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SUMMARY

This mini review considers some recent developments in forage breeding 

and rumen function that offer new opportunities to enhance livestock production 

and reduced environmental pollution. The paper calls for more exacting, 

underpinning research which describes how best to exploit forages for livestock 

through better understanding of phenotypic expression of selected traits and 

characteristics. The review assumes significant background knowledge in 

genome analysis, mapping, marker-assisted selection, introgression and 

transformation and describes how breeding targets are being influenced by 

issues relating to sustainability and climate change the emerging science-based 

concepts of plant cell death in herbivores and their potentially associated protein 

protection mechanisms. Although the review has generic applicability, the focus 

is on temperate forages and grassland-based systems of ruminant production. 

The review concentrates on grass and legume forages and does not cover 

developments in cereal crops, such as wheat and maize.

INTRODUCTION

From the time when farmers first started to cultivate land and deliberately 

sow seed, phenotypic expression of genetic variation in plants has enabled 

selection and led to the development of domesticated crops suitable for animal 

feed. Plant breeding is essentially a process of exploitation of genetic variation. 

Such variation has to be either selected or created and then incorporated into 

genetic stock which already contains a mixture of desirable characteristics. Thus 

the art of breeding is to combine new genes while maintaining other desirable 

characteristics. This genetic variation must then be fixed into new varieties, a 

relatively simple task with inbreeding species (most cereals) but more complex 

in out breeding species which have incompatibility mechanisms, such as most 

of the forage grasses and legumes.

Based on our increasing understanding of genetics and genes, new 

prospects for molecular breeding have emerged. Both forward and reverse 

genetic approaches and techniques such as marker-assisted selection and 
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introgression, mutation breeding and transformation are now available. 

Increased precision in genetic manipulation promotes the application of more

targeted breeding strategies to a wider range of traits serving a broader range of 

objectives. Given well-defined targets and a combination of traditional and 

modern plant breeding tools, plant breeders are now able to create new 

genotypes of crop plants with desirable combinations of genes at an 

unprecedented rate.

While modern plant breeding makes use of molecular breeding 

methodologies it is also increasingly reliant upon an enhanced appreciation of 

the mechanisms of inheritance of complex traits and a significant understanding 

of the mechanisms that bring about phenotypic expression and environmental 

influences.

IDENTIFYING THE PROBLEM (UNDERSTANDING PHENOTYPES)

Diffuse pollution in the field

Diffuse nitrogen (N) pollution of watercourses is a major water quality 

issue in Europe and increasingly the focus of EU legislation. Thus reducing N 

pollution from livestock agriculture, while maintaining profitable livestock 

farming, is an important component of the sustainability of food production 

(Tilman, 1999). There is a continuing need to develop measures to promote the 

more efficient utilisation and retention of plant-available forms of N within 

agricultural systems. Nitrate vulnerable zones are being expanded across Europe 

demonstrating that diffuse pollution of N remains the focus of tightening 

regulatory frameworks.

Nitrogen use efficiencies from soil to crop are generally lower for grass-

based livestock production compared with arable crop production, ranging from 

10-40% for whole dairy systems compared with 40-80% for arable systems, on 

a whole-farm basis. More efficient use of N brings benefits to farmers both with 

respect to meeting regulatory requirements and in terms of cost savings from 

reduced fertiliser use. 

Diffuse pollution from the animal

Nitrogen lost from livestock excreta and manures causes various forms of 

pollution. Soluble N compounds are quickly converted in soil to nitrate-N (NO
3
) 

which enters ground and surface waters following application of manures to 

land and from grazed pastures. Around 29% of leached NO
3

-

is estimated to 

arise from livestock (Webb et. al., 2001). Denitrification of nitrate in the soil 

leads to emissions of N
2
O, a potent greenhouse gas. Agriculture is a major 

source of N
2
O emissions accounting for about 67% of UK output. Ammonia 

(NH
3
), when deposited to land increases N eutrophication and soil acidification. 

Agriculture is estimated to produce 80-90% of European NH
3
 emissions 

(ECETOC, 1994). Non-agricultural emissions arise from a large number of 

relatively small sources and therefore the greatest reductions in NH
3
 emissions 
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are likely to be achieved by reducing those from agriculture. Within agriculture 

about 80-90% of emissions arises from excreta produced by livestock 

(Misselbrook et. al., 2000, 2005).

