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Chapter 1 Introduction

1.1 General

The world's human population continues to grow, and the rate of growth is

especially high in the developing countries of Asia (UN, 2002). This requires food

(including meat and milk) production in these regions to be increased, not only to meet

the demands of the increased population but also to increase the levels of animal

protein consumption per capita above the current low levels (FAO, 2000). While

monogastric animals and poultry contribute significantly to the supply of animal

proteins, these species directly compete for agricultural land and foods that could be

used for humans, and further expansion in their numbers could be counter-productive.

As a side effect of the rapid growth in the human population, the availability of

agricultural land is generally reduced due to its use for new settlements, roads and

other infrastructure. To maintain plant production, agricultural practices thus have

needed to become more intensive, characterised by the high application levels of

synthetic chemicals and so food production practices are becoming more expensive

and environmentally unsustainable.

Unlike monogastric animals, ruminants do not compete with humans for food

supplies. Fibrous materials such as straw and other agricultural waste products, which

are largely indigestible in monogastric animals, as well as simple soluble nitrogenous

compounds such as urea, are readily utilised and converted by ruminants into products

of relatively high protein content. Increasing the production of animal protein from

ruminants in the developing countries of Asia has become a target of many
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governments as they attempt to maintain their people's per capita protein

consumption.

The nutritional improvements usually sought to increase ruminant production

include optimising the utilisation of locally available agro-industrial by-products,

developing cheap, alternative feed resources, as well as attempting to obtain the most

efficient conversion of feed to edible products. Rumen microorganisms are responsible

for the breakdown of high-fibre feeds and, in turn, the bacterial protein produced is the

major source of amino acids to the host (Hungate, 1966). To enable rumen

microorganisms to grow and digest feed efficiently, ingesta should satisfy all the

nutrient requirements of the microbes living in the rumen. The feed may also provide

nutrients that escape rumen fermentation and become directly available for absorption

in the small intestine. However, it is often the case that utilisation of local feed

resources by ruminants in developing countries is sub-optimal because of either

inadequacy or imbalance in the nutrients required to maintain an efficient microbial

ecosystem in the rumen (Preston and Leng, 1987).

One of the more recently recognised potential feed resources for farm animals

is duckweed, a protein-rich aquatic plant of the Lemnaceae family. The plant grows

on the surface of water in ponds, irrigation canals, rice fields, and on other stagnant or

slowly moving water bodies. Its growth rate is very high, and under optimum growing

conditions the plant exhibits exponential growth (Landolt and Kandeler, 1987). The

plant has been recognised by animal nutritionists as a valuable feed resource for its

ability to efficiently absorb nutrients from the medium where it grows and then

concentrates them into plant biomass. Because its rate of growth is so rapid,

considerable nutrient production from duckweed should be possible in well-designed

systems. The harvested duckweed can provide N, vitamins and minerals that are

required by the rumen microflora and by the host.

The potential of duckweed as a feed resource for farm animals has been

studied mainly for pigs, poultry and fish, and for these species its high protein content

is a great attraction. The protein requirements of these species can be met by

formulation of diets using feedstuffs of appropriate protein content. Duckweed can be

included in such diets, replacing a portion of other more conventional protein

supplements on an iso-nitrogenous basis, because duckweed contains protein with an
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amino acid profile similar to that of other plant feedstuffs (Mbagwu and Adeniji,

1988). The performance of duckweed as a protein source has been shown to be

comparable to that of other vegetable protein sources in monogastric animals (e.g.

soybean meal; O'Neill et al., 1996).

In ruminants, where the ingested feeds are subjected to microbial fermentation

in the rumen, little research involving duckweed has been undertaken. Degradability

of dried duckweed protein in the rumen determined by the in sacco technique has been

reported to be about 80% (Huque et al., 1996) and it has been suggested that the major

role duckweed may play in ruminant nutrition is as a multi-nutrient source, i.e.

providing degradable N, minerals and vitamins for the rumen microorganisms.

Confirmation of this concept has not yet been reported.

1.2 The Thesis Concept

The general hypothesis of the research presented in this thesis was that

duckweed, with its high protein content, might be used as an alternative source of

protein for ruminant animals. The shortage of protein is a general phenomenon in

ruminant production systems, especially in developing countries, where the cost of

protein supplements is often beyond the purchasing power of farmers. Experiments

were therefore carried out to determine, using various techniques, the degradability of

duckweed protein in the rumen as an important initial step in assessing its potential

value as a protein supplement. 15N isotope dilution was employed to study the in vitro

and in vivo degradation and utilisation of duckweed protein by rumen microorganisms.

15N-labelled duckweed was also produced on nutrient-rich media and used as a

substrate to determine the ruminal degradation of duckweed protein in vivo.

The utilisation of the 15N-labelled duckweed not only provided a direct

assessment of the rumen degradability and microbial utilisation of duckweed protein

itself, but also provided information that extended and improved the current general

understanding of the dynamics of N substances in the rumen. Finally, experiments

were also carried out with Merino sheep that were supplemented with duckweed as a

source of protein and other nutrients. Wool growth and its characteristics in response

to the provision of duckweed were recorded and were compared with a more

conventional protein supplement, cottonseed meal.
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Chapter 2 Literature Review

2.1 Scope of the Review

This chapter provides background information based on the available literature

to enable the potential of duckweed as a protein supplement for ruminants to be

assessed. For convenience, the chapter has been divided into two parts. Part I

contains a review of the metabolism of N in the rumen covering the sources of N,

degradation of dietary protein and microbial utilisation of the available N for protein

synthesis. Topics on gas production technique as a tool in estimating microbial protein

synthesis and efficiency, the use of digesta flow markers and of 15N-labelled feeds are

also included in this part. Part II deals with duckweed itself and covers issues relevant

to the conduct of experiments reported in the subsequent chapters. This includes the

general description of duckweed, factors controlling growth of the plant, its nutritive

value and potential as a protein source for animals.

2.2 Part I: Metabolism of N in the Rumen

2.2.1 Introduction

The nitrogenous substances entering the rumen originate from different

sources: ingested feeds, endogenous body N that is transferred to the rumen via saliva

or sloughed epithelial cells and microbial-N undergoing intra-ruminal recycling. All
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these N inputs are subjected to microbial metabolism - degradation and utilisation - in

the rumen. The nature of these N sources and their contribution to rumen metabolism

and microbial-N synthesis, and the available techniques for predicting the rumen

degradability of dietary N are discussed below.

2.2.2 Sources of N

2.2.2.1 ingested feeds

In most feeding systems, the feedstuffs ingested by ruminants contribute the

majority of N available for digestion and metabolism in the rumen. The quantity of

dietary N entering the rumen depends on feed intake and the concentration of N in the

feed. The N in feeds is in various chemical forms but can be fractionated into protein

and NPN with a wide range of proportions, depending on the species of plants. For all

species, the content of protein generally decreases while that of carbohydrate increases

as the plant matures. The protein content also changes during post-harvest processing.

Conserved forages generally have higher proportions of NPN as is the case for silage

where the proteins have been fermented by both plant and microbial enzymes during

ensiling (McDonald, 1982). In the rumen, this protein is subjected to proteolysis by

microbial enzymes to different extents and at different rates, depending on the nature

of the proteins and the time they spend in the rumen. The NPN fraction consists of

free amino acids, nucleic acids (deoxyribonucleic acid [DNA] and ribonucleic acid

[RNA]), nitrate and free ammonia (Mangan, 1982). It is usually subject to rumen

degradation, at rapid rates, and it therefore becomes an immediate N substrate for

microbial-N synthesis.

Most of the proteins in fresh forage (including in aquatic plants) are found as

leaf proteins. Approximately 75 % of the leaf protein is located in the chloroplast of

which half is Fraction 1 (18S) protein, an enzyme that catalyses the combination of

carbon dioxide and ribulose diphosphate, a 5-carbon sugar, during photosynthesis

(Lyttleton, 1973). This protein contributes a large proportion of the protein available

for metabolism in the rumen of animals ingesting fresh forage, as it is readily released

from the plant tissue during mastication (Mangan, 1972). The amino acid composition
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of the Fraction 1 protein is well balanced and comparable to other good-quality

proteins (Mangan, 1982): it is therefore of high nutritional value. Fraction 1 protein is

readily extractable from green leaves (Nugent et. al., 1983), for example from lucerne,

in which the protein comprises about 30 – 40 % of the plant's total soluble protein.

Studies of the proteolysis of soluble protein in the rumen or of the proteolytic activities

of rumen microbes have frequently used this protein as a substrate (Nugent et al.,

1983; Nugent and Mangan, 1981). Such studies have demonstrated that Fraction 1

protein is highly degradable in the rumen suggesting that little of the amino acids from

this protein would be directly available for the host animal. However, more recent

studies (McNabb et al., 1994; Min et al., 2000) have indicated that the ruminal

degradation of Fraction 1 protein molecule is not uniform: the small sub-unit of the

protein (molecular weight of 16 kilodaltons) is degraded at a slower rate than the large

sub-unit (molecular weight: 56 kilodaltons). McNabb et al. (1994) found that the

degradation rate for the small sub-unit was only 4%/h compared to 26%/h for the large

sub-unit.

