUs are 
detected in all 4 samples from these two cows 
(Hess et al.  2011 ). In our studies, a total of 21 
phyla are collectively identifi ed from the rumen 
microbiome of dairy cows (Li et al.  2012c ), with 
the mean of 16 phyla for the mature rumen of 
dairy cattle (Wu et al.  2012a ). The mean number 
of genera in the rumen of individual cattle is 
79.9 ± 14.0 (± sd). In the mature rumen of dairy 
and beef cattle, the mean numbers of OTUs iden-
tifi ed are 512 and 343, respectively. Together, 
these results suggest that the number of microbial 
species in a typical rumen of individual animals 
will likely be in the range of several hundreds. 

 The rumen microbiome is highly responsive 
to diet (Ellison et al.  2014 ), developmental stage 
(Li et al.  2012b ; Jami et al.  2013 ), genetics, and 
numerous environmental factors. Substantial 
variations exist in microbial compositions and 
functionality among individual rumen samples 
within a species and between ruminant species 
(Jami and Mizrahi  2012 ). It is probable that a set 
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of core taxa or OTUs (species) are shared by the 
rumen microbiome of individual animals in all 
ruminant species within the large context of vari-
ation. The core rumen microbiome, consisting of 
a common set of microbial taxa that are shared by 
all individual samples, may contribute to basic 
rumen function. Defi ning the core rumen micro-
biome is of signifi cance in understanding basic 
structure and function of the rumen microbiome 
and has been recently attempted (Li et al.  2012b ,  c ; 
Wu et al.  2012a ; Petri et al.  2013b ). The core 
rumen microbiome of the bovine rumen microbi-
ome, both the developing and mature rumen of 
dairy and beef cattle, consists of 8 phyla, 11 
classes, and 15 families (Wu et al.  2012a ). These 
8 phyla, accounting for 99.5 % of input 16S 
sequences, are  Bacteroidetes ,  Firmicutes , 
 Proteobacteria ,  Spirochaetes ,  Fibrobacteres , 
 Verrucomicrobia ,  Synergistetes , and 
 Actinobacteria , in descending order of relative 
abundance. The core bovine rumen microbiome 
likely represents minimal components of the 
rumen microbial community. As Table  16.2  
shows, only a small number of approximately 
150 ruminant species have been systematically 
studied for rumen microbial diversity using 
metagenomic tools. The rumen microbiome 
composition between ruminant species has been 

investigated (Kittelmann et al.  2013 ). Recently, 
we have compared microbial community compo-
sitions of the bovine ( N  = 8), caprine ( N  = 10), and 
ovine ( N  = 10) rumen in order to defi ne the core 
rumen microbiome using deep 16S sequencing. 
The mean number of 16S rRNA gene sequences 
per sample is 79,213.0 ± 11,682.2 (mean ± SD; 
 N  = 28; the mean read length = 300 bp), a sequenc-
ing depth estimated to reach 99.9 % coverage 
(Kim et al.  2011 ). Our preliminary results show 
that collectively, 22 phyla and 94 families are 
detected in the rumen microbiome of cattle 
(cows), goats, and sheep. The mean number of 
the phyla per animal in the rumen microbiome of 
cattle, goats, and sheep is 16.8, 11.8, and 16.9, 
respectively. The caprine rumen has a signifi -
cantly smaller number of phyla than the bovine 
and ovine rumen ( P  <10 −5 ) in this study. The fam-
ily-level composition follows the similar trend. 
The core rumen microbiome consists of 8 phyla, 
 Actinobacteria ,  Bacteroidetes , Euryarchaeota, 
 Firmicutes ,  Proteobacteria ,  Spirochaetes , 
 Synergistetes , and  Verrucomicrobia , which is 
consistent with our previous study of the core 
bovine microbiome (Wu et al.  2012a ). 

 The 15 families consisting of the core rumen 
microbiome (Table  16.3 ), representing >95 % of 
assigned 16S sequences in each sample, will 

   Table 16.3    The relative abundance of the 15 families consisting of the core rumen microbiome   

 Family 

 Cattle  Goats  Sheep 

 ( N  = 8)  ( N  = 10)  ( N  = 10) 

  Prevotellaceae   51.12 (±5.99)  24.36 (±16.68)  35.16 (±11.56) 

  Lachnospiraceae   22.01(±3.56)  24.35 (±13.25)  23.97 (±11.87) 

  Ruminococcaceae   8.18 (±3.18)  4.43 (±4.83)  19.74 (±9.60) 

  Veillonellaceae   4.33 (±3.90)  13.51(±14.96)  10.09 (±6.78) 

  Acidaminococcaceae   4.21 (±1.26)  0.73 (±0.64)  2.39 (±1.37) 

  Porphyromonadaceae   1.76 (±1.28)  0.90 (±1.33)  1.21 (±0.99) 

  Spirochaetaceae   1.40 (±0.44)  0.45 (±0.65)  0.73 (±0.65) 

  Succinivibrionaceae   1.26 (±0.68)  29.84 (±20.46)  0.36 (±0.30) 

  Erysipelotrichaceae   0.88 (±0.32)  0.24 (±0.32)  1.73 (±1.05) 

  Synergistaceae   0.07 (±0.04)  0.03 (±0.02)  0.09 (±0.06) 

  Coriobacteriaceae   0.06 (±0.02)  0.05 (±0.06)  0.24 (±0.15) 

  Desulfobulbaceae   0.06 (±0.04)  0.00 (±0.00)  0.21 (±0.12) 

  Moraxellaceae   0.03 (±0.03)  0.02 (±0.01)  0.02 (±0.06) 

  Clostridiales incertae sedis  XIII  0.03 (±0.02)  0.05 (±0.04)  0.16 (±0.11) 

  Campylobacteraceae   0.01 (±0.01)  0.05 (±0.04)  0.12 (±0.08) 

  The number represents the percentage of the abundance (± SD). The abundance = the number of 16S sequences assigned 
to this particular family / the total number of 16S sequences assigned to all families at 80 % confi dence cutoff using RDP 
Classifi er  

R.W. Li



237

likely contribute to the basic function of the 
rumen microbial ecosystem. However, the rela-
tive abundance of 15 families consisting of the 
core rumen microbiome varies signifi cantly 
among the 3 host species, despite their high prev-
alence. For example, the abundance of the family 
 Prevotellaceae , the most abundant family in the 
rumen of all 3 species, in the caprine rumen 
(24.26 %) is signifi cantly lower than in the bovine 
(51.12 %) and ovine (35.16 %) rumen, while the 
abundance of 4 families,  Acidaminococcaceae , 
 Desulfobulbaceae ,  Campylobacteraceae , and 
 Succinivibrionaceae , is signifi cantly different 
between species. The abundance of 
 Ruminococcaceae  is signifi cantly higher in the 
ovine rumen (19.74 %) than in the bovine 
(8.18 %) and the caprine (4.43 %) rumen. On the 
other hand, the abundance of  Lachnospiraceae  is 
relatively stable in the rumen of the 3 species 
(between 22.00 and 24.35 %).

16.4.3        Rumen Virome 
and Plasmidome 

 Previous studies have focused on bacterial and 
archaeal diversity in the rumen. Lack of con-
served proteins and genes, such as 16S rRNA 
genes, among viruses or phages has hindered 
their discovery. The advent of computational 
metagenomics has made possible systematically 
cataloging viruses in the rumen and surveying the 
phage diversity. A recent study shows that more 
than 20,000 viral genotypes exist in the rumen of 
2 of the 3 cattle analyzed (Berg Miller et al. 
 2012 ). While over 70 % of viral sequences have 
no signifi cant matches to sequences in public 
databases, sequences associated with prophages 
outnumber those lytic phages approximately 2:1. 
Moreover, rumen viral sequences carry func-
tional genes; and the majority of these genes 
belong to phages, prophages, transportable ele-
ments, and plasmid subsystem according to the 
SEED database, as expected. In another study, 14 
putative viral sequences over 30 kb are identifi ed 
(Ross et al.  2013 ). Cows housed together and fed 
the same diet display similar taxonomical virome 
profi les than those housed separately. Intriguingly, 

these two cohorts have similar functional charac-
terizations, suggesting the rumen virome appears 
to be functionally conserved (Ross et al.,  2013 ). 
Together, these results provide further evidence 
that viruses play an important role in horizontal 
gene transfer between various microorganisms, 
spreading antibiotic resistance genes, controlling 
bacterial population dynamics, and affecting ani-
mal nutrition and protein metabolism in the 
rumen. 

 Due to a relatively low copy number per bac-
terial cell and diffi culty in distinguishing them 
from chromosomal DNA, rumen plasmids have 
not been systematically studied until recently 
(Brown Kav et al.  2012 ; Mizrahi  2012 ). Brown 
Kav et al. ( 2013 ) recently reported a method to 
enrich plasmid DNA from the rumen. The method 
takes advantage of an exonuclease that is able to 
digest chromosomal DNA that is sheared and lin-
earized during extraction procedures. The resul-
tant circular plasmid DNA is amplifi ed using a 
phi29 DNA polymerase and further sequenced 
using an Illumina sequencer. This study provides 
a fi rst glimpse of the diversity and function of the 
rumen plasmidome (i.e., the collective plasmid 
population of rumen origin). Notably, while the 
rumen microbial hosts can be assigned to the 
three major phyla,  Firmicutes ,  Bacteroidetes , and 
 Proteobacteria , using rumen plasmid sequences, 
a signifi cant difference in the relative abundance 
is evident compared to the phylogenetic assign-
ment based on the 16S sequences from the very 
same rumen source. For example,  Proteobacteria  
account for approximately 20 % of rumen plas-
mid sequences, whereas its abundance appears to 
be signifi cantly lower (~5 %) according to the 
16S approach (Brown Kav et al.  2012 ). Functional 
analysis using the SEED database suggests that, 
in addition to the intrinsic plasmid-coding func-
tions, the rumen plasmidome shares similarities 
with the rumen metagenomes and displays a sig-
nifi cantly higher representation of the functional 
categories, such as “amino acids,” “cell wall and 
capsule,” “cofactors, vitamins, etc.,” and “protein 
metabolism.” These results demonstrate that 
rumen plasmids may play an important role in 
lateral gene transfer between rumen 
microorganisms.  
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16.4.4     Resistance and Resilience 
of the Rumen Microbiome 

 One of the primary functions of the rumen is to 
degrade lignocellulosic fi ber to produce short- 
chain fatty acids for energy. The relative stability 
of structure and composition of the rumen micro-
biome becomes a prerequisite for such functions. 
The stability can be defi ned as (1) the ability to 
return to an equilibrium state following perturba-
tion and (2) the ability to resist changes (resis-
tance) or the rate of return to an equilibrium 
following perturbation or overall system variabil-
ity (Robinson et al.  2010 ). Therefore, the stability 
of the rumen microbiome imparts resilience to 
perturbation, ensuring continued rumen 
function. 

 The rumen microbiome is susceptible to both 
natural and anthropogenic stresses and is highly 
responsive to changes in environmental condi-
tions and host factors, such as critical physiologi-
cal or pathological events, resulting in the 
creation of novel niche for other microbial spe-
cies. The microbial diversity of the rumen is a 
refl ection of the coevolution between microbial 
communities and their host and represents equi-
librium between functional redundancy of a sta-
ble community and niche specialization. 
Although a few dominant microorganisms are 
likely to be responsible for the majority of the 
metabolic activity and energy infl ux in the rumen, 
it is well known that uncommon species often 
serve as a reservoir of genetic and functional 
diversity, playing key roles in microbial ecosys-
tems. These species can become numerically 
important if environmental conditions change. 
Recently, scientifi c communities have begun to 
study the extent of temporal and spatial shifts in 
functionality and phylogenic composition of the 
rumen microbiome in response to various 
stresses, such as diet, critical life events (such as 
weaning and acidosis), and antibiotic usage, as 
well as their ecological and physiological impli-
cations (Li et al.  2012b ,  c ; Jami et al.  2013 ; Petri 
et al.  2013a ,  b ). 

 We have characterized temporal changes of 
the rumen microbiome of dairy cows in response 
to an exogenous butyrate disturbance (Li et al. 

 2012c ). We reanalyzed the raw data using 
improved bioinformatic tools for this chapter. 
Our results indicate that in the rumen microbi-
ome of dairy cows in their mid-lactation, the fi ve 
most abundant phyla,  Bacteroidetes ,  Firmicutes , 
 Proteobacteria ,  Fibrobacteres , and  Spirochaetes  
in this order, account for >99 % of observed 16S 
sequences. A 168-h exogenous butyrate perturba-
tion results in signifi cant changes in abundance 
of 4 of the 5 most abundant phyla. The relative 
abundance of  Bacteroidetes  and  Fibrobacteres  is 
signifi cantly decreased, from 68.20 % to 56.74 % 
(at the basal level to after perturbation) and 
1.43 % to 0.82 %, respectively. On the other 
hand, the abundance of  Firmicutes  and 
 Spirochaetes  is signifi cantly increased, from 
23.34 % to 30.32 % and 0.98 % to 2.17 %, respec-
tively. The phylum  Firmicutes  includes a major-
ity of butyrate- producing bacteria. The 
observation of exogenous butyrate increasing the 
relative abundance of  Firmicutes  suggests that 
butyrate itself may be butyrogenic. Indeed, a 
readily available energy source (exogenous 
butyrate) reduces the need of fi brolytic capacity 
of the rumen, resulting in a decreased abundance 
of  Fibrobacteres . The abundance of these 5 phyla 
returns to a pre- disturbance level 168 h after per-
turbation, suggesting the resilient nature of the 
rumen microbiome. The rumen microbiome is 
also recovered 1 week after diet-induced acidosis 
challenge (Petri et al.  2013a ). The analysis at 
family level demonstrates the same trend. The 
perturbation with exogenous butyrate signifi -
cantly impacts 7 of the 20 most abundant families 
(accounting for 99.8 % of the sequences), includ-
ing the 3 most abundant families,  Prevotellaceae , 
 Lachnospiraceae , and  Ruminococcaceae . After 
the perturbation withdrawal, the abundance of 
these families returns to their pre-disturbed 
 levels. Among the 20 top families, the long-last-
ing impact of the disturbance is observed for only 
2 minor families:  Anaeroplasmataceae  remains 
elevated, while  Acetobacteraceae  is further 
repressed, 168 h after perturbation withdrawal. 
Our data demonstrate that the rumen microbial 
ecosystem displays substantial resilience to 
short-term disturbances. Furthermore, consider-
able hysteresis of the rumen microbiome is 
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observed. The ecological role and consequences 
of the two families,  Anaeroplasmataceae  and 
 Acetobacteraceae , in the new established rumen 
microbial community are worthy of further sci-
entifi c attention.   

16.5     Conclusions 

 Metagenomics has signifi cantly expanded our 
knowledge of the rumen microbial diversity and 
the structure and function of the rumen microbi-
ome, thanks to rapid advances in next-generation 
sequencing technologies and computational tools 
and resources. The rumen microbiome, consist-
ing of hundreds of microbial species and myriad 
microbial interactions, plays a critical role in 
nutrition and normal physiology of ruminants. It 
is highly responsive to changes in diet, develop-
ment, environmental factors, and host genetics. 
Alterations in the rumen microbiome have impor-
tant implications for animal well-being and pro-
duction effi ciency. While metagenomics has 
proven to be a powerful tool in rumen microbi-
ome studies, numerous challenges remain. 
Temporal and spatial fl uctuations as well as intra- 
and interindividual variations of ruminal micro-
bial composition have yet to be assessed. Current 
development of bioinformatic tools and resources 
that cope with fragmental and voluminous next- 
generation sequencing data is still in its infancy. 
Notably, the lack of fully assembled and anno-
tated reference genomes of rumen origin in pub-
lic databases has hindered functional annotation 
of metagenomic data. The lack of commonly 
accepted data analysis pipelines and standardized 
report formats makes direct comparisons of vari-
ous metagenomic studies diffi cult, if not impos-
sible. Most importantly, general theories and 
principles of microbial ecology have yet to be 
fully applied to rumen metagenomic studies. 
Mechanistic models are still needed to aid the 
interpretation of biological relevance of metage-
nomic data. The recent launch of the Hungate1000 
community sequencing project, which aims to 
sequence up to 1,000 microbial genomes of 
rumen origin (  http://www.hungate1000.org.nz/    ), 
representing a broad spectrum of rumen micro-

bial taxa, will undoubtedly facilitate the assem-
bly and annotation of WGS metagenomic data. It 
is conceivable that comprehensive studies of the 
rumen microbiome using metagenomic tools will 
broaden our understanding of the structure and 
function of the rumen microbiome and its role in 
normal physiology and pathology of ruminants, 
which in turn should guide our efforts to develop 
optimal rumen manipulation strategies for more 
effi cient fi ber digestion as well as mitigation of 
environmental footprints of animal farming.     
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    Abstract  

  Rumen is one of the most underutilised microbial ecosystems, harbouring 
a diverse population of microbial species. These species thrive in this eco-
system by producing an array of enzymes for digestion and utilisation of 
different plant constituents. The search for novel and effi cient fi brolytic 
cultures/enzymes will foster the development of different applications 
such as biofuel production from lignocellulosic biomass. Exploring and 
exploiting these effi cient cultures/enzymes using biotechnological inter-
ventions for enhanced production are necessary before their effi cient 
application in industries. Recent advances in molecular biology such as 
metagenomic studies with high-throughput screening methods are 
enabling the development of novel strategies for effective delivery and 
enhancement of these enzymes. This chapter takes a holistic review of 
most extensively studied enzymes produced in the rumen and their role in 
digestion of fi bre and other associated plant cell wall polymers.  

  Keywords  

  Rumen bacteria   •   Rumen fungi   •   Enzymes   •   Metagenomics  

17.1         Introduction 

 Enzymes are known to be the sustainable biocat-
alysts of high demand with continuously increas-
ing industrial sector. The application of potential 
enzymes over the conventional chemical and 
thermal methods offers additional advantages 
such as reduction in the use of hazardous chemi-
cals, creation of safer working environment, low-
ering the cost of process and product formulation, 
reduction in consumption of water and energy 
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and enhancement of effi cient use of non- 
renewable resources. 

 The rumen is an ideal habitat for the growth of 
anaerobic microorganisms encompassing bacte-
ria, fungi, protozoa, archaea and bacteriophages. 
Out of these groups, bacteria and protozoa pre-
dominate the microbial biomass. The fungi make 
up only 8–20 % of microbes and occupy an 
important niche in the rumen because of their 
specifi c affi nity towards lignin and ability to pro-
duce esterases for hydrolysing ester linkages 
between lignin and hemicelluloses or cellulose 
and thus help break down digesta particles. 
Further, their rhizoidal system causes physical 
disruption by penetrating inside recalcitrant feed 
stuff, which also allows bacteria to gain access to 
otherwise non-available sites. The bacteria being 
most abundant and diverse are further classifi ed 
into different groups based on their enzymatic 
activities such as fi brolytic, amylolytic, proteo-
lytic, etc. The diversity arises due to different 
microbial communities as well as multiplicity of 
fi brolytic enzymes produced by individual micro-
organisms when they encounter different plant 

polymers. Due to its diverse microbial popula-
tion, the rumen works as a specialised fermenta-
tion vessel facilitating the microbial degradation 
of ingested plant materials. Therefore, the rumen 
has been described as microbial cell factory for 
biorefi neries as it harbours a rich source of micro-
bial cell and could be a potential model to study 
the higher organisational levels of microbial 
communities, fi nally leading to a new concept for 
metabolic engineering (Sauer et al.  2012 ). The 
digestion is mainly affected by the plant materi-
als, its nature, components and structure as well 
as the microbial factors such as microbial load, 
communities, competition and others. The differ-
ent characteristics of microbial population in 
rumen such as survival under anaerobiosis, pred-
atory activities of rumen protozoa, recalcitrant 
plant components and toxic effects of plant sec-
ondary metabolites make it an ideal source for 
bioprospecting (Selinger et al.  1996 ; Wang and 
McAllister  2002 ). The majority of the enzymes 
discovered or studied belong to different classes 
that help to degrade different plant cell wall poly-
mers (Table  17.1 ).

   Table 17.1    Major enzyme activities required for hydrolysis of plant cell wall components   

 Substrate  Linkage  Enzyme required 

 Cellulose  β-1,4-Glucose linkage  Endo-β-1,4-glucanase 

 Cellulose (non-reducing ends)  β-1,4-Glucose linkage  Exo-β-1,4-glucanase 

 Cellobiose  β-1,4-Glucose linkage  β-1,4-Glucosidase 

 Soluble cello-oligomers  β-1,4-Glucose linkage  Cellulodextrinase 

 Cellulose/xylan  β-1,4-Glucose linkage  Xylocellulase 

 Xylan  β-1,4-Xylose linkage  Endo-β-1,4-xylanase 

 Xylobiose  β-1,4-Xylose linkage  β-1,4-Xylosidase 

 Arabinoxylan  α-1,3-Linkage  α-L-arabinofuranosidase 

 Glucuronoxylan  α-1,3 or α-1,2 linkage  α-Glucuronidase 

 Acetylxylan  Acetylester bond   O -Acetyl xylan esterase 

 Ferulic acid cross bridges  Feruloylester bond  Ferulic acid esterase 

 p-Coumaric acid cross bridge   p -Coumaryl ester bond or linkage   p -Coumaric acid esterase 

 Laminarin  β-1,3-Glucanase  β-1,3-hexose linkage 

 Lichenin  β-1,3- and β-1,4-hexose linkages  Mixed linkage β-1,3-β-1,4-glucanase 

 Polygalacturan  α-1,4-Galacturonide linkages  Pectate lyase 

 Pectin  α-1,4-Galacturonide linkages 
methyl ester bond 

 Pectin lyase 

 Pectin methylesterase 

 Tannins  Depside linkage  Tannin acyl hydrolase 

  Modifi ed from Wang and McAllister ( 2002 )  
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17.2        Plant Cell Wall Components 

 Ruminal digestion of plant materials consists 
of numerous complex processes involving a 
number of microbial species and their enzymatic 
machinery. At the microbial level, digestion of 
plant materials is poorly understood. The major 
bacterial species associated are known; however, 
it is in the last decade that researchers began to 
isolate the pure anaerobic cultures and study the 
various enzymatic activities and physiological 
factors that infl uence the expression of these 
enzymes. 

17.2.1     Cellulose 

 Cellulose is the most important and abundant 
structural part of the plants which is a homopoly-
mer of glucose. The plant cell wall is composed 
of fi brils of cellulose which accounts for 20–30 % 
dry weight of the primary cell wall. Cellulose 
molecules associate with each other to form 
microfi brils and have crystalline formulations.  

17.2.2     Hemicellulose 

 Hemicellulose is composed mainly of xylans with 
a backbone structure of β-1,4 linkage in xylose 
residues and attachment of various side chains 
(e.g. acetic acid, arabinose, coumaric acid, ferulic 
acid, glucuronic acid, 4-O-methylglucuronic acid). 
Xylan polymers may be cross-linked to other 
hemicellulose backbones or to lignins through 
ferulic acid or 4-O-methylglucuronic acid. It may 
also be linked to cellulose fi brils forming an 
extensive network of cross-links. The varying 
branching patterns of the surrounding structures 
result in different types of hemicelluloses 
structures.  

17.2.3     Pectin 

 Pectic substances are prominent structural con-
stituents of primary cell walls and middle lamella. 
It is one of the most complex biomolecules and 

can be composed of as many as 17 different 
monosaccharides with at least seven different 
polysaccharides. The predominant structure of 
pectin consists of homogalacturonan (HG) which 
is an unbranched molecule composed of polyβ 
-1,4- D-galacturonic acid (PGA) with α-1,4- 
linked residues of D-galacturonate. The galact-
uronic acid (GA) residues can be methyl esterifi ed 
at C-6 and some of the hydroxyl groups on C2 or 
C3 can be acetylated. Blocks of more than 10 
unesterifi ed GA residues generally yield pectin 
molecules, which are sensitive to calcium cross- 
linking (Daas et al.  2001 ). The rhamnogalacturo-
nan backbone may be interspersed with either 
rhamnose or galacturonic acid residues substi-
tuted with methyl ester groups or sugar side 
chains (Jarvis  1984 ; McNeil et al.  1984 ; 
Rombouts and Pilnik  1986 ).  

17.2.4     Phytic Acid 

 Phytic acid (phytate) is a complex of calcium or 
magnesium with myo-inositol and is regarded as 
the primary storage form of phosphorus and ino-
sitol in almost all seeds. It is considered as an 
anti-nutritional constituent of plant-derived 
feeds. As a reactive anion, it forms a wide variety 
of insoluble salts with minerals including phos-
phorus, calcium, zinc, magnesium and copper. 
Phytic acid is also known to form complexes with 
protein and proteolytic enzymes.  

17.2.5     Lignins, Polyphenols and Toxic 
Components 

 Lignin is a complex polymer of aromatic com-
pounds which account for the most abundant 
polymer on earth. Instead of sugar monomers 
like cellulosic compounds, it is composed of up 
to three different phenyl propane monomers, 
namely,  p -coumaryl alcohol, coniferyl alcohol 
and sinapyl alcohol which are methoxylated to 
various degrees. The lignin degradation has been 
reported in rumen; however, so far the lignin deg-
radation has not been reported in pure rumen bac-
terial isolate. 
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 Besides lignin, the rumen microorganisms 
have been reported to detoxify various plant toxic 
components. The exposure to these components 
usually results in loss of animal productivity. The 
most widely studied toxins include mimosine T-2 
toxins, nitrotoxins, pyrrolizidine alkaloids,  trans- 
aconitate   and tannins. They reduce animal pro-
ductivity by reducing intake, feed palatability, 
enzyme activity, ruminal fermentation rates, 
nutrient availability and wool growth or by induc-
ing toxicosis. Tannins based on their molecular 
structure are classifi ed as hydrolysable (HTs) and 
condensed tannins (CTs, proanthocyanidins). 
Hydrolysable tannins contain a carbohydrate 
(generally D-glucose) as a central core with 
hydroxyl groups esterifi ed with phenolic groups 
(Haslam  1989 ). These HTs are metabolised to 
gallic acid, pyrogallol and other products by 
rumen microbes that are potentially toxic to the 
ruminants. On the other hand, CTs do not have a 
central carbohydrate core and are complexes of 
oligomers and polymers of fl avonoid units linked 
by carbon-carbon bonds with a molecular weight 
of 2,000–4,000 kDa (Hagerman and Butler  1981 ; 
Foo et al.  1986 ). Their multiple phenolic hydroxyl 
groups lead to the formation of complexes pri-
marily with proteins limiting their availability to 
the animal (Makkar  2003 ).   

17.3     Microbial Enzymes 

 Rumen is a rich source of fi brolytic enzymes 
such as cellulase, xylanase and β-glucanases. A 
large number of anaerobic bacteria, protozoa and 
fungi possess very effi cient cellulolytic machin-
ery which helps in increasing the effi ciency of 
feed conversion (Table  17.2 ). The fi brolytic 
enzymes fi nd their application in saccharifi cation 
of lignocellulosic wastes for production of biofu-
els, removing certain forms of polysaccharides 
(arabinoxylan and β-glucan) in cereals that may 
interfere with nutrient absorption and promote 
intestinal disturbances.

17.3.1       Cellulases 

 The researchers have gained interest in rumen 
bacteria and fungi for a number of biotechnologi-

cal applications, mainly for the production of cel-
lulases which are capable of hydrolysis of 1,4 
β-D-glycosidic linkages in cellulose to its mono-
mers. Based on structure and functionality, these 
cellulases have been categorised as:

•    Endocellulase which cleaves internal bonds at 
amorphous sites that create new chain ends.  

•   Exocellulase cleaves two to four units from 
the non-reducing ends of the cellulose mole-
cule produced by endocellulase.  

•   Cellobiase or β-glucosidase hydrolyses the 
exocellulase product into individual monosac-
charides (Bhat and Bhat  1997 ; Lynd and 
Zhang  2002 ).    

 In some microbes, the produced cellulases may 
exist as free enzymes, where different enzymes 
act on different parts of cellulose (Fig.  17.1 ). 
In some microbes, degradation of cellulose is 
accomplished by large multi-enzyme complex 
known as cellulosome. The attachment of this 
complex to cellulose fi bres is achieved by non- 
cellulolytic bacteria via cellulose-binding pro-
teins such as scaffolding cellulosome-integrating 
proteins and large glycosylated proteins 
(Fig.  17.2 ). Alongside the cellulosome structure, 
 Ruminococcus  also uses a cellulose-binding pro-
tein type C that involves fi mbrial structures that 
interact with cellulose. With  R. albus , the cellu-
lases appear to be organised into highly struc-
tured, high molecular weight and extracellular 
complexes whereas  B. fi brololvens  produces 
extracellular polysaccharides having complex 
sugar composition.  F. succinogenes  possesses the 
membrane-associated cellulases and xylanase 
activities. Apart from bacterial species, the cel-
lulolytic activities have also been reported in 
rumen protozoal population.    

17.3.2     Hemicellulases 

 The hemicellulases include a variety of different 
types of enzymes. The initial attack on hemicel-
luloses has been reported by celloxylanase which 
displays good activity either on cellulose or xylan. 
This enzyme is produced by cellulolytic bacteria 
but do not grow on xylan as substrate; therefore, 
it helps in the initial disruption of plant cell fi bre. 
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Later on the activities of xylan degraders help in 
degradation such as mannanase, arabinofuranosi-
dase, ferulic acid esterase and xylanase. The 
hemicellulase activities have been reported in 
cell free extracts for different protozoal species. 
Higher cellulolytic activity was observed in ento-

diniomorphid ciliates, whereas holotrich ciliates 
were reported to possess weak hemicellulolytic 
activity. The site of action of hemicellulases is 
shown in Fig.  17.3 . These enzymes act on the 
various structures surrounding cellulose thereby 
exposing the cellulose for microbial attack.  

   Table 17.2    Rumen microbial groups possessing fi bre degrading activities   

 Cellulolytic  Hemicellulolytic  Pectinase 

  Rumen bacteria  

  Fibrobacter succinogenes   +  + 

  Ruminococcus albus   +  + 

  R. fl avefaciens   +  + 

  Butyrivibrio fi brisolvens   +  + 

  Eubacterium cellulosolvens   +  + 

  Clostridium longisporum   +  + 

  Cl.locheadii   +  + 

  Prevotella ruminantium   +  + 

  Eubacterium xylanophilum   + 

  Ruminobacter amylophilus   + 

  Succinimonas dextrinosolvens   + 

  Selenomonas ruminantium   + 

  Selenomonas lactilytica   + 

  Lachnospira multiparus   +  + 

  Streptococcus bovis   +  + 

  Megasphaera elsdenii  

  Rumen protozoa  

  Eudiplodinium maggii   +  +  + 

  Ostracodinium dilobum   +  +  + 

  Epidinium caudatum   +  + 

  Metadinium affi ne   +  +  + 

  Eudiplodinium bovis   +  +  + 

  Ophryoscolex caudatus   +  +  + 

  Polyplastron multivesiculatum   +  +  + 

  Diplodinium pentacanthum   + 

  Endoploplastron triloricatum   + 

  Ophryoscolex tricoronatus   + 

  Ostracodinium gracile   + 

  Entodinium caudatum   +  + 

  Isotricha intestinalis   +  +  + 

  Isotricha prostoma   +  +  + 

  Rumen fungi  
  Neocallimastix frontalis   +  +  + 

  N. patriciarum   +  +  + 

  N. joyonii   +  + 

  Caecomyces communis   +  + 

  Piromyces communis   +  +  + 

  Orpinomyces bovis   +  +  + 

  Anaeromyces  sp.  +  + 
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17.3.2.1     Mannanase 
 Mannan is a fundamental component of hemicel-
luloses. It consists of β-1,4 linkage between man-
nose monomers forming the hemicelluloses 
cross-linkages (Hogg et al.  2003 ). The mannan 
component is degraded to β-1,4-manno- oligomers 
by β-mannanases followed by action of 
β-mannosidases which reduce them to the mono-
saccharide mannose (Shallom and Shoham  2003 ).  

17.3.2.2     Arabinofuranosidase 
 Arabinose is found in conjunction with xylan as 
hemicellulose component of plant cell wall. The 
arabinose units are attached to xylan via α-1,2, 

1,3, 1,5 or linked to C2 or C3 position on arabi-
noxylan. The AFase hydrolyse the terminal, non- 
reducing arabinofuranosyl. The arabinose units 
can be cleaved off the xylose backbone by arabi-
nofuranosidase activity of  B. fi brisolvens  and  B. 
ruminicola .  

17.3.2.3     Ferulic Acid Esterase 
 Ferulic acid esterase (FAEases) is a group of 
enzymes that form a subclass of carboxylic ester 
hydrolases. These enzymes hydrolyse the bond 
between hydroxycinnamates and sugars 
(Rashamuse et al.  2007 ) releasing ferulic acid 
(Fig.  17.4 ).   
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17.3.2.4     p-Coumaric Acid Esterase 
 p-Coumaric acid esterase or p-coumaroyl ester-
ase is a very crucial enzyme for effi cient degrada-
tion of lignocellulosic biomass. This enzyme 
helps in breakage of ester linkages that connect 
lignin to hemicelluloses, releasing p-coumaric 
acid. Very interestingly, none of the rumen bacte-
rial group produces this and is exclusively pro-
duced by anaerobic fungi (Borneman et al.  1990 ), 
therefore further strengthening their ecological 
role and signifi cance in rumen microbial 
ecosystem.  

17.3.2.5     Xylanases 
 The xylan consists of β-1,4 linked xylopyranosyl 
residues and contains side chains with acetyl 
group and L-arabinofuranosyl residues. The xyl-
anases are responsible for the hydrolysis of xylan 
by breaking the glycosidic linkages in xylan 
backbone (Shallom and Shoham  2003 ). Similar 

to cellulases, the xylanases are composed of three 
enzymes: endoxylanase, β-xylosidase and acetyl 
xylan esterase (Fig.  17.5 ). All the three enzymes 
hydrolyse the xylan molecule, rendering the 
D-xylan sugar usable (Kosugi et al.  2001 ).    

17.3.3     Pectinase 

 There are a few rumen microorganisms possess-
ing pectinolytic activities containing enzymes 
pectin lyase, polygalacturonase and pectin meth-
ylesterase (Fig.  17.6 ). One of the major 
 pectinolytic bacterial species inhabiting the 
rumen,  Lachnospira multiparus , produces a pec-
tin lyase and a pectin methylesterase (Silley 
 1985 ). Apart from bacterial species, the rumen 
protozoa and fungi also possess the pectinolytic 
system (Orpin  1984 ; Bonhome  1990 ; Gordon 
and Philips  1992 ; Chesson and Forsberg  1997 ).   
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17.3.4     Phytase 

 The presence of phytase in the rumen microbes 
makes them able to utilise the phosphorus in 
phytic acid (Fig.  17.7 ). However, the metabolic 
activity of phytate degradation has been thor-
oughly characterised, and the study of the genet-
ics of this process is relatively new. A recombinant 
phytase has been produced from  E. coli  by clon-
ing the gene from  Selenomonas ruminantium  
JY35 which possessed four to eight times higher 
specifi c activity (400 to 800 μmol phosphate 
released from phytate/min/mg protein) than the 
commercial preparation from  Aspergillus niger . 
The phytase production does not depend on the 
coordinated activities of the enzymes such as cel-
lulolytic enzymes; therefore, it can be genetically 
manipulated easily (Piddington et al.  1993 ; Van 
Hartingsveldt et al.  1993 ).   

17.3.5     Polyphenol Degrading 
Enzymes 

 Tannin acyl hydrolase: Tannase catalyses the 
breakdown of hydrolysable tannins such as tan-
nic acid, methyl gallate, ethyl gallate, 
n- propylgallate and isoamyl gallate. Tannase 
hydrolyses tannic acid completely to gallic acid 
and glucose through 2,3,4,6,-tetragalloyl glucose 
and two kinds of monogalloyl glucose. Tannase 
hydrolyses only those substrates that contain at 
least two phenolic hydroxyl groups in the acid 
component. The esterifi ed carboxylic group must 
be on the oxidised benzene ring and must not be 
ortho to one of the hydroxyl groups (Fig.  17.8 ). 

Tannase activity has been reported mainly in 
 Streptococcus gallolyticus ,  Selenomonas rumi-
nantium  and other inhabitants of gastrointestinal 
tract of ruminants such as  Enterococcus faecalis  
and some other unidentifi ed Gram-negative bac-
teria as reviewed by Goel et al. ( 2005 ).   

17.3.6     Enzymes Involved 
in Biohydrogenation 

 The role of fatty acids in human health is very 
well documented. Conjugated linoleic acid 
(CLA) is one such polyunsaturated fatty acid that 
has attracted a substantial attention from the sci-
entists from all around the world, because of its 
possible health effects. CLA comprises a group 
of positional and geometric isomers of linoleic 
acid and is produced as an intermediate during 
biohydrogenation of polyunsaturated fatty acids 
in the rumen of animals. Since these dietary 
unsaturated fatty acids are toxic to rumen micro-
organisms, as a defence mechanism, they secrete 
various enzymes to hydrolyse and hydrogenate 
these unsaturated fatty acids (Harfoot and 
Hazlewood  1988 ). In rumen, bacteria play the 
primary role in biohydrogenation (Jenkins et al. 
 2008 ). Mainly two types of bacteria, i.e. group A 
and group B, are involved in the biohydrogena-
tion process (Fig.  17.9 ). Group A bacteria can 
hydrogenate linoleic acid (LA) or linolenic acid 
(LNA) to trans-Vaccenic acid (TVA) and are not 
able to hydrogenate the last step, i.e. conversion 
of TVA to stearic acid (SA), for example,  B. fi bri-
solvens  MDT5 (Fukuda et al.  2006 ),  Micrococcus  
spp.,  Ruminococcus  spp. and  Lactobacillus  spp. 
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On the other hand, group B bacteria can complete 
all steps of biohydrogenation, i.e. conversion of 
LA/LNA and even oleic acid (OA) to SA, for 
example,  B. proteoclasticum  (Paillard et al. 
 2007 ). Many strains of  Megasphaera elsdenii  can 
also produce signifi cant amounts of  trans -10,  cis- 
12   CLA (Kim et al.  2002 ). Rumen protozoa are 
not involved in biohydrogenation (Boeckaert 
et al.  2010 ). The biohydrogenation activity of 
anaerobic fungi is reported to be very slow than 
rumen bacteria. Among different genera, 
 Orpinomyces  sp. is described as chief CLA pro-
ducer (Nam and Garnsworthy  2007 ).    

17.4     Application of Molecular 
Techniques in the Screening 
of Rumen Enzymes 

 From the last decade, the research has been 
focussed on identifying the genes encoding 
unique feed degradative enzymes which can be 
used to fortify the existing livestock production 
systems or to deliver novel enzymes for other 
industrial applications. Few ruminal microorgan-
isms have been exploited for identifi cation of 
genes and studying the expression of those genes 
in different microbial expression systems such as 
 E. coli  or  Pichia pastoris  (Table  17.3 ).

   With the advancement in application of 
molecular techniques, the research has been 
focussed on metagenomics of the rumen micro-
bial community. It is a method to study the DNA 
of entire population of microorganisms 
(Handelsman  2004 ). The metagenomics for dif-
ferent enzyme discovery involves creating of a 
metagenomic library from rumen sample and 
screening the library clones for specifi c enzymes. 
The advantage of metagenomics over conven-
tional way is that it allows screening of thousands 
of clones in a relatively short time and enable the 
potential discovery of a large number of different 
enzymes from a sample. 

 Worldwide research groups are working 
towards the development of metagenomic 
approaches to characterise the structure and func-
tion of rumen microbiota in order to identify the 

factors that may improve the functioning of the 
rumen and limit undesirable environmental 
effects (Table  17.4 ). Metagenomics is the appli-
cation of modern genomic techniques to the 
study of communities of microbes directly in 
their natural environments, bypassing the need 
for isolation and lab cultivation of individual spe-
cies. Metagenomics represents a strategy for dis-
covering diverse enzymes encoded in nature. In 
Table  17.4 , a few studies done on metagenomics 
of rumen towards the identifi cation of new 
enzymes which have potential biotechnological 
applications are listed. The metagenomic research 
has generated genetic information on the entire 
microbial community, which is important 
because 90 % of microbes cannot be isolated or 
cultured. The metagenomic method provides a 
global microbial gene pool without the need to 
culture of the microorganisms.

   The major laboratories working in the area of 
rumen metagenomics include DOE Joint Genome 
Institute – Genome Technology, USA; USDA, 
USA; INRA, France; CSIRO, Australia; and 
AgResearch, New Zealand. From India, Anand 
Agricultural University has recently used Ion 
Torrent PGM next-generation sequencing tech-
nology to characterise general microbial diver-
sity and the repertoire of microbial genes present, 
including genes associated with dormancy and 
sporulation in Mehsani buffalo rumen metage-
nome (Singh et al.  2014 ). An European project on 
rumenomics is underway between European 
partners from UK, Sweden, France, Italy, Finland 
and Switzerland.  

