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Abstract The mixed and complex microbial ecosystem of the rumen comprises
numerous interactions between its anaerobic inhabitants, viz., bacteria, protozoa,
fungi, archaea, and also the bacteriophage. The rumen is a dynamic system open to
the external environment, but the ruminal microbial niche is maintained at a constant
milieu well suited for these diverse anaerobic rumen microbial population to grow
and multiply. Temperature, pH, buffering capacity, osmotic pressure, and redox
potential are the primary factors affecting the growth and activity of these microbes.
Efficient microbial fermentation inside the rumen depends on the actions of diverse
enzymes secreted by these microorganisms on the complex feed compounds. Cel-
lulase, hemicellulose, esterase, and pectinase from the fiber digester microbes
(bacteria, protozoa, and fungi) ferment complex structural carbohydrates. In addi-
tion, these microorganisms ferment starch and soluble sugars, protein, and
non-protein nitrogen substances. Certain ruminal microbes are also capable of
detoxifying potentially toxic substances in feed such as phytotoxins, anti-nutritional
factors, and mycotoxins. Ruminal archaea or methanogens create an environment
conducive for other ruminal microbial population by capturing hydrogen and
converting them to methane. However, methane is a potent greenhouse gas which
is a major global environmental concern, and efforts are going on to find effective
mitigation strategies. Anaerobic rumen fungi perform important function in fiber
degradation by splitting feed particles through mycelial development, by firmly
attaching to these lignified feed particles through their rhizoid, and by exposing
them for the action of fibrolytic enzymes of the ruminal microbes. Ruminal bacte-
riophages are the least explored among all the rumen microbes, but they provide
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enormous scope for their wider use such as controlling and eliminating certain
ruminal microbes and their applications in treatment through the novel branch of
phage therapy.

Keywords Rumen microbes · Fiber degradation · Ruminal fermentation ·
Methanogens · Ruminant digestion

4.1 Introduction

Rumen is the first and the largest of the four chambers of ruminant foregut.
Pre-gastric fermentation of fibrous feedstuffs ingested by animals takes place in
this chamber by the complex microbial interactions between a range of anaerobic
microorganisms comprising bacteria, protozoa, fungi, and primitive archaea and also
the bacteriophage (Forsberg and Cheng 1992). This mixed and complex microbial
ecosystem not only facilitates growth and multiplication of the microbes involved
but also facilitates nutrient derivation and energy for host animals. The primary
source of energy and other nutrients on a forage-based diets of ruminant animals
consists mainly of the structural polysaccharides of the plant cell walls such as
cellulose, hemicellulose, and pectin, in addition to other non-structural polysaccha-
ride such as starch. The structural complexity and insolubility of recalcitrant cell wall
components of the forage-based feedstuff limit their degradation and ruminal fer-
mentation (Nagaraja et al. 1997). However, the degradation and metabolism of these
structural carbohydrates are achieved in the complex ruminal microbial ecosystems
through the synchronous activities of the diverse microbial enzymes secreted by the
ruminal microbes interacting mostly in a synergistic relationship (Burns 2008).
Microbial fermentation of ingested structural carbohydrates is vital for digestion
and metabolism of feedstuffs by the host animal yielding volatile fatty acids such as
acetate, butyrate, propionate, formic acid, methane, H2, and CO2 (Krause et al.
2003). These short-chain fatty acids mainly acetate, propionate, and butyrate are
rapidly absorbed by the rumen epithelium and make up to 80% of the energy
requirements of the ruminant host (Bergman 1990; Gäbel and Sehested 1997).

4.2 Ruminal Environment and Microbial Niche

The ruminal microbial niche is almost a constant environment well suited for large
and diverse anaerobic ruminal microbial population to grow and multiply, making it
a highly efficient continuous culture system for these microbes. Food and water
supply, pH and buffering capacity, temperature and osmotic pressure, type and
strength of microbial culture, outflow of end products of fermentation, undigested
residues and microorganisms, all are fairly constant in the ruminal milieu (Wang and
McAllister 2002). The digestive tract of ruminant animal constitutes quite larger
proportion of the total body weight (about 40%), and volume of the reticulo-rumen
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makes up about 85% of the total capacity of the digestive tract. Temperature, pH,
buffering capacity, osmotic pressure, and redox potential are the primary factors
affecting the growth and activity of ruminal microbial populations (Russell and
Rychlik 2001) (Table 4.1). The rumen temperature is typically regulated in the
range of 38–41 �C and has an oxidation potential of �350 mV (Choudhury et al.
2015). Strict anaerobic conditions (�150 to �350 mv) required for the efficient
microbial fermentation in the rumen are preserved by the facultative anaerobic
bacteria of the ruminal wall which quickly utilizes the traces of oxygen entering
into the rumen through feed or water or through diffusion across the ruminal wall
(Clarke 1977). In spite of the large volume of liquid consumed through feed,
drinking water, or saliva, the dry matter content of the rumen is maintained at a
fairly constant range of 10–18%. This not only provides a liquid environment but
also ensures a sustained optimal supply of substrates necessary for efficient and
continuous microbial fermentation. Further, frequent and regular rumination (i.e.,
regurgitation, re-mastication, and re-swallowing of coarse foregut digesta by the

Table 4.1 Summary of physical and chemical characteristics of the rumen ecosystem

Physical criteria Range characteristics

pH 5.5–6.9 (mean 6.4)

Redox potential �350 to �400 mV

Temperature 38–41 �C
Osmolality 250–350 milliosmole/kg�1

Dry matter 10–18%

Chemical criteria Range characteristics

Gas phase (%) CO2, 65; CH4 27; N2 7; O2 0.6; H2 0.2

Volatile fatty acids
(mmol L�1)

Acetate 60–90; propionate 15–30; butyrate 10–25; branched
chain and higher 2–5

Nonvolatile acids
(mmol L�1)

Lactate <10

Amino acids and
oligopeptides

<1 mmol L�1 present 2–3 h post feeding

Ammonia 2–12 mmol L�1

Soluble carbohydrates <1 mmol L�1 present 2–3 h post feeding

Insoluble polysaccharides

Dietary (cellulose, hemicel-
luloses, pectin)

