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Introduction

In 1843, Gruby and Delafond claimed to be the first to describe living ‘ani-
malcules’ in the rumen (four species) and horse caecum (seven species),
since Leeuwenhoek’s observations in 1685 of three species in frog faeces.
However, the importance of intestinal bacteria in digestion dates from 1913,
when Osborne and Mendel noted coprophagy in rats kept for a long time
on purified diets. The role of bacteria in the fermentation of plant materials
became well known in 1863 as a result of the genius of Pasteur. It was
inferred by Zuntz in 1879 that rumen microbes fermented fibre anaerobi-
cally and thus formed acids and gas. He postulated that the acidic fermenta-
tion products were absorbed and oxidized by the host. By 1940, the time
was ripe for a more widespread appreciation of rumen microbial activities
and an animal physiology unit was set up at Cambridge. This group, under
the leadership of Sir Joseph Barcroft, recognized that fermentation was the
basic mechanism involved and demonstrated quantitatively the uptake of
short-chain fatty acids (SCFA) across the rumen wall into circulating blood.

As a result of these and many other investigations on rumen function, it
is now firmly established that the ruminant animal and the rumen microbial
population exist in a reciprocally beneficial relationship, termed mutualism,
in which plant material consumed by the mammalian host is digested and
fermented by the rumen microbes to form chiefly SCFA, carbon dioxide
and methane. The gases are voided by the ruminant and the acids absorbed
and oxidized. The microbes provide the host not only with a source of
energy, but also with proteins, vitamins and other nutrients essential for cell
maintenance and production. Favourable conditions provided by the host
permit the growth of large numbers of diverse microbes. The microbial
population in the rumen and other gut compartments, such as the caecum
and colon, is thus characterized by high density, wide diversity and the com-
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plexity of interactions that occur. Hungate (1960) was the first to study
rumen microbial ecology and described the steps required to provide a
complete ecological description and analysis of any complex ecosystem.
First, the numbers and types of organisms present must be described,
involving enumeration, identification and classification. Secondly, their
activities must be measured. Finally, the extent to which these activities are
performed in the environment must be determined, involving quantitative
measurements of the entire complex as well as the component parts.

Interested readers are referred to a number of books and references
therein that provide detailed descriptions and information on topics
covered in brief in the following chapter. Chronologically these are R.E.
Hungate’s (1966) classic book The Rumen and its Microbes, Microbial
Ecology of the Gut (Clarke and Bauchop, 1977), The Rumen Microbial
Ecosystem (Hobson and Stewart, 1997) and Gastrointestinal Microbiology
(Mackie et al., 1997).

Components of the Ecosystem

Description of the components

The individual components of the ruminal ecosystem can be broadly
divided into host-related factors, dietary factors and the microbiota itself.
These three components interact in a dynamic equilibrium and a distur-
bance in one of these factors leads to an alteration or perturbation of the
other components.

Host factors

The rumen has evolved as an adaptation that allows retention and diges-
tion of ingested food, followed by absorption and metabolism of digestion
products, while feeding and other activities continue. The ruminant host
provides a means of selecting and gathering feed, comminution or reduc-
tion in particle size of ingested feed by chewing and rumination, mixing by
rumen contractions and movements, temperature and pH control (bicar-
bonate and phosphate in saliva) and provision of nutrients, such as urea
(recycled in saliva and through the rumen wall) and phosphate. The host
also removes inhibitory acidic end-products of digestion (by absorption)
and fermentation gases (by eructation), as well as the passage of undigested
dietary residues out of the rumen. Ruminants have at least one structural
difference (the reticulo-omasal orifice for selective retention of larger undi-
gested feed particles) and one physiological difference (rumination) that
set them apart from all other fore-stomach fermenters and suggest a more
recent evolution.

An early step in the study of the ecology of any microbial ecosystem
is the enumeration and isolation of component bacteria. This requires
the formulation of suitable media, based on a detailed analysis of the
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physical and chemical conditions in the intestinal tract, and also of diet
composition. The microbial environment in the rumen has been closely
defined and, allowing for variation in the quality and quantity of feed
ingested, serves as a model for other gut ecosystems. A summary of the
chemical, physical and microbiological characteristics is provided in
Mackie et al. (2001).

Dietary factors

One of the chief factors influencing rumen fermentation is the variation in
feed composition. Carbohydrates are the most important source of energy
for rumen microbes. The types of carbohydrates most common in forages
are soluble carbohydrates, starch and the insoluble cell-wall components of
plants. Sugars and other soluble carbohydrates, which may constitute 30%
of the dry matter in forage, are rapidly metabolized. However, too much
readily fermentable carbohydrate in the diet can lower the digestibility of
fibre. Starch is digested rapidly in the rumen but more slowly than sugars.
Increased acidity and higher proportions of propionate often accompany
increased fermentation rates, although in some cases butyrate is increased.
The rumen protozoa are at an advantage in the microbial competition for
starch in the rumen and rapidly engulf large numbers of starch granules,
removing them from the available fermentation pool. Various feed treat-
ments, such as grinding and pelleting, affect the rates at which bacteria
and protozoa attack starch. Heat treatment of grains also influences fer-
mentation rate and the acetate : propionate ratio. Plant cell-wall material,
with the exception of pectin, is fermented slowly, resulting in high propor-
tions of acetate. Microbial digestion of the major plant cell-wall compo-
nents is a complex enzymatic process, mediated by the combined activities
of bacteria, fungi and, maybe, protozoa. The lignin content of herbage
varies between 4 and 12% and, in general, the higher the lignin content
the lower the digestibility.

Protein breakdown in the rumen is correlated with solubility.
Production of short-branched (isobutyric, isovaleric and 2-methyl butyric
acid) and straight-chain (valeric acid) SCFA, which are required for the
growth of cellulolytic bacteria from deamination of amino acids, is impor-
tant in poor-quality diets. Fats added to diets limit the digestibility of for-
age fibre. Addition of fats has been shown to reduce methane production.
Other important examples of the effects of variation in feed composition
are comparisons between legume and grass forages and between hay and
concentrate diets, which influence the composition and activities of the
rumen microbial population. Digestion in the rumen is discussed in more
detail by Annison et al. (Chapter 5, this volume).