17.5     Conclusions 

 Although rumen contains various kinds of 
microbes that can be used for various purposes, 
microbes/enzymes for lignocellulose-based bio-
refi nery can play a crucial role in the present 
environment. Plant biomass being most abun-
dant and mostly unused provides us a valuable 
renewable natural resource that can be exploited 
for various purposes ranging from production of 
fuels, chemicals, food or feed. However, due to 
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   Table 17.3    Genetic characterisation of rumen microorganisms for different enzymes   

 Enzyme  Organism  Gene  Reference 

 Endoglucanase   B. fi brisolvens  H17c   endI   Berger et al. ( 1989 ) 

  F. succinogenes  AR1   endAFS   Cavicchioli et al. ( 1991 ) 

  F. succinogenes  BL2   endC   B’era et al. ( 1996 ) 

  F. succinogenes  SD35   end-1   Ozcan et al. ( 1996 ) 

  F. succinogenes  S85   endB   Broussolle et al. ( 1994 ) 

  P. ruminicola  AR20   celA   Vercoe and Gregg ( 1992 ) 

  P. ruminicola  23  Matsushita et al. ( 1991 ) 

  R. albus  F-40   Egl   Ohmiya et al. ( 1989 ), 
Duguchi et al. ( 1991 ) 

  R. albus  F-40   egIV   Karita et al. ( 1993 ) 

  R. albus  SY3   celA, celB   Poole et al. ( 1990 ) 

  R. albus  8   celA   Attwood et al. ( 1996 ) 

  R. albus  AR67   celA   Vercoe and Gregg ( 1993 ) 

  R. fl avefaciens  FD-1   celE   Wang et al. ( 1993 ) 

  celB   Vercoe and Gregg. ( 1993 ) 

  N. frontalis  MCH3   celA   Fujino et al. ( 1995 ) 

  N. patriciarum    celB   Zhou et al. ( 1994 ) 

  Orpinomyces joyonii    celA ,  Liu et al. ( 1996 ) 

  celB2   Ye et al. ( 2001 ) 

  F. succinogenes  S85   Cel9B, Cel5H and Cel8B   Qi et al. ( 2007 ) 

 Xylanase   B. fi brisolvens  49   xynA   Mannarelli et al. ( 1990 ) 

  B. fi brisolvens  H17c   xynB   Lin and Thomson 
( 1991 ) 

  F. succinogenes  S85   xynC   Paradis et al. ( 1993 ), 
Zhu et al. ( 1994 ) 

  P. ruminicola  23   xynA   Whitehead ( 1993 ) 

  P. ruminicola  B 1 4   xynB   Gasparic et al. ( 1995 ) 

  R. fl avefaciens  17   xynA, xynB, xyn D   Zhang and Flint ( 1992 ), 
Zhang et al. ( 1994 ), 
Flint et al. ( 1993 ) 

  N. patriciarum    xynA   Gilbert et al. ( 1992 ) 

  xynB   Zhou et al. ( 1994 ) 

  N. patriciarum  27   xynC   Tamblyn et al. ( 1993 ), 
Selinger et al. ( 1995 ) 

  N. patriciarum    xynCDBFV   Liu et al. ( 2005 ) 

  Orpinomyces  sp. PC-2   xynA   Chen et al. ( 1995 ) 

 β-Glucosidase   R. albus  F-40   pRA201   Takano et al. ( 1992 ), 
Ohmiya et al. ( 1985 ) 

  B. fi brisolvens  H17c   Bg1A   Lin et al. ( 1990 ) 

 β-Glucanase   F. succinogenes    –   Liu et al. ( 2005 ) 

  P. rhizinfl ata    eglA   Liu et al. ( 2005 ) 

 Peptidase   Prevotella albensis M384    DPP-IV   Walker et al. ( 2003 ) 

 Cellodextrinase   B. fi brisolvens  H17c   cedI   Berger et al. ( 1990 ) 

  Modifi ed from Selinger et al. ( 1996 )  
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the recalcitrant nature of biomass, its hydrolysis 
and further degradation are very diffi cult, hence 
also limiting industrial exploitation. Since the use 
of different pretreatment methods is time con-
suming and costly, the use of lignocellulolytic 
microbes of rumen can be an excellent way for-

ward for applications in various industries includ-
ing agriculture, chemicals, ethanol, animal feed, 
biofuel, food, paper and textiles. Furthermore, 
being anaerobic in nature, these microbes unlike 
their aerobic counterparts do not present any 
problems for bioprocess development.     

    Table 17.4    Metagenome studies on rumen enzymes   

 Enzyme/enzyme family  Source 
 Screening 
method  Sequencing method  Reference 

 Cyclodextrinases  Cow  Function based  –  Ferrer et al. ( 2005 ) 

 Cow  Sequential and 
functional 
screening 

 Shotgun sequencing  Hess et al. ( 2011 ) 

 Feruloyl esterase  Function based  –  Wong et al. ( 2013 ) 

 Endoglucanase  Cow  Function based  Pyrosequencing 454 
GS FLX 

 Pozo et al. ( 2012 ) 

 Bovine  Function based 
(BAC vector) 

 Sanger sequencing  Gong et al. ( 2012 ) 

 Swamp Buffalo  Function based  –  Cheema et al. ( 2012 ) 

 Buffalo  Function based  –  Rungrattanakasin et al. 
( 2011 ) 

 Bovine  Function based 
(fosmid vector) 

 –  Rashamuse et al. ( 2013 ) 

 Buffalo  Function based 
(cosmid vector) 

 –  Liu et al. ( 2009 ) 

 Cow  Function based  –  Shedova et al. ( 2009 ) 

 Goat  Sequence based  Shot gun sequencing  Lim et al. ( 2013 ) 

 α-Glucuronidase  Cow  Function based  –  Lee et al. ( 2012 ) 

 Glycoside hydrolases  Bovine 
Ruminal 
Protozoan 

 Function based  –  Findley et al. ( 2011 ) 

 Yak  Function based  –  Zhou et al. ( 2012 ) 

 Yak  Function based 
(BAC vector) 

 Pyrosequencing  Dai et al. ( 2012 ) 

 Bovine  Sequence based  Pyrosequencing 454 
GS FLX 

 Brulc et al. ( 2009 ) 

 Yak  Function based 
(cosmid vector) 

 –  Bao et al. ( 2011 ) 

 Cow  Function based  Sanger sequencing  Zhao et al. ( 2010 ) 

 Carbohydrate active 
enzymes 

 Buffalo  Sequential 
screening 

 Ion torrent PGM 
next-generation 
sequencing 

 Patel et al. ( 2014 ) 

 Cow  Function based  Pyrosequencing  Wang et al. ( 2013 ) 

 Mannanase-xylanase- 
glucanase  

 Cow  Function based  Sanger sequencing  Palackal et al. ( 2007 ) 

 Xylanase  Sheep  Function based 
(fosmid vector) 

 –  Wang et al. ( 2012 ) 

 Lipases  Cow  Function and 
sequence based 

 –  Liu et al. ( 2009 ) 
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      Ruminal Fermentations to Produce 
Liquid and Gaseous Fuels 

           Paul     J.     Weimer    

    Abstract  

  The ruminant animal has evolved to effectively utilize relatively recalci-
trant cellulosic biomass to fulfi ll its needs for growth and reproduction. 
Although the animal has developed a unique biomass pretreatment process 
based on mastication and rumination, the key driver of biomass utilization 
is the microbiota residing in the rumen. The ruminal microfl ora, largely 
comprised of anaerobic bacteria, can ferment all of the non-lignin biomass 
components, primarily to volatile fatty acids (VFAs), methane, and carbon 
dioxide. Methane is a well-known and widely utilized fuel for human 
activities, but most of the energy in the fermentation products resides in 
the VFA, which serves as the primary energy source for the animal. 
Because VFA can be converted by chemical and electrochemical routes to 
hydrocarbons, alcohols, or esters, they are the central components of the 
“carboxylate platform” for biofuel production. The ruminal fermentation 
can readily be conducted in bioreactors (i.e., extraruminally) and shares 
several attractive features with carboxylate platform processes based on 
“stuck” anaerobic digestion: feedstock fl exibility, high solid loading rate, 
non-aseptic operation, and wide substrate range. The extraruminal fer-
mentation has the additional benefi t of a short run time (days, as opposed 
to weeks). This chapter summarizes current knowledge in the potential for 
fuel production using the ruminal fermentation, along with the potential 
for certain members of the ruminal community to be used for production 
of specifi c chemicals in pure culture or defi ned mixed culture.  
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18.1         Introduction 

 The ruminant animal is an intricate evolutionary 
construct and a shining example of mutualism 
between a host organism and its resident micro-
fl ora (Russell  2002 ). Ruminal microbes are 
essential to feed utilization by the host animal, in 
that they convert feedstuffs to volatile fatty acids 
(VFAs, sometimes called short-chain fatty acids, 
SCFA) that serve as the primary energy source 
for the host. In addition, the microbial cells them-
selves provide a substantial fraction of the pro-
tein needs of the host, much of it produced by 
conversion of nonprotein nitrogen to microbial 
cell protein of very high quality (i.e., having a 
favorable balance of essential amino acids). 
Although the ruminal microfl ora effectively fer-
ment grains and protein concentrates that provide 
much of the diet of high-producing ruminant 
livestock (such as cattle, sheep, and goats), the 
true evolutionary innovation of the ruminal sym-
biosis was the ability of the ruminal microbes to 
degrade and utilize fi brous plant material that is 
not a signifi cant source of nutrition to nonrumi-
nant animals. Simply put, the ruminant evolved 
as a grazing or browsing animal, and its physiol-
ogy and microbiology are best understood within 
this evolutionary context. 

 The challenges faced by ruminal microbes in 
the digestion of fi brous feeds are nearly identical 
to those faced by the biorefi nery industry in con-
verting these same plant materials to fuels useful 
to human society. This observation has led to the 
notion that the rumen represents a natural exam-
ple of consolidated bioprocessing (CBP) of cel-
lulosic biomass (Lynd et al.  2002 ; Weimer et al. 
 2009 ). In this chapter, the ruminal fermentation 
will be evaluated from two rather different per-
spectives: (1) how the ruminal fermentation 
might inform or enlighten our efforts to convert 
cellulosic feedstocks to fuels in microbial sys-
tems based on the conversion of relatively recal-
citrant cellulosic biomass by natural and 
engineered nonruminal microbes and (2) how 
ruminal microbes themselves might be harnessed 
to produce fuels or fuel precursors from this same 
plant material in “extraruminal” fermentations 
conducted in controlled bioreactors. 

 We can distinguish at the outset between 
 compounds that can be used directly as fuels 
(ethanol, H 2 , and methane) and compounds that 
contain high caloric value but are not directly 
 utilizable as fuels due to issues such as low 
 volatility or high corrosivity (viz., VFA). The 
development of a successful biofuel process 
based on the latter compounds, which we will 
here term “fuel precursors,” is inextricably linked 
to the development of downstream technologies 
that convert these compounds to more conven-
tional fuels (e.g., hydrocarbons and alcohols). In 
this chapter, we will focus the discussion of fuel 
precursors primarily on their fermentative pro-
duction, but will briefl y discuss downstream pro-
cessing, its major challenges, and some newer 
technologies to address these challenges.  

18.2     Some Basic Principles 
of the Ruminal Fermentation 

18.2.1     The Ruminal Environment 

 The essential features of the feed processing in 
ruminants have been excellently reviewed 
(Hungate  1966 ; Van Soest  2002 ) and evaluated 
from the perspective of biofuel production 
(Weimer et al.  2009 ). The rumen is the largest of 
the four pre-intestinal digestive chambers in the 
ruminant animal; in dairy cattle, well studied for 
their agricultural importance and high productiv-
ity, the rumen can exceed 100 l in volume. 
Despite the ingestion of large amounts of oxygen 
during feed and water consumption by the host, 
the ruminal habitat is highly anaerobic (E h  < −200 
mV) due to the uptake of oxygen by ruminal epi-
thelial tissue, activity of facultative anaerobic 
bacteria, and the microbial production of various 
reducing agents. 

 On a mass basis, VFAs are the major products 
of the ruminal fermentation. Production of VFA 
at the rates observed in the rumen has the poten-
tial to reduce ruminal pH to values inhibitory to 
the microfl ora (particularly the cellulolytic bacte-
ria), but the host animal effectively regulates pH 
within a range of ~5.5–7 by a combination of 
VFA absorption through the epithelial cells in the 
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ruminal wall and secretion of copious amounts of 
bicarbonate-buffered saliva (over 100 L d −1  in 
dairy cattle). Ruminal temperature is controlled 
even more tightly than is ruminal pH, typically 
within a few degrees of 39 °C. Ruminal environ-
mental conditions have selected a microbial com-
munity that is relatively stenothermal, relatively 
uncomfortable outside its natural pH range, and 
not well adapted to very high concentrations of 
fermentation end products. As will be seen below, 
this does provide some challenges in maximizing 
the productivity of extraruminal fermentations.  

18.2.2     The Mechanics of the Rumen 
as a Bioreactor 

 A key feature of the rumen is its relatively high 
solid content, typically ~ 15 % (w/v). This solid 
content is similar to the targeted solid concentra-
tions in cellulosic biorefi nery designs (Benz 
 2008 ). At these concentrations, mechanical mix-
ing of reactor contents and their movement 
through the multiple unit operations is challeng-
ing, and the ruminant serves as an example of 
how this might be most effectively accomplished 
in a biorefi nery. The ruminant host regulates feed 
passage in a selective and discontinuous manner, 
such that the passage rate of liquids is substan-
tially more rapid than that of solid feed materials 
(averaging about 8 h and 50 h, respectively). This 
selective retention of feed particles provides suf-
fi cient time for most of the accessible organic 
material to be fermented before passage of rela-
tively indigestible fi ber out of the rumen. The 
process of rumination (chewing of the cud) is of 
central importance in digestion, in that grinding 
and regrinding of the feed (particularly its fi brous 
components) in the buccal cavity facilitate con-
tinued degradation in the rumen by exposing 
degradable fi ber surface. The exemplary ability 
of the ruminant to effectively utilize most of the 
energy in highly fi brous feeds via an energy- 
effi cient type of physical pretreatment has been 
largely ignored by a biorefi nery industry obsessed 
with chemical pretreatments to enhance product 
yields in biofuel fermentations. The physical pro-
cess of rumination presages the fermentative con-

version of up to 80 % of the potentially digestible 
dry matter at an energetic cost of ~1 % of the 
digestible energy content of the feedstock 
(Weimer et al.  2009 ). By contrast, chemical pre-
treatments facilitate 90 % or greater conversion 
of the fermentable content of the feedstock, but 
have inherently high costs (the chemical agents 
themselves, energy required for operation at high 
temperature and pressure, waste disposal) and 
often generate chemical inhibitors of downstream 
fermentation.  

18.2.3     Ruminal Fermentation 
Pathways and Product Yields 

 Bacteria are the dominant members of the rumi-
nal community, and the details of their physiol-
ogy and biochemistry have been studied in much 
more detail than have those of protozoa or fungi. 
Fungi are a quantitatively minor component of 
the microfl ora and seem to contribute to the fer-
mentation of fi ber in large part by physically 
splitting plant tissue apart during the course of 
their extensive mycelial growth. Protozoa digest 
primarily starch and ingested bacterial cells, and 
their quantitative contribution to fi ber digestion is 
likely very small. However, the all three major 
microbial groups share generally similar path-
ways for catabolism of soluble substrates, 
although the bacteria as a group are more meta-
bolically diverse and carry out certain catabolic 
reactions (e.g., lactate fermentation or succinate 
decarboxylation) uniquely. 

 Polysaccharides – cellulose, hemicelluloses, 
starch, fructans, and pectin – provide most of the 
substrate for the ruminal fermentation. These 
polysaccharides are depolymerized primarily to 
oligosaccharides by various species of fi brolytic 
and amylolytic microbes, mostly bacteria, with 
the resulting soluble sugars fermented by both 
the fi brolytic and amylolytic species, and a host 
of generalist sugar-fermenting commensal 
microbes. The central catabolic intermediate of 
these sugar fermentations is pyruvic acid, which 
is converted mainly to acetate, succinate, and lac-
tate. Acetate in turn is used to produce butyrate, 
succinate is decarboxylated to propionate, and 
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lactate is converted by different pathways to yield 
both acetate and propionate. The proportions of 
VFA vary with diet. Rapidly fermented carbohy-
drates (e.g., starch and sugars) typically yield 
acetate and propionate in similar molar propor-
tions, along with smaller amounts of butyrate, 
while cellulose and hemicelluloses usually yield 
acetate, propionate, and butyrate in ratios approx-
imating 6:2:1. VFA contents in the rumen are 
typically in the range of 80–200 mM total VFA. 

 In addition to VFA, the ruminal fermentation 
yields substantial amounts of gas. Most fermen-
tations yield CO 2 . H 2  is produced in considerable 
amounts by several carbohydrate fermenters, but 
virtually all of this H 2  is oxidized by methano-
genic archaea, using CO 2  as electron acceptor. 
Consequently, the ruminal gas phase is a mixture 
of methane and CO 2 . Smaller amounts of meth-
ane are also produced from formate (which is 
produced from both carbohydrate and nucleic 
acid fermentations or by CO 2  reduction) or from 
methanol liberated from methoxylated pectins or 
phenolic acids. The oxidation of both H 2  and for-
mate is thermodynamically very favorable, and 
neither accumulates to signifi cant amounts in a 
normally functioning rumen.  

18.2.4     Nutrient Requirements 
of Ruminal Microbes 

 In addition to the general requirements for growth 
(carbon and energy sources, nitrogen source, 
mineral nutrients such as P, S, and trace metals), 
some ruminal microbes have additional growth 
requirements. Among ruminal microbes, these 
requirements have been studied in detail only in 
bacteria, which tend to have more complex nutri-
ent requirements than most bacteria used in 
industrial fermentations. In the rumen, most of 
these nutrient requirements are met by either feed 
components or by production by other members 
of the rumen microfl ora; however, these nutrients 
must be supplied when pure cultures are grown in 
the laboratory on purifi ed substrates such as 
starch or cellulose. Noncellulolytic species often 
require particular vitamins, and many species are 
stimulated by peptides, amino acids, or other 

components found in peptones, yeast extract, or 
clarifi ed rumen fl uid. Ruminal cellulolytic bacte-
ria (RCB) require several vitamins and at least 
one branched chain VFA from the group isobu-
tyric, 2-methylbutyric, and isovaleric acid. Little 
or no incorporation of these acids was observed 
by Allison ( 1969 ), and more recent genomic 
studies (Suen et al.  2011a ,  b ) have revealed that at 
least two of the predominant RCB ( Fibrobacter 
succinogenes  and  Ruminococcus albus ) contain 
the complete biosynthetic pathways for all 20 
protein amino acids. It is thus likely that the 
branched chain VFA is required instead as a pre-
cursor for synthesis of branched long-chain fatty 
acids in cell membranes. One species,  R. albus , 
also requires 3-phenylpropanoic acid (PPA) for 
growth on cellulose, but not on glucose or cello-
biose; the PPA is apparently required for synthe-
sis of extracellular polymeric substances that 
facilitate adherence of cells to the cellulose sur-
face (Morrison et al.  1990 ).   

18.3     Fuel Production by Ruminal 
Microbes: Ethanol 
and Hydrogen 

 Two compounds that have received great atten-
tion as biofuels are ethanol and hydrogen (H 2 ). 
The former is used in tremendous volumes for 
blending with gasoline (in the USA) or directly in 
modifi ed vehicle engines (particularly in Brazil). 
Hydrogen is touted as an environmentally supe-
rior fuel due to the fact that its combustion gener-
ates only water and CO 2  generated during its 
production from either fossil fuels or biomass is 
readily captured. Both ethanol and H 2  are normal 
products of anaerobic fermentations by many 
microbial species, including several from the 
rumen. Ethanol production occurs via sequential 
reduction of acetyl-CoA and acetaldehyde, typi-
cally with NADH as electron donor. H 2  can be 
produced by a formic hydrogen lyase 
(HCOOH → H 2  + CO 2 ) but is more commonly 
produced by direct reduction of protons, using 
hydrogenase and reduced ferredoxin as an elec-
tron carrier. The latter reaction is less thermody-
namically favorable and proceeds to only a 
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limited extent unless H 2  is continually removed 
(e.g., by H 2 -oxidizing methanogens). In natural 
systems, neither H 2  nor ethanol accumulates to 
signifi cant quantities, because they are attractive 
energy sources for other microorganisms, either 
within the anaerobic habitat in which they are 
produced or upon diffusion to nearby habitats 
where O 2  is available as an electron acceptor. 
Consequently, producing either ethanol or H 2  
industrially requires pure cultures or carefully 
constructed defi ned mixed cultures. 

 The highly cellulolytic Gram-positive bacte-
rium  Ruminococcus albus  is among the best- 
known ruminal producers of H 2  and ethanol. 
Phylogenetically, the genus  Ruminococcus  is 
within the phylum  Firmicutes , family 
 Clostridiales , and displays many fermentation 
characteristics of related  Clostridium  species. 
Individual strains display clear differences in the 
rate of cellulose degradation. In continuous cul-
ture,  R. albus  strain 7 has been reported 
(Pavlostathis et al.  1988 ) to ferment crystalline 
cellulose up to 0.91 mol ethanol and 1.58 mol H 2  
per mol glucose equivalent (0.289 g ethanol and 
0.020 g H 2  [g cellulose consumed] −1 ). Efforts 
focused on maximizing H 2  production from 
paper waste have achieved yields of 46–280 L 
H 2  [kg paper] −1  (Ntaikou et al.  2009 ), equivalent 
to a yield of 0.9–2.5% on a weight basis. These 
hydrogen yields are substantially lower than 
those produced from glucose by certain 
 nonruminal bacteria (e.g.,  Clostridium butyri-
cum , Masset et al.  2012 ), but direct compari-
sons are misleading because none of these 
high-yielding nonruminal hydrogen producers 
are capable of utilizing polymeric cellulose or 
hemicelluloses. 

 There are three major challenges to utilizing 
ruminal bacteria on an industrial scale to produce 
H 2  and ethanol, particularly from cellulosic bio-
mass. First, the ruminal microbial species most 
profi cient in converting plant cell wall material 
are also very strictly anaerobic and nonsporulat-
ing, limiting their ability to withstand any tran-
sient nonreducing conditions in a bioreactor. 
Second, these species display poor product toler-
ance and an inability to produce high concentra-
tions of product. In the case of ethanol, this likely 

refl ects the fact that these species have never had 
to withstand signifi cant ethanol concentrations in 
their natural environment (where the compound 
is either not produced or produced only as an 
intermediate) or during their history of cultiva-
tion under axenic conditions (where cultivation 
has typically been conducted at low substrate 
concentrations for physiological experiments 
unrelated to biofuel production). In the case of 
H 2 , ruminal microbes are faced with the same 
thermodynamic constraints, described above, 
that are faced by all organisms that produce H 2  by 
proton reduction. Third, no genetic systems are 
available for the most profi cient of the fermenta-
tive species isolated from the rumen; this greatly 
limits our ability to conduct targeted metabolic 
engineering. Fortunately, the genome sequences 
of several ruminal fi brolytic bacteria have been 
completed (Suen et al.  2011a ,  b ), which should 
stimulate attempts to heterologously express 
some of these organisms’ more interesting meta-
bolic features in more genetically tractable host 
species.  

18.4     Production of Fuel 
Precursors 

 While the prospects for using ruminal microbes 
for industrial production of the authentic fuels 
ethanol and H 2  appear to be very limited, the 
same does not hold true for the production of 
organic acids that can serve as fuel precursors. 

18.4.1     Succinate 

 Succinic acid is a four-carbon dicarboxylic acid 
that is widely used as a food acidulent and poly-
mer intermediate (Zeikus et al.  1999 ). It will be 
considered here for two reasons. Firstly, it is 
inherently reactive via Kolbe or Hofer-Moest 
electrochemistry (discussed later in this chapter) 
and as a diacid can potentially provide additional 
extension to the carbon chain of the product fuel 
molecule. Secondly, it is a major precursor to 
propionate, a VFA particularly reactive in its 
electrochemistry. 
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 Succinate production by anaerobic fermenta-
tion of carbohydrate proceeds through a pathway 
in which either phosphoenolpyruvate (PEP) or 
pyruvate is carboxylated to oxaloacetate (OAA); 
this step requires elevated levels of CO 2 , which is 
common in the rumen but must be supplied exog-
enously in a bioreactor. OAA is then sequentially 
converted to malate, fumarate, and succinate. The 
terminal step is a reductive reaction typically 
employing FADH 2  as electron donor. Succinate 
yields are dependent on the fl ux of reducing 
equivalents to fumarate reduction versus their 
fl ux to other reductive reactions (e.g., those 
which form H 2  or formate). 

 The rumen is host to several species of bacte-
ria that are among the most prolifi c succinate pro-
ducers in the nature.  Actinobacillus succinogenes  
130Z T  (Guettler et al.  1999 ) is a facultative anaer-
obic, Gram-negative rod, fi rst isolated from the 
bovine rumen, that can ferment a wide variety of 
sugars, including the glucose, cellobiose, xylose, 
and arabinose. Under a 100 % CO 2  atmosphere, 
the type strain produced up to 74 g of succinate 
L −1 , and some derived strains produced over 100 
g L −1  in media additionally amended with yeast 
extract and corn steep liquor. 

 Two other ruminal bacteria have attracted 
interest as succinate producers, primarily due to 
their ability to use cellulose as a growth substrate. 
 Fibrobacter succinogenes  is a highly cellulolytic 
anaerobe that is nearly the sole representative of 
its bacterial phylum (Suen et al.  2011b ). It typi-
cally comprises 1–2 % or more of the bacterial 
community in the bovine rumen. As its name 
implies,  F. succinogenes  produces succinate as a 
major product. It also produces smaller amounts 
of acetate and formate, but produces no other 
reduced compounds (H 2 , ethanol, butyrate, etc.). 
The proportion of its fermentation products does 
not change signifi cantly with growth rate 
(Weimer  1993 ).  F. succinogenes  can grow rea-
sonably rapidly on highly crystalline cellulose 
and can hydrolyze a wide variety of polysaccha-
rides, although it cannot ferment the hydrolytic 
products. This last fact suggests that the bacte-
rium can be a major component of a mixed culture 
system containing other species that utilize these 

various saccharides.  Ruminococcus fl avefaciens  
is another highly cellulolytic ruminal bacterium 
that hydrolyzes fewer polysaccharides but is less 
restricted in its use of hydrolytic products. 
Although acetate is its major fermentation prod-
uct, reducing equivalents generated during carbo-
hydrate fermentation are used to produce 
succinate, H 2 , and formate (the latter from CO 2 ). 
Disposal of reducing equivalents to the latter two 
products decreases the overall yield and produc-
tivity of succinate. Because of its lower molar 
yield of succinate,  R. fl avefaciens  is likely infe-
rior to  F. succinogenes  for industrial production 
of succinate. For example, fermentation of pulped 
paper (a highly reactive form of cellulose) 
resulted in succinate productivities of 0.0597 g 
L −1  h −1  for  F. succinogenes  and 0.0431 g L −1  h −1  
for  R. fl avefaciens  FD-1 (Gokarn et al.  1997 ). 
While the ability to produce succinate from cel-
lulose is attractive on the surface, these produc-
tivities are far lower than those achieved either by 
 Actinobacillus  (Lee et al.  2000 ) or by recently 
engineered strains of  Escherichia coli  (Lee et al. 
 2005 ), and thus succinate production by these 
cellulolytic species is unlikely to have commer-
cial promises.  

18.4.2     VFA 

 As noted above, acetate is the most common and, 
on a mass basis, the most abundant product of 
carbohydrate fermentation by most carbohydrate 
fermenters in pure culture. Propionate is pro-
duced from two major routes: from lactate via 
dehydration to acrylate followed by a reduction 
to propionate or by direct decarboxylation of suc-
cinate. In principle, VFA production can be 
attained using either pure culture fermentations 
or defi ned cocultures, for example, the fermenta-
tion of cellulose by  Fibrobacter succinogenes  to 
succinate, with decarboxylation to propionate by 
 Selenomonas ruminantium  (Scheiffi nger and 
Wolin  1973 ). This latter interaction represents a 
classic case of bacterial mutualism, but has not 
been exploited for commercial propionate pro-
duction. On the other hand, production of propio-
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nate from lactate has been examined using 
lactilytic strains of  S. ruminantium , which have 
been shown to produce up to 24 g propionate L −1  
(Eaton and Gabelman  1992 ). 

 Butyrate is produced via a condensation of 
two acetyl-CoA units, followed by a reduction, 
dehydration, and another reduction; this pathway 
is sometimes referred to as reverse β-oxidation, 
because the VFA chain is lengthened by incorpo-
rating the two-carbon unit of acetic acid, the 
compound produced during sequential degrada-
tion of long-chain fatty acids (Fig.  18.1 ). The 
best-known ruminal producer of butyrate is 
 Butyrivibrio , a genus of generalist bacteria that 
can ferment a wide range of carbohydrates, a few 
polysaccharides (particularly hemicelluloses), as 
well as some proteins and amino acids. The best- 
known reverse β-oxidizer,  Clostridium kluyveri , 
is easily enriched from ruminal contents in etha-
nol/acetate media amended with inhibitors of 
methanogenesis (the latter can be removed from 
the media upon pure culture isolation). Pure 
 cultures of one ruminal isolate, strain 3231B 
(= NRRL B-59667), produced up to 110 mM 
(13.2 g L −1 ) caproate, near its solubility limit 
(Weimer and Stevenson  2012 ). This organism 
thus has promise as a caproate producer in pure 
culture. However, the organism is present in only 
trace numbers in the rumen (and is likely a tran-
sient entering the rumen with feeds such as alfalfa 
silage), and its requirement for ethanol as an 
electron donor would complicate mixed culture 
fermentation of cellulosic biomass. A more 
authentic member of the ruminal community, 
 Megasphaera elsdenii , can ferment lactate to pro-
pionate (C 3 ) and then to valerate (C 5 ) and can fer-
ment glucose successively to acetate (C 2 ), 
butyrate (C 4 ), and caproate (C 6 ). H 2  is produced 
on both substrates. From DL-lactate, the maxi-
mum reported concentrations of acetate, propio-
nate, butyrate, and valerate in the same 
fermentation broth were 2.9, 3.9, 0.9, and 1.1 g 
L −1 , respectively (Weimer and Moen 
 2013 ). Moreover, cocultures of  M. elsdenii  and 
the lactate producer,  Streptococcus bovis , rapidly 
convert sugars in whole plant biomass to valerate 
and propionate in high yield (Weimer and 
Digman  2013 ).    

18.5     Mixed Culture Fermentations 

18.5.1     The Carboxylate Platform 

 From a practical standpoint, use of either pure 
cultures or defi ned mixed cultures of ruminal 
microbes for producing fuels and fuel precursors 
is complicated by the same issues of culture con-
tamination that challenge nonruminal production 
of these same compounds. However, these issues 
can largely be circumvented by exploiting the 
robustness and effi ciency characteristic of rumi-
nal fermentations conducted by the entire micro-
bial community in undefi ned mixed culture. The 
concept of using mixed cultures to convert com-
plex biomass materials to a mixture of useful 
products was originally proposed over 30 years 
ago by Levy et al. ( 1981 ), who coined the term 
“biorefi nery” to describe the process. This term is 
now generally applied to almost any collection of 
processes for converting biomass to fuels. In their 
concept of a biorefi nery, Levy et al. ( 1981 ) pro-
posed operating a conventional anaerobic 
 digestion with a sewage sludge inoculum under 
conditions where methanogenesis, the terminal 
step of the process, was intentionally inhibited 
(Fig.  18.2 ). Inhibition of methanogens via either 
low operating pH or addition of specifi c metha-
nogenic inhibitors, such as iodoform (CHI 3 ), 
results in a “stuck” anaerobic digestion in which 
both H 2  and acetate accumulate. This in turn 
inhibits the proton-reducing acetogenic bacteria 
that normally assist the methanogens by convert-
ing propionate and butyrate to acetate and H 2 . 
When methanogenesis is inhibited, these acids 
can accumulate and are used as substrates by 
other bacteria for reductive synthesis of longer- 
chain (C 5 -C 8 ) fatty acids by reverse β-oxidation. 
As discussed later in this chapter, these longer- 
chain VFA can be extracted using solvents or res-
ins and converted to a variety of fuel 
compounds.  

 The biorefi nery concept was further extended 
by Holtzapple and coworkers (Granda et al.  2009 ; 
Holtzapple and Granda  2009 ), who carried the 
mixed culture fermentation to pilot plant scale, 
including downstream processing of the fatty 
acids; the resulting process was named the “car-
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  Fig. 18.1    Fermentation pathway of  Clostridium kluyveri . 
This anaerobic bacterium oxidizes ethanol and reduces 
acetate successively to butyrate and caproate (and likely 
to the C 8  acid, caprylate; not shown). The pathway, some-
times termed “reverse β-oxidation,” is used by another 

ruminal bacterium,  Megasphaera elsdenii , to convert ace-
tate (C 2 ) and reducing equivalents generated by glucose 
fermentation to butyrate (C 4 ) and caproate (C 6 ) and to con-
vert propionate (C 3 , generated by fermentation of lactate) 
to valerate (C 5 )       
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boxylate platform” of fuel production. Over the 
last decade, several other groups (Agler et al. 
 2011 ; Chang et al.  2010 ; Kleerebezem and van 
Loosdrecht  2007 ) have advocated for the process, 
reiterating its many advantages: feedstock 
 fl exibility, nearly complete fermentation of non- 
lignin organic components of the feedstock, cul-
ture robustness and stability, non-aseptic 
operation, and low cost. 

 The ruminal fermentation operated in bioreac-
tors (i.e., extraruminally) can be viewed as an 
alternative confi guration of the carboxylate plat-
form, but with some interesting and useful differ-
ences. Because digesta (including the microfl ora) 
have a relatively short retention time in the 

rumen, several key functional groups of microbes 
present in the anaerobic digester – namely, the 
proton-reducing acetogens and aceticlastic meth-
anogens – do not establish themselves in the 
rumen and would not become established or 
 persistent in an extraruminal fermentation con-
ducted at run times of 2–3 days. As a result, 
extraruminal fermentations will convert biomass 
materials to VFA (predominantly acetate, propio-
nate, and butyrate, totaling up to 200 mM) with 
the  primary benefi ts of the carboxylate platform 
(feedstock fl exibility and non-aseptic operation) 
and at higher productivity due to a shorter run 
time and without the necessity of inhibiting 
methanogenesis.  
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  Fig. 18.2    Comparison of conventional anaerobic diges-
tion, “stuck” anaerobic digestion, and ruminal fermenta-
tion. Conventional anaerobic digestion results in nearly 
complete conversion of the digestible components of bio-
mass to methane and CO 2 . C 3 -C 6  VFAs produced during 
the fermentation are ultimately converted to acetate, H 2 , 
and CO 2  by proton-reducing acetogens, and acetate is con-
verted to methane and CO 2  by aceticlastic methanogens. 
Long retention times in the bioreactor are required to 
accommodate the very slow growth rates of these two 
microbial groups. Some methane is also produced via 
microbial reduction of CO 2  with H 2 . “Stuck” anaerobic 
digestion is achieved by inhibition (usually via chemical 
inhibitors) of both H 2 -oxidizing and aceticlastic methano-

gens, which results in accumulation of acetate and other 
VFAs, to the point where excess reducing equivalents 
drive the synthesis of longer-chain (primarily C 5 -C 8 ) VFA, 
which can be recovered for chemical or electrochemical 
conversion to fuels. Long retention times are required to 
accommodate the slow growth of these chain-extending 
bacteria. In the rumen, the rapid dilution rate of ruminal 
contents exceeds the growth rates of both proton-reducing 
acetogens and aceticlastic methanogens. As a result, the 
VFA (primarily C 2 -C 4 , with relatively little C 5 -C 6 )) accu-
mulates to relatively high concentrations (>100 mM 
total), which provide most of the energy for the ruminant 
host. Methane is produced almost exclusively via CO 2  
reduction       
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18.5.2     Recruitment of Additional 
Pathways Via Coculture 

 Operation of an extraruminal fermentation with-
out inhibition of methanogenesis should reduce 
costs and obviate some waste disposal issues, but 
it does have one disadvantage. Unless methano-
genesis is inhibited, the fermentation would 
appear to have more limited prospects for chain 
elongation of the VFA than would a stuck anaer-
obic digestion, because methane draws off sub-
stantial fraction of the reducing equivalents that 
could otherwise be used for the reductive steps of 
chain elongation. However, it is important to note 
that in the nonruminal confi gurations of the car-
boxylate platform, inhibition of methanogenesis 
to create a “stuck” anaerobic digestion is only 
successful at prolonged incubation times. Both 
Levy et al. ( 1981 ) and Holtzapple et al. ( 1999 ) 
routinely used incubation times of 2–3 weeks, 
and even these long incubation times may be 
insuffi cient to produce high concentrations of the 
longer-chain VFA. For example, Hollister et al. 
( 2010 ), in a 30-day stuck anaerobic digestion of 
alkaline-pretreated sorghum, demonstrated a 
ratio of acetate/propionate/butyrate of ~4:1:1, 
with less than 6 % of the total acids produced as 
valerate and caproate. These ratios are fairly sim-
ilar to those of many ruminal fermentations con-
ducted at 2–3-day incubation times. In reactors 
fed a mixture of ethanol and acetate, Steinbusch 
et al. ( 2011 ) demonstrated that the microbial 
community was eventually dominated by unchar-
acterized bacterial strains resembling  C. kluyveri , 
but they did not observe production of caproic or 
caprylic acid until 30 days and 60 days of fer-
mentation, respectively. Thus, for both the con-
ventional and ruminal confi gurations of the 
carboxylate platform, a major research objective 
is to extend the VFA products to chain lengths 
suffi cient for facile recovery by extraction and 
for conversion to liquid fuels while minimizing 
fermentation run time. The prospects for such 
rapid chain elongation have not been systemati-
cally explored. Producing longer-chain VFA by 
reverse β-oxidation will require the proper elec-

tron donor, available carbon skeletons (viz., ace-
tate and possibly other VFAs), and the presence 
of one or more specifi c strains of microbe with 
the required enzymatic capabilities. The strategy 
of bioaugmentation, in which the microbial com-
munity is amended with specifi c microbes with 
enhanced capacity for reverse β-oxidation, may 
be useful to achieve this end.  

18.5.3     Product Recovery 

 A major challenge in developing commercially 
viable biofuel processes is the economic recovery 
and separation of the fuels and fuel precursors 
from the fermentation broth (i.e., from dilute 
aqueous solution). Ethanol is most convention-
ally recovered by distillation, but distillation cost 
increases dramatically and nonlinearly as con-
centration in solution decreases, and the concen-
tration typically regarded as the minimum for 
cost-effective recovery, 52 g L −1  (Varga et al. 
 2004 ), exceeds the highest reported ethanol 
 concentration in any ruminal microbial culture. 
Even H 2 , which is virtually insoluble in water, 
would have to be separated from CO 2  and other 
gases present in the bioreactor headspace in order 
for it to be useful as a fuel. For fuel precursors 
(VFA), the most useful recovery strategy is 
highly dependent on the chain length of the 
VFA. The extractability of VFA into organic sol-
vents is estimable by their partition coeffi cients, 
normally measured with  n -octanol as solvent. 
The octanol/water partition coeffi cients for VFA 
in their free acid forms increase exponentially 
with chain length (Fig.  18.3 ). Consequently, C 5  
and C 6  VFAs are easily recovered by extraction 
into organic solvents, providing a strong incen-
tive to pushing fermentations to maximize VFA 
chain length and to minimize fi nal culture 
pH. The more polar C 2 -C 4  VFAs are not effec-
tively extracted by organic solvents, and their 
recovery by distillation is energy intensive; this 
provides incentive to develop cost-effective 
membrane separations and/or electrophoretic 
concentration.    

P.J. Weimer



275

18.6     Conversion of Fuel Precursor 
to Fuels 

 Economically viable production and recovery of 
VFA at high concentrations are only half of the 
battle for producing fuels by the carboxylate plat-
form. These VFAs must then be effi ciently and 
economically converted to fuel compounds hav-
ing adequate fuel properties (high energy con-
tent, high volatility, non-corrosivity, and 
compatibility with current fuel infrastructure). 
Conversion of VFA to fuel compounds can be 
accomplished by several reaction schemes, 
including chemical conversion to esters and alco-
hols and electrochemical conversion to hydrocar-
bons, alcohols, and esters. Purifi cation of 
individual VFA prior to chemical conversion is 
not economically viable. However, such purifi ca-
tions are unnecessary because all of these conver-
sions can utilize mixtures of VFA to form a 
mixture of chemical reaction products, which 
provides the opportunity to tune the composition 
of the mixture to desired fuel application. 

18.6.1     Chemical Conversion to Esters 

 Mixtures of fatty acid alkyl esters (FAAE) are the 
centerpiece of the biodiesel industry and are pro-
duced in amounts exceeding 12 million metric 
tons annually (Röttig et al.  2010 ). The com-
pounds are the methyl, ethyl, and propyl esters of 
C 10 -C 12  monocarboxylic acids (sometimes called 
“medium-chain fatty acids,” MCFA). These 
esterifi cation reactions can be carried out chemi-
cally, enzymatically, or microbially. Until 
recently, there have been few attempts to extend 
esterifi cation technology to lower chain (C 5 -C 6 ) 
VFA, heretofore due to a lack of an inexpensive 
source of concentrated VFA. Lange et al. ( 2010 ) 
have proposed chemical conversion of lignocel-
lulosic feedstocks to levulinic acid, followed by 
reduction to valerate via a valerolactone interme-
diate and conversion of valerate to several esters. 
These workers further demonstrated acceptable 
vehicle performance using 15 % blends of valer-
ate esters in gasoline. Given the broad spectrum 
of esterifi cation reactions, there is little reason to 
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  Fig. 18.3    n-Octanol/water partition coeffi cients for the 
free acid forms of the volatile fatty acid series C 1 -C 6  (for-
mic through caproic). The recommended values and asso-
ciated uncertainty values (represented by error bars) are 
from the literature compilation of Sangster ( 1989 ). The 

partition coeffi cient continues to rise dramatically with 
chain length for the medium-chain fatty acids; for exam-
ple, the partition coeffi cient for caprylic acid (C 8 ) is 1,122, 
about 14 times higher than that of caproic acid (C 6 )       
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believe that esterifi cation cannot be applied to 
VFA mixtures upon successful application of the 
carboxylate platform for their production.  

18.6.2     Chemical Conversion 
to Secondary Alcohols 

 It has long been known (Young  1922 ) that Ca 
salts of VFA are readily converted to ketones by 
a condensation reaction (e.g., one mol acetone 
produced from two mol of Ca acetate) at high 
temperature (e.g., 380–430 °C). Care must be 
taken to remove the ketone products rapidly to 
prevent degradative reactions or the formation of 
undesirable tar compounds; this can be accom-
plished by carrying out the reaction in the pres-
ence of an inert sweep gas or under moderately 
high vacuum (e.g., 20 mmHg). CaCO 3  is formed 
as a product of the reaction and must be continu-

ously removed, but can be partially recycled for 
use as a pH control agent in the bioreactors. Once 
recovered, the ketones can be hydrogenated to 
secondary alcohols, some of which are potential 
liquid fuels. The reaction conditions are some-
what milder than for the ketonization (e.g., 130 
°C, 1.5 MPa H 2  partial pressure), but the reaction 
requires high concentrations of catalyst (200 g 
Raney nickel per liter) and vigorous agitation.  

18.6.3     Electrochemical Conversions 

 The biorefi nery system originally described by 
Levy et al. ( 1981 ) incorporated an electrochemi-
cal conversion of extracted VFA. In the presence 
of an electrical current, VFA can be decarboxyl-
ated on an anodic surface to yield an alkyl radical 
that can condense tail to tail with other alkyl radi-
cals (Fig.  18.4 ) to form alkanes. This electrolysis 
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  Fig. 18.4    Reactions for electrochemical conversion of 
monocarboxylic acids to fuel compounds. Decarboxylation 
at the anode releases an electron and generates a reactive 
alkyl radical that may either combine to form alkanes 
(Kolbe reaction) or oxidize further to a carbonium ion that 

converts to alcohols, alkenes, or esters. The electrons 
reduce protons at the cathode to produce H 2 . This H 2  can 
be recovered for direct use as a fuel, converted to methane 
by methanogenic archaea, or combusted to generate elec-
tricity to drive the anodic reaction       
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reaction, fi rst described by Kolbe ( 1849 ), is one 
of the oldest known reactions in organic chemis-
try. By virtue of its chain extension capability, the 
Kolbe synthesis provides the opportunity of con-
verting fermentative VFA to liquid hydrocarbons, 
the most desirable form of biofuels. Pioneering 
work by Sanderson et al. ( 1983 ) demonstrated 
high yields of C 6 -C 10  alkanes from C 5  and C 6  
VFA solutions under specialized electrochemical 
reaction conditions. However, the high reactivity 
of the alkyl radicals can result in a number of side 
reactions to produce less desirable, shorter chain 
products (Fig.  18.4 ). The relative proportion of 
these products is highly dependent on a host of 
reaction conditions, including VFA chain length, 
VFA concentration, solvent type, electrode com-
position, current density, pH, temperature, and 
pressure (Torii and Tanaka  2001 ). In an electro-
chemical cell, decarboxylation of VFA at the 
anode is balanced by reduction of protons at the 
cathode to yield H 2 . This H 2  could potentially be 
recovered as an additional fuel product or be used 
to generate the modest amount of electricity 
needed to operate the electrochemical cell.  

