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Microbial transformations in the rumen ecosystem have a major impact on our ability to meet the challenge of reducing the
environmental footprint of ruminant livestock agriculture, as well as enhancing product quality. Current understanding of the
rumen microbial ecosystem is limited, and affects our ability to manipulate rumen output. The view of ruminal fermentation
as the sum of activities of the dominant rumen microbiota is no longer adequate, with a more holistic approach required. This
paper reviews rumen functionality in the context of the microbiota of the rumen ecosystem, addressing ruminal fermentation
as the product of an ecosystem while highlighting the consequences of this for ruminant agriculture. Microbial diversity in the
rumen ecosystem enhances the resistance of the network of metabolic pathways present, as well as increasing the potential
number of new pathways available. The resulting stability of rumen function is further promoted by the existence of rumen
microbiota within biofilms. These protected, structured communities offer potential advantages, but very little is currently known
about how ruminal microorganisms interact on feed-surfaces and how these communities develop. The temporal and spatial
development of biofilms is strongly linked to the availability of dietary nutrients, the dynamics of which must also be given
consideration, particularly in fresh-forage-based production systems. Nutrient dynamics, however, impact not only on pathway
inputs but also the turnover and output of the whole ecosystem. Knowledge of the optimal balance of metabolic processes
and the corresponding microbial taxa required to provide a stable, balanced ecosystem will enable a more holistic
understanding of the rumen. Future studies should aim to identify key ecosystem processes and components within the rumen,
including microbial taxa, metabolites and plant-based traits amenable to breeding-based modification. As well as gaining
valuable insights into the biology of the rumen ecosystem, this will deliver realistic and appropriate novel targets for beneficial
manipulation of rumen function.
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Introduction

The purpose of the rumen is to convert dietary material into
microbial biomass and end products that can be utilised by
the animal. Rumen microorganisms anaerobically ferment
complex lignocellulosic plant material, which otherwise
would be unable to be utilised by ruminants. Fermentation
of dietary material generates microbial biomass and valu-
able microbial end products, the outflow/diffusion of which
provides the ruminant with usable forms of protein and
energy. The efficiency and sustainability of ruminant pro-
duction relies on driving the ecosystem carrying out this
conversion to follow an optimal network of metabolic
processes. Microbial protein from the rumen accounts for
more than half of the total protein entering the intestines

(Broudiscou and Jouany, 1995), with three main taxonomic
groups accounting for the majority of this microbial biomass
(bacteria, protozoa and fungi) (Hobson and Stewart, 1997).
Despite this symbiotic host–microbe relationship, conver-
sion of dietary material by ruminants into saleable product
is an inefficient process.

A large part of this inefficiency is due to ruminal pro-
cesses, resulting in ruminants typically converting only
,20% of dietary protein into meat and/or milk (MacRae
et al., 1975; Dewhurst et al., 2000). Ruminal recycling of
microbial protein and excessive production of ammonia
result in poor nitrogen use efficiency (Ulyatt et al., 1980)
while the excretion of methane (Monteny et al., 2006) and
unincorporated dietary protein (Marini and Van Amburgh,
2005) pose significant environmental problems. These
issues form the basis of one of the main challenges that
face this industry, namely to reduce the environmental- E-mail: joan.edwards@bbsrc.ac.uk
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impact of livestock agriculture. Similarly, ruminal processes
are also important in terms of improving the quality of
animal products. Consumers are becoming increasingly
aware of the relationships between diet and health,
resulting in a greater impetus to enhance the nutritional
value of ruminant meat and milk. In response to current
dietary guidelines (WHO, 2003), research into functional
food components has focused on modifying the quantities
of those nutrients present naturally in ruminant products,
which are considered to play important roles in health.
Current targets include increasing the n-3 polyunsaturated
fatty acid content of meat (Scollan et al., 2006) and
milk (Vlaeminck et al., 2006). Manipulation of microbial
processes in the rumen could have a major impact on our
ability to meet these challenges, however recent method-
ological advances have highlighted that our knowledge of
ruminal microorganisms is limited. Current understanding
of rumen microbial fermentation is based on the sum of
the metabolic activities of the dominant species cultivated
from this ecosystem (Krause and Russell, 1996) and not
of the hundreds of species now acknowledged to exist
(Edwards et al., 2004). However, understanding a microbial
ecosystem requires more than just comprehending the
sum of the activities of the microorganisms present.
Consideration must also be given to what is known about
the range of microbial taxa present within the ecosystem.

Improving the efficiency and sustainability of ruminant
agriculture relies on the rumen ecosystem following an
optimal network of metabolic activities. This review aims to
broaden our current thinking of rumen function by con-
sidering the central properties of the rumen in the context
of an ecosystem in which diversity, stability, structure,
dynamics (microbial and nutrient) and biomass (dietary and
microbial) are the key elements. Enhancing our under-
standing of the rumen ecosystem will enable targeted and
sustainable manipulation of rumen function to be more
effectively realised in the future, including exploiting
approaches to manipulate rumen function with dietary
forage-based approaches.

Current understanding of rumen microbial diversity

Historically, cultivation-based techniques have enabled
identification of a large number of species present in the
rumen (Hungate, 1966; Mackie and White, 1997). More
recently, application of cultivation-independent methodol-
ogies to complex ecosystems has highlighted that the
number of bacterial species present is underestimated by
these approaches (Rappe and Giovannoni, 2003). Reports
of analogous findings relating to the main microbial taxa
resident in the rumen (Moon-van der Staay et al., 2002;
Edwards et al., 2004; Tuckwell et al., 2005; Wright et al.,
2006) confirms that the rumen ecosystem is no exception.