The quantity of feed consumed can also play a major role in the activi-
ties of the rumen microbiota. Two examples of this factor are lactic acidosis
(see below) as a result of grain overfeeding and the influence of feeding
level (up to three times the maintenance level during lactation) on the
activities of rumen bacteria and protozoa.
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The use of feed additives has been an area of active research for many
years. The most important and widely used feed additives in ruminant
diets are ionophore antibiotics, but feed enzymes, probiotics (live microbial
feed supplements), buffering agents, methane inhibitors and many other
additives are used in a variety of feeding situations. Details are provided in
the section on manipulation of rumen fermentation and the review of
Nagaraja et al. (1997).

Microbiota

The microbial community inhabiting the rumen is represented by all major
groups of microbes. This complex, mixed microbial culture, which comprises
strictly anaerobic bacteria, ciliate and flagellate protozoa, anaerobic chytrid-
iomycete fungi and bacteriophages, can be considered the most metabolically
adaptable and rapidly renewable organ of the body, which plays a vital role
in the normal nutritional, physiological and protective functions of the rumi-
nant animal. The rumen, the most intensively studied gut ecosystem, con-
tains large numbers of bacteria (up to 1011 viable cells ml−1, comprising 200
phenotypically different species), ciliate protozoa (104–106 ml−1 spread over
25 genera), anaerobic fungi (zoospore population densities of 103–105 ml−1,
divided into five genera) and bacteriophages (107–109 particles ml−1).
However, despite this vast amount of knowledge, the basic prerequisites for
ecological studies – namely, enumeration and identification of all community
members – have tremendous limitations. The two major problems faced by
microbial ecologists studying the gastrointestinal ecosystem are the inevitable
bias introduced by techniques based on enumeration and characterization
from cultures and the lack of a phylogenetically based classification scheme.
It is estimated that 10% or less of the total viable bacteria in the rumen of
forage-fed animals can be cultivated. Modern molecular ecology techniques
based on sequence comparisons of nucleic acids (DNA and RNA) can be used
to overcome these limitations and advance our understanding of the ecology,
diversity, structure–function and evolutionary relationships in the rumen
and other gastrointestinal compartments (Mackie et al., 1997). This approach
is likely to provide not simply increased understanding but a complete
description of the gut ecosystem for the first time.

Microbial interactions

Microorganisms are most often studied in pure culture, which provides
detailed knowledge regarding their growth and metabolism. However, these
studies fail to take into account that microbes live in communities and the fun-
damental importance of the influence that they have on each other. Only with
a knowledge of both the properties of individual species and populations and
the interactions that occur between them will it be possible to gain some
understanding of the structure and function of complex microbial communi-
ties. The rumen provides many examples of competitive and non-competitive
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interactions (Hobson and Stewart, 1997; Mackie et al., 1997). Degradation of
organic matter, in general, and plant cell-wall material, in particular, is an
excellent example of microbial interactions, where stepwise degradation of
the substrate is carried out in a characteristic and sequential pattern by a
range of organisms with a high degree of specialization. The nature of inter-
species interactions and the extent of mutual dependence vary enormously,
ranging from simple cross-feeding of essential nutrients, vitamins or carbon
and energy sources to very specialized total dependence. The best-known of
these interactions in the rumen is the removal of electrons formed during fer-
mentation, often in the form of molecular hydrogen, by methanogenic bacte-
ria and possibly hydrogen-oxidizing acetogens. Through this mechanism of
interspecies hydrogen transfer, thermodynamically unfavourable reactions
can proceed through coupling to exergonic reactions.

The influence of ciliate protozoa on the activity and size of bacterial
populations in the rumen has been studied for many years. This provides
an excellent example of the inverse relationship between predator and
prey. However, the observation that fungal zoospores increase in number
after defaunation is more recent, providing evidence for a role of protozoa
in determining the size of fungal populations. Further research is required
to elucidate the exact nature of these predatory interactions, which have
been demonstrated by electron microscopy, enumeration and substrate dis-
appearance. However, it is likely that hydrogen transfer is a significant
component of the symbiosis between ciliates and methanogens.

Various antagonistic interactions that occur between microrganisms in the
gastrointestinal tract are thought to be important in controlling proliferation
of enteric bacteria and in providing a primary line of defence for the host.
Our knowledge of this phenomenon, termed competitive exclusion or colo-
nization resistance, is still rudimentary. However, considerable attention has
been focused on bacteriocins in lactic acid bacteria, although not in an ecolog-
ical sense. Thus our knowledge of the ecological and economic significance of
antagonistic microbial interactions in animals is scant. Bacteriocin-like
inhibitory substances have been detected in several genera of rumen bacteria,
including Streptococcus bovis, staphylococci isolated from preruminant calves
and lambs, Enterococcus faecium, Ruminococcus albus and Butyrivibrio fibrisolvens.
To date, only two bacteriocins from B. fibrisolvens (butyrivibriocin) and one
from S. bovis (bovicin) have been purified, characterized and confirmed as
bacteriocins. These antagonistic compounds are likely to play an important
role in inter- and intraspecific competition in the rumen.

The Microbiota

The rumen ecosystem comprises a complex of dense microbial communities
of bacteria, archaea, ciliate protozoa, anaerobic fungi and bacteriophages
(summarized in Table 4.1). The fermentation effected by this complex micro-
biota is responsible for the conversion of plant feedstuffs to compounds that
can be utilized by the animal. Hence, the fermentations and interactions of
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the microbes are central to ruminant digestion and nutrition. At birth, the
digestive tract of ruminants, in common with other mammals, is devoid of
bacteria. Colonization begins during and shortly after birth and is via the oral
route. Establishment of the microbial communities requires contact with an
adult animal, usually the mother, and the rumen environment must be suit-
able for the microbes to establish a population (Hobson and Stewart, 1997).