 One of the attractive features of electrochemi-
cal conversion of VFA is that it can be conducted 
at low voltages (typically less than 3V), and in 
fact operation at low voltages is essential to pre-
vent unproductive evolution of O 2  at the anode. 
On the other hand, the major challenge associated 
with the electrochemical conversion of VFA to 
hydrocarbons is overcoming the requirement for 
high current densities at the anodic surface, which 
limits electrode surface area (and thus reaction 
rate) and requires close (submillimeter) separa-
tion of the anode and cathode. Overcoming these 
limitations is a worthy goal for future research, as 
it is perhaps the main stumbling block to applying 
the carboxylate platform for electrochemical pro-
duction of drop-in hydrocarbon fuels.  

18.6.4     Use of Ruminal Microbes 
in Microbial Fuel Cells 

 Although they generate electrical power rather 
than liquid or gaseous fuels, microbial fuel cells 
merit consideration here owing to the consider-
able interest in economically and sustainably 

powering instrumentation and other devices in 
remote locations. A microbial fuel cell (MFC) is 
an electrochemical device in which chemical 
energy (in the form of oxidizable substrates) is 
converted to electricity via the catalytic action of 
microorganisms. MFCs are typically divided 
cells in which microbial oxidation of substrate 
occurs in the anode compartment, yielding pro-
tons, electrons, and CO 2 . The electrons are deliv-
ered to the cathode by an electrical circuit, where 
they react with an electron acceptor. One of the 
most common confi gurations of an MFC uses a 
proton-permeable membrane between the cells. 
The protons diffusing through this membrane 
react with electrons and O 2  (the electron accep-
tor) at the cathode to produce water, with the net 
generation of an electrical current. MFCs can use 
pure microbial cultures (the nonruminal  Geobacter  
and  Shewanella  are two of the more popular exam-
ples) but can also use natural consortia from soils, 
sediments, or the rumen. Because of their substan-
tial ability to degrade cellulose, MFCs employing 
ruminal inocula have been most widely studied 
with cellulosic feedstocks added to the anodic 
compartment (Rismani-Yadzi et al.  2007 ; Wang 
et al.  2012 ). MFC technology is still very imma-
ture, and it is expected that improvements in cul-
ture composition, electrode materials, and cell 
confi gurations can substantially exceed power 
yields well beyond the low values currently 
observed (~0.003 mW m −2  electrode surface; 
Wang et al.  2012 ).   

18.7     Fermentation Coproducts 

 Production of biofuels has been historically ham-
pered by the small price differential between the 
feedstock and the fuel product. It is thus impera-
tive that biofuel production systems include addi-
tional sources of revenue in the form of vendable 
coproducts. The optimal coproduct scenario 
would involve a moderately high-value product 
offering unique end use properties, properly 
scaled to its intended market. For most biofuel 
processes, the intended market is typically ani-
mal feeds. However, there are several challenges 
with targeting animal feeds as a coproduct of bio-
fuel production. Firstly, animal feed is a highly 
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competitive market in that it is the conventional 
dumping ground for by-products of the human 
food chain. Indeed, animal feed is the major use 
of the millions of metric tons of food by-products 
(e.g., citrus pulp, sugar beet pulp, soy hulls, etc.) 
produced in the USA annually, along with exist-
ing biofuel residues – particularly distiller’s dried 
grains and solubles (DDGS), whose US produc-
tion now exceeds 9.6 million metric tons annu-
ally. Successful by-products thus must feature 
availability and pricing that are matched to sea-
sonal and geographical demands of the livestock 
industry within a highly elastic market that 
includes a wide array of competing feed addi-
tives. Secondly, the coproducts are not stand- 
alone feeds but must be included in rations in a 
way that provides nutritional balance with other 
ration components. 

 By these standards, the residues from an 
extraruminal fermentation to VFA are relatively 
attractive. Ruminal microbes are regarded as the 
ideal protein source for ruminants (Russell  2002 ), 
with an excellent amino acid balance, particu-
larly high in methionine and lysine, the two main 
limiting amino acids in milk protein production 
(National Research Council  2001 ). 

 A second potential use of extraruminal fer-
mentation residues is as a wood adhesive. For 
example, residues from fermentation of alfalfa 
stems by  Ruminococcus  or  Clostridium  species 
have some utility as a plywood adhesive, although 
for optimum performance, the residues would 
still need to be combined with a traditional adhe-
sive such as phenol-formaldehyde, PF (Weimer 
et al.  2003 ). Nevertheless, the prospect for 
decreasing by two-thirds the industrial use of PF, 
a toxic, petroleum-derived chemical mixture, hits 
every checkbox on a green chemical technology 
list.  

18.8     Concluding Remarks 

 The ruminant animal and its symbiotic ruminal 
microbiota have evolved over eons into a remark-
ably effi cient processing system for cellulosic 

biomass. The microbiota has been shown to 
effectively convert a wide array of biomass feed-
stocks to useful products, particularly VFA, in 
bioreactors under conditions that should attract 
the attention of a biorefi nery industry: high solid 
loading, minimal feedstock pretreatment, the 
potential for nearly complete fermentation of 
organic components other than lignin, non- 
aseptic operation, continuous or semicontinuous 
operation, and scalability. Until recently, the 
many benefi ts of the ruminal fermentation have 
been ignored by biorefi ners, perhaps due to an 
underappreciation of the fl exibility of the process 
and a lack of obvious ways to convert the VFA to 
fuels. Additional research in VFA recovery and 
conversion, whether by revitalization and 
improvement of established chemical routes or 
by development of new routes, will be key to 
translating the potential of extraruminal 
 fermentations to new technologies for liquid and 
gaseous fuel production.     
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Abstract

The enzyme as a biocatalyst is an important tool in various industries
where these enzymes have been used in the development of various 
products and services in the eco-friendly manner. The use of enzymes
commercially not only reduces the cost but also lowers the environmental
concerns particularly related to the water and energy consumption. Their
applications also improve the quality of the bioproducts. Therefore, today,
the enzymes provide a sustainable alternative to the conventional chemical
processes.
While searching of new enzymes and new enzyme sources, various

researchers find rumen as an attractive source of various enzymes. The
rumen is the first chamber of the digestive system of the ruminants capable
in the bioconversion of various lignocellulosic plant material into easily
metabolizable compounds by virtue of the presence of various microbial
populations: bacteria, fungi, and protozoa. The functioning of rumen is
quite similar to various biorefineries which aim at the bioconversion of
lignocellulosic material into various useful bioproducts such as fuels and
chemicals. The current chapter will discuss about the various industrial/
commercial applications of rumen enzymes along with their desired
properties.
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19.1  Introduction

The enzymes are biocatalysts known to be com-
mercially important because of their catalytic
properties, specificities and efficiencies. They
can be obtained from various forms of life such
as animals, plants, bacteria, human, fungi, etc.
These enzymes are involved in various anabolic
and catabolic reactions to maintain the various
metabolic functions and activities of the living
beings. All the enzymes fasten the reaction rate
without altering equilibrium of the reaction. Most
of the enzymes are protein in nature. Recently
some catalytic activities are also found in RNA
(ribozymes) and DNA (DNA enzymes) (Breaker
and Joyce 1994).
In the current scenario, enzymes become

important tools for the various industries as their
use in various industrial processes not only
improve the quality and quantity of the product
but also fasten the processes. Also the uses of
enzyme at industrial scale help in reducing the
water and energy consumption and so the pollu-
tion. Therefore, they are now continuously play-
ing important role in the various areas of life,
e.g., in medicine and in detergent, pulp, leather,
and food industries (Godfrey and West 1996). 
Various such industries recognize the importance
of enzymes and exploit their potential for:

(i) Reduction in product cost
(ii) Improvement in quality and quantity of
products

(iii) Eco-friendliness
(iv) Safety to their workers

Therefore, the demands of such enzymes are
continuously increasing in the global market. 
The BCC research showed in 2011 that the global
market of enzymes will be worth more than $ 4.5
billion by year 2015 from the worth of $ 3.3
billion per annum as was in 2010 (Fig. 19.1) 
(BCC Research 2011). The most common source
for obtaining such commercially important
enzymes is microbes in particular bacteria and
fungi. However, few of them are also obtained
from other sources like plants and animals. The
development of fermentation processes, recom-
binant DNA technology, protein engineering,
directed evolution and advanced bioinformatics
tools makes possible manufacturing of enzymes
as purified and well-characterized form at large
scale with the improved characteristics (Kirk
et al. 2002). These recent advancement in bio-
technology not only allows the production of
commercial enzymes at large scale but also helps
in the development of new enzymes displaying
new and/or improved properties.
Although microbes are preferred choice for the

enzyme production, animals are also a source of
several enzymes having industrial and medicinal
importance. However, they are not an attractive
source of enzymes due to difficulties in isolation,
enzyme purification, and the cost factor. Also
there is always a risk of contamination of various
animal diseases such as bovine spongiform

Fig. 19.1 Yearwise trend of industrial enzymes demand in the global market (BCC Research 2011)
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encephalopathy (BSE) or mad cow disease, a
prion-induced disease caused by ingestion of
abnormal proteins. Despite this, animals are
known to be very good sources of enzymes such
as lipases, proteases, and esterase. The choice of
animal tissue for the purification of a particular
enzyme depends on the extent of expression of
that particular enzyme in a tissue, for example,
the pancreas for the production of digestive
enzymes and the liver for the catalase and aldol-
ase production. Few of enzymes obtained from
various animals and their application has been
listed in Table 19.1.
In lieu of the identification of new sources for

the enzyme production, researchers in recent
years found rumen as an interesting source of
enzymes due to the presence of a wide variety of
microbial population. Furthermore, the advent 
of new advanced technology and very high
throughput systems biology tools makes possible
for understanding this highly complex natural
ecosystem. It is well established that the rumen
livestock are prominent for digesting fibric food
materials over the non-rumen livestock due to 
the presence of microbial system which produce
various enzymes in rumen for the fiber digestion.
The current chapter will be focused on the 
commercial applications of various ruminal
enzymes.

19.2  Microbial Diversity of Rumen

The presence of a variety of microbial population
in the rumen makes the rumen one of the most
complicated and fascinating microbial ecosys-
tems in nature. The rumen is the first chamber of
the digestive system (foremost stomach) of the
ruminant livestock such as cows. The environ-
ment of the rumen is anaerobic, weakly acidic
(pH 5.3–6.7). The rumen also contains 12–18 %
solids content. All this make rumen environment
favorable to the ruminal microbial community
(Sauer et al. 2012). The rumen of the ruminants is
usually populated by a diverse, symbiotic popu-
lation of obligate anaerobic microorganisms
including fungi, protozoa, and bacteria (Selinger
et al. 1996). These microbial populations have
evolved the capacity for the efficient utilization
of complex and recalcitrant plant polymers such
as cellulose and hemicellulose. They make the
ruminants able to degrade the various carbohy-
drates usually polysaccharides and structural
polysaccharides constituting the major part of the
ruminants diets and the primary source of the
energy in forage-based diets (Wang and
McAllister 2002). These various rumen micro-
bial species digest the plant materials to produce
a spectrum of microbial metabolites which are

Table 19.1 Enzymes obtained from various animals and their commercial applications

Enzymes Sources Applications

Aldolases Liver and muscle Fructose digestion

Alkaline phosphatase Calf intestine/kidney Diagnostic (indicator in ELISA)

Ancrod Snake venom Anticoagulant

Catalase Liver Food industry

Chymotrypsin Pancreas Leather industry

Lipase Pancreas Food industry

Pepsin Porcine stomach Body fortifying agents

Proteases Bovine and porcine pancreas Digestive enzymes, anti-inflammatory
agents, health food additives

Rennet (chymosin) Abomasum (fourth compartment  
of ruminant’s stomach)

Cheese manufacture

Trypsin Pancreas Leather industry

Urokinase Urine Thrombolytic agent
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then further utilized by the other microbial species
present in the rumen ecosystem (Table 19.2). 
Thus, the digestion and metabolism of structural
polysaccharides and other feed ingredients are
accomplished by the action of an extensive array
of microbial species or by the microbial enzymes
produced in the rumen (Davies et al. 2007). These
enzymes play an important role in the ruminant
digestive process. The rumen microbial enzymes
involved in the digestion of fibers and other asso-
ciated plant cell wall polymers have extensively
been studied. Bacteria and fungi contribute
approximately 80 % of the total degradative
activity whereas protozoa about 20 %. Among
them, ruminant fungi are reported as potent fibro-
lytic enzyme producers which have the ability to
degrade the most recalcitrant plant cell wall poly-
mers (Forsberg and Cheng 1992; Forsberg et al.
1993; Wubah et al. 1993; Trinci et al. 1994). 
However, bacteria like Fibrobacter succinogenes,
Ruminococcus albus, and Ruminococcus flavefa-
ciens are primarily involved in the degradation
of plant cell walls in the rumen (Forsberg and
Cheng 1992).

19.2.1  Enzymes Involved 
in Degradation of Plant Cell 
Wall in Rumen

The plant cell wall mainly consists of the cellu-
lose, hemicelluloses, and pectins. Cellulose is
one of the most prominently occurring compo-
nents in the plant cell wall which usually accounts
for about 20–30 % of the dry weight of most
plant primary cell walls. Cellulose is formed
from linear chains of β-1, 4-linked glucose units
(Chafe 1970; McNeil et al. 1984).
Hemicellulose is another major component of

the cell wall of both stems and leaves of grasses
and legumes. In the cell wall, the ratio of cellu-
lose to hemicellulose ranges from 0.8:1 to 1.6:1
(Wilkie 1979). Hemicellulose is composedmainly
of xylans with a backbone structure of β-1,
4-linked xylose residues attached with various
side chains like acetic acid, coumaric acid, gluc-
uronic acid, ferulic acid, and arabinose (Chesson
et al. 1983; McNeil et al. 1984). Xylan polymers
in hemicelluloses may further be cross-linked
to other hemicelluloses backbones or to lignin

Table 19.2 Fermentation characteristics of rumen microorganisms

Rumen microorganisms Substrates digested Fermentation products

Bacteroides succinogenes Cellulose, xylan Acetate, succinate, formate

Ruminococcus flavefaciens Cellulose, xylan Acetate, succinate, formate, H2
Ruminococcus albus Cellulose, xylan Acetate, formate, hydrogen, CO2
Butyrivibrio fibrisolvens Cellulose, xylan Acetate, butyrate, formate, H2, CO2
Bacteroides ruminicola Xylan, soluble carbohydrates Acetate, succinate,  

propionate, formate

Bacteroides amylophilus Soluble carbohydrates, starch Acetate, succinate, formate

Selenomonas ruminantium Lactate, succinate Acetate, propionate, H2, CO2
Megasphaera elsdenii Lactate, succinate Acetate, propionate, butyrate,

valerate, caproate, H2, CO2
Anaerovibrio lipolytica Soluble carbohydrates, lipid Acetate, propionate, succinate

Spirochete species Soluble carbohydrates Acetate, succinate, formate

Lachnospira multiparus Pectins, soluble carbohydrates Acetate, formate, H2, CO2
Succinivibrio dextrinosolvens Soluble carbohydrates Acetate, succinate, formate

Succinomonas amylolytica Soluble carbohydrates Acetate, succinate

Streptococcus bovis Soluble carbohydrates Lactate, acetate, formate, CO2
Lactobacillus vitulinus Soluble carbohydrates Lactate

Methanobacterium ruminantium H2, CO2, formate Methane

Methanobacterium mobilis H2, CO2, formate Methane

Adapted from Davies et al. (2007)
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through ferulic acid or 4-O-methyl-α-D-
glucuronic acid residues (Hartley and Ford 1989; 
Lam et al. 1990). The linear xylan backbone
also interacts to cellulose at one surface and
interlocks with other xylan polymers, forming an
extensive network of cross-links between cellu-
lose microfibrils (Carpita and Gibeaut 1993).
Pectins, made up of a chain of α-1,

4-D-galacturonate, are also a part of primary 
cell wall. Besides these, rhamnogalacturonan,
extensions (structural proteins) are also found as
a part of cell walls of some plants. Pectin, a minor
component of the cell wall, is digested either 
by the strictly pectinolytic species or by those
species possessing the combined activity of 
pectinases (pectin lyase, polygalacturonase, pectin
methylesterase) and xylanases (Orpin 1984; 
Cheng et al. 1991; Gordon and Phillips 1992). 
For example, rumen inhabitant Lachnospira 
multiparus produces a pectin lyase and a pectin
methylesterase (Silley 1985). Ruminal bacteria
such as Streptococcus bovis and protozoa like
Treponema sacccharophilum are also identified
as the pectinolytic microbes (Wojciechowicz and
Ziolecki 1984; Paster and Canale-Parola 1985).
Although the composition of plant cell wall is

well known, the organization of these individual
compounds in plant cell walls is not still clear.
However, it is well established that a three-
dimensional complex matrix formed by polysac-
charides, hydroxycinnamic acids, lignin, protein,
and ions is intermolecularly cross-linked through
various ionic, hydrogen, and covalent (glycosidic,
ester, and ether) bonds that entrap the polysac-
charide within the cell wall. Thus, overall 
composition of cell wall shows that the plant cell
wall is an interwoven matrix of polymers.
Therefore, the degradation of plant cell wall need
not only hydrolytic enzymes but also those able
to cleave other kinds of linkages occurred in the
cell wall (Wang and McAllister 2002). Till date,
ligninolytic enzymes which usually function by
oxidative processes are found to be good in
degrading the plant cell wall but poorly active in
rumen (Selinger et al. 1996).

In the rumen, a fine interaction between lingo-
cellulolytic (lignin, cellulose, and hemicelluloses
degrading) and non-cellulolytic bacteria occurs
(Flint et al. 2008). Non-cellulolytic bacteria usu-
ally use the soluble polysaccharides released by
the primary degraders and convert them through
fermentation into products such as acetate, pro-
pionate, butyrate, carbon dioxide, and hydrogen
which are then used as nutrients by the livestock
(Weimar et al. 2009) (Fig. 19.2). Thus, the micro-
bial population in the rumen converts the com-
plex food stuffs (lingo-cellulosic plant materials)
into the simpler compounds which can be easily
taken up and metabolized by the ruminant.
Therefore, the direct use of microbial population
from the rumen or the enzymes obtained from
them may provide the solution to a current indus-
trial problem, i.e., the bioconversion of lignocel-
lulosic material into fuels, chemicals, and other
valuable bioproducts.
The outermost layer of plant cell wall which is

usually composed of epicuticular waxes, cuticle,
and pectin, functions as a plant’s first line of
defense against dehydration and penetration of
phytopathogens (Selinger et al. 1996). This out-
ermost layer of the plant material particularly
cuticle layer is also a potent barrier to penetration
by ruminal microbes (Forsberg and Cheng 1992). 
Therefore, mastication of forages and pretreatment
of cereal grains and legumes are carried out to
disrupt the cuticular layer to minimize its delete-
rious effect on digestion (Akin 1989).

Fig. 19.2 Symbiotic relationship between livestocks and
rumen microorganisms
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19.3  Enzymes from Ruminants

Because of the presence of diversified microbial
population in rumen, activities of enzymes con-
firmed in rumen are diverse. The most commonly
occurring enzyme activity in the rumen is related
to the fibrolytic (plant cell wall polymer degrad-
ing) activities which include cellulases, xyla-
nases, β-glucanases, and pectinases. Apart from
fibrolytic activities, other enzyme activities in
rumen are also identified which include amylases,
proteases, phytases, and specific plant toxin-
degrading enzymes (tannases) (Selinger et al.
1996; Cheng et al. 1999; Wang and McAllister
2002). All these enzymes have different valuable
commercial applications when they get isolated
from the rumen microorganisms. However till
date, no report of commercial application of
rumen enzyme is available. Many research

groups are trying to establish the importance of
rumen enzymes in various industries in particular
feed industries and biorefineries (biofuel produc-
tion industries). All major enzyme activities
occurred in the rumen, and their prospective
commercial applications are listed in Table 19.3.

19.3.1  Rumen Enzymes as Feed 
Additives

The use of various rumen enzymes (cellulases,
xylanases, pectinases, glucanases, and phytases)
in the feed of non-ruminants enhances the food
stuffs utilization by enhancing the degradation of
various plant cell wall polymers and so increases
the growth of the livestock (Cheng et al. 1999).
The non-ruminants are not able to digest the

various plant materials due to their physical and

Table 19.3 Major rumen enzymes along with substrates and their prospective applications

Substrate Enzyme Applications

Lignocellulosic substrates

Cellulose Endo-β-1, 4-glucanase Ligno-cellulose based
industries such as paper,
biofuel, sugar industries
and feed industries

Cellulose (Non-reducing end) Exo-β-1, 4-glucanase
Cellobiose β-1, 4-glucosidase
Soluble cellooligomers Cellulodextrinase

Xylan Endo-β-1, 4-xylanase Few of them can be used  
in detergent industriesXylobiose β-1, 4-xylosidase

Arabinoxylan α-L-arabinofuranosidase
Glucuronoxylan α-glucuronidase
Acetylxylan O-acetyl xylan esterase

Ferulic acid linkage or cross bridge Ferulic acid esterase

p-coumaric acid cross bridge p-coumaric acid esterase

Laminarin β-1, 3-glucanase
Lichenin β-1, 3 and β-1, 4-glucanase
Polygalacturan Pactate lyase

Pectin Pectin lyase

Pectin methylesterase

Non-lignocellulosic substrates

Starch Amylases Paper and sugar industries

Dietary proteins Proteases and peptidases (e.g., aminopeptidases,
carboxypeptidases, leucine aminopeptidases,
dipeptidyl-aminopeptidases

Animal feed supplements,  
detergent industries

Phytate phosphate Phytase Animal feed supplements

Tanins Tannase Animal feed supplements,
juice industries
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chemical complexities. Many other feed ingredients
are also not fully digestible by livestock. The
addition of exogenous enzymes in their feed
enhances the digestibility of the feed ingredient
and so as to improve the efficiency in digestion of
the raw material.
Enzymes are usually added in the granulated

form. The coating of enzymes plays an important
role in their protection from heat treatments as
well as from the deactivation by other feed addi-
tives such as choline chloride.
The ruminants (livestock with rumen) are able

to degrade the various plant materials due to the
presence of various microbial populations in their
rumen. In contrast to this, non-ruminants are
unable to digest various plant cell wall polymers.
The addition of enzymes like cellulases, xyla-
nases, pectinases, and glucanases in foodstuff of
the non-rumen livestock increases the foodstuff
utilization by enhancing the degradation of various
plant cell wall polymers (cellulose, xylan, pectin,
and glucans) into simple sugars. Such enzyme
utilization allows the availability of carbon to the
non-rumen livestock as their intestinal enzymes
are not able to make these sources available to the
livestock (Cheng et al. 1999).
Cereal grains are the largest component of

animal feed. However, the type of cereal grains
available to the livestock depends on the local
availability like viscous cereal (wheat, barley, or
rye) or non-viscous cereal (maize or sorghum).
The animal feed that usually contains a large pro-
portion of wheat, barley, and rye has high fiber
content as a main anti-nutritional factor (ANF).
This high fiber content mainly consists of non-
starch polysaccharides (NSP), e.g., arabinoxylan
in wheat and rye and β-glucan in barley and oats.
The presence of anti-nutritional compounds
reduces the nutrient absorption efficiency and
promotes intestinal disturbances by pathogenic
enteric microorganisms (Kumar and Singh 1984; 
Bae et al. 1993) whereas NSP usually interfere
with the digestion by increasing the viscosity of
the digesta in the animals’ small intestine (Singh
et al. 2001). Therefore, utilization of a wide range
of enzymes such as cellulases, glucanases, and
pectinases decreases the anti-nutritional com-
pounds from the foodstuffs. The addition of other

enzymes such as xylanase and β-glucanase
hydrolyze the NSP to reduce the digesta viscosity
and also release the nutrients (proteins and starch)
(Pack et al. 1998). Thus, the use of exogenous
enzymes in animal feed improves the feed utili-
zation and makes the healthier digestive system
of the animals.
Another important component of animal diet

is phosphorous for their proper growth as it plays
an important role in the formation and mainte-
nance of skeletal structure and also in the various
metabolic processes. An important source of
phosphorous is phytic acid which is found in
many of the cereals and legumes fed to the ani-
mals. But the phytate-bound phosphorous cannot
be directly used by the monogastric animals
(non-ruminants); consequently they face the
problems of the phosphorous deficiency which
cause loss in their weight gain, leg disorders, and
reduced fertility. Therefore, the enzyme phytase
(a kind of phosphatase) releases the inorganic
phosphorous by cleaving phytic acid into inositol
phosphate intermediates, myo-inositol, and
orthophosphates and make it available to the ani-
mals (Cheng et al. 1999). The major advantages
of the use of enzyme phytase in feed are:

• The enzyme releases the inorganic phospho-
rous and makes available to the livestock and
so reduces the need of orthophosphate supple-
mentation to the feed. As a result, environ-
mental pollution due to excessive manure
phosphorous runoffs in the form of animal
excretion is also reduced.

• The enzyme also decreases the chelating
properties of phytic acid so as to release the
various nutrient elements like calcium, mag-
nesium, iron, and zinc from the phytic acid to
make them available to be absorbed by the
livestock.

Thus, the use of exogenous enzymes in the
animal diet has a number of advantages as listed
below:

• Releases the extra nutrients from the break-
down of cereals to increase the feed value of
the cereal
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• Breaks down the anti-nutritional factors
(ANF) in the feedstuff to improve the weight
gain and better feed utilization

• Increases the availability to the animal of non-
accessible proteins, starches, and minerals
from feed

• Supplements the endogenous enzymes of the
young animals

• Reduces the variability inherent in feedstuffs
to increase the uniformity of the animals and
so increases the profitability.

• Reduces the environmental pollution caused
by the excretion of undigested feed

As a whole, the use of enzyme as a feed addi-
tive improves the growth of animals, livestock
production, feed utilization, and health status. 
It also improves the environment for chickens
due to reductions in “sticky droppings.”

19.3.2  Rumen Enzymes 
for the Lignocellulose-Based 
Industries

The use of enzymes or sometimes direct microor-
ganisms in the conversion of biomass for the 
production of valuable products provides a cleaner,
energy-efficient, and less toxic process compared
to the conventional chemical processes. The
major goal of bioindustries (biorefineries) is to
maximize the value derived from the feedstock
either by using cheaper raw materials or by mini-
mizing the waste (Cherubini 2010; Yang and Yu
2013). The use of food crops or edible oil crops
as a feed in the industries for the production of
various bioproducts such as biofuel, beer, and
wine is not sustainable in the consideration of
growing global population and their demands.
Therefore, there is always a need of such raw
materials which are easily available and a sus-
tainable source for the industries. Therefore, lig-
nocellulosic plant materials can be the good
carbon source fuel and chemical production due
to their easy availability and their lower cost.
However, the deconstruction of lignocellulosic
plant cell wall through enzymatic method is a

significant challenge due to its physical and
chemical complexity. Therefore, a continuous
focused research has been going on for the devel-
opment of an effective and cheaper method for
the deconstruction of the lignocellulosic plant
material which is a critical point for the establish-
ment of economic lignocelluloses-based indus-
tries. In most of the lignocellulose-based
industries, plant material needs to be subjected to
a pretreatment (mechanical and/or chemical) fol-
lowed by enzymatic hydrolysis to obtain a micro-
bially accessible carbon source.This phenomenon
in bioindustries is quite similar to a phenomenon
that happened in the ruminants (Sauer et al.
2012). In ruminants, the plant materials first
undergo mastication, salivation, and rumination
to render it enzymatically accessible which is
then converted into simpler compounds by the
action of rumen microbial digestive enzymes.
This procedure supplies the carbon, energy,
amino acids, and vitamins to the ruminant hosts
(Selinger et al. 1996). Thus, the enzymes obtained
from rumen have the tremendous potential for
being used in various lignocellulose-based indus-
tries such as biofuel and paper industries.

19.3.2.1  Rumen Enzymes in Biofuel 
Production

In the recent scenario, biofuels come as the alter-
native to the rapidly depleting non-renewable
fossil fuels for fulfilling the energy demand of all
the sectors. They look like as the tomorrow’s
fuels with a sustainable solution to the fossil fuels
which also deal with the environmental concerns
caused by limiting fossil fuels (Yue et al. 2013). 
Thus, the biofuel industry is one of the rapidly
growing industries in the world. However, the
biofuels are currently economically uncompeti-
tive. The cost of production of biofuels (bio-
diesel, bioethanol) in a sustainable manner is the
major challenge to the researchers. The higher
cost of biofuel production is usually because of
the use of costlier raw materials and the higher
enzyme loading during the lignocellulose sac-
charification (Gardner et al. 2012). The produc-
tion cost can be reduced by using easily available
and cheaper raw materials and by optimizing the
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production procedure and by the use of catalytic
efficient enzymes in a cost-effective manner.
Also the method can be made sustainable by
using raw materials which should qualify the
following points:

• Should be cheaper
• Should be evergreen and naturally available in
very large quantities

• Shouldn’t be edible crops
• Shouldn’t be grown over the agricultural lands

Therefore, the use of agricultural and agro-
industrial by-products or wastes in the biofuel
production would maximize the resource use,
reduce waste management, and also deal with the
cost reduction of the added-value products. It
also helps in the dealing with the various environ-
mental concerns such as reduction in greenhouse
gas emissions, diminishing of potential eutrophi-
cation of water bodies near the production plants
(Cherubini and Ulgiati 2010). For example,
wheat straw is such a kind of a lignocellulosic
agricultural residue which is abundant in nature
and has the lower cost. It also does not compete
with the food/feed chain. Thus, wheat straw can
be a good feedstock to the biorefineries for the
biofuel production.
The increasing demand of biofuels enforces

the researchers for the development of the sus-
tainable advanced biochemical bioprocesses. In
the recent years, various works have been done in
the area of biofuel production. However, there is
a lot of scope in the development of the pro-
cesses. Among them, the use of enzyme technol-
ogy is more fascinating to overcome the
limitations of conventional methods of the bio-
fuel production. Such technology makes the pro-
cess eco-friendly and less energy intensive as
compared to its conventional alkaline-catalyzed
processes. The rumen enzymes such as proteases,
lipases cellulases, and their various different
forms allow the researchers to work upon the
various agro-wastes and lignocellulosic plant
materials for the biofuel production. For exam-
ple, in the biodiesel production, rumen lipase can

be used as one of the major enzymes due to the
following advantages/properties:

• Their ability to work in biphasic or monopha-
sic system (in the presence of hydrophilic and
hydrophobic solvents).

• Robustness and versatility in nature and their
bulk production are easier.

• Able to catalyze transesterification reaction
with long or branched chain alcohols, which
can hardly be converted to fatty acid esters
through conventional alkaline processes.

• Make the downstream processing easier.
• More convenient for the biodiesel production
because of the availability of thermostable and
short-chain alcohol-tolerant lipase.

However, lipase application in the biodiesel
production is restricted due to:

• Their significant cost.
• The by-product of lipase reaction, i.e., glyc-
erol, may cause the risk of inhibiting lipase
activity.

Other rumen enzymes such as cellulases, 
cellulobiase, hemicellulases, amylases, etc., can
also be useful in biofuel industries as they are
involved in the conversion of various lignocellu-
losic plant materials and agro-wastes into fer-
mentable sugars for the bioethanol production.
However, an extensive research is needed for the
development of catalytically efficient enzymes
and the bioprocess for making the biofuel 
production more efficient and cost-effective so
that these biofuels can replace the utilization of
fossil fuels.

19.3.3  Rumen Enzymes in Bio-Based 
Chemical (Organic Acids) 
Production

Various organic acids and other chemicals are
widely used as key gradients for the production
of various derivatives, fragrance, and additives in
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food for giving good texture, essence, etc. For
example, succinic acid and its salt derivatives are
being used as a platform chemical for the synthe-
sis of various commercially important products.
They are used in the food and pharmaceutical
industries.Also they are involved in the manufac-
ture of plastics, detergents, biodegradable 
solvents, cosmetics, etc. (Davies et al. 2007). 
Therefore, with time, the demands of such
organic acids are continuously growing.
Nowadays most of them are synthesized from
non-renewable feedstock. However, few of them
are obtained from fermentation of various renew-
able feedstocks. Organic acid producers are the
best studied ruminal cell factories so far. One
classical example of such organic acid produc-
tion is the bioproduction of succinic acid which
can be produced through fermentation carried out
by various ruminal bacteria which include
Bacteroides succinogenes, Ruminococcus flave-
faciens, and Succinimonas amylolytica. Such
bacterial species give the freedom of usage of
various plant materials like grass or maize
depending on the area of production, making the
production of succinic acid more sustainable and
cost-effective (Davies et al. 2007).
Other classical examples of bioproduction of

commercially important organic acid are the pro-
duction of short-chain aliphatic organic acids
such as butyric, valeric, or caproic acids using
ruminal bacteria such as Megasphaera elsdenii,
under appropriate conditions (Elsden et al. 1951). 
Particularly, the production of caproic (hexanoic)
acid using biomethods is important as it may
open the sustainable route for the production of
nylon. The ruminal bacteria M. elsdenii can be
used as an effective microbial cell factory as they
are resistant to the short-chain fatty acids (Sauer
et al. 2012). However, core enzymatic bioprocess
method for such organic acids production has not
yet been developed.

19.3.4  Other Applications

The enzymes isolated from the ruminal microor-
ganism can also be used in the various other
industries. Various fibrolytic enzymes obtained

from ruminal microorganisms have potential
applications in the diverse industries such as food
processing and manufacturing of chemicals,
clothing, paper, and detergents. For example,
pectin esterases, endopectin lyases, and endo-
polygalacturonases from the ruminants can be
used in fruit processing, paper, textile, detergent,
and pharmaceutical industries (Singh et al. 2001). 
Fibrolytic enzymes can be used in the paper
industries, cellulases in the textile and detergent
industries, and proteases in the detergent and
food industries. The enzyme tannase can be used
in the commercial production of gallic acid from
tannic acid and in the preparation of instant tea.
Tannase is extremely useful in food, feed, bever-
ages, and pharmaceutical industries (Singh et al.
2001). Enzymes from various ruminal fungi
may be more advantageous for the industrial
applications as they are stable, highly active, and
extracellular and require milder reaction condi-
tions (Cheng et al. 1999).

19.3.5  Future Prospective

Till date, the various studies suggest that the
ruminal microorganisms are the good source of
various hydrolytic and acidogenic enzymes in the
presence of lignocellulosic biomass. However,
there is a need of extensive exploration of the
ruminal enzymes for the various applications.
The further characterization of such ruminal
microorganisms and the purification of enzymes
from rumen may further allow us for their com-
plete exploitation so as to make their applications
in the various industries.
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    Abstract  

  Two euryarchaeota-specifi c 16S rRNA gene clone libraries (MT1 and 
MT2) and two bacterial 16S rRNA gene clone libraries (HW1 and HW2) 
were constructed using DNA isolated from two sludge samples (sample 1 
and sample 2) collected from two separate tanks of commercial biogas 
plant operating at the methanogenesis stage, each receiving the same feed-
stock, after heat pretreatment for an hour at 70 °C, located near Holsworthy, 
Devon, UK. In the euryarchaeotal-based libraries, both samples revealed 
clone sequenses assigned to Methanomicrobiales and Methanosarcinales 
of the phylum Euryarchaeota. Although not much difference was observed 
in the Archaeal diversity, phylogenetic tree analysis demonstrates that 
25 % of clone sequences of sample 1 and 42 % of clone sequences of 
sample 2 formed separate clades from cultured diversity. 16S rRNA gene-
based bacterial libraries also revealed the ubiquitous presence of phyla 
 Firmicutes  and  Proteobacteria . Cellulolytic bacterial clone sequences 
were abundant in both the samples. Fluorescent in situ hybridisation 
(FISH) results also revealed the presence of Methanomicrobiales and 
Methanosarcinales as a dominant group.  
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20.1         Introduction 

 Biological methane production or methanogene-
sis is an important process in the global carbon 
cycle. About 74 % of the emitted methane is 
derived from biological methanogenesis. 
Anaerobic digestion is a process of biological 
means of methane production from biological 
waste. Anaerobic digestion involves a series of 
biochemical processes involving hydrolysis, 
acidogenesis, acetogenesis and methanogenesis 
(Yu et al.  2010 ). Methanogens are broadly classi-
fi ed into acetoclastic or hydrogenotrophic 
Archaea based on the methanogenic precursors 
such as H 2 /CO 2 , acetate, formate or methanol to 
methane (Zinder  1993 ), used by these organisms 
to convert to methane. Methanogens have been 
isolated from a wide variety of anaerobic envi-
ronments. The common methanogenic habitats 
include marine sediments, freshwater sediments, 
fl ooded soils, human and animal gastrointestinal 
tracts, termites, anaerobic digesters, landfi ll, geo-
thermal systems, and hardwood of trees. Cultured 
methanogens are grouped into fi ve orders, 
namely, Methanobacteriales, Methanococcales, 
Methanomicrobiales, Methanosarcinales and 
Methanopyrales based upon their phylogeny and 
phenotypic properties (Liu and Whitman  2008 ). 
Methane from an anaerobic digestion of biologi-
cal wastes can be utilised to produce green energy 
which leaves little or a negative carbon footprint. 
This process is advantageous over the conven-
tional aerobic treatment of the biological wastes 
as there is a lower level of sludge production, low 
space requirement and the production of valuable 
biogas (McHugh et al.  2003 ). The biogas gener-
ated comprises principally methane (55–75 %) 
and carbon dioxide (45–25 %) with traces of 
water vapour, ammonia and sulphide (Edelmann 
et al.  1999 ). 

 A full scale stable operation of anaerobic 
digester for commercial production of methane 
depends mainly on the feedstock used, physio-
chemical characteristics of the operational condi-
tions and on the microbial communities. Different 
biological wastewaters are treated by anaerobic 
digestion and successfully produced the biogas. 
Traditionally biogas is produced from the organic 

wastes like sludge or wastewaters. The  production 
of biogas from the plants or organic waste as a 
renewable source of energy is of increasing eco-
nomic and social importance. Despite the wide-
spread use of anaerobic digesters for the 
production of biogas, knowledge of the structure, 
function and biological properties of the micro-
bial communities involved is incomplete. 
Knowledge of the microbial diversity will pro-
vide valuable information to help design and 
 provide process control. There is good evidence 
from sewage treatment works that during biogas 
production organisms accumulate in small aggre-
gations. These are bound by extra-polymeric sub-
stances (EPS). Different organisms may also be 
bound together in a symbiotic relationship to pro-
duce biogas more effectively. It is evident from 
several studies that in general, bacterial EPS help 
in the formation of biofl ocs in activated sludge 
and contribute to its structural, surface charge, 
settling properties in biogas reactors and waste-
water treatment plants (Houghton et al.  2001 ). 
Biofl ocs are formed with interaction among 
microbial aggregates, fi lamentous bacterial 
strains and organic and inorganic particles, which 
are held together by EPS (Bala Subramanian 
et al.  2008 ,  2010 ). EPS have been identifi ed as 
one of the major components in biofl ocs/biofi lms 
(Urbain et al.  1993 ). They mainly consist of poly-
saccharides, proteins, nucleic acids and other cel-
lular components (Higgins and Novak  1997 ). The 
availability of trace metals as micronutrients 
plays a very signifi cant role on the performance 
and stability of agricultural biogas digesters 
(Feng et al.  2010 ; Demirel and Scherer  2011 ; 
Schattauer et al.  2011 ). Thus, in the present study 
chemical composition of the sludge samples was 
also studied. 

 The microbial communities involved in the 
anaerobic digestion are responsible for the meth-
ane formation and are often diffi cult to cultivate 
and classify systematically into taxonomy. Thus, 
alternatively culture-independent molecular 
approaches are more informative on microbial 
diversity and can provide evolutionary relation-
ships (Woese et al.  1990 ; Handelsman  2004 ; 
Riesenfi eld et al.  2004 ; Tolvanen and Karp  2011 ). 
The culture-independent characterisation of 
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microbial communities includes analysis of 
microbial 16S rDNA sequence (Hofman-Bang 
et al.  2003 ) which is the most widely used target 
for gene surveys (Traversi et al.  2011 ). Molecular 
and physiological characterisation of methano-
gens is important to understand the diversity of 
methanogens in methane production (Kumar 
et al.  2009 ,  2012 ,  2013 ; Sirohi et al.  2010 ,  2012 , 
 2013 ; Dagar et al.  2011 ). The methanogenic 
microbial composition in anerobic digesters for 
methane production was demonstrated in several 
laboratory scale based experiments. However 
studies on the commercial scale anaerobic digest-
ers operating for long periods of time are scanty 
(Deborah et al.  2011 ). Further the methanogenic 
microbial composition varies based on the phys-
iochemical operational conditions and the feed-
stock used for methane production. Hence in the 
present work the methanogenic diversity from 
the two commercial biogas digesters that received 
same feedstock and operated under similar con-
ditions were compared. This was accomplished 
by 16S rDNA clone library construction of ampli-
fi ed euryarchaeotal gene sequences from the col-
lected sludge samples of the methanogenic stage 
of the digesters. 

 We also investigated microbial community 
especially methanogenic Archaea present in the 
anaerobic digesters using FISH technique. A 
molecular approach that enables the culture- 
independent characterisation of microorganisms, 
FISH with rRNA-targeted oligonucleotide probes 
has been one of the most powerful and widely 
used techniques. The main advantage of FISH, 
particularly, is it can detect, identify and quantify 
microbes at a wide range of phylogenetic levels, 
ranging from whole domain to particular genera 
and species (Kumar et al.  2011 ).  

20.2     Materials and Methods 

20.2.1     Source of Sludge Sample 

 For the analysis of the methanogenic diversity, 
slurry samples, sample 1 and sample 2, were col-
lected each from methanogenesis stage operating 
anaerobic digester unit of two different commer-

cial biogas plants located in Devon, UK (50° 48′N 
4°21′W). The digetsers was fed with cattle 
manure, chicken manure, pig manure as well as 
blood and different sources of food waste, was 
operated at mesophilic temperature (approx. 
37 ± 2 °C) in wet fermentation conditions and at 
pH 7.8.  