Methane produced during anaerobic fermentation in the rumen represents 

an energy loss to the animal as well as contributing to greenhouse gases 

emissions to the environment (Moss, 1993). Over a nominal 100 year period 

methane has 21 x the relative effectiveness of CO
2 

per molecule in terms of 

reflecting energy back to earth, thus despite being present in the atmosphere at 

far lower concentrations than CO
2
 it is estimated that methane is responsible for 

approximately 20% of the greenhouse effect (IPCC, 1990, 1992). However the 

relatively short half-life of methane in the atmosphere makes it an appealing 

target for emission reductions to reduce the global warming effect in the short 

term (Johnston and Johnston, 1995). On a global scale agriculture and in 

particular enteric fermentation in ruminants produces between 21 and 25% of 

the total anthropogenic emissions of methane (Duxbury et.al., 1993; Isermann, 

1992; Watson et.al., 1992).  However, in more rural communities, agriculture 

contributes almost 50% of annual methane emissions with over 90% of this due 

to rumen fermentation (Salway et. al., 2002; Ministry for the Environment, 

2005). Methane formation from manure is somewhat harder to predict and 

highly dependent on storage conditions. Under circumstances in which manure 

is deposited in the field or otherwise stored under aerobic conditions little 

methane is formed. However, under circumstances where manure is collected 

and stored in pits or lagoons, further anaerobic fermentation in the slurry can 

lead to considerable methane formation.

Rapid breakdown of herbage proteins in the rumen and inefficient 

incorporation of herbage N by the rumen microbial population are major 

determinants of N (and carbon) loss and pollution in pasture-based agriculture 

(Siddons et. al., 1985; Dewhurst et. al., 1996). Thus when livestock are given 

fresh forages they can waste 25-40% of the forage protein-N during ruminal 

fermentation (MacRae and Ulyatt, 1974; Ulyatt et.al., 1988). To put this into 

context in terms of the amount of waste produced, cattle ingest ca. 100kg fresh 

forage per day at an average composition of 2.5g N/kg DM (Gibb et. al. 1998; 

2000). By retaining less than 40% of the N (Dewhurst et. al., 1996) this equates 

to a loss of 150g N per head of cattle per day, or 54.6 kg per year. Using the UK 

as an example, the full impact of this N-loss can be realised when we consider 

that approximately half of the land area of the UK is comprised of improved 

grassland which supports a UK herd of 8.9 million cattle and 33.5 million sheep 

(including lambs; figures for 2002). Hence, the UK cattle herd alone produces 

around 1.3 million kg of nitrogenous waste every day. This is not just a UK–

based problem; worldwide, grasslands for animal production cover 24% of the 

earth’s vegetated area (Goudriaan, 1995). Therefore, to maximise productive 

output and minimise pollutant losses, it is important that the efficiency of 

utilisation of herbage N is as high as possible. Modelling studies conducted at 

my Institute (unpublished) suggest that an increase from 23% to 34% in rumen 
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nitrogen use efficiency through feeding higher water soluble carbohydrate 

(WSC) containing grasses could result in a 30% reduction in N
2
O and ammonia 

emissions.

Ruminant nutritionists have known for some time of the fundamental 

problems associated with the microbial fermentation of dietary components in 

the ruminant fore-stomach. Over the last 50 years, many feeding strategies have 

been devised (including ruminal by-pass) for enhancing the conversion of 

dietary proteins into microbial proteins in order to increase the delivery of 

amino acids for absorption in the small intestine and hence for growth and /or 

milk production. These strategies have often involved addition of large 

quantities of protein supplement to the ruminant diet, formulated to be more 

resistant to microbial breakdown in the rumen thus (to some extent) by-passing 

the fermentation process. Prior to the BSE crisis, these formulations commonly 

included animal protein and/or fish meal supplements, not just because of their 

low cost and ready availability but also because they were demonstrably more 

resistant to microbial degradation in the rumen.  Even today, plant protein and 

energy supplements are used extensively in ruminant diets, particularly for 

high-producing dairy cows and these are often processed prior to feeding in 

order to alter their degradation characteristics in the ruminant digestive tract. 

Paradoxically and because of intrinsic conversion and uptake inefficiencies, 

animals are often oversupplied with protein, leading to even greater levels of 

environmental pollution, making some feeding strategies unattractive and 

distinctly unsustainable.

In temperate parts of the world where livestock production is based on 

pastoral systems, sustainable agriculture is encouraging the use of minimal 

fertiliser and only limited (strategic) amounts of concentrate feedstuffs.  