Bacteria

Bacteria are the most numerous and important of the microbes in the
rumen. They are present at densities of up to 1011 cells ml−1 (Hungate,
1966) and are capable of undertaking all the necessary biochemical trans-
formations to convert plant material into products of nutritional value to

Table 4.1. Summary of primary metabolic activities attributable to typical and predominant examples of
the ruminal microbiota.

Microbial grouping Major substrates metabolized Products of metabolism

Bacteria
Fibrobacter succinogenes Cellulose Acetic acid, succinic acid
Ruminococcus spp. Cellulose Acetic acid, succinic acid,

ethanol, CO2 and H2
Prevotella ruminicola Hemicelluloses, starches, mono- Acetic acid, succinic acid,

and disaccharides formic acid
Butyrivibrio fibrisolvens Cellulose (only some strains), Butyric acid, acetic acid,

hemicelluloses, starches, mono- and formic acid, CO2 and H2
disaccharides

Selenomonas ruminantium Starches, mono- and disaccharides, Acetic acid, propionic acid,
lactic acid (one subspecies only) lactic acid, CO2 and H2

Streptococcus bovis Starches, mono- and disaccharides Lactic acid and CO2
Megasphaera elsdenii Lactic acid Caproic acid, butyric acid, CO2

and H2
Clostridium aminophilum Peptides and amino acids Branched-chain fatty acids

Archaea (methanogens) Carbon dioxide and hydrogen Methane

Ciliate protozoa
Isotrichidae (six species) Mono- and disaccharides Acetic acid, butyric acid, CO2

and H2
Large-sized genera of Cellulose and hemicelluloses Acetic acid, butyric acid, CO2
Entodiniomorphidae (38 and H2
species)
Entodinium (17 species) Starches Acetic acid, butyric acid, CO2

and H2

Chytridiomycete fungi All colonize fibrous plant material and Lactic acid, acetic acid, formic
(five genera) metabolize cellulose, hemicellulose and acid, CO2 and H2

sugars
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the host ruminant. The bacteria are, in the main, obligate anaerobes.
Classic microscopic observation and culturing techniques have revealed a
great diversity in terms of size, shape and form of bacteria living in the
rumen (Hungate, 1966; Hobson and Stewart, 1997). Both Gram-positive
and Gram-negative bacteria occur and range in diameter from less than
0.1 µm (mycoplasmas) to greater than 50 µm (Oscillospira). Shapes include
cocci, rods, crescents and spirals. These cells can also be motile or not and
vary greatly in growth habit, ranging from single cells to duplex cells, short
chains, long chains, clumps, tetrad groupings and large sheetlike struc-
tures. The diversity of rumen bacteria in terms of size, shape and growth
habit is well illustrated by Ogimoto and Imai (1981).

Prior to the advent of molecular biology and the use of DNA sequenc-
ing as a taxonomic tool, the differentiation between bacterial taxa was
largely based on a combination of morphological and biochemical charac-
teristics (Hungate, 1966; Hobson and Stewart, 1997) and could be applied
only to culturable bacteria. On this basis, 200 or so species of culturable
bacteria were known to be present in the rumen, with some 20 species
occurring at densities above 107 cells ml−1 of rumen fluid; about 30 species
are regarded as normal rumen inhabitants (Bryant, 1959).

The bacterial species present and their relative densities within the
rumen ecosystem fluctuate markedly in response to feed composition and
dietary changes. Hungate (1966) found that the rumen bacteria of animals
on hay or forage rations are composed mainly of Gram-negative organisms,
while animals on grain diets have increased numbers of Gram-positive
organisms. The common culturable bacteria are often grouped within
functional substrate-utilizing groups. Cellulose, the most stable structural
polysaccharide in plants, is degraded by only a few species of rumen bacte-
ria: Fibrobacter succinogenes, Ruminococcus flavefaciens, R. albus and some
strains of B. fibrisolvens. These species are very important, as a lack of
breakdown of cellulose will impede access of other bacteria to their
required substrates. The hemicelluloses, glucomannans and pectins are
also degraded by the cellulolytic bacteria, but a larger number of non-cellu-
lolytic bacteria are able to ferment these substrates. The predominant cul-
turable species involved are Prevotella ruminicola, Eubacterium ruminantium
and B. fibrisolvens. Lachnospira multiparus and S. bovis are pectinolytic.
Common starch degraders are P. ruminicola, Ruminobacter amylophilus,
Selenomonas ruminantium, Succinomonas amylophilus and S. bovis. Many of the
rumen bacteria also utilize the fermentation products of other bacteria
(e.g. lactate utilization by Megasphaera elsdenii), intermediate metabolic sub-
strates, proteins and lipids.

With the advent of molecular biological techniques, based on DNA
sequencing, it became possible to elucidate bacteria that had not been cultured
and to determine genetic similarity between bacteria. These techniques have
dramatically increased our knowledge of the diversity and complexity of rumi-
nal bacterial communities in two major directions: (i) the uncultured diversity
of bacteria present in ruminal contents; and (ii) the genetic diversity within cul-
turable bacterial assemblages previously thought to constitute a ‘species’.
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Recent phylogenetic analyses of cloned 16S rRNA genes of rumen bac-
teria indicate the degree of uncultured bacterial diversity present in the
rumen. Whitford et al. (1998) examined 84 cloned sequences from dairy
cattle and deduced that 53 represented novel species and genera of bacte-
ria. A recent study in cattle using direct retrieval of 16S rDNA sequences in
a culture-independent manner showed that only 6% (ten of 161) of
sequences could be identified directly by comparison with the sequence
database (Tajima et al., 1999). In general, results show high diversity, large
proportions of operational taxonomic units represented by single clones
and large proportions of clones distantly related to deposited sequences
and so far uncultivated.

In addition to the discovery of many novel bacterial 16S rDNA sequences,
considerable genetic diversity has been found within cultivable species. Of the
common cultivable species, P. ruminicola (Wood et al., 1998), B. fibrisolvens
(Forster et al., 1997), F. succinogenes (Ogata et al., 1997) and the genus
Ruminococcus (Krause et al., 1999a) have been found to be genetically hetero-
geneous, comprising a variety of genetically distinct species and even genera.