20.2.2     Sludge Chemical 
Characteristics 

 The total and volatile solids (TS and VS) of 
the samples were determined using standard 
methods (APHA  1992 ), and their pH was deter-
mined with a microcomputer pH metre (Hanna 
Instruments, H19025). The alkalinities of the 
reactors were monitored using the discrete photo-
metric analysis method (STM 234) with an 
Aquatek 250 analyser. Digestate samples from 
the digesters were also analysed for their volatile 
fatty acid (VFA) content with a Thermo Electron 
High-Performance Liquid Chromatography 
(HPLC) using a Bio-Rad column (125–0115) and 
H 2 SO 4  (1 mM) as a mobile phase with a fl ow rate 
of 0.5 ml/min. The detection was carried out at 
ambient temperatures with a diode array UV 
detector at 220 nm (Nicholas et al.  2012 ). 

 EPS from sludge are extracted based on form-
aldehyde and NaOH extraction protocol adopted 
from Liu and Fang ( 2002 ). The separation of 
extracted EPS was carried out with HPLC 
equipped with a Zorbax Bio Series column (GF- 
250, 25 cm 9.4 mm, Agilent Technologies, 
France). Five protein standards of molecular 
mass 13,700, 45,000, 67,000, 200,000 and 
670,000 Da (ribonuclease, amylase, chicken 
albumin and bovine serum albumin), provided by 
Sigma-Aldrich, were injected for column and 
size calibration.  

20.2.3     Extraction of Total DNA 
from Sludge 

 Total DNA was isolated in triplicates essentially 
according to the methods described earlier 
(Yeates et al.  1998 ; Tsai and Olson  1991 ,  1992 ; 
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Shivaji et al.  2004 ). To 1 g of the sludge sample, 
2 ml of the lysis buffer (prepared using 100 mM 
Tris HCl- pH 8.5; 50 mM EDTA and 50 mM 
NaCl) was added. The suspension was centri-
fuged at 4,000 rpm for 5 min. To the supernatant 
obtained, 50 μl of lysozyme was added and kept 
for incubation at 37 °C for 1 h. Then 40 μl of 
proteinase  K  (10 mg/ml) was added and incu-
bated again under the same conditions for 1 h. 
Later 1 ml of SDS (20 % w/v) was added and 
incubated at 65 °C for 90 min. At this stage, fi ve 
cycles of freeze and thaw are necessary. The sam-
ples were centrifuged at 6,000 rpm for 10 min 
and the supernatant was collected. Half volume 
(inrelation to the supernatant obtained) of poly-
ethylene glycol (30 % w/v) and sodium chloride 
(1.6 M) was added to the supernatant and incu-
bated at room temperature for 2 h. Samples were 
centrifuged at 10,000 rpm for 20 min and the 
 pellet was suspended in TE buffer (pH 8.0). The 
aqueous phase was extracted with phenol, 
 chloroform and isoamyl alcohol mixture, and 
DNA was precipitated by adding isopropanol. 
After 2 h of incubation at room temperature, 
DNA was pelleted by centrifugation at 
12,000 rpm for 30 min, and the obtained pellet 
was suspended in sterile distilled water. Extracted 
DNA was visualised after gel electrophoresis on 
a 1 % agarose TAE (for 1,000 ml 4.84 gm Tris 
base; 1.14 ml acetic acid; 2 ml of 0.5 M EDTA; 
adjust pH to 8.5 using KOH) gel containing 
1 μg/ml ethidium bromide.  

20.2.4     Generation of 16S rDNA Clone 
Library 

 Euryarchaeota-specifi c 16S rDNA primers 21 F 
(5′–TTCCGGTTGATCCYGCCG–3′) and Eury 
498R (5′–CTTGCCCRGCCCTT–3′) were used 
to amplify about 480-bp fragment of the total 
1.5-kb 16S rRNA gene. The amplifi cation was 
done by polymerase chain reaction (PCR) under 
the following conditions: denaturation at 95 °C 
for 1 min, annealing of primers at 45 °C for 1 min 
and extension at 72 °C for 1 min for a total of 30 
cycles, followed by 10 min of extension at 72 

°C. Controls containing no DNA were also used 
to determine whether contaminants were being 
amplifi ed. Each PCR product was visualised on 
1 % agarose TAE gel containing 1 μg/ml ethid-
ium bromide.  

20.2.5     Bacterial Universal 16S rDNA 
Primers 

 Amplifi cation was done as described earlier (Reddy 
et al.  2000 ; Shivaji et al.  2004 ,  2011 ). Primers 
PA-F8 (5′–AGAGTTTGATCCTGGCTCAG–3′) 
and PH-1546R (5′–AAGGAGGTGATCCAG
CCGCA–3′) were used to amplify about total 1.5-
kb fragment of the 16S rRNA gene. The PCR 
product was purifi ed with the QIAquick PCR 
Purifi cation Kit (Qiagen Inc.) according to the 
manufacturer’s instructions.  

20.2.6     Cloning and Library 
Construction of the Amplifi ed 
Gene Sequences 

 The purifi ed PCR products were ligated into the 
plasmid vector pMOS (Amersham Biosciences, 
New Jersey, USA), and the hybrid vectors were 
used to transform  Escherichia coli  DH5 α  ultra-
competent cells by following manufacturer’s 
instructions. Transformants were screened using 
blue-white selection on Luria-Bertani agar plates 
(82 mm) containing 20 μg/ml X-gal (5-bromo-4- 
chloro-3-indolyl-β-galactopyranoside) and 20 μl 
of 100 mm IPTG (isopropyl B-D- 
thiogalactopyranoside) and 60 μg/ml ampicillin. 
Clone libraries were constructed by randomly 
picking up white-coloured colonies derived from 
each slurry sample and maintained on LB agar 
plate containing X-gal and ampicillin.  

20.2.7     Partial rRNA Gene Sequencing 
and Phylogenetic Analysis 

 The 16S rRNA gene from both euryarchaeo-
tal- and bacterial-specific libraries was 
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 amplified from the transformants by colony 
PCR using the vector-targeted M13 forward 
(5′–GTAAAACGACGGCCAGT–3′) and M13 
reverse (5′–GGAAACAGCTATGACCATG–3′) 
primers, respectively, and sequenced using the 
primers M13 forward and M13 reverse for 
only euryarchaeota-specific clones, and bacte-
rial clone libraries were sequenced using the 
primers M13 forward, M13 reverse, pD (5′–
CAG CAG CCG CGG TAA TAC–3′) and pF 
(5′–ACG AGC TGA CGA CAG CCA TG–3′) 
(Pradhan et al.  2010 ). Vector and chimeric 
sequences were eliminated using Gene Tool 
Version 2 (  www.biotools.com    ). Sequences 
were then subjected to BLAST to identify the 
nearest taxa and aligned with sequences 
belonging to the nearest taxa (downloaded 
from NCBI database  http://www.ncbi.nlm.nih.
gov/    ) using Clustal X. Phylogenetic trees were 
constructed using neighbour-joining and max-
imum likelihood methods (Pradhan et al.  2010 ; 
Shivaji et al.  2011 ). Bootstrap analysis, based 
on 1,000 replicate data sets, was performed to 
assess stability among the clades.  

20.2.8     Statistical Analyses 
of the Cloned Libraries 

 To compare the bacterial diversity within the two 
samples, euryarchaeota-specifi c 16S rRNA gene 
sequences and that of bacterial universal 16S 
rRNA gene sequences of the clones from their 
respective libraries showing ≥97 % sequence 
similarity were grouped into the same OTU (phy-
lotype). Shannon-Wiener Diversity Index (  http://
www.changbioscience.com/genetics/shannon.
html    ) was used to calculate Shannon index (H’), 
evenness (Lefauconnier et al.  1994 ). Rarefaction 
analysis was done using the site Online 
Calculation (  http://biome.sdsu.edu/fastgroup/
cal-tools.htm    ). Rarefaction curves were gener-
ated to compare the relative diversity and cover-
age of each library.  

20.2.9     Fluorescent In Situ 
Hybridisation (FISH) 

 16S rRNA-targeted oligonucleotide probe set 
( Metabion international AG, Germany ) used to 
identify methanogenic Archaea present in anaer-
obic bioreactors. The fl uorescent in situ hybridi-
sation (FISH) slides were analysed with confocal 
scanning laser microscopy (CSLM) Zeiss LSM 
780 system with Axio Observer inverted micro-
scope, using LSM software ZEN 2010 to see the 
spatial distribution of specially labelled target 
cells present in the anaerobic bioreactors. 

 The 16S rRNA-targeted oligonucleotide probe 
set targeted bacteria and most methanogenic 
Archaea that were used in this research:

 EUB338  Most  Bacteria   5′–GCT GCC 
TCC CGT AGG 
AGT–3′ 

 ARC915   Archaea   5′–GTG CTC 
CCC CGC CAA 
TTC CT–3′ 

 MG1200  Methanomicrobiales  5′–CGG ATA 
ATT CGG GGC 
ATG CTG–3′ 

 MS821  Methanosarcina  5′–CGC CAT 
GCC TGA CAC 
CTA GCG 
AGC–3′ 

 MX825  Methanosaetaceae  5′–TCG CAC 
CGT GGC CGA 
CAC CTA GC–3′ 

 MB311  Methanobacteriales  5′–ACC TTG 
TCT CAG GTT 
CCA TCT CC–3′ 

 MB1175  Most 
Methanobacteriales 

 5′–TAC CGT 
CCA CTC CTT 
CCTC–3′ 

   In order to visualise microbial community 
in the activated sludge samples, sample prepara-
tion, fi xation, hybridisation, washing and visuali-
sation are required. Fresh sludge samples were 
treated with enzymes followed by incubation for 
an overnight with 200 rpm. Later cells were fi xed 
with 4 % paraformaldehyde (PFA) in a 3:1 PFA 
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to sample ratio with incubation at 4 °C. Fixed 
samples was centrifuged for 5 min at 4 °C with 
15,000 rpm; after centrifugation, the cells were 
resuspended with one volume of ice-cold 
phosphate- buffered saline (PBS), and fi nally the 
cells were subjected to the same centrifugation 
and resuspended with one volume of ice-cold 
PBS and one volume of 96 % ice-cold ethanol. 15 
μl of sample was placed onto the centre of the 
slide and allowed to dry for 15 min at 46 °C; once 

dry, the sample was then dehydrated for 3 min in 
50 %, 80 % and 96 % ethanol. 10 μl of 35 % 
hybridisation buffer and 1 μl of desired probe are 
mixed and placed onto the slide and incubated 
overnight. Overnight incubated samples with 
respective probes were washed with 35 % hybrid-
isation washing buffer (48 °C). Finally the slides 
were washed with ice-cold water and visualised 
with confocal scanning laser microscopy (CSLM) 
(Fig.  20.1 ).

  Fig. 20.1    Hybridisation of activated sludge samples treated 
with different oligonucleotide probes (Cy3 – labelled) to 
target their respective species. CSLM micrographs of ( a ) 
Archaea spp., when sludge sample is treated with ARC915. 

( b  and  c ) Fluorescence micrographs of Methanosarcina 
spp., when sludge samples are treated with MX821 probe. 
( d ) Fluorescence micrographs of Methanomicrobiales spp. 
when sludge sample is treated with MG1200 probe         
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20.3         Results 

 Two sludge samples (sample 1 and sample 2) 
were collected from two separate biogas tanks 
(tank 1 and tank 2) operated at methanogenesis 
stages each receiving the same feedstock, located 
near Holsworthy, Devon, UK. The pH of the two 
tanks 1 and 2 are 8.3 and 8.2 respectively and the 
C:N ratio is 2.3:1 and 2.6:1, respectively. In the 
other physicochemical characteristics like total 
solids, volatile solids, conductivity, total nitro-
gen, ammonium nitrogen, total carbon, COD, 
total phosphorus and total potassium, no major 
differences were observed in the two tanks (Table 
 20.1 ). Among the trace elements, Fe, Mg, Mn, 
Zn, Ni and Cr showed high concentrations in tank 
1 compared to tank 2. The concentration of sul-
phur is high in tank 2. In other elements such as 
Ca, Mo, Cu, Co, Se and B, concentrations were 
similar in both tanks (Table  20.2 ).

    Sugars from the two sludge samples were ana-
lysed; pentoses were 32 μg/mg of the slurry sam-
ple in tank 1 and 40 μg/mg of the slurry sample in 
tank 2, whereas hexoses were 65 μg/mg of the 
slurry sample in tank 1 and 90 μg/mg of the slurry 
sample in tank 2. The protein concentration was 
0.45 μg/mg in tank 1 and 0.56 μg/mg in tank 2. 
Typical molecular chromatogram profi le of EPS 
extracted from Holsworthy biogas plant sludge is 
shown in Fig.  20.2 . Polysaccharides with a 
molecular weight between 14 and 44 kDa were 
dominant in the extracted EPS.

   The two slurry samples from the biogas 
reactor yielded about 30 and 32 μg/g of DNA 
from the sludge samples 1 and 2, respectively. 
About 200 ng of the DNA from sample 1 and 
sample 2 was used for the construction of 
euryarchaeota- specifi c and bacterial universal 
16S rRNA gene- specifi c libraries. The number 
of clones in sample 1 and sample 2 of euryar-
chaeota-specifi c gene libraries is 107 and 130 
clones, respectively, with an insertion of 
approximately 480 bp, and for bacterial univer-
sal 16S rRNA gene-specifi c libraries, it is 135 
and 144, respectively, with an insertion of 
approximately 1.5 kb. 

20.3.1     Archaeal Diversity Analysis 

 Phylogenetic analysis of the Archaea indicated 
that sample 1 clone libraries representing 107 
sequences and sample 2 represented by 130 
sequences were affi liated to two classes 

    Table 20.1    Physicochemical characteristics of the two 
sludge samples collected from two separate commercial 
biogas plants (tank 1 and tank 2)   

 Sludge parameter  Tank 1  Tank 2 

 Total solids (%)  3.71  3.48 

 Volatile solids (% of TS)  69.54  70.40 

 Gross energy (dry) (MJ/kg)  17.8  19.1 

 Conductivity 1:6 (μS/cm)  7,130  6,840 

 Ammonium nitrogen (mg/kg)  6,664  6,991 

 Total nitrogen (%w/w)  0.735  0.750 

 Total carbon (%w/w)  1.68  1.96 

 C:N ratio  23:1  26:1 

 pH  8.3  8.2 

 COD  5,530  5,410 

 Total (P)  286  270 

 Total (K)  738  755 

 Euryarchaeaotal-specifi c 16S rRNA 
gene clone library 

 MT1  MT2 

 Bacterial 16S rRNA gene clone 
library 

 HW1  HW2 

    Table 20.2    Trace element composition of the two sludge 
samples collected from two separate commercial biogas 
plants (tank 1 and tank 2)   

 Trace elements 

 mg/kg [fresh matter] 

 Tank 1  Tank 2 

 Fe  1,134  783 

 Mg  72.6  66.3 

 S  67.32  119.35 

 Ca  896  886 

 Mn  7.98  5.58 

 Mo  0.19  0.16 

 Zn  14.20  8.63 

 Cu  1.1  0.9 

 Co  0.06  0.06 

 Ni  0.50  0.34 

 Se  0.02  0.02 

 Cr  1.73  1.33 

 B  1.10  1.08 
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Methanomicrobiales and Methanosarcinales of 
phylum Euryarchaeota. These sequences were 
grouped and assigned operational taxonomic 
unit (OTU) for which a threshold of 97 % simi-
larity was used (Goebel and Stackebrandt  1994 ). 
Sample 1 encompasses 6 OTUs, 2 sequences, 
and that of sample 2 comprises 6 OTUs, 4 
sequences (Figs.  20.3  and  20.4 ). In sample 1, 
55 % of the sequences showed more than 97 % 

sequence similarity with  Methanoculleus bour-
gensis  MS2 T . Similarly in sample 2, the major-
ity of sequences (48.5 %) were clustered with 
 Methanoculleus bourgensis  MS2 T . In sample 1 
clone library, sequences of clade 1 and clade 2 
formed a separate cluster with  Methanoculleus 
bourgensis  MS2 T  that shows 98–99 % sequence 
similarity with the uncultured archaeon gene for 

  Fig. 20.2    Typical molecular chromatogram profi le of EPS extracted from commercial biogas plant sludge. 
Polysaccharides with a molecular weight between 14 and 44 kDa were dominant in the extracted EPS        

  Fig. 20.3    Neighbour-joining phylogenetic trees of 
euryarchae al-specifi c 16S rRNA gene clones from MT1 
library. Numbers at nodes are bootstrap values. The bar 
represents 0.05 substitutions per alignment position        

  Fig. 20.4    Neighbour-joining phylogenetic trees of 
euryarchae al-specifi c 16S rRNA gene clones from MT2 
library. Numbers at nodes are bootstrap values. The bar 
represents 0.05 substitutions per alignment position        
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16S rRNA, partial sequence, clone: 3MP-A-
3ME-76. This archaeon gene was obtained from 
methane production process which was oper-
ated using food waste as organic source. Twenty-
fi ve percent of the sequences representing clades 
3, 4 and 5 of sample 1 and 42.5 % of the 
sequences representing clades 3, 4 and 5 of sam-
ple 2 formed a separate cluster from the cultured 
archaeal sequences that signifi es novel uncul-
tured representatives of Euryarchaeota. 
However, BLAST analysis showed that 
sequences of clade 3 of sample 1 and sample 2 
showed sequence similarity (ranging from 96 % 
to 99 %) with uncultured archaeon PY-2 16S 
ribosomal RNA gene, partial sequence obtained 
from permafrost samples from the northwest 
and southwest of China. Sequences within the 
clade 4 of sample 1 and sample 2 showed 
sequence similarity (ranging from 95 % to 
99 %) with uncultured archaeon clone BGA22C 
16S ribosomal RNA gene, partial sequence 
obtained from anaerobic digesters receiving 
food processing wastes. Sequences of the clade 
5 of sample 1 and sample 2 showed a sequence 
similarity (ranging from 98 % to 99 %) with 
uncultured archaeon clone ATB-EN- 8289-R062 
16S ribosomal RNA gene, partial sequence 
obtained from agricultural biogas plants. Clone 
library sequences of clade 6 of sample 1 and 
sample 2 are distantly clustered with 
 Methanimicrococcus blatticola  PA T  that showed 
similarity with uncultured archaeon clone BA8-
EN5190N-LBR27 16S ribosomal RNA gene, 
partial sequence archived from two- phase bio-
gas reactor systems operated with plant bio-
mass. Sequences MT 1.43 and MT1.44 of 
sample 1 showed 93.8 % sequence similarity 
with  Methanoculleus bourgensis  MS2 T  and 
94 % similarity with uncultured archaeon clone 
5.5 ft C30A 16S ribosomal RNA gene, partial 
sequence attained from landfi ll environment. 
Sequences MT 2.92, MT2.111 and MT 2.106 of 
sample 2 showed similarity of 98.3 %, 96.4 % 
and 94.0 %, respectively, with  Methanoculleus 
bourgensis  MS2 T . Sequence MT 2.49 showed 
similarity of 88.3 % with uncultured archaeon 
clone  Methanosarcina thermophila  5.5 ft C17A 
obtained from landfi ll environment.

20.3.2         Bacterial Diversity Analysis 

 BLAST analysis of 16S rDNA bacterial clone 
library of the two samples identifi ed that clones 
in sample 1 and sample 2 were affi liated to six 
phyla (Table  20.3 ). Clones affi liated to phyla 
 Firmicutes  and  Proteobacteria  were commonly 
present in both the libraries. Clone sequences that 
are affi liated to phyla  Bacteroidetes  and 
 Thermotoga  were present only in MT1 clone 
library, and clone sequences belonging to 
 Actinobacteria  and  Chlorofl exi  are present only 
in MT2 clone library. Based on the BLAST anal-
ysis, the 135 clones of MT1 belonging to 22 bac-
terial taxa and the 144 clones of MT2 belong to 
18 bacterial taxa. In both libraries of sample 1 
and sample 2, clones belonging to phylum 
 Firmicutes  were the most predominant represent-
ing 94.8 % and 97.9 %, respectively, of the total 
clones.

20.3.3         Firmicutes  

 Clones affi liated to different classes of the 
 phylum  Firmicutes , namely,  Bacilli, 
Carboxydocella, Clostridia, Erysipelotrichi  and 
 Syntrophomonadaceae , were present in both 
sample 1 and sample 2 (Figs.  20.5  and  20.6 ). 
Clones affi liated to class  Natranaerobiales  are 
present only in sample 1. BLAST analysis shows 
that clones affi liated with class  Clostridia  were 
predominant representing 114 clones out of 
128 in sample 1 and 133 out of 141 in sample 2. 
Clones HW1.4, HW1.82, HW1.117, HW1.46, 
HW1.76, HW1.81, HW1.96, HW2.8, HW2.77, 
HW2.18 and HW2.71 showed greater than 97 % 
sequence similarity with their nearest phylotype 
 Syntrophaceticus schinkii  SP3 T  and clustered 
with the same. All the sequences that demon-
strated more than 97 % similarity with in the 
same cluster with their neighbour sequences 
were grouped and given the clade numbers. 
Clone sequences of sample 1 representing clade 
1 were affi liated to  Saccharofermentans aceti-
genes  and also showed similarity with uncultured 
diversity obtained from mesophilic anaerobic 
digester representing uncultured bacterium clone 
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   Table 20.3    Affi liation of 16S rRNA gene sequences of two 16S rRNA gene libraries (HW1 and HW2) constructed 
using two sludge samples collected from methanogenesis stage of two operating bioreactor units of commercial biogas 
plants located in Devon, UK   

 Phylogenetic neighbour and 
nucleotide accession number 

 Clone number and 16S rRNA gene sequence similarity (%) 

 Sample 1 library  Sample 2 library 

  Phylum –   Actinobacteria    0    2  

  Class – Actinobacteria    0    2  

  Propionibacterium acnes  
KPA171202 T  (AE017283) 

 53, 54 [99] 

  Phylum –   Bacteroidetes    3    0  

  Class – Bacteroidia    3    0  

  Proteiniphilum acetatigenes  
TB107 T  (AY742226) 

 43, 54, 72 [90.2] 

  Phylum –   Chlorofl exi    1  

  Class – Anaerolineae    1  

  Levilinea saccharolytica  
KIBI-1 T  (AB109439) 

 117a [88.5] 

  Phylum –   Firmicutes    4    1  

  Class –   Bacilli    4  

  Bacillus vedderi  JaH T  
(Z48306) 

 111 [83.4] 

  Paenibacillus chitinolyticus  
IFO 15660 T  (AB021183) 

 46 [93.3] 

  Planifi lum fulgidum  500275 T  
(AB088362) 

 21, 22 [85.2] 

 Class –  Clostridia    121    135  

  Carboxydocella manganica  
SLM 61 T  (GU584133) 

 47, 62, 59, 60, 27, 17, 36 [86.7]  43, 143 [86.5] 

  Clostridium acetireducens  
30A T  (X79862) 

 95 [83.6 ] 

  Clostridium alkalicellulosi  
Z-7026 T  (AY959944) 

 119, 116, 131, 123 [84] 

  Clostridium jejuense  HY-35- 
12T (AY494606) 

 68, 127 [92.8] 

  Clostridium straminisolvens  
CSK1 T  (AB125279) 

 33, 35, 8, 49, 19, 31, 53, 70, 18, 132, 10, 
15, 20, 30, 50, 93, 99, 24, 102, 83, 89, 
75, 79, 106, 23, 26, 91, 1, 29, 2, 28, 109, 
26, 21, 110, 112, 108, 92, 103, 65, 68, 
48, 107, 37, 88, 94 [86.9] (clade 1) 
 100, 114, 32, 6, 133, 113a, 128, 113, 
127, 124, 119, 129, 130, 16 [87.3] 
(clade 3) 
 40 [86] 

 61 [87.4], 102 [83.5] 

  Clostridium thermocellum  
ATCC 27405 T  (CP000568) 

 9, 58, 86, 34, 51, 63, 25, 77, 85 [86] 
(clade 2) 
 105 [87.9], 42 [87.6], 73 [85.7], 98 
[86.9] 

 101, 125, 121, 109, 129, 100, 115, 
118, 132, 128, 114, 133, 124, 110, 
130, 105, 134, 111, 117 [86.15] (clade 
2a), 137, 65, 74, 136 [84.3] (clade 1a), 
41, 76, 97, 72, 60, 92, 87, 73, 96, 67, 
86, 79, 94, 85, 50, 82, 83, 84, 69, 93, 
70, 78, 88, 91, 36, 17, 42, 16, 24, 15, 
35, 37, 39, 38, 31, 40, 5, 9, 4, 20, 10, 
11, 25, 26, 27, 19, 14, 6, 29, 28, 22,
 48, 21, 13, 47, 62, 56, 113, 99, 95, 
140, 108, 49, 64, 89, 107, 75, 81, 104, 
58, 80, 66, 112, 120, 122, 141, 23, 1 
[86.12] (clade 1) 
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 Phylogenetic neighbour and 
nucleotide accession number 

 Clone number and 16S rRNA gene sequence similarity (%) 

 Sample 1 library  Sample 2 library 

  Clostridium stercorarium  
NCIMB 11754 T  (L09174) 

 38, 41, 14 [87.2]  126, 142, 12 

  Clostridium saccharogumia  
SDG-Mt85-3Db T  (DQ100445) 

 135 [84.3] 

  Clostridium ultunense  BS T  
(Z69293) 

 101, 80, 97, 104 [93.2]  63, 139, 90 [93.2] (clade 3) 
 135, 3, 45, 44, 103, 98 [93.5] (clade 4) 

  Desulfotomaculum 
solfataricum  V21 T  (U33455) 

 122 

  Desulfotomaculum 
thermocisternum  ST90 T  (NR 
025979) 

 2 

  Desulfosporosinus acidiphilus  
SJ4 T  (NC_018068) 

 71 [89] 

  Pelotomaculum propionicicum  
MGP T  (NR_041000) 

 66, 69 [84.6] 

  Peptoniphilus methioninivorax  
NRRLB-23883 T  (GU440754) 

 138 

  Papillibacter cinnamivorans  
CIN1 T  (NR_025025) 

 13, 118 [90] 

  Saccharofermentans acetigenes  
P6 T  (AY949857) 

 3, 64, 78, 125, 134, 123, 131, 89, 52, 61, 
57, 87, 56, 7, 12 [86.5] 

 7 [86.6] 

  Syntrophaceticus schinkii  Sp3 T  
(EU386162) 

 4, 82, 117 [100], 46 [96], 76 [96.6], 81 
[92.7], 96 [93.2] 

 8, 77 [100], 18, 71 [96.6] 

  Tepidanaerobacter syntrophicus  
JL T  (AB106353) 

 90[95] 

  Tissierella creatinophila  
KRE4 T  (X8022) 

 44, 45, 120 [88]  51 

  Class – Erysipelotrichi    3    1  

  Eubacterium tortuosum  
ATCC 25548 T  (L34683) 

 11, 116, 67 [84.5] 

  Holdemania fi liformis  
ATCC51649 T  (Y11466) 

 106 [86] 

  Class – 
  Natranaerobiales  

  1    0  

  Natranaerobius truperi  JW/
NM-WN-LU T  (EU338490) 

 5 [88.2] 

  Class –  
 Syntrophomonadaceae  

  4  

  Syntrophomonas curvata  
GB8-1 T  (NR_025752) 

 32, 33, 34, 57 [91.3] (clade 5) 

  Phylum –   Proteobacteria    1    1  

  Class –   Gammaproteobacteria    1    1  

  Erwinia toletana  A37 T  
(AF130910) 

 5 [55] 

  Pseudomonas caeni  HY-14 T  
(EU620679) 

 74 [91.9] 

  Phylum –   Thermotogae    2    0  

  Class –   Thermotogae    2    0  

  Defl uviitoga tunisiensis  
SulfLac1 T  (FR850164) 

 115, 55 [99.46] 

Table 20.3 (continued)
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  Fig. 20.5    Neighbour-joining phylogenetic trees of bacterial 16S rRNA gene clones from HW1 library. Numbers at 
nodes are bootstrap values. The bar represents 0.05 substitutions per alignment position        
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  Fig. 20.6    Neighbour-joining phylogenetic trees of bacterial 16S rRNA gene clones from HW2 library. Numbers at 
nodes are bootstrap values. The bar represents 0.05 substitutions per alignment position        
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G35_D8_L_B_G02 partial sequences. Clone 
sequences of sample 1 representing clade 2 were 
affi liated to  Clostridium thermocellum , and clone 
sequences of clades 3 and 4 were affi liated to 
 Clostridium straminisolvens . However, 
sequences of clones belonging to clade 2 were 
more closely related to uncultured bacterium 
clone 12Bac (95–99 %), clade 3 with uncultured 
bacterium clone 02f07 (98–99 %) and clade 4 with 
uncultured bacterium clone 4Bac R8 (94–99 %), 
which were obtained from an anaerobic biogas 
reactor utilising food waste. Similarly clones 
 representing clade 5 were affi liated with 
 Carboxydocella manganica  and showed 93–99 % 
sequence similarity with uncultured bacterium 
clone 4Bac R8.

    The cluster of clone sequences that showed 
more than 97 % sequences imilarity with their 
neighbouring sequences were grouped and given 
the clade numbers. Clone sequences of sample 2 
that formed clades 1, 2 and 3 showed sequence 
similarity with  Clostridium thermocellum  
 ranging from 84 to 87. However, sequences of 
clade 1 shared a sequence similarity with uncul-
tured bacterium clone 4Bac R8 16S ribosomal 
RNA gene, partial sequence (ranging from 93 % 
to 96 %), sequences of clade 2 shared similarity 
with uncultured bacterium clone 12Bac R8 16S 
ribosomal RNA gene, partial sequence (ranging 
from 94 % to 98 %), both of these sequences 
were obtained from biogas plant utilising 
 predominantly food waste. Sequences of clade 3 
showed its sequenc similarity with uncultured 
bacterium clone G35_D8_L_B_G02 (99 %) 16S 
ribosomal RNA gene, partial sequence obtained 
from mesophilic anaerobic digester. Sequences 
of clade 4 showed 92.8 % sequence similarity 
with  Clostridium alkalicellulosi  Z-1026 T  and 
99 % with uncultured bacterium clone 01a06 
16S ribosomal RNA gene, partial sequence 
obtained from Anaerobic Sequencing Batch 
Reactor (ASBR) reactor treating swine waste. 
Clone sequences of clade 5 showed only 91.3 % 
similarity with  Syntrophomonas curvata  and 
showed 99 % similarity with uncultured bacte-
rium partial 16S rRNA gene, clone 3wk_1LB11 
that was obtained from anaerobically digested 

sludge. Clone sequences of clade 6 showed a 
sequence similarity with  Clostridium stercorar-
ium  subsp.  leptospartum  ATCC 35414 T  (87.2 %) 
and 99 % with uncultured bacterium clone A35_
D28_L_B_B05 16S ribosomal RNA gene, par-
tial sequence. Clone sequences that formed clade 
7 showed sequence similarity (93–93.5 %) with 
 Clostridium ultunense  and 98 % with uncultured 
bacterium clone SPAD87 obtained from swine 
manure anaerobic digester and 99 % with uncul-
tured prokaryote clone 07122804-ZSS_Z7_
EU_4_2_27 16S ribosomal RNA gene, partial 
sequence obtained from pig ordure-based biogas 
digester.  

20.3.4      Proteobacteria  

 One clone sequence each from sample 1 and 
sample 2 represented class  Gammaproteobacteria  
of phylum  Proteobacteria.  Clone sequence of 
HW1.74 showed 91.9 % similarity with 
 Pseudomonas caeni  and that of HW2.5 showed 
95 % similarity with  Erwiniatoletana . 

20.3.4.1     Other Phyla 
 Representatives of clone sequences of phylum 
 Bacteroidetes  and  Thermotoga  are present only 
in sample 1 (Fig.  20.5 ), while representatives of 
clone sequences of  Actinobacteria  and  Chlorofl exi  
are present only in sample 1 (Fig.  20.5 ).   

20.3.5     Statistical Analysis 

 The rarefaction curves indicated that the archaeal 
population in samples S1 and S2 is plateaued 
while the bacterial population in these samples is 
not (Fig.  20.7 ). The rarefaction curve analysis 
implied that these are likely to be minimal esti-
mates of diversity for the bacterial population. 
The Shannon index of the euryarchaeotal clones 
from samples 1 and 2 is 3.9 and 4.2, respectively, 
while for bacterial libraries, it is 4.5 and 3.8, 
respectively. The evenness of species richness 
showed 1.9 and 2.0 for euryarchaeotal clone sam-
ples and 2.1 and 1.8 for bacterial samples.
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20.4         Discussion 

 Animal manure represents an important source of 
energy for production of biogas through anaero-
bic digestion. Like many European countries, 
Britain has also focused on utilising manure from 
farms and waste from abattoirs and food proces-
sors to create gas and electricity. Methanogenic 
archaeal diversity has been studied from various 
anaerobic digesters that are fed wastewaters 
(McHugh et al.  2003 ), a permanently frozen Lake 
Fryxellin, Antarctica (Karr et al.  2006 ), and reac-
tors fed with plant biomass (Klocke et al.  2007 ), 
from agricultural biogas plant (Krause et al. 
 2008 ; Nettmann et al.  2010 ). Diversity of archaeal 
communities within 44 bioreactors fed with dif-
ferent organic materials was demonstrated by 
LeClerc et al. ( 2004 ). Archaeal diversity has also 
been determined from a commercial biogas plant 
located in Germany, which is being operated 
using herbal biomass (Nettmann et al.  2008 ). The 
present study gives an outlines about the archaeal 
and bacterial diversity within two commercial 
anaerobic digesters located in Devon, UK, that 
are both fed cattle manure and food waste. The 
 comparative analysis of the diversity within these 
two commercial anaerobic reactors helps in 

understanding the stability of the bioreactor. We 
have used Fluorescent in Situ Hybridisation 
(FISH) to identify methanogenic Archaea which 
are dominant in the production of biomethane in 
the anaerobic digesters. The availability of trace 
metals as micronutrients plays a very signifi cant 
role on the performance and stability of agricul-
tural biogas digesters (Feng et al.  2010 ; Demirel 
and Scherer  2011 ; Schattauer et al.  2011 ). The 
trace elements as shown in Table  20.2  are abun-
dant in both digesters and play a key role in 
 enzymatic pathways of methanogens. The other 
chemical characteristics of samples are shown in 
Table  20.1 . 

 In this study, sludge samples collected from 
two anaerobic digesters operated under similar 
conditions were compared. Previous studies 
demontrated the microbial diversity characterisa-
tion from anaerobic digesters fed with cattle 
manure were operated at thermophilic tempera-
tures. These studies reported that two archaeal 
species  Methanoculleus thermophilus  and the 
acetate utilising  Methanosarcina thermophila  
were predominant (Chachkiani et al.  2004 ). 
However, in our study around 50 % of the 
sequences from the archaeal clone libraries of the 
two samples are dominated by one species, 

  Fig. 20.7    Rarefaction curves of observed OTUs in the 
two sludge samples collected from methanogenesis stage 
operating bioreactor unit of two different commercial bio-
gas plants located in Devon, UK (sample 1 and sample 2). 

Rarefaction curves generated for methanogenic diversity 
of the study for sample 1 (□) and sample 2 (∎). Rarefaction 
curves generated for bacterial diversity of the study for 
sample 1 (O) and sample 2 (●)        
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 Methanoculleus bourgensis . It is interesting to 
note that the population of our investigation of 
a mesophilic digester and the predominant 
species from previous studies from the thermo-
philic anaerobic digester belonging to 
Methanomicrobiales of Archaea. Thus, our study 
corroborates with previous studies for digesters 
that are fed with cattle manure (Chachkiani et al. 
 2004 ). However, in our study clone sequence rep-
resentatives belonging to Methanosarcinales 
were also present in both samples 1 and 2. This is 
in agreement with previous studies on characteri-
sation of methanogens from municipal solid 
waste digesters and sewage sludge digesters, 
where they reported that Methanosarcinales are 
prevalent under the mesophilic conditions but not 
found in thermophilic conditions (Chouari et al. 
 2005 ). At the same time, these sequences based 
on the BLAST analysis results showed similarity 
with uncultured archaeon clone sequences of the 
anaerobic digester fed with different organic 
sources like food waste, food processing waste 
and plant waste and from other methanogenic 
environments like permafrost and landfi ll 
environments. 

 Phylogenetic analysis revealed that around 
25 % of the clone sequences of sample 1 and 
42 % of sample 2 formed a separate cluster and 
may be representing novel uncultured diversity 
within the anaerobic digester fed with cattle 
manure operated at mesophilic temperature. The 
studies on methanogenic diversity in anaerobic 
digesters reveal that the diversity is infl uenced by 
the operational and environmental conditions, 
which leads to digester stability. Thus, the identi-
fi cation of a considerable fraction of novel uncul-
tured methanogenic diversity in the present study 
signifi es a complex role leading to stability of the 
anaerobic digester at mesophilic temperature. 

 Previous studies revealed that members 
belonging to the genus  Methanoculleus  are pre-
dominantly present in various anaerobic digest-
ers. Representative of this genus,  Methanoculleus 
bourgensis  was identifi ed in various anaerobic 
digesters that are operated using maize silage and 
manure (Feng et al.  2010 ; Jaenicke et al.  2011 ; 
Krober et al.  2009 ). Studies of Schnurer et al. 
( 1999 ) and Weiss et al. ( 2009 ) reported that 

 Methanoculleus bourgensis  is well adapted to 
some of the adverse conditions like high salt and 
ammonium concentrations that usually hinder the 
functioning of the anaerobic digester. 
 Methanoculleus bourgensis  is a hydrogenotro-
phic methanogen utilising hydrogen and carbon 
dioxide or formate as the substrates for methane 
synthesis. Hydrogenotrophic methanogens pre-
dominate in the anaerobic digester system by 
growing on the simple substrates like acetate, 
ethanol, methanol, glucose and propionate 
(Demirel and Scherer  2008 ). The characterisation 
of the Eurychaeota bacterial diversity from both 
anaerobic digesters has shown no variation. 

 The comparative bacterial analysis in both 
samples 1 and 2 shows that members belonging 
to the phylum  Firmicutes  were abundant. Further 
clone sequences that shared similarity with 
 Clostridium straminisolvens  were abundant in 
sample 1, while the clone sequences that shared 
similarity with  Clostridium thermocellum  were 
predominantly present in sample 2. Previous 
report on bacterial community dynamics in liquid 
swine manure reported that  Clostridium  sp. are 
active in the stored liquid swine manure and sur-
vived by fermenting lipids, sugars and amino 
acids to simultaneously producing malodorous 
volatile organic acids, hydrogen sulphide and 
amines (Leung and Topp  2001 ). Hence, from the 
results of the present study, it appears that pre-
dominance of  Clostridium  sp. in the digester has 
favoured the production of high concentrations of 
ammonium compounds and thus simultaneously 
favoured the growth of  Methanoculleus bourgen-
sis. Clostridium thermocellum  that predominated 
in sample 2 has the ability to hydrolyze cellulose 
effi ciently by means of its extracellular cellu-
lases, which are organised into cellulosomes 
(Wirth et al.  2012 ).  Clostridium straminisolvens  
having cellulolytic properties was abundant in 
sample 1. However, it is interesting to note that 
both  Clostridium straminisolvens and 
Clostridium thermocellum  are moderately ther-
mophilic organisms, and the former does not 
occur at or below 45 °C (Kato et al.  2004 ). 
Another phylogenetically close relative of the 
above-discussed two species of genus 
 Clostridium ,  Saccharofermentans acetigenes  P6 T  
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that ferments several hexoses, polysaccharides 
and alcohols (Chen et al.  2010 ) was also identi-
fi ed in both samples. Identifi cation of clone 
sequences belonging to  Syntrophaceticus 
schinkii ,  Clostridium ultunense  and 
 Tepidanaerobacter syntrophicus  indicates the 
prevalence of syntrophic acetate oxidation 
(Westerholm et al.  2010 ).  

20.5     Conclusions 

 The results of this study imply that no major dif-
ferences are found in the microbial diversity of 
the two anaerobic digesters however varied in the 
relative abundance of the species richness. The 
results also reveal that cellulolytic bacteria were 
predominantly present in the reactors more par-
ticularly  Clostridium thermocellum  were pre-
dominant in tank 2. Majority of the archaeal 
clone sequences belonged to  Methanoculleus 
bourgensis . A huge portion of the sequences of 
methanogenic clone libraries has showed similar-
ity with the uncultured archaeal clones identifi ed 
from the anaerobic digesters. It is also revealed 
that hydrogenotrophic methanogens are abundant 
in the reactors. This may be because of the 
 cellulolytic bacteria that are present in the 
 reactors favoured the production of substrates 
that enhanced sympathetic conditions for 
hydrogenotrophic methanogens. We conclude 
that Archaea, especially  Methanomicrobiales  and 
 Methanosarcinales  are the dominant groups in 
the digesters.     
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    Abstract  

  The ruminants do not directly compete with human beings for food 
resources, unlike simple-stomach animals, such as poultry or swine. 
However, if high levels of animal productivity are necessary, forage alone 
cannot sustain it. Thus, it is necessary to feed ruminants with grains and/
or coproduct agricultural production units. Digestive disorders are the sec-
ond most commonly reported health issues in North American and 
Brazilian feedlot operations, while respiratory issues tend to rank toward 
the top of the list of health problems. Ruminal fermentation is a result of 
fi ne-tuned cooperation between the host animal and the rumen microor-
ganisms. Rumen provides an optimum environment for microbial popula-
tion cultivation while fermentation end products serve as an energy source 
and microbes supply high-quality protein for the host animal. The produc-
tion of end products differs according to the diet consumed by the animal, 
mainly due to microorganism carbohydrate preferences and affi nity. 
Besides being the most studied digestive disorder in cattle, ruminal acido-
sis still presents blind spots. The fi rst intriguing fact is individual suscep-
tibility. If one challenges animals from same herd and similar background 
with a high-concentrate diet protocol, animals will present a range of aci-
dosis symptoms, ranging from no symptoms to moderate and even severe 
ruminal acidosis within the same feeding period. Further studies should be 
conducted to determine whether the differences in acidosis symptoms in 
one herd are based on behavior, physiological, microbial, or multifactorial 
effects.  
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21.1         Overview of Ruminal 
Acidosis in Intensive Cattle 
Production 

 For millions of years, as a result of natural selec-
tion, ruminants developed the capability to obtain 
the greatest part of its energy, necessary to repro-
duce and maintain vital function, by ruminal 
microbial fermentation. Ruminal microorgan-
isms produce enzymes that degrade plant com-
plex carbohydrates. Such biological strategy 
enables ruminants to eat fi brous plant materials, 
which cannot sustain vital functions for most 
single-stomach animals. Consequently, rumi-
nants present competitive advantages during the 
natural selection process, either in natural condi-
tions or in production systems. 

 The ruminants do not directly compete with 
human being for food resources, unlike simple- 
stomach animals, such as poultry or swine. 
However, if high levels of animal productivity are 
necessary, forage alone cannot sustain it. Thus, it 
is necessary to feed ruminants with grains and/or 
coproducts. 