Apart from Fraction 1 protein, smaller proportions of leaf proteins consist of

Fraction 2 and chloroplast membrane proteins. The Fraction 2 protein constitutes

about 25% of the total leaf protein and contains a complex mixture of individual

proteins derived from both the chloroplast and the cytoplasm, while the chloroplast

membrane protein, which is insoluble, constitutes about 40% of the chloroplast protein

(Mangan, 1982). The rate of degradation of these proteins in the rumen is uncertain,

but Mangan (1982) proposed that some of them may escape rumen fermentation.

Thus, most of the amino acids available for intestinal absorption would likely to be

derived from this Fraction 2 protein.

2.2.2.2 Endogenous body N

Endogenous N (protein and urea) continuously enters the rumen and may serve

as an extra N source for rumen metabolism. The endogenous protein entering the

rumen is mainly derived from sloughed cells of the rumen epithelium (Orskov et al.,

1980), but some mucoproteins also enter in saliva. The calculated protein contribution

of the sloughed cells of the rumino-reticulum wall in sheep, based on the estimated
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rates of epithelial cell production, is about 2.0 g N/d (Rowe and James, 1982). Higher

values (5 – 10 g N/d) were predicted by MacRae and Reeds (1979) based on the

mitotic indices of rumen epithelial cells. The predicted daily flow of muco-proteins in

saliva to the rumino-reticulum is about 0.2 – 0.4 g N (Phillipson, 1964).

Factors affecting the entry of endogenous proteins into the rumen, and their

ruminal metabolism or outflow from the rumen are not clearly known. Studies have

been directed more to the entry into the rumen of endogenous urea and factors that

may regulate this process (Vercoe, 1969; Weston and Hogan, 1967). This is possibly

because the conversion of endogenous urea into microbial protein in the rumen has

been identified as a salvage pathway of N metabolism in ruminants. The transfer of

endogenous urea into the rumen has been investigated in conscious and normally fed

animals using isotope dilution techniques involving administration of 14C- or

15N-labelled urea intravenously and measuring the appearance of the label in the

rumen ammonia pool (Nolan and Stachiw, 1979). From such studies, quantitative

estimates of transfer of endogenous urea into the rumen of hourly-fed animals have

been obtained. It appears that feed intake affects the quantity of endogenous urea

transferred into the rumen. In sheep given low-quality roughage diets and fed hourly,

the amount of urea transferred to the rumen is relatively small, ranging from 0.6 to 2.3

g N/d (Nolan and Stachiw, 1979; Norton et al., 1978). These authors postulated that

most of the endogenous urea entering the rumen under these conditions would have

entered in the saliva. Higher values than these (6-10 g urea-N/d) have been obtained

in other 15N studies in sheep fed brome grass (Kennedy and Milligan, 1978). Saliva

could not account for a transfer of this magnitude, indicating that a non-salivary route

of transfer – e.g. diffusion through rumen wall – can also be quantitatively important.

The contribution of recycled urea to the rumen ammonia pool (following its

hydrolysis by microbial urease) can be significant, particularly when rumen ammonia

concentration is relatively low, due to low dietary N input or low degradability of

dietary N. In sheep ingesting low-quality roughage, for example, the endogenous urea

entering the rumen could represent about 25 % of the total N potentially degradable to

rumen ammonia (Nolan and Stachiw, 1979). The entry rate of endogenous urea
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appears to be affected by the dietary N level, with higher entry rates observed in

animals offered low-N diets rather than high-N diets (Bunting et al., 1987; Neutze et

al., 1986; Siddons et al., 1985). This is due to the lower rumen ammonia

concentrations associated with low-N diets, a condition that increases the entry of

endogenous urea into the rumen (Faichney, 1974; Harrop and Phillipson, 1974;

Kennedy and Milligan, 1978). Other factors that affect the entry of endogenous urea

into the rumen include the extent of digestion of OM and the concentration of plasma

urea (Kennedy and Milligan, 1980).

2.2.2.3 Recycled microbial-N

In studies where 15N-ammonia is made available for microbial protein

synthesis in the rumen, the NAN fraction of the rumen fluid after the microbes have

been removed subsequently becomes enriched with 15N. This non-ammonia- 15N must

have come from excretion of 15N into the medium by viable microbial cells or the

microbial degradation of nitrogenous materials in non-viable cells, or both. The non-

ammonia- 15N may be reincorporated by other cells or converted to 15N-ammonia,

which could then be reassimilated. Nolan and Leng (1972) found that in sheep

ingesting lucerne (800 g/d), only 9.9 of the 14.2 g N/d entering the rumen ammonia

pool was irreversibly lost from this pool, and the balance was apparently recycled

through intra-ruminal pools. They concluded that about 30 % of the N was inter-

converted and subsequently returned to the ammonia pool and that the majority of the

recycling occurred within the rumen. This was later confirmed by Nolan and Stachiw

(1979) and by Cottle (1980) who demonstrated that appreciable quantities of N were

recycled between the rumen bacterial-N, protozoal-N and ammonia-N pools,

irrespective of which pool was initially labelled.

The intra-ruminal recycling of microbial-N is a natural process that occurs

continuously and it has been discussed mainly because it may reduce the efficiency of

rumen microbial supply to the small intestine. In particular, attention has been

directed to protozoa as they engulf and digest large numbers of bacteria (Coleman and

Sandford, 1979) but are preferentially retained in the rumen (Leng, 1982a; Weller and

Pilgrim, 1974) and excrete the products of intra-cellular metabolism of nitrogenous
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materials into medium. Therefore, protozoa have been thought to be the main factor

responsible for the intra-ruminal recycling and the reduced synthesis and outflow of

bacterial-N. That protozoa are always detrimental, however, has been questioned

because live-weight gain of animals from which rumen protozoa have been eliminated

does not always increase (Williams and Coleman, 1988). Decreases in rumen

ammonia concentration and in fibre degradation are consistently associated with the

absence of protozoa in the rumen (Williams and Coleman, 1988) indicating that

protozoa may play important roles in degrading protein and fibre in the rumen. This

could be due to a direct role of protozoal enzymes in fibre digestion or to their effect

in the continuous provision of ammonia N to the fibre-digesting bacteria (Williams

and Coleman, 1988).

The intra-ruminal recycling of bacterial-N may also continuously provide

peptides and amino acids for rumen metabolism. Viable bacteria excrete amino acids

into the medium, particularly aspartate, glutamate, alanine and glycine (Erfle et al.,

1977) that have been found to be dominant in the mixture of free amino acids in the

rumen of fasted animals (Wright and Hungate, 1967). Peptides and amino acids as

well as ammonia must also be produced via other pathways of microbial recycling,

e.g. from fermentation of bacteria cells lysed by bacteriophages (Hoogenraad and

Hird, 1970; Hoogenraad et al., 1967), and by anaerobic mycoplasmas (Hoogenraad

and Hird, 1970) and also autolysis (Robinson and Hungate, 1973). It seems that

considerable N recycling can occur in the protozoa-free rumen (Nolan and Stachiw,

1979).

2.2.3 Degradation of dietary protein

2.2.3.1 Techniques for predicting the degradation of dietary protein

Several methods for estimating the degradability of dietary protein in the

rumen have been studied. In vivo techniques probably provide values for protein

degradability that most nearly represent the real situation in the rumen, but these

techniques are expensive and laborious to undertake. Degradability values obtained

using in vivo techniques are often regarded as standard values to which values
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obtained with other techniques (in vitro and in situ) are compared. The usefulness of

such comparisons is questionable, however, because the in vivo techniques themselves

are not without criticism. The techniques that have so far been developed and used to

predict the degradability of dietary protein in the rumen are discussed below.

Assumptions made when applying any of these methods and the likely factors that

may introduce errors in degradability values obtained Pare discussed later in this thesis.

Other reviews on this topic are also available (Michalet Doreau and Ould Bah, 1992;

Nocek, 1988; Vanzant et al., 1996).

a In vitro

Degradation of dietary protein in the rumen is often estimated in vitro by

incubating feeds being tested with a wide variety of commercial proteases. The

advantage of enzymatic digestion is that it is a rapid, simple and low-cost procedure

and would therefore become the first choice for use in laboratories with less advanced

equipment. It should be remembered, however, that the actions of commercial

proteases might not mimic those of rumen microbial proteases. Luchini et al. (1996)

found that the rate of degradation of dietary protein was lower when incubated with

various mixtures of commercial proteases than with strained rumen fluid. Mahadevan

et al., (1979) concluded that enzymatic digestion using a non-rumen protease is of

limited value because of its inconsistent action on dietary proteins. Therefore, this

technique is probably most suitable for initially screening of feedstuffs to determine

their potential value as sources of protein supplements for ruminants. It may also

provide a rapid procedure for assessing the effectiveness of different treatments

intended to protect dietary protein from degradation in the rumen.