Therefore the emerging challenge for forage breeding will be to deliver ways in 

which the basic forage can be altered in order to increase the efficiency of 

incorporation of forage proteins into meat and milk and thereby reduce 

environmental-N pollution.  

While research activities tend to be focused on either carbon- or nitrogen-

based strategies (for CH
4 

and N
2
O mitigation respectively), relatively little 

consideration is given to the interaction between C and N. Thus for example, it 

is generally not considered that enhancing nitrogen use efficiency in the rumen 

may also contribute to a reduction in the amount of excreted carbon (both as 

CO
2
 and as CH

4
). Enhancing the efficiency of conversion of plant to microbial 

biomass in the rumen will result in a more active microbial population (i.e. one 

that is not limited by the availability of energy) requiring less energy for 

maintenance. As a consequence, the microbial population will produce more 

microbial biomass and less fermentation end product (including CO
2
) per unit 

of substrate fermented. A reduction in primary end-product may further 

influence CH
4
 production as this is formed via the activity of methanogenic 

micro-organisms whose substrates are the products of the primary fermentation.  

The impact of the form of C relative to N and the influence it has at different 
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C:N ratios in terms of rumen function and conversion efficiency is only just 

beginning to be appreciate (Edwards et. al., 2007; Theodorou et. al., 2007) and 

this is an area of considerable promise that requires further detailed research.

LOOKING FOR SOLUTIONS (MANIPULATING GENOTYPE)

Mapping populations with efficient nutrient uptake

The case for increasing the efficiency of fertiliser nitrogen use on economic 

grounds is compelling. In the UK, nitrogenous fertiliser prices have risen by 

more than 50% over the last five years (Home Grown Cereals Authority, 2006), 

and global demand for fertilizers continues to rise. Breeding forage crops 

capable of using fertiliser inputs more efficiently offers a clean technology route 

to increased sustainability of livestock production, via lowering recommended 

fertilizer rates, reducing the agricultural footprint with respect to pollution and 

reducing the wider consumption of non-renewable resources. This is 

particularly so with respect to N, frequently the main determinant of both yield 

and environmental quality in agricultural systems. Breeding forage crops with 

increased nutrient use efficiency has been recommended by the UK Department 

for Food and rural affairs (Defra) as a technical measure for promoting 

reduction in N and P inputs to current grassland systems. 

In the forage breeding programmes at my Institute, we have identified 

grasses and clovers with improved utilisation of key nutrients. Considerable 

genetic variation in nutrient use efficiency has been demonstrated in perennial 

ryegrass (Wilkins et. al., 1997, 2000) and a mapping population segregating for 

aspects of N uptake and N use efficiency has been advanced to identify and map 

genetic loci associated with such responses. Fescue species are generally 

considered more efficient in nitrogen utilisation and have potential to offer new 

sources of variations for the improvement of ryegrass.  Pilot studies have 

identified likely chromosome locations for nitrogen use efficiency genes for 

targeted genetic transfer to perennial ryegrass. In other work, we have explored 

genetic variation for differences in leaching potential in red clover and the gene 

expression and biochemical changes underpinning nodule and root senescence 

with the objective of developing lines of red clover with the potential to reduce 

N leaching into watercourses.

N losses can occur from silo as well as from the farmers’ fields. The 

enzyme polyphenol oxidase (PPO) has been a focus of both plant and animal 

based studies at IBERS.  It seems clear that this enzyme plays a major role in 

the lower protein degradation seen in silo for red clover compared to many 

other forage legumes. This work has led to clear possibilities in terms of 

achieving yet lower rates of protein degradation and hence reduced potential for 

N losses to watercourses (and to air) from the silo and rumen.
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Plant cell death and high sugar grasses

Grazing ruminants ingest large quantities of living plant biomass, and it is 

widely assumed that proteolytic rumen micro-organisms are responsible for the 

degradation of plant proteins (Wallace and Cotta, 1988; Wallace et. al., 1999). 