 “An Essay on Principle of Population” 
(Malthus  1798 ) states that population growth 
occurs in geometrical progression, while natural 
resources, such as food sources, grow linearly. 
According to Malthus, at some point in the future, 
all of mankind will perish from starvation, 
illness, and/or war, due to the lack of food 
production. 

 Even after two centuries, Malthus’ theory is 
still widely accepted by scientists in the biologi-
cal disciplines. For example, acidosis, the central 
topic in this current chapter, can be used as a 
great example of Malthus’ theory. Unbridled bac-
teria growth leads to elimination of many types of 
acid-intolerant bacteria (war) and to faster 
depletion of ruminal carbohydrates (the lack of 
food) when compared to normal fermentation. 
Nevertheless, Malthus’ theory does not apply to 
human population because scientists cannot 

predict the direct impact technology will have on 
food production. As an example the Green 
Revolution, after World War II, was able to elimi-
nate or at least postpone Malthus’ apocalyptical 
prediction. 

 Nonetheless, according to FAO ( 2002 ) reports, 
it will be necessary for a second Green Revolution 
to go until 2030 to end world hunger. Interestingly, 
FAO’s study reported that world population 
growth is decelerating, due mainly to the infl u-
ence of modern lifestyle globalization. The most 
intriguing facts roused by the reports are related 
to the physical condition of the land. The most 
productive areas of food production are affected 
by erosion. In other words, performance of these 
areas does not match their highest production 
potential. Moreover, they are not managed under 
perspectives of sustainable concepts. 

 Based on the world conditions, higher yield 
production on the available arable lands and 
maintenance on the currently protected areas are 
necessary for complete hunger eradication 
around the world. These land and yield issues can 
often be observed in high food production areas, 
especially in tropical land areas. As an example, 
Meyer et al. ( 2011 ) reported that the amount of 
specifi ed for use as pasture in Brazil increased 
0.07 % per year, from 1970 to 2006. During the 
same period, the number of cattle in the country 
increased from 78.6 million to 171.6 million. 
Thus, by improving pasture management and 
supplementing the actual land used to feed the 
cattle, the cattle-to-area ratio almost doubled, 
ranging from 0.51 cattle per hectare in 1970 to 
1.08 cattle per hectare in 2006. 

 Moreover, countries with tropical climates, 
such as Brazil, are investing in feedlot produc-
tion, which will result in an increased grain inclu-
sion on cattle diet.Temperate countries have been 
investing in intensive cattle production since the 
1950s to better supply food for the post-war soci-
ety. The metabolic consequences for cattle fed 
with high-grain diets are well known. For decades 
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the animal science community has debated 
whether or not feeding ruminants with more 
energetic diets would achieve higher production 
levels. 

 Some of the debates are centered on energetic 
dense diets being on the verge of either maxi-
mum effi ciency or almost a nutritional disorder. 
Additionally, individual susceptibility may con-
tribute to acidosis occurrence in commercial cat-
tle operations that feed animals with such diets, 
even when provided a minimum level of fi ber. 
Thus, differently from past decades and accord-
ingly with the discussion of the following topics, 
acidosis may turn to a cosmopolitan digestive 
disorder, not present only in intensive cattle oper-
ations of temperate countries but as a reality of 
previously pasture cattle production countries. 

 Research topics focusing on genetic infl uence 
( Bos indicus  vs.  Bos taurus ), individual suscepti-
bility causes, infl uence of coproducts on tradi-
tional grain diets, alternative feed additives, and 
feeding behavior may elucidate current acidosis 
blind spots. 

 The aim of this chapter is to suggest combin-
ing current knowledge on acidosis and research 
topics with the objective of preparing for a future 
of intensive worldwide cattle production for hun-
ger eradication without deforesting new agricul-
tural frontiers. 

21.1.1     Effect on Production Costs 

 Measurements of costs regarding decreased per-
formance related to acidosis-affected animals are 
often diffi cult because of the differences in the 
possible diagnoses. As it will be more deeply dis-
cussed in the sections that follow, a diagnosis of 
acidosis is classifi ed as either being acute or sub-
acute according to its intensity. Acute acidosis 
may result in severe diarrhea, “downers” and 
poor performance, and often death. Thus, it is 
easier to diagnose and few animals instead of a 
great proportion of the herd are affected. 
Production costs are related directly with animal 
death or its very poor performance in conjunction 
with treatment. 

 On the other hand, a subacute acidosis symp-
tom is not easily detected and often leads to a 
larger portion of a herd being infected. The major 
response by the animal to subacute acidosis is 
reduced feed intake with an accompanying reduc-
tion in performance (Stock and Britton  1996 ). 
Additionally, identifi cation of acidotic animals in 
commercial herds, which normally allots animals 
in groups ranging from 100 to 200 heads, is 
extremely diffi cult. 

 Nearly every animal will experience subacute 
acidosis at least one time during feeding period if 
they are part of an intensive beef production 
operation. Reduction in feed intake due to sub-
acute acidosis can vary from 0.11 to 0.45 kg, 
resulting in profi t loss ranging from US$ 1.71 to 
$7.21 (Stock and Britton  1996 ). Additionally, 
Schwartzkopf-Genswein et al. ( 2003 ) reported 
that North American feedlot nutritionists and 
managers attribute subacute acidosis and reduced 
performance to erratic feeding behavior and 
intake by cattle, which is believed to result in 
defi cits between US$15 and $20 per animal due 
to the animals’ defi ciency. Similarly, in a simula-
tion with 2012’s feed and operational costs for 
feedlot operation in Midwest Brazil and 10 % 
decreased feed effi ciency due to subacute acido-
sis, the present authors calculated that acidosis 
cost resulted in a defi cit of R$ 41.23. Based on 
historical currency exchange rates between US 
dollars and the Brazilian real, acidosis costs are 
similar for the temperate country of North 
America, when compared to tropical South 
America, for emerging intensive feeding 
operations. 

 Digestive disorders are the second most com-
monly reported health issue in North American 
feedlot operations, while respiratory issues tend 
to rank toward the top of the list of health prob-
lems (Vogel and Parrot  1994 ). Similarly, in 
Brazil, acidosis is the second most reported 
health issue for feedlots and respiratory diffi cul-
ties also classifi ed as being the biggest health 
concern (Millen et al.  2009 ). In addition, acidosis 
may lead to a vast range of nutritional disorders. 
Loads of acid in a rumen can cause ruminal 
 epithelial damage, which decreases short-chain 
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fatty acid absorption and consequently resulting 
in less energy being available for the animal to 
obtain nourishment and restricting growth. 
Moreover, acidosis often leads to a disruption of 
the rumen epithelium resulting in bacteria gain-
ing access to blood circulation and ultimately 
causing liver abscesses. Stock and Britton ( 1996 ) 
calculated that severe liver abscess may decrease 
daily gain by 11 % and feed effi ciency by 9 %, 
require extra carcass trimming, and lead to lost 
value of condemned livers. An extra cost of US$ 
3.00 per animal occurs in pens with 15 % preva-
lence of liver abscess. 

 With respect to dairy production, Oetzel 
( 2007 ) concluded that ruminal acidosis is not 
only a concern of economic reasons but also for 
welfare reasons. According to the Oetzel, lame-
ness is one of most valued animal welfare topics 
in today’s dairy herds in which a great proportion 
is secondary to high-grain feeding. Lameness 
along with reproductive failure and low milk pro-
duction are the main causes of involuntary cull-
ing and unexplained cow death in dairy herds, all 
of which can be caused by acidosis.   

21.2     Etiology 

 Ruminal fermentation is a result of fi ne-tune 
cooperation between the host animal and rumen 
microorganisms. Rumina provide an optimum 
environment for microbial population cultivation 
while fermentation end products serve as an 
energy source and microbes supply high-quality 
protein for host animal. Fermentation of end 
products differs according to the diet consumed 
by the animal, mainly due to microorganism car-
bohydrate preferences and affi nity. 

 Roughage diets are rich in cellulose, intermedi-
ary in soluble sugars, and low in starch (Kauffmann 
et al.  1980 ). Thus, cellulolytic and saccharolytic 
bacteria are more active and, consequently, cellu-
lose digestion and fermentation of the soluble sug-
ars by the microbial community result in greater 
acetate production (Owens and Goetesch  1988 ). 
Oppositely, in high-starch diets, the majority of the 
ruminal microbe population is composed of amy-
lolytic bacteria which compete for substrates (sol-

uble carbohydrates, starch and sugar fermentation 
products) in lower pH (the opposite occurs in 
roughage diets); as a result, more propionic acid is 
produced (Kauffmann et al.  1980 ). 

 Steady and health ruminal fermentation is 
only possible if microbial population is adapted 
to respective dietary carbohydrates. Thereby, 
abrupt dietary changes, mainly from roughage to 
high-concentrate diets, result in a mutualism 
break between rumen microbial population and 
host animal. This is the initial trigger for the most 
studied nutritional disorder present in intensive 
cattle production: the ruminal acidosis. 

 Acidosis can be defi ned as decreased alkali 
(base excess) in body fl uids related to acid 
(hydrogen ions) content (Stedman  1982 ). This 
process is initiated when a non-adapted animal 
consumes large amounts of rapidly fermentable 
carbohydrates, in most cases, starch. Hydrolysis 
of the latter carbohydrate increases glucose in 
ruminal fl uid which is typically low and in other 
cases is higher than in blood concentration 
(Galyean and Rivera  2003 ). Free glucose in 
ruminal fl uid promotes an optimum environmen-
tal condition for a fast increase of lactate-pro-
ducing bacteria populations, mainly 
 Streptococcus bovis  (Dawson et al.  1997 ), along 
with an osmolality increment which decreases 
the rate of absorption of volatile fatty acids 
( VFAs ). Consequently, VFA accumulation leads 
to decreased ruminal pH. 

 Lactate (an organic acid ten times stronger 
than VFAs) accumulation arises from acid- 
tolerant microorganisms’ proliferation which fer-
ments glucose to lactic acid. Additionally, lactate 
is an intermediary metabolite of propionate pro-
duction in grain-fed animals. Normally during a 
steady ruminal fermentation process, a low 
amount of lactate is observed in rumen fl uid. 
Interestingly, the group of bacteria (lactate utiliz-
ers) that converts lactate to propionate or other 
VFAs is sensitive to low pH (Owens et al.  1998 ). 
Moreover, it is known that a pH of 5.5 is opti-
mum for lactate-producing bacteria growth 
(Slyter  1976 ; Nagaraja  2003 ) such as  S. bovis  and 
 Lactobacillus . In cases where the pH is 5.5 or 
lower (normally caused by VFA accumulation), 
lactate-utilizer bacteria population is injured 
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resulting in lactate accumulation where the 
expected in pH is similar or lower than the super-
scripted (DiLorenzo  2004 ). 

 When animals are slowly fed with an adapted 
diet high in grain, lactate accumulation is avoided 
or at least ameliorated. However in transition or 
growing diets in which starch content is lower 
than a fi nishing diet or in high-intake dairy cows 
which receive intermediary concentrate rations, 
acidosis is often observed. This occurs because 
VFA production overcomes the rate of ruminal 
absorption (Nagaraja  2003 ). 

 Lactate-producing bacteria such as  S. bovis  
are facultative anaerobes and can be found in the 
rumen, cecum, and colon of ruminants. In grass- 
fed animals, the number of bacteria present in 
rumen fl uids varies from 10 4  to 10 7  per gram, and 
it can increase for up to 10 11  per gram when there 
is an excess of readily fermentable carbohydrates 
(Nagaraja and Titgemeyer  2007 ). In a rumen, 
there are more effi cient bacteria in starch utiliza-
tion; however,  S. bovis  presents fast replication 
(double its population in 12 min) and utilization 
of carbohydrates (McCallister et al.  1990 ), which 
explains the boom of its population during the 
initial stage of acidosis. Normally, this microor-
ganism produces acetate and ethanol from glu-
cose, but when pH drops to 5.6 or below, a shift 
in the fermentation end-product production 
occurs and L-lactate is produced (Russel and 
Hino  1985 ; Finlayson  1986 ). 

 The reason for fermentation shift is due to 
enzymatic activity in pyruvate utilization by  S. 
bovis . Inside these bacteria, pyruvate is either 
transformed to lactate by lactic dehydrogenase or 
converted in acetyl CoA by pyruvate formate 
lyase and then to acetate and ethanol. Lactate 
production mainly occurs because  S. bovis  allows 
intracellular drop in pH to 5.5, which is the opti-
mum pH for lactic dehydrogenase activity 
(Russel and Hino  1985 ). 

 Based on abovementioned observations, one 
possible strategy that can be used to prevent aci-
dosis is to prevent the fast growth population of 
 S. bovis  during the initial stage of acidosis. 
Nevertheless, unbridle growth of these bacteria 
happens as a consequence of fast degradable car-
bohydrate ingestion mostly when non-adapted 

animals receive high-concentrate diets. 
Surprisingly, the same concentrations of  S. bovis  
are observed in both forage-fed animals and in 
high-concentrate-fed animals adapted to these 
diets (Wells et al.  1997 ). 

 Acidosis is classifi ed in either acute (clinic) or 
subacute (subclinic) acidosis. In acute acidosis, 
the pH drops considerably and lactate accumu-
lates in ruminal fl uid. The concentration of 40 
mM of lactate (either D or L isomers) in ruminal 
fl uid is considered acute, whereas a pH of 5.2 is 
considered the threshold between acute and sub-
acute acidoses (Owens et al.  1998 ; Galyean and 
Rivera  2003 ). 

 In animals affected by acute acidosis, due to a 
great osmolality difference between blood and 
rumen fl uid, large quantity of acid fl ows to blood-
stream and bicarbonate base excess responsible 
for blood buffering is suppressed. Osmolality dif-
ferences cause leg swelling and lameness (Nocek 
 1997 ). In critical cases, animals affected die if 
blood homeostasis is not reestablished. 

 Related to subacute acidosis, external signs 
are diffi cult to detect and symptoms include 
lower feed intake and performance (DiLorenzo 
 2004 ). An average daily pH of 5.6 is considered 
the threshold between acidotic and a healthy 
rumen (Owens et al.  1998 ; Galyean and Rivera 
 2003 ). After the development of indwelling mea-
surement systems for continuously measuring 
rumen pH, subacute acidosis intensity is deter-
mined by how long pH drops from threshold, for 
example, below 5.6 for more than 12 h (Owens 
et al.  1998 ). Recent research suggests that the 
length of time the pH remains lower than a set pH 
is a better indication than a daily mean pH value 
when describing treatment effect on rumen 
health. Recent studies have also shown the bene-
fi ts in studying the daily fl uctuation of rumen pH. 

 A comparison between the two types of acido-
sis and their respective implication in animal per-
formance has been presented by Nagaraja and 
Titgemeyer ( 2007 ) and it has been summarized in 
Table  21.1 .

   Certain types of feedstuffs provide greater 
chances to induce acidosis compared to others. 
Rate, site, and extent of starch digestion are the 
main considerations in classifying acidosis 
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potential with certain diet ingredients. For exam-
ple, grain type affects starch degradation. Wheat 
and barley are more degradable than corn and 
sorghum due to starch granule protection by pro-
tein or starch granule conformation. Additionally, 
intensive grain processing improves starch rumi-
nal degradation and consequently increases the 
incidence of acidosis. Likely due to higher mois-
ture content, corn presents greater frequency in 
potential acidosis cases than dry-rolled corn. On 
the other hand, coproducts with low starch con-
tent, such as pectin present in citrus pulp, are rap-
idly fermentable but do not produce lactate 
during its fermentation. 

 In order to understand the rumen pH oscillation 
throughout the day and the duration under a cer-
tain pH value, Marino et al. ( 2011 ) fed crossbred 
milking cows with a diet with roughage to concen-
trate ratio of 70:30 and tested different sources of 
concentrate: high-moisture corn, dry- grounded 

corn, and citrus pulp. The lowest pH values were 
observed 4 h after feeding and the recorded values 
differentiated between the diets with high-mois-
ture corn, the dry-grounded corn, and the citrus 
pulp. The pH value for the animals fed with dry-
grounded corn or high-moisture corn was 5.71, 
whereas the animals fed with citrus pulp had 
slightly a higher pH value of 6.1. The length of 
time the rumen pH was below 6.0 was greater for 
animals fed with dry-grounded corn (61.5 % dur-
ing 12 h of measurement), 20.1 % for animals fed 
with citric pulp, and 33 % for animals fed with 
high-moisture corn. Due to the rapid fermentation 
pattern, high-moisture corn presented lower pH 
values during fi rst postprandial hours and higher 
pH values later, which helps explain the interme-
diary time below pH 6.0. Thus, the addition of 
coproducts and the combination of rapidly and 
slower fermentable grains may improve perfor-
mance of high-concentrate- fed cattle.  

   Table 21.1    Comparison between acute and subacute acidosis in beef cattle   

 Items  Acute  Subacute 

 Clinical signs  Present  Missing 

   Death  Yes  No 

 Rumen changes 

   pH  <5.2  5.2–5.5 

   Total organic acids  Increased  Increased 

   Lactic acid  Increased (50–120 mM)  Normal (0–5 mM) 

   SCFA  Below normal (100 mM)  High (150–225 mM) 

 Microorganisms 

   Gram-negative bacteria  Decreased  No change 

   Gram-positive bacteria  Increased  No change 

    Streptococcus bovis   Initial increased  No change 

    Lactobacillus  spp.  High  High 

   Lactate producers  High  High 

   Lactate utilizers  Decreased  High 

 Bloodstream changes 

   pH  Decreased (<7.35)  No change 

   Lactate  Normal 

   Bicarbonate  Below normal (<20)  Normal 

 Outcome 

   Ruminitis  Yes  Yes 

   Laminitis  Yes  Yes 

   Polioencephalomalacia  Yes  Yes 

   Liver abscess  Yes  Yes 
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21.3     Adaptation of Beef Cattle 
to High-Concentrate Diets 

 The process of adaptation of newly received cat-
tle is a multifactorial complex, which compresses 
stress, behavioral, nutritional, microbiological, 
and physiological effects along with manage-
ment, feedstuff costs, and logistics. The adapta-
tion process includes recovery of body water, 
establishing or improving immunity to common 
virus pathogens, establishing social structure in 
the pen, and adapting microbes in the rumen to 
new feeds (Brown and Millen  2009 ). 

 Counette and Prins ( 1981 ) proposed a practi-
cal defi nition to determine when a ruminant 
could be considered fully adapted to high- 
concentrate diets, suggesting that an animal is 
considered adapted when it ingests concentrate 
without adverse effects in such levels that would 
cause ruminal acidosis in non-adapted animals. 
Moreover, consequences of high-concentrate 
abuse may persist for several months (Krehbiel 
et al.  1995 ). 

 Rumen microbial population undergoes vari-
ous changes either in population size or type of 
most active microorganisms. During the grazing 
period of life for ruminants, cellulolytic bacteria 
are the most active. The ruminal fermentation 
rate of grass-fed animals is steady and slower 
when compared to high-concentrate-fed animals. 
Cole and Hutcheson ( 1981 ) reported that a 48 h 
feed and water deprivation resulted in 75 % 
reduction of ruminal fermentative capacity and it 
continued to decrease until the fi fth day after 
restriction. Protozoa numbers also decreased as 
the length of fasting time increased (Loerch and 
Fluharty  1999 ). Protozoa are related to starch 
engulfment, which leads to its slower ruminal 
degradation by bacteria and results in a more 
stable fermentation (Nagaraja and Towne  1990 ). 
Based on that, one may infer that reduced proto-
zoa numbers in rumen fl uid caused by fasting 
transportation and decreased dry matter intake 
during the fi rst days after arrival lead to an 
increase in animal’s susceptibility to acidosis. 

 Brown et al. ( 2006 ) conducted a literature 
review comprising bacterial changes during 
dietary roughage to concentrate ratio transitions. 

In the consulted literature, as more concentrate 
was fed, a greater number of amylolytic bacteria 
were observed in ruminal fl uid while lactate- 
utilizing bacteria increased dramatically when 
more than 60 % of concentrate was fed. 
Complementary research was done by Tajima 
et al. ( 2000 ,  2001 ), in which they investigated 
bacterial population changes in cattle in which 
their feed was switched from 21 % to 82 % of 
grain. Cellulolytic bacteria were immensely 
reduced 3 days after the diet switch and contin-
ued to decrease for 28 days. Transient population 
peaks were observed for  S. bovis  and  Prevotella  
on the third day although both approached the 
initial numbers on 28th day. Lactate-utilizer 
 Selenomonas ruminantium  peaked on the third 
day and was twice as much in terms of number on 
the end of 82 % concentrate diet feeding period 
compared to initial 21 % concentrate diet. 

 Based on the literature review and research 
studies cited above, the most critical period for 
acidosis development is during dietary transi-
tions while cattle adapt to fi nishing or growing 
rations. Nutritionists have developed several feed 
adaptation protocols ranging from duration to 
methods. The most common approach is the step-
 up (stepwise) in which the concentrate in the feed 
increases in predetermined number of diets and 
days within diets. Another approach is limiting 
the amount of feed in the fi nal ration and slowly 
increasing it a few grams per day in the diet 
according to bunk score. 

 According to Brown et al. ( 2006 ), cattle that 
adapt from 55 % to 90 % of concentrate in 14 
days or less are more likely to reduce perfor-
mance during the adaptation period and possibly 
persisting for the entire feeding period. Similarly, 
Bevans et al. ( 2005 ) reported that rapidly adapt-
ing cattle for 5 days results in greater rumen pH 
fl uctuation and acidosis occurrence compared to 
gradual adaptation for 17 days. 

 Choat et al. ( 2002 ) adapted steers to a 90 % 
concentrate fi nal diet comparing a step-up proto-
col (ad libitum initial diet composed by 70 % of 
concentrate, increasing 5 % of concentrate every 
5 days), with two restricted adaptation protocols. 
The fi rst restricted treatment received 1.5 % of 
body weight in a fi nal diet, with daily increases of 
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0.45 kg per animal, while the other treatment 
received 1.25 % of body weight in the fi nal diet 
with 0.25 kg daily increases of diet offer. 
Restricted steers consumed 22 % less ration dur-
ing the adaptation period and presented a 
decreased average daily gain in the same period 
compared to ad libitum step-up adapted animals. 
Nevertheless, similar performance and results 
were observed in all treatments for the entire 
feeding period. 

 Weichenthal et al. ( 1999 ) also executed a 
research study where adapted cattle were fed 
with a 95 % concentrate diet using two different 
protocols. In the fi rst treatment, cattle were ad 
libitum fed with 65 %, 75 %, 82 %, and 90 % of 
concentrate, fed with each diet for 6 days, until 
the fi nal diet had 95 % of concentrate. Restricted 
animals were fed initially with the fi nal diet of 
1.77 % of body weight which was increased from 
0.23 to 0.45 kg of dry matter per animal over 24 
days. Restricted animals consumed 8 % less 
ration and feed effi ciency increased 8 %. 

 In addition to the number of diets utilized dur-
ing the adaptation period, management strate-
gies, such as restricting feed offered, could be a 
potential option to minimize metabolic issues. 
The objective of restricting feed intake is to avoid 
excess acid accumulation in the rumen, conse-
quently causing acidosis. Restricting feed intake 
can cause a reverse effect, causing subacute aci-
dosis, because of the increase in the frequency of 
bunk visits which would lead to greater intake per 
meal (Zinn  1995 ). 

 Restricting feed offered could also lead to 
competition among animals and this can be a lim-
iting factor in feedlot that does not have the 
proper proportion of feed bunk space per animal. 
Also this strategy could prolong compensatory 
growth of animals that were in poor-quality pas-
ture during dry periods as is often observed in 
tropical countries. 

 Adaptation strategies studied by Brazilian 
feedlot nutritionist, Millen et al. ( 2009 ), included 
the observation that 48.8 % of the consultants 
used step-up protocols in commercial feed yards, 
2.9 diets to achieve fi nal diet, and feeding each 
diet for 5.9 days. They found that the average for 
a whole adaptation period in feedlot cattle in 

Brazil is 17.1 days, around 4–7 days shorter than 
the results obtained in North American research 
trials and commercial operations (Brown et al. 
 2006 ; Vasconcelos and Galyean  2007 ). One pos-
sible explanation for the difference in the length 
of adaption period is the higher inclusion of for-
age and fi brous coproducts in Brazilian feedlots. 

 However, it is observed that after high demand 
of grains for ethanol production in North 
American countries, more coproducts are 
included in feedlot diets which results in diets 
higher in fi ber. Conversely, Brazilian feedlots are 
beginning to invest in intensive grain processing, 
so it may be possible that in the future acidosis 
will be of a greater concern in tropical countries 
using intensive feeding operations. 

 In summary, adaptation protocols have been 
widely studied in the United States, but research 
studies are just starting in tropical countries. 
Restriction protocols have the tendency to 
increase performance of feedlot cattle in research 
trials; however, it is diffi cult to adopt this man-
agement in commercial conditions due to bunk 
space and cattle competition in newly formed 
large pens. The increase of coproducts in feedlot 
diets has increased drastically in the last few 
years, leading to new study opportunities in the 
future for learning how coproducts will affect the 
management and nutritional strategies during the 
adaptation period.  

21.4     Acidosis Versus Roughage 

 The basic strategy to reduce acidosis is to provide 
a minimum amount of fi ber (physically effective 
NDF) in order to stimulate rumination and saliva 
production for ruminal pH and buffering capacity. 
However, it is possible to induce subacute ruminal 
acidosis (SARA) by replacing alfalfa hay by 
alfalfa pellets in moderate concentrate rations of 
dairy cows (Khafi pour et al.  2009a ,  b ; Li et al. 
 2011 ). This may happen due to an increase in eat-
ing rates and portion sizes (Li et al.  2011 ). Thus, 
the physical structure of roughage also plays an 
important role in the acidosis potential of diets. 

 As described in the previous section, cur-
rently scientifi c and practical efforts are being 

R.D.L. Pacheco and G.D. Cruz



323

made to better understand the roughage poten-
tial value of coproducts. Despite its importance 
in cattle feeding, the role of fi ber that is derived 
from coproducts for feedlot cattle is not well 
defi ned (Galyean  2012 ). By replacing starch 
with high fermentable fi ber present in coprod-
ucts such as pectin in beet and citrus pulp, one 
would expect a more stable rumen pH, due to 
the fact that pectin does not produce lactate as 
an intermediary fermentation factor. As more 
fi ber derived from coproducts is added to feed-
lot diets, a faster rate of passage could be pro-
moted leading to a potential to shift in fi ber 
digestion to lower tract increases (Galyean 
 2012 ), unlike traditional roughage sources like 
alfalfa and corn silage. Moreover, depending on 
fi ber content in feedlot diets (if higher levels are 
used more than the usual), lower ruminal pH 
may decrease overall fi ber digestion. Lower pH 
decreases bacterial attachment to cellulose frac-
tion of fi ber. In the cases where pH drops below 
6.2, cellulolytic bacteria are affected; thus, less 
fi ber digestion is observed, whereas the opti-
mum pH for fi ber digestion ranges from 6.2 to 
7.1 (Ørskov  1988 ). 

 On pasture-fed animals, acidic rumen pH is 
also a critical issue. Pasture supplementation may 
be misused if ruminal pH value drops below the 
suggested pH (cited above), although SARA may 
not be present in supplemented herds. Malafaia 
et al. ( 2003 ) reviewed Brazilian literature and 
reported that for tropical grazing beef cattle, sup-
plementation levels under 2 g per kg of live body 
weight did not negatively affect ruminal pH and 
remain in the range for normal cellulolytic bacte-
ria activity. 

 In addition, pasture feeding, the program enti-
tled “semi-feedlot,” in which animals are kept in 
pasture and receive supplementation levels rang-
ing from 1.2 % to 1.7 % of body weight, may 
present conditions for the establishment of nutri-
tional disorders. On those managements, SARA 
may be a problem if the following occur: pad-
docks do not supply enough pasture availability 
and bunk linear space is not suffi cient in conjunc-
tion with animals that present high live weight 
variability within paddocks (leading to competi-
tion for supplement). 

 A whole shelled corn diet is another notewor-
thy nutritional program currently being used in 
tropical beef feeding programs. This type of diet 
has been revealed as one of the most challenging 
feeding management strategies. In such pro-
grams, cattle normally are shifted from a low- 
quality pasture to a diet composed basically of a 
whole shelled fl int-type corn plus pellets contain-
ing protein, urea, and mineral and feed additives. 
The advantage of this program is to reduce opera-
tional investment with feed mixers, particularly 
appropriate for small- and medium-herd cattle 
producers. In this diet, whole corn provides the 
necessary physically effective fi ber for rumina-
tion. In most cases, restricted dry matter intake is 
the only option for diet adaptation. Anecdotal 
fi eld observations have been reported with high 
incidences of acidosis, lameness, and bloat in 
herds with adaptation management problems. 
Currently, studies are being conducted to deter-
mine if low inclusions of fi brous ingredients will 
improve cattle performance and health, as well as 
feed additive interactions. An example of a 
change in this type of diet would be combining 
ionophores with probiotics, essential oils, and 
non-ionophore antibiotics. 

 Temperate climate beef production and 
coproducts found in nontropical locations also 
play an important role in grazing cattle supple-
mentation in both backgrounding and cow-calf 
operations. The past severe droughts have led to 
roughage shortage in North American cattle pro-
duction, especially in United States, forcing 
researchers and cattlemen to look for alternative 
feeding programs. Studies related to roughage 
substitution for fi brous coproducts and intermit-
tent roughage feeding delivery are being con-
ducted and may raise important information 
about cattle physiology and management strate-
gies during unusual climate changes.  

21.5     Feed Additives 

 For more than three decades, cattle nutritionists 
have been studying and recommending several 
types of feed additives. Currently a variety of 
additives are present in commercial cattle diets. 
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Acidosis-preventative feed additives include 
active compounds with the capability to modify 
rumen fermentation, like buffers, ionophore anti-
biotics, non-ionophore antibiotics, direct-fed 
microbial ( DFM ), essential oils, and antibodies. 

 Dietary buffers promote productivity and 
health in ruminants by neutralizing excessive 
acids in the rumen in situations where natural 
buffering systems, primarily salivary fl ow, may 
be inadequate (Nagaraja  2007 ). Currently, the 
most used buffers in ruminant nutrition are 
sodium bicarbonate, calcium carbonate, and 
magnesium oxide. Buffers have a direct effect on 
rumen pH fl uid because they neutralize acidity 
through H +  sequestration and increase the buffer-
ing capacity (Kohn and Dunlap  1998 ; González 
et al.  2011 ) of the fl uids. However, research fi nd-
ings may be contradictory, especially for beef 
cattle diets. According to González et al. ( 2008a , 
 b ), the concentration of 12.5 g/kg of dry matter of 
sodium bicarbonate promotes higher intake and 
ruminal pH and also diminishes meal size and 
increases intake distribution throughout the day 
for heifers. 

 Direct-fed microbials (DFM) have been 
referred to as “probiotics,” a term defi ned by 
Fuller ( 1989 ) as “a live microbial feed supple-
ment, which benefi cially affects the host animal 
by improving its intestinal microbial balance 
(Krehbiel  2007 ). Benefi cial modifi cation of 
ruminal fermentation might occur when DFM are 
fed to ruminants by modifi cation of ruminal 
microbial population, for example, an increase in 
lactate-utilizing bacteria may possibly reduce the 
risk of lactate accumulation (Elam et al.  2003 ). In 
several experiments, supplementing feedlot cattle 
with lactate-utilizing or lactate-producing bacte-
ria has been shown to improve feed effi ciency 
and daily gain (approximately 2.5 %) with little 
change in dry matter intake and also results in 
improved milk yield (0.75–2.0 kg/d) with little to 
no variation in milk compositions in dairy cows 
(Krehbiel et al.  2003 ). Similarly with buffer feed 
additives, research results are contradictory. The 
use of strains nonnative to the rumen as DFM and 
the process to maintain such microorganisms 
viable in challenging production systems are the 
main critical points of this technology. 

 Ionophore antibiotics are one of the most 
 recommended classes of acidosis-preventative 
feed additives. These molecules present the capa-
bility to form lipid-soluble complexes with cat-
ions and mediate their transport across the lipid 
barrier of microbial cells. Ionophores are gener-
ally bacteriostatic and not bactericidal. The mech-
anism of bacteriostatic activity of ionophores is 
related to their ability to alter the fl ow of cations 
across the cell membrane (Nagaraja  2007 ). Target 
bacteria are mainly Gram-positive such as lactate- 
producing  S. bovis  and  Lactobacillus ssp.  In addi-
tion, ionophores, specifi cally monensin, cause 
signifi cant reduction on bloat incidence due to 
decreased slime and microbial gas production by 
rumen microbes in a lower pH environment 
(Bartley et al.  1983 ; Katz et al.  1986 ; Nagaraja 
 2007 ). Erickson et al. ( 2003 ) and Mariani ( 2010 ) 
observed that animals supplemented with monen-
sin presented more frequent feeding behavior and 
smaller meals, decreasing chances of acidosis 
development caused by overload intake of rapidly 
fermentable carbohydrates. 

 Non-ionophore antibiotics, second to tylosin 
and virginiamycin (used in combination with 
ionophores with the objective to reduce liver 
abscess incidence), is the most potent inhibitor of 
lactic acid-producing bacteria and lactic acid pro-
duction in the rumen (Nagaraja et al.  1987 ; Coe 
et al.  1999 ; Nagaraja  2007 ). It is likely that tylo-
sin and virginiamycin help to control liver abscess 
in feedlot cattle by providing steady ruminal fer-
mentation and/or by reducing  Fusobacterium 
necrophorum  numbers in rumen fl uid (Coe et al. 
 1999 ; Nagaraja  2007 ). 

 Recently, consumers’ concern about the 
effects of the antibiotic cross-resistance of human 
pathogens derived from animals fed with growth- 
promoting antibiotics has increased. Recently, 
the use of monensin and virginiamycin as growth- 
promoting compounds was banned in Europe. 
The actual risks implicated in the adoption of 
these compounds are still unknown. The general 
public’s safety concerns, increase in health- 
related questions and banning, seem to be corre-
lated more with consumer perception and 
political issues than scientifi c knowledge of the 
effects of the growth-promoting hormones in ani-
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mals. Nevertheless, it opens new frontiers for 
“natural” feed additive research development. 
Essential oils derived from spice plants like cin-
namon, pepper, and oregano are receiving special 
attention due to the antimicrobial capacity and 
may result in altered rumen fermentation pro-
cesses. In addition, innovative approaches like 
avian-derived polyclonal antibodies which target 
lactate-producing and/or liver abscess bacteria 
may present a greater potential to be used as feed 
additive in the future for high-concentrate-fed 
cattle. Polyclonal antibody preparations reduced 
 S. bovis  numbers in ruminal fl uid of steers and 
increased rumen pH in acidosis-induced heifers 
(DiLorenzo et al.  2006 ; Blanch et al.  2009 ). 
Additionally, Pacheco et al. ( 2012 ) observed sim-
ilar performance of feedlot bullocks supple-
mented with polyclonal antibodies preparation or 
monensin.  

21.6     Acidosis Blind Spots 

 Besides being the most studied digestive disorder 
in cattle, ruminal acidosis still presents blind 
spots. The fi rst intriguing fact is individual sus-
ceptibility. If one challenges animals from same 
herd and similar background with a high- 
concentrate diet protocol, animals will present a 
range of acidosis symptoms, ranging from no 
symptoms to moderate and even severe ruminal 
acidosis within the same feeding period. Further 
studies should be conducted to determine whether 
the differences in acidosis symptoms in one herd 
are based on behavior, physiological, microbial, 
or multifactorial effects. 

 We know that genetic differences also play 
an important role in acidosis blind spots. 
Pacheco et al. ( 2012 ) reported notorious higher 
incidence of rumenitis in pure  Bos indicus  feed-
lot bullocks compared to crossbred animals (3/8 
Nellore, 5/8 Angus). Distinct evolution between 
 Bos indicus  and  Bos taurus  cattle may explain 
the origin of susceptibility. However, the spe-
cifi c biological causes are currently unknown 
but will be important for designing better feed-
ing programs in the future for  Bos indicus  cattle 
fed with  high- concentrate diets. 

 In conclusion, better knowledge of the advan-
tages and disadvantages of roughage substitution 
by coproducts in high-concentrate diets may 
complete the research topics for complete com-
prehension of ruminal acidosis. The union of the 
above-cited research may turn in one of the mas-
terpieces for cattle production issues arising in 
the future. If the current conditions of misman-
aged land continue, the world population will no 
longer tolerate food production in protected 
areas, consumers will choose not to eat meat 
derived from animals raised with antibiotics as 
growth-promoting compounds, sustainability 
will be present in every child’s life story, and 
most importantly millions of people will die of 
hunger in a worldwide growing population. Are 
we still able to delay Malthus’ predictions based 
on our current scientifi c and political blind spots?     
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    Abstract  

  Urea and other nonprotein nitrogen compounds in the ration of ruminants 
as an economical replacement of vegetable and animal proteins have been 
investigated for more than 100 years. Initially, the death of animals from 
urea toxicity owing to insuffi cient knowledge of urea feeding impeded the 
widespread use of urea in the diets of ruminants. However, following com-
prehensive research demonstrating its safety and usefulness in many feed-
ing conditions, urea has commonly become an accepted ingredient for the 
diets of ruminants. A large body of information and understandings related 
to the mechanisms of urea and other nonprotein nitrogen compound utili-
zation by ruminal microorganisms has been documented. This chapter dis-
cusses urea recycling in the gut, urea and ammonia metabolism by rumen 
microorganisms, ammonia absorption and mechanisms, and symptoms 
and treatments of urea/ammonia toxicity in ruminants. The ammonia/urea 
toxicity problems could easily be prevented through proper employment 
of scientifi c knowledge of urea feeding to ruminants discussed in this 
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microorganisms through modulating urea-N recycling into the rumen by 
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22.1         Introduction 

 It has been recognized for more than a century 
that urea and nonprotein nitrogen compounds 
may be incorporated in the diets of ruminants. As 
early as 1891, Ehrenberg et al. ( 1891 ) and Zuntz 
( 1891 ) suggested that nonprotein nitrogen (NPN) 
compounds could be converted to true protein by 
ruminal microfl ora and may replace a portion of 
protein in the diets of ruminants (cited by 
Huntington and Archibeque  2000 ; Kertz  2010 ). 
Thereafter, few studies were conducted on the 
use of NPN in ruminant diets until 1937; it was, 
however, not widely recognized that urea can be 
converted to proteins in substantial amounts in 
ruminants (Reid  1953 ). In reviewing the earlier 
research, Krebs ( 1937 ) concluded that there 
remained considerable doubt whether NPN com-
pounds were converted to protein in amounts sig-
nifi cant to ruminants. 

 Research on urea feeding took an impetus 
after Bartlett and Cotton ( 1938 ) reported that 
satisfactory growth of young cattle resulted 
when urea supplemented protein in the diet. 
Hart et al. ( 1939 ) showed that replacing vegeta-
ble protein with urea or ammonium bicarbonate 
resulted in normal growth in growing cattle and 
inclusion of soluble sugars to the diet improved 
the utilization. A number of studies, as reviewed 
by Reid ( 1953 ), subsequently demonstrated 
that urea- nitrogen fed to ruminants was defi -
nitely retained in the body and that the tissues 
of the growing animals were of normal compo-
sition. Digestion studies showed that urea sup-
plements sometimes increased the digestibility 
of cellulose and crude fi ber of low-protein 
rations. Balance studies provided evidence of 
increased nitrogen retention in ruminants that 
gained body weight with supplemental urea. In 
vitro fermentation techniques and analyses of 
rumen ingesta showed that concentrations of 
urea or ammonia decreased, while true protein 
content increased in the fermentation medium. 
Chemical and microbiological analyses and the 
use of tracers proved that urea-nitrogen was, 
indeed, converted into true protein in the rumen, 
which subsequently appeared as tissue and milk 
proteins. 

 Most extensive research had been conducted 
on urea or NPN feeding to ruminants throughout 
the world in animal nutrition. Initially, the death 
of animals from urea toxicity owing to insuffi -
cient knowledge of urea feeding impeded the 
widespread use of urea in the diets of ruminants. 
However, following comprehensive research 
demonstrating its safety and usefulness in many 
feeding conditions, urea has commonly become 
an accepted ingredient for the diets of ruminants. 
This chapter focuses on urea and ammonia 
metabolism in the rumen in relation to ammonia 
toxicity in ruminants.  

22.2     Ruminal Urea/Ammonia 
Metabolism 

22.2.1     Urea/Ammonia Pool 
in the Rumen 

 Ammonia and urea arise in the rumen through 
diet, urea recycling via ruminal wall, and salivary 
secretion. Transfer of urea into rumen occurs by 
simple diffusion down the concentration gradi-
ent, which is greatly variable depending upon 
dietary and rumen environmental factors (Owens 
and Bergen  1983 ). The transport across the 
rumen epithelium is also mediated via urea trans-
porters in the luminal and basolateral membrane 
of the epithelium (Abdoun et al.  2006 ). Urea 
transporters in the rumen wall are differentially 
expressed depending on dietary N concentration 
(Marini and Amburgh  2003 ). In ruminants, the 
amount of urea-N recycled to the gut (as a pro-
portion of total hepatic urea-N output) varies 
between 29 % and 99 % and N transfer across the 
gut can be much greater than N intake (Kiran and 
Mutsvangwa  2007 ). This mechanism is proposed 
to have constant supply of nitrogen to preserve 
rumen microbial population when the nitrogen 
supply in feed is limited. Urea-N recycling to the 
gut is infl uenced by several dietary and ruminal 
factors. Amount of N intake (Marini et al.  2004 ), 
total dry matter intake (Sarraseca et al.  1998 ), 
type and frequency of feeding dietary N that is 
degraded in the rumen (Wickersham et al.  2008 ; 
Rémond et al.  2009 ; Kiran and Mutsvangwa 
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 2010 ), ruminal fermentable carbohydrate intake, 
and organic matter digestibility (Kennedy and 
Milligan  1980 ) are the major dietary factors regu-
lating the proportion of hepatic urea-N output 
returning to the gut. Concentrations of ammonia-
 N and volatile fatty acids, particularly butyrate, 
urease activity, ruminal CO 2  and pH, and plasma 
urea concentration also exert an important role in 
trans-epithelial movement of blood urea-N into the 
rumen (Kennedy and Milligan  1980 ; Kiran and 
Mutsvangwa  2010 ). Ruminal ammonia-N concen-
tration is negatively correlated with urea- N transfer 
to the rumen (Kennedy and Milligan  1980 ), while 
greater urease activity, butyrate, and CO 2  increase 
urea transport through rumen wall (Huntington and 
Archibeque  2000 ; Abdoun et al.  2010 ). Defaunation 
may enhance the urea cycling as a proportion of 
endogenous urea synthesis through the rumen wall 
(Kiran and Mutsvangwa  2010 ). 