The rate and extent of degradation of dietary protein by rumen microbes was

initially predicted from the appearance of ammonia when incubating feeds in vitro

with strained rumen fluid (Little et al., 1963). It is well recognised, however, that

utilisation of the degradation products (i.e. peptides, amino acids and ammonia) by

microbes occurs at the same time as degradation. Microbes remove some of the

breakdown products from the incubation medium and utilise them to synthesise their

cell proteins. If microbial utilisation of the released N is not taken into consideration,
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prediction of protein degradation based only on the appearance of degradation

products will be an under-estimate. Broderick (1982) found, for example, that there

was a negative net ammonia-N production for maize and sorghum because the rate of

ammonia-N utilisation by microbes was higher than the rate of its production. Some

techniques have been developed therefore, to prevent, or to account for, microbial

uptake of protein degradation products.

Broderick (1987) added hydrazine sulphate and chloramphenicol to the

incubation medium to inhibit microbial growth and therefore microbial uptake of the

released amino acids and ammonia-N. The recovery of ammonia-N added to the

incubation medium as (NH4) 2 SO4 and that of total-N added as casein hydrolysate was

found to be highest (96.8 and 94.1 %, respectively) when a mixture of 1.0 mM

hydrazine sulphate and 30 µg/m1 of chloramphenicol was added to the incubation

medium. The author also found that the inhibitors did not significantly interfere with

microbial proteolysis during the 4-h incubation. This was indicated by the similar

rates of hydrolysis of azo-dye-labelled proteins, benzoyl-L-tyrosine p-nitroanilide,

benzoyl-L-arginine p-nitroanilide or 14C-labelled proteins when incubated with or

without the inhibitors.

The extent and rates of protein degradation obtained with the inhibitor in vitro

technique are generally higher and faster than those observed with the in situ method

(England et al., 1997). Broderick et al. (1988), for instance, found that the inhibitor in

vitro system gave estimates of total extents and rates of protein degradation which

were 17 % higher and 36 % faster, respectively, for most feeds than those given by the

in situ technique. In these studies, however, the degradation values obtained with the

in situ methods would have been under-estimated because microbial-N contamination

of the residue remaining in the washed bags was not taken into account. In the study

of Hristov and Broderick (1994), the inhibitor in vitro system was again found to

result in a higher extent of protein degradation when compared with a technique in

which 15N was employed to account for the incorporation of degradation products by

microbes (see below), but the inhibitor system showed slower (by 28%) rates of

degradation. The concentration of inhibitors relative to the size or type of the
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microbial population in the method of Broderick (1987) may be an important factor.

Changes in microbial population due to different diets consumed by rumen fluid

donors, for example, may alter the effectiveness of the inhibitors and thus requires

changes in their concentration. Other possible limitations for the inhibitor in vitro

technique are: (i) accumulation of breakdown products may result in end-product

inhibition of enzymes; (ii) interference of the inhibitors with microbial growth and

enzyme synthesis, and (iii) less accurate prediction for degradation of feeds with high

ammonia and free amino acids concentration because the degradation of the remaining

N substance is calculated from the appearance of additional amino acids and ammonia

in the presence of high background N.

Another approach to quantifying microbial utilisation of ammonia-N during in

vitro incubations is to add 15N-ammonia to the incubation medium. Microbial cells

will be enriched with 15N and the enrichment ratio between microbes and ammonia

will indicate the utilisation of ammonia-N by microbes. Hristov and Broderick (1994)

did not detect any accumulation of breakdown products, and the degradation rate of

protein was calculated as the sum of blank-corrected production of ammonia-N and

synthesised microbial-N. The advantages of this addition to the technique are that

microbes are allowed to grow normally and end-product inhibition of microbial

enzymes is less problematic. It should be noted, however, that microbial-N synthesis

might still be under-estimated because the technique does not consider the utilisation

of NAN by microbes.

A different approach was proposed by Raab et al. (1983). This was based on

the relationship between the rate of fermentation of an energy source (starch) given in

graded amounts and the growth of the microbes (i.e. microbial-N utilisation).

Ammonia-N concentration and gas production during a 24-h incubation were

measured and the net ammonia-N production from the feed under test was obtained by

an extrapolation of gas production to zero (assumed to indicate zero microbial growth

and N utilisation). The occurrence of 'energy spilling', where the continued

fermentation of substrates is not accompanied by microbial-N synthesis (Hespell and

Bryant, 1979), is a possible source of error for this technique. Nevertheless, Raab et
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al. (1983) found linear correlations between the amounts of starch added to the

incubation medium and gas production on the one hand, and a decrease in ammonia-N

concentration on the other.

b In situ

The in sacco method proposed by Mehrez et al. (1977) is probably the

technique that is most often used to predict the degradability of protein in the rumen.

In this technique, the test feed is enclosed in a polyester or nylon bag and incubated

for various periods in the rumen. The pore size of the bag is critical - it should be

small enough to retain the feed particles during incubation, but large enough to allow

rumen microbes to enter and leave the bag and have continuous access to the tested

feed.

It is assumed in this technique that the conditions inside the bag, including the

microbial populations and their proteolytic activities, are similar to those outside the

bag. These assumptions, however, may be invalid. It has been shown that the

microbial population inside the bag is smaller than that outside (Marinucci et al.,

1992; Meyer and Mackie, 1986). Marinucci et al. (1992) also found that pH inside the

bags (incubated in vitro) was lower than in the medium outside the bags. Also

carboxymethylcellulase and xylanase activities were markedly lower inside than

outside the bags (Huhtanen and Khalili, 1992; Noziere and Michalet Doreau, 1996).

There have been no studies to indicate whether this is also the case for proteases.

While the microbes can enter and leave the bag during incubation in the rumen,

some microbes may not be completely dislodged during the washing of the feed

residue after incubation (Mathers and Miller, 1981). This microbial contamination of

the feed residue could increase the N content of the residue and cause the feed protein

degradability to be under-estimated. Some workers have tried to resolve this problem

by either enhancing removal of the microbes from the feed residues using various

physical treatments such as chilling and sonication, or by quantifying the microbial-N

present in the residue using various markers. Among the physical methods used,

stomaching has been claimed to be the most effective (Michalet Doreau and Ould Bah,
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1992). However, the technique has also been found to have inconsistent effects for

different feeds (Hvelplund and Weisbjerg, 2000) in that it over-estimates the protein

degradability for cereal feeds but under-estimates degradability for forage. Errors

associated with these techniques could arise from either inefficient removal of all the

microbes from feed residues or removal also of some of feed residues.

Various markers and techniques have been used to distinguish microbial and

feed N in the bag residue and hence to quantify the microbial-N contamination of the

feed residues. These include analysing the bag residues for diaminopimelic acid

content which is assumed to be present only in microbial materials (Olubobokun and

Craig, 1990), comparing the amino acid profile of the bag residue with that of the

original feed (Varvikko, 1986), using 15N-labelled feeds and analysing the dilution of

the label by the microbial-N (Varvikko and Lindberg, 1985) and labelling the
15microbes with 15N administered into the rumen and quantifying the presence of N in

the residues (Beckers et al., 1995). All these studies have shown that the quantity of

microbial-N present in the bag residues could cause protein degradability to be

significantly under-estimated. This is particularly true for high-fibre, low-N forages

(Olubobokun et al., 1990; Wanderley et al., 1993) for which microbial contamination

is relatively more significant. For protein-rich supplements, the additional N in the

bag residues due to microbial contamination will have a less significant effect on the

degradability estimates (Beckers et al., 1995; Mathers and Miller, 1981).

As discussed above, some soluble feed proteins are not completely degradable

in the rumen (Broderick et al., 1988) and some could be even less degradable than the

insoluble ones (Mahadevan et al., 1980). With the in situ technique, although

disappearance of protein from the bag is determined, solubility and degradability of

the protein are not distinguished. This is another major limitation of the in situ

technique. At the time of writing, there have been no techniques proposed to deal with

this problem: it has to be assumed that water-soluble proteins are completely

degradable and degraded at similar rates in the rumen. These assumptions could lead

to over-estimation of the overall feed protein degradability, particularly for feeds such

silage that contain high concentrations of soluble N.
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c In vivo

In vivo prediction of rumen degradability of feed protein usually involves

estimation of the non-microbial-N flow in digesta passing through the abomasum or

duodenum and then partitioning the non-microbial-N into its dietary and endogenous

components. The identification of microbial-N is normally done by comparing the

ratio of a specific microbial marker to NAN in microbial cells (generally isolated from

the rumen), to the same ratio in abomasum or duodenum digesta. (The ratio is

expected to be lower in the digesta than in the microbial reference because of the

dilution of the marker by non-microbial-NAN.) Various microbial markers have been

used in this role: these include external substances (i.e. those introduced into the

rumen and incorporated during the synthesis of microbial-N such as 15N and 35S) and

internal markers that are naturally present in the microbial cells (such as

diaminopimelic acid and nucleic acids, and feed and microbial amino acid profiles

have also been used). Advantages and disadvantages associated with using any

microbial marker have been discussed (Broderick and Merchen, 1992). In addition, in

vivo techniques also require the use of non-absorbable digesta (liquid and particles)

flow markers (Faichney, 1975) to determine the flow rate of the digesta. The pre-

requisites for the digesta flow markers are that they should neither be digested nor

absorbed, and they should mimic the behaviour of the digesta that they mark.