Always present

Endogenous
(mucopolysaccharides)

Always present

Lignin Always present

Minerals High Na; generally good supply

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

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

Source: adapted from Mackie et al. (1999)
Note: mmol L ¼ millimole per liter; mV ¼ millivolts
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ruminant animals) enhances the process of fermentation by reduction in particle size
of the coarse fibers and increases surface area of feed particles for microbial
enzymatic exposure and action. Although the physiological pH is among the most
variable physicochemical factors of the ruminal environment (Russell and Strobel
1989), the rumen content has a high buffering capacity, and pH of the ruminal
content is maintained within a fairly constant range of 5.5–7.0. (Dehority 2003;
Krause and Oetzel 2006). The pH and buffering capacity in the reticulo-ruminal
environment are determined by the amount of saliva and its bicarbonate and phos-
phate content, quantity and the nature of the feedstuffs ingested by the host ruminant,
production and absorption of the short-chain fatty acids, and neutralization and
absorption of the bicarbonates and phosphates in the rumen (Krause and Oetzel
2006). Exo-enzymes secreted by the ruminal microorganisms which degrade the
feedstuffs and perform microbial fermentation are sensitive to the changes of
ruminal pH. Similarly, the normal neutral intracellular pH of rumen microorganism
is affected greatly by the H+ ion imbalance caused by the drop in pH due to high
VFA and LA formation on high starch-based diets (Russell and Wilson 1996) which
inhibits the microbial function and growth.

The osmolality of the ruminal fluid is about 250 mOsm/kg, and it depends on the
concentrations of ions and molecules which generate gaseous tension and influences
pH due to VFAs formation (Lodemann and Martens 2006). Further, the osmotic
pressure inside the rumen is affected by the nature of diets and other environmental
factors inside the rumen which influence the microbial fermentation. Immediately
after feed intake, the osmotic pressure increased from 350 to 400 mOsm and then
decreases gradually over the next 8–10 h (Lodemann and Martens 2006).

The microbial fermentation inside the rumen depends on the actions of enzymes
secreted by the anaerobic microorganisms interacting in synergistic, synchronized,
and systematic way on the complex food compounds. Actions of cellulase and
hemicellulase degrade complex structural polysaccharides of plant cell wall to
produce VFAs to be further utilized as source of energy by the host animals
(Burns 2008; Russell and Mantovani 2002). Further, several microbial proteases
and deaminases act on low-quality protein of the roughage-based feedstuffs and
non-protein nitrogenous substances to produce ammonia and their further uptake and
utilization for de novo synthesis of microbial proteins. The microbial proteins are
digested further by the host animals inside the abomasum—the true stomach—and
small intestine from which all of the essential amino acids required by the host
animals are derived (Cole et al. 1982). Additionally, certain ruminal microbes are
also capable of detoxifying potentially toxic substances in feed such as phytotoxins,
anti-nutritional factors, and mycotoxins to harmless intermediates that have no
adverse effect on the animals’ health. Nevertheless, ruminal fermentation processes
cannot be totally efficient as it generates some by-products such as methane gas and
excess ammonia. Thus, in a mutualistic and symbiotic relationship where microor-
ganisms provide all the essential nutrients to the host animals, the latter provide all
the substrates and the suitable environment for establishment of the microbial niche
in which proper growth and multiplication of microorganisms and efficient microbial
fermentation take place (Russell and Rychlik 2001).
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4.3 Rumen Microorganisms and Degradation of Feedstuffs

Much of our understanding about the anaerobic microbial ecology of the rumen is
credited to Hungate—the father of anaerobic microbiology and the father of rumen
microbiology, who invented the roll tube technique for isolation and culture of
anaerobic rumen microorganisms during the 1950s (Hungate 1947, 1950; Hungate
1957). This technique provided much of the insight about the anaerobic ruminal
microbes and especially about rumen bacteria. The ruminal microflora consists of a
wide range of obligate anaerobic microorganisms occurring in a symbiotic and
mutualistic relationship with host ruminant to perform microbial fermentation.
After separating the ruminal methanogens from bacteria (Woese et al. 1990), all
these ruminal microorganisms can be classified into the following five groups:
bacteria, ciliate protozoa, anaerobic fungi, methanogens (archaea), and bacterio-
phages. These microorganisms are present in the rumen in different concentrations
and perform various functions (Table 4.2), all of which contribute toward efficient
anaerobic fermentation, making the rumen an ideal fermentation vat.

The rumen is a dynamic system, and the inhabiting microorganisms continuously
adapt themselves to the form and physical structure of the ingested feedstuffs,
quantity and frequency of consumption, changes in the ingredients composition of
the diet, and its chemical and nutritional composition. Just after ingestion of feed-
stuffs, microorganisms quickly associate themselves with different components of
the rumen content and ingested feed particles (Craig et al. 1987; Bonhomme 1990).
The slow-working fiber-digester microbes attach themselves to the fibrous materials
and digestible dry matter on the fiber mat of the dorsal rumen contents, and the fast-
working microbes which ferment sugars and starches associate themselves in the
rumen fluid in ventral contents. Bacteria in the ventral ruminal fluid has the mean

Table 4.2 Anaerobic microbes of the rumen, their concentrations, proportions, and important
functions

Microbes Concentration
% of cell
numbera

% of
microbial
weight Functions

Bacteria 1010–
1011 g�1

(>
200 species)