 As outlined in the review by Lapierre and 
Lobley ( 2001 ), contributions from salivary fl ow 
to urea-N entry to the rumen can vary between 
15 % and 100 % depending on the type of the 
diet. Depending on the dietary and ruminal fac-
tors, 19–96 % of endogenous urea production 
may be recycled to the gut, 15–94 % of the recy-
cling may be transferred in saliva, and 25–90 % 
of urea degraded in the gut may be degraded in 
the postruminal digestive tract (Huntington and 
Archibeque  2000 ). Salivary fl ow of urea-N into 
the rumen as a percent of total urea-N entry to the 
gut was 36 % in forage-fed (Taniguchi et al. 
 1995 ) and 16 % in concentrate-fed (Guerino et al. 
 1991 ) ruminants. Urea excreted in the urine rep-
resents from 25 % to 60 % of endogenous urea 
production in ruminants (Huntington and 
Archibeque  2000 ). 

 Ammonia is also derived from degradation of 
dietary protein depending upon source. Amino 
groups are also split from amino acids and from 
intact proteins and used by bacteria in the same 
manner. The solubility of natural proteins varies 
highly, and thus the rate at which they are hydro-
lyzed by bacteria differs appreciably. For the less 
soluble proteins, the process of ammonia libera-
tion is much less rapid and fairly large propor-
tions of the protein may pass through the rumen 

to the abomasum without being broken down. 
There are several major known protein-degrading 
rumen bacteria, i.e.,  Prevotella ruminicola, 
Ruminobacter amylophilus, Butyrivibrio fi brisol-
vens, Selenomonas ruminantium, Prevotella bry-
antii , and  Streptococcus bovis , and amino 
acid-fermenting bacteria, i.e.,  Clostridium ami-
nophilum, Clostridium sticklandii, Megasphaera 
elsdenii, Prevotella ruminicola, Butyrivibrio 
fi brisolvens, Selenomonas ruminantium , and 
 Streptococcus bovis  (Russell  1998 ; Wallace 
 1996 ). Degradation of feed protein and predation 
of bacteria by protozoa might play a major role in 
protein degradation in the rumen infl uencing the 
ammonia concentration in the rumen (Wallace 
et al.  1987 ). The inhibition of the growth of the 
protein-degrading bacteria and protozoa may 
decrease protein degradation and metabolism in 
the rumen, consequently ruminal ammonia con-
centration (Patra and Saxena  2009 ; Patra and Yu 
 2014 ).  

22.2.2     Hydrolysis of Urea 

 Upon entering into the rumen, urea is rapidly 
hydrolyzed to ammonia within 30 min to 2 h 
(Rekib and Sadhu  1986 ) by the urease enzyme 
produced by the ruminal microorganisms. 

22.2.2.1     Bacterial Urease Enzyme 
 The urease activity depends upon the concentra-
tion of urea entering into the rumen. It has been 
noted that the magnitude of the urease activity 
was a direct function of the amounts of urea 
infused. The urease activity may be repressed 
with high ammonia concentrations and complex 
organic nitrogen sources in the rumen fl uid. 
Wozny et al. ( 1977 ) noted that the activity of the 
urease in two anaerobes ( Selenomonas ruminan-
tium  and  Peptostreptococcus productus ) was 
depressed two- to six-folds by the inclusion of 50 
mM urea as compared to inclusion of none. There 
is evidence that glutamine synthatase can regu-
late the production of urease in  Selenomonas 
ruminantium  (Smith and Bryant  1979 ) and the 
activities of both these enzymes could be 
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increased manyfolds when ammonia was limit-
ing. In general, urease activity increased 2–6 h 
after feeding and the increases were greater with 
roughage diets. The purifi ed urease enzyme was 
inhibited by divalent cations (Mn 2+ , Mg 2+ , Ba 2+ , 
Hg 2+ , Cu 2+ , Zn 2+ , Cd 2+ , Ni 2+ , and Co 2+ ) (Mahadevan 
et al.  1976 ), while Spears and Hatfi eld ( 1978 ) 
using incubated ruminal fl uid reported that rumi-
nal urease was stimulated by a number of inor-
ganic ions including Mn 2+ , Ni 2+ , and Ba 2+ , but 
was inhibited by Cu 2+ , Zn 2+ , and Cd 2+ . 

 Urease activity is mostly localized on rumen 
wall epithelium with adherent bacteria, as well as 
in the rumen fl uid (Rybosová et al.  1984 ). The 
high ureolytic activity of bacteria adhering to the 
rumen wall in the presence of a low nitrogen 
intake is assumed to be one of the partial mecha-
nisms of the hydrolysis of blood urea entering the 
rumen across the rumen wall and its reutilization 
in the rumen-liver nitrogen cycle in ruminal 
mucosa. In  in vivo  studies with sheep fed with a 
low-protein diet (3.7 g N/day), urease activity 
was found to be the highest in the bacteria adher-
ing to the rumen wall, lower in the rumen fl uid 
bacteria, and lowest in the bacteria adhering to 
feed particles in the rumen (Javorský et al.  1987 ). 
However, the urease activities of bacteria adher-
ing to the rumen wall and the rumen fl uid bacte-
ria in sheep on a high-protein diet (21 g N/day) 
were similar, but signifi cantly lower than in sheep 
with a low N intake; it was lowest in bacteria 
adhering to feed particles in the rumen (Javorský 
et al.  1987 ). In rusitec fermenter study 
(Czerkawski and Breckenridge  1982 ), the ureo-
lytic activity per unit volume was usually higher 
in compartment 2 (space occupied by microor-
ganisms that are loosely associated with the sol-
ids) than in compartment 1 (strained rumen 
contents) or compartment 3 (space occupied by 
microorganisms that are tightly associated with 
solid matrix). Specifi c urease activity (per unit 
weight of protein or deoxyribonucleic acid) was 
much higher in compartment 1 than in compart-
ment 2, which decreased markedly with depth of 
compartment (Czerkawski and Breckenridge 
 1982 ).  

22.2.2.2     Ureolytic Bacteria 
in the Rumen 

 Following extensive research on the utilization of 
urea as a replacement of protein and its supple-
mentation in ruminant diet, interests were raised 
to isolate urea-hydrolyzing microbes for a better 
understanding of urea metabolism in the rumen. 
Appleby ( 1955 ) and Blackburn and Hobson 
( 1962 ) reported only a few facultative anaerobes 
(predominantly staphylococci or micrococci) as 
being ureolytic. Among the other reported exper-
iments on ureolytic bacteria, Gibbons and 
Doetsch ( 1959 ) isolated an ureolytic bacterium, 
assigned to the species  Lactobacillus bifi dus  
from normally fed cattle. Slyter et al. ( 1968 ) 
reported presumptively identifi ed ureolytic iso-
lates of  Propionibacterium  sp.,  Bacteroides  sp., 
 Ruminococcus  sp.,  Streptococcus bovis , and an 
anaerobic  Lactobacillus  sp. However, these bac-
teria isolated from cattle fed with semisynthetic, 
purifi ed diets and the levels of urease activity in 
the bacteria were not determined. John et al. 
( 1974 ) isolated an ureolytic strain of  Selenomonas 
ruminantium  from the rumen of a steer. Screening 
of over 1,000 strains of rumen bacteria isolated 
from sheep rumen on different media, Cook 
( 1976 ) showed that urease activity was appar-
ently confi ned to species of  Staphylococcus , 
 Lactobacillus casei  var.  casei , and  Klebsiella 
aerogenes . The ureolytic strain of  Streptococcus 
faecium  had a higher urease activity than the 
other bacteria occurring in higher numbers and 
possessed urease activity suffi cient to account for 
most of the ureolytic activity of the rumen of 
roughage-fed sheep. Van Wyk and Steyn ( 1975 ) 
noted that all urease positive isolates were facul-
tative anaerobic, Gram-positive, catalase-positive 
cocci. Out of ten isolates, nine were identifi ed as 
 Staphylococcus saprophyticus  and one as 
 Micrococcus varians.  The facultative anaerobic 
Gram-positive cocci were probably responsible 
for a large proportion of the urease activity of the 
rumen fl uid. 

 Ureolytic activity of bacteria differs among 
the strains. Lauková and Koniarová ( 1995 ) tested 
several strains of bacteria, including  Selenomonas 

A.K. Patra



333

ruminantium ,  Lactobacillus  sp.,  Enterococcus  
sp., and  Staphylococcus  sp., from the rumen of 
domesticated and wild ruminants for their urease 
activity. It was noted that 56.7 % of  Selenomonas 
ruminantium  strains and 18.5 % of lactobacilli 
manifested medium urease activity. Most of the 
 Enterococcus faecium  (62.2 %) and all of the 
 Enterococcus faecalis  isolates expressed low ure-
ase activity.  Streptococcus bovis  and 
 Streptococcus uberis  did not produce any urease. 
All the staphylococci screened were urease- 
producing strains, mostly with medium or low 
urease activity. 

 Urease activity was also detected in many 
strains of nonselectively isolated rumen species, 
which include  Succinivibrio dextrinosolvens , 
 Treponema  sp.,  Ruminococcus bromii , 
 Butyrivibrio  sp.,  Bifi dobacterium  sp.,  Bacteroides 
ruminicola , and  Peptostreptococcus productus  
(Wozny et al.  1977 ). Most  Peptostreptococcus 
productus  strains contain urease; however, the 
uniformity of this feature in the other species 
noted above is not known.  Propionibacterium, 
Veillonella , and  Megasphaera  did not possess 
urease activity.   

22.2.3     Ammonia Utilization 

 The ammonia can be utilized by the bacteria for 
synthesis of amino acids required for their 
growth. Protein synthesis in the rumen by micro-
organisms is very closely associated with the 
activity of these same organisms in breaking 
down cellulose and other carbohydrate materials 
and in the formation of organic acids as by- 
products of this fermentation process. There is 
evidence, however, that a fairly high proportion 
of the more soluble proteins such as casein will 
be utilized by bacteria in about the same way as 
the ammonia from urea. Through the years many 
attempts were made to determine the optimum 
concentrations of ammonia in the rumen and to 
relate it to synthesis of microbial protein. The  in 
vitro  studies suggest that ammonia concentration 
required for maximal microbial protein synthesis 
is approximately 50–60 mg/L (Satter and Slyter 
 1974 ; Mehrez et al.  1977 ), while with  in vivo  

studies, Hume et al. ( 1970 ) and Pisulewski et al. 
( 1981 ) obtained best results with 88–133 and 
27–100 and mg/L, respectively, which varied 
depending upon diet. Mehrez et al. ( 1977 ) 
obtained maximal rate of fermentation with 235 
mg/L. In all these studies, the concentration of 
ammonia in the rumen meant the concentration 
in compartment 1 only. Since the concentration 
of carbohydrate in this compartment is low, it is 
unlikely to be the most active metabolic site 
(Czerkawski and Breckenridge  1982 ). Utilization 
of ruminal ammonia-N into the bacterial protein 
in the rumen is energy dependent, and hence, 
providing adequate ruminally available energy is 
associated with lower ruminal ammonia-N con-
centration and, consequently, increased micro-
bial protein synthesis. Defaunation may also 
increase urea-N recycling to the GIT and micro-
bial non-ammonia-N supply, thus improving effi -
ciency of N utilization (Kiran and Mutsvangwa 
 2011 ). 

 Utilization of ammonia for synthesis of amino 
acids by rumen microorganisms involves amina-
tion and transamination reactions. When the 
activities of those involved in ammonia produc-
tion (urease and NAD and NADP-linked gluta-
mate dehydrogenases) exceed the activities of 
enzymes those concerned with ammonia utiliza-
tion (glutamine synthetase, carbamyl phosphoki-
nase, and NADH- and NADPH-linked glutamate 
dehydrogenases), ammonia concentration in the 
rumen increases. Ruminal ammonia utilization is 
also controlled by other factors such as availabil-
ity of energy and cofactors, substrate levels, and 
bacterial cell permeability (Allison  1969 ). Since 
branched-chain volatile organic acids derive in 
the rumen mainly from degradation of dietary 
protein and the deamination of branched-chain 
amino acids, the feeding of protein free diets can 
cause depressions in these acids (Oltjen  1969 ). 
Concentrations of isobutyrate and isovalerate 
usually decrease and other volatile fatty acids 
may also be affected due to urea feeding. Rumen 
fl uid from urea-added treatment contained more 
total volatile fatty acids, but decreased molar per-
centages of isobutyrate, isovalerate, and caproate 
(Czerkawski and Breckenridge  1982 ). Rumen 
microorganisms have pathways similar to those 
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of the tricarboxylic acid cycle, which will pro-
vide carbon skeletons for amino acid  biosynthesis 
(Allison  1969 ). However, for synthesis of some 
amino acids, specifi c carbon sources are required. 
For example, isobutyrate, phenylacetate, indole-
3-acetate, isovalerate, and 2-methyl- butyrate are 
precursors of valine, phenylalanine, tryptophan, 
leucine, and isoleucine, respectively (Allison 
 1969 ). When urea is the primary dietary nitrogen 
source, energy, carbon skeletons, and cofactors 
required for amino acid biosynthesis may be 
needed in greater quantities.  

22.2.4     Ammonia Absorption 

 When ammonia is produced too rapidly in the 
rumen compared to the utilization by the rumen 
microorganisms, or if the concentration becomes 
too high, appreciable amounts are absorbed 
directly into the bloodstream, reconverted to urea 
in the liver, excreted through the kidneys in the 
urine, or reenter through the saliva and the rumi-
nal wall into the rumen. The absorption of ammo-
nia occurs in the lipophilic form as ammonia 
(NH 3 ) via simple diffusion, the magnitude of 
which is linearly related to the pH in the ruminal 
fl uid at pH values above 7, while at normal rumen 
pH of 6–7, ammonia is predominantly absorbed 
as NH 4  +  via putative potassium channels in the 
apical membrane (Abdoun et al.  2006 ). At nor-
mal ruminal pH, NH 4  +  is converted to ammonia at 
the entry site in the rumen epithelium before 
being absorbed into portal blood. In addition, 
Abdoun et al. ( 2007 ) also suggested that the 
absorption of NH 4  +  may occur through some 
transport proteins and the movement of NH 4  +  
across the ruminal epithelium is probably regu-
lated by both chemical and electrical gradients. 
Absorption of both forms of ammonia across the 
ruminal wall increases with the increase in rumi-
nal pH and total ammonia-N concentrations. 
Hence, the relative transport rates of ammonia or 
NH 4  +  are determined by the ruminal pH accord-
ing to the Henderson-Hasselbalch equation 
(Abdoun et al.  2006 ). At ruminal pH of 6.5 and 
low, which is normally observed in most feeding 

conditions, most of the ammonia is absorbed in 
the form of NH 4  +  (Abdoun et al.  2007 ). 

 The amount of N absorbed as ammonia ranged 
from 16 % to 73 % of N intake, which can be 
several times the amount of N absorbed as amino 
acids (Parker et al.  1995 ). Ammonia-N is 
absorbed across all the sections of the gut and on 
average 67 % of ammonia-N is absorbed from 
the reticulo-rumen, while the lower gut, includ-
ing the small and large intestines, and cecum can 
account for 33 % (Reynolds and Huntington 
 1988 ). However, these proportions vary consider-
ably depending upon dietary chemical composi-
tion (Parker et al.  1995 ). Ammonia-N absorbed 
across the ruminal wall into the portal blood 
accounts for up to 50 % of total ammonia-N fl ow 
to the liver (Parker et al.  1995 ). The quantity of 
ammonia-N absorbed across the ruminal wall is 
mainly determined by dietary as well as ruminal 
factors, with the most important factors being 
dietary protein that is degraded in the rumen, 
contributions of endogenous urea to the ruminal 
ammonia-N pool, and dietary ruminally available 
energy (Reynolds and Kristensen  2008 ). Under a 
wide variety of dietary and physiological condi-
tions in growing and lactating cattle, Firkins and 
Reynolds ( 2005 ) concluded that ammonia-N 
absorption across the gut accounts for about 42 % 
of dietary N intake. Supply of adequate amount 
of ruminally available energy is associated with 
lower ruminal ammonia-N concentration and, 
consequently, reduced ammonia-N absorption 
into portal blood.   

22.3     Toxicity of Urea 

 Urea is not normally toxic, but hydrolysis of urea 
produces ammonia that is toxic to all mammals. 
Inability of the liver to convert absorbed ammo-
nia from the rumen to nontoxic urea results in an 
increased concentration of ammonia in the blood, 
which is responsible for urea toxicity. Any com-
pounds forming ammonia in the rumen exert 
toxic effects if the rumen ammonia level is highly 
increased so that the rate of ammonia absorption 
from the rumen exceeds the capacity of the liver 
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to remove ammonia from blood and thus leading 
to a rise in peripheral blood ammonia to a level of 
more than 10 mg/L (McDonald  1958 ). Toxicity 
of ammonia in ruminants may be attributed to a 
direct toxic effect of ammonium ion in body sys-
tems (Lewis  1960 ). Besides, a disturbance of the 
acid–base balance and a change in electrolyte 
balances due to high ammonia concentrations in 
blood may modify the signs of toxicity (Lewis 
 1960 ). Indicators of ammonia toxicity include 
ruminal ammonia concentration above 1,000 
mg/L, rumen pH above 8, and blood ammonia 
concentration above 20 mg/L (Owens and Bergen 
 1983 ). Death of animals may usually occur when 
blood ammonia concentrations exceed 40 
mg/L. Several contributing factors e.g., rumen 
pH, diets, and adaptation to the animals, modify 
the degree of ammonia/urea toxicity. Rumen pH, 
rather than rumen ammonia concentrations, is 
one of most important contributing factors trig-
gering the symptoms of urea toxicity, since 
rumen pH determines how quickly and how 
much ammonia is absorbed into the blood. The 
classical urea toxicity studies of Bartley et al. 
( 1976 ) showed that rumen pH had a greater cor-
relation (r = 0.317) with toxicity than rumen 
ammonia-N concentration (r = 0.039) and blood 
ammonia-N had the highest correlation (r 
= 0.707) with toxicity. Kertz et al. ( 1983 ) demon-
strated this fi nding in a study in which ammo-
nium chloride was dosed into the rumen of cows 
at urea-equivalent levels. Because ammonium 
chloride simply dissociates in the rumen, it would 
not have the rumen pH-elevating effect of urea 
hydrolysis. Although ammonium chloride con-
siderably increased rumen ammonia, because 
rumen pH was not elevated, as occurs with urea 
hydrolysis, the rumen ammonia was essentially 
trapped, resulting in no signifi cant increases in 
blood urea-N and ammonia and no decreases in 
feed intake. 

 Urea can be tolerated in greater amounts in the 
presence of readily available carbohydrate feeds 
such as cereal grains. Animals fed with balanced 
or high-carbohydrate feeds and those adjusted to 
urea-containing feeds can handle larger amounts 
of urea than those subsisting on low-protein 
roughage (Kertz  2010 ). Urea may produce 

 harmful effects under unusual conditions such as 
for starved or fasted animals due to rapid con-
sumption of urea-containing feeds. However, 
urea toxicity would not be expected in animals 
that are fed properly with mixed rations contain-
ing urea in the recommended amounts. Coombe 
and Tribe ( 1960 ) reported that 75 g of urea per 
day was not toxic for sheep when it was carefully 
mixed with hay. Clark et al. ( 1951 ) showed that 
putting urea into the rumen of sheep (10 g or in 
aqueous solution) when feed was withheld caused 
an acute intoxication. Toxicity was shown to be 
associated with increased alkalinity of the rumen 
contents. Toxicity of urea was reduced when 
sheep were fed with poor-quality hay and was 
nonexistent when lucerne hay or casein plus low-
quality hay was fed. It was concluded that the 
toxicity of urea depends on the activity of the 
rumen fl ora in utilizing the ammonia and the 
presence of available carbohydrate. They noted 
that sheep fed with poor-quality diets were more 
susceptible than those well-fed sheep.  

22.4     Signs and Symptoms 

 Toxicity of urea feeding to ruminants has been 
investigated since early 1950s. Ammonia exerts 
toxic effects on the central nervous system, kid-
ney, and heart, producing symptom of urea toxic-
ity. Subclinical toxicity may alter carbohydrate 
metabolism in the liver and energetic effi ciency 
of lactation (Owens and Bergen  1983 ). Acute 
toxicity of ammonia is immediate threat to the 
life of animals depending upon the dose of urea 
feeding. Hart et al. ( 1939 ) found that cattle fed 
for a year with a ration containing 4.3 % urea 
showed hypertrophy of the kidneys upon slaugh-
ter, but there was no evidence of toxicity. Those 
fed with a ration having 2.8 % urea were normal. 
Harris and Mitchell ( 1941 ) could not detect any 
evidence of injury to withers fed with a ration 
having 3.2 % urea. When larger doses were 
given, urea caused toxic effects and even death of 
ruminants. Dinning et al. ( 1948 ) observed that a 
single dose of 116 g of urea caused ataxia, severe 
tetany, a retarded respiration rate, and excessive 
salivation in cattle. However, feeding 200 g 
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 properly mixed in the daily feed did not result in 
unfavorable effects. Clark et al. ( 1951 ) showed 
that putting urea into the rumen of sheep (10 g or 
more in aqueous solution) after withholding the 
feed caused an acute intoxication characterized 
by atony of the rumen, muscular spasms, and 
sudden death caused by circulatory failure. 
Toxicity was shown to be associated with 
increased alkalinity of the rumen contents. 
Pathological changes may also be found in the 
liver, lungs, kidneys, and brain (Hart et al.  1939 ; 
Antonelli et al.  2004 ; Srinivasan et al.  2008 ). 
There are no characteristic lesions on postmor-
tem examination, but most cases show general-
ized exfoliation of mucosa, edema and 
degeneration of rumen mucosa, necrotic enteritis, 
congestion and hemorrhages in the brain, and 
lymphocytic infi ltrations of the heart, lungs, and 
kidney (Randhawa et al.  1989 ). 

 Davis and Roberts ( 1959 ) described the pro-
gressive symptoms of urea toxicity. Following 
administration of a toxic dose of urea, the ani-
mals showed uneasiness, muscle and skin trem-
ors, excess salivation, respiratory diffi culties, 
incoordination or ataxia, bloat, tetany, and death. 
When blood ammonia concentrations exceeded 
40 mg/L, all animals died. The toxic dose was 
about 0.30 g/kg of body weight given as a drench, 
whereas an 18 g dose was not fatal. In buffaloes, 
a urea dose of 1.25 g/kg body weight caused sim-
ilar symptoms and death after 60–150 min 
(Randhawa et al.  1989 ). Coombe and Tribe 
( 1958 ) and Coombe et al. ( 1960 ) showed that 
sheep could ingest very large amounts of urea 
(100 g/day) provided that the intake was spread 
over several hours each day; this was achieved by 
mixing a solution of urea with the roughage; 
under these circumstances, rumen pH and ammo-
nia concentration remained low. They noted that 
dosing with urea resulted in a high ammonia con-
centration and an elevated pH in the rumen, and 
when the pH value increased to 7.0, rumination 
time declined, and at pH 7.3, there was complete 
rumen stasis. This effect was not due to high 
ammonia concentration as a similar concentra-
tion produced by administration of ammonium 
chloride did not cause stasis at normal rumen 
pH. It appeared that a rise in rumen pH could 

enhance any tendency to ammonia intoxication 
due to increased rate of absorption from the 
rumen. Coombe and Tribe ( 1962 ) noted that 
feeding of molasses had the effect of reducing 
rumen pH and ammonia concentration, which 
could be of signifi cance in reducing the risk of 
toxicity from urea. 

 Lewis ( 1960 ) reported experiments on ammo-
nia intoxication with different forms of ammonia 
feeding to sheep. The metabolic observations 
showed that there were distinct differences fol-
lowing the intraruminal administration of ammo-
nium chloride, ammonium acetate, or urea. 
Ammonium chloride produced acidosis, with low 
blood pH, respiratory hyperventilation, and a 
consequent low blood bicarbonate level; how-
ever, it was considered that these changes were 
not adequate to explain the toxic signs and that 
toxicity was probably directly related to the blood 
ammonia level, with a critical concentration 
about 8 mg/L. Ammonium acetate had no effect 
on blood pH, but caused a marked fall in blood 
bicarbonate, which was considered to be due to a 
respiratory alkalosis produced by the respiratory 
stimulation from the blood ammonium ion. The 
critical blood ammonia concentration for toxicity 
was about 6 mg/L. Addition of urea led to transi-
tory increases in blood pH and bicarbonate, and 
symptoms of toxicity occurred when blood 
ammonia attained a level of about 5 mg/L. Lewis 
( 1960 ) concludes that the toxicity of urea is 
almost certainly due to a direct effect of the circu-
lating ammonium ion. Clark et al. ( 1963 ) con-
fi rmed that a 30 g dose of urea, given as a drench, 
was fatal to the sheep. However, biuret proved 
nontoxic to sheep in very large doses (250 g) 
even after the sheep had become adapted by feed-
ing biuret for 9 weeks. Some 20–30 % of a dose 
of biuret given per rumen fi stula was excreted 
unchanged in the urine (Gray and Clark  1964 ).  

22.5     Treatments 

 Acetic acid is an effective antidote, whereas the 
addition of sodium bicarbonate increased the 
severity of the symptoms. A 5 % solution of ace-
tic acid or vinegar is an effective cure in many 
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cases if administered orally before severe tetany 
develops. A case of acute urea toxicity in a buf-
falo heifer was successfully treated after 
 administering with 2.5 L of 5 % acetic acid fol-
lowed by 1 L of acetic acid after 30 min (Kulkarni 
and Kulkarni  2002 ). Intravenous calcium and 
magnesium solutions can be effective in decreas-
ing tetany. Using rumen pH and ability to neutral-
ize ammonia as indicators, Oltjen et al. ( 1964 ) 
suggested that acetic acid is several times more 
effective than glutamic acid in preventing signs 
of urea toxicity. Though drenching of acetic acid 
decreases ammonia absorption, it does not reduce 
ammonia concentration in the blood quickly, and 
thus, death of animals may occur once tetany 
develops. However, emptying the rumen contents 
with surgery may result in rapid decrease of 
blood ammonia concentration, and possibility of 
animal survivability increases (Bartley et al. 
 1976 ). Animals that exhibit severe toxicity could 
be treated intravenously with 1 mL/kg body 
weight of commercial solution of urea-cycle 
amino acids (improve ammonia metabolism in 
the liver), 1 mg/kg body weight of furosemide 
(diuretic), and 20 mL/kg body weight isotonic 
saline solution (Antonelli et al.  2004 ). However, 
acute ammonia toxicity sometimes causes death 
of animals so rapidly that there is normally not 
adequate time for many of these treatments.  

22.6     Factors Infl uencing Urea 
Utilization and Toxicity 

22.6.1     Readily Available 
Carbohydrates 

 Supply of readily available digestible energy is 
the important factor infl uencing the effi ciency of 
urea utilization by ruminants. A low level of pro-
tein and high level of starch in the ration favor 
urea utilization. Rations high in digestible energy 
(high grains) result in better urea utilization; con-
versely those that are low in digestible energy 
(high forage) result in a lowered utilization of 
urea. Utilization of urea by animals fed with 
high-forage rations may be improved by the 
 addition of grain or molasses. Soluble sugars and 

cellulose are inferior to starch as sources of 
energy for ruminal microorganisms because sug-
ars are rapidly fermented by the rumen microor-
ganisms and cellulose is too slowly degradable 
(Reid  1953 ). Urea-molasses block and uromol 
preparations containing urea and readily avail-
able carbohydrate and minerals have proved to be 
good protein supplements for different ruminants 
(Dass et al.  1996 ; Mehra et al.  1998 ; Toppo et al. 
 1997 ).  

22.6.2     Frequency of Feeding Urea 

 A continuous intake of urea will improve its uti-
lization over abrupt or periodic intake (Kertz 
 2010 ). Constant supply of urea-N decreases 
ammonia concentrations in the rumen fl uid, 
which is advantageous for rumen microbial 
growth and nutrient utilization (Alvarez Almora 
et al.  2012 ).  

22.6.3     Level of Urea Fed 

 Low levels of urea are utilized more effi ciently 
with less problems than high levels. Urea may 
provide up to 3 % of the concentrate ration or up 
to 1 % of the total ration for milking cows (Reid 
 1953 ). However, urea should not provide more 
than 25 % of the N in rations containing 12 % 
protein equivalent for fattening lambs and for 
pregnant or lactating ewes (Reid  1953 ).  

22.6.4     Thorough Mixing of Urea- 
Containing Supplements into 
the Daily Feed 

 If urea-containing supplements are mixed with 
the entire daily ration, the intake of urea at any 
one time will not likely be great, and the ability 
of the microbes to synthesize protein will not be 
exceeded. However, small quantities of urea 
undiluted by feed (116 g in cattle and 10 g in 
sheep) and introduced suddenly into the rumen 
resulted in rapid onset of toxicosis, whereas 180–
272 g urea was consumed daily by beef calves or 
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cows without toxicosis when fed along with hay 
or corn silage (Reid  1953 ).  

22.6.5     Adequate Supply 
of Phosphorus, Sulfur, 
and Trace Minerals 

 Substitution of urea for natural protein sharply 
changes the quality and quantity of minerals 
available for ruminal bacteria and animals. 
Although needed only in small quantities, these 
elements are necessary building blocks for micro-
bial protein synthesis. Addition of methionine or 
S has improved the retention of N by ruminants 
fed with urea-containing rations (Reid  1953 ). 
These often are found in many urea-containing 
supplements.  

22.6.6     Amount and Solubility 
of Proteins 

 Urea is fairly inferior for dairy and beef calves fed 
with rations containing 12 % or more of protein 
equivalent, of which three-fourths of the N is sup-
plied by conventional protein sources (Reid  1953 ). 
Different vegetable and animal protein sources 
have different solubilities or rates of hydrolysis in 
the rumen. Bacteria may prefer highly soluble and 
readily hydrolyzable protein rather than urea in the 
ration; thus, dietary proteins may be competitive 
with urea. Supplementation of tannins or tannin-
containing feeds may reduce the degradability of 
protein (Patra and Saxena  2011 ), which might be 
benefi cial to decrease ammonia concentrations in 
the rumen due to urea feeding.  

22.6.7     Urease Inhibitors or Slow- 
Release Urea Products 

 Slowing the urea hydrolysis may minimize 
ammonia wastage and improve utilization. 
Several inhibitors of ruminal urease activity sub-
stantially reduce urease activity; but, inhibitors 
usually provide a short-term effect because 
remaining urease capacity is still great enough to 

hydrolyze ruminal urea and possibly because of 
microbial adaptation to the inhibitors (Whitelaw 
et al.  1991 ; Ludden et al.  2000 ). Coated urea or 
slow-release urea products as N supplements have 
shown equal performance to urea supplements 
without the potential hazards associated with 
feed-grade urea (Taylor-Edwards et al.  2009 ; 
Kertz  2010 ). Slow-release urea products provide 
constant supply of ammonia to rumen microor-
ganism for their growth, which also improves 
nutrition utilization for low-quality forages and 
reduces plasma ammonia concentrations (Ribeiro 
et al.  2011 ; Huntington et al.  2009 ).   

22.7     Conclusions 

 Urea and other NPN sources in the ration of 
ruminants as an economical replacement of veg-
etable and animal proteins have been investigated 
for more than 100 years. A large body of infor-
mation and understandings related to the mecha-
nisms of urea and other NPN utilization by 
ruminal microorganisms has been documented. 
Conventionally, it has been recommended that 
urea should not contribute more than 25 % of 
total dietary protein, not more than 3 % of con-
centrate, and not more than 1 % of the total ration 
(Reid  1953 ). On the safer side, Kertz ( 2010 ), 
however, suggests that a more reasonable recom-
mendation for feeding urea to adult cattle is 1 % 
of the concentrate, 135 g/animal daily, and not 
more than 20 % of total protein, counting other 
added NPN sources, which would be appropriate 
under the most adverse conditions for maintain-
ing normal feed intake. Depending on other 
dietary situations, the urea source and ration bal-
ancing programs, these levels may be safely 
exceeded. The ammonia/urea toxicity problems 
could easily be prevented through proper employ-
ment of knowledge of urea feeding to ruminants. 
As most of intake N is excreted through urine as 
urea, opportunities exist for enhancing anabolic 
use of urea-N by the microorganisms through 
modulating urea-N recycling into the rumen, 
which could decrease N wastage into environ-
ment, and improve effi ciency of N utilization in 
ruminants.     
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    Abstract  

  Nitrate is not a normal component of livestock feed due to toxicity of 
nitrate/nitrite. Sometimes nitrate might enter into the rumen either acci-
dentally or intentionally incorporated in ration as a source of nitrogen, but 
the nitrate-reducing bacteria present in the rumen  (Selenomonas ruminan-
tium, Veillonella parvula  and  Wolinella succinogenes)  take care of it by 
reducing nitrate to nitrite and further to ammonia, which can be used for 
synthesis of amino acids in the rumen. The number of such bacteria is not 
plenty enough to take care of excess nitrate in diet, but slow increase in the 
level of nitrate might help in the adaptation of the rumen microbes, which 
give capability of tolerating even toxic levels of nitrate in livestock ration. 
The incorporation of nitrate in the diet of adapted animals can be as high 
as 30 % protein requirement of the animals without affecting adversely the 
rumen fermentation and health of the animals. There was no accumulation 
of nitrite in the rumen liquor, and methaemoglobin levels in blood were 
also within safe limits, when the animals were adapted to higher levels of 
nitrate (Unpublished report from this laboratory). Simultaneously, nitrate 
inclusion in diet also results in decreased emission of methane, making the 
process of livestock production eco-friendly. Long-term feeding trials are 
essential before the technique can be recommended to the farmers for 
practical application.  
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23.1         Introduction 

 The presence of nitrate/nitrite in animal feed is of 
concern to the well-being of the livestock. The 
levels of nitrates and nitrites are low in the envi-
ronment and are formed during the nitrogen 
cycle. The atmosphere is full of nitrogen, having 
about 79 % N in the form of N 2  which cannot be 
used by the living things due to its inertness. 
Nitrogen cycle includes transformation of nitro-
gen into inorganic forms (nitrate and ammonia) 
and then into organic nitrogen. The fi rst step is 
the fi xation of atmospheric nitrogen by nitrogen- 
fi xing bacteria, which convert atmospheric nitro-
gen into ammonia. The term ‘fi xation’ depicts 
transformation of atmospheric nitrogen into plant 
nitrogen. By the action of nitrifying bacteria, the 
ammonia nitrogen transforms into nitrite and 
then to nitrate which is the major nutrient assimi-
lated by the plants. Nitrate is an essential nutrient 
for the growth of the plants, as it is a precursor for 
protein synthesis. Nitrate is converted to NH 3  by 
the action of plant nitrate reductase enzymes 
which are highly active in light but are inhibited 
in dark and in cloudy or foggy weather. Plants 
convert most of their nitrate to amino acids 
through NH 3 , and plant proteins are formed from 
these amino acids. Nitrate levels are generally 
higher in roots as compared to tops including 
stem, leaves and tops; nitrate level is highest in 
the lower stems and leaves of plants with least in 
the seeds (Walker  1990 ). The level of nitrite/
nitrate in the plants is governed by many factors 
like soil status, environment, plant type, growth 
of plants, etc. which in turn affects animal health. 

 On one hand, nitrate feeding has deleterious 
effects on the animal, but it is also benefi cial as it 
improves feed conversion effi ciency of the ani-
mals through reducing methane synthesis and 
fi nally improving the feed conversion effi ciency 
of the animal. In the rumen under anaerobic con-
ditions, glucose is fermented, and reduced cofac-
tors like NADH and NADPH are produced 
through EMP pathway. For reuse in the anaerobic 
ecosystem, these reduced cofactors have to be 
oxidized to NAD +  and NADP +  by electron trans-

fer to the acceptors other than oxygen like CO 2 , 
SO 4 , NO 3 , fumarate, etc., as a result of which 
these electron acceptors are reduced to methane, 
hydrogen sulphide and ammonia. If this reducing 
power concentrated in the reduced cofactors is 
not utilized for the production of methane (the 
major reduced product in rumen under normal 
conditions), the further fermentation of carbohy-
drates will be stopped and no release of energy 
from feed will be possible. Therefore, to continue 
the release of energy from the feed taken by the 
animals, methane has to be generated in the 
rumen. But in this process about 5–15 % of gross 
energy intake by the animals is wasted in the 
form of methane (Johnson and Johnson  1995 ). 
On oxidation of reduced cofactors, molecular 
hydrogen is released which is utilized by differ-
ent electron sinks resulting in negligible hydro-
gen available in the rumen gases, in spite of the 
fact that more than 600 l of hydrogen is generated 
in the rumen of a cow. Various electron or hydro-
gen sinks available in the rumen are:

•    Growth of microbial biomass  
•   Production of propionate  
•   Conversion of carbon dioxide to acetate by 

reductive acetogens  
•   Hydrogenation of unsaturated fatty acids  
•   Generation of methane from carbon dioxide  
•   Reduction of nitrate to nitrite and ammonia  
•   Reduction of sulphate to sulphide    

 All the above electron sinks, except biosyn-
thesis of methane, are useful for the rumen 
microbes and the animal. Thermodynamically, 
the reduction of nitrate, nitrite or sulphate is more 
favourable than the conversion of carbon dioxide 
either to acetate or methane. The utilization of 
these alternate electron sinks has not attracted 
attention of researchers for their inclusion in the 
ration of animals due to their toxic effects on the 
rumen microbes or the host animal. The inclusion 
of nitrate in the ration of animals has an added 
advantage of being a good source of nonprotein 
nitrogen which can be incorporated into good 
quality microbial protein.  
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23.2     Where Do Nitrates Come 
from in the Rumen? 

 Nitrates usually are neither a natural ingredient 
of ruminant diets nor are these molecules added 
in the diet. Plants are the natural source of nitrate/
nitrite. During cultivation of green fodders nitro-
gen, fertilizers are applied as a source of nitrogen 
especially in cereal crops like maize, sorghum, 
oats, etc. Therefore, the level of unutilized 
nitrates on the surface of plant material (the fod-
der) serves as a rich source of nitrate in ruminant 
diet. The level of nitrate in green forages also 
depends upon the time gap between fertilizer 
application and forage harvest. Nitrates are not 
evenly distributed in different parts of the plant. 
There is a maximum level of nitrate found in 
stems, which is lower in leaves and the least in 
seeds (Fjell et al.  1991 ). The level of nitrates is 
more in young plants than that in mature plants. 

 Second source might be a sudden and acciden-
tal approach of nitrogenous fertilizer being stored 
in the fi eld near the vicinity of ruminants. Nitrates 
and other nitrogenous compounds are sometimes 
used as adulterants in manufactured complete 
feeds to increase the level of crude protein. 

23.2.1     Nitrate Accumulation in Plants 

 In normal conditions, nitrate is not accumulated 
in the plants because nitrates are converted to 
plant proteins which are not hazardous to animal 
or environment. But due to some reasons, if the 
growth of the plant is retarded, there is an accu-
mulation of nitrate in the plants. The activities of 
plant nitrate reductases are suppressed in cloudy 
weather or low temperature leading to accumula-
tion of nitrate. Sidhu et al. ( 2011 ) assessed nitrate 
contents in different crops of Punjab in different 
seasons and found that in hot and humid climate, 
there is an accumulation of nitrate in the plants as 
compared to normal climate. Damage caused by 
hail, frosty or any other physical reasons hampers 
photosynthesis in the plants, and nitrates accu-
mulate. Strong dry winds also cause nitrate accu-

mulation in the plants due to water scarcity. 
During heavy rains, just after drought, there is 
very fast nitrate uptake, but conversion of nitrate 
into amino acids takes several days; therefore, 
nitrate accumulates in the plants. But when there 
is normal growth after heavy rains, the conver-
sion of nitrate to amino acids becomes faster due 
to more requirements of amino acids, but this 
might take a week’s time. The parts of the plants 
nearer to ground have lower activity of these 
enzymes; hence, nitrate levels are higher in these 
parts as compared to upper parts of the plants. 
The young plants are more prone to nitrate accu-
mulation because at initial growing stage, nitrate 
is required for the growth of root and shoot, and 
at this stage, roots are capable to take up nitrate 
more than the requirement. Once the plant is 
grown, its leaves can convert nitrate more effi -
ciently, and there is no accumulation of nitrate. 
The tendency of plants to accumulate nitrogen is 
variable in different species, but in extreme con-
ditions, the low potential plants can also accumu-
late nitrate at high rate. Members of Brassicaceae 
and Cruciferae like cabbage, sprouts, rape, 
freshly pulled turnips, etc. contain nitrate ranging 
from 0.9 to 12 % of DM (Rogers  1999 ). Annual 
forage crops are planted in well-fertilized and 
freshly ploughed lands; therefore, they can accu-
mulate more nitrate than the perennial forages. 
Also, the annual crops are harvested at an early 
stage when there was the highest level of nitrate. 
The nitrate level will remain high in the plant 
until a new growing tissue utilizes it that is why 
when the plants die or harvested, its nitrate con-
tent remain as such in the plant. Use of herbicides 
is also one of the reasons for nitrate accumulation 
because herbicides also interfere in photosynthe-
sis. Cash et al. ( 2007 ) reported 1,800 and 
3,200 mg nitrate/kg DM in the fi rst crop and the 
second crop alfalfa (vegetative), respectively, 
which indicates the impact of harvesting 
regimen. 

 Soil is the main source for nitrate accumula-
tion in the plants. Soil status changes due to use 
of fertilizers, water pollutants, environment, etc. 
By increased use of nitrogen fertilizers like urea, 
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there is an increase in nitrogen contents in the 
soil which fi nally results in high contents of 
nitrate/nitrite in the plants growing on that soil. 
The excessive use of animal waste as organic 
 fertilizer beyond the soil holding capacity, results 
in leaching of soil nitrate to groundwater in a 
faster rate, which is ultimately taken by the ani-
mals. When the soil nitrate increases due to use 
of nitrogen-rich fertilizers or animal wastes, the 
plant enzymes responsible for nitrate breakdown 
are overburdened, not able to break them so 
speedily, and nitrate accumulates in the plants. 
Cash et al. ( 2007 ) estimated nitrate contents (mg/
kg DM) in common feeds grown on soil with dif-
ferent levels of fertilization (67 and 134 kg/ha) 
and found increased nitrate concentration from 
2,149 to 5,613 ppm in oat hay and from 868 to 
2,627 ppm in barley hay. Mineral defi ciency and 
imbalances also lead to nitrate accumulation. 
Fertilizing low sulphur soil with sulphur can 
check this nitrate accumulation up to some extent. 

 Presence of nitrate in the plants does not mean 
that they are always problematic. These plants 
can be very well used as animal feed; only some 
management practices are to be followed.   

23.3     Management Practices 
to Minimize Nitrate Toxicity 

 To avoid nitrate toxicity, some precautions have 
to be followed. The best and proper way is to 
analyse all the diet components and water for 
their nitrate contents, and then with the advice of 
an expert, formulate diet accordingly to avoid 
toxicity.

•    The N-rich pond waters, N-rich fertilizers and 
manure should be used in limited quantities. 
The soil saturated with water or fertilized 
immediately after rain should not be fl ooded 
with pond water.  

