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he Plant Cell Biology Programme carries out

basic research, predominantly at the molecular /

cell interface to support the development of

sustainable agriculture systems. Our aim is to gain an

understanding of the genes in forage grasses and

legumes which control traits influencing the

efficiency of forage use by ruminants. 

Using current plant varieties and feeding systems,

ruminants convert plant protein to animal protein

(meat and milk) with an efficiency of only 20-25%,

with the remaining plant nitrogen excreted into the

environment, due either to rapid protein loss or lack

of synchronisation with the available energy supply

in the rumen. Providing a balanced supply of protein

and energy to the ruminant microbial ecosystem will

enhance N-use efficiency and reduce pollutant

emissions, and have major subsequent effects on

animal health and performance and increase

agricultural efficiency and sustainability. 

Reducing rates of protein degradation and increasing

the rate of energy supply are two main areas that can

be considered appropriate for manipulation.

Mechanisms of protein protection in forages

Higher order regulation of polyphenol acc-

umulation. The phenylpropanoid pathway in plants

(Figure 5.1) gives rise to many of the bioactive

secondary metabolites involved in plant defence and

symbioses. Of these, the condensed tannins have

positive and negative effects on animal nutrition

often through interactions with proteins and bacteria

in the rumen. Depending on their concentration and

structure, they can alter the degree of protein

degradation in ruminants and affect forage intake.

The aim of our work in this area is to analyse the

biosynthesis and higher order gene regulation of

polyphenolic end products in forage species. Recent

data implicate a subset of ‘transcription factor’

genes that regulate overall secondary product

biosynthesis in higher plants. This class of genes has

been extensively studied in vertebrate systems and

have well described functions in controlling aspects

of cellular differentiation. By contrast, this is an

under studied gene family in higher plants but some

family members may play a part in defining aspects

of cellular identity required for the biosynthesis and

accumulation of specific end products.

We are focusing our analysis on the model legume

Lotus japonicus as this has excellent functional
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genomic resources and Lotus species biosynthesise

a wide range of natural products.  In joint work with

the John Innes Centre in Norwich, mutants of L.

japonicus (Figure 5.2) are being used to understand

transcriptional regulation of genes influencing

metabolite flux through the phenylpropanoid

biosynthetic pathway. 

Polyphenol oxidase as a beneficial trait in

ruminant nutrition. Over recent years we have been

studying the role of the enzyme polyphenol oxidase

(PPO) in 'protecting' red clover protein from rapid

degradation in the silo or rumen, following the

observation that less protein breakdown occurred in

red clover silage compared with other legume

silages. This is because PPO activity in red clover

leaves converts certain phenol compounds to highly

reactive quinones in the presence of oxygen.

Quinones readily bind to proteins to form

complexes which are more resistant to breakdown

by plant and microbial enzymes (Figure 5.3). In

addition, we have recently demonstrated reduced

lipid breakdown in the presence of PPO, indicating

that quinones also protect lipids by binding with

either lipid hydrolysing enzymes or with the lipids

themselves.

The isolation of a novel red clover mutant with

greatly reduced PPO activity compared with wild-

type red clover also provides us with an ideal tool
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for understanding how the

PPO trait is controlled at the

gene level. We are currently

studying the genetics of this

low PPO mutant and have

established that this is due to

a single recessive mutation.

Studies have also revealed

that two PPO genes are

expressed equally in low

PPO and wild-type red

clover.  Altered levels of

PPO activity may therefore

be due either to a defective PPO gene or to a gene

involved in 'processing' PPO proteins. 

Other forage crops also express PPO, including

maize and several grass species, and we have

demonstrated that this activity also reduces protein

breakdown in Lolium perenne leaf extracts (Table

5.1). 

Through our research therefore we aim to understand

how expression of the PPO trait is determined at the

gene level and to identify key molecular markers

which can be applied to red clover and grass

breeding programmes.