~98% 50–60% Ferment fiber, starch, sugars, pro-
tein, and other substances

Archaea 107–108 g�1

(25 genera)
1% 1–3% Produce methane gas

Ciliate
protozoa

104–106 g�1

(25 genera)
1% 40–50% Ferment starch, fiber, and feed upon

bacteria

Fungi 103–105 g�1

(5 genera)
<1% 5–8% Break down fiber, facilitates action

of microbial enzymes on fibers

Bacteriophage 107–109 g�1
– < 0.1% Scavenge rumen bacteria and

archaea

Source: Castillo-González et al. (2014), Agarwal et al. (2015)
aExcluding bacteriophage concentration
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generation time of 7 h, while bacteria present on dorsal ruminal mat have compar-
atively slow passage rate and longer generation time (Bryant 1970). As an integral
part of the rumen ecosystem, microorganisms associated with the ruminal fluid
survive on soluble feed components and colonize and initiate digestion of newly
ingested feed particles. Further, loosely associated bacteria and firmly attached
microbes which account for 70–80% of the microbial population in the rumen are
responsible for 70–80% of the amylase, protease, and endoglucanase activity
(Minato et al. 1966; Brock et al. 1982) and comparatively higher hemicellulase
and cellulase activities in the ruminal fibrous mat (Williams and Strachan 1984).
Fungal zoospores chemotactically attach rapidly to plant-based fibrous materials of
the dorsal mat and break these fibrous materials through their penetrating branching
mycelia which grow afterward. This increases the area of exposed substrate com-
bined by the joint effect of slow passage rate and prolong residency of the insoluble
fibrous feed particles, which increases the reaction time between substrates and
fungal and other enzymes from some other fiber fermenter bacteria and protozoa
(Orpin 1975; Williams and Orpin 1987).

4.4 Rumen Bacteria

4.4.1 Fiber and Starch Degrading Bacteria

Efficient digestion of complex fibrous substrates in the rumen requires the combined
and coordinated actions of all the ruminal microorganism and their enzymes.
However, the collective activities of bacteria, fungi, and protozoa in fiber degrada-
tion are particularly important as 80% of degradation is performed by bacteria and
20% by protozoa (Dijkstra and Tamminga 1995). Fibrobacter succinogenes,
Ruminococcus flavefaciens, and Ruminococcus albus are the three most important
bacteria which perform fiber degradation in the rumen (Cheng et al. 1991; Forsberg
and Cheng 1992). Efficient fiber degradation depends on the optimum ruminal
environmental condition, nature of the fodder, its stage of maturity, rate of passage
of digesta, microbial communities involved, their attachment with the fibrous feed,
and the nature and extent of cellulolytic, hemicellulolytic, and pectinolytic enzymes
secreted (Fondevila and Dehority 1996; Mitsumori and Minato 1997). However,
fiber degradation is also affected by other diverse microorganisms which utilizes
starch, sugars, lipids, proteins, phytates, and other anti-nutritional compounds pre-
sent in feed and fodders (Table 4.3). Also important are bacteria which thrive on and
utilize fermentation end products of other microorganisms such as lactate-degrading
bacteria, acetogens, acid utilizers, etc. (Castillo-González et al. 2014). The action of
amylolytic and saccharolytic bacteria in the rumen is also important as high milk
yielding cattle are fed on concentrates containing large proportions of grains. Starch
and sugars are the readily fermentable source of energy for ruminants, and the major
bacteria which thrive on them are Streptococcus bovis, Bacteroides ruminicola,
Ruminobacter amylophilus, Selenomonas ruminantium, and Succinomonas
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Table 4.3 Different types of anaerobic rumen bacteria, the enzymes involved, and the end products
of fermentation

Type of rumen
bacteria Important bacterial species Enzymes involved

Fermentative
products

Fiber degraders

Cellulolytic Fibrobacter succinogenes,
Butyrivibrio fibrisolvens,
Ruminococcus flavefaciens,
R. albus, Clostridium
cellobioparum,
C. longisporum,
C. lochheadii, Eubacterium
cellulosolvens

Endo-β-1,4-glucanase
Exo-β-1,4-glucanase
β-1,4-Glucosidase
Cellulodextrinase
O-Acetyl xylan ester-
ase
Ferulic acid esterase
p-Coumaric acid
esterase

Acetate, formate,
lactate, butyrate,
succinate, H2, CO2

Hemicellulolytic Prevotella ruminicola,
Eubacterium xylanophilum,
Eubacterium uniformis

Xylocellulase
Endo-β-1,4-xylanase
β-1,4-Xylosidase
α-L-
Arabinofuranosidase
α-Glucuronidase
O-Acetyl xylan ester-
ase
Ferulic acid esterase
p-Coumaric acid
esterase

Acetate, formate,
lactate, butyrate,
succinate, H2, CO2

Pectinolytic Treponema saccharophilum,
Lachnospira multiparus

Pectin lyase
Polygalacturonase
Pectin methylesterase

Low-methoxyl pec-
tin,
polygalacturonic
acid, disaccharides

Soluble carbo-
hydrate (starch
and sugar)
fermenters

Streptococcus bovis,
Ruminobacter amylophilus,
Prevotella ruminicola,
Bacteriodes ruminicola,
Succinomonas amylolitica,
Succinivibrio dextrinosolvens,
Selenomonas ruminantium,
Lactobacillus acidophilus,
L. casei, L. fermentum,
L. plantarum, L. brevis,
L. helveticus,
Bifidobacterium globosum,
B. longum, B. thermophilum,
B. ruminale, B. ruminantium

α-Amylase, maltase,
invertase, sucrase,
etc.

Formate, acetate,
succinate, lactate,
propionate, alco-
hols, H2, CO2

Proteolytic Prevotella ruminicola,
Ruminobacter amylophilus,
Clostridium bifermentans

Proteases, peptidases,
deaminases

Ammonia, amino
acids, VFAs

Lipolytic Anaerovibrio lipolytica Lipases,
biohydrogenases

Acetate, propio-
nate, acetate

(continued)
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amylolytica. These microorganisms ferment starch and sugars into VFAs such as
acetate, propionate, butyrate, formate, and succinate. However, when large amounts
of starch and sugars are introduced suddenly through a high grain-based diet, the
ruminal pH drops below 5.5 and favors explosive growth of Streptococcus bovis
which yields lactic acid as end product as against VFAs and alcohol on normal
fermentation. This causes a further sudden drop of pH in the rumen and a potential
lethal metabolic disorder of rumen called ruminal acidosis or lactic acidosis
(Gressley et al. 2011). The condition may be avoided by gradual introduction of
starch-based diet to facilitate growth of other amylolytic and saccharolytic bacteria
and also lactic acid-degrading bacteria like Megasphaera elsdenii.