The greatest limitation of in vivo determination of feed protein degradability is

associated with the difficulties in determining the contribution of endogenous NAN to

the non-microbial component in samples of abomasal or duodenal digesta. The

presence of endogenous NAN, if not allowed for, leads to under-estimation of feed

protein degradability in the rumen. Errors associated with the use of microbial and

digesta flow markers can also lead to appreciable errors in the estimation of feed

protein degradability.

In vivo prediction of rumen protein degradability can perhaps be estimated

more directly using plants that have been labelled either with "C (Nugent and

Mangan, 1978; Wallace, 1983), 15N (Chapman and Norton, 1984) or azo-dye

(Kopecny and Wallace, 1982). Animals fitted with rumen cannulas are required to
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enable the administration of the labelled plant material, and sampling of the rumen or

intestinal contents is needed to enable the concentration of label to be determined.

Nugent and Mangan (1978) administered 14C-labelled Fraction 1 protein into the

rumen and determined the rate of proteolysis from the decline in 14C radioactivity in

the soluble protein of rumen fluid. Chapman and Norton (1984) gave sheep
15N-labelled feed, determined the fraction of the feed 15N passing through the rumen

ammonia pool, and used this as an indicator of the fractional degradation of dietary

protein in the rumen. Under steady state conditions, the net entry of ammonia into the

ammonia pool would be equal to that leaving the pool irreversibly. The rate of

irreversible loss was apparently determined with 15N-ammonia that was administered

into the rumen in a separate experiment in animals in conditions similar to those

existing when 15N-labelled plant was used.

2.2.3.2 Source of proteolytic enzymes

a Rumen microbes

The proteolytic activity found in the rumen is predominantly cell-associated

and little activity can be detected in cell-free rumen fluid (Blackburn and Hobson,

1960; Brock et al., 1982). Of the total rumen bacterial population, 12-38 % of species

have been shown to be proteolytic (Bryant and Burkey, 1953; Fulghum and Moore,

1963). Brock et al. (1982) found that both rumen bacteria and protozoa exhibited

proteolytic activities, but the bacteria had a specific activity that was 6 - 10 times

higher than that of protozoa. Using soluble proteins as substrates, Nugent and Mangan

(1981) concluded that protozoa were responsible for only 10 – 20 % of the proteolytic

activity in bovine rumen fluid. The proteolytic activity of individual rumen bacterial

species has been discussed in depth (Wallace and Cotta, 1988) and Bacteroides

ruminicola, Bacteroides amylophylus and Butyrivibrio fibrisolvens are regarded as the

most important proteolytic rumen bacteria under most feeding situations (Cotta and

Hespell, 1986).

Bacterial proteolytic enzymes are located in the cell envelope but they are

easily detached and released into the medium. Kopecny and Wallace (1982) found
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that the proteases were readily removed by gentle physical treatments such as shaking

and brief blending without disrupting the bacterial cells. These bacterial coat

proteases show higher proteolytic activities than those from whole bacterial cells

(Kopecny and Wallace, 1982). This suggests that most of the proteolytic enzymes of

bacteria are associated with the envelopes of bacterial cells. By fractionating the cell

envelopes, the authors also found that the highest proteolytic activity was associated

with the inner membrane of the envelope and less activity was associated with the

outer membrane. It seems, therefore, that proteins are firstly attacked by the outer

membrane proteases that split the proteins into smaller peptides. These peptides then

permeate the outer membrane and become substrates for the inner membrane

proteases.

b The role of plant enzymes

Proteolysis of proteins in harvested forage by the plant's own proteases is a

normal process and is responsible for the reduction of protein content during wilting of

the plant (McDonald, 1982). The proteases of the plant continue to degrade its own

proteins when the forage is conserved by ensiling and the resulting peptides and amino

acids become substrates that are degraded further by the action of enzymes produced

by the developing silage microflora (McDonald, 1982). Theodorou et al., (1996) have

argued that a similar process probably occurs in the rumen of animals ingesting fresh

forages. They suggested that plant proteases might play an important role in initially

breaking down their own proteins before proteolytic microbes of the rumen have

access to the proteins. Conditions in the rumen such as the elevated temperature, pH

and the absence of oxygen are stressful for the survival of the plants, but are still

within the functional range for the plant proteases (Theodorou et al., 1996).

The importance of plant proteases in rumen proteolysis has not been

considered in most studies where substrates used are generally purified proteins or

proteins in feeds that have been dried and finely ground. With such substrates, the

observed proteolysis is likely to be entirely due to the action of microbial proteases as

no proteolytic enzymes of plant origin could be expected to be functional with dry

feeds. However, studying the relative importance for proteolysis of plant and
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microbial proteases in the rumen when animals have ingested fresh forage is not an

easy task. One approach that has been tried by Zhu et al. (1999) is to incubate fresh

feeds in autoclaved rumen fluid in which microbial proteases have been inactivated, or

in buffer solution, and to compare the appearance of proteolytic products with that in

incubations containing normal rumen fluid with living microbes. These authors found

that peptides accumulated when the feeds were incubated with buffer or autoclaved

rumen fluid, and this was taken to indicate the occurrence of proteolysis catalysed by

plant proteases. No such accumulation was found for untreated rumen fluid

containing active microbes, possibly because the released peptides were directly

incorporated by microbial cells, or they were degraded to amino acids that were then

deaminated, producing ammonia.

Clearly, more studies are required to obtain a better understanding of the

importance of plant enzymes in rumen proteolysis. If the action of plant proteases is

quantitatively significant, this will have a major effect on the ways ruminant

nutritionists view the process of rumen proteolysis. For example, a decrease in rumen

proteolysis resulting from the drying or heating of feeds might not only be due to

changes in protein structure, but also to the inactivation of plant proteases.

2.2.3.3 Mechanism of protein degradation

Using I t-labelled fraction 1 protein of lucerne as a substrate, Nugent et al.

(1983) demonstrated that protein degradation was initiated by a physical adsorption of

the protein onto bacterial cells. The adsorption appeared to be irreversible, as only

low molecular weight proteolysis products were released into the incubation medium.

The bacterial adsorption of proteins preceding proteolysis was studied further by

Wallace (1985) using "C-labelled casein and haemoglobin. These two studies both

showed that bacterial adsorption of the proteins occurs readily, even at 0°C, and is a

saturable process. The maximum binding capacity was found to be about 10 pg

casein/mg bacterial protein: however, adsorption was reversible and the protein could

be partially displaced (Wallace, 1985). By harvesting the bacteria to which
14C-labelled casein had been adsorbed and incubating the 14C-labelled bacteria in a

buffer at 0°C (to minimise proteolysis) for 10 min, Wallace (1985) found that 61 % of
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the radioactivity was released into the medium and 97 % of the materials released

were soluble in trichloroacetic acid. Wallace (1985) also found that the pattern of

sensitivity to inhibitor of the adsorption mechanism was the same as that for the

inhibition of bacterial hydrolysis of the test proteins and concluded that the sites for

adsorption and proteolysis were probably identical.

Wallace et al. (1999) has shown that hydrolysis of proteins releases

oligopeptides that are then degraded to smaller peptides. Dipeptides or tripeptides

(rather than single amino acids) are formed by the sequential lysis of the smaller

peptides from their N-terminus by the action of dipeptidyl peptidases. The peptides

are assimilated by microbes via transport systems and degraded intracellularly to their

amino acid constituents. The concentrations of peptides and amino acids in the rumen

fluid are generally low (Annison, 1956; Wright and Hungate, 1967) suggesting that

these intermediary products of proteolysis are rapidly removed: these concentrations,

however, increase after feeding (especially with diets that contain highly soluble

proteins) and reach maximum levels 2 – 3 h after feeding (Annison, 1956; Broderick

and Wallace, 1988; Chen et al., 1987). The rapid increase is due to their rates of

release into the rumen contents being faster than their rates of removal, probably

principally by microbial degradation. After about 3 h, concentrations then return

slowly to pre-feeding levels.

The amino acids arising from the breakdown of peptides are either used during

synthesis of cell proteins or are deaminated, releasing ammonia. Ammonia is also

assimilated during amino acid biosynthesis, but excreted into the rumen fluid by

individual bacteria if it is produced at rates faster than its assimilation. It has been

generally thought that the production of ammonia is carried out by a large number of

rumen microbes. However, studies of Russell and co-workers (Chen and Russell,

1989; Chen and Russell, 1988; Russell et al., 1991; Russell et al., 1988) and others

(Attwood et al., 1998) found that individual rumen bacterial species produce ammonia

at different rates. Certain bacterial species (such as Clostridium aminophilum,

Clostridium sticklandii and Peptostreptococcus anaerobius) which are not
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predominant species in the rumen have been demonstrated to produce ammonia faster

than other more common species.