•   Check nitrate level of the plants frequently, 
and as the nitrate level increases above the 
acceptable level, reduce the N fertilization of 
the soil.  

•   The nitrate level of the crop can be reduced by 
ensiling. The reduction in nitrate level depends 
on the days of ensiling and fermentable carbo-

hydrates present in the forages. Ensiling for 
longer period with high fermentable carbohy-
drates effi ciently reduces nitrate accumulation 
in the plants. Through ensiling, the nitrate 
contents of the forages can be reduced by 
about 30–60 %. For example, lucerne hay 
contains nitrate (% DM) ranging from 0.06 to 
0.6 and silage contains 0.0–0.36, Sudangrass 
green chop contained 0.12–2.88 and silage 
contains 0.12–0.24 and Sorghum stalks con-
tain 0.0–1.62 and silage contains 0–0.90 
(Faulkner and Hutjens  1989 ).  

•   During cool and cloudy conditions, the nitrate 
accumulation is more; therefore, during this 
period, N fertilization of the soil should be 
kept to the minimum possible depending upon 
the minimal requirement.  

•   Try to avoid harvesting in cool and cloudy cli-
mate. Let the plant be exposed at least for 2 
days in bright sunshine, as during sunshine 
nitrate level falls drastically.  

•   Selection of crop is also one way to avoid 
nitrate toxicity. The crops with high nitrate 
accumulation potential should be avoided. 
Agricultural crops like barley green feed, 
wheat green feed, oat green feed, rye green 
feed, canola plants and sugar beet tops accu-
mulate high levels of nitrate.  

•   Do not feed animals suddenly on nitrate-rich 
feeds. First give a little amount of nitrate feed 
and then increase it gradually. Generally 
within a week, animal gets adapted to high 
nitrate feeds.  

•   A hungry animal should not be allowed to 
graze on fi elds of immature plants because it 
will consume feed very fast which might lead 
to high nitrate intake. First, feed the animal 
normal diet in small amounts, then allow the 
animal to graze only for an hour, and thereaf-
ter gradually increase grazing hours every day. 
Studies have shown that rumen microbes eas-
ily get adapted to nitrate, and by continuously 
feeding of nitrate-rich feed, they effi ciently 
degrade nitrate to ammonia.  

•   Extra care should be taken when immature 
forages are used as green chop for animal 
feeding. The green chop feed should be fed to 
the animal immediately. Never practise chop-
ping of green in the evening and feed it in the 
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morning, because it is 10 times dangerous as 
the heating pile causes conversion of nitrate 
into nitrite.  

•   Try to harvest crops at maturity stage. For 
example, nitrate concentration may be 
20–25 % lower in corn silage harvested at a 
height of 6′ to 8′ as compared to when har-
vested at 2′ to 4′ height.  

•   The high nitrate forages should be fed along 
with grain, grain by-products and other feed-
stuffs that are high in energy to enhance the 
conversion of nitrite into ammonia.  

•   Do not feed animal on high level of ferment-
able carbohydrate diet. On such diet, due to 
excessive production of lactic acid, the pH of 
the rumen goes down which affects protozoa, 
one of the major nitrate degraders in the 
rumen.  

•   Feeding of sulphur can also ameliorate nitrate 
toxicity. Due to high nitrate (0.4–0.8 %) in the 
diet, cellulose digestion is affected adversely, 
but inclusion of sulphate-sulphur at the rate of 
0.1–0.4 % maintains the activity of cellulo-
lytic bacteria (Spears et al.  1977 ).  

•   It is the rumen microbial ecosystem which is 
responsible for nitrate degradation; therefore, 
the animal should be offered well-balanced 
diet for optimum rumen microbial activity.    

23.3.1     Nitrate Toxicity 

 Nitrate toxicity is a problem for ruminants. In 
monogastric animals, nitrate is degraded in the 
intestine where there is hardly any scope of 
absorption and the major amount is excreted out 
of the body. In ruminants, the rumen nitrate is 
converted to nitrite by the enzyme nitrate reduc-
tase which then converts into ammonia by the 
activity of nitrite reductase. There is a group of 
microbes which are responsible for nitrate degra-
dation. The microbes include  Selenomonas rumi-
nantium, Veillonella parvula  and  Wolinella 
succinogenes  as the major components. There is 
an equilibrium between these two enzymes, so 
there is no accumulation of nitrite in the rumen. 
But, when there is excess of nitrate because of the 
feeding of high nitrate feed, the rumen enzymes 

cannot cope up with this level of nitrate and 
nitrite gets accumulated, or also if the activity of 
nitrite reductase is not matching with the nitrate 
reductase in that case, there is an accumulation of 
nitrite. This nitrite does not stay in the rumen but 
enter into the blood stream and converts oxyhae-
moglobin into methaemoglobin (met-Hb) which 
is dangerous. Unlike haemoglobin, met-Hb can-
not transport oxygen to the tissues, and the ani-
mal develops anaemic anoxia. In the rumen, there 
is an enzyme named met-Hb reductase which 
converts back met-Hb into oxyhaemoglobin, but 
the activity is very low. With the increasing level 
of met-Hb, the colour of the blood changes. At 
about 20 % conversion of Hb to met-Hb, the 
colour of the blood may be light brown; at 50 %, 
it may be of dark brown, and at 80 %, it is usually 
dark brown to black. If about 80 % haemoglobin 
is converted in to methaemoglobin, the animal 
can die. According to Guerink et al. ( 1982 ), the 
conversion of Hb to met-Hb is regulated by the 
level of nitrite in the blood. The conversion 
increases from 24 to 70 % with the increase in 
nitrite from 50 to 150 mg/L, and the level of 
nitrite reaches to 250 mg/L; the conversion rate is 
100 %. Within 1–2 h of feeding, met-Hb reaches 
to the peak. 

 The toxicity of nitrate also depends upon the 
type of animal (sheep is the most tolerant to 
nitrate toxicity, O’Hara and Fraser  1975 ), level of 
nitrate consumed, period of adaptation, etc. The 
toxic levels of nitrate are three times higher when 
fed in mixed feed than when it is given in solution 
to cattle (Bradley et al.  1940 ; Crawford et al. 
 1966 ).  

23.3.2     Symptoms of Nitrate Toxicity 

  Acute nitrate poisoning  occurs due to fast release 
of nitrate from the plant and its conversion into 
nitrite in the rumen and usually occurs when 
there is 80–90 % conversion of Hb into met-Hb. 
Generally, in acute poisoning, animal dies before 
showing any symptom; this condition is termed 
as peracute. An animal dies within a few hours of 
feeding (Burrows et al.  1987 ). Anorexia is the 
main reason for the death of the animal. Clinical 
signs of acute poisoning include increased heart 
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rate, blue-grey mucous membranes, lacrimation, 
grinding of the teeth, excess salivation, weak-
ness, respiratory distress, staggered gait, frequent 
urination, vomiting, muscle tremors, low body 
temperature, disorientation and an inability to 
get up. 

  Chronic nitrate toxicity  occurs when the ani-
mal is fed on feed containing moderate levels 
(0.5–1.0 % DM) of nitrate. During chronic nitrate 
poisoning, generally production-related prob-
lems occur and animal did not show any clinical 
symptom. The production problems include 
reduced weight gain, lower milk yield (Jainudeen 
et al.  1964 ) and reduced feed intake (Farra and 
Satter  1971 ). The animal suffering from chronic 
nitrate toxicity becomes more susceptible to the 
infections (Johnson et al.  1983 ). Reproductive 
problems like abortion and stillbirth due to hor-
monal imbalances may also take place, or if calf 
is born live, then nitrate toxicity can be transmit-
ted to the newly born calf, and it may suffer from 
convulsions and seizures. A stage of an animal, 
where only 10–20 % ofHb is converted to met-
 Hb, it is considered as subclinical nitrate poison-
ing with no symptoms except darkening of 
mucosae.  

23.3.3     Safe Level of Nitrate 
in Animal Feeds  

 It is diffi cult to assign a defi nite safe level of 
nitrate that can be fed to the animals, because the 
tolerance level of nitrate also depends on the fre-
quency of feeding, type of feed given to the ani-
mal, etc. As has already been mentioned that 
when there is a slow and steady increase of nitrate 
level in the diet, the animal can gradually adapt to 
it but a sudden high dose of nitrate in the diet may 
be lethal and the animal can die within few hours 
of feeding. 

 In the author’s laboratory, buffalo calves of 
average body weight of 83.5 kg were fed on con-
centrate mixture (18 % CP and 70 % TDN) and 
wheat straw in 1:1 ratio. The nitrate (sodium 
nitrate and potassium nitrate in equal proportion) 
feeding was started at the rate of 0.5 % of the 
concentrate mixture and then increased weekly 

by 0.5 % up to 3 % level in the fi nal diet. The 
nitrate feeding (3 %) was continued for 6 months. 
The met-Hb concentration was checked through-
out the experiment to know the status of the 
nitrate degradation. Up to 6 months of feeding, 
the level of met-Hb did not exceed the safe level, 
rather it was observed far below the safe level 
(Table  23.1 ) (unpublished data). Commonly, to 
be on the safe side, a feed having 0.3 % nitrate on 
dry matter basis is considered as safe and a level 
of 0.3–0.6 % nitrate is moderately safe, and if the 
animal is in any kind of stress, such type of feed 
should not constitute more than 50 % of total 
diet; 0.6–0.9 may be toxic and should not be used 
as sole feed source, and level above 0.9 % might 
be fatal for the animal.

23.4         Nitrate-/Nitrite-Reducing 
Bacteria 

 As discussed above, reduction of nitrate can 
serve as an alternate hydrogen sink in the rumen 
as nitrate-reducing bacteria have higher affi nity 
for hydrogen than reductive acetogenic bacteria 
or methanogenic archaea. Nitrate-reducing bac-
teria in the rumen of goat are  Selenomonas rumi-
nantium, Veillonella parvula  and  Wolinella 
succinogenes  (Stewart et al.  1997 ). Not all the 
types of these bacteria are able to reduce nitrate, 
but only a small fraction of the total number of 
these three genera has been found to be able to 
reduce nitrate to ammonia.  S. ruminantium  is the 
most important of these three genera to accom-
plish this job. The mixed ruminal microbes from 
the rumen of goats fed on high roughage diet 
reduced nitrate and nitrite to a greater extent than 
the rumen microbes from an animal fed on high 
concentrate diet (Iwamoto et al.  2001 ). 

   Table 23.1    Methaemoglobin (% of blood) level in grow-
ing buffaloes fed on nitrate-supplemented diet   

 Period  Control  3 % nitrate 

 0 day feeding  ND  0.0145 

 3 month feeding  ND  0.2245 

 6 month feeding  ND  0.2836 

   ND  not detectable  
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 Feeding of potassium nitrate at the rate of 6 g/
day to goats weighing 25–30 kg resulted in an 
increase in number of  Veillonella parvula  and  W. 
succinogenes . High roughage diet also stimulates 
these bacteria except  S. ruminantium  which was 
reported to be higher on high concentrate diet 
(Asanuma et al.  2002 ). The already known 
nitrate-reducing bacteria  V. parvula ,  W. succino-
genes ,  S. ruminantium  and  Streptococcus bovis  
were more tolerant to nitrite toxicity than other 
rumen bacteria. Nitrate addition in the medium 
stimulates these bacteria (Iwamoto et al.  2002 ) 
and helps in the adaptation of the ruminants for 
increased intake of nitrate in the feed. These bac-
teria might act as alternate hydrogen sinks in the 
rumen by converting nitrate to ammonia, with 
nitrite as an intermediate. But the reduction of 
nitrate is 2–3 times faster than that of nitrite, 
resulting in an accumulation of nitrite in the 
rumen. Therefore, reduction of nitrite in the 
rumen should be enhanced to avoid intoxication 
of other rumen microbes. 

 The change in free energy (ΔG) of the reac-
tions plays an important role in reduction reac-
tions going on in the rumen. The conversion of 
nitrite to ammonia has the minimum ΔG (−371 
kJ), conversion of carbon dioxide to acetate has 
the highest (−9 kJ) and conversion to carbon 
dioxide to methane (−67 kJ) and nitrate to nitrite 
(−130 kD) being the intermediate (Iwamoto et al. 
 1999 ; Ungerfeld and Kohn  2006 ). Nitrate has 
higher affi nity with H 2  than CO 2 , but has lower 
affi nity in comparison to nitrate. Therefore, when 
the rumen ecosystem has option for reduction of 
CO 2 , nitrate and nitrite, it prefers to reduce nitrate 
to nitrite, then nitrite to ammonia and fi nally CO 2  
to methane. Energetically, nitrate reduction to 
ammonia is more favourable than methanogene-
sis and propionogenesis as it requires lower 
threshold energy to be converted to the end prod-
ucts in the latter cases (Ungerfeld and Kohn 
 2006 ), and this might be the reason for reduced 
propionate and increased acetate when nitrate is 
converted to ammonia. 

 Sakthivel ( 2010 ) studied the effect of three 
levels of sodium nitrate (0, 5, 10 mM) on fermen-
tation of three diets varying in their wheat straw 
to concentrate ratio (700:300, low concentrate, 

LC; 500:500, medium concentrate, MC; and 
300:700, high concentrate, HC) in vitro using 
buffalo rumen liquor as inoculum. Inclusion of 
sodium nitrate at 5 or 10 mM reduced ( P  < 0.01) 
methane production (9.56, 7.93 vs. 21.76 mL/g 
DM; 12.20, 10.42 vs. 25.76 mL/g DM; 15.49, 
12.33 vs. 26.86 mL/g DM) in LC, MC and HC 
diets, respectively. Inclusion of nitrate at both 5 
and 10 mM reduced ( P  < 0.05) gas production in 
all diets, although IVTD was reduced ( P  < 0.05) 
in only the LC and MC diets. At 10 mM sodium 
nitrate, 75–118 g/kg of residual nitrate remained 
in the fl uid, and there was an accumulation of 
nitrite ( P  < 0.01) in the medium. In an attempt to 
eliminate residual nitrate and nitrite in the 
medium, a number of isolates of nitrate-reducing 
bacteria were isolated from buffalo adapted to 
nitrate and introduced individually (3 mL con-
taining 1.2 to 2.3 × 10 6  cfu/ml) into in vitro incu-
bations containing the MC diet with 10 mM 
sodium nitrate. Addition of live culture of NRBB 
57 resulted in complete removal of nitrate and 
nitrite from the medium with a further reduction 
in methane and no effect on IVTD compared to 
the control treatments containing nitrate with 
autoclaved cultures or nitrate without any cul-
ture. Data indicated that nitrate-reducing bacteria 
could be used to prevent accumulation of nitrite 
when sodium nitrate is used to reduce methane 
emissions in vitro (Sakthivel  2010 ). 

 Sar et al. ( 2005 ) reported that nitrate inhibits 
methanogenesis signifi cantly in sheep at the rate 
of 1.3 g NaNO 3 /kg W 0.75  of the animals, but it was 
accompanied with higher levels of plasma nitrite 
and blood methaemoglobin. These negative 
effects of nitrate feeding could be reduced or 
completely removed by feeding  Escherichia coli  
culture at the rate of 150 ml (2 × 10 10  cells/ml), 
which had a capability to reduce nitrite with 
nitrite reductase activity. An in vivo study con-
ducted at the authors’ laboratory on buffaloes 
indicated that 20 % of protein requirement could 
be replaced with nitrate (at the rate of 2 % of dry 
matter intake, the animals were adapted in 8 
weeks of time by a gradual increase of nitrate in 
diet) if an inoculum of nitrate-reducing bacteria 
was used as probiotic. There was no adverse 
effect on nutrient utilization and growth 
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 performance of animals (Sakthivel et al.  2012 ). 
This replacement of protein caused a signifi cant 
reduction in methane emission and caused no 
accumulation of nitrite in the rumen liquor of 
buffaloes. Almost similar results have been 
reported by Hulshof et al. ( 2010 ) in beef cattle 
fed a sugarcane-based diet including 2.2 % nitrate 
in diet dry matter (animals adapted in 4 weeks to 
the highest level used for feeding). This caused a 
27 % methane reduction per kg of DMI on nitrate 
feeding (13.6 vs. 18.6 g/kg DMI) and tended to 
increase acetate and decrease propionate molar 
proportions in rumen fl uid. These results indi-
cated that nitrate could serve as a terminal elec-
tron acceptor and could be used as a methane 
inhibitor if the animal was either adapted for 
nitrate consumption or nitrate-reducing bacteria 
were used as probiotic.  

23.5     Adaptation of Ruminants 
to High Nitrate Diets 

 Animals can be adapted to high concentration of 
nitrate in the diet. Allison and Reddy ( 1984 ) 
reported that nitrate and nitrite concentrations in 
the rumen liquor of sheep-fed Lucerne and 
ground corn-based diet were undetectable. 
Infusion of nitrate at the rate 0.17 g/kg BW at 1 h 
post-feeding resulted in 1.7 mM nitrate and 0.26 
mM nitrite, but on continuous feeding for 6 days, 
the levels of nitrate and nitrite in the rumen fl uid 
were again undetectable, indicating adaptation of 
the rumen microbes to added nitrate in the diet. In 
a similar study with buffaloes in the author’s lab-
oratory, 20 % of the nitrogen requirement of ani-
mal was met through a mixture of sodium nitrate 
and potassium nitrate by adaptation in 8 weeks 
by increasing the dose of nitrate every week. This 
resulted in no accumulation of nitrate or nitrite in 
the rumen liquor, and no adverse effects on nutri-
ent utilization (unpublished data) were observed. 

 When nitrate is drenched at high concentra-
tion, there is no accumulation of nitrate in the 
rumen, it is absorbed by the rumen, a part of it is 
excreted and a part is recycled through saliva 
(Wang et al.  1961 ). This absorption of nitrate 
through the rumen will be drastically reduced if 

the animals are adapted to higher concentration 
of nitrate in the diet (Alaboudi and Jones  1985 ). 
The adaptation of the animals increases its ability 
to use nitrate and nitrite more effi ciently in the 
rumen, and these are metabolized effi ciently into 
the body tissue. The in vitro results at IVRI, 
Izatnagar, indicate that an inoculum of nitrate-/
nitrite-reducing bacteria can be an alternative to 
periodic and slow adaptation for obtaining simi-
lar results with nitrate utilizing capacity of the 
animals. It is very interesting to note that adapted 
animals return to normal level of its capability to 
use nitrate in diet within 3 weeks once the nitrate 
is withdrawn from the ration of sheep (Alaboudi 
and Jones  1985 ). 

 The initial rapid decline in nitrate concentration 
(about 80 % given to sheep, 560 out of 700 mM) in 
rumen liquor of animals loaded with high nitrate 
content without adversely affecting rumen fermen-
tation (Tillman et al.  1965 ) can be justifi ed if the 
rumen bacteria are able to sequester nitrate imme-
diately as it enters the rumen and release it during 
the day depending upon ammonia concentration in 
the rumen liquor. The accumulation of ammonia in 
the rumen once the nitrate load has been cleared 
can also be explained by this hypothesis. 

 To achieve a signifi cant decrease in methane 
emission by ruminants, the use of nitrate as a 
major source of fermentable nitrogen is one of 
the economic methods for practical application. 
The only condition for formulating a suitable 
ration is that it should be nitrogen defi cit with a 
portion of by-pass protein and energy suffi cient 
with supplementation of additional sulphur to 
make it balanced for different nutrients. 

23.5.1     Effect on Nitrate/Nitrite 
Feeding on Methanogenesis 

 There have been many studies about the use of 
nitrates (sodium nitrate, potassium nitrate, calcium 
nitrate or ammonium nitrate) as the terminal elec-
tron acceptors, which compete with CO 2  and ham-
per the process of methanogenesis. Of course there 
are some diffi culties due to toxicity of nitrite, 
formed as an intermediate in the  reduction of 
nitrate to ammonia. But these hurdles are  overcome 
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by providing some adaptation period for tolerating 
high concentration of nitrate in the diet. As dis-
cussed above in the chapter, the nitrate-/nitrite-
reducing bacteria are present in the rumen, but 
their number is not suffi cient to take care of reduc-
tion of nitrite into ammonia as soon as it is formed. 
Therefore, if we plan to replace 20 % of feed nitro-
gen with nitrate, it should be increased in graded 
levels in diet by enhancing one fourth of the target 
nitrate concentration every 5th day. In a fortnight, 
the animals will get adapted to the highest concen-
tration of nitrate in the ration, and there will be no 
accumulation of nitrite in the rumen. In an experi-
ment with buffaloes, adapted to 20 % replacement 
of nitrogen in the ration with nitrate, there was a 
signifi cant ( P  = 0.04) reduction in methane emis-
sion (169.6 vs. 132.1 l/day). There was a signifi -
cant ( P  = 0.01) increase in carboxymethyl cellulose 
and xylanase activities in the rumen, the key 
enzymes required for fi bre degradation in the 
rumen. The buffaloes in the control group emitted 
22 g/kg DMI, while on supplementation of nitrate, 
the methane emission was reduced to 17.9–18.6 g/
kg DMI (Sakthivel  2010 ). Hulshof et al. ( 2012 ) 
reported that there was 32 %, 27 % and 28 % 
reduction in methane productions in terms of total 
methane production, per kg of dry matter intake 
and gross energy intake, respectively, in beef cattle 
fed sugarcane-based diet supplemented with 

nitrate at the rate of 22 g/kg DM. There was 6 % 
lower feed intake by the animals on nitrate feed-
ing. There was no effect of nitrate feeding on VFA 
production, but the proportion of individual fatty 
acids was changed in favour of higher acetate pro-
duction. Some of the experiments conducted in 
different laboratories are listed in Table  23.2 .

   In the authors’ laboratory, feeding of nitrate at 
the rate of 3 % of diet to the adapted buffalo 
calves (average BW 83.5 kg) for 6 months 
resulted in 34.12 % decrease in methane produc-
tion (l/kg DDMI), improvement in body weight 
gain and feed conversion effi ciency by 15 and 
9.65 % (unpublished data).   

23.6     Future Research Needs 

 Keeping in view the work done in this area of 
research, special attention of animal nutritionists/
rumen microbiologists is required in the follow-
ing areas:

•    Exhaustive studies are needed on nitrate feed-
ing to the animals to control methanogenesis 
and to make livestock production more eco-
nomic and eco-friendly.  

•   There is a need to study the microbial diver-
sity of microbes responsible for nitrate 

   Table 23.2    Methane production by different types of animals fed various diets   

 Animal  Diet 
 Methane production 
(g/kg DMI)  Reference 

 Beef cattle  90:10, roughage: concentrate  21.9  Boadi and Wittenberg 
( 2002 )  Dairy cattle  22.4 

 Beef cattle  20:60, roughage: concentrate  26.2  Foley et al. ( 2009 ) 

 Cattle  High-grain diet  22.0  Kurihara et al. ( 1999 ) 

 Beef cattle  Sugarcane-based diet  18.2  Hulshof et al. ( 2012 ) 

 Sugarcane-based diet + nitrate 
supplement 

 13.3 

 Beef cattle  Pasture grown  25.6  Hart et al. ( 2009 ) 

 Murrah buffalo (male)  1:1, roughage: concentrate  22.0  Sakthivel ( 2010 ) 

 1:1, roughage: concentrate (20 % 
nitrogen replaced with nitrate) 

 18.6 

 1:1, roughage : concentrate (20 % 
nitrogen replaced with 
nitrate) + nitrate-reducing bacterial 
isolate as probiotic 

 17.9 
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 reduction in the rumen. Meta-transcriptomic 
studies will be helpful in identifying microbes 
and enzymes involved in effi cient nitrate 
reduction and control methane emission by 
the ruminants.        
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    Abstract  

  Meat and milk derived from ruminants comprise a signifi cant portion of 
worldwide human nutrition. Ruminants and their gut microbes have 
coevolved over millions of years to harvest energy from indigestible plant 
cellulosic biomass. This symbiotic host–microbe interaction is fundamen-
tal to the ruminant’s health and production. Research on rumen microbes 
dates back to the 1950s with the majority of work involving cultivation of 
several microbes in the laboratory under strict anaerobic conditions. 
However, culture-independent molecular methods have demonstrated that 
<1 % of what is known of the rumen microbiome has been accounted for 
with culture methodology. Molecular techniques have provided a great 
potential to defi ne and describe dynamics in the rumen microbiome in 
response to the animal’s changing diet and physiologic state. With the 
advent of metagenomics and next-generation sequencers, the characteriza-
tion of community microbial populations has become less cumbersome. 
The fi rst few reports on the use of metagenomics to study the rumen 
microbiome have portrayed the dominance and the phylogenetic distribu-
tion of bacteria in the rumen and their potential involvement in the conver-
sion of dietary plant cellulosic material to microbial protein, volatile fatty 
acids, and other byproducts of ruminal fermentation. The initial coloniza-
tion and gradual establishment of microbial communities in the rumen 
from birth to maturity (2 years) was recently demonstrated using metage-
nomics. Knowledge of not only the composition of the rumen microbiome 
but also the functional role of certain microbes and their genes has pro-
vided greater insights on the contribution of the rumen microbiome in host 
metabolism. Such advances have led to polysaccharide-hydrolyzing gene 
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cataloguing which has become a useful tool. Application of advanced 
“omic” technologies such as transcriptomics, proteomics, and metabolo-
mics are other examples of current technologies delving into host–microbe 
interactions and how the rumen microbiome can be altered to improve 
animal performance. Although several inconsistencies continue to pose 
challenges to rumen microbiology research, optimizing the rumen micro-
biome is an attainable goal in this post-genomics era. Overall, advances in 
genomic technology indicate that research contributions to the rumen 
microbiome physiology have the potential to not only improve ruminant 
production but also address global issues such as advanced biofuel pro-
duction, reduction of greenhouse gases, enhancement of food safety, and 
improvement of the food supply.  

  Keywords  

  Gene catalogue   •   Metagenomics   •   Microbial community   •   Next-generation 
sequencers   •   Plasmid   •   Rumen  

24.1         Introduction 

 Ruminants have a specialized forestomach called 
“the rumen” that allows colonization of countless 
numbers of microbes (Stevens and Hume  1998 ), 
comprised of bacteria, archaea, protozoa, and 
fungi, collectively called the rumen microbiome 
(Hobson and Stewart  1997 ). Bacteria predominate 
in the rumen (Hespell et al.  1997 ) and primarily 
convert energy stored in plant biomass to micro-
bial protein and short-chain fatty acids required to 
manufacture food products (Hobson and Stewart 
 1997 ; Godoy-Vitorino et al.  2012 ). Therefore, a 
better understanding of microbial fermentation 
processes is essential to enhance feed effi ciency 
and improve ruminant production. Since the 
1950s, efforts were made to enhance our knowl-
edge of the composition of the rumen microbiome, 
its functional role, and how the rumen microbiome 
can be manipulated to enhance animal production. 
We know the rumen microbiome is dynamic and 
changes with diet, animal parameters, physiology, 
and the environment; therefore, optimization of 
rumen parameters followed by the manipulation of 
the rumen microbiome is promising for the 
enhancement of ruminant production but still faces 
daunting challenges. Anaerobic cultivation proce-
dures initiated by Hungate in the 1950s have set 
the golden standard for rumen microbiology 

research. Information on rumen microbes gradually 
increased with isolation and characterization of the 
rumen microbes from different ruminant species 
fed different diets using these cultivation methods. 
However, it became evident that cultured microbes 
account for less than 1 % of what have been identi-
fi ed using molecular methods (c.f. the “Great plate 
count anomaly”; Staley and Konopka  1985 ). In the 
past decade, tremendous improvements have 
occurred in DNA technology which substantially 
changed our approach to understanding the rumen 
microbiome. The dawn of next-generation sequenc-
ing platforms (454 Roche, Illumina/Solexa, and 
PGM), complemented by whole-genome sequenc-
ing (Morrison et al.  2010 ) and single-molecule 
 real-time (SMRT) sequencing (Roesch et al.  2007 ; 
Liu et al.  2012 ), has led to a better characterization 
and construction of a metagenome of the rumen 
microbial environment in different ruminant  species 
(Brulc et al.  2009 ; Liu et al.  2009 ; Kong et al.  2010 ; 
Pitta et al.  2010 ,  2014a ,  b ; Wang et al.  2011 ; Hess 
et al.  2011 ; Mohammed et al.  2012 ). In addition, 
different “omic” technologies such as transcrip-
tomics, proteomics, and metabolomics provide 
capabilities to explore the functional aspects of the 
rumen microbiome. 

 The increase of genetic information on the 
rumen microbiome cataloguing of genes has 
been a boon for collection and future reference 
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for microbial ecologists, ruminant nutritionists, 
geneticists, and molecular biologists. There are 
existing databases which provide enormous 
amounts of information on rumen microbes such 
as the FibRumBa (  http://jcvi.org/rumenomics/    ), 
Hungate 1000 (  http://www.hungate1000.org.nz/    ) 
and Fungi 1000, and the CAZyme databases 
(  http://www.cazy.org    ). These databases demon-
strate that the rumen is fi lled with specialized 
organisms and enzymes (polysaccharide and 
toxin degrading organisms/enzymes, etc.) that 
not only are adapted to fi ll their ecological niches 
in the rumen but also provide unique genetic 
resources for investigation of lignocellulose deg-
radation, organic acid synthesis, and bioremedia-
tion. Studies that have applied “omic” 
technologies extensively to the rumen microbi-
ome have revealed that the rumen microbiome is 
a great genetic resource with the potential capa-
bility to not only improve animal production but 
also address global concerns such as production 
of next-generation biofuels, reduction of green-
house gases, enhancement of food safety, and 
increasing global food supply (Ransom-Jones 
et al.  2012 ; Krause et al.  2013 ; Pitta et al.  2014a ). 
More recently, studies on the rumen plasmidome 
(the collection of plasmids) have demonstrated 
the capabilities for gene transfer and the evolu-
tion of shared functions among heterogeneous 
microbial populations in the rumen, which is of 
great signifi cance to animal physiology and pro-
ductivity (Kav et al.  2012 ; Mizrahi  2012 ). 

 In the present chapter, we discuss the recent 
trends and evolution in techniques that have revo-
lutionized rumen microbiology research, particu-
larly our understanding of rumen microbes, their 
genetic elements, and their interactions with the 
host metabolism. We attempt to describe the his-
toric developments that link the rumen microbi-
ome to animal production and beyond. 

24.1.1     16S/18S rDNA Gene Versus 
Genomic DNA 

 The 16S/18S rRNA (rrs) gene sequences are 
widely adopted for the identifi cation of bacterial, 
archaeal, fungal, and protozoal species. The rrs 

gene is evolutionarily conserved and characteris-
tics of the rrs gene make it possible to quantify 
the target organisms (Zoetendal et al.  2004 ; Deng 
et al.  2008 ) and also aid in inferring the natural 
phylogenetic relationships between microbes 
within a microbial community (Tajima et al. 
 2001 ; Larue et al.  2005 ). Construction of 16S/18S 
rRNA gene clone libraries of rumen microbes 
using molecular tools has revealed a several-fold 
increase in diversity among ruminal microbes 
when compared to traditional cultural techniques. 
The cloning-based diversity analysis was derived 
from ruminants fed different diets and also across 
different ruminant species (Tajima et al.  2001 ; 
Larue et al.  2005 ). With increasing information 
on bacterial populations based on the 16S rrs 
gene, it became obvious that cultivated cellulo-
lytic bacterial genera such as  Ruminococcus  and 
 Fibrobacter  were not among the most abundant 
members of the community and identifi ed the 
presence of various other fi ber-degrading genera 
(Brulc et al.  2009 ; Pitta et al.  2010 ). Among 
ruminal archaeal community, Whitford et al. 
( 2001 ) analyzed 41 methanogen-related rDNA 
sequences from the bovine rumen. The most 
abundant clones recovered were from 
 Methanobrevibacter ruminantium , followed by 
 M. stadtmanae , not previously described in the 
rumen. The molecular diversity of rumen metha-
nogens in sheep was also shown on the basis of 
16S rRNA, when sheep were fed with two differ-
ent diets, i.e., pasture-grazed sheep or fed with 
oat or Lucerne hay. On the basis of sequence 
similarity, 65 phylotypes were found to be from 
order  Methanobacteriales  and greater diversity 
was found to be present in pasture-grazed sheep 
(Wright et al.  2004 ). In a study that involved rein-
deers, methanogens in the rumen were from 
 families  Methanobacteriaceae  and 
 Methanosarcinaceae , based on 16s rRNA 
sequence similarity (Sundset et al.  2009 ). 
In-depth rrs sequencing proved that there are 
considerable shifts in microbial community 
structure of the rumen with changes in dietary 
regime, thus allowing researchers to recognize 
the predominant core microbial species of the 
community and also rare community members 
that could be associated with feeding practices 
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(Pitta et al.  2010 ; Callaway et al.  2010 ; Shanks 
et al.  2011 ). 

 Quantifi cation of the 16S/18S rRNA gene of a 
particular genus or species has been assessed 
either by hybridization techniques or by qPCR 
(Chaucheyras-Durand and Ossa  2014 ). Blot 
hybridization techniques revealed that the main 
cellulolytic species ( Fibrobacter succinogenes, 
Ruminococcus fl avefaciens , and  Ruminococcus 
albus ) represent 10 % of the total bacteria in the 
rumen (Stevenson and Weimer  2007 ). Further, 
fl uorescence in situ hybridization (FISH) detec-
tion suggests that these bacteria account for about 
50 % of the total active cellulolytic bacteria 
(Soliva et al.  2004 ; Kong et al.  2012 ). Studies 
using FISH-based enumeration have established 
the predominant specifi c microorganisms in the 
rumen. Soliva et al. ( 2004 ) employed the tech-
nique for in vitro rumen methanogen determina-
tion, and similarly Yanagita et al. ( 2000 ) 
estimated that 54 % of total sheep methanogens 
(10 8  per mL rumen sample) were found to be 
 Methanomicrobium mobile . FISH is, however, 
less sensitive than PCR-based techniques as it 
could only detect 10 3  cells per mL and is not 
amenable to high sample throughput. Moreover, 
an extensive knowledge of the community is 
required before designing specifi c probes. 
Therefore, to measure microbial species in a very 
sensitive manner, quantitative PCR is being used 
by researchers. QC-PCR (quantitative competi-
tive PCR) is a rapid enumeration technique, 
which involves the co-amplifi cation of a target 
DNA sample with known amounts of a competi-
tor DNA having the nucleotide sequence similar 
to the target (Sirohi et al.  2012 ). Precision of this 
method exceeds that of other quantitative PCR 
procedures including RT-PCR (real-time PCR). 
Reilly and Attwood ( 1998 ) measured the 
 Clostridium proteoclasticum  population in the 
cow rumen. Subsequently, Koike and Kobayashi 
( 2001 ) used this approach to enumerate the major 
cellulolytic bacterial populations in the sheep 
rumen. Competitive PCR also has been proven 
useful in monitoring bacterial populations at dif-
ferent time periods in diet-based animal studies 
(Mrazek et al.  2006 ; Sekhavati et al.  2009 ) 

 Real-time PCR targeting the 16S rRNA gene 
also overcame the hybridization disadvantages 
and has been used successfully on nucleic acids 
extracted from rumen contents to monitor micro-
bial populations in the rumen. Tajima et al. ( 2001 ) 
monitored bacterial shifts in the rumen during 
diet transition, whereas Ouwerkerk et al. ( 2002 ) 
used this technique to quantify the population of 
 Megasphaera elsdenii . Similarly, Klieve et al. 
( 2003 ) adopted this method to determine the pop-
ulations of  M. elsdenii  and  B. fi brisolvens  in the 
rumen of cattle. With the availability of many dif-
ferent primer pairs for exploring other rumen 
bacterial populations ( Anaerovibrio lipolytica, 
Butyrivibrio fi brisolvens, Eubacterium ruminan-
tium, Prevotella albensis, P. brevis, P. bryantii, P. 
ruminicola, Ruminobacter amylophilus , genus 
 Prevotella ), qPCR assays can provide useful 
information for evaluating dietary effects on the 
rumen microbiome, such as changes associated 
with acidogenic diets in dairy cows (Khafi pour 
et al.  2009 ). 

 Researchers use many techniques for commu-
nity fi ngerprinting, as there is as yet no “gold 
standard” technique in the anaerobic fi eld. 
Commonly used techniques consist of terminal 
restriction fragment length polymorphisms 
(T-RFLP), denaturing gradient gel electrophore-
sis (DGGE), and temperature gradient gel elec-
trophoresis (TGGE) (Zoetendal et al.  2004 ). 
Additionally, single-strand conformation poly-
morphism (Lee et al.  1996 ), length heterogeneity 
PCR, and ribosomal intergenic spacer analysis 
are employed. The amplicons generated from 
amplifi ed nucleic acids, using specifi c primers, 
are separated according to their intrinsic proper-
ties and the resulting pattern is refl ective of the 
community diversity (Kumar et al.  2011 ). These 
techniques have been developed to assess shifts 
in the microbial composition from a given envi-
ronment. Studies using 16S rDNA DGGE/TGGE 
found that the bacterial population was more 
diverse and abundant in corn-fed ruminants com-
pared to hay-fed ruminants (Kocherginskaya 
et al.  2001 ). 

 DGGE was used by Mackie et al. ( 2003 ) to 
monitor the uncultured bacterium  Oscillospira  
spp. in different ruminants. The results indicated 
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that the presence as well as abundance of 
 Oscillospira  spp. in various rumen ecosystems is 
diet dependent and the highest counts were found 
in cattle and sheep fed with fresh-forage diets. 
Profi ling of protozoal communities in the rumen 
was performed by Sylvester et al. ( 2004 ) and 
Regensbogenova et al. ( 2004 ) and diet was found 
to infl uence the protozoal diversity. Major proto-
zoal species identifi ed were  Epidinium caudatum, 
Entodinium caudatum , and  Isotricha prostoma.  
Mosoni et al. ( 2011 ) studied the effect of defauna-
tion on methanogen diversity employing DGGE 
based on the  mcrA  gene. Although defaunation 
reduced methane emission considerably, neither 
the diversity nor the abundance of the dominant 
methanogen population was affected by defauna-
tion. Therefore, it is clear that the application of 

combined molecular approaches will enable 
researchers to gain insight into a complete descrip-
tion of the genetic diversity of the rumen microbi-
ome. In addition, with the advent of different 
“omic” technologies – genomics, transcriptomics 
(for functional analysis), metabolomics (for meta-
bolic profi le), chemogenomics/proteomics (for 
key proteins and enzymes in cellular functions), 
and nutrigenomics (study on the effect of nutri-
tion on gene expression) – fundamental biological 
processes can also be examined (Fig.  24.1 ). In 
fact, the  collective use of high-throughput DNA 
sequencing and “omic” disciplines offers two 
advantages: (a) potential to understand the life-
style of a specifi c microbe and (b) potential to 
evaluate its genetic characteristics for a functional 
and comparative aspect.    

  Fig. 24.1    Advances in rumen microbiological technologies       
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24.2     Next-Generation Sequencing 

 De novo assemblies of microbial genomes have 
been accomplished with the new high-throughput 
sequencing approaches, which are referred to as 
next-generation sequencing (NGS). With the 
wide applications of NGS technologies, genome 
sequence-based information is now within reach 
to aid understanding of the rumen microbial eco-
systems and their associated functions (Liu et al. 
 2012 ). Next-generation sequencing is a second- 
generation sequencing technique, after Sanger 
sequencing, whose instrumentation includes 
Roche/454, Illumina/Solexa HiSeq/MiSeq or 
PGM (Personal Genome Machine) system, 
Applied Biosystems SOLiD, and Helicos 
Bioscience (Table  24.1 ). Though these methods 
allow rapid characterization of targeted sequences 
and are cost-effective, they suffer limitations 
such as a short read assembly with SOLiD and 
HiSeq and an error rate with polybase more than 
6, high cost, and low throughput with the 454 
Roche platform. On the contrary, third- generation 
sequencing such as single-molecule real-time 
(SMRT) and nanopore sequencing are cost- 
effective as well and require shorter DNA prepa-
ration time (do not require PCR), and the signal is 
captured in real time. Single-molecule real-time 
sequencing, developed by Pacifi c Bioscience, 
USA, employs fl uorescence-based analysis 
(Timp et al.  2010 ; Liu et al.  2012 ). The technique 
is useful not only in genome sequencing but also 
in the prediction of structural variance in the 
sequences, particularly in epigenetic studies such 
as DNA methylation (Branton et al.  2008 ). The 
NGS has dramatically changed our approach to 
microbial ecology and taxonomy.

24.2.1       Next-Generation Sequencing: 
Advances in the Knowledge 
of the Rumen Microbiome 

24.2.1.1     Rumen Bacteria 
 The abundance and diversity of rumen bacteria 
and archaea have been investigated through meta- 
analysis of all the deposited 16S rRNA sequences 
in the Ribosomal Database Project (RDP). The 
RDP 11.1, released in March 2014 (  http://rdp.
cme.msu.edu/    ), contains 2,929,433 aligned and 
annotated bacterial and archaeal small subunit 
(SSU) rRNA gene sequences. Newly released 
RDP data represent 27 existing bacterial phyla. 
Members of the phylum  Bacteroidetes , 
 Proteobacteria , and  Firmicutes  constituted a 
major fraction of the total rumen bacterial 
 population, irrespective of animal age; however, 
with dietary changes, host, and different environ-
mental conditions, a substantial shift in the com-
position of these bacterial phyla has been reported 
by several researchers (Brulc et al.  2009 ; Pitta 
et al.  2010 ,  2014a ; Uyeno et al.  2010 ; Hess et al. 
 2011 ). The lineages within the phylum 
 Bacteroidetes  are predominately represented 
by  Bacteroidales  ( Prevotellaceae ,  Porphyro-
monadaceae ),  Flavobacteriales , and  Sphingo-
bacteriales , while phylum  Firmicutes  showed an 
abundance of  Clostridiales  ( Lachnospiraceae, 
Ruminococcaceae, Veillonellaceae , and 
 Clostridiales  Family XIII) representatives. The 
predominant bacterial genera in phylum 
 Firmicutes  include  Butyrivibrio, Acetivibrio, 
Ruminococcus , and  Succiniclasticum . The RDP 
of rumen sequences represents all the fi ve classes 
of phylum  Proteobacteria  (alpha-, beta-, gamma-, 
delta-, and epsilon- Proteobacteria ). Other phyla 

   Table 24.1    A comparison of different platforms available for next-generation sequencing   

 Platforms  454 Roche  Ion torrent (PGM)  Illumina 

  Principle   Pyrosequencing  Proton detection  Reversible terminator 

  Read length   700  400  (2 × 150 bases) 

  Run time   10 h  2 h  2 d 

  Gb/run   0.7  150  120 (rapid mode) 

  Cost/run   $1,100  $225–625  $750 

  Advantage   Long read length  Short run times  High throughput/cost 

  Disadvantage   High error rate 
in homopolymer 

 Short reads  New 
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that contribute to less than 3–5 % of the rumen 
bacterial populations are comprised of 
 Tenericutes, Verrucomicrobia, Cyanobacteria, 
Actinobacteria , and  Fusobacteria  (Kong et al. 
 2010 ; Jami et al.  2013 ; Kittelmann et al.  2013 ; 
Pitta et al.  2014a ,  b ). 