4.4.2 Proteolytic and Lipolytic Bacteria

There are bacteria which hydrolyze protein and non-protein nitrogenous substances
of feedstuffs. About 60% of the proteins are degraded by ruminal proteolytic species
Bacteroides amylophilus, Bacteroides ruminicola, Butyrivibrio fibrisolvens, Strep-
tococcus bovis, and Prevotella albensis (Cotta and Hespell 1986; Sales-Duval et al.
2002). The degradation of proteins and NPN substances such as polypeptides,
oligopeptides, amino acids, and urea causes production of ammonia, VFAs, and
H2S. Microorganisms utilize these and cause de novo synthesis of microbial protein.
About 60% of protein needed by the host ruminant comes from the subsequent
digestion of ruminal microorganisms in omasum and small intestine. Lipolytic
microorganisms such as Anaerovibrio lipolytica causes lipolysis, and Butyrivibrio
fibrisolvens causes saturation of unsaturated fatty acids by hydrogenation. Acidic
and highly reductive environment of rumen, with surplus of H2 coupled with the
actions of microbial lipases and hydrogenase from these microorganism, favors
saturation of polyunsaturated fatty acids (Maia et al. 2010).

Table 4.3 (continued)

Type of rumen
bacteria Important bacterial species Enzymes involved

Fermentative
products

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

Lipases Acetate, propio-
nate, butyrate, suc-
cinate, Valerate,
H2, CO2

Tanninolytic Streptococcus gallolyticus
(Streptococcus caprinus),
Selenomonas ruminantium,
Lonepinella koalarum

Tannin acyl hydrolase
(tannase)

Gallic acid,
pyrogallol

Sources: Wang and McAllister (2002), Choudhury et al. (2015), Agarwal et al. (2015), Bhat et al.
(1998)
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4.4.3 Other Important Ruminal Bacteria

Lactate-degrading bacteria have important role in utilizing lactic acid, which is an
intermediate product of fermentation in ruminants fed on high grain-based diets
(Agarwal et al. 2015). As mentioned earlier, Megasphaera elsdenii is the main
lactate degrader and is helpful in preventing ruminal acidosis when high grain
diets are introduced gradually over an extended duration for adaptation on such
diets. Further, there are important bacterial species, which causes degradation of
pectin by pectinolytic enzymes, viz., pectin lyases, polygalacturonase, and pectin
methylesterase (Dušková and Marounek 2001; Gordon and Phillips 1992). The
important pectin-degrading bacteria are Butyrivibrio fibrisolvens, Bacteroides
ruminicola, Prevotella ruminicola, and Lachnospira multiparus. There are some
important bacteria which scavenge reducing potential through alternate hydrogen
sink. These include acetogenic bacteria such as Acetitomaculum ruminis and Eubac-
terium limosum which reduce CO2 to form acetate, a process which is called as
reductive acetogenesis. Other alternate sinks are sulfate-reducing bacteria and bac-
teria which reduce fumarate to succinate (Asanuma and Hino 2000). Tannin-
degrading bacteria such as Selenomonas ruminantium (Odenyo and Osuji 1998)
and Streptococcus gallolyticus (Singh et al. 2011) with significant tannase activity
and utilizing tannin as energy source have been identified. Similarly, mimosine-
degrading bacteria Synergistes jonesii, isolated from rumen of Hawaiian goats,
hydrolyze mimosine—a toxic phytochemical present in Leucaena leucocephala
leaves—into a nontoxic compound, viz., 2,3-DHP (Allison et al. 1992).

4.5 Archaea

Archaea or methanogens represent about 3–4% of the total rumen microbial popu-
lation (Sharp et al. 1998; Ziemer et al. 2000). Most of the methanogens remain free
floating in the rumen fluid or stick to the feed particles, whereas some methanogens
are ecto- or endosymbionts to other rumen microbes particularly bacteria and pro-
tozoa (Belanche et al. 2014; Valle et al. 2015). Although ruminal archaea constitute a
minor proportion of the ruminal microbial population, but by capturing H2 and
converting them to CH4, they create a ruminal environment conducive for efficient
fermentation of the key nutrients by the other ruminal microbial population. The
main fermentation end products of fiber, starch, sugars, and proteins from ruminant
diets are VFAs, NH3, CO2, and H2. While, VFAs and NH3 are utilized as energy
source and synthesis of microbial proteins, H2 and CO2 are taken up by these
methanogens for conversion into methane (van Zijderveld et al. 2011). Although
in ruminants methane production is the main sink of H+ (Moss et al. 2000), it is a
wasteful process in which 2–12% of gross energy is wasted through methane
emission (Johnson and Johnson 1995). In livestock farming, about 80% of methane
is produced through microbial fermentation in the rumen, while remaining 20% is
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emitted through the decomposition of manure (Vergé et al. 2007). However, meth-
ane is a potent greenhouse gas, and its global warming potential has been revised to
27 times that of the CO2 (IPCC 2007). Methane production from enteric fermenta-
tion of ruminants is a major global environmental concern which contributes to
20–25% of the total anthropogenic methane emissions (Thorpe 2009). Methane
emission by dairy cattle, beef lot, buffalo, and sheep and goat is 18.9, 55.9,
6.2–8.1, and 9.5 Tg per year, respectively (McMichael et al. 2007).

The methanogens share their ancestral line with bacteria but has been placed into
a separated domain Archaea and the phylum Euryarchaeota. As against the bacteria,
methanogens lack peptidoglycan and instead may have pseudomurein,
heteropolysaccharide, or a protein in their cell wall (Balch et al. 1979). Further,
they have coenzyme M420 (having absorbance at 420 nm) associated with hydrog-
enase and formate dehydrogenase, which has blue-green fluorescence at 470 nm
(Rouviere and Wolfe 1988). All methanogens also need coenzyme M, which they
produce themselves, or they have a nutritional need (Hobson and Stewart 1997).
This coenzyme M (or 2-mercaptoethanesulfonic acid) is a methyl group carrier
which produces methane. There are about 28 genera of methanogens with about
113 species. The important methanogenic groups are Methanobacteriales,
Methanococcales, Methanomicrobiales, Methanosarcinales, and Methanopyrales;
among these, Methanobacteriales are the predominant archaeal group in the rumen
(Nicholson et al. 2007). Archeal species which have been cultured are
Methanobacterium formicicum, Methanobacterium bryantii, Methanobrevibacter
ruminantium, Methanobrevibacter millerae, Methanobrevibacter olleyae,
Methanomicrobium mobile, and Methanoculleus olentangyi. However, the most
important methanogens of the rumen are Methanobrevibacter, Methanomicrobium,
and a cluster of uncultured archaea called Thermoplasmatales or rumen cluster C
(RCC) (Janssen and Kirs 2008).