The ability of very simple methodological steps, such as
incubation time and inoculum size (Davis et al., 2005), to
limit cultivation of certain microorganisms goes some way
in explaining why only 11% of the bacterial taxa present

within the rumen has been recovered in culture (Figure 1)
(Edwards et al., 2004). Based on 16S rDNA-based analysis it
has been suggested that 300 to 400 different bacterial species
actually exist within the rumen (Edwards et al., 2004; Yu et al.,
2006), as well as other mammalian gut ecosystems (Eckburg
et al., 2005). Use of novel and informed cultivation techniques
together with molecular-based approaches that can encom-
pass the whole ecosystem (i.e. metagenomics) have high-
lighted the potential to overcome some of these limitations
(Hugenholtz, 2002). Only by utilising novel ‘-omic’ approaches
in tandem with new cultivation techniques (Connon and
Giovannoni, 2002; Kaeberlein et al., 2002; Zengler et al.,
2002), can we effectively start to comprehend the functional
role of microorganisms present within the rumen.

There is a need to define how important a diverse range
of microorganisms really is to rumen function. Diversity
is not only the ‘variety’ of individuals present within an
ecosystem but also their abundance (Magurran, 1988).
Numbers have consequences; e.g. the presence of rumen
lactic acid producing bacteria (i.e. Streptococcus bovis and
Lactobacillus spp.) does not by itself induce acute acidosis,
but a tenfold increase in their number as a result of rapid
dietary change does (Coe et al., 1999). Similarly, numbers of
individual species do not necessarily equate to importance.
High specific activities can result in functional significance
despite low numbers, as is the case with hyper-ammonia-
producing bacteria, e.g. Peptostreptococcus anaerobius
and Clostridium sticklandii (Russell et al., 1992; Russell
and Rychlik, 2000). Hence, our comprehension of rumen
microbial diversity needs to move beyond a species inven-
tory towards considering the significance of diversity, and
its impact on ecosystem stability.

Ecosystem stability

Stability in microbial ecosystems is a trait derived from two
key system properties, resistance and resilience. Resistance
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Figure 1 The uncultivated bacterial diversity of the rumen. The
percentage of operational taxonomic units (OTU) represented by
uncultivated (light grey) and cultivated bacteria (dark grey) for the atotal
rumen bacterial biota is shown (Edwards et al., 2004). The phylum
distribution of these are shown for the two predominant phyla,
bBacteroidetes (Cytophaga-Flexibacter-Bacteroides phylum) and cFirmicutes
(low G 1 C Gram-positive bacteria), along with dother minor phyla and OTU
of unknown phylum association.
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is the ability of a system to withstand change. Diverse
ecosystems are thought to buffer perturbations through the
capacity of multiple components to carry out related func-
tions. Microbial diversity in the rumen can be predicted to
enhance the resistance of the network of metabolic path-
ways by increasing the number of genes encoding the
pathway, as has been observed in other systems (Cohen
et al., 2000; Buchanan, 2002). By increasing the gene pool,
alternative metabolic pathways also become available,
enabling the ecosystem to stabilise more rapidly after
change to a new equilibrium (e.g. change in diet). The more
resistant the metabolic pathways, and the more diverse the
resource of novel pathways, the more resilient the microbial
ecosystem will become.

Resilience is the speed with which a system can return
to its original or a new equilibrium following perturbation.
System resilience, however, is a complex concept. It is widely
accepted that diversity plays a key role in determining
resilience, as diversity has been demonstrated to stabilise
community and ecosystem processes (Girvan et al., 2005).
However, it is also apparent that systems of equivalent
diversity do not always have the same stability (Griffiths et al.,
2004), and that diversity itself can also destabilise popula-
tion processes (Tilman, 1996). System resilience is therefore
concluded not to be a consequence of diversity alone.

Describing the rumen in terms of system stability should
help to increase our ability to comprehend the ecosystem and
its fundamental structure. Stability, as a function of resistance
and resilience, has been previously related to specific com-
ponents within a community (Griffiths et al., 2004). However,
complex microbial ecosystems often contain more than one
species capable of carrying out the same role. Due to this
redundancy, it is clear that linking resilience to individual
system components is of limited value in complex microbial
ecosystems like the rumen, particularly as no role has been
assigned to the majority of the taxa present.

Structural organisation of rumen microbiota

Together with increased understanding of the metabolic
pathways that occur within the rumen ecosystem, we must
also consider the physical location of the microbial con-
sortia resident within the rumen, which are responsible for
these processes. Traditionally, the structure of the rumen
bacterial population is considered to be the sum of three
pools of microorganisms; those that are solid associated,
liquid associated and tissue associated. It is clear that these
populations are different from each other (LaRue et al.,
2005; Cho et al., 2006; Sadet et al., 2007), and that, of
these, the solid-associated microbial biomass is the largest
(Craig et al., 1987) and plays the most important role in
feed digestion (McAllister et al., 1994).