2.2.3.4 Factors affecting protein degradation

The overall process of protein degradation in the rumen is affected by both the

nature of the protein under test and the composition of the rumen microbial

population. Any single step during the process of protein degradation — proteolysis

(the formation of polypeptides from the protein), peptidolysis (the breakdown of the

polypepides into oligopeptides then smaller peptides and amino acids) and

deamination (the formation of ammonia from amino acids) — may be affected by the

structure of the feed protein. In addition, variations in the microbial population will

also affect the degradation rates of particular proteins as individual rumen bacterial

species have been shown to differ in their ability to produce ammonia from the same

substrate, as mentioned above.

a Solubility

More than 50 years ago, the solubility of N of purified proteins in buffer

solutions was found to be correlated positively with their rates of degradation of in

rumen fluid (Annison, 1956; Henderickx and Martin, 1963). This led to studies (e.g.

Crooker et al., 1978) in which various solvents that might effectively be used to

extract the soluble protein of feed were compared and evaluated. In these studies,

however, protein degradability in the rumen was based on the rate of release of

ammonia from proteins during their incubation in rumen fluid. As discussed above,

this technique is subject to criticism and of low precision in determining the protein

degradability. Furthermore, the concentration of non-soluble proteins would vary

among feeds and their degradabilities would differ from those of the soluble proteins.

Among the soluble proteins themselves, rumen degradability has been shown to vary

widely (see below).
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b Protein structure

Mahadevan et al. (1980) have shown that both soluble and insoluble proteins

are degraded at different rates by the proteolytic enzymes of Bacteroides amylophilus

and mixed rumen microbes. Among the soluble proteins studied, casein was the most

rapidly degraded whereas serum albumin and ribonuclease A appeared to remain

undegraded during 4 h of incubation. This indicates that solubility is not the only

property that affects protein degradability and the use of solubility as the sole predictor

of degradability would over-simplify the prediction. The rate of degradation of

protein is believed to be also affected by the structure of protein molecules, e.g. the

presence of disulfide (S-S) bridges that cross-link two cysteine residues in different

polypeptide chains or in different parts of the same polypeptide chain. Treating

soluble proteins that have disulfide bridges with chemicals known to break the

bridges, e.g. mercaptoethanol or performic acid (Means and Feeney, 1971) were

shown to increase their rate of proteolysis (Mahadevan et al., 1980; Nugent et al.,

1983). Similar treatment applied to other soluble proteins without disulfide bridges

(e.g. casein and Fraction 1 protein) did not affect their rates of proteolysis. Artificially

cross-linking the amino groups of certain soluble proteins with 1,6 di-iso-

cyanatohexane decreased their rates of hydrolysis but had no effect on the rates of

degradation of insoluble proteins (Wallace, 1983).

Rates of decline in peptide concentration in the rumen fluid after feeding were

different in different studies (Broderick and Wallace, 1988; Chen et al., 1987), partly

due to differences in the nature of polypeptides comprising the protein. For different

peptides, the structure of the N-terminus of the peptide chain has been suggested to be

an important property that determines the rate of peptide breakdown (Wallace et al.,

1990). Peptides having glycine or proline at, or next to, the N-terminus tended to be

broken down more slowly than other peptides and, as a result, peptides that resist

rumen degradation would therefore be enriched with either amino acid. These authors

also found that neutral and basic peptides tended to be hydrolysed more rapidly than

acidic peptides. Hydrophobicity of the peptides may also affect their rates degradation
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in the rumen (Chen et al., 1987). These authors observed that peptides prepared from

an isopropanol extract of trypticase containing hydrophobic amino acid residues were

degraded in vitro at only half the rate of water-soluble peptides from trypticase. Many

subsequent studies (e.g. Depardon et al., 1995; Depardon et al., 1996; Williams and

Cockburn, 1991) have shown, however, that hydrophilic peptides are not more rapidly

degraded than hydrophobic ones.

c Microbial factors

Russell and colleagues (Chen and Russell, 1989; Chen and Russell, 1988;

Russell et al., 1991; Russell et al., 1988) isolated Clostridium aminophilum,

Clostridium sticklandii and Peptostreptococcus anaerobius from the rumen and

showed that these bacteria produced ammonia at approximately 300 nmol

ammonia/min per mg protein. This was higher than the rate observed for the common

rumen bacteria which is only about 10-20 nmol ammonia/min per mg protein. Others

workers (Attwood et al., 1998) have also isolated species with even higher ammonia

production rates (up to 946 nmol ammonia/min per mg protein). These studies

showed these high ammonia-producing bacteria utilised negligible amounts of

carbohydrate and relied on fermentation of smaller peptides and amino acids to

generate ATP for their growth.

Chen and Russell (1989) and Attwood and Reilly (1995) also showed that the

high ammonia-producing bacteria were unable to utilise long peptides or intact

proteins. One might expect, therefore, that they are dependent upon the proteolytic

rumen organisms to provide substrates for their fermentation. More ammonia was

produced from either gelatin hydrolysate or trypticase when the high ammonia

producers were grown in the presence than in the absence of proteolytic species (Chen

and Russell, 1989).

d Dietary factors

Nugent and Mangan (1981) found that the rate of degradation of Fraction 1

protein was 9-fold higher in animals fed lucerne than in those fed hay supplemented

with a concentrate. This is probably because higher availability of soluble proteins
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promoted higher populations of proteolytic microbes in the rumen of the animals

receiving the lucerne. According to Buttery and Lewis (1982), there was no evidence

that the proteolytic activity of rumen bacterium could be induced or repressed and the

increased rate of proteolysis must have been due to the increased numbers of

proteolytic microorganisms. Ganev et al. (1979), on the other hand, argued that

enhanced rumen proteolysis that accompanies the presence of soluble proteins may

also be due to an increase in cellulolytic activity. The latter may be the case for

proteins encapsulated in fibrous materials where cellulolytic action is required to make

the protein accessible to microbial proteases.

Another phenomenon in this regard was observed by Nugent et al. (1983).

These authors found that individual proteolysis rate for Fraction 1 protein was slower

than for casein. However, when both soluble proteins were mixed in equal

proportions, the rate of proteolysis was between the individual rates of both proteins.

The authors suggested that the proteins competed for proteolytic sites, and this effect

may be used as a means of reducing the rumen degradability of proteins of high

nutritional value.

2.2.4 Utilisation of N in the Rumen

2.2.4.1 Ammonia-N

a Contribution to microbial protein synthesis

The concentration of ammonia in the rumen fluid varies with diet and time

after feeding. The rumen ammonia concentration at any time is a balance between the

rates of its appearance (through deamination of amino acids, degradation of urea and

secretion by microorganisms) and the rates of its disappearance (through microbial

utilisation, absorption and outflow to the lower digestive tract). Ammonia is usually a

major source of N utilised for rumen bacterial-N synthesis (Bryant and Robinson,

1962; Mathison and Milligan, 1971; Nolan and Leng, 1972) and ruminants have been

maintained on diets in which the only N source provided was ammonium salts or urea

(Loosli et al., 1949; Virtanen, 1966). This indicates that all the amino acids required
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for the maintenance of ruminants can be synthesised and supplied by the rumen

microbes. Therefore, the optimum conversion of ammonia into rumen microbial-N is

an important consideration for efficient dietary N utilisation in ruminants. A rapid rate

of ammonia production from dietary N which greatly exceeds its rate of microbial

utilisation can lead to a potential loss of the ammonia by absorption via the rumen wall

and in digesta flowing out of the rumen.

In vivo studies on the quantitative utilisation of ammonia-N by rumen microbes

conducted using 15N-ammonia have shown that, with different feeds, the proportion of

microbial-N synthesised from ammonia-N is variable, ranging from 18 to 100 %

(Table 1).
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Table 1 In vivo determination of the percentage of rumen bacterial-N, protozoal-N
and mixed microbial-N synthesised from ammonia in animals on different
experimental diets, with different N intakes and obtained in experiments
using different routes of 15N administration.