4.5.1 Rumen Protozoa

Although Grubby and Delafond described the anaerobic rumen protozoa way back
in 1843, much of the knowledge signifying their role and specific functions have
originated only during the past few decades. Ruminal protozoa are by far only a
small proportion of total microbial population of the rumen, but they make about
40–50% of the microbial biomass inside the rumen. Protozoan population in the
rumen consist mainly of the two types of ciliate anaerobes: entodinomorphids (with
firm pellicles and discreet cilia generally only on peristomes) and holotrichs (flexible
pellicles, covered all over with cilia). Important holotrichs are Isotricha, Dasytricha,
Buetschlia, and Charonina, and some important entodinomorphs are Entodinium,
Diplodinium, Epidinium, Eudiplodinium, Metadinium, Polyplastron,
Eremoplastron, Elytroplastron, and Ostracodinium.

Depending on the enzyme profiles, protozoa may be sugar and starch utilizers
(amylolytic), cellulolytic, hemicellulolytic, pectinolytic, proteolytic, or lipolytic
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(Williams and Coleman 1992). Holotrichs are generally soluble sugar utilizers and
stores them as starch granules for use when starch and sugar supply are limited. This
ability of protozoa for engulfing and storing starch grains and other soluble sugars
prevents sudden decrease in ruminal pH and saves the host animals from lactic
acidosis (Williams and Coleman 1992; van Zwieten et al. 2008). Entodinomorphs
remain attached to fiber and digest cellulose, hemicellulose, pectin, and starch.
Fiber-degrading entodinomorphs contribute about 19–28% of the total cellulase
activity of the rumen. End products of fiber and soluble carbohydrate fermentation
by ciliate protozoa are the same as that of ruminal bacteria, i.e., VFAs, H2, and CO2.

Immediately after quick engulfing of starch and soluble sugars, protozoa migrate to
the fibrous mat which are retained longer in the rumen, giving sufficient time to these
slow multiplying ciliates (Hook et al. 2012). Thus, both holotrichs and
entodinomorphs have comparatively slow passage rate and high retention time in
the rumen, the former by migrating to the ruminal mat after feeding upon soluble
sugars and starch granules and the latter by attaching to the fiber particles. Fibrolytic
protozoa (entodinomorphs) can feed upon ruminal bacteria and degrade microbial
protein and thus affect microbial protein utilization by host animal (Belanche et al.
2012). Defaunation (elimination of protozoa from rumen) has shown to decrease
ruminal methane production and improve microbial protein supply (Ivan 2009).

4.6 Rumen Fungi

The ruminal anaerobic fungi were first discovered in 1910 and were initially
assumed to be flagellate protozoa (Liebetanz 1910; Braune 1913). However, during
the 1970s, Orpin’s study helped them be recognized as anaerobic fungi (Orpin 1975,
1976, 1977). Anaerobic rumen fungi have been classified into six genera, viz.,
Neocallimastix, Piromyces (Piromonas), and Caecomyces (Sphaeromonas)—all
with monocentric sporangia—and Orpinomyces, Anaeromyces (Ruminomyces),
and Cyllamyces, with polycentric sporangia. These fungi represent a small propor-
tion of the ruminal microbes (103–105 g�1 rumen content in number and 3–8% of the
microbial biomass) but perform important function in fiber degradation through their
cellulolytic and hemicellulolytic enzymatic profiles and breaking lignocellulosic
bonds. Motile fungal zoospores get attracted to the fibrous feed particles through
chemotaxis, colonize the feed particles followed by development of hyphae and
mycelium (splitting feed particles mechanically), and remain attached firmly to the
feed particles through their rhizoids (Denman et al. 2008). This adhesion is enhanced
especially by lignified substrates, and thus fungi are especially important in breaking
the lignocellulosic bonds of the recalcitrant structural plant cell walls. Fungal
esterase enzymes such as feruloyl esterase, p-coumaryl esterase, and acetyl esterase
break lignocellulosic and ligno-hemicellulosic ester bonds and release cellulose and
hemicellulose for further microbial degradation (Yue et al. 2009). The rhizoid
penetrates further into the feed particles through their polysaccharide-degrading
enzyme system. Akin (1989) reported that non-lignified tissues such as mesophyll,
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parenchyma, and phloem and the softer sclerenchyma tissue of leaf blades are
degraded more extensively and completely; however, lignified xylem and scleren-
chyma ring tissues in the stem are degraded partially by the fungi. Nevertheless,
these breakdowns of the fibrous feed particles by the rumen fungi further enhance the
site exposure and fiber degradation by fibrolytic enzymes from bacteria and
protozoa.

4.7 Rumen Bacteriophage

Diversity of ruminal bacteriophages presents ample opportunity for exploring them
to understand their genetic nature and interactions, lateral gene transfer, modulation
of rumen fermentation, and controlling and eliminating certain ruminal microbes
such as methanogenic archaea (Gilbert and Klieve 2015). Further, these are also
explored for development of novel enzymes, modulation of host enzyme interac-
tions, and application in treatment through novel branch of phage therapy. Rumen
phages were first reported from bovine rumen during the 1960s (Adams et al. 1966),
and soon it was established that these are common resident of the rumen affecting
mostly the rumen bacteria. Rumen phages are present in significant number  108–109