It would appear that considerably more work will be required if we are
to obtain a complete understanding of the bacteria that inhabit the rumen
in the future.

Archaea

The major group of organisms inhabiting the rumen within the domain
Archaea are the methanogens. In the rumen, methanogens synthesize
methane mainly from CO2 and H2 (Hobson and Stewart, 1997). A variety
of species have been cultured and these belong to three distinct families,
Methanobacteriaceae, Methanomicrobiaceae and Methanoplanaceae. It
was concluded that Methanobrevibacter ruminantium and Methanosarcina iso-
lates were likely to be the most significant contributors to ruminal
methanogenesis, based on archaea that can be cultured.

Concerns over global warming and the release of greenhouse gases,
such as carbon dioxide and methane, into the atmosphere have created
renewed interest in ruminal methanogens. Ruminal methanogenesis is a
significant source of atmospheric methane, particularly in Australia, New
Zealand and many developing nations. In Australia, for example, it is esti-
mated that methane from enteric fermentation in ruminants accounts for
12% of total greenhouse gas emissions while in New Zealand this figure is
46%. A number of studies using culture-independent, DNA sequence-
based techniques have investigated the ruminal archaea (Lloyd et al., 1996;
Lin et al., 1997; Tokura et al., 1999). Lin et al. (1997) found that the
archaea, while functionally a very significant section of the rumen micro-
biota, were numerically inferior to the bacteria and eucarya, accounting for
0.5–3% of total microbes. They also noted a ruminant host preference for
ruminal methanogens, with Methanobacteriales predominating in cattle
and goats while Methanomicrobiales were predominant in sheep.
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Not all methanogens occur freely in the rumen liquor. Ciliate proto-
zoa provide a habitat for up to 20% of rumen methanogens. These
methanogens can exist as endosymbionts or attached to the pellicle. Lloyd
et al. (1996), using fluorescent in situ hybridization, were able to determine
rates of colonization by bacteria and archaea in a range of ciliate protozoal
species within the sheep rumen. In general, fewer Isotrichidae contained
endosymbionts than Entodiniomorphidae and less than 3% of Daytricha
ruminantium contained endosymbionts. Polyplastron multivesiculatum con-
tained many bacteria but no archaea. Many larger Entodiniomorphidae,
with the exception of Eudiplodinium maggii, contained both bacteria and
archaea. Another study investigating the archaea of ciliate protozoans in
the sheep rumen (Tokura et al., 1999) found that DNA sequences with
similarities to Methanobrevibacter smithii predominated, while M. ruminan-
tium appeared to be absent.

Protozoa

Protozoans, particularly the ciliates, are the largest and most conspicu-
ous of the rumen microbiota. They are obligate anaerobes, motile,
eucaryotic microbes and were first discovered as early as 1843. Both cili-
ate and flagellate protozoans occur in the rumen, although in recent
times some microbes that had been thought to be flagellate protozoa
were subsequently identified as the zoospore stage in the life cycle of
ruminal chytridiomycete fungi (covered in the section following). The
ciliates are regarded as the more numerous and important of the two.
Ruminal ciliates belong to a range of subclasses, orders and families
within the class Kinetofragminophorea (Dehority, 1993). However, those
likely to be encountered in the ovine rumen will almost certainly belong
to either the family Isotrichidae (order Trichostomatida) or family
Ophryoscolecidae (order Entodiniomorphida). The protozoans of the
family Ophryoscolecidae are the major rumen ciliates, with more than
100 described species.

Entodiniomorphid protozoa are described and assigned to a taxon on
the basis of morphological characteristics. Basically, the major characters
are the number of ciliary zones (one or two) on an otherwise naked and
rigid pellicle, the size and shape of the macronucleus and where it is posi-
tioned in relation to the micronucleus, number and position of vacuoles,
number and position of skeletal plates and presence or absence of caudal
spines (Fig. 4.1). Numerous descriptions, which include detailed line
drawings and photographs, of the genera and species within this family
are available (Ogimoto and Imai, 1981; Hobson and Stewart, 1997).
Although many of the Ophryoscolecidae are well described and docu-
mented, there is still considerable debate on the taxonomy of these proto-
zoans, particularly at the species level, largely due to the variable nature
of key characters, such as caudal spines.
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Ciliates of the family Isotrichidae are far less complex taxonomically
than the Ophryoscolecidae, with only the three species Isotricha intestinalis,
Isotricha prostoma and Dasytricha ruminantium being commonly encountered.
Despite there being few common species of isotrich ciliates, they are
numerous and often account for 30% or more of total ciliates in the rumen.
Isotricha spp. and D. ruminantium have a flexible cell wall and their entire
surface is covered by cilia; D. ruminantium is smaller than the other species
(Dehority, 1993).

Recent genetic studies, based on the DNA sequence of small subunit
rRNA genes (Wright et al., 1997) and internally transcribed spacer
regions (Wright, 1999), have shed some light on the genetic relatedness
and evolutionary divergence of the rumen ciliates. Wright et al. (1997)
determined from their analysis that Isotricha and Dasytricha always paired
in the same clade (or branch of the phylogenetic tree) with the entodin-
iomorphid ciliates to form a monophyletic grouping of ruminal ciliates
(the trichostomes). This conclusion has been supported with the analysis
of more DNA sequences from species within the Ophryoscolecidae. In a
study of isolates of I. prostoma from distinct geographical areas (northern
America and Australia), Wright (1999) found no genetic variation based
on the DNA sequence of spacer regions, which were 100% conserved.
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Fig. 4.1. Line drawing of typical entodiniomorph protozoan from the rumen, Entodinium
caudatum, with caudal spine (mean length × width, 35 µm × 28 µm). Features of cell
morphology useful for taxonomic purposes are included.
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The entodiniomorphid protozoa ferment two different carbohydrate
substrates. The larger species, E. maggii, Epidinium ecaudatum caudatum and
Ostracodinium obtusum bilobum, have high cellulolytic activities and rapidly
colonize fibrous material that is introduced into the rumen. The smaller
Entodinium spp. are mainly starch digesters and appear to have little or no
cellulolytic activity. All of the entodiniomorphid protozoa prey on rumen
bacteria, and Entodinium bursa and P. multivesiculatum also prey on other
protozoa. The major substrates for the holotrich protozoa are soluble
sugars. The holotrichs also prey on rumen bacteria.