However, Theodorou et. al., (1996) suggested an alternative hypothesis 

whereby plant proteases perform the initial phase of proteolysis in the rumen 

within the first few hours after ingestion of fresh forage.  Even though grazed 

plant biomass will eventually die in the rumen, the innate response of the plant 

cell is to promote survival during periods of non-optimal conditions by 

adaptation and acclimation to changing environmental conditions. Abiotic stress 

factors including high and low temperature, excess light and drought are known 

to result in changes in protein turnover.  Sudden exposure of plant cells to these 

stresses, either individually or in combination, can lead to changes in protein 

turnover and net protein loss (Theodorou et. al., 1996; Kingston-Smith and 

Theodorou 2000). Thus as a substantial proportion of the plant cells entering the 

rumen of grazing animals are living and intact, they will undergo stress-induced 

cell death which includes autolytic degradation of protein, lipid and DNA (Zhu 

et. al., 1999; Beha et. al., 2002; Kingston-Smith et. al 2003; Lee et. al., 2004, 

2006, 2007). Increasingly, evidence suggests that both plant and microbial 

enzymes are active in the degradation of plant constituents and thus the initial 

plant cell death, degradation and colonisation events require further 

investigation to find novel traits and associate QTL’s for forage breeding 

programmes.

It is suggested that there is a temporal ecology in the rumen such that 

stress-induced plant cell death affects the primary colonisation behaviour of the 

rumen microbial community during the first few hours, after which the role of 

the plant cell becomes more passive as microbial degradation of plant 

components advances and compartmentation within plant cells is lost 

(Kingston-Smith and Thomas 2003). Essentially this means that release of plant 

nutrients is not immediate on entry to the rumen.  In terms of pollution 

mitigation, these initial events provide us with an opportunity to modify plant 

response (plant cell death) such as to reduce the impact of the pollution event.

Perennial ryegrass bred to be high in fructan and lower molecular weight 

water soluble carbohydrates (glucose, sucrose and fructose) is an exemplar of 

the above. These ‘high sugar’ grasses have been shown to be effective in 

increasing the efficiency of nitrogen use in the rumen (from 23–34 %), 

enhancing productivity and reducing environmental N-pollution in livestock 

production systems (Lee et. al., 2001; Miller et. al., 2001; Edwards et. al., 

2007). Gains appear to be achieved through greater incorporation of microbial 

nitrogen in the rumen (Merry et. al., 2003) and greater passage of microbial 

protein to, and absorption of amino acids from, the small intestines.  

Importantly, the increases in productive efficiency have been achieved through 

an alteration of the partition of forage nitrogen towards a saleable product and 

away from waste excreta, with major reductions in urinary nitrogen.
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The high sugar-grass response is thought to work through an increase in the 

readily available energy content of the forage.  After freshly grazed plant 

material enters the rumen and prior to excessive plant cell wall degradation, 

there is often a phase of rapid proteolysis in excess of that needed to maintain 

the rumen microbial population and we now believe that this initial proteolysis 

is mediated by plant proteases, liberating peptides and amino acids to the 

colonising rumen microbial population. Although the mechanism(s) that control 

and direct these plant-microbe interactions have yet to be determined, it is 

possible that an increase in readily available energy (for ATP synthesis) during 

time of maximal protein degradation will improve the efficiency of conversion 

of plant to microbial and ultimately animal protein.

Benefits to farm profitability and quality of meat and milk will accrue from 

the more efficient conversion of water soluble carbohydrate and protein into 

meat and milk.  Reducing the fibre content of herbage, whether by reducing the 

fibre content of the grass or by increasing the proportion in legumes, also 

increase voluntary intake, production per animal and income per hectare.

Protein mobilisation and protein protection mechanisms

By providing a level of protection to the forage proteins the rate at which 

their breakdown products are made available to the colonising microbial 

population can be reduced, leading to improved nitrogen use efficiency.  

Proteins can be protected in feeds both physically and/or chemically (e.g., 

heat/cold treatments, formaldehyde). The benefits of protecting proteins from 

degradation in the rumen have been known for some time and are relatively 

easy to demonstrate. Thus the freezing of forage (which reduces plant protein 

breakdown by as much as 50%; MacRae et. al., 1975) leads to increased 

synthesis of microbial protein (25%) and increased absorption of amino acids 

from the small intestines.  There are however many published articles exploring 

the mechanisms of cell death in plants as they relate to processes such as 

senescence, disease resistance, the hypersensitive response, and herbivore 

protection mechanisms (Ryerson and Heath, 1997; Mittler et.al., 1999; 

Kingston-Smith et. al., 2008). These mechanisms provide us with natural 

strategies for protecting proteins and increasing the efficiency of conversion of 

forage-N to microbial-N.