Recent microscopical evidence has also shown that
attached bacterial communities are commonly enclosed in
an extracellular polymeric matrix, thus defining them as
biofilm communities (Figure 2) (Mayorga et al., 2007).
Organisation of bacteria into biofilms has two main

advantages. Firstly, the self-produced extracellular polymeric
substances (EPS) that coat biofilm communities trap and
concentrate nutrients and enzymes, enabling microbes within
the biofilm to readily exchange substrates (Minato et al., 1966;
Wolin et al., 1997; Michalet-Doreau et al., 2001). Secondly,
mature ‘stable’ multi-species biofilms are resistant to detach-
ment (McAllister et al., 1994; Harrison et al., 2005; LaRue
et al., 2005) and so microbes are structurally protected from a
range of forms of attack including antibodies (Costerton et al.,
1981), antimicrobial agents (Gilbert and Brown, 1995; Allison
et al., 2000) and bacteriophage (Costerton et al., 1987). It has
also been considered that biofilms offer protection from
predation (Costerton et al., 1987), although data now suggests
that many protozoa have mechanisms of efficiently pre-
dating these attached communities (Lawrence and Snyder,
1998; Pederson, 1990; Huws et al., 2005). Therefore, due to
the structural stability of biofilm communities, it is impor-
tant to consider this phenotype in the context of the rumen
microbial ecosystem, particularly when developing novel
strategies to manipulate rumen microbiota.

Microorganisms attach rapidly to dietary substrates in the
rumen (Bonhomme, 1990; McAllister et al., 1990; Edwards
et al., 2007). Association of microbes with feed particles
occurs either randomly or through response to chemo-
attractants such as soluble carbohydrates (McAllister et al.,
1994; Dehority and Orpin, 1997). Attachment itself can occur
in a range of ways, from specific mechanisms requiring
binding proteins and receptors to non-specific mechanisms
that rely on physico-chemical forces such as van-der Waals
forces (McAllister et al., 1994; Miron et al., 2001).

The specific order in which various microorganisms
colonise the surface of feed is thought to influence the
spatial organisation within a biofilm community (McAllister
et al., 1994), although the rate of initial attachment of
rumen bacteria to forage in the rumen is thought to be
similar between colonising species (Koike et al., 2003;
Edwards et al., 2007). Primary colonising microorganisms
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Figure 2 Microbial feed-associated biofilms. Scanning electron micro-
scopy image of a biofilm community present on the adaxial surface of
Lolium perenne following 2 h of incubation in the presence of rumen fluid
and under in vitro conditions mimicking the rumen ecosystem (Mayorga
et al., 2007). The plant waxy cuticle (PWC) and the scale bar of 10 mm are
also indicated on the image.
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attached in favourable nutrient niches proliferate to form
functional micro-colonies, where high concentrations of
specific digestive enzymes are produced (Cheng et al., 1995;
Saginala et al., 1997). Release of nutrients or end products
by the primary colonisers attract secondary microorganisms
to the site of digestion, with the EPS produced facilitating
their attachment (McAllister et al., 1994; McAllister and
Cheng, 1996). Utilisation of nutrients by primary and
secondary colonisers stimulates further proliferation and
subsequent development and maturation of the biofilm into
a structured consortium (Costerton et al., 1987). Formation of
mature biofilms on fresh forage has recently been shown
to be maximal after 2 h of incubation, under conditions
mimicking the rumen (Mayorga et al., 2007).

The diverse range of ruminant dietary material available
provides a wide variety of substrates for colonisation in the
rumen. This will affect the development of biofilm com-
munities, as will the physical structure of forage. Structu-
rally complex lignocellulosic substrates undergo a complex
and sequential microbial attack (Cheng et al., 1980),
involving both bacteria and anaerobic fungi (Theodorou
et al., 1996; Gordon and Phillips, 1998). Furthermore, the
mechanical process of ingestive mastication increases the
accessibility of dietary nutrients and increases the surface
area available for microbial attachment and enzymatic
attack (Bowman and Firkins, 1993; McAllister et al., 1994;
Pan et al., 2003). In sacco studies with fresh forage have
shown that mastication has an effect on microbial colon-
isation. Early rumen bacterial populations (,4 h) colonising
on intact perennial ryegrass were observed to differ from
those colonising on masticated perennial ryegrass (Figure 3)
(Kim et al., 2006).

Impact of diet on rumen microbial biomass

Rumen microbial fermentation essentially occurs under
continuous-culture conditions, whereby a frequent input of
dietary material and removal of microbial biomass and end
products enables the continual growth of rumen microbes.
Diets influence ruminal turnover through differences in the
relative rates of fermentation and energy/nutrient density,
e.g. readily fermentable processed barley grains v. bulky
barley straw. However, the greater the flow rate of nutrients
through the rumen, the smaller the window of opportunity
for microbial digestion and growth (Robinson et al., 1985).
On this basis it could be suggested that decreasing the
ruminal passage of dietary material may improve the
efficiency of its conversion into rumen microbial biomass. In
addition to the type of diet, however, differences in intake,
feeding regimes and the way the diet is presented (i.e.
ground v. chopped) also influence the rate of passage
(Russell et al., 1992), making the practical optimisation of
ruminal flow rate complex.