Fungi

Chytridiomycete fungi are the major fungal inhabitants of the gastrointestinal
tract of herbivores. These organisms are obligate anaerobes, saprotrophic on
ingested feedstuffs, and may contribute significantly to the ability of the ani-
mal to utilize plant material through the digestion and fermentation of plant
structural polysaccharides. They are only found inhabiting the gastrointesti-
nal tract of herbivores, and are believed to have evolved from aquatic
Chytridiomycetes (Hobson and Stewart, 1997). They were first recorded from
the rumen, but until comparatively recently were confused with flagellate
protozoa. Orpin (1974) examined the diurnal fluctuations in numbers of
these ‘flagellates’, and was successful in cultivating the organisms and unravel-
ling the life cycle to show the resemblances to aquatic chytridiomycetes.

Currently, the gut-inhabiting Chytridiomycetes comprise five genera
within the family Neocallimastigaceae in the order Neocallimastigales. The first
organism to be formally described was Neocallimastix frontalis, a species with
polyflagellate zoospores and a monocentric thallus. Two other genera of
monocentric fungi are morphologically distinct from Neocallimastix.
Piromyces has a similar rhizoidal and sporangial development to
Neocallimastix but is characterized by uniflagellate zoospores. Caecomyces also
has uniflagellate zoospores but has a rhizoidal development quite distinct
from the other monocentric genera. The normal rhizoidal system is absent
and appears to have been replaced by a bulbous type of rhizoid, compris-
ing up to seven spherical bodies (Hobson and Stewart, 1997).

Recently, in addition to the fungi with monocentric thalli, fungi possessing
more than one sporangium per thallus (polycentric thalli) were isolated from
ruminants. Two genera, Orpinomyces and Anaeromyces, are currently recognized.
Species of Orpinomyces are characterized by an extensive rhizoidal system with
numerous sporangia and polyflagellate zoospores. Anaeromyces are character-
ized by monoflagellate zoospores and ellipsoidal to fusiform sporangia.

Comparative sequence analysis of 18S-like rRNA genes from the rumen
chytrids has shown that they form a cohesive group that are more closely
related to the true fungi than to other eukaryotes (Li and Heath, 1993).
Isozymes have also been used to identify the relationships between 23 anaer-
obic rumen fungi and seven aerobic chytrids. The anaerobic rumen fungi
formed a monophyletic group that was distinct from the aerobic chytrids.
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The generalized life history of gut-inhabiting anaerobic chytridiomycetes
is well known (Fig. 4.2) and has been reviewed on a number of occasions
(Hobson and Stewart, 1997). Motile zoospores attach to freshly ingested
plant material and encyst. Germination follows, and rhizoidal growth rami-
fies through the plant material, digesting it for the nutrition of the fungus.
In monocentric genera, a single zoosporangium arises and, within the
zoosporangium, zoospores develop and mature. Release of zoospores to
complete the life cycle is dependent on plant material entering the rumen,
and the peak population density of zoospores occurs from 15 min to 1 h
after once-daily feeding, depending on the genera of fungi present.
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Fig. 4.2. Diagram showing the life cycle of the monocentric anaerobic fungus Neocallimastix
commonly found in the rumen. Resting sporangia are not included in the diagram but are
most probably responsible for survival in the environment outside the intestinal tract.
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A further stage in the life cycle of the anaerobic chytrids has been postu-
lated (Davies et al., 1993): a survival stage (cyst or resistant zoosporangium)
that is tolerant of oxygen. It was found that survival rates were much higher
in samples of fungal populations taken from postgastric regions of the ali-
mentary tract, particularly from the large intestine and faeces, rather than
samples taken from pregastric regions. Viable organisms were cultured
from faeces up to 252 days after storage at ambient room temperature.

Bacteriophages

Large numbers of bacterial viruses – bacteriophages – are present in the
rumen. Bacteriophages are obligate pathogens of bacteria and are ubiqui-
tous in the rumen ecosystem. Bacteriophages lyse their bacterial hosts
within the rumen and are a factor involved in protein recycling within the
rumen, a process identified as reducing the efficiency of feed utilization.
However, their presence may not be entirely detrimental to the ecosystem
and it has been argued (Swain et al., 1996) that bacteriophages may also be
involved in the maintenance of a balanced ecosystem and may play a role
in recycling limiting nutrients within the rumen.

Early reports provided detailed accounts of the numbers and morpho-
logical diversity of bacteriophages observed in the rumen. More than 109

bacteriophage particles ml−1 of ruminal contents and between 26 and 40
morphologically distinct types, within more than 20 morphologically dif-
ferent bacteria, have been reported. Bacteriophages have been classified
into three viral families (Myoviridae, Siphoviridae and Podoviridae). Most
recently, in an effort to enable the accurate and reproducible enumeration
of bacteriophages in the rumen, Klieve and Swain (1993) developed a
DNA-based method of enumeration, which confirmed phage densities of
109–1010 particles ml−1 of rumen fluid.

Both classic lytic bacteriophages and temperate bacteriophages occur
in the rumen. The former infect and then lyse bacteria, whereas the latter
infect bacteria and either lyse the cells or integrate their DNA into the bac-
terial chromosome. Thereafter these bacteriophages exist from one gener-
ation to another as an integral part of the bacteria. Many of the
bacteriophages that have been isolated on rumen bacteria are lytic to their
hosts, but temperate bacteriophages have been recorded from several
rumen bacterial species. Klieve et al. (1989) concluded that temperate bac-
teriophages were widespread among the rumen bacteria and reported that
25% of culturable rumen bacterial isolates contain temperate bacterio-
phages that could be induced to enter vegetative growth and lyse the host
with mitomycin C. As not all bacteriophages respond to a single inducing
agent, the true numbers of temperate bacteriophages in rumen bacteria is
likely to be much greater than 25%.