particles mL�1 of the ruminal fluid; however, these are the least studied microbes of
the rumen. Tailed phages belonging to the families ofMyoviridae, Podoviridae, and
Siphoviridae (Ritchie et al. 1970) and phage particles from tail-less Tectiviridae
family are some important phages observed at the ruminal fluid. In spite of their
diversity in type and number in the rumen fluid, the biological properties or genetic
makeup of phages are poorly understood (Gilbert and Klieve 2015). Although
majority of the ruminal phages are lytic phage, only a small portion are lysogenic
(temperate) phage; pseudolysogenic phages which are present simultaneously with
bacteria in the same culture, in which phages multiply only on a part of the bacterial
population, have also been reported (Weinbauer 2004). It has been suggested that the
specificity of these bacteriophages may be utilized for control and elimination of
certain harmful bacteria such as Streptococcus bovis and methanogenic archaea
(Klieve et al. 1999; Bach et al. 2002). Diversity of ruminal phages presents ample
opportunity for exploring phages to understand their genetic nature and interactions,
lateral gene transfer, modulation of rumen fermentation, and controlling and elim-
inating certain ruminal microbes (Gilbert and Klieve 2015). Further, these are also
explored for development of novel enzymes, modulation of host enzyme interac-
tions, and application in treatment through novel branch of phage therapy.
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4.8 Conclusions

The dynamic and complex ecosystem of the rumen is maintained at a constant milieu
well suited for the diverse inhabitant anaerobic microbial population to grow and
multiply. Temperature, pH, buffering capacity, osmotic pressure, and redox potential
are the primary factors affecting the growth and activity of these microbes. Efficient
microbial fermentation ensures degradation of complex structural carbohydrates and
other components of feed stuffs in addition to detoxifying certain potentially toxic
substances. However, methane, which is an end product of microbial fermentation
inside the rumen, is a potent greenhouse gas which is a major global environmental
concern. Ruminal bacteriophages are the least explored among all the rumen
microbes, but they provide enormous scope for their wider applications in control-
ling and eliminating certain ruminal microbes and their use in treatment through the
novel branch of phage therapy.

References

Adams JC, Gazaway JA, Brailsford MD et al (1966) Isolation of bacteriophages from the bovine
rumen. Exp Dermatol 22:717–718

Agarwal N, Kamra DN, Chaudhary LC (2015) Rumen microbial ecosystem of domesticated
ruminants. In: Rumen microbiology: from evolution to revolution. Springer, New Delhi, pp
17–30

Akin DE (1989) Histological and physical factors affecting digestibility of forages. Agron J 81:17–
25

Allison MJ, Maybery WR, Stahl DA (1992) Synergistes Jonesii Gen. Nov. Sp. Nov. A rumen
bacterium that degrades toxic pyridinediols. Syst Appl Microbiol 15:522–529

Asanuma N, Hino T (2000) Activity and properties of fumarate reductase in ruminal bacteria. J Gen
Appl Microbiol 49:119–125

Bach SJ, Mcallister TA, Veira DM et al (2002) Transmission and control of Escherichia coli O157:
H7 – a review. Can J Anim Sci 82:475–490

Balch WE, Fox GE, Magrum LJ (1979) Methanogens: reevaluation of a unique biological group.
Microbiol Rev 43(2):260–296

Belanche A, de la Fuente G, Newbold CJ (2014) Study of methanogen communities associated with
different rumen protozoal populations. FEMS Microbiol Ecol 90:663–677. https://doi.org/10.
1111/1574-6941.12423

Belanche A, de la Fuente G, Moorby JM, Newbold CJ (2012) Bacterial protein degradation by
different rumen protozoal groups. J Anim Sci 90:4495–4504. https://doi.org/10.2527/jas.
2012-5118

Bergman EN (1990) Energy contributions of volatile fatty acids from the gastrointestinal tract in
various species. Physiol Rev 70:567–590

Bhat TK, Singh B, Sharma OP (1998) Microbial degradation of tannins–a current perspective.
Biodegradation 9:343–357

Bonhomme A (1990) Rumen ciliates: their metabolism and relationships with bacteria and their
hosts. Anim Feed Sci Technol 30:203–266

Braune R (1913) Untersuchungen uber die in Weider Kavermayen Vorkommenden Protozoen.
Arch Protistenkd 32:111–170

4 Rumen Microbiology and Microbial Degradation of Feedstuffs 57

https://doi.org/10.1111/1574-6941.12423
https://doi.org/10.1111/1574-6941.12423
https://doi.org/10.2527/jas.2012-5118
https://doi.org/10.2527/jas.2012-5118


Brock FM, Forsberg CW, Buchanan-Smith JG (1982) Proteolytic activity of rumen microorganisms
and effects of proteinase inhibitors. Appl Environ Microbiol 44:561–569

Bryant MP (1970) Normal flora—rumen bacteria. Am J Clin Nutr 23:1440–1450
Burns JC (2008) ASAS Centennial Paper: utilization of pasture and forages by ruminants: a

historical perspective. J Anim Sci 86:3647–3663
Castillo-González AR, Burrola-Barraza ME, Domínguez-Viveros J, Chávez-Martínez A (2014)

Rumen microorganisms and fermentation. Archivos de Medicina Veterinaria 46:349–361
Cheng K-J, Forsberg CW, Minato H, Costerton JW (1991) Microbial ecology and physiology of

feed degradation within the rumen. In: Tsuda T, Sasaki Y, Kawashima R (eds) Physiological
aspects of digestion and metabolism in ruminants. Academic Press, New York, pp 595–624

Choudhury PK, Salem AZM, Jena R, Kumar S, Singh R, Puniya AK (2015) Rumen microbiology:
an overview. In: Rumen microbiology: from evolution to revolution, pp 3–16

Clarke RTJ (1977) Protozoa in the rumen ecosystem. In: Clarke RTJ, Bauchop T (eds) Microbial
ecology of the gut. Academic, London, pp 251–275

Cole NA, McLaren JB, Hutcheson DP (1982) Influence of preweaning and B-vitamin supplemen-
tation of the feedlot receiving diet on calves subjected to marketing and transit stress. J Anim Sci
54:911–917

Cotta MA, Hespell RB (1986) Proteolytic activity of the ruminal bacterium butyrivibrio
fibrisolvens. Appl Environ Microbiol 52:51–58