Ref*	 Methods of 15 N 	 N intake	 Percentage of microbial-N
	 Diets

administration**	 (g/d) 	 derived from ammonia-N
Bacteria	 Protozoa	 Mixed

64.0
43.0
41.0
35.0
31
40
40
55

32.9
64.3
55.8

35.9

Wheaten hay (75%) and lucerne (25%)
Wheaten hay (75%) and lucerne (25%)
Lucerne
Lucerne
Native grass hay
Native grass hay
Brome grass + lucerne hay
Rolled barley

80.0	 Lucerne

Lucerne hay
Lucerne hay
Wheaten hay (83.3%) + lucerne hay (8.3%) +
molasses (8.3%)
Oat hull and solka floc
Oat hull and solka floc + urea
Oat hull and solka floc + urea + casein
Oat hull and solka floc + urea + HCHO-treated
casein
Barley straw + tapioca + decorticated groundnut
meal (DCGM)
Barley straw + tapioca + DCGM + urea
Barley straw + tapioca + urea
Ryegrass silage
Dried ryegrass
Alkali-treated wheat straw + urea
Cracked corn (73.3%) and cottonseed hulls
(25.0%)
Cracked corn (56.0%), cottonseed hulls (25.0%)
and soybean meal (17.6%)
Cracked corn (73.3%) and cottonseed hulls
(25.0%)
Cracked corn (56.0%), cottonseed hulls (25.0%)
and soybean meal (17.6%)
Cracked corn (59.5%), cottonseed hulls (30.0%),
and soybean meal (3.5%), molasses (5.0%)
Cracked corn (38.6%), cottonseed hulls (30.0%),
and soybean meal (25.0%), molasses (5.0%)

65.0
80.0
95.0

*1 (Pilgrim et al., 1970), 2 (Mathison and Milligan, 1971), 3 (Nolan and Leng, 1972), 4 (Nolan
et al., 1976), 5 (Nolan and Stachiw, 1979), 6 (Kempton et al., 1979), 7 (Salter et al., 1979), 8
(Siddons et al., 1985), 9 (Neutze et al., 1986), 10 (Bunting et al., 1987), 11 (Bunting et al.,
1989)
**IR = intra-ruminal, IV = intra-venous
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Protozoa obtain most of their N requirements by engulfing and digesting

bacteria (Coleman and Sandford, 1979). Ammonia-N is produced by, rather than used

by protozoa which have 'essential' amino acid requirements (S.H. Bird, personal

communication). Dietary factors that affect this proportion appear to be those that

affect the concentrations of peptides and amino acids. When the diet contains true

protein and there is a rapid rate of release of peptides and amino acids, more bacterial-

N is derived from peptides and amino acids and less is synthesised from ammonia

(Kempton et al., 1979; Salter et al., 1979). The availability of fermentable energy

may also be important, as Al-Rabbat et al., (1971) found that a smaller fraction of

microbial-N was synthesised from ammonia-N by animals on a lucerne-barley mix

diet than by those on lucerne alone.

The utilisation of ammonia-N by bacteria for the synthesis of their protein is

initiated by the transport of ammonia-N across the cell membrane. Blake et al. (1983)

argued that ammonia appears first to provide amino groups for the synthesis of free

intra-cellular amino acids, and these are then utilised to construct the proteins of the

cell and the cell wall. These authors found that during an intra-ruminal infusion of
15NH4C1, the label appeared rapidly in the protein-free cell supernatant fraction (i.e.

free intra-cellular amino acids) and more slowly in the bacterial protein and cell wall

fractions. The 15N enrichment of the protein-free cell supernatant fraction declined

over time while that of fractions containing proteins (intracellular and cell wall)

increased. These authors also found that the rate of increase in enrichment of the cell

wall protein was slower than that for the intracellular protein, indicating that the

turnover rate of protein in the cell wall was slower than that in the cell contents. The

ammonia appears first to be converted to amide-N (Salter et al., 1979) before being

assimilated into the amino group of the intracellular free amino acids. Following an

intra-ruminal infusion of 15N-urea, the enrichment of the amide-N was always higher

than that of non-amide-N. The amide-N enrichment declined over time and was

followed by a rapid appearance of the label in glutamate, aspartate and alanine (Salter

et al., 1979). Ammonia-N is assimilated into bacterial amino acids through various

enzymatic mechanisms and the amide-N formed is then transferred from one amino

acid to another by different transaminases. These enzymes have been discussed in
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detail (Wallace and Cotta, 1988). In brief, at high rumen ammonia concentrations, N

assimilation occurs via glutamate dehydrogenase (GDH), whereas when ammonia

concentrations are low, ammonia is trapped in a two-step energy requiring process

involving glutamine synthetase (GS) and glutamate synthase (GOGAT) (Brown et al.,

1974; Figure 1). The GOGAT has been found to be present in rumen microbes when

rumen fluid concentrations are low (Erfle et al., 1977), but not at higher concentrations

(Wallace, 1979). On this basis, Wallace and Cotta (1988) argued that glutamate would

be the first amino acid synthesised from ammonia-N and the other amino acids would

receive the amide-N from the glutamate through transamination. Other workers

(Atasoglu et al., 1999; Blake et al., 1983; Shimbayashi et al., 1975) have found,

however, that alanine in the amino acids in bacteria-free fluid could be enriched with
15N to a greater extent than glutamate and so can not be attributable solely to

transamination of the amide-N from the glutamate.

NH3 + ATP

glutamate
synthase

ADP + pi

glutamate

NADPH

glutamine

Figure 1 Pathways of N assimilation by microorganisms at low or high ammonia
concentration (Brown et al., 1974)

b Effect of ammonia concentration on efficiency of microbial protein synthesis

As described above, the concentration of ammonia determines which of the

two microbial enzyme systems is dominant in ammonia assimilation for cell protein

synthesis. The GS-GOGAT pathway operating under low ammonia concentration is an

ATP-dependent system and so more ATP is required to assimilate ammonia when

ammonia concentration is low than when it is high. Low ammonia concentrations may

therefore reduce the efficiency of microbial protein synthesis. Schaefer et al. (1980)

found that the assimilation of ammonia through the ATP-dependent pathway might
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lower the efficiency by about 14%. Low ammonia concentration is associated with

low microbial growth rates in which a greater proportion of ATP is likely to be used

for maintenance and less for protein synthesis (Isaacson et al., 1975).

It is clear that the optimum rumen ammonia concentration required for

efficient microbial protein synthesis is very important in the N economy of the

ruminants. Insufficient ammonia reduces the efficiency of microbial protein synthesis,

but a high rate of ammonia production that exceeds the rate of its capture by microbes

is also undesirable. Excess ammonia is lost from the rumen through absorption and, to

a small extent, by its flow out in digesta to the lower gut.

The optimum rumen ammonia concentration for efficient microbial cell

synthesis in the in vitro study of Satter and Slyter (1974) was found to be about 50 - 80

mgN/l. Others, however, have suggested that much higher ammonia concentration

may be required to optimise digestion. When reviewing results of some in vivo studies,

Leng et al. (1993) noted that the optimum voluntary intake of low quality forage (low

N content and digestibility) was obtained at ammonia concentration of about 200

mgN/1. The optimised intake was attributed to the improved protein to energy ratio in

the nutrients absorbed by the animals as a result of increased efficiency of microbial

protein synthesis in the rumen. Protozoal numbers were markedly reduced at higher

ammonia concentration (150-200 mg Nil) and this would have a significant effect in

increasing the efficiency of microbial protein synthesis (Bird and Leng, 1984). The

indirect effect of high ammonia concentrations on increased efficiency of microbial

protein synthesis resulting from reduction in protozoal numbers may partly contribute

to the variation in recommendations concerning the optimum rumen ammonia

concentration required for efficient microbial protein synthesis.

The metabolism of peptides and amino acids in the rumen has been the subject

of many reviews (e.g. Cotta and Hespell, 1986; Wallace, 1996; Wallace and Cotta,

1988). It has been considered in the past that the rapid extra-cellular deamination of

amino acids to ammonia and keto acids, rather than microbial uptake, is the main route

of amino acid removal from rumen fluid (Lewis, 1955; Warner, 1956). Results of 15N

studies summarised in Table 1, however, indicate that not all microbial-N is
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synthesised from ammonia-N, i.e. microbes often also incorporate non-ammonia N

(peptides, amino acids). The decrease in the contribution of ammonia (and the

increase in the contribution made by peptides and amino acids) to the synthesised

microbial-N was affected by the presence of proteins in the diet (Salter et al., 1979).

This indicates that some of the dietary peptides and amino acids released from

breakdown of the proteins are utilised by microbes before they are degraded further to

ammonia and keto acids. There may also be some of peptides and amino acids

available from recycling of microbial-N. Microbial-N recycling to ammonia-N in the

rumen is part of the intra-ruminal N cycling (Nolan and Leng, 1972) and the transfer

of N from bacteria to protozoa, and vice versa, is evident from the 15N studies of

Cottle (1980).

Studies of the uptake and metabolism of peptides and amino acids by rumen

microbes have mostly been done in vitro and have shown that rumen bacteria take up

peptides in preference to their amino acid constituents (Pittman et al., 1967; Wright

and Hungate, 1967). Pittman and Bryant (1964) and Pittman et al. (1967) showed that

Prevotella ruminicola assimilated negligible amounts of 14C-labelled amino acids, but

did take up i t-labelled peptides and incorporated the label into trichloroacetic acid

insoluble cell materials. Ling and Armstead (1995) showed, however, that some

individual amino acids were also taken up by the Prevotella ruminicola, even though

at a lower rate than for peptides. The latter study also showed that different species of

microbes had different degrees of preference for peptides and amino acids. While

Prevotella ruminicola preferred peptides, Selenomonas ruminantum and Anaerovibrio

lipolytica showed a preference for amino acids and Streptococcus bovis and

Fibrobacter succinogenes took up peptides and amino acids at similar rates. This may

suggest that the relative proportions of these microorganisms in mixed population in

the rumen will affect the rates of microbial utilisation of either peptides or amino

acids. Factors affecting the microbial population, however, are not clearly known and

Armstead and Ling (1993) have indicated that two animals could have different

patterns of microbial peptides and amino acids uptake even though they are similar in

breed, age, and weight and have been given the same type and amount of diet for
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several months. Feeding behaviour and frequency of ingestion might be important in

this respect.