In addition to high numbers and diversity, the bacteriophage popula-
tions in the rumen have been found to be highly dynamic. Swain et al.
(1996) found that no two animals had identical bacteriophage populations,

Microbial Ecology of the Ovine Rumen 83

sheep nutrition Ch 04  7/17/02  3:57 PM  Page 83



even when penned together and consuming the same ration. This sug-
gested that considerable individual diversity in bacteriophage populations
occurred between animals. Despite these individual differences, total bacte-
riophage DNA was similar for animals within groups and varied between
groups of animals, suggesting that nutritional and environmental factors
may influence overall phage activity in the rumen. In sheep fed once daily,
a distinct diurnal variation in the bacteriophage population was observed
(Swain et al., 1996). In a survey of the total bacteriophage numbers present
in the rumen contents of beef cattle, dairy cattle and sheep offered diets of
fresh forage, dry forage or grain, with and without a variety of supple-
ments (Klieve et al., 1998), animals on dry feed had 30–50% fewer bacterio-
phages than those on green pasture; animals in feedlots had fewer again
(10% of those at pasture). This trend appeared to be unaffected by animal
species or the feeding of supplements. These authors concluded that the
extent of bacteriophage activity could be influenced by diet, suggesting
that, if the factors involved could be found, it might be possible to reduce
bacteriophage-mediated bacterial lysis through dietary manipulation.

Although considerable progress towards a better understanding of bac-
teriophages in the rumen has been made in recent times, our knowledge
of their interactions with bacterial populations, the factors controlling pop-
ulation dynamics and their impact on animal nutrition remains limited.

Stability of the Ecosystem

Ruminal disorders

When ruminants are offered diets containing a high proportion of cereal
grain, the pH of the rumen contents often falls to very low levels. This
decreases the efficiency of conversion of feed to SCFA and microbial pro-
tein for animal production. The drop in pH is often associated with the
accumulation of lactic acid, which can lead to acute lactic acidosis (Hobson
and Stewart, 1997).

S. bovis has been implicated as the main causative agent in the syn-
drome, as it is capable of rapid growth on starch-based substrates, with the
production of lactic acid as the primary fermentation end-product
(Hobson and Stewart, 1997). It has been generally hypothesized that the
rapid growth by S. bovis exceeds the rate that can be attained by lactic acid-
utilizing bacteria and other starch-utilizing bacteria, which might compete
with S. bovis for substrate (Hobson and Stewart, 1997). This results in an
overgrowth by the faster-growing S. bovis and the accumulation of lactic
acid, with the concomitant drop in pH leading to acidotic ruminal condi-
tions and reduced efficiency of feed utilization. This mechanism is summa-
rized in Fig. 4.3.

On the basis of this hypothesis, it is a widely practised management
strategy to introduce ruminants to grain over an extended period, with the
proportion of grain in the diet increasing over that period. This is thought
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to allow time for the resident populations of bacteria that utilize lactic acid
and others that ferment starch to keep up with the growth of S. bovis and
to prevent acidosis from occurring. Alternative preventive biocontrol mea-
sures have been suggested and these include the inoculation of ruminants
probiotically with lactate-utilizing bacteria, such as M. elsdenii and S. rumi-
nantium, and alternative starch-degrading bacteria, and the control of the
growth of S. bovis with antibiotics or bacteriophages (Owens et al., 1998).
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Rumen

External factors,
e.g. period of fasting,
stress from transport,
etc.

High-starch diet

High-starch diet

Animals are well fed. Rumen contains dense populations
of rapidly growing and metabolizing microbes.

• Rumen population adapts and remains balanced.
• Starch metabolized by a wide variety of bacteria (e.g.

Prevotella spp., Streptococcus spp., Selenomonas spp.)
and protozoa (e.g. Entodinium spp.).

• Excess lactic acid rapidly removed by bacteria such as
Megasphaera elsdenii, preventing accumulation.

• Loss of microbial numbers and diversity.
• Remaining microbes in stationary phase of growth.
• Reduced capacity of normal microbial flora to rapidly

assimilate substrates and to compete with bacteria having a
short lag phase and rapid growth rate.

S. bovis has a competitive advantage, rapidly
increasing in population density.

• Reduced diversity of ruminal
microbiota.

• Reduced ruminal motility.
• Clinical acidosis.

Acute lactic
acidosis

pH
decline

Increasing lactic acid
concentration and
accumulation

Lactobacilli increase in
population density

Fig. 4.3. Development of acute ruminal lactic acidosis on high-starch diets.
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However, it appears that the use of bacteriophages may be limited, due to
the narrow, strain-specific, host range of the bacteriophages isolated to
date (Klieve et al., 1999).

With the exception of probiotically introduced bacteria to control aci-
dosis, most other alternative strategies are directed at the removal or
reduction in the size of the S. bovis population. From both in vitro and in
vivo work, it would appear that the presence of S. bovis and the rapid intro-
duction to a starch-based diet alone are insufficient to trigger an episode of
lactic acidosis. It would appear that other factors – perhaps a period of
feed deprivation – are required to predispose the rumen and allow S. bovis
to outcompete other, normally dominant bacteria.

Detoxification by rumen microbes

Forage plants often contain antinutritive or secondary compounds that can
seriously restrict their value as animal feeds. These secondary metabolites
are thought to have a defensive role that ensures survival of the plant, by
protecting them against insect predation or by restricting grazing by herbi-
vores. There are many examples of plants being toxic to non-ruminant but
not ruminant animals, because ruminal microbial activity transforms or
degrades these compounds into less toxic or harmless products (Hobson
and Stewart, 1997; Mackie et al., 1997).