Comparisons of duodenal nitrogen flows per unit nitrogen intake in animals 

fed forages which contain different levels of condensed tannin indicate a dose-

responsive increase in the efficiency of capture of microbial protein (Barry and 

McNabb, 1999). Condensed tannins are bioactive secondary metabolites 

produced by the phenylpropanoid pathway and involved in defense strategies 

against insect herbivores. Condensed tannins have both positive and negative 

effects on animal nutrition often through interactions with proteins and bacteria 

in the rumen.  Depending on their concentration and structure, condensed 

tannins are able to protect proteins from degradation and improve the efficiency 

of conversion of plant to animal protein but they can also be anti-nutritional 
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(Barry and McNabb, 1999; Barehona et. al., 2003).  Thus translation of the 

principle of natural protein protection, through the protein-binding affinity of 

condensed tannins, into commercial practice has so far proved to be difficult 

and application has been restricted to the strategic use of crops such as lotus and 

sainfoin species which naturally contain tannins (Barry et. al, 2001).

More recently, polyphenol oxidase (PPO) system in red clover (also a plant 

defense mechanism) has been investigated as a protein protection process that 

could have application in livestock agriculture (Winters and Minchin 2002, 

Winters et. al., 2003; Lee et. al., 2004).  The PPO enzyme is a copper 

metaloprotein ubiquitous in plants where it is involved in ‘browning reactions’ 

that ‘cauterise’ areas of damaged tissue. The browning of fruits and vegetables 

is largely a consequence of PPO activity and is linked to considerable economic 

losses in the food industry.  As a consequence, PPO in food crops has been 

extensively studies and applications include the breeding of fruit crops with low 

levels of PPO activity.

Until recently, nutritional or environmental significance was not attributed 

to PPO in forage crops.  High levels of the enzyme are present and activated in 

red clover leaves when cut or crushed and exposed to air (Jones et. al., 1995; 

Winters et. al., 2003). PPO catalyses both the hydroxylation of monophenols to 

o-diphenols and the oxidation of o-diphenols to o-quinones (Macheix et. al., 

1991). The PPO generated o-quinones are highly reactive, electrophilic 

molecules which co-valently modify and cross-link a variety of nucleophilic 

cellular constituents, including proteins (Brown, 1983).  These addition 

products may be further oxidised to their respective quinines and a second 

addition may occur resulting in the formation of a cross-linked protein complex.  

It has been demonstrated that such protein-phenol complexes are resistant to 

enzymic digestion by proteases includin -chymotrypson and pepsin 

(Kroll and Rawel, 2001). Lee et. al. (2004, 2006) have shown that the PPO 

enzyme can reduce the extent of both plant mediated proteolysis and lipolysis in 

red clover and cocksfoot (Dactylis glomerata). They hypothesized that this may 

be due to the complexing of phenols with plant proteins/polar membrane lipids 

and/or the denaturing of plant proteases/lipases. The concept that protein 

protection may be provided via denaturation of plant enzymes is intriguing and 

requires further investigation not just in relation to PPO activity but also in 

relation to the mode of action of condensed tannins. According to Broderick 

et.al. (2001), the PPO mechanism effectively reduced protein breakdown 

resulted in over 80% of the red clover silage protein being retained as ‘true 

protein’ providing an improved nitrogen use efficiency and product quality 

when fed to dairy cows.

While the inhibitory effect on proteolysis and lipolysis of red clover PPO 

activity in ensiled forage is recognized (Broderick et. al., 2001; Winters and 

Minchin 2002),  it has yet to be establish if the enzyme  can scavenge sufficient 

oxygen from the ruminant feed bolus to permit protein protection in the rumen 

(Theodorou et. al., 2006). Mastication during initial chewing will damage plant 
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cells and although the rumen is generally anaerobic, Hillman et. al. (1985) 

measured decreasing levels of dissolved oxygen in the rumen of sheep for up to 

30 minutes post ingestion of herbage. More recently, Lee et. al. (2008) 

measured the dissolve oxygen content in a masticated red clover (down) bolus, 

demonstrated that oxygen was depleted rapidly, within two minutes from 

immersion in strained rumen fluid.   