As protein is one of the most expensive dietary compo-
nents, much work has focussed on maximising the amount
of protein reaching the ruminant hindgut (Russell et al.,
1992). Rumen microbial biomass can account for more than

50% of the protein entering the intestines (Broudiscou and
Jouany, 1995) with the remainder derived from endogenous
nitrogen sources (8% to 10%) (Bartram, 1987) and unde-
graded protein. Generally two main approaches have been
used to increase the supply of utilisable protein entering the
intestines: enhancing the efficiency of rumen microbial
biomass production and protecting dietary protein from
ruminal degradation. Efforts to increase the efficiency of
microbial growth have centred on improving the supply
of nutrients to the rumen microbial population through
a variety of different approaches, e.g. synchrony/balance
(Rooke et al., 1987; Dewhurst et al., 2000), forage quality
(Beever and Siddons, 1986; Lee et al., 2002; Merry et al.,
2006) and concentrate supplementation (Thomas et al.,
1980; Harstad and Vik-Mo, 1985). To increase the amount
of undegraded dietary protein entering the intestines, diets
high in non-degradable protein sources have been used,
as well as processing (i.e. heat or chemical treatment) and
the addition of protective agents such as tannins, which
complex with protein to decrease degradation. In some
situations this leads to a deficiency of fermentable energy
for rumen microorganisms and a consequent reduction in
microbial growth (Siddons et al., 1985; Rooke et al., 1986;
Christensen et al., 1993). Conversely though, it has been
noted that responses of microbial protein synthesis to
protein supplements differ according to the type of energy
supplied in the diet (Dewhurst et al., 1999).

In addition to the passage and fermentation rates of
the feed, consideration should be paid to the temporal
availability of feed nutrients to the rumen microbiota.
For example, in fresh-forage-based systems not all of the

1009590858075706560

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

F-12

F-8

F-4

B-12

B-8

B-1

B-0.5

B-2

B-0.25

B-4

B-24

F-24

F-0.5

F-0.25

F-2

F-1

B-0

F-0

Figure 3 Effect of mastication on rumen bacteria colonising fresh
perennial ryegrass. Bacterial 16S rDNA denaturing gradient gel electro-
phoresis profiles of rumen in sacco incubated samples of intact (F) and
masticated (B) perennial ryegrass were analysed (Kim et al., 2006).
Branch labels indicate sample type and incubation time (h), with the scale
indicating the percentage of similarity between bacterial populations
which have colonised the bag residues. White shading highlights the early
incubation intact forage samples (0.25 to 2 h), which formed a separate
and distinct cluster.
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soluble nutrients are immediately available as a result of
mastication (Boudon and Peyraud, 2001; Kim et al., 2006)
or as a result of exposure of ingested viable plant cells to
the rumen environment (Kingston-Smith et al., 2003b).
Although it has been clearly demonstrated that dietary
protein can be directly utilised or broken down in the rumen
by microbial taxa (Wallace et al., 1997), in situ the plant
protein may be protected from degradation by complexing
with phenolic compounds (Theodorou et al., 2000; Winters
and Minchin, 2001) or can be inaccessible due to being
compartmented within plant cells (Kingston-Smith and
Theodorou, 2000).

Plant cells are complex, containing numerous single- and
double-membrane-bound organelles (e.g. plant chloroplast,
mitochondria and vacuoles). Spatial separation has an
important role in coordinating plant metabolism. The
majority of plant protease activity exists in lytic vacuoles
away from the cytosolic proteins, which are potential sub-
strates, thereby minimising the futile cycling of proteins
(Thomas and Stoddart, 1980; Feller, 1986). During stress or
herbivory, proteins can be degraded in response to cellular
signals or physical loss of compartmentation. As recent
estimates suggest that approximately half of the plant cells
are intact and viable in ingested fresh forage (Gay, Kim and
Kingston-Smith, unpublished), it is clear that plant structure
plays an important role in determining nutrient availability
(Kingston-Smith et al., 2008). Furthermore, the ability of
the plant cell’s own enzymatic complement to access the
nutrients in intact plant cells before they can be accessed by
ruminal microorganisms also gives fresh forage a dynamic
and temporal metabolite fingerprint distinct from that of
conserved forages or concentrate feeds (Zhu et al., 1999;
Kingston-Smith et al., 2003a and 2005). Therefore, the role
of dietary material type can have an impact on the rumen
microbial biomass beyond the chemical analysis of the
nutrients it contains.

Manipulation of rumen microbial processes

The complexities of rumen function indicated above make
manipulation of rumen microbial processes a significant
challenge. Some goals for the ruminant livestock industry
target the optimisation of metabolic processes within the
rumen ecosystem as a whole, whereas others are focussed
on particular metabolic pathways within the ecosystem.
Improvements in the balance of rumen microbial metabolic
processes to date have been achieved either by indirectly
perturbing the microbial populations by exploiting specific
characteristics of feed or supplements, or by intervening
directly to modulate numbers of ruminal microorganisms
with desirable traits.

Differences in the chemical composition of plants mean
that different feeds provide distinct opportunities for
microbial fermentation because of the presence of specific
niches. Understanding of substrate-based microbial popu-
lation shifts, and why they occur, will enable us to apply
the appropriate techniques to modify ruminal microbial

populations and fermentation end products. For example,
significant shifts in the microbial population can be
achieved according to silage type (grass v. red clover)
combined with dietary supplementation with fish oil at 2%
and 3% of dry matter intake (Huws et al., 2006). The latter
result could explain how increased substrate supply and
altered microbial lipid metabolism resulting from dietary
fish oil supplementation increases the deposition of bene-
ficial n-3 polyunsaturated fatty acids into ruminant products
(Shingfield et al., 2003; Lee et al., 2005).