Craig WM, Broderick GA, Ricker DB (1987) Quantitation of microorganisms associated with the
particulate phase of ruminal ingesta. J Nutr 117:56–62

Dehority BA (2003) Rumen microbiology. Nottingham University Press, Nottingham
Denman SE, Nicholson MJ, Brookman JL, Theodorou MK, McSweeney CS (2008) Detection and

monitoring of anaerobic rumen fungi using an ARISAmethod. Lett Appl Microbiol 47:492–499
Dijkstra J, Tamminga S (1995) Simulation of the effects of diet on the contribution of rumen

protozoa to degradation of fibre in the rumen. Br J Nutr 74:617–634
Dušková D, Marounek M (2001) Fermentation of pectin and glucose, and activity of pectin‐

degrading enzymes in the rumen bacterium Lachnospira multiparus. Lett Appl Microbiol
33:159–163

Fondevila M, Dehority BA (1996) Interactions between Fibrobacter succinogenes, Prevotella
ruminicola, and Ruminococcus flavefaciens in the digestion of cellulose from forages. J Anim
Sci 74:678–684

Forsberg CW, Cheng K-J (1992) Molecular strategies to optimize forage and cereal digestion by
ruminants. In: Bills DD, Kung S-D (eds) Biotechnology and nutrition. Butterworth Heinmann,
Stoneham, pp 107–147

Gäbel G, Sehested J (1997) SCFA transport in the forestomach of ruminants. Comp Biochem
Physiol A Physiol. Arach 118:367–374

Gilbert RA, Klieve AV (2015) Ruminal viruses (bacteriophages, archaeaphages). In: Rumen
microbiology: From evolution to revolution. Springer, New Delhi, pp 121–141

Gordon GLR, Phillips MW (1992) Extracellular pectin lyase produced by Neocallimastix sp. LM1,
a rumen anaerobic fungus. Lett Appl Microbiol 15:113–115

Gressley TF, Hall MB, Armentano LE (2011) Ruminant nutrition symposium: productivity,
digestion, and health responses to hindgut acidosis in ruminants. J Anim Sci 89:1120–1130

Hobson PN, Stewart CS (1997) The rumen microbial ecosystem. Chapman and Hall, London
Hook SE, Dijkstra J, Wright ADG, McBride BW, France J (2012) Modeling the distribution of

ciliate protozoa in the reticulo-rumen using linear programming. J Dairy Sci 95:255–265
Hungate RE (1947) Studies on cellulose fermentation.III. The culture and isolation of cellulose-

decomposing bacteria from the rumen of cattle. J Bacteriol 53:631–645
Hungate RE (1950) The anaerobic mesophilic cellulolytic bacteria. Bacteriol Rev 14:1–49
Hungate RE (1957) Microorganisms in the rumen of cattle fed a constant ration. Can J Microbiol 3:

289–311
IPCC (2007) Climate change 2007: synthesis report. http://www.ipcc.ch/pdf/assessment-report/

ayr4/syr/ar4_syr_sym.pdf

58 V. K. Paswan et al.

http://www.ipcc.ch/pdf/assessment-report/ayr4/syr/ar4_syr_sym.pdf
http://www.ipcc.ch/pdf/assessment-report/ayr4/syr/ar4_syr_sym.pdf


Ivan M (2009) Comparison of duodenal flow and digestibility in fauna-free sheep inoculated with
Holotrich protozoa, Entodinium monofauna or total mixed protozoa population. Br J Nutr 101:
34–40. https://doi.org/10.1017/S0007114508984245

Janssen PH, Kirs M (2008) Mini review: structure of the archaeal community of the rumen. Appl
Environ Microbiol 74:3619–3625

Johnson KA, Johnson DE (1995) Methane emissions from cattle. J Anim Sci 73(8):2483–2492
Klieve AV, Heck GL, Prance MA et al (1999) Genetic homogeneity and phage susceptibility of

ruminal strains of Streptococcus bovis isolated in Australia. Lett Appl Microbiol 29:108–112
Krause D, Denman AE, Mackie RI (2003) Opportunities to improve fiber degradation in the rumen:

microbiology, ecology, and genomics. FEMS Microbiol Rev 27:663–693
Krause KM, Oetzel GR (2006) Understanding and preventing subacute ruminal acidosis in dairy

herds: a review. Anim Feed Sci Tech 126:215–236
Liebetanz E (1910) Die parasitichen Protozoen der Wiederkauermagens. Archiv fur Protistenkunde

19:19–80
Lodemann U, Martens H (2006) Effects of diet and osmotic pressure on Na+ transport and tissue

conductance of sheep isolated rumen epithelium. Exp Physiol 91:539–550
Maia MR, Chaudhary LC, Bestwick CS, Richardson AJ, McKain N, Larson TR, Graham IA,

Wallace RJ (2010) Toxicity of unsaturated fatty acids to the biohydrogenating ruminal bacte-
rium, Butyrivibrio fibrisolvens. BMC Microbiol 10:5257

McMichael AJ, Powles JW, Butler CD, Uauy R (2007) Food, livestock production, energy, climate
change, and health. Lancet 370:1253–1263

Minato H, Endo A, Ootomo Y, Uemura T, T. (1966) Ecological treatise on the rumen fermentation.
II The amylolytic and cellulolytic activities of fractionated bacterial portions attached to the
rumen solids. J Gen Microbiol 12:53–69

Mitsumori M, Minato H (1997) Cellulose-binding proteins from rumen microorganisms. In:
Onodera R, Itabashi H, Ushida K, Yano H, Sasaki Y (eds) Rumen microbes and digestive
physiology in ruminants. Japan Scientific Societies Press/S. Karger, Tokyo/Basel, pp 35–45

Moss AR, Jouany J-P, Newbold J (2000) Methane production by ruminants: its contribution to
global warming. In: Annales de zootechnie. EDP Sciences, pp 231–253

Nagaraja TG, Newbold CJ, Van Nevel CJ, Demeyer DI (1997) Manipulation of ruminal
fermentation. In: Hobson PN, Stewart CS (eds) The rumen microbial ecosystem, 2nd edn.
Blackie Academic & Professional, London, pp 523–632