Another recently discovered source of PPO activity is that found in the 

forage grasses (Lee et. al., 2006). These enzymes in monocotyledonous plants 

have several different properties and are generally more labile then red clover 

PPO (Winters et. al., 2003). With the exception of cocksfoot where activity 

levels are equivalent to those found in red clover, PPO activity in production 

grasses is substantially lower then in red clover. Nevertheless, protein 

complexing, reduced proteolysis and reduced lipolysis can be demonstrated 

with grass leaf extracts (Lee et. al., 2006). The inhibitory effect of PPO activity 

on proteolysis and lipolysis adds support for a strategy to breed forages with 

increased PPO activity. Despite cocksfoot’s limited agricultural importance in 

temperate pastoral systems, transfer of genetic material between cocksfoot and 

other production grasses may provide a protein protection mechanism that can 

be extensively exploited. The opportunity of transferring the cocksfoot PPO 

system to a high water soluble carbohydrate containing forage is an intriguing 

possibility and offers considerable potential.

Typically, senescence is accompanied by yellowing as chlorophyll is 

degraded (Matile et. al., 1999). There are several naturally occurring mutant of 

grasses and legumes in which the chlorophyll is not degraded during 

senescence; collectively, these have been called the ‘stay-green phenotype’. 

One such phenotype in Festuca pratensis owes its characteristics to as mutation 

in the sid gene that prevents operation of the macrocycle-opening reaction in 

chlorophyll catabolism, catalysed by the enzyme phaeophorbide-a-oxygenase 

(Vincenti et. al., 1995). Interestingly, retention of chlorophyll in senescing 

leaves of this mutant is associated with the persistence of several chlorophyll 

binding proteins (associated apoprotein, LHCPII; Thomas, 1987; Thomas et. al., 

1992).

Kingston-Smith et. al. (2002) investigated the possibility that the stay-green 

leaves of the Festuca pratensis sid mutant retained the chlorophyll-associated 

apoprotein for longer during cell death in the rumen. Their hypothesis was 

tested under various conditions and although they obtained no evidence of 

benefit in terms of protein levels or rate of protein degradation in the grazed 

sward, there was an advantage of phenotype (increased protein content in 

leaves) in un-defoliated plants after extended, natural senescence (stay-green 

hay).  The sid mutation is just one of a number of senescence mutations which 

give rise to the stay green phenotype, any one of which might confer protein 

protection in the rumen and further work is necessary to investigate the other 

mutations.
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FUTURE: OPTIONS FOR PLANT BASED STRATEGIES

Efficient uptake of nutrients and plant cell death are major factors in 

determining agricultural productivity both in the field and in the animal. 

Adverse environmental conditions and infection by microbial pathogens result 

in loss of biomass and limit maximal crop yields. Considerable plant biomass is 

also lost as a result of herbivory by vertebrates and invertebrates and defoliation 

has been shown to result in nutrient remobilisation in response to altered 

source-sink relationships within the plant. In contrast, little was known about 

post-ingestion plant cell death until relatively recently when evidence was 

obtained in support of the hypothesis that plant metabolism, associated with the 

progression of cell death in ingested tissue, affects nutrient utilisation by 

ruminant herbivores (Beha et. al., 2002; Wallace et. al., 2001; Kingston-Smith 

et. al., 2005). Commercially, ruminant herbivores require considerable amounts 

of plant biomass, for example the average dairy cow will consume over 16 

tonnes of fresh grass during the grazing season. This represents plant cell death 

on an enormous scale and, as discussed above, is an important factor in 

determining the impact of livestock farming on the wider environment.

It is clear that in order to improve the environmental sustainability of 

livestock farming there is a need to identify the relationships between the plant 

genome and its impact on nutrient use efficiency both in the field and in the 

rumen. Particularly important is the elucidation of the mechanism underlying 

the control of the plant cellular response when multiple stress signals are 

imposed and the impact of these stress responses for microbial colonization and 

ultimately rumen function.  Perhaps the most immediate target will be to 

understand how to limit plant mediated proteolysis by altering the way cells die 

in response to the rumen stress (Kingston-Smith and Thomas, 2003).

An alternative approach to protein protection would be to modulate the 

occurrence of secondary compounds (such as tannins or phenolic complexes) to 

preserve protein once placed under ingestive stress (Lee et. al., 2004, 2006, 

2007), or to target the signal transduction pathway culminating with proteolysis.

Therefore, future research should address identification of key plant traits 

governing onset and progression of cell death-associated proteolysis. Recent 

development of farm-scale models (del Prado and Scholefield, 2006) will 

permit the effectiveness of potential traits to be tested in silico. This will enable 

the focused generation of molecular and biochemical markers appropriate to 

selective breeding of improved forage crops by exploitation of techniques in 

marker assisted selection and introgression hybridisation (Kingston-Smith and 

Thomas, 2003, King et. al., 2007).
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