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hat happens to leaves when animals eat

them?  If we think about it at all, we might

assume that leaf tissue is quickly killed on ingestion.

Leaf proteins are broken down in the digestive tract

of the animal and reabsorbed to make animal protein.

If the animal is a ruminant, it seems reasonable to

suppose that micro-organisms in the rumen degrade

the proteins of ingested leaves. This is the common

view of the way plant proteins are released for use by

the ruminant animals that eat them (Figure 7.1). But

recent research at IGER shows this view to be

wrong. Far from being the dead, passive objects of

enzymic attack from invading rumen microbes,

ingested plant cells remain viable for long enough to

activate their own internal protein breakdown

processes and this has critical consequences for

protein nutrition in the animal. 

Protein degrading enzymes in plants
In a bewildering diversity of forms, proteins are both

components of cell structure and the machinery of

living organisms. The accumulation and action of a

particular protein is determined by a combination of

synthesis and degradation, often occurring

simultaneously. Central to the process of protein

destruction are proteases, the enzymes that degrade

proteins (Figure 7.2). Peptide bonds, chemical links

between the individual amino-acids that make up a

protein, are normally so stable that boiling in strong

acid or alkali, for several hours, is often necessary to

degrade a protein. Remarkably, the same result can

be achieved very quickly by a protease at room

temperature and physiological pH. Proteases are, in

fact, a major constituent of the cellular toolbox and

they have a diversity of functions, from the

breakdown of proteins into shorter lengths, to the
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Figure 7.1 Traditional view of rumen proteolysis
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subtle modifications that convert inactive precursor

proteins into functional enzymes with biological

activity. A broad-spectrum protease will split peptide

bonds between individual amino-acids of a protein at

any position, while a modifying protease will only

split peptide bonds between specific amino-acids. 

The degradation of proteins is important for normal

plant development. Proteins may become unwanted

because they have become damaged, or the

requirement of the cell has changed making

previously synthesised proteins redundant.

Likewise, in several key stages of plant development

such as during the germination of seeds and during

leaf senescence, storage and other proteins are

degraded to release amino-acids for transport to the

most actively growing regions of the plant. 

Two proteases from leaves
Leaf senescence is characterised by the loss of the

green pigment, chlorophyll, and the mobilisation of

resources from the leaf to younger developing leaves

and reproductive tissues, and occurs before final cell

death. We can measure how the sum of all protease

activity changes during the life of a leaf. Protease

activity is low in the youngest leaves and very high

in old senescing leaves. At IGER, we compared the

genes which were expressed in a mature green leaf

with genes which were expressed in a senescing

yellowing leaf. Following this comparison, we

identified two functionally different proteases that

are synthesised during maize leaf senescence (we

have labelled these ‘See1’ and ‘See2’).

The expression of the two maize protease genes

changes throughout the plant's development (Figure

7.3). Genes similar to the See1 protease have been

found in other plant species and these genes are

specifically expressed during senescence and seed

germination. Plants seem to use the same proteases

to do a similar job - remobilising protein reserves - at

these two different stages of the life-cycle.
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Figure 7.2 Pictorial representation of the 3-D structure of See1
protease from maize.

Figure 7.3 Levels of transcript encoding proteases See1 and
See2 are measured in leaves around the time at which pollen is
shed from maize tassels. Levels of transcript encoding the two
proteases increase with increasing leaf age and during
germination.
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The second protease isolated from senescing maize

leaves (See2) only cleaves proteins after the amino-

acid asparagine. Unlike the See1 gene however, the

See2 gene has not yet been linked to leaf senescence

in other plant species, although similar genes have

been found in maturing and germinating seeds. See2

is predicted to be responsible for the activation of

proteins required for senescence, which possibly

includes other proteases. In other words, in maize

leaf senescence there may be a protease cascade

reminiscent of programmed cell death in animal

cells. Further work with the regulatory regions of

these genes may open a window onto how and why

certain cells senesce while others don't.

The role of plant enzymes in rumen
protein metabolism 
Why is it that plant proteases have not been

considered important in rumen digestion? The most

likely reason is that forage is considered as food

rather than as a living entity in its own right. In

addition, it is a universal practice in routine feed

analysis to use dried and ground substrates as the

starting material for chemical evaluation, thus

destroying the enzyme activities present in fresh

herbage. 

IGER scientists are proposing a new hypothesis: that

incubation of fresh plant cells in the rumen could

cause an increase in plant protease activity resulting

in the degradation of plant protein by plant enzymes,

not microbial ones, during the initial hours of

incubation of fresh forage in the rumen (Figure 7.4).

Some of the evidence for this view is as follows:

1. Although reports of the proteolytic activity of 

rumen micro-organisms are numerous, this 

activity is only moderate when compared with 

other proteolytic micro-organisms and the 

animal’s own gastric proteases. 
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Figure 7.4 Schematic representation of plant-mediated proteolysis in the rumen.
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2. Proteins in a plant cell are not immediately 

accessible to microbial proteases because they 

are confined within a number of membrane-

bound compartments. Although chewing 

reduces the size of the ingested plant biomass, 

the majority of plant cells enter the rumen intact. 

3. The rumen conditions are stressful to plant cells.

The rumen temperature is 39˚C, there is no 

oxygen and the plant biomass is submerged in 

rumen fluid. However, plants are programmed to

adapt to a changing environment and so the 

rumen environment is perceived as another 

stress to which the plant cells will attempt to 

acclimate. Plant cell metabolism does not stop 

the minute that a leaf is cut (if it did the buds of

cut flowers would not open when placed in a 

vase of water). It is therefore possible for 

metabolism and protein remobilisation to 

continue within ingested plant cells in the rumen

until cell death occurs. 

4. In healthy cells proteases are spatially separated

from most other proteins. With time, heat-

induced membrane damage could allow mixing

of proteins and proteases within the confines of

the cell wall resulting in protein loss.

Evidence to support this new hypothesis of plant-

mediated protein degradation in the rumen has been

obtained by measuring the protein content of grass

leaves during incubation in a solution similar to that

of the rumen, but without the rumen micro-

organisms. Protein loss was more pronounced during

the rumen-like incubations than during incubations

performed under ambient conditions (Figure 7.5).

Current research is considering whether specific

proteases are involved in this response and whether

these are different between plant varieties and

species.

Stable leaf protein - a new plant breeding
target
These new insights into the significance of plant

proteolysis in ruminant nutrition and the

biochemistry and genetic control of the protein-

degrading enzymes of leaf cells open up new ways to

breed improved forages. The objective is to develop

forage plants in which the rate of proteolysis in the

rumen is decreased. This would be desirable both

environmentally and nutritionally. Excessive

proteolysis in the rumen generates ammonia which is

excreted, constituting a serious pollution problem. A

ruminant animal grazing a forage crop developed to

have decreased rates of proteolysis in the rumen

could utilise protein during the later stages of

digestion rather than it being wasted as ammonia

loss. By bringing together different research

disciplines, including rumen microbiology, animal

physiology, enzymology and applied and molecular

plant genetics, IGER is creating a new generation of

efficient, environmentally beneficial animal

feedstuffs.
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Figure 7.5 Change in protein content of grass leaves incubated
in buffer aerobically at 25˚C (green) or anaerobically at 39˚C
(brown).
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