Ruminal adaptation to plant toxins

Apart from degrading polysaccharides, nitrogenous compounds, lipids
and nucleic acids, the ruminal ecosystem has the ability to adapt and
increase its capacity to metabolize minor components, such as plant sec-
ondary compounds. The size of the population of toxin-degrading
microorganisms in the unadapted rumen is determined primarily by its
ability to derive energy for growth from the normal feed constituents. The
population is likely to increase in size when a toxic substrate can be
exploited as an additional source of energy. Also, the toxin-degrading
population can be selected for by providing a diet that contains preferred
nutrients and substrates that are cometabolized with the toxin. Induction
of enzyme(s) may also influence the rate of detoxification and this can be
manipulated by feeding non-toxic analogues of the secondary compound.
The degradative pathway for a toxin often involves a consortium of
microorganisms, since the enzymes involved may not be present in one
organism. Even when a single species of ruminal bacterium is capable of
degrading a toxin, there are probably several distinct strains of the species
present in the rumen.

The best example of the commercial exploitation of ruminal detoxifi-
cation for production purposes is the use of the ruminal bacterium
Synergistes jonesii to detoxify the mimosine (Fig. 4.4) from tropical browse
legume Leucaena leucocephala (Jones and Megarrity, 1986). This tree is
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widely used as a supplement but is toxic to ruminants in some parts of the
world. However, tolerance to mimosine by animals in different geographi-
cal regions led to the proposal that detoxification was related to the pres-
ence or absence of rumen microbes capable of degrading mimosine.
Support for this hypothesis was provided by transferring mimosine-
degrading activity to Australian ruminants from goats adapted to Leucaena
in Indonesia and Hawaii. This work has provided the precedent for
exploiting the diverse and dynamic population of rumen microorganisms
as a solution to the antinutritive properties of many forages. The ecology
of S. jonesii is remarkable in that the organism appears to be transferable
between cattle, sheep and goats and can establish in the rumen after being
cultured in the laboratory (Mackie et al., 1997). Several attempts to colo-
nize the rumen with different genera of laboratory strains of bacteria have
failed and thus the microbial ecology of mimosine detoxification may be
exceptional (see Krause et al., 1999b; McSweeney et al., 1999).

Ruminal metabolism of toxins associated with fodder plants

A summary of cases of ruminal detoxification in which there has been
chemical confirmation of the degradation or biotransformation of toxin
and in which the microbes have been (in part or fully) identified or charac-
terized is presented in Table 4.2. At this stage it is not known whether or
not the detoxifying microorganisms are specific to a ruminant species (cat-
tle, sheep or goats).

Manipulation of the rumen ecosystem

The gut ecosystem of ruminants can be manipulated to improve produc-
tion efficiency, product quality and microbial food safety. Modification
strategies that are used commercially or are the focus of recent research
include feeding antimicrobial compounds, probiotics and inoculants of nat-
ural and genetically modified organisms (GMOs).
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Fig. 4.4. Detoxification of mimosine to 3,4-dihydroxypyridine and 2,3-dihydroxypridine by
Synergistes jonesii. This is followed by ring cleavage and subsequent metabolism to volatile
fatty acids and ammonia.
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Table 4.2. Microbial detoxification mechanisms in the rumen (referenced in Hobson and Stewart, 1997;
Mackie et al., 1997).

Compound Modification/activity Microorganisms involved

Nitrogenous compounds
Non-protein amino acids

Mimosine Ring cleavage of 3,4-dihydroxypyridine Synergistes jonesii
Lathrogens

Diaminobutyric acid Modification not determined Unidentified isolates
Oxalyldiaminopropionic acid

Aliphatic nitro compounds
3-nitro-1-propionic acid Reduction of the nitro group and Megasphaera elsdenii,

deamination to β-alanine Coprococcus spp.,
3-nitro-1-propanol Reduction to 3-amino-1-propanol Selenomonas spp.

Nitrate–nitrite Reduction of nitrate to nitrite Selenomonas spp.
Reduction of nitrite to ammonia No isolates identified

Phenolics
Hydrolysable tannin Ester hydrolysis Selenomonas

ruminantium,
Streptococcus spp.

Trihydroxybenzenoids Dehydroxylation Eubacterium
(e.g. gallate) oxidoreducens

Ring cleavage Streptococcus bovis,
Syntrophoccus bovis,
Coprococcus spp.

Ferulic and p-coumaric acid Dehydroxylation Unknown
Flavonoid glycosides Glycoside hydrolysis Selenomonas spp.,

Butyrivibrio spp.
Heterocyclic ring cleavage Peptococcus spp.,

Eubacterium
oxidoreducens,
Butyrivibrio spp.

Condensed and hydrolysable Tannin tolerance Streptococcus 
tannin gallolyticus,

Streptococcus bovis,
Clostridium spp.,
Prevotella ruminicola,
Selenomonas
ruminantium

Phyto-oestrogens
Isoflavones

Formononetin, daidzein, Demethylation No isolates identified
genistein, biochanin, Heterocyclic ring cleavage
coumestrol

Oxalate Metabolized to formate Oxalobacter formigenes
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Antimicrobial agents and microbial feed additives

Several excellent reviews on antimicrobial agents and microbial feed addi-
tives for ruminants have already been undertaken (Nagaraja et al., 1997).
However, the use of these feed additives is currently limited in sheep pro-
duction systems compared with cattle.

Ionophore antibiotics are the most commonly used antimicrobial agent
in ruminant production, and improvements in feed conversion efficiency
and growth are attributed mainly to changes in microbial fermentation.
Monensin has gained wide acceptance, particularly in cattle production, but
other ionophores in use include lasalocid, laidlomycin, lysocellin, narasin,
salinomycin and tetronasin. In general terms, ionophore antibiotics disturb
the flow of cations across the cell membrane of Gram-positive bacteria, thus
producing a bacteriostatic effect, which alters rumen microbial populations
and fermentation patterns. The primary changes in rumen function due to
ionophore feeding are: (i) increased propionate and decreased methane
production; (ii) decreased proteolysis and deamination of amino acids; and
(iii) decreased lactic acid production and froth development. These ruminal
effects improve productivity through increased efficiency of energy and
nitrogen metabolism in ruminal disorders associated with grain feeding.
Monensin has produced improvements in microbial protein synthesis and
nitrogen digestion in sheep fed concentrate diets and these responses are
also associated with decreased rumen protozoa.