Direct manipulation of ruminal microorganisms can be
achieved by use of feed additives such as ionophores,
antibiotics and methane inhibitors (Nagaraja et al., 1997).
The modes of action of these additives vary but in general
they result in beneficial changes in ruminal metabolism
mediated through their effects on a wide or specific range
of taxa. Ionophores act on a wide range of Gram-positive
bacteria and generally cause an increase in the ruminal
production of the glucogenic precursor propionate relative
to a decrease in acetate, as well as decreasing the ruminal
production of lactate, methane and ammonia (Russell and
and Strobel, 1989). Some antibiotics change ruminal fer-
mentation parameters more specifically, e.g. virginiamycin
decreases lactate production (Coe et al., 1999). Other
antibiotics act by inhibiting bacteria that are detrimental
to ruminant health, such as Fusobacterium necrophorum
(Nagaraja et al., 1999; Wallace et al., 2001; Edwards et al.,
2005). Other direct approaches to modify ruminal micro-
biota have involved either the removal or addition of micro-
organisms, e.g. by defaunation (Demeyer and Van Nevel,
1979) or introduction of probiotic microorganisms with
and without genetically enhanced metabolic capabilities
(Gregg, 1995; Kamra and Pathak, 2005). The practical
implementation of these latter approaches, however, has
had limited success to date within the livestock industry
(Kobayashi et al., 2000 and 2004).

Since the ban on the use of antimicrobial feed additives
for growth promotion within the EU, there has been a move
to the development and use of plant secondary metabolites
as alternative manipulators of rumen function (Wallace,
2004). Plant secondary metabolites can exert their effect
directly on microbial taxa and their metabolism. Saponins
(Shi et al., 2004) and catecholamines (Lafontan et al., 2002)
directly affect ruminal lipid metabolism by inhibiting the
action of lipolytic bacteria. Indirect effects can also occur
when the availability of dietary metabolites is modified, e.g.
by condensed tannins (Theodorou et al., 2000; Min et al.,
2003). Harnessing the plant enzyme polyphenol oxidase
(PPO) decreases the extent of red clover proteolysis both
in silo (Sullivan and Hatfield, 2006) and in the rumen
(Albrecht and Broderick, 1992) through the complexing of
leaf proteins (Winters and Minchin, 2001) and/or the
denaturation of plant proteases (Jones et al., 1995; Lee
et al., 2004). Similar mechanisms have also been proposed
for observed beneficial effects on rumen lipolysis and bio-
hydrogenation (Lee et al., 2003, 2004 and 2007). Modifying
plant enzymatic capabilities is another promising area, with
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recent advances resulting in the generation of forage that
can breakdown its own cell-wall structure upon cell death
(Buanafina et al., 2006). Clear potential exists for sustain-
able improvements in nutrient use efficiency and product
quality through the further exploitation of plant secondary
metabolites and metabolism.

Summary and conclusions

Comprehension of the rumen microbial ecosystem based on
the sum of activities of dominant rumen microbiota is
limited, particularly in light of the lack of phenotypic
knowledge of the wealth of microbial taxa now acknowl-
edged to populate this ecosystem. Microbial diversity and
its implications for metabolic pathways in the rumen should
be carefully considered if targeted modification of ruminal
metabolism is to be effectively realised, especially when
processes occur within biofilms. Understanding of rumen
metabolism needs to incorporate temporal and spatial
dynamics of ruminal microbiota, together with the dynamics
associated with dietary material and nutrient availability.
Combined knowledge of the optimal balance of microbial
taxa, their metabolic processes and factors affecting the
properties of the rumen ecosystem is limited. A more
holistic approach to comprehending the rumen microbial
ecosystem is urgently required.

Methodological advances in metabolite, microbial and
sequence-based analyses provide the potential for identifi-
cation of key ecosystem components. However, the power
of this increasing toolbox of techniques can only be realised
when they are combined with a strong experimental base
to allow ecosystem changes with a significant impact to
be identified. This will generate novel targets requiring the
ability to manipulate key processes through modifying
the relevant microbial species, metabolites and related
ecosystem properties. Further identification of key meta-
bolites and plant-based traits/activities that can be modified
in important agronomical forage crops will offer novel
means to manipulate dietary material through selective
plant breeding and modification. By comprehending more
fully the ecosystem processes that occur within the rumen,
targeted manipulation of rumen function will be more
effectively realised, while gaining valuable insight into the
biology of this system.

Acknowledgements

The authors gratefully acknowledge BBSRC, DEFRA and the EU
for funding their research. Thanks are also given to Mike
Theodorou for his support and encouragement of this work.
The scanning electron microscopy expertise of Barry Thomas is
also gratefully acknowledged.

References
Albrecht KA and Broderick GA 1992. Ruminal in vitro degradation of protein
from different legume species. US Dairy Forage Research Centre, Madison,
USA. Research Summaries, pp. 92–94.

Allison DG, McBain AJ and Gilbert P 2000. Biofilms: problems of control. In
Community structure and co-operation in biofilms (ed. DG Allison, P Gilbert,
HM Lappin-Scott and M Wilson). Cambridge University Press, Cambridge, UK.