Results of studies on the microbial utilisation of peptides and amino acids are

conflicting, probably partly because of different microbial populations present in the

rumen. Some studies have shown that peptides and amino acids stimulate the growth

of rumen bacteria in the presence of ammonia (Cotta and Russell, 1982; Cruz Soto

et al., 1994; Maeng and Baldwin, 1976). This must be due to the roles of these

substances in providing intracellular amino acids for protein synthesis. On the other

hand, it was found that only small proportions of added 14C-labelled peptides or amino

acids were taken up by individual species (Ling and Armstead, 1995) and mixed

populations (Armstead and Ling, 1993) of rumen bacteria. These studies indicate that

these substrates must have been fermented by the microbes present and that they were

functioning primarily as energy-yielding rather than N-yielding nutrients.

2.3 Validity of gas production as an indication of microbial
growth efficiency

End products of microbial fermentation of organic substrates in the rumen are

VFA, gas (CO2, CH4, and H2) and microbial cells, and it has been shown that

production of VFA (or gas) is inversely related to microbial cell synthesis (Baldwin,

1970; Leng, 1982b). The fermentation also generates ATP which is potentially utilised

by microbes to fuel their synthesis of cell macro-molecules. Partitioning of the carbon

of fermented organic substrates between production of VFA plus gas on the one hand,

and synthesis of microbial cells on the other depends essentially on three factors (Leng

and Nolan, 1984) that affect the rate and efficiency of microbial synthesis, viz.

availability of substrates and pathways of synthesis of cellular materials, maintenance

ATP requirement of the microbes, and turnover of synthesised microbial cells.

Some workers have attempted to use gas production as an indicator to

microbial protein synthesis and efficiency (Blummel et al., 1997; Cone and Van

Gelder, 1999). Results of this approach, however, should be interpreted with caution

because not all the factors affecting microbial synthesis and efficiency mentioned
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above can directly be associated with gas production. While gas production can be

used to indicate the availability of carbon skeleton and ATP, it does not provide any

indication whether or not the generated ATP is utilised efficiently for microbial cell

synthesis. If there is a deficiency in any microbial growth factors, ATP generation

may not be 'coupled' concomitantly with cell synthesis, a situation termed 'energy

uncoupling' (Hespell and Bryant, 1979). The synthesised microbial cells may also be

re-fermented through recycling (see Leng and Nolan, 1984) and this reduces the cell

yields but contributes to total gas production. Furthermore, synthesis of different cell

constituents requires different amounts of ATP hydrolysis per unit mass: for example

nucleic acids synthesis requires more ATP than protein synthesis (Stouthamer, 1973).

In situations like these, the actual microbial biomass yield will be lower than the yield

predicted from gas production and the use of gas production will also overestimate

efficiency. On the other hand, there are situations in which gas production may

underestimate microbial cell synthesis and efficiency. For example, less total gas is

produced during a fermentation process that results in high molar proportions of

propionate, because propionate production requires the uptake of H2 but it does not

involve the generation of CO2 (Van Soest, 1994).

2.4 The use of digesta flow markers

Studies on the flow of digesta and the nutrients therein along the digestive tract

of animals requires the application of digesta flow markers. Many markers have been

used and, depending on the digesta phase they mark, can be categorised into

and 'particle-associated' markers. Examples of the first category are polyethylene

glycol (PEG), chromium (Cr) and cobalt (Co) ethylenediamine tetra acetic acid

(EDTA) while those in the second category are chromic oxide (Cr203), Cr-mordanted

fibre, rare earth elements such ruthenium (Ru) and ytterbium (Yb), acid-insoluble ash

(AIA), lignin and n-alkanes. The last three mentioned particle digesta markers are

substances occurring naturally in plant materials that are sometimes also called

internal markers.

As summarised by Faichney (1975), any substance to be used as a digesta flow

marker should have the following attributes: 1) it must be strictly non-absorbable, 2) it
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must not affect or be affected by the gastrointestinal tract or its microbes, 3) it must be

physically similar or intimately associated with the material it is to mark, and 4) its

method of estimation in digesta samples must be sensitive and specific and it must not

interfere with other analyses. These criteria are difficult to meet and Faichney

described a 'double marker' technique that does not require that each marker associate

exclusively with one or other digesta phase. In this method, liquid and particle digesta

markers are introduced simultaneously and the concentrations of each marker are

determined in samples of both digesta phases collected distal to the introduction site.

The concentrations of the two markers in true digesta, expressed as fractions of marker

dose per unit of digesta, must be the same at steady state conditions. 'True digesta'

composition can be determined after physical or mathematical reconstitution of the

individual phases. The flow rate of true digesta or the nutrients therein can then be

obtained.

2.5 The use of 15N-labelled feeds

Quantitative estimates of N metabolism in the rumen have often been derived

from studies in which ' 5N is employed as the tracer. The 15N is usually provided in the

form of urea, (NH4)2SO4, or NH4C1 that is administered into the rumen to label the

rumen ammonia pool. Some results of such studies, especially those of rumen

ammonia metabolism and the ammonia contribution to microbial protein synthesis,

have been presented in Section 2.2.4.1.

Our current understanding of plant N movement and N transactions among

various N pools in the rumen may be further enhanced by the use of 15N-labelled feed

as the source of the tracer. However, there have not been many in vivo studies done

using this technique, probably because of economical consideration and time that is

needed to produce the 15N-labelled plant at sufficient quantities as required. Ideally,

the 15N should be efficiently incorporated by the plant during the labelling process so

that significant quantities of 15N-labelled materials can be obtained in short time.

In the rumen, the 15N from the labelled plant will appear in rumen N pools at

rates depending on the original distribution of the 15N in plant N and on the rates of
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plant degradation. Since ammonia is the end product of degradation of N-containing

substances, the appearance of 15N label in this pool can then be used to estimate the

degradation of plant N materials (Chapman and Norton, 1984). Under steady state

conditions, all the 15N present in the plant should enter the ammonia pool if the plant

N materials are completely degradable in the rumen. In another words, if the amount

of 15N entering the ammonia pool is less than the 15N amount available from the plant,

this means that some of the plant N materials are never degraded to ammonia.

For such studies, it is necessary to perform two experiments under similar

conditions in which 15N-ammonia is used in one experiment and 15N-feed in the other.

Some data (such as rate of irreversible loss of ammonia) are obtained from the
15N-ammonia experiment and are assumed to be the same in the experiment with
15N-labelled feed as the source of the tracer. If rumen bacterial sample is isolated in

these experiments, its enrichment and the ratio of this enrichment to that of rumen

ammonia can be compared. This ratio should be similar in both experiments if the

bacterial N is synthesised from ammonia only. The bacterial sample isolated should

not be contaminated with 15N from non-bacterial substances and visual inspection can

help to determine if this requirement is met.

2.6 Part II: Duckweed

2.6.1 General

Duckweed is the common name given to small floating or submerged aquatic

plants of the family Lemnaceae. Currently, five genera are recognised, viz. Landoltia,

Lemna, Spirodela, Wolffia and Wolffiella, with a total of about 37 species in the family

(Les and Crawford, 1999; Les et al., 1997). The shoots in duckweeds are reduced to a

single physical unit generally called a frond or thallus or leaf. Spirodella and

Landoltia are the only genera in which the shoot consists of a prophyll in addition to

the frond. The two genera have several roots. Spirodela (Landoltia) punctata has

between 2 and 7 roots (Les and Crawford, 1999) whereas Spirodela has 8 or more

roots. Wolffia and Wolffiella do not produce roots and are the smallest duckweeds and

Lemna produces only one root.
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The duckweeds are distributed world wide due to their ability to tolerate and

grow in a wide range of environmental conditions. Most duckweed species, however,

are found in moderate climates in tropical and temperate zones where the conditions

permit good growth rates (Skillicorn et al., 1993). Duckweeds have the ability to

remove relatively large quantities of soluble nutrients from the water and this

characteristic has been the basis for their application as a water purifier. An

alternative use of duckweed – as a protein-rich feed source for animals – has recently

acquired some attention.

2.6.2 The Growth of Duckweed and Its Control

Rates of growth and production of duckweed, in the field, are influenced by

factors such as the availability of nutrients, sunlight, wind, temperature, and plant

density. All these factors interact in affecting the growth rate and they should,

therefore, be considered simultaneously. For example, biomass production rates at a

similar nutrient concentration may be different at different plant densities. Each factor

will also have a different effect from one climatic zone to another. For instance, Leng

et al. (1995) proposed that duckweed growth rate in temperate regions is affected more

by temperature and sunlight than by nutrient concentrations. The plant can grow in air

temperatures below 7°C, but optimum growth rate is achieved at temperatures between

25 and 31°C (Iqbal, 1999). In winter, the plant virtually ceases to grow but may form

the so called turion which sinks to the bottom of the pond where it remains dormant

until warmer temperatures and sunlight permit the resumption of normal growth

(Skillicorn et al., 1993). In tropical regions, temperature and sunlight are probably

less problematic and there is a continuous growth of duckweed throughout the year.