 The rumen microbiome continues to adapt, 
mature, and establish with age, a new fi nding that 
is revealed with NGS technology. In a recent 
study exploring bacterial diversity of fi ve differ-
ent age groups, from 1-day-old calves to 2-year- 
old cows, functionally essential rumen bacteria 
were detected from day 1 after birth irrespective 
of rumen activity and even before ingestion of 
plant material. Parallel to fi ndings reported for 
human gut microbiota, a core bacterial commu-
nity exists across most dairy cows. This core 
microbial community was composed of 35 gen-
era that were present across 90–100 % of the cow 
studied (Jami et al.  2013 ). More recently, employ-
ing a metagenomics approach, a direct relation 
between the rumen microbiome and animal’s 
physiological parameters and productivity was 
established (Jami et al.  2014 ). Further, Pitta et al. 
( 2014b ) used 16S pyrotag sequencing to explain 
differences in the rumen microbiome of primipa-
rous and multiparous cows during the transition 
period. Among 17 bacterial phyla analyzed, the 
most abundant phyla were  Bacteroidetes  and 
 Firmicutes . As the cows transitioned into lacta-
tion, the ratio of  Bacteroidetes  to  Firmicutes  
increased from 6:1 to 12:1 and this ratio was 
higher in primiparous cows compared to multipa-
rous cows. Few studies on lactating dairy cows 
have been published, but they were limited to 
small numbers of animals and displayed large 
inter-animal microbiome variation (Weimer et al. 
 2010a ; Wang et al.  2012 ; Mohammed et al.  2012 ) 
Therefore, NGS has dramatically changed our 
approach as well as an understanding of rumen 
bacterial community composition under different 
conditions.  

24.2.1.2     Rumen Methanogens 
 Methanogenic archaea comprises a diverse and 
composite group that utilizes hydrogen in the 
rumen and reduces carbon dioxide to methane 
(Kumar et al.  2012 ). Until recently, the rumen 

methanogens were assigned to a few genera of 
the orders  Methanobacteriales , 
 Methanomicrobiales , and  Methanosarcinales  
within the phylum  Euryarchaeota  (Kumar et al. 
 2014a ). However, based on meta-analysis, a 
novel group distantly related to the 
 Thermoplasmatales  (named as rumen cluster C; 
previously described as rice cluster C 
 Thermoplasmata ) are estimated to have approxi-
mately 16 % abundance in ruminants (Poulsen 
et al.  2013 ; Janssen and Kirs  2008 ). Analysis of 
rumen methanogen diversity has previously 
relied on the 16S rRNA gene, but this gene occurs 
as multiple heterogeneous copies within a 
genome (Sirohi et al.  2012 ). These intra-genomic 
copies can vary in sequence, leading to the iden-
tifi cation of multiple ribotypes for a single organ-
ism, and hence may fail to provide an accurate 
depiction of microbial community structure 
(Dahllöf  2002 ; Crosby and Criddle  2003 ). 
Further, the 16S rRNA-based method can have 
limitations when analyzing multiple samples in 
response to dietary treatments over time. As an 
alternative, the most effi cient and reliable method 
to infer phylogeny and to estimate abundance of 
rumen methanogens is targeting the methyl-
coenzyme- reductase ( mcrA ) gene (Luton et al. 
 2002 ; Tatsuoka et al.  2004 ; Denman et al.  2007 ; 
Evans et al.  2009 ; Kumar et al.  2009 ,  2011 , 
 2012 ). Compared to 16S rRNA quantifi cation 
showing 10 8  gene copies/gram of rumen con-
tents,  mcrA  gene-based qPCR showed 10 11  gene 
copies of methanogens/gram of rumen contents 
(Mosoni et al.  2011 ). In a recent study on the 
effect of lauric acid on methanogens, pyrose-
quencing showed altered archaeal populations in 
the rumen of dairy cows, possibly due to their 
physical association with protozoa (Hristov et al. 
 2012 ). In a more recent study, nutritional inter-
vention during the early life of ruminants with 
bromocholoromethane, an antimethanogen com-
pound, showed shifts in the archaeal community 
inhabiting the rumen. Differences in methane 
emissions by the archaeal community in the 
rumen of neonates and adult goats indicated 
competition occurring in the developing rumen to 
occupy different niches that offer potential for 
rumen manipulation (Abecia et al.  2014 ). Hence, 

24 Revolution in Rumen Microbiology



364

diversity analysis of methanogens through NGS 
offers the potential for intervention with metha-
nogens that could help to develop a strategy to 
curb production of methane from ruminants.  

24.2.1.3     Rumen Anaerobic Fungi 
 In the past, several molecular techniques includ-
ing qPCR and DGGE were developed for esti-
mating the predominance and diversity of 
different genera as well as species of anaerobic 
rumen fungi (ARF). Initially, 18S rRNA gene 
sequences were employed for comparing fungal 
diversity and quantifi cation, but now 18S rRNA- 
based analyses of fungi have become obsolete 
because of the highly conserved nature of the 18S 
rRNA gene. Alternatively, internal transcribed 
spacer regions (ITS) of rRNA genes have been 
used to study the diversity of ARF. Due to the 
presence of extremely AT-rich ITS region and 
intraindividual variations in ITS regions, charac-
terization of fungi using ITS has become a chal-
lenge (Nicholson et al.  2005 ;Tuckwell et al. 
 2005 ). In an attempt to target alternative genetic 
markers, Dagar et al. ( 2011 ) have reported the 
use of D1/D2 domains of 28S rDNA to differenti-
ate  Orpinomyces  to species level. 

 The phylum  Neocallimastigomycota  repre-
sents the earliest-diverging lineage of the zoo-
sporic ARF, and based on thallus morphology 
and zoospores, ARF have been classifi ed into six 
genera ( Anaeromyces, Orpinomyces, Cyllamyces, 
Piromyces, Neocallimastix , and  Caecomyces ) 
and 18 species (Griffi th et al.  2009 ). Advances in 
NGS in recent years applied to the rumen microbi-
ome have given additional insights into the commu-
nity structure and diversity of ARF in the 
herbivorous gut, which enabled us to identify 
several putative novel lineages (potential candidate 
genera) within the phylum  Neocallimastigomycota . 
Results from pyrosequencing- based approaches 
employed to explore the ARF in a large number 
of wild/zoo animals are in concurrence with the 
observation that  Piromyces  and  Caecomyces  
comprise the predominant genera in hindgut fer-
menters, whereas among foregut fermenters, 
 Neocallimastix  and  Piromyces  showed a greater 
prevalence (Liggenstoffer et al.  2010 ). Similar 
fi ndings were also reported in the foregut of 

sheep, deer and cows over different seasons 
(Kittelmann et al.  2013 ). However, Sirohi et al. 
( 2013 ) showed an abundance of  Orpinomyces  
compared to other ARF genera in the foregut of 
cattle. Therefore, NGS technology has enabled 
rumen microbiologists to better characterize 
ruminal fungi and enhanced our understanding of 
the global genus-level diversity that exists within 
the  Neocallimastigomycota .  

24.2.1.4     Rumen Protozoa 
 Ciliated protozoa are common inhabitants of the 
rumen and contribute nearly 50 % of the viable 
biomass (10 5 –10 6  cells per mL) (Sylvester et al. 
 2004 ,  2009 ). Their existence in the rumen is 
important for cellulose digestion and a stable 
internal environment. Shifts in protozoal popula-
tions can occur due to changes in diet that can 
have a direct impact on microbial protein produc-
tion and also infl uence microbial protein yield 
and the nitrogen utilization (Brown et al.  2006 ; 
Wang et al.  2009 ). 

 Hitherto, more than 42 genera of rumen proto-
zoa have been described with  Entodinium  being 
the most abundant, accounting for 95 % in 
concentrate- rich diets. Other major protozoa in 
the rumen are  Dasytricha, Ostracondium, 
Diplodinium, Eudiplodinium, Diploplastron, 
Epidinium, Ophryoscolex , and  Polypastron.  
Although microscopy has been the most reliable 
method for protozoal enumeration, molecular 
approaches such as DGGE and T-RFLP are also 
being used for diversity analysis (Skillman et al. 
 2006 ;Tymensen et al.  2012 ). Validation methods 
to explore protozoan diversity in the rumen using 
NGS technology are yet to be described, but with 
rapid changes in computational tools, we antici-
pate that new studies on ruminal protozoans will 
emerge.  

24.2.1.5     Rumen Plasmidome 
 Since the rumen function is supported by a com-
plex bio-web of rumen microbes, insight into the 
role of plasmids as a mobile element for transfer-
ring genetic information is crucial to further 
enhance our knowledge of rumen microbial ecol-
ogy and evolution. The heterogeneity of the 
rumen microbial environment and its potential 
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role in animal physiology raise several interest-
ing questions regarding gene transfer and the 
evolution of shared functions among its micro-
bial members. Its confi ned niche-like nature, 
which makes it less prone to external forces, 
presents an opportunity to gain basic understand-
ing related to mechanisms of lateral gene transfer 
(Kav et al.  2012 ; Mizrahi  2012 ). Rumen microbi-
ologists/biotechnologists have primarily 
restricted their research to bacterial isolates and 
their plasmids; however, with the advent of NGS 
technology, plasmids from uncultivable bacteria 
can now be identifi ed (Kav et al.  2012 ). Their 
study suggested that rumen plasmids facilitate 
performance of rumen functions, such as respira-
tion and amino acid, protein, and carbohydrate 
metabolisms. Phylogenetic analysis of different 
genes carried by a plasmid contigs indicated that 
they can be mobilized across taxonomic levels, to 
as high as phylum level. Based on plasmid 
homology with rumen microbes isolated from 
different locations around the globe, they seem to 
have a central evolutionary role in the rumen 
microbial population (Mizrahi  2012 ). Elucidating 
the genomics of microbial interactions within the 
rumen gut is expected to have implications for 
future developments in food sustainability, 
renewable energy, and economics; therefore, fur-
ther research in this direction is warranted.    

24.3     Whole-Genome Sequencing 

 Sequencing technologies in combination with 
annotation pipelines have made genome sequenc-
ing of individual microorganisms inexpensive 
and easily accessible to the scientifi c community. 
Currently, 20 genome sequences from rumen 
microbes are available publicly, of which half are 
closed genomes (Morgavi et al.  2013 ). The North 
American Consortium for the Genomics of 
Fibrolytic Ruminal Bacteria (FibRumBa data-
base:   http://jcvi.org/rumenomics/    ), founded in 
2000, has begun a collaborative project with the 
J. Craig Venter Institute of Genomic Research to 
sequence the whole genomes of major cellulose- 
degrading bacteria in the rumen, i.e.,  Fibrobacter 
succinogenes  S85,  Ruminococcus albus , and 

 Prevotella bryantii  (Sirohi et al.  2012 ; Morgavi 
et al.  2013 ). The genome sequence of  F. succino-
genes  showed a many-fold increase in 
carbohydrate- hydrolyzing enzymes compared to 
previous studies on this organism. Recently, a 
draft genome sequence of  Oscillibacter ruminan-
tium  strain GH1 from Korean native cattle 
(Hanwoo) has been published (Lee et al.  2012 ), 
indicating the presence of genes that code for 
many fi brolytic enzymes and butyric acid pro-
duction. Species of  Butyrivibrio  and 
 Pseudobutyrivibrio  genera have now gained 
attention due to their strong xylan-degrading 
potential. The recently completed draft genome 
sequence of  Butyrivibrio proteoclasticus  B316 
showed the presence of a large number of genes 
responsible for hemicellulose degradation, 
including esterases, pectate lyases, xylanases, 
xylosidases, etc. Considering the plant cell wall 
structure,  Butyrivibrio proteoclasticus  B316 
seems to be the initial plant cell wall colonizer 
and degrader and, therefore, provides access to 
cellulose by the primary cellulose degrader 
(Morgavi et al.  2013 ). The bacterial genome 
sequences completed to date and the amount of 
information added regarding their gene sequences 
are tremendous. This knowledge is likely to con-
tribute benefi cially to aspects of rumen digestive 
processes and may also suggest how to increase 
functional properties such as conjugated linoleic 
acid (CLA) levels in milk and meat (Morgavi 
et al.  2013 ). 

 The Ag Research Ltd., a New Zealand-based 
research group led by Graeme Attwood, for the 
fi rst time sequenced the whole genome of a 
rumen methanogen,  Methanobrevibacter rumi-
nantium  (Leahy et al.  2010 ). Similarly, a draft 
genome sequence of  Methanobrevibacter bovis-
koreani  strain JH1 from Hanwoo cattle and 
strain AbM4 from sheep abomasa have been 
published (Leahy et al.  2013 ; Lee et al.  2013 ). A 
comparison of methanogenic AbM4 and JH1 
was illustrated by Kumar et al. ( 2014a ) which 
enhanced our knowledge of the key enzymes and 
proteins that can be targeted for methane inhibi-
tion. The completed  M. ruminantium  genome 
and draft sequences from other methanogenic 
species may pave the way for identifi cation of 
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the underlying cellular mechanisms that defi ne 
these microbes, leading to a better understanding 
of their microecology within the rumen. 
Currently, this research is mainly at an explor-
atory stage, but several promising cues for che-
mogenomic targets are being investigated at 
critical intervention points for the inhibition of 
rumen methanogens. The analysis of more 
genome sequences of rumen methanogens would 
help to identify potential methane inhibitors. In 
the near future, with the development of “The 
Hungate 1000,” a catalogue of 1,000 reference 
microbial genomes from the rumen (  http://www.
hungate1000.org.nz/    ), the genomic dataset of the 
rumen microbiome will be numerically higher; 
thereby more fi brolytic bacteria and more targets 
for anti-methanogenic strategies can be identi-
fi ed in addition to understanding rumen function 
and develop strategies to improve fermentation 
effi ciency. Parallel to “the Hungate 1000” 
another intriguing project “the Fungi 1000” has 
recently started under the leadership of Prof. 
Joey Saptafora involving the US Department of 
Energy’s Joint Genome Institute (JGI). The proj-
ect will provide a great opportunity to fi ll in the 
phylogenetic knowledge gap and simultaneously 
get the unique support and expertise on fungi 
from the JGI’s sequencing and annotation team. 
The JGI, using the high- throughput metage-
nomic approach, was the fi rst to generate a draft 
anaerobic fungal genome of  Piromyces  sp. E2. 
Despite the  Piromyces  sp. E2 genome being 
available online through   http://genome.jgi.doe.
gov/PirE2_1/PirE2_1.home.html    , it has hitherto 
not been described in the literature. Further, 
Youssef et al. ( 2013 ) reported the genome 
sequencing of  Orpinomyces  sp. strain C1A, in 
which they used a combined strategy that uti-
lized both SMRT and Illumina sequencing 
approaches. Consequently, the sequencing data 
generated through these projects should provide 
a strong impetus to rumen microbial diversity 
studies and open new avenues for targeting genes 
that are crucial for methane production, the bio-
fuel industry, and ruminant nutrition.  

24.4     Transcriptomics/
Metatranscriptomics 

 Sequence-based metagenomic results only reveal 
the presence or absence of a particular gene or 
gene family and do not provide any information 
on gene expression or the viability status of the 
organism. Therefore, results should be consid-
ered preliminary and not conclusive measures of 
the relative abundance. To sidestep the challenges 
of sequence-based analysis, transcriptome-based 
approaches have also recently been applied to 
examine the metabolic and functional capacity of 
the rumen microbes. Transcriptomics gives an 
unbiased perspective of gene transcription in situ, 
providing a true refl ection of metabolic activities 
(Sorek and Cossart  2009 ). Wang et al. ( 2011 ) 
used a combination of transcriptomics and pro-
teomics techniques to identify carbohydrate- 
active enzymes (CAZymes) that were expressed 
and secreted by  Neocallimastix patriciarum  W5. 
The ARF was cultured on a number of recalci-
trant cellulosic substrates to induce expression of 
cellulases, and the transcriptome was then 
sequenced using a combination of Roche 454 and 
Illumina sequencing technologies. A total of 219 
glycosyl hydrolase (GH) contigs from twenty- 
fi ve different GH families were identifi ed, with a 
number of these enzymes displaying novel cel-
lulase activities. In a recent study, a metatran-
scriptomic approach was used to describe the 
functional diversity of the eukaryotic 
 microorganisms within the rumen of muskoxen 
( Ovibos moschatus ), with a focus on plant cell 
wall- degrading enzymes (Qi et al.  2011 ). 
Messenger RNA obtained from the rumen sam-
ple was sequenced on the Illumina Genome 
Analyzer and obtained 2.8 GB of sequences 
which were assembled into 59,129 contigs. The 
study showed many lignocellulose-degrading 
enzyme modules including GH, carbohydrate 
esterases (CE), and polysaccharide lyases (PL) 
and therefore identifi es many candidate genes 
coding for potentially valuable plant cell wall-
degrading enzymes.  
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24.5     Proteomics 
and Metabolomics 

 Proteomics and metabolomics are other 
remarkable approaches that are able to (a) 
characterize gene function and (b) recognize 
and categorize biological and regulatory cas-
cades by developing functional linkages 
between proteins (Chaucheyras-Durand and 
Ossa  2014 ). Identifi cation and characterization 
of proteins by mass spectrometry followed by 
various separation techniques has now made it 
possible to study the simultaneous expression 
of more than 1,000 proteins. Furthermore, 
through whole-metabolic profi le monitoring in 
living biological systems, metabolomics may 
be of great use in identifi cation of the biochem-
ical consequences of disease and describing 
altered physiological states induced by genetic 
mutations, drugs, diet, or stress. In a recent 
study, employing a multiple metabolomic plat-
form and a combination of proton nuclear mag-
netic resonance (NMR) spectroscopy, gas 
chromatography–mass spectrometry (GC-MS), 
and direct fl ow injection tandem mass spec-
troscopy, 93 metabolites were identifi ed and 
quantifi ed in the rumen samples of dairy cows 
having ketosis (Saleem et al.  2013 ). Further, 
increased concentrations of several toxic, 
infl ammatory, and unnatural compounds, 
including putrescine, methylamines, ethanol-
amine, and short-chain fatty acids were also 
reported. Perturbations in several amino acids 
(phenylalanine, ornithine, lysine, leucine, argi-
nine, valine, and phenylacetylglycine) were 
also evident (Saleem et al.  2013 ). Profi ling of 
 1 H-NMR spectra in the urine and serum of a 
large cohort of sheep subjected to road trans-
port revealed that the transported animals 
experienced altered gut and energy metabo-
lism, muscle catabolism, and possibly a renal 
response (Li et al.  2011 ). In another metabolo-
mics study, Klein et al. ( 2011 ) suggested that 
the glycerophosphocholine–phosphocholine 
ratio could be a prognostic biomarker for the 
risk of ketosis. These approaches permit a far 
more detailed understanding of metabolic 

causes and effects due to altered health condi-
tions or diet and therefore can help in improv-
ing animal health and productivity.  

24.6     Limitations of Nucleic Acid 
and Non-Nucleic Acid-Based 
Approaches 

 Sampling, handling, and downstream processing 
of rumen samples are critical when characteriz-
ing the composition of the gut microbiome under 
different ecological conditions. The sampling 
procedure for ruminal contents is not well defi ned 
and different sampling techniques have been 
adopted by different groups of researchers. 
Collection of rumen samples has been either 
from a fi stulated animal (Brulc et al.  2009 ; Pitta 
et al.  2010 ) or obtained by stomach tube (Lodge- 
Ivey et al.  2009 ) resulting in numerous sample 
types, including whole rumen contents, liquid 
contents, solid contents, adherent fi ber, and 
rumen epithelium. Such an array of sampling 
techniques and sample types accounts for a por-
tion of the huge variation in bacterial diversity 
associated with the rumen microbiome (Kim 
et al.  2011a ,  b ). 

 Further, there are no records on storage time 
and temperature for ruminal contents dedicated to 
molecular studies. Preservation of microbial DNA 
in published studies has shown variable tempera-
tures and conditions such as  at room temperature, 
at −20 C, at −80 C, under liquid nitrogen, or by 
freeze-drying (Chaucheyras- Durand and Ossa 
 2014 ). However, DNA exposed to room tempera-
ture for more than 24 h leads to its fragmentation 
(Cardona et al.  2012 ). In the case of metatran-
scriptomic analysis, integrity of total RNA (RIN) 
is a critical parameter. Degradation of RNA also 
compromises results of downstream applications, 
such as reverse- transcription qPCR or microarray 
studies (Chaucheyras-Durand and Ossa  2014 ). 
Though samples for RNA extraction can be stored 
at room or low temperature for <24 h, it is recom-
mended that samples be archived at −20 °C for 
longer periods. Storage at −20 °C can also result 
in a loss of RNA yields (personal communication 
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with Dr. Kasera). The use of RNase inhibitor 
therefore is necessary to avoid degradation over 
time, but effi ciency of such preservation is depen-
dent on the nature of the sample (Cardona et al. 
 2012 ). 

 Since most of the culture-independent tech-
niques rely on DNA/RNA extraction, a major 
challenge that often can introduce a bias in 
microbial diversity comparisons is the genomic 
DNA extraction (Wu et al.  2010 ; Henderson et al. 
 2013 ). Ruminal bacteria in the microbiome are 
composed of both Gram-positive and Gram- 
negative bacteria (Whitford et al.  1998 ). The cell 
walls of Gram-positive bacteria are rigid and dif-
fi cult to lyse and therefore release of nucleic acid 
contents is diffi cult. Traditional methods such as 
the phenol–chloroform extraction (Yu and 
Morrison  2004 ) as well as the cetyl-trimethyl 
ammonium bromide methods (Min et al.  2002 ) 
were standardized for genomic DNA extraction 
from ruminal contents which resulted in better 
DNA recovery and ultimately the recovery of 
both common and rare bacterial populations in a 
sample (Henderson et al.  2013 ). However, sev-
eral reports compared the impact of different 
commercial DNA extraction kits on bacterial 
diversity patterns (Ariefdjohan et al.  2010 ; Wu 
et al.  2010 ; Maukonen et al.  2012 ; Claassen et al. 
 2013 ; Kennedy et al.  2014 ). When compared to 
most traditional methods, the PSP Stool Mini Kit 
was comparable to the hot phenol bead-beating 
method and was found to be effective in the 
recovery of  Firmicutes  (Wu et al.  2010 ), whose 
cell walls are hard to lyse and release nucleic 
acids. Although several commercial kits are rou-
tinely employed by researchers, it is imperative 
to do a baseline comparison to optimize the 
genomic DNA extraction protocols that provide 
better yields and quality (Yu and Morrison  2004 ) 
before making conclusions on bacterial diversity 
estimations. Further, most community-based 
studies of both rumen and gastrointestinal micro-
biomes have targeted different hypervariable 
regions of the 16S rRNA gene (Stahl et al. 
 1988 ;Yu and Morrison  2004 ) and the presence of 
variable copy numbers of 16S rRNA and 
sequence variation may account for the apparent 
incongruities between these reports (Větrovský 
and Baldrian  2013 ). The PCR conditions are also 

crucial including inaccurate primer/target 
annealing, or annealing temperatures that may 
lead to false-positive results. With the sequencing 
analysis, issues concerning different datasets/
affi liation of sequences can arise and can lead 
to misinterpretation of the data. This can be due 
to the use of the various pipelines relating to 
sequence databases of different composition and 
quality (Chaucheyras-Durand and Ossa  2014 ). 
Although, next-generation sequencing platforms 
continue to make strides in achieving better read 
lengths, identifi cation of the genetic element to 
the lowest level still needs improvements in 
precision.  

24.7     The Rumen Microbiome: 
A Potentially Rich Genetic 
Resource 

 The ruminal microbiome is integral to ruminant 
production. Ruminants and the rumen microbiome 
have coevolved over time in a symbiotic relation-
ship which is vital for the health and production of 
ruminants. The symbiotic relationship is altered 
due to various reasons such as pathogen invasion, 
antimicrobials, exposure to chemical and micro-
bial pollutants, toxins, and other deleterious agents 
resulting in dysbiosis, a condition that can harm 
the host, other animals, and/or humans. With 
advances in genomic technology, our knowledge 
of the rumen microbiome has increased several-
fold; however, the relevance to host metabolism 
and productivity still remains obscure. 

24.7.1     Host Specifi city Versus Core 
Ruminal Microbiome 

 The rumen microbiome has two types of micro-
bial niches: autochthonous (native) and alloch-
thonous (invaders) (Weimer  1998 ). The native 
populations are host specifi c and resilient to per-
turbations in the rumen environment, while the 
invaders will only survive and establish if there 
are unoccupied niches in the rumen microbiome 
(Weimer et al.  2010b ). Variations in the rumen 
microbiome within the animal are minimal com-
pared to variations between animals, even when 
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all animals are fed the same diets (Welkie et al. 
 2010 ). Inter-animal variation is considered to be 
a major challenge to modulate rumen function, 
and therefore, it is imperative that we analyze the 
rumen microbiome from a large group of animals 
to account for inter-animal variation (Li et al. 
 2009 ; Jami and Mizrahi  2012a ,  b ); however, 
maintaining a large group of fi stulated animals is 
unethical and expensive. With the dawn of 
genomic technology, it has become plausible to 
increase the resolution of rumen microbiome 
analysis even across large groups of animals and 
also monitor shifts over prolonged intervals with 
greater accuracy. In the last 2 years, utilizing 
genomic technology, it has become apparent that 
a “core microbiome” exists in most ruminant ani-
mals that vary in abundance by diet, breed, age, 
and geographic location. As the information on 
the composition of the core microbiome is unrav-
eled, the functional capability of the rumen 
microbiome can be of great relevance to improve 
animal productivity. Thus, genomic technology 
expands the scope of rumen microbiology 
research to a more global scale.  

24.7.2     Enhanced Feed Effi ciency 

 Although numerous efforts have been made to 
manipulate rumen function (Fig.  24.2 ) through 
nutritional interventions (Calsamiglia et al.  2007 ; 
Patra and Saxena  2009 ; Nevel and Demeyer 

 1996 ), cause-and-effect relationships have not 
yet been established (Krause et al.  2013 ; 
Chaucheyras-Durand and Ossa  2014 ;). 
Specifi cally, the current lack of knowledge of the 
rumen microbiome hinders effective enhance-
ment of rumen function to improve ruminant pro-
duction (Firkins and Yu  2006 ; Zhou and 
Hernandez-Sanabria  2009 ). Manipulation of the 
rumen microbiome has the potential to enhance 
benefi cial processes (fi ber digestion), alter inef-
fi cient processes (prevent degradation of protein 
in the rumen, reduce methane production), and 
enhance protective process (detoxifi cation mech-
anisms) which are crucial for animal health and 
milk production (Weimer  1998 ; Nagaraja et al. 
 1997 ). Early nutritional interventions such as 
feed supplements, additives, and modifi ers were 
used to manipulate the rumen microbiome 
(Chaucheyras-Durand et al.  2008 ; Martin et al. 
 2010 ). Indeed, the identifi cation of “superbugs” 
that have the potential to effi ciently convert a 
diverse spectrum of feeds to food products 
(Krause et al.  2013 ) had been the “holy grail” of 
numerous investigators over the past six decades 
(Hobson and Stewart  1997 ; Russell and Rychlik 
 2001 ). Although early studies focused on culti-
vable fi ber-digesting bacteria, including 
 Butyrivibrio fi brisolvens, Ruminococcus albus, 
Ruminococcus fl avefaciens , and  Fibrobacter suc-
cinogenes  (Kobayashi  2006 ; Stevenson and 
Weimer  2007 ; Russell et al.  2009 ), their success 
was thwarted by a lack of molecular genetic 

  Fig. 24.2    Strategies for enhanced ruminant production       
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machinery to introduce these isolated bacterial 
species into the rumen (Teather et al.  1997 ). 
Similarly, isolation of amino acid-fermenting 
bacteria such as  Clostridium aminophilum, 
Clostridium sticklandii , and  Peptostreptococcus 
anaerobius  (Russell et al.  1988 ; Chen and Russell 
 1989 ) and the subsequent identifi cation of 
hyperammonia- producing bacteria (Attwood 
et al.  1998 ;Wallace et al.  2004 ) in the rumen 
illustrated their role in protein digestion; how-
ever, their signifi cance in ruminant nutrition is 
limited (Krause et al.  2013 ). Finally,  Synergistes 
jonesii  which can detoxify 3,4-dihydoxypyridine 
(goitrogen) present in a legume  Leucaena  has the 
potential to protect ruminants from  Leucaena  
toxicity (Allison et al.  1992 ). Increasing the pro-
portion of concentrate in diets can lead to lactic 
acidosis in the rumen. The production of lactic 
acid in the rumen is linked to an abundance of 
 Lactobacillus  spp. and  Streptococcus bovis  
(Plaizier et al.  2012 ; Krause et al.  2013 ). Shu 
et al. ( 1999 ,  2000 ) and Gill et al. ( 2000 ) devel-
oped a vaccine targeting these two organisms to 
prevent lactic acidosis. These are examples that 
illustrate the use of a few microbes to modulate 
rumen function. However, as the microbiome is 
colonized by millions of microbes, it is unlikely 
that such a limited assessment of cultivable bac-
teria from the rumen microbiome will lead to 
major advances in the fi eld (Morgavi et al.  2013 ).  

 Moving forward, identifi cation of the core 
microbiome and manipulating dietary and physi-
ological aspects to optimize the core microbiome 
could be the most viable option for enhancing 
animal production. Databases provide enormous 
genetic information on the microbial ecology in 
the rumen, but this information when comple-
mented with nutrition and metabolic aspects of 
ruminants can identify the “superbugs” that can 
provide greater insights to modulate diets and 
improve feed effi ciency. This would allow for the 
selection of unconventional feeds that could sup-
port the optimized rumen microbiome and also 
improve animal production. In this post- genomics 
era, utilizing “omic” approaches offers the oppor-
tunity to manipulate the rumen microbiome for 
greater production effi ciency of ruminants across 
the world.  

24.7.3     Methane Production 

 Enteric emissions of greenhouse gases are of 
major concern, especially due to their role in cli-
mate change (Kumar et al.  2009 ). A negative 
implication of methane production by ruminants 
is a loss of 2–12 % of gross feed energy. These 
values can be affected by factors such as the type 
of feed, feed intake, and/or compounds affecting 
methanogenesis in the rumen (Johnson and 
Johnson  1995 ). Therefore, mitigation of meth-
ane emissions from ruminants can lower green-
house gases and increase the effi ciency of 
livestock production (Kumar et al.  2009 ). 
Different strategies, such as dietary manipula-
tions (Beauchemin et al.  2008 ), use of chemical 
feed additives, halogenated methane analogues 
(Anderson et al.  2008 ), probiotics (Newbold and 
Rode  2006 ; Puniya et al.  2014 ), bacteriocins 
(Kumar et al.  2015 ), plant extracts (Patra et al. 
 2011 ) etc., were used to address this problem; 
however, these mitigation strategies are all asso-
ciated with limitations. Using the chemogenom-
ics approach, Wright et al. ( 2004 ) developed two 
vaccines, VF3 and VF7, that caused a 7.7 % 
methane reduction in sheep (g per kg of dry mat-
ter intake), despite targeting only a minority 
(20 %) of methanogens present within the host 
animals. The same group created a vaccine 
 targeting fi ve methanogens ( Methanobrevibacter  
spp. strains 1Y and AK-87,  M. millerae  ZA-10, 
 Methanomicrobium mobile  BP, and 
 Methanosphaera stadtmanae  MCB-3) that was 
administered to sheep in three doses (Williams 
et al.  2009 ). Notably, immunization with the lat-
ter vaccine caused methane output to increase by 
18 %, despite the fact that a larger proportion of 
the methanogenic population (52 %) was tar-
geted. Thus, further work is needed to optimize 
the individual components of these vaccines 
such that the most potent methanogens are spe-
cifi cally targeted. Researchers believe that anti-
methanogenic vaccines will only yield short- term 
reductions in methanogens and/or methanogen-
esis, due to the possible proteolytic degradation 
and lower persistence of host antibodies in the 
rumen (Li et al.  2007 ; Cook et al.  2008 ; Lascano 
and Cárdenas  2010 ). Vaccination of sheep with 
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entodinial or mixed protozoa antigens reduced 
protozoa; the released IgG antibodies against 
rumen protozoa remained active and continued 
to bind the target cells for up to 8 h (Williams 
et al.  2008 ). Vaccines targeting single surface 
antigens may not be effective, as methanogenic 
archaea differ largely based on their host, diet, as 
well as geographical regions (Zhou and 
Hernandez-Sanabria  2009 ). A new vaccine has 
been developed using subcellular fractions 
(cytoplasmic and cell wall-derived protein) of 
 Methanobrevibacter ruminantium  M1 (Wedlock 
et al.  2010 ). Twenty sheep were vaccinated; then 
booster doses were given after 3 weeks, and the 
antisera were found to agglutinate and decrease 
the growth of archaeal methanogens and meth-
ane production in vitro. Overall, genome 
sequencing can be applied to investigate and bet-
ter understand the complex interactions between 
methanogens and other microbes in the rumen 
suggesting development of novel methane miti-
gation strategies. The genomic technology has 
provided the platform for vaccine production 
against methanogens in the rumen. Further 
advances in genomic technology can help 
explore methanogen diversity as well as help in 
screening anti- methanogenic agents to reduce 
methane production from ruminants.  

24.7.4     Biomass Degradation 

 As is evident from various studies (Hess et al. 
 2011 ; Sauer et al.  2012 ; Wang et al.  2012 ), the 
ruminal microbial community contains a unique 
source of enzymes that help in the rapid and effi -
cient conversion of lignocellulosic biomass. 
However, due to the inherent recalcitrant nature 
of lignocellulosic materials and their short reten-
tion time in the rumen, about 50 % of the cellu-
losic biomass passes through the rumen 
undigested (Weimer et al.  2009 ). Further, conver-
sion of cellulosic material to monosaccharides is 
also the critical step for cellulose-based biofuel 
production (Wyman  2007 ). The rumen microbi-
ome is a repository of enzymes necessary for 
industrial biofuel production as well as a source 
of microbial cell factories. Therefore, investiga-

tion of the cow’s rumen has recently attracted 
many industrial microbiologists/biotechnologists 
to identify novel enzymes involved with lignocel-
lulose breakdown using “omic” tools and high- 
throughput bioinformatic pipelines. Modern 
biofuel production systems involve pretreatment 
of lignocellulosic compounds followed by enzy-
matic hydrolysis, simulating the rumen system. 
Enzymes of bacterial origin seem to be more 
important in lignocellulose hydrolysis when 
compared to fungal enzymes. Some classic 
examples are construction of engineered  E. coli  
with enzymes for succinate production from 
hemicellulose and extraction of enzymes from 
 Fibrobacter succinogenes  and  Fusarium  spp. that 
are specifi c for xylan degradation (Zheng et al. 
 2012 ).  

24.7.5     CAZymes 

 Complex carbohydrate present in the rumen is 
controlled by an array of enzymes involved in 
their assembly (glycosyl transferase) and their 
degradation (GH, PL and CE), collectively called 
Carbohydrate-Active enZymes (CAZymes). 
Therefore, understanding the CAZymes encoded 
by the genome of an organism (CAZome) pro-
vides information on the nature and extent of the 
metabolism of complex carbohydrates in the 
rumen. Several metagenomic studies have 
reported diversity of CAZymes (Park et al.  2010 ) 
from the rumen microbiome of Angus beef cattle, 
dairy cattle, reindeer, yak, and Indian buffalo 
(Brulc et al.  2009 ; Hess et al.  2011 ; Dai et al. 
 2012 ; Pope et al.  2012 ; Patel et al.  2014 ) using 
CAZYmes analysis. Pope et al. ( 2012 ) reported 
novel CAZymes and polysaccharide utilization 
loci (PUL)-like systems that contain genes 
encoding β-1,4-endoglucanases and β-1,4- 
endoxylanases in the foregut microbiome of tam-
mar wallaby, native to South and Western 
Australia. Besides sequence-based metagenomic 
approaches, functional metagenomics approaches 
are also being applied to identify hydrolytic 
enzymes using specifi c substrates. The approach 
was initially used by Ferrer and coworkers (Ferrer 
et al.  2005 ) who identifi ed nine endoglucanases, 
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12 esterases, and one cyclodextrinase from the 
rumen of a dairy cow. Wang et al. ( 2012 ) focused 
on sequencing and bioinformatic analysis of 120 
fosmid clones that expressed hydrolase activities 
towards cellulose and xylan and reported the 
presence of novel CAZy genes. However, the 
goal of cataloguing genes from the key popula-
tion of the rumen microbial community is yet to 
be achieved.  

24.7.6     Rumen Microbial Cell 
Factories 

 Organic acids are an important metabolic inter-
mediate in the rumen. Many rumen bacteria, such 
as  Anaerobiospirillum succiniciproducens, 
Actinobacillus succinogenes , and  Mannheimia 
succiniciproducens , derive energy by decarbox-
ylating succinate and producing propionate, a 
nutrient source for ruminants (Sauer et al.  2012 ). 
Zou et al. ( 2011 ) reported use of the rumen envi-
ronment for the production of succinic acid using 
 Actinobacillus succinogenes.  The rumen pro-
duces CO 2  and carbonate, which are essential 
substrates for a key enzyme, PEP carboxykinase, 
used in the biosynthesis of succinic acid. 
Likewise, other short-chain organic acids such as 
butyric, valeric, and caproic are produced by 
 Megasphaera elsdenii  (Sauer et al.  2012 ). 
Recently the genome sequence of  Oscillibacter 
ruminantium  identifi ed the genes for production 
of butyric acid (Lee et al.  2012 ). Therefore, 
rumen bacteria can be promising candidates for 
use as microbial cell factories. 

 Other than as microbial cell factories and 
machinery for lignocellulose degradation, rumen 
microbes have also been screened for other bio-
activities, including isofl avone bioconversion, 
CLA production, novel lipases (Liu et al.  2009 ; 
Bayer et al.  2010 ), and polyphenol oxidase, for 
degrading insecticides (Beloqui et al.  2006 ; Math 
et al.  2010 ). In addition, cysteine phytases have 
been isolated by screening ruminal genomic 
DNA from cows and goats using degenerate 
primer sets (Huang et al.  2011 ).  

24.7.7     Food Safety 

 The rumen microbiome has a critical role in the 
overall health and production performance of 
ruminants. There have been several develop-
ments in the livestock sector across the world to 
improve milk and meat production from rumi-
nants. The use of growth promoters to increase 
productivity was routinely practiced in most parts 
of the world. However, metagenomic evidence 
indicates that the gastrointestinal tracts in humans 
as well as animals have become large reservoirs 
of antimicrobial-resistant genes, collectively 
referred to as the resistome (Rolain  2013 ). The 
increased prevalence of these genes is attributed 
to the excessive use, misuse, and abuse of antibi-
otics in both human and veterinary interventions. 
It has been shown that AR genes that are preva-
lent in the gut microbiome of farm animals can 
be laterally transferred to other animals and 
humans via contact or through the food chain 
(Looft et al.  2012 ; Cantas et al.  2013 ). Earlier 
research was focused on the identifi cation of zoo-
notic pathogens, but with the recent reports 
(Nordmann et al.  2011 ; Ransom-Jones et al. 
 2012 ) on international pandemics such as 
extended spectrum of beta-lactamases (CTX-M 
14 and 15) and carbapenemase KPC-1 which 
demonstrate the rapid mobility of AR genes 
across a variety of hosts and countries thus 
heightening our concerns on AR as a major 
global concern of the twenty-fi rst century. With a 
high risk associated with AR spreading from ani-
mals to humans, it is imperative to routinely 
screen different reservoirs for AR genes and 
identify those AR genes that can be of potential 
risk to human and animal health. Tremendous 
insights not only on the rumen microbiome but 
also on the associated resistome (genes that con-
fer resistance to antibiotics of both pathogenic 
and nonpathogenic bacteria; Durso et al.  2011 ) as 
well as the virulome (genes that make the microbe 
pathogenic) in an ecosystem are gained using 
metagenomic approaches. This information has 
shed light on potential mechanisms and pathways 
of AR gene disseminations across different 
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 ecosystems. Further, comprehensive analysis of 
metagenomes indicated the extent of homology 
shared between different resistomes and assessed 
the potential for horizontal gene transfer through 
mobilomes (mobile genetic elements) of phylo-
genetically distant microbiomes as a mechanism 
for AR acquisition (Forsberg et al.  2012 ). To 
address this global problem, information on AR 
genes in their respective ecosystems alone is not 
suffi cient but calls for a robust surveillance across 
different reservoirs. The combination of different 
disciplines with active involvement from clini-
cians, veterinarians, molecular biologists, agri-
cultural scientists, engineers and stakeholders is 
pivotal to reduce the spread of AR and protect 
human and animal health.  

24.7.8     Global Food Security 

 Can genomics help alleviate the food insecurities 
projected for 2050? It is estimated that the human 
population will reach 9.2 billion by 2050. In 
developing countries, meat consumption will 
increase by 45 % and milk consumption will 
increase by 46 % by 2030. How do we feed the 
burgeoning populations in 2050 with depleting 
agricultural resources, increased urbanization, 
and increased competition for food and land 
across the world? Developed countries have 
made great strides in increasing the production 
effi ciency of food-producing animals and agri-
cultural crops. However, to meet dairy and meat 
needs, there has been a constant increase in live-
stock numbers in developing countries to enhance 
food production. This increase in livestock num-
bers is not sustainable; therefore, the only option 
is to increase food production per unit basis by 
further improving production effi ciency in devel-
oped and undeveloped countries. To achieve this, 
advanced concepts of science resolved to the 
nano-level, complemented with infrastructure 
and technology, should be augmented. At this 
juncture, genomics when applied to the rumen 
microbiome of different ruminant species can 
nail down the “superbugs” or core microbial con-
sortium that is resilient and production-effi cient 

and that can support enhanced ruminant produc-
tion. Optimizing the rumen microbiome is only 
around the corner as the sequencing costs con-
tinue to decline over time and robust and sophis-
ticated bioinformatic tools continue to develop 
which can ultimately contribute to the advance-
ment of a sustainable and productive ruminant 
system.   

24.8     Conclusion 

 The rumen microbiome is integral to ruminant 
production; however, much of it was a gray area 
until the advent of next-generation sequencing 
and “omic” technologies. Metagenomics is a 
powerful lens that provides an unprecedented 
view of the minute microbial populations in the 
rumen. Because of the vast diversity and com-
plexity of the rumen ecosystem, “omic”-based 
studies will facilitate understanding the consor-
tium of rumen microbes at species level and the 
roles they play in the ecosystem. The technolo-
gies can potentially expand our knowledge of 
host–microbe interactions and the rumen func-
tions that may allow achieving signifi cant 
improvements in animal health and productivity 
in addition to decreasing environmental pollut-
ants and limiting contamination of the food 
chain.     
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