Inclusion of strains of Saccharomyces cerevisiae and Aspergillus oryzae in the
diet of sheep has stimulated the total and cellulolytic bacterial numbers in the
rumen and resulted in increased rates of digestion, but this has not consistently
translated into production responses on a range of diets (Jouany et al., 1998).

Inoculants of natural ruminant microorganisms

The introduction of naturally occurring organisms into the ruminant gut
has been investigated for protection from plant toxicity and decreased sus-
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Table 4.2. Continued.

Compound Modification/activity Microorganisms involved

Pyrrolizidine alkaloids
Heliotrine Ester hydrolysis of carbon side-chain Peptococcus

Reduction of 1,2 double bond of the heliotrinereducens
heterocyclic ring

Mycotoxins
Trichothecenes De-epoxidation Butyrivibrio fibrisolvens
T-2 toxin, HT-2 toxin De-esterification Selenomonas
Deoxynivalenol, Isovaleryl de-esterification ruminantium
diacetoxyscirpenol,
ochratoxin
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ceptibility to rumen acidosis (discussed in previous sections), for improving
fibre digestion and for controlling the shedding of pathogenic gut bacteria.

Highly fibrolytic Ruminococcus strains have been evaluated for ability to col-
onize the rumen and enhance fibre digestion when used as inoculants (Krause
et al., 2001a). Tracking systems based on strain-specific 16S rDNA sequences
indicate that inoculated Ruminococcus strains did not persist for longer than 3
weeks before reaching undetectable levels. However, these trials demonstrated
that some improvement in digestibility of cellulose may be possible when
highly fibrolytic bacteria are dosed into ruminants, but changes were small and
they do not necessarily translate into an increase in forage digestion.

Gut bacteria such as Escherichia coli O157:H7, which is carried by rumi-
nants and causes haemorrhagic colitis and haemolytic–uraemic syndrome
in humans, have caused concern recently, due to an increase in frequency
of human illness. One approach to dealing with this problem has been to
isolate from ruminants non-pathogenic E. coli, which, when administered
as probiotics, appear to reduce the level of carriage of E. coli O157:H7
(Zhao et al., 1998).

Inoculants of recombinant ruminal microorganisms

Enhancing or introducing a foreign metabolic function to the rumen by
genetic manipulation holds significant potential, but few GMOs have been
tested in animals. The most successful project involving recombinant rumi-
nal bacteria involves reducing toxicity from forage plants that contain
fluoroacetate. A gene encoding a dehalogenase for fluoroacetate from the
soil bacterium Moraxella species has been introduced into B. fibrisolvens
OB156 and AR14. The modified organisms detoxified fluoroacetate and
survived in the rumen of sheep for 5 months without loss of the gene
(Gregg et al., 1994). However, these experiments demonstrated that the
population of GMOs differed between animals and fluctuated substantially
within an animal from day to day.

A major research effort has recently been directed at constructing
recombinant ruminal bacteria with enhanced fibre-degrading capacity. B.
fibrisolvens H17c was transformed with a plasmid containing a xylanase
gene from Neocallimastix patriciarum (Xue et al., 1997). Although this GMO
had enhanced xylan-degrading capacity, it failed to establish in the rumen
(Krause et al., 2001b). Attempts to introduce cellulases (CelA and CelD)
from N. patriciarum and R. albus and an acetylxylan esterase from N. patri-
ciarum into B. fibrisolvens using the same strategy have not been successful.

Even though there has been a substantial research effort during the
last decade, there are still major technical difficulties restricting the utility
of recombinant technology for the rumen (McSweeney et al., 1999). Rapid
progress is being impeded by a lack of transformation systems for different
genera and species of bacteria (Flint, 1994), insufficient control of gene
expression and efficiency of enzyme production and secretion, genetic
instability and the poor competitive fitness of GMOs.
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The fluoroacetate-degrading GMO demonstrates that the approach is
technically feasible, but environmental and regulatory concerns must be
addressed if this technology is to be adopted. The spread of recombinant
organisms from the target host animal to other herbivores and their impact
on dietary preference and grazing behaviour is of primary concern.

Future Directions 

The use of molecular ecology techniques will revolutionize our approach
to microbial ecology in the gastrointestinal tract and will provide not sim-
ply increased understanding, but a complete description of the gut
ecosystem. Rather than replacing the classical culture-based system, the
new molecular techniques can be used in combination with the classical
approach to improve cultivation, speciation and evaluation of biodiver-
sity. Development and application of these procedures and techniques
will result in greater insight into the community structure and activity of
gut microbial communities, in relation to functional interactions between
different bacteria and spatial and temporal relationships between differ-
ent microbes and between microbes and feed particles, as well as between
the indigenous microbes and the host animal. This will link the distribu-
tion and identity of microbes in their natural environment with their
genetic potential and in situ activities. This is the ultimate goal of the
microbial ecologist.

Future developments in rumen microbial ecology, diversity and meta-
bolism will be greatly influenced by the application of genomics – the map-
ping and sequencing of genomes and analysis of gene and genome function
– especially the tools of comparative and functional genomics. At present,
genome sequencing of two major rumen fibre-degrading bacteria (F. suc-
cinogenes S85 and R. albus 8) is being carried out by the North American
Consortium for Genomics of Fibrolytic Rumen Bacteria. Despite these antic-
ipated advances, animal agriculture is under increasing pressure and public
scrutiny to make animal production and animal products safe and sustain-
able. This will drive future developments in: (i) eliminating the use of
growth-promoting antibiotics; (ii) the strategic application of probiotics to
enhance adaptation and control ruminal disorders; (iii) reducing shedding
and carcass contamination by food-borne pathogens using preharvest tech-
nologies and strategies; and (iv) controlling the transmission of neurological
spongiform encephalopathies by regulating by-product feeding.
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