Duckweeds grow and multiply by a vegetative means where daughter fronds

are produced from a mother frond. The daughter fronds detach after a time and

become independent plants with the same form and structure as the mother frond,

including an ability to produce their own daughter fronds. Mother fronds have a

discrete life span during which a set number of daughter fronds are produced. Some

species of duckweeds have been found to produce a second or more daughter fronds
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from a mother frond while the oldest daughter frond is still developing (Landolt, 1986;

White and Wise, 1998).

The growth of duckweed can be very rapid and, under optimal conditions, the

quantity of duckweed biomass can double in less than 2 days (Leng et al., 1995).

Under experimental conditions, the production rate of duckweed DM has been

estimated, by extrapolation, to be as much as 180 tonnes/ha per year, although the

actual yields of DM in the field more usually range from 10 to 20 tonnes/ha per year

(Leng et al., 1995). The growth rate of duckweed is higher than that of any other

higher plants and this confers a high potential for production of DM and protein.

Nutrients available in the water are removed by duckweed through all surfaces

of the fronds. The plant can tolerate and grow on a wide range of nutrient

concentrations (Table 2). In contrast with unicellular algae, which prefer nitrate for

their growth, duckweeds grow better with ammonia-ammonium than nitrate as the

main source of N (Skillicom et al., 1993). In an unmanaged duckweed population, the

ammonium ion is obtained from the fermentation of organic N by anaerobic microbes.

In cultivated populations, N can be supplied by urea or animal manures. Leng et al.

(1995) reported that the optimum range of ammonia concentration was 20 – 30 mg N/1

and, with adequate concentrations of other nutrients, the CP content of the duckweed

was maximised at 40%. The pH range for optimum growth is between 6.5-7.5.

Alkaline conditions shift the equilibrium away from ionised ammonium towards

higher concentrations of unionised ammonia, which is toxic to the plant.
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Table 2	 Range of nutrient concentrations in waters for the growth of Lemnaceae
(Landolt, 1996)

Nutrients Range (mg/1)

Nitrogen 0.003 — 43
Phosphorous 0.000 — 56

Potassium 0.5 — 100
Calcium 0.1 —365

Magnesium 0.1 — 230
Sodium 1.3 - >1000

Bicarbonate 8 — 500
Chloride 0.1 — 4650
Sulphur 0.03 — 350

2.6.3 The Nutritional Value of Duckweed

The fact that duckweed can efficiently remove a large quantity of various

nutrients from the growth medium during periods of rapid growth indicates that it is a

potentially nutrient-rich feed source for domesticated animals. The value of a

feedstuff as a protein source is determined to a large extent by the concentration of the

protein and the composition of amino acids in that protein. However, duckweed is also

a source of metabolisable energy, and of minerals and vitamins. The concentration of

nutrients in the growing biomass is affected by the growth rate of the plant. Fibre and

ash contents are higher and protein content is lower in duckweed colonies with slow

growth rates (Leng et al., 1995). Under ideal conditions and with a regular harvesting,

CP and fibre content (% DM) are about 35 - 43 and 5 - 15, respectively (Leng et al.,

1995). The true protein content of duckweed ranges from 6 to 64 % of the total CP

(Mbagwu and Adeniji, 1988; Rusoff et al., 1980). Duckweed protein has a better

array of essential amino acids than most vegetable proteins (Mbagwu and Adeniji,

1988) and more closely resembles animal protein than most other vegetable sources

(Hillman and Culley, 1978). The spectrum of essential amino acids meets the FAO

reference pattern for amino acids for human nutrition with the possible exception of
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methionine, reported to be in the range 0.8 – 1.1 g/100 g protein (Mbagwu and

Adeniji, 1988; Rusoff et al., 1980). The relatively low methionine is a general feature

of aquatic leaf proteins (Boyd, 1968) and the inclusion of supplementary methionine

in diets may, therefore, be necessary when aquatic plants such as duckweed are used in

diets for animals, as is the case with most plant protein sources. It should be noted,

however, that the methionine percentage in duckweed is higher than for many other

commonly used protein concentrates such as soybean meal and meat meal.

The nutritional value of duckweed as a protein source for domestic animals has

been evaluated in a number of experiments, mostly using monogastric species.

Nutritional studies have been made with poultry (Haustein et al., 1992; Haustein et al.,

1994; Haustein et al., 1990; O'Neill et al., 1996), pigs (Men et al., 1997) and fish

(Hassan and Edwards, 1992; Van Dyke and Sutton, 1977). It is outside the scope of

this review to present detailed results of these experiments. In general, duckweed has

been included successfully in diets for rats, fish, poultry, pigs and ruminants. Further

work is required, however, to investigate the possibly detrimental effects of anti-

nutritional factors such as oxalic acid (Landolt and Kandeler, 1987).

2.6.4 Duckweed as a potential protein supplement for ruminants

Given its high protein content, duckweed has potential as a protein supplement

for ruminants. However, the potential and value of duckweed protein for ruminants

may differ from its value for non-ruminants, due to the presence of microbial digestion

processes that occur in the rumen. Rumen microbes are responsible for the

degradation of feed protein in the rumen, but they are also the source of amino acids

for absorption in the small intestines. The positive effects of the high nutritional value

of duckweed protein observed for non-ruminants would be less evident for ruminants

if the majority of this protein were degraded to ammonia in the rumen. On the other

hand, the amino acids requirements of high producing ruminants might be met by

feeding duckweed if some of its protein and amino acids escaped rumen fermentation.

Surprisingly, little detailed research has been carried out to investigate the ruminal
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metabolism of duckweed protein and to assess its value as a protein supplement for

ruminants.

The effect of duckweed on ruminant production was studied by Rusoff et al.

(1978). These authors found that a mixed diet of duckweed and corn silage (2:1)

produced a higher body weight gain in Holstein heifers (0.95 kg/d) than a mixture of

corn silage, concentrate and grass diet (0.50 kg/d). It cannot be judged precisely,

however, from this study whether the increased weight gain was due to the availability

of escape amino acids from duckweed protein or to other positive factors associated

with the provision of duckweed.

Degradability of duckweed protein in the rumen has been estimated using the

in sacco technique (Huque et al., 1996; Khan et al., 2002). Huque et al. (1996)

incubated three sun-dried duckweed genera (Lemna, Spirodela and Wolffia) in the

rumen of cattle for up to 72 h and found that the protein was more than 80 %

degraded. Khan et al. (2002) found that the protein degradability of dried Lemna

species (L. trisulaca and L. perpusila) was approximately 65 % when incubated in the

rumen for up to 48 h. These studies suggest that the rumen degradability of duckweed

protein varies and that only 20 – 35 % of the amino acids in duckweed protein would

have escaped to the small intestine. Factors that contribute to such variations in the

rumen degradability of duckweed protein are not known. There may be different

protein properties among different types of duckweeds (dependent on their genetic

properties or growth conditions) that affect their degradability in the rumen. It is clear,

however, that the protein and fibre contents of duckweed change during its growth

depending on the nutrient concentration of the water and other factors (Culley and

Epps, 1973). It has been found that the length of the plant's roots increases as the N

concentration of the growth medium decreases (Rodriguez and Preston, 1996).

Because most of the duckweed fibres are contained in the roots, low N concentrations

in the medium will produce duckweed with low protein and high fibre contents.

Would this be an important factor affecting the degradability of duckweed protein in

the rumen? Again, the answer is not known.
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2.7 Implications from Literature Review

The extent to which dietary protein sources are degraded in the rumen has been widely

investigated mainly by in vitro techniques or the so-called in sacco procedures. These

techniques have provided, and will continue to provide useful information about new

feedstuffs provided their limitations are recognised.

The forms in which the feed protein degradation products are assimilated by rumen

microorganisms have also been investigated but mainly in studies with

microorganisms in batch cultures or in continuous fermenters. However, uncertainities

still exist about which of the intermediates (peptides, amino acids and ammonia) are

the main N forms assimilated in vivo by mixed microbial populations in the rumen.

There is still controversy about the conditions that favour assimilation of

peptides/amino acids rather than ammonia and the extent to which the presence of, and

assimilation of the former rather than the latter may lead to higher efficiencies of

microbial growth.

Duckweed is a fast-growing acquatic plant which appears to have potential as a

protein source for ruminants. The available information indicates that duckweed has

potential as a source of plant material for ruminant feeding and, because it can be

grown on solutions of labelled N and minerals, it might also be a useful source of

labelled plant material for use in studies of plant protein degradation in the rumen.

Clearly, the potential value of duckweed as a potential protein source for ruminants

will depend its degradability in the rumen and, by implication, its ability to supply

`escape' protein to the small intestine. Its value may also depend on whether the

ruminally degraded portion of duckweed protein supplies suitable types of peptides or

other nitrogenous intermediates for growth of microorganisms in the rumen.

These ideas are developed further in the experiments reported later in this thesis.
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