Bartram CJ 1987. The endogenous protein content of ruminant proximal
duodenal digests. PhD Thesis, University of Nottingham, Sutton Bonington,
Leicestershire, UK.

Beever DE and Siddons RC 1986. Digestion and metabolism in the grazing
ruminant. In Control of digestion and metabolism in the ruminant (ed. IW
McDonald and ACI Warner), pp. 432–447. University of New England
Publishing Unit, Armidale, Australia.

Bonhomme A 1990. Rumen ciliates: their metabolism and relationships with
bacteria and their hosts. Animal Feed Science and Technology 30, 203–212.

Boudon A and Peyraud JL 2001. The release of intracellular constituents from
fresh ryegrass (Lolium perenne) during ingestive mastication in dairy cows:
effect of intracellular constituent, season and stage of maturity. Animal Feed
Science and Technology 93, 229–245.

Bowman JGP and Firkins JL 1993. Effects of forage species and particle size on
bacterial cellulolytic activity and colonisation in situ. Journal of Animal Science
71, 1623–1633.

Broudiscou L and Jouany JP 1995. Reassessing the manipulation of protein
synthesis by rumen microbes. Reproduction, Nutrition, Development 35,
517–535.

Buanafina MM, de O Langdon T, Hauck BD, Dalton SJ and Morris P 2006.
Manipulating the phenolic acid content and digestibility of Italian ryegrass
(Lolium multiflorum) by vacuolar targeted expression of a fungal ferulic acid
esterase. Applied Biochemistry and Biotechnology 130, 415–426.

Buchanan M 2002. Nexus: small worlds and the groundbreaking science of
networks. W. W. Norton & Company Ltd., London, UK.

Cheng KJ, Fay JP, Howarth RE and Costerton JW 1980. Sequence of events in
the digestion of fresh legume leaves by rumen bacteria. Applied and
Environmental Microbiology 40, 613–625.

Cheng KJ, McAllister TA and Costerton JW 1995. Biofilm of the ruminant
digestive tract. In Microbial biofilms (ed. H Lappin-Scott and JM Costerton),
pp. 221–232. Cambridge University Press, Cambridge, UK.

Cho SJ, Cho KM, Shin EC, Lim WJ, Hong SY, Choil BR, Kang JM, Lee SM, Kim YH,
Kim H and Yun HD 2006. 16S rDNA analysis of bacterial diversity in three fractions
of cow rumen. Journal of Microbiology and Biotechnology 16, 92–101.

Christensen RA, Cameron MR, Klusmeyer TH, Elliot JP, Clark JH, Nelson DR and
Yu Y 1993. Influence of the amount and degradability of dietary protein on
nitrogen utilization by dairy cows. Journal of Dairy Science 76, 3497–3513.

Coe ML, Nagaraja TG, Sun YD, Wallace N, Towne EG, Kemp KE and Hutcheson
JP 1999. Effect of virginiamycin on ruminal fermentation in cattle during
adaptation to a high concentrate diet and during an induced acidosis. Journal
of Animal Science 77, 2259–2268.

Cohen R, Erez K, ben-Avraham D and Havlin S 2000. Resilience of the internet
to random breakdowns. Physical Review Letters 85, 4626–4628.

Connon SA and Giovannoni SJ 2002. High-throughput methods for culturing
microorganisms in very-low nutrient media yield diverse new marine isolates.
Applied and Environmental Microbiology 68, 3878–3885.

Costerton JW, Irvin RT and Cheng KJ 1981. The bacterial glycocalyx in nature
and disease. Annual Review Microbiology 35, 299–324.

Costerton JW, Cheng KJ, Geesey GG, Ladd TI, Nickel JC, Dasgupta M and
Marrie TJ 1987. Bacterial biofilms in nature and disease. Annual Review
Microbiology 41, 435–464.

Craig WM, Broderick GA and Ricker DB 1987. Quantitation of microorganisms
associated with the particulate phase of ruminal ingesta. Journal of Nutrition
117, 56–62.

Davis KE, Joseph SJ and Janssen PH 2005. Effects of growth medium, inoculum
size, and incubation time on culturability and isolation of soil bacteria. Applied
and Environmental Microbiology 71, 826–834.

Dehority BA and Orpin GC 1997. Development of and natural fluctuations
in rumen microbial populations. In The rumen microbial ecosystem (ed.
PH Hobson and CS Stewart), pp. 196–245. Chapman & Hall, London, UK.

Demeyer DI and Van Nevel CJ 1979. Effect of defaunation on the metabolism
of rumen micro-organisms. British Journal of Nutrition 42, 515–524.

Dewhurst RJ, Aston K, Fisher WJ, Evans RT, Dhanoa MS and McAllan AB 1999.
Comparison of energy and protein sources offered at low levels in grass-silage
based diets for dairy cows. Animal Science 68, 789–799.

Edwards, Huws, Kim, Lee, Kingston-Smith and Scollan

658



Dewhurst RJ, Davies DR and Merry RJ 2000. Microbial protein supply in the
rumen. Animal Feed Science and Technology 85, 1–21.

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, Gill SR,
Nelson KE and Relman DA 2005. Diversity of the human intestinal microbial
flora. Science 308, 1635–1638.

Edwards JE, McEwan NR, Travis AJ and Wallace RJ 2004. 16s rDNA library-based
analysis of ruminal bacterial diversity. Antonie van Leeuwenhoek 86, 263–281.