Nicholson MJ, Evans PN, Joblin KN (2007) Analysis of methanogen diversity in the rumen using
temporal temperature gradient gel electrophoresis: identification of uncultured methanogens.
Microb Ecol 54:141–150

Odenyo AA, Osuji PO (1998) Tannin-tolerant ruminal bacteria from East African ruminants. Can J
Microbiol 44:905–909

Orpin CG (1975) Studies on the rumen flagellate Neocallimastix frontalis. J Gen Microbiol 91:249–
262

Orpin CG (1976) Studies on the rumen flagellate Sphaeromonas communis. J Gen Microbiol 94:
270–280

Orpin CG (1977) The rumen flagellate Piromonas communis: its life cycle and invasion of plant
material in the rumen. J Gen Microbiol 99:107–117

Ritchie AE, Robinson IM, Allison MJ (1970) Rumen bacteriophage: survey of morphological
types. In: Societie Francaise de Microscopie Electronique. Grenoble, pp 333–334

Rouviere PE, Wolfe RS (1988) Novel biochemistry of methanogenesis. J Biol Chem 263:7913–
7916

Russell JB, Wilson DB (1996) Why are ruminal cellulolytic bacteria unable to digest cellulose at
low pH? J Dairy Sci 79:1503–1509

Russell JB, Mantovani HC (2002) The bacteriocins of ruminal bacteria and their potential as an
alternative to antibiotics. J Mol Microbiol Biotechnol 4:347–355

Russell JB, Rychlik JL (2001) Factors that alter rumen microbial ecology. Science 29:1119–1122

4 Rumen Microbiology and Microbial Degradation of Feedstuffs 59

https://doi.org/10.1017/S0007114508984245


Russell JB, Strobel H (1989) Effect of ionophores on ruminal fermentation. Appl Environ
Microbiol 55:1–6

Sales-Duval M, Lucas F, Blanchart G (2002) Effects of exogenous ammonia or free amino acids on
proteolytic activity and protein breakdown products in Streptococcus bovis, Prevotella albensis,
and Butyrivibrio fibrisolvens. Curr Microbiol 44:435–443

Sharp R, Ziemer CJ, Stern MD, Stahl DA (1998) Taxon-specific associations between protozoal
and methanogen populations in the rumen and a model rumen system. FEMS Microbiol Ecol
26:71–78. https://doi.org/10.1111/j.1574-6941.1998.tb01563.x

Singh B, Chaudhary LC, Agarwal N et al (2011) Phenotypic and phylogenetic characterisation of
tannin degrading/tolerating bacterial isolates from the rumen of goats fed on pakar (Ficus
infectoria) leaves. J Appl Anim Res 39:120–124

Thorpe A (2009) Enteric fermentation and ruminant eructation: the role (and control?) of methane in
the climate change debate. Clim Chang 93:407–431

Valle ER, Henderson G, Janssen PH, Cox F, Alexander TW, McAllister TA (2015) Considerations
in the use of fluorescence in situ hybridization (FISH) and confocal laser scanning microscopy
to characterize rumen methanogens and define their spatial distributions. Canadian J Microbiol
61:417–428

van Zijderveld SM, Fonken B, Dijkstra J, Gerrits WJJ, Perdok HB, Fokkink W, Newbold JR (2011)
Effects of a combination of feed additives on methane production, diet digestibility, and animal
performance in lactating dairy cows. J Dairy Sci 94:1445–1454

van Zwieten JT, van Vuuren AM, Dijkstra J (2008) Effect of nylon bag and protozoa on in vitro
corn starch disappearance. J Dairy Sci 91:1133–1139

Vergé XPC, Dyer JA, Desjardins RL, Worth D (2007) Greenhouse gas emissions from the
Canadian dairy industry in 2001. Agric Syst 94:683–693

Wang Y, McAllister TA (2002) Rumen microbes, enzymes and feed digestion-a review. Asian
Australas J Anim Sci 15:1659–1676

Weinbauer MG (2004) Ecology of prokaryotic viruses. FEMS Microbiol Rev 28:127–181
Williams AG, Coleman GS (1992) The rumen protozoa. Springer, New York, pp 4–83
Williams AG, Orpin CG (1987) Glycoside hydrolase enzymes present in the zoospore and vegetative

growth stages of the rumen fungi Neocallimastix patriciarum, Piromonas communis, and an
unidentified isolate, grown on a range of carbohydrates. Canadian J Microbio 33:427–434

Williams AG, Strachan NH (1984) The distribution of polysaccharide-degrading enzymes in the
bovine rumen digesta ecosystem. Curr Microbiol 10:215–2021

Woese CR, Kandler O, Wheelis ML (1990) Towards a natural system of organisms: proposal for the
domains Archaea, Bacteria, and Eucarya. Proc Natl Acad Sci 87:4576–4579

Yue Q, Yanga HJ, Cao YC et al (2009) Feruloyl and acetyl esterase production of an anaerobic
rumen fungus Neocallimastix sp. YQ2 effected by glucose and soluble nitrogen supplementa-
tions and its potential in the hydrolysis of fibrous feedstuffs. Anim Feed Sci Technol 153:263–
277

Ziemer CJ, Sharp R, Stern MD, Cotta MA, Whitehead TR, Stahl DA (2000) Comparison of
microbial populations in model and natural rumens using 16S rRNA-targeted probes. Environ
Microbiol 2:632–643

60 V. K. Paswan et al.

https://doi.org/10.1111/j.1574-6941.1998.tb01563.x

	Chapter 4: Rumen Microbiology and Microbial Degradation of Feedstuffs
	4.1 Introduction
	4.2 Ruminal Environment and Microbial Niche
	4.3 Rumen Microorganisms and Degradation of Feedstuffs
	4.4 Rumen Bacteria
	4.4.1 Fiber and Starch Degrading Bacteria
	4.4.2 Proteolytic and Lipolytic Bacteria
	4.4.3 Other Important Ruminal Bacteria

	4.5 Archaea
	4.5.1 Rumen Protozoa

	4.6 Rumen Fungi
	4.7 Rumen Bacteriophage
	4.8 Conclusions
	References