Determining the constraints on energy supply

from grasses 

Manipulation the levels of cell wall phenolics in

grasses. The importance of utilisation of plant cell

Fig 5.2 Control (A) and an anthocyanin plus tannin mutant (B) of
Lotus japonicus

Fig 5.3  Mechanism of action of polyphenol oxidase in protein
polymerisation
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walls by ruminants for the production of milk and

meat worldwide cannot be overstated. However,

while cellulose and hemicellulose in grass tissues can

meet the energy demand of the ruminant, this

potential is currently not realised because of cell wall

lignification and crosslinking of polysaccharides

with phenolic residues, resulting in low rates of plant

cell wall digestion. This work aims to provide a

greater understanding of how grass cell wall

composition affects digestion rates and to provide

novel experimental material with altered levels of

lignins and cell wall hydroxycinnamic acids.
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We have recently established that it is possible to

genetically modify the phenolic composition of grass

cell walls by targeted expression of a fungal ferulic

acid esterase (FAE) gene in grasses either on cell

death following release of vacuolar targeted FAE or

in living cells by targeting FAE to different cellular

compartments (Figure 5.4).

Reducing the phenolic content of grass cell walls in

this way was found to increase the initial rate of

degradation under rumen fermentation conditions

(Figure 5.5), and this has applications, for example,

in the manipulation of maize cell walls for

fermentation to ethanol.

However, in view of the current disposition of

transgenic technology in Europe, non-transgenic

methods need to be developed which will require

identification and cloning of the plant genes

involved in cell wall phenolic

biosynthesis and the use of these

sequences in marker-assisted

selection using conventional

breeding methods. 

We intend to develop this strategy in

two ways. Firstly, future work will

use mutants of maize to identify

novel mutants in secondary

metabolite production and forage

quality and to clone the respective

genes. Secondly, we also intend to

further exploit Festuca/Lolium

chromosome addition lines to

determine if the high cell wall

ferulate trait, which correlates with

low digestibility in Festuca, is carried

by a single chromosome or chromosome segment.

This information will be used to identify suitable

genomic clones, from an available Festuca pratensis

genome library, which carry genes for this trait; these

clones may then be used to isolate the genes

responsible.

Table 5.1.  Effect of PPO on protein breakdown in perennial
ryegrass and red clover. Crude leaf extracts were incubated for
24 hours with or without ascorbic acid to block PPO activity.

Protein Breakdown
% Over 24 h

Red Clover P. ryegrass

*PPO -2.6 1.0

-PPO 31.1 28.2
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Carbohydrate metabolism and resource allocation

in grasses: The amount of readily usable sugars in

grasses is important not only for plant growth and

development, but also for the efficiency with which

animals use nitrogen. To improve on the amounts of

these sugars in grasses, we need to understand how

the plant partitions carbon to sugars, with emphasis

on grass fructan (storage sugar) metabolism both at

the enzyme and gene level. Fructans are storage

carbohydrates which substitute for starch in about

12% of higher plants, including grasses. Unlike

starch which consists of chains of glucose

molecules, fructans are made up of chains of

fructose. They are synthesised by the action of

fructosyltransferases, enzymes that transfer a

fructose molecule from sucrose or a small fructan to

another sucrose or fructan molecule, thus extending

the chain length.

To understand and manipulate this metabolic

pathway, it is necessary to find out where and how

these genes are expressed in the plant, and also

where these enzymes work in the cell. We have

isolated four genes involved in fructan synthesis that

are very similar in sequence to each other; however,

only two are involved in making fructans (1-SST and

6-FT). They are expressed throughout the leaf, but

predominantly in the leaf base, where fructan

synthesis occurs (Figure 5.6). 

We have found that these genes are more expressed

at the end of the light period than at the end of the
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dark period, and that they are switched on in the

presence of sucrose. 

Current and future work aims to define how transit

peptide sequences are responsible for the sub-

cellular localisation of these enzymes and also to

understand how these genes are switched on by

sugars. 

Future opportunities

While plant chemical composition may have adverse

or beneficial effects on forage feed quality, many

secondary metabolites also provide plants with a

degree of chemical defence against predation,

competition, disease and environmental stress. Plant

chemical composition is, therefore, also important in

determining herbivory effects, and this may have a

significant role in explaining dietary choices in

diverse grasslands. Furthermore, the chemical

composition of plant residues can modify the

degradation of plant biomass and affect the

rhizosphere. These wider relationships between

plant chemical composition and ecosystem

functioning thus provide future opportunities for

integrating work at the cellular and organism level

with larger-scale systems-oriented studies at the

landscape level. 

Figure 5.5  Initial rates of digestion of vacuolar FAE expressing
Festuca leaves

Fig 5.6.  Expression of 1-SST and 6-FT genes along the mature
leaf during the light and dark periods (in comparison with the
constant expression of the actin gene).
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