Edwards JE, McEwan NR, McKain N, Walker N and Wallace RJ 2005. Influence
of flavomycin on ruminal fermentation and microbial populations in sheep.
Microbiology 151, 717–725.

Edwards JE, Huws SA, Kim EJ and Kingston-Smith AH 2007. Characterisation of
the dynamics of initial bacterial colonisation of non-conserved forage in the
rumen. FEMS Microbiology Ecology 62, 323–335.

Feller U 1986. Plant proteolytic enzymes in relation to leaf senescence. In Plant
proteolytic enzymes (ed. MJ Dalling), pp. 49–68. CRC Press, Boca Raton, FL,
USA.

Gilbert P and Brown MRW 1995. Mechanisms of the protection of bacterial
biofilms from antimicrobial agents. In Microbial biofilms – plant microbial
biotechnology research 5 (ed. HM Lappin-Scott and JW Costerton), Cambridge
University Press, Cambridge, UK.

Girvan MS, Campbell CD, Killham K, Prosser JI and Glover LA 2005. Bacterial
diversity promotes community stability and functional resilience after
perturbation. Environmental Microbiology 7, 301–313.

Gordon GLR and Phillips MW 1998. The role of anaerobic gut fungi in
ruminants. Nutrition Research Reviews 11, 133–168.

Gregg K 1995. Engineering gut flora of ruminant livestock to reduce forage
toxicity: progress and problems. Trends in Biotechnology 13, 418–421.

Griffiths BS, Kuan HL, Ritz K, Glover LA, McCaig AE and Fenwick C 2004. The
relationship between microbial community structure and functional stability,
tested experimentally in an upland pasture soil. Microbial Ecology 47, 104–113.

Harrison JJ, Turner RJ, Marques LLR and Ceri H 2005. Biofilms: a new
understanding of these microbial communities is driving a revolution that may
transform the science of microbiology. American Scientist 93, 508.

Harstad OM and Vik-Mo L 1985. Estimation of microbial and undegraded
protein in sheep on grass silage based diets. Acta Agriculturæ Scandinavica 25,
37–48.

Hobson PN and Stewart CS 1997. The rumen microbial ecosystem. Chapman &
Hall, London, UK.

Hugenholtz P 2002. Exploring prokaryotic diversity in the genomic era.
Genome Biology 3, 1–8.

Hungate RE 1966. The rumen and its microbes. Academic Press Inc., New York,
USA.

Huws SA, McBain AJ and Gilbert P 2005. Protozoan grazing and its impact
upon population dynamics in biofilm communities. Journal Applied Micro-
biology 98, 238–244.

Huws SA, Lee MRF, Muetzel S, Wallace RJ and Scollan ND 2006. Effect of
forage type and level of fish oil inclusion on bacterial diversity in the rumen.
Reproduction, Nutrition, Development 46, S99.

Jones BA, Muck RE and Hartfield RD 1995. Red clover extracts inhibit legume
proteolysis. Journal of the Science of Food and Agriculture 67, 329–333.

Kaeberlein T, Lewis K and Epstein SS 2002. Isolating ‘‘uncultivable’’
microorganisms in pure culture in a simulated natural environment. Science
296, 1127–1129.

Kamra DN and Pathak NN 2005. Improvement in livestock productivity by use
of probiotics: a review. Indian Journal Animal Science 75, 128–134.

Kim EJ, Edwards JE, Sanderson R, Kingston-Smith AH, Scollan ND and
Theodorou MK 2006. Effects of mastication on temporal bacterial colonisation
and degradation of fresh perennial ryegrass in the rumen. Reproduction,
Nutrition, Development 46, S19.

Kingston-Smith AH and Theodorou MK 2000. Post-ingestion metabolism of
fresh forage. New Phytologist 148, 37–55.

Kingston-Smith AH, Bollard AL, Armstead IP, Thomas BJ and Theodorou MK
2003a. Proteolysis and cell death in clover leaves is induced by grazing.
Protoplasma 220, 119–129.

Kingston-Smith AH, Bollard AL, Thomas BJ, Brooks AE and Theodorou MK
2003b. Nutrient availability during the early stages of colonization of fresh
forage by rumen micro-organisms. New Phytologist 158, 119–130.

Kingston-Smith A, Merry RJ, Leemans DK, Thomas H and Theodorou MK 2005.
Evidence in support of a role of plant-mediated proteolysis in the rumens of
grazing animals. British Journal of Nutrition 93, 73–79.

Kingston-Smith AH, Davies TE, Edwards JE and Theodorou MK 2008. From
plants to animals: the role of plant cell death in ruminant herbivores. Journal of
Experimental Botany, doi: 10.1093/jxb/erm326.

Kobayashi Y, Forster RJ and Teather RM 2000. Development of a competitive
polymerase chain reaction assay for the ruminal bacterium Butyrivibrio
fibrisolvens OB156-derived recombinant. FEMS Microbiology Letters 188,
185–190.

Kobayashi Y, Koike S, Taguchi H, Itabashi H, Kam DK and Ha JK 2004. Recent
advances in gut microbiology and their possible contribution to animal health
and production – A review. Asian-Australasian Journal of Animal Science 17,
877–884.

Koike S, Pan J, Kobayashi Y and Tanaka K 2003. Kinetics of in sacco fiber-
attachment of representative ruminal cellulolytic bacteria monitored by
competitive PCR. Journal of Dairy Science 86, 1429–1435.

Krause DO and Russell JB 1996. How many ruminal bacteria are there? Journal
of Dairy Science 79, 1467–1475.

Lafontan M, Berlan M, Stich V, Crampes F, Riviere D, De Glisezinski I, Sengenes
C and Galitzky J 2002. Recent data on the regulation of lipolysis by
catecholamines and natriuretic peptides. Annales D’Endocrinologie 63, 86–90.

LaRue R, Yu Z, Parisi VA, Egan AR and Morrison M 2005. Novel microbial
diversity adherent to plant biomass in the herbivore gastrointestinal tract, as
revealed by ribosomal intergenic spacer analysis and rrs gene sequencing.
Environmental Microbiology 7, 530–543.

Lawrence JR and Snyder RA 1998. Feeding behaviour and grazing impacts of a
Euplotes sp. on attached bacteria. Canadian Journal of Microbiology 44,
623–629.

Lee MRF, Harris LJ, Moorby JM, Humphreys MO, Theodorou MK, MacRae JC
and Scollan ND 2002. Rumen metabolism and nitrogen flow to the small
intestine in steers offered Lolium perenne containing different levels of water-
soluble carbohydrate. Animal Science 74, 587–596.

Lee MRF, Martinez EM and Scollan ND 2003. Plant enzyme mediated lipolysis
of Lolium perenne and Trifolium pratense in an in vitro simulated rumen
environment. Aspects of Applied Biology 70, 115–120.

Lee MRF, Winters AL, Scollan ND, Dewhurst RJ, Theodorou MK and Minchin FR
2004. Plant mediated lipolysis and proteolysis in red clover with different
polyphenol oxidase activities. Journal of the Science of Food and Agriculture
84, 1639–1645.

Lee MRF, Tweed JKS, Moloney AP and Scollan ND 2005. The effects of fish
oil supplementation on rumen metabolism and the biohydrogenation of
unsaturated fatty acids in beef steers given diets containing sunflower oil.
Animal Science 80, 361–367.

Lee MRF, Parfitt L, Scollan ND and Minchin FR 2007. Lipolysis in red clover with
different polyphenol oxidase activities in the presence of rumen fluid. Journal
of the Science of Food and Agriculture 87, 1308–1314.

Mackie RI and White BA 1997. Gastrointestinal ecosystems and fermentations.
Chapman & Hall, London, UK.

MacRae JC, Campbell DR and Eadie J 1975. Changes in the biochemical
composition of herbage upon freezing and thawing. The Journal of Agricultural
Science 84, 125–131.

Magurran AE 1988. Ecological diversity and its measurement. Croom Helm,
London, UK.

Marini JC and Van Amburgh ME 2005. Partition of nitrogen excretion in urine
and the feces of Holstein replacement heifers. Journal of Dairy Science 88,
1778–1784.

Mayorga O, Huws SA, Kim EJ, Kingston-Smith AH, Newbold CJ and Theodorou
MK 2007. Microbial colonization and subsequent biofilm formation by ruminal
microorganisms on fresh perennial ryegrass. Microbial Ecology in Health and
Disease 19, 26.

McAllister TA and Cheng KJ 1996. Microbial strategies in the ruminal digestion
of cereal grains. Animal Feed Science and Technology 62, 29–36.

McAllister TA, Rode LM, Major DJ, Cheng KJ and Buchanan-Smith JG 1990. The
effect of ruminal microbial colonization on cereal grain digestion. Canadian
Journal of Animal Science 70, 571–579.

McAllister TA, Bae HD, Jones GA and Cheng KJ 1994. Microbial attachment
and feed digestion in the rumen. Journal of Animal Science 72, 3004–3018.

Advances in microbial ecosystem concepts for the rumen

659



Merry RJ, Davies DR, Lee MRF, Dewhurst RJ, Moorby JM, Leemans DK,
Scollan ND and Theodorou MK 2006. Effects of high-sugar ryegrass silage and
mixtures with red clover silage on ruminant digestion. 1. In vitro and in vivo
studies of nitrogen utilization. Journal of Animal Science 84, 3049–3060.

Michalet-Doreau B, Fernandez I, Peyron C, Millet L and Fonty G 2001. Fibrolytic
activities and cellulolytic bacterial community structure in the solid and
liquid phases of rumen contents. Reproduction, Nutrition, Development 41,
187–194.

Min BR, Barry TN, Attwood GT and McNabb WC 2003. The effect of condensed
tannins on the nutrition and health of ruminants fed fresh temperate forages:
a review. Animal Feed Science and Technology 106, 3–19.

Minato H, Endo A, Ootomo Y and Uemura T 1966. Ecological treatise on the
rumen fermentation. II. The amylolytic and cellulolytic activities of fractionated
bacterial portions attached to the rumen solids. The Journal of General and
Applied Microbiology 12, 53–69.

Miron J, Ben-Ghedalia D and Morrison M 2001. Adhesion mechanisms of
rumen cellulolytic bacteria. Journal of Dairy Science 84, 1294–1309.

Monteny GJ, Bannink A and Chadwick D 2006. Greenhouse gas abatement
strategies for animal husbandry. Agriculture, Ecosystems and Environment 112,
163–170.

Moon-van der Staay SY, van der Staay GWM, Javorský P, Jouany